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Abstract

Anoctamin 5 (ANO5) is the causative gene underlyimdplgirdle muscular dystrophy

type 2 (LGMDZ2L), a highly heterogeneous musculoskeletal disease characterised by
weakness of the shoulder and hip musculature, generally increasing in severity with age.
A re-examination of ANO5 prevalence in previously undiagnosed patients has found
that LGMDZ2L is the third most prevalent LGMD in the North East of England.

However, very little is known about ANO5 or of possible treatrséategies for

LGMDZ2L patients.

Anoctamin 5 is one of a temember family of proteins, some of which have confirmed
biochemical or physiological functions. Anoctamin 6, the most closely related family
member, has been suggested to be a phapghstramblase. Deficiency ohactamin

6 causes$cott syndrome, a blood clotting disorder caused by failure to expose
phosphatidylserine (PS) on the external plasma membrane of red blood cells. More
widely, PS exposure is also required to identify and remove apoptotic cells in many cell
types. One hypbesis for anoctamin 5 function is that of a phospholipid scramblase in
muscle tissue; a dystrophic phenotype resulting from impaired PS exposure leading to

an increased inflammatory response and a failescle repair process overall.

To clarify our undestanding of anoctamin 5, this hypothesis was investigated along
with general examination into potential interacting proteins and the subcellul

localisation of anoctamin 5.

Lacking a suitable antibody against anoctamin 5, subcellular localisation was
investigated using eexpression of fluorescently tagged ANO5 constructs with both
organelle specific markers and GERged dysferlin constructs. Dysferlin (DYSF) is of
interest as mutations are causative for LGMD2B which has an overlapping phenotype
with LGMD2L. ANOS5 localises to the sarcoplasmic reticulum atgbules in the

C2C12 myoblast cell line, overlapping with the dysferlin expression pattern.

Anoctamin 5 function was investigated using ANO5 knock down C2C12 cell lines
developed during this praje These cell lines were characterised ushuinZensional
electrophoresis followed by MALDMS/MS of selected protein spots. Expression of
annexin A2 (ANXA2) in C2C12 is affected when anoctamin 5 is knocked down.



Anoctamin 5 function as phospholipid seislase was investigated in ANO5 knock

down C2C12 using an annexin V apoptosis detection kit, modified to include a stain for
active caspase 3, another marker of apoptosisniimerof annexin \fpositiveand
caspase-positivecells were then assessedngsiluorescent microscopy. Significantly
fewer annexin Wositivecells were found in ANG knock down C2C12 compared to
Control C2C12. However, there was no significant difference between the number of
active caspase-fositivecells, suggesting that the knock down of anoctamin 5 has a

specific effect on PS exposure and not a general effect to apoptotic processes.

These data suggest a possible extension to the initial anoctamin 5 as phospholipid
scramblase hypothesis, recomgjithe observations that anoctamin 5 is internally

localised but also has a significant effect on PS exposure at the plasma membrane. This
interpretation suggests that ANOS5 functions within a novel subcellular vesicle

population activated by apoptotic tggrs. These hypothetical vesicle populations,
containing ANO5, ANXA2 and PS, transit to the external plasma membrane when
required where ANXAZ2 binds to the plasma membrane. Activation of ANO5 leads to
normalisation of PS between the inner and outer |sadlethe vesicle, which is inserted

into the membrane in a process requiring ANXA2 and /or dysferlin, identifying the cell

as dead marking it for phagocytosis.

This project investigates novel avenues of anoctamin 5 research and suggests potent

future research directions.
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Chapter 1 Introduction
1.1 Muscular Dystrophies

Muscular dystrophies are a group of rare, highly heterogeneous difeaszg, 2002)

While they share progressive weakness of voluntary muscles and are genetically
inherited, muscular dystrophies yan inheritance pattern, pattern of muscle

involvement, age of onset, rate of progression and associated phenotypes such as heart

or lung diseaséEmery, 2002; Mercuri and Muntoni, 2013)

Duchenne muscular dystrophy (DMD) is the most common muscular dystrophy
(prevalence 1 in 3,600 to in 6,000 male birthBushbyet al, 2010) and was the

first to be characterise®MD is named after Guillaume Duchenne who conducted

detailed characterisation of the disease in the 1860s, though it has since been recognised
thatreports of DMD patients had bedascribeckarlier, notabljoy Conte and Gioja in

1836 and Meryon in 185@eryon, 1852; Emery and Emery, 19985 an Xlinked

disease, the majority of patients are male and experience muscle weakness from a young
age, typically losing ambulation before their early tggmsng et al, 201J. In the 164

years since the description and characterisation of DMD, several other groups of
muscular dystrophy, themselves often comprised of multiple subtypes, have been
identified (Table1.1).

Of these groups, Oculopharyngeal (OPMD) and the Myotonic dystrophies (DM1 and
DM2) both have an autosomal dominant pattern of inheritance while the Congenital
muscular dystrophies (CMD) have a recessattgpn. The CMDs are a heterogeneous
group of muscular dystrophies connected by severe hypotonia from birth and the onset
of muscle weakness within a yg&onnemanret al, 2014) The increased

understanding in the subtleties between different muscular dystrophies is in large part
tharks to the implementation of molecular genetics techniques such agemexation

sequencingThompson and Straub, 2016)

In the case of Facioscapulohumeral dystrophy (FSHD), while it is also autosomal
dominantly inherited, it has only been after several decades efigand clinical
investigation that a consensus on its pathophysiology has recently been (GasVied
et al, 2014) FSHD was formally characterised in the 19pDder and Stephens, 1950)
but until recently, the two genetically distinct FSHD subtypes (FSHD1 and FSHD?2)
were clinical indistinguishable. It is now thought that changes in the expression of
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DUX4, caugd by disruption to the repression of D4Z4 macrosatellite repeats, leads to
FSHD in skeletal muscl@awil et al, 2014) Similarly, the increased utility of

molecular genetic techniques has greatly increased the identification and understanding
of the many different subtypes of limb girdle muscular dysteghihe limbgirdle

muscular dystrophies are of particular interest to this project and are discussed in further

detail in the following section.

There are currently no cures for any muscular dystrophy, though therapies and
management options are availatdeseveral which have increased patient life
expectance and greatly improved quality of life for suffe(Eegyleet al, 2002; Bach

and Martinez, 2011)or DMD, the treatments developed since its first discovery
include steroid therap{paftaryet al, 2007; Markhanet al, 2008)and ventilators
(Eagleet al, 2002) Current DMD research is exploring effective prediction of muscle
loss using MRIKinali et al, 2011; Wokkeet al, 2014)and tratment options for
muscle loss including exon skipping, a form of gene therapy to effectively turn DMD
into its less severe form, Becker muscular dystrophy (BENIKs and AartsmdRus,
2017) Due to the relatively rare prevalence of many of the muscular dystrophies
research into muscular dystrophies, and the LGMDparticular, are greatly supported
by the establishment and expansion of clinical registries and net{dréspson and
Straub, 2016)



Dystrophy Prevelance Location Identified Protein (Gene Name)
(per 100,000)
Congenital (CMD)
MDC1A 0.60 6022.33 Lamininalpha2 (LAMAZ2)
WalkerWarburg 0.03 9g34.13 Protein OMannosyltransferase 1
syndrome (POMT1)
Ullrich (UCMD) 0.13 2037.3 Collagen, type VI, alph&
(COL6A3)
21922.3 Collagen, type VI, alphd
(COL6A1) and
Collagentype VI, alpha2
(COL6A2)
Rigid spine (RSMD1) | 0.13 1p36.11 Selenoprotein N, 1 (SEPN1)
Dystrophinopathies
Duchenne (DMD) 8.29
Xp21.2p21.1 | Dystrophin (DMD)
Becker (BMD) 7.29
Facioscapulohumeral
(FSHD) 3.95
1 4935 Currently Unclear, hypothesised
2 18p11.32 to involve DUX4
Limb Girdle Muscular o .
2.27 Detailed in full inTable1.3
Dystrophies
Oculopharyngeal 0.13 14911.2 Polyadenylatéinding protein,
(OPMD) Nuclear 1 (PABPN1)
Myotonic
DM1 104 19g13.32 Dystrophia myotonica protein
kinase gene (DMPK)
DM2 0.17 3021.3 Zinc Finger Protein 9 (ZNF9)

Tablel.1 List of the six most common muscular dystrophy groups in the North East of England

Table compiled from data iNorwood et al. (2009)with additional facioscapulohumeral

information fromRichards et al. (20123 n d

A L oisfanbatioo fthiromosome position)

from OMIM (http://omim.org/). Information for LGMD is omitted from this table as it is

detailed more fully separately ifable1.3. Groups are arranged alphabetically and not in

order of frequency. The prevalence (per 100,000 people in the population), gene position and

causative protein (if known) are listed.



1.2Limb Girdle Muscular Dystrophies

The limb girdle muscularyétrophy (LGMD) group is characterised by wasting of the
limb-girdle musculature, typically sparing the facial mus¢Walton and Nattrass,

1954) Diagnosis of specific LGMD subtypes has always been challenging due to the
high phenotype heterogeneity seen within the group and potentially within each subtype
(e.g. location of muscle weakness, age of onset, severity of disease and rate of
progression(Bushby, 1999; Thompson and Straub, 2Q.1&gditionally, other

muscular dystrophies, for example FSHD and the dystrophirniepgtbMD and BMD),
present with similar weakness and are more common in clinical populations than the
LGMDs (Bushby, 2009)Exclusion of these alternative muscular dystrophies must
therefore bechieved before a LGMD diagnosis can be reached. The majority of
LGMD diagnostic issues are now resolved by investigation and identification of
causative genes, often through use of next generation sequencing techniques
(Narayanaswanet al, 2014; Ghaouet al, 2015; Kuhretal., 2016)

However, access to advanced molecular diaindools such as immunohistochemistry,
immunoblotting and next generation whole exome sequencing, varies between and
within countries. As a result it is very difficult to fully assess the global prevalence of
LGMDs. Furthermore robust methods of repatsuspected cases have not been
established in all countries making establishment of cohorts and corroboration of
candidate genes very difficBastianet al, 2015) The lack of robust universal
diagnosis also extends to understanding the progression of identified subtypes in

successfully diagnosed patients.

Despite these difficulties, current advancementaafecular research techniques have
so far allowed for identification of thirty two distinct LGMD subtypes, many with an
identified causative gen@#blel.3). These subtypes are grouped into autosomal
dominant (LGMD1 [MIM# 159000]) and recessive (LGMD2 [MIM# 253600]) subtypes,
with recessive subtypes being more prevalent than dominant forms making up
approximately 90% of the diagnosed patient populdi@oitaet al, 2014; Nigro and
Savarese, 2014)

LGMDs as a group however are still rare. For example in a 2009 sniapf she
clinical population of the North East of England attending specialist muscle clinics, the
LGMDs as a whole made up 6.2% of the clinical population (or 2.27/100.000

prevalence of the general population) while the commonest form of muscular dystroph
4



Duchenne muscular dystrophy, typically appeared with a frequency of 8.29/100,000 in
the general population, or 11.2% of the muscle pati@®dsvoodet al, 2009)

In all LGMDs, the identification of causaé genes and correct differential diagnosis
allows for a better understanding of disease progression, associated complications and
most importantly, therapeutic possibilities and improved patient(Barghby, 1999;

Cottaet al, 2014) However the function of many of these causative genes is still
unknown and it is estimated that 30% of patients lack a definitive diagnosis of their
particular LGMD even following genetic testii@ushby, 2009)

1.2.1Autosomal dominant LGMDs

There are currently eight identified dominant limb girdle muscular dystrophy subtypes,
1A-1H. Two of these eight subtypes have been identified only in single families in
Spain (LGMD1HGamezet al, 2001; Peterlet al, 2013)and Italy (LGMD1H

(Biscegliaet al, 2010). LGMD1G had also initially only been idefiéid within a

single Brazilian family but has since been identified in a family in Urug8garlinget

al., 2004; Vieiraet al, 2014) Conversely LGMD1A has been described in a number of
families worldwide including North Americ@ilchristet al, 1988; Hasgeret al, 2000)
Argentina(Hauseret al, 2002)and JapaiiShalabyet al, 2009)

Generally, dominant LGMDs have a later age of onset and slower disease progression
than the recessive LGMDs, though the age of onset varies greatly both between and
within subtypes(Bastianet al, 2015) A variety of symptoms such as toe and finger
flexion limitation (LGMD1G(Starlinget al, 2004, Vieiraet al, 2014), contractures
(LGMD1B (van der Kookt al, 1996), tight Achilles tendons (LGMD1AGilchrist et

al., 1988) and calf hypertrophy (LGMD1C and LGMD1¢Minetti et al, 1998;

Biscegliaet al, 2010) have been recorded in some dybes along \ith the expected
proximal weakness. LGMD1B is notable for the addition of cardiac involvement,
including arrhythmias, conduction disturbances and dilated cardiomyopathy which in
LGMD1B can lead to sudden dedtlan der Kookt al, 1996)



Autosomal Dominant
Subtypes Location Identified Protein (Gene Name)
LGMD1A 5q31.2 Myotilin (TTID)
LGMD1B 1922 Lamin A/C (LMNA)
LGMD1C 3p25.3 Caveolin 3 (CAV3)
LGMD1D 7936 DnaJ heat shock protein family member B6 (DNAJE
LGMD1E 2935 Desmin (DES)
LGMD1F 7932.1 Transportin 3 (TNPO3)
LGMD1G 4p21.22 Heterogeneous nuclear ribonucleoproteiike
protein (HNRNPDL)
LGMD1H 3p25.1p23 Unknown

Tablel.2 List of the eight autosomal dominant LGMD subtypes currently identifaue

compiled from data iNigro and Savarese (2014)nd addi ti onal ALocationd inf
(chromosome position) from OMIM (http://omim.org/), though the classification of the

LGMD1Enomenclature appears to be justNigro and Savarese (2014)he currently

identified LGMD subtypes are listed along with their mode of inheritance, chromosome position

and causative protein (and gene).
1.2.2 Autosomatecessive LGMDs

There are currently twenty four autosomal recessive subtypes of LGMD which, as with
the autosomal dominant subtypes, have a wide variation in population frequency and
range of pathologies. LGMD2A is estimated to be the most common forecessive
LGMD, accounting for approximately 30% of all recessive LGMD céRé&hardet al,
2016) LGMD2A has also been reported as the most common LGMD in in Spain, Italy,
Czech Republic and Romar(@aninet al, 2005; Cottaet al, 2014; Stehlikovat al,

2014; Bastiaret al, 2015) LGMD2I is reported to be the most common in Denmark
(Sveeret al, 2006) LGMD2B the most common in the Uniteth&s(Mooreet al,
2006)and LGMD2C, 2D, 2E and 2F (the sarcoglycanopathies) are common in Turkey,
North Africa(Bushby, 1995; Zatet al, 2003)and Brazil(Cottaet al, 2014)

LGMD2I was initially reported as the most common LGMD in the (Bldppeet al,

2003, but specific investigation of the patient population in the North of England now
suggests that LGMD2A is ¢hmost common in this particular spbpulation(Norwood

et al, 2009) Follow up in this geographic region has also identified increased
prevalence of other recessive LGMDs such as LGMD2L which issuggestd to

have a prevalence of 0.27/10,000 potentially making it the third most common form of
6



LGMD in the UK (Hickset al, 2011) The LGMD2L subtype was first idéfied in a
cohort of eight families of FreneBanadian descent based on linkage analysis to
chromosome 1QJarryet al, 2007) Since then, populations of LGMD2L patients have
been identified in several European populations including Hollend der Kooiet al,
2013) Finland(Penttilaet al, 2012) FrancegBehinet al, 2011) Italy (Magri et al,

2011)as well as the aforementioned prevalence in thgiiBks et al, 2011)

Increased identification of the number of affected individuals has increased our
understanding of the range and historical progression of the geographic distribution of
some LGMDs. For example LGMD2H wastially thought to appear only in the

Hutterite ethnic group in Manitoba, Cang&okeir and Kobrinsky, 197®ut has now
been recorded in other European +htutterite patients such as Croatgacconeet al,

2008) Additionally, all patients in the Manitoba population were found to have the
same causative ¢.1459G>A mutation in the gene TRIMB2ler et al, 1998; Froslet

al., 2002) This is ofparticular interest as LGMD?2I is also present in both Hutterite and
European populations. Indeed, th826C>A (L2761)mutation causative for LGMD2I

in Hutterite populations is the same as that identified in European patient populations,
suggesting a Eurg@an founder everfEFrosket al, 2005) A similar founder event may
have occurred for LGMD2H, but has gone unreported as the representatives in the
European populations remain undiagno&idhilarly a common c¢.191dupA mutation

has been identified in many LGMD2L patieri&e distribution of this common

mutation as well as ber identified causative LGMD2L mutations suggests a founder

effect in Northern European populatigiicks et al, 2011)



Autosomal Recessive
Subtypes Location Identified Protein (Gene Name)

LGMD2A 15915.1 Calpain 3(CAPN3)

LGMD2B 2p13.2 Dysferlin (DYSF)

LGMD2C 13g12.12 Sarcoglycan, Gamma (SGCG)

LGMD2D 17921.33 Sarcoglycan, Alpha (SGCA)

LGMD2E 4912 Sarcoglycan, Beta (SGCB)

LGMD2F 5033.2¢933.3 Sarcoglycan, Delta (SGCD)

LGMD2G 17912 Titin-Cap (TCAP)

LGMD2H 9933.1 Tripartite Motif-Containing Protein 32 (TRIM32)

LGMD2I 19913.32 Fukutin-Related Protein (FKRP)

LGMD2J 2031.2 Titin (TTN)

LGMD2K 9g34.13 Protein GMannosyltransferase 1 (POMT1)

LGMD2L 11p14.3 Anoctamin 5 (ANO5)

LGMD2M 9g31.2 Fukutin (FKTN)

LGMD2N 14924.3 Protein GMannosyltransferase 2 (POMT2)

LGMD20 1p34.1 Protein GMannose Betd,, 2N-
Acetylglucosaminyltransferase (POMGNT1)

LGMD2Q 8024.3 Plectin 1(PLEC1)

LGMD2R 2935 Desmin (DES)

LGMD2S 4935.1 Trafficking Protein Particle Complex, subunit 11
(TRAPPC11)

LGMD2T 3p21.31 GDP-Mannose PyrophosphorylaBe(GMPPB)

LGMD2U 7p21.2 Isoprenoid Synthase Doma@ontaining Protein
(ISPD)

LGMD2Vv 17925.3 Acid AlphaGlucosidae (GAA)

LGMD2wW 2q14.3 LIM and senescent cell antigdike-containing domain
protein 2 LIMS2/ PINCH2)

LGMD2X 6021 Popeye domaircontainingl (POPDC1)

LGMD2Y 1925.2 Torsin Alnteracting Protein 1 (TOR1AIP1)

LGMD2z 30.13.33 Protein OQGlucosyltransferase 1 (POGLUT1)

Tablel.3 List of the twenty five autosomal recessive LGMD subtypes currently identdigd.
compiled from data iNigro and Savarese (201, 8chindler et al. (2016zhaoui et al. (2016)
(ServianMorilla et al., 2016)a n d
from OMIM (http://omim.org/). The currently identified LGMD subtypes are listed along with

addi ti onal fiLocationo informati on

their mode of inheritance, chromosome position and causative protein (and gene).



1.2.3LGMDs have overlapping phenotypes and pathways with other muscular

dystrophies

Due to the interplay between proteins and pathways involved in correct muscle function
a few dominant and recessive LGMDs share overlapping phenotypes to both other
LGMDs and other muscular dystrophies. For example, the dystrophin glycoprotein
complex (DGQ is a sophisticated organisation of protein subunits which connects the
extracellular matrix of muscle to the cytoskelefBrnvasti and Campbell, 1993;

Rybakovaet al, 2000)and together correctly regulates the constant contraction and
elongation required of skeldtand cardiac musc{&umerson and Michele, 2011)

Muscular dystrophy often results from mutations in genes which code for proteins

required for correct function of the DGC.

For example, four transmembrane sarcoglycans, alpha, beta, delta and gamma, form a
subunit within the DGC, the sarcoglycan compégrshidaet al, 1994) The

sarcoglycan complex is thought to assist in the stability of the plasma membrane though
the precise function is not cle@urbeej and Campbell0B2). Mutations in the gamma,
alpha, beta and delta sarcoglycans disrupt the plasma membrane of skeletal and cardiac
muscle leading to the LGMDs 2@loguchiet al, 1995) 2D (Roberds et al., 19942E
(Bonnemanret al, 1995)and 2HNigro et al, 1996)respectively. Differential

diagnosis between the sarcoglycanopathies and DMD, now routinely achieved through
genetic screenin@Grimm, 1984) is often required as mutations to dystrophin, another

key DGC protein, lead to DB and BMD

Caveolin 3 is another protein required for the correct functioning of the (SGet

al., 1996) indeed upregulation of the protein has been associated with (Bijiettoet
al., 1999) Caveolin3 is the musclespecific member of the caveolin family and the
principle component of caveolae; invaginations of the plasma membrane involved in
cellular trafficking and correct muscle developmg@imionesctet al, 1975; Parton

and Simons, 2007 aveolin 3 is coded for by CAV3, mutations to which are causative
for LGMD1C (Minetti et al, 1998)but mutations to which have also been identified in
familial isolated hyperCKemiéCarboneet al, 2000) rippling muscle diseagBetzet

al., 2001; Vorgercetal., 2001)and a form of distal myopathyateyameet al, 2002;
GonzalezPerezet al, 2009) Evidence for an interaction between CAV3 and DYSF,
mutations to which are causative for LGMD#ZBashiret al, 1998) comes from the

discovery that CAV3 cammunoprecipitates with dysferlin in human skeletal muscle,
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dysferlin localisation is altered in LGMD1C muscle and several amino acid sequences

in dysferlin correspond to binding motifs in CA{Blatsudaet al, 2001)

Other LGMD not directly involved wih the DGC also have overlapping pathologies

with other forms of muscle weakness and muscular dystrophies. For example, mutations
to the gene for myotilin are causative for LGMD1A but have also been identified as
causative for a subgroup of myofibril myapa (MFM/MYOT) which present with a

distal pattern of muscle weaknéSelcen and Engel, 2004; Olie¢ al, 2005). Another
example is LGMD2I which is caused by mutations in the Fulelated Protein

(FKRP) and is allelic with the congenital muscular dystrophy, MD@rGckingtonet

al., 2001a) Generally the pathology of LGMD2I is much less severe than MDC1C,

with later age of onset (late chitdd adulthood compared to first few months of life) and
reduced risk of ambulation loss, which is likely due to the secondary deficielky of
dystroclycanBrockingtonet al, 2001b) Additionally a genotype/phenotype

correlation is present within LGMD2I patients as the causative 826C>A FKRP mutation
leads to a more severe phenotype when compound heteroZigoakingtonet al,

2001b; Witer et al, 2004)

In all, several of the genes responsible for LGMDs are causative for other
musculoskeletal diseases. Indeed, several of these diseases are now considered to be
parts or ends of spectrums of disorders, rather than distinct digemssenet al,

1997; Gazzerret al, 2010; van der Koaet al, 2013) Of particular interest to this

research project is gene coding anoctamin 5 (ANO5), mutations for which are causative
for limb girdle muscular dystrophy type 2L (LGMD2L) and Myoshi Myopathy Type 3
(MMD?3) (Bolducet al, 2010)

1.2.4LGMD2L similarity to LGMD2B

LGMD2B is also allelic with a distal myopatligmery, 2002) Missense and frameshift
mutations in the dysferlin gene (DYSF, MIM# 603009) cause LGMD2B as well as
Miyoshi myopathy 1 (MMD1). Furthermore, both LGMD2L and 2B present with very
similar phenotypes. Both have a variable, late onset, infrequent cardieesaidtory
involvement and muscle wasting initially of the lower limbs which may present
asymmetrically, with potential progression to the shoulder muscul@ameyet al,

2007; Urizbereaet al, 2008) Like anoctamin 5, the function of dysferlin is not fully

understood but is strongly suspected to be involved in muscle cell (Bpasalet al,

10



2003) Similarities between LGMD2L/MMD3 and LGMD2B/MMD1 pherpes, as

well as relevant data on cell repair in dysferlin deficient anddysferlin deficient

cells has suggested that anoctamin 5 may act in the cell repair pathway with dysferlin
(Mahjnehet al, 2010)
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1.3 The anoctaminopathies LGMD2L and MMD3

1.3.1Recessive anoctamin 5 mutations are causative in LGMD2L and MMD3

Several recesstvmutations in the anoctamin 5 geA&O5 (MIM# 608662) have
been found to be causative for LGMDgRolducet al, 2010; Hickset al, 2011; Magri
et al, 2011; Miloneet al, 2012; Penttilat al, 2012; Littleet al, 2013)and MMD3 in
Dutch and Finnish familiefinssenet al, 1998; Jaiswaét al, 2007; Boldueet al,
2010; Penttileet al, 2012)as well as isolated hyperCKaenfMilone et al, 2012)and

collectively these disease are termed the anoctaminopé@tee®w et al).

ANO5 mapdgo chromosome 11pl4(&atoh and Katoh, 2004Yhere are currently 71
reported unique sequence variants (www.lovd.nl/ANOS5) distributed across the length of
the gene, 41 of which are considered pathogenic. A common point mutation (c.191dupA)
has been identified and appears at a relatively high freguerseveral populations and

in homozygous, heterozygous and compound heterozygous(stateset al, 2011,
Sarkozyet al, 2013) The c¢.191dupA ntation on exon 5 of ANOS5, results in a

frameshift and premature termination of the protein leading to a loss of function of
ANOS5 (Bolducet al, 2010) However, in Finnish populations the ¢.2272C>T mutation

is more common though this does not appeéetdue a founder event in Finland
(Penttilaet al, 2012) The ¢.2272C>T mutation is a missense mutation located on exon
20 and also appears in homozygous, heterozygous and compound heterozyg®us stat
(Penttilaet al, 2012; Sarkozet al, 2013) Other idenfied variants in ANO5 appear as

splice site, nonsense stop, synonomous and intronic muté8anszyet al, 2013)

However, there has yet to be any identified genotype/phenotype correlation in
anoctaminopathy patientSor examplePenttilaet al. (2012)found in an analysis of
Finnish patients both c.191dupA and ¢.2272C>T mutations are causative for severe to
mild distal, proximal and proximodistphenotypes. While the mutation frequency for
ANOS5 has been suggested to be Higltks et al, 2011; Penttilaet al, 2012)it is still
difficult to accurately assess due to high heterogeneity of phenotygeseasubclinical
presentation of many patients, despite homozygosity or compound heterozygosity for
known pathogenic mutatiorfsiewluck et al, 2013; Savareset al, 2015)

1.3.2Increased understanding of anoctaminopathy phenotype

As the number of diagnosed patients has increased, the symptoms of LGMD2L have

become better defined.ptesents predominately in adults with a mean age of onset of
12



32.7 yeargJarryet al, 2007) though the range has been recorded as between 11 and 70
years(Jarryet al, 2007; Sarkozet al, 2013) Male predominance is significant with
most female patients positive for ANO5 mutations being either asymptomatic or
presenting with only mild symptongSarkozyet al, 2013) MRI investigation has
confirmed that muscle pathology is asymmetrical, though it predominantly affects the
quadriceps femori€Sarkozyet al, 2012) Myalgia following exercise is common and a
high creatine kinase (CK) level above 1000 U/L has been recorded in the majority of
patientsMilone et al, 2012) Interestingly, asymptomatic patients positive for the
causative mutations have been recorded with similarly high CK |@Mdtne et al,

2012; Sarkozet al, 2013) Additionally, a cohort of Dutch patients newly diagnosed
with LGMD2L were found to have engaged in extensive physical activity before the
onset of symptom@/an der Kookt al, 2013) The contractures, facial weakness and

cardiomyopathy seen in other muscular dystrophies, are very rare.

MMD3 (MIM# 613319) patients share similar phenagmwith LGMD2L patients

namely initial, often asymmetric, weakness of the leg muscles with potential
progression to upper arm musculature, elevated CK levels (above 2000 U/l), male
predominance and an adult age of onset (mean age of onset = 34, rang)f 13
(Linssenet al, 1997; Linsseret al, 1998) Some diagnosed LGMD?2L patients have
been shown to present with distal as well as proximal muscle wedkaasser Kookt

al., 2013)and some Dutch MMD3 patients also develop proximal weakness of the hips
and shoulderfLinssenet al, 1997) Therefore, MMD3 and LGMD2L are more
accurately described as opposing ends of a pathological spectrum rather than distinct

disorders.

1.3.3Gnathodiaphyseal Dysplasia

Dominant missense ANO5 mutations have found to be causative f@réleone

syndrome Gnathodiaphyseal dysplasia (GDD, MIM# 166280hinucciet al, 2001;
Tsutsumiet al, 2004) Causative heterozygous missense mutations have been identified
in a number of geographically diverse families though two different mutations have
been identified in the same cysteine residue of amino acid 356. In a large Japanese
family (21 affected mmberg c.1066T>G habeen identifiedvhile in two members of

an AfricanrAmerican family the mutation i5.1066 T>C(Akasakaet al, 1969; Tsutsumi

et al, 2004) More recently a ¢.1538C>T mutation in exon 15 has been identified in a
large Italian family(Marconiet al, 2013) Unlike recessive ANO5 mutations, these
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dominant mutabns lead to disease phenotypes in both male and female patients
(Ahluwaliaet al, 2007)

Furthermore, the cysteine residue at amino 356 where ther@&tions are found, is
conserved throughout vertebrate (human, mouse and zebrafish) and invertebrate (fruit
fly and mosquito) species, and located to the proposed extracellular loop between
transmembrane domains one and {Wsutsumiet al, 2004) This extracellular loop
location has been noted as similar to mutations for MMD3 which are found on the loop

between transmembrane domains seven and @glducet al, 2010)

GDD patients present with deformities of both jaw and long bandskeletal fragility
(Akasakeet al, 1969; Riminucckt al, 2001) Many patients suffer from frequent

fractures of femur, radius/ulna and vertebrae bones from trivial trauma at a yeung ag
though with apparently normal healing. Cortical thickening and bowing of the tubular
bones can also occur, with bowing being caused by asymmetrical healing of the bones.
The spine and growth plates however appear to develop normally and growth of the
paients appears to be unaffectéd. patients age cemento osseous lesions of the
jawbone occur, often from poor healing following tooth extraction, causing deformity of
the jawbone. Examination of the lesions has shown them to be formed from a
combination ofibroblasts and mineralisation of blood vesg@lkasakaet al,, 1969;
Riminucciet al, 2001; Marconetal, 2013) I ni ti ally named fAheredita
diaphyseals | e r (Alasalkaet al, 1969) GDD was renamed to a dyapla when it

was noted that sclerosis (increases in bone density or hardening) was not associated
with the jaw deformation@Riminucciet al, 2001)

14



1.4 The Anoctamin family

Anoctamin 5 was previously named TMEM16E (Trans MEMbrane domaiaioamy
family 16, member E) due to its close homology to the TMEM16 family of proteins
(Katoh, 2004; Katoh and Katoh, 2004t the time, this family included the previously
described genes TMEM16A (FLJ10261 or ORAOV2), TMEM16B (C120rf3),
TMEM16C (Cllorf25) and TMEM16D (FLJ34272), characterised by the eight
transmembrane domains that they code for, with both the NH2 and C&Hit
located within the plasma membraffesutsumiet al, 2004)(Figurel.1). The

TMEM16 family currently contains 10 membersiQ) and is now collectively known
as the anoctamin fiamg Ityhe wd T ME MIAGNGO 6n a neen G
assumptions about anoctamin 5 function have been made but cumently,
comprehensive understanding of the range of ANO5 functions remains elusive

However, a number of other anoctamins have been extensively investigat

c.1066T>C, Extracellular
c.1066T>G
(GDD)

sataene
sl

N Terminal . C Terminal
Cytosolic

Figure 1.1 Predicted topology of anoctamin Bigure created using information froRenttila

et al. (2012)and Savarese et al. (2015)he approximate positions of c.191dupA (the most
common causative mutation for LGMD2L in most European populations) and ¢.2272C>T (the
most common mutation for LGMD2L in Finnish populations) are lab@lerange. The

approximate positions of known GDD mutations ¢.1066T>C and ¢.1066T>G are labelled in red.

Phylogenetically, the anoctamin family is highly conserved, retaining considerable
protein homology between vertebrate spe(iagan and Hartzell, 2011Frigurel.2).

Early research on anoctamin 1 (MIM# 610108), found to be upregulated in cancer
tumours(Westet al, 2004; Carlegt al, 2006) led to the suggestion that this protein
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formsa calcium activated chloride channel (CaCC) at the cell membrane, which led to
the assumption that all anoctamins fulfilled the same fun¢@aputoet al, 2008;

Yanget al, 2008) However, another anoctamin associated with disease, ANOG6, was
soon identifiedas a phospholipid scrambla&uzukiet al, 2010; Castoldet al, 2011)

and an unconfirmed ion chanr{8cudieriet al, 2015) Current research into

NhTMEM16 and afTMEM16,dngal homologs of the ANOs, have broadened our
understanding of the family even further and now suggests an evolutionary path from
one function to the oth€Brunneret al, 2014; Whitlock and Hartzell, 2016a)
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TMEMA16F / ANOG
= 38% (56%)
== Scott Syndrome

g TMEM16E /ANOS5

— 38% (54%)
: LGMD2L, MMD3, GDD1

TMEM16D /ANO4
43% (59%)

| TMEMAGC / ANC3
ng 40% (57%)
= Febrile seizures

TMEM16J / ANOS
36% (54%)

TMEM16B fANO2
62% (77%)

TMEM16A /ANO1

TMEM16K / ANO10
21% (39%)
ataxia (SCAR10)

TMEM16H / ANOS8
19% (37%)

Figure 1.2 Rooted phylogenetic tree of the anoctamin farfiigure taken fromWhitlock and

Hartzell (2016b) Below each anoctamin name e tpercent identity and (similarity) to ANO1
as well as any associated diseases. For each, both the anoctamin and TMEM16 nomencl
are given. The original authors used a subset of 1650 anoctamin sequences acquired frof
Uniprot to build the tree. A subis&ras used to remove duplicates and splice variants.

ature

n

17



1.5 Development of ANO5 knockout mouse models and improved understanding

of anoctamins as scramblases

There were no mouse models, cell lines or reliable antibodies available for anoctamin 5
prior to the srt of this project. As such, investigation of ANOS5 specific antibodies and
development of model knockdown cell lines formed an integral part of this project.
However, in the last two years of this project, three ANO5 knockout mice have been
published by dferent labs(Gyobuet al, 2015; Xuet al, 2015; Griffinet al, 2016) As

these mice were not avdile to this project they were not investigated, but the
implications from the characterisation of these mice is discussed in greater detail in

chapter 6 of this thesis.

Additionally, in the last year a great deal has been learned about the scramblgse abili
of the anoctamin family members and their fungal homologs. This recent information

has been included within this introduction to provide an up to date view of the current
understanding of the anoctamins, though these details were unpublished orispeculat

at the start of this project.
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1.6 Anoctamins as calcium activated chloride channels

CaCCs are known to be important in several physiological functions including
amplification of olfactory transductiafMatthews and Reisert, 20Q3)abilization of
membrane potential in photorecept(iralondeet al, 2008) fluid secretion in glands

and airway epitheliéKunzelmanret al, 2009) neuron action potential waveform and

both firing and regulation of smooth muscle contracflgartzellet al, 2009) However,

until the discovery of anoctamin 1 and its closest related family member anoctamin 2
(MIM# 610109), the identityf the genes coding for CaCCs remained unknown.
Homologues of anoctamin 1 prepared from both Xenopus oocytes and mice have been
show to produce the same CaCC currents as native Axolotl oocyte CaCC when injected

with Xenopus oocytes and mouse mR{Bchroedeet al, 2008)

Since their discovery, anoctamins 1 and 2 have been confirmed to function in the same
processes and tissues as other recorded CaCCs. They have been identified as regulators
of airway smooth muscle contractifuanget al, 2012) in the rod photoreceptor

terminals of mice retinéStohret al, 2009; Dauneet al, 2013)and in murir taste
(Cherkashiret al, 2015)and olfactory tissueauneret al, 2012) However, several

studies have also expanded on their tissue specific functions, identifying them as CaCCs
responsible for insulin secretion in mouseells (Crutzenet al, 2015)and microvilli

length and surface area in frog oocyi€surjaretet al, 2016) Anoctamin 1

specifically has been found to play an important role in cancer development. It has been
identified as a potential biomarker in esophageal cai&tenget al, 2016)and that

tumour cell proliferation an migration are promoted by its overexprefSioanet al,

2016)

Due to the high sequence homology within the anoctamin family, the other anoctamins
were also thought to act as CaCCs, although confirmation of this was difficult to
establish(Duran and Hartzell, 2011¥everal studies claimed to have identified chloride
conductance induced by expression of other anoctafamsexample, anoctamins 6, 7

and 10 have been recorded producing chloride channels of various intensities. However
the intensity of the ion flux recorded for these three anoctamins was less than 10% that
of the flux recorded for anoctamin 1. Additionaliyhile a short form of anoctamin 7

has also been identified without any transmembrane domains making it an unlikely ion
channel, it still produces an ion flux of the same intensity as the full form of anoctamin

7 (Schreiberet al, 2010) The suggestion was made that due the presence of at least one
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anoctamin in any one cell line, expression experiments of anoctamin conductance have
the potential to be contaminated by endogenous anoct@fungelmanret al, 2009;
Schreibeet al, 2010)
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1.7 Asymmetry, pathways and essential components of the plasma membrane

All cell membranes are built from a complex dgaan of lipids and proteins, relying on
the amphipathic nature of lipids to arrange into two symmetrical monolgsgardeer

et al, 2008) The hydrophilic head groups of the tipiface the aqueous outer
environment, while their attached hydrophobic hydrocarbon chains point towards one
another at the centre of the bilayean Meeret al, 2008; Whitlock and Hartzell,

2016a)

Ordinarily phosphatidylcholine, sphingomyelin and glycolipids are maintained on the
exoplasmic leaflet of the membrane while phosphatidylserine,
phosphatidylethanolamine and phosphatidylinosital are retained onttipdasynic
leaflet(Zachowski, 1993; Daleke, 200 Nlaintaining plasma membrane asymmetry is

an essential part of proper cell function as movement of lipids from one membrane
leaflet to another are required for membrane stability, cell signalling, blood coagulation,
aptosis and membrane protein regulatidnderseret al, 2016) The redistribution

of phospholipids between bilayers, for example the movement of
phosphatidylethanolamine into phosphatidylcholine rich aretteeahembranévan

Meeret al, 2008) is also required for initiating curvature of the plasma membrane

which is further required for vesicle budding and fugiamorski and Menon, 2006)

The structure of the membrane bilayer is such that transition from one monolayer to
another is highly energy demandi(®pmorski and Menon, 2006; Anderssral,

2016) with spontaneous diffusion of a single lipid taking 24 hours on avéiai@no

et al, 2009) Three groups of transmembrane lipid transporter protein are involved in
maintaining and redistributingpé plasma membrane, depending on the stimulus or
required function. The heterogeneous distribution of lipids is maintained by ATP
dependant flippases and floppases working in counter balance to one ébatbke,
2003) Flippases preferentially transport lipids, most notably phosphatidylserine (PS),
from the exoplasmic to the cytoplasmic leafleomorski and Menon, 200@ile
floppases work in the rever@@orstet al, 2000) There are several types of both
transporter types as each have different specificities and cell types. For example ATP
binding cassette (ABC) transporters as flopp&sas Helvoortet al, 1996)and the P4
subtype of Rype ATPases and aminophospholipids as flippé3akeke and Lyles,

2000; LopezMarqueset al, 2014)
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1.7.1Phospholipid Scramblases and Phosphatidylserine exposure

Scramblases are the third group of transmembraitkettgnsporter proteins. They act
during specific cellular processes to rapidly disrupt lipid asymmetry andelentively
expose lipids to the outer surface of the plasma memijBawerset al, 1983;
Williamsonet al, 1992; Williamsoret al, 1995) Phospholipid scramblases are

activated by increases to cytosolic calcium concentréiamal and Schroit, 1997;
Williamsonet al, 2001) whichsimultaneously inhibits flippase activi(@itbol et al,
1987)and lower the energy requirement for transition across the b{{jratlock and
Hartzell, 2016a)Current research carried oing computer models of n(hTMEM16,
suggests that scramblases reduce the energy demand by bending the plasma membrane
and reducing the distance between the two leaflets of the membrane. Distortion of the
membrane is greatest around the hydrophilic grooveevhe distance between
membranes reduces from 2850 18.3A. Furthermore, the presence of water within

the hydrophilic groove of the scramblase and collections of lipid head groups at either
end of this groove appear to facilitate the moment of lisimlm one membrane to the
other. Dipole stacks grow halfway into the groove from a high density lipid head group
on the cytoplasmic leaflet of the membrane (termed ¢hre@on). The dipole stacks
provide a scaffold for lipids to move along by forming dgadipole interactions as they
pass througliBethel and Grabe, 201@inding sites lining a channel pore, acting as a

stepping stone mechanism, have also been observed in ion chi@uoyéset al, 1998)

PS is a key lipid often exposed to the extracellular leaflet during serendslents,

where it acts as a marker to other cells. PS is exposed by scramblases during blood
coagulationLhermusieret al, 2011) apoptosigFadoket al, 1992; Schlegel and
Williamson, 2001) differentiaton and microvesicle formatiofgessions and Horwitz,
1983; Schlegel andilliamson, 2001; van den Eijnda al, 2001) It is also becoming
increasingly clear that PS plays a kele in sarcolemma wound heali{igiddel et al,
2016) a pathway also associated with dysferlin function.

1.7.2Dysferlin, membrane repair and phosphatidylserine

Dysferlin is homologous with the FERgene inCaenorhabditis elegan®ashiret al,
1998; Liuet al, 1998; Bansakt al, 2003) which is responsible for the fusion of large
vesicles called membranous organelles to the plasma men{brenzar and Ward,
1997) Studies of dysferlin have indicated that itdiype mouse muscle, dysferlin
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enriched vesicles seal sites of muscle cell damage by fusing to the sarcolemma (muscle
cell membrane). However, dysfeddeficient mouse muscle shows vesicle

accumulation at the site of damage, but a lack of vesicle ftsithe sarcolemma

(Bansalet al, 2003) In all muscle, sarcolemmal damage is caused by mechanical stress
from regular muscle functiofMcNeil and Khakee, 1992; Cohn and Campbell, 2000)

In dystrophic muscle mechanical stress has also been shown to lead to necrosis with
membrane damage occurring in the initial stg@dsaubet al, 1997) Ineffective cell

repair following damage has therefore been suggesteaiaatore for LGMD2B and

MMD1 (Liu et al, 1998; Bansadt al, 2003)

Very recently, the role of dysflin in membrane repair has been more fully investigated
furthering the understanding of the extent of the complexity of membrane repair.
Demonbreuret al. (2016b)identified two structures which rapidly form following

pl asma membrane wounding. They term t hes:
Ashoul der o proteins. The authors define |
Arepair capo wteihe dreabftdamage.eThely iddntifyalysferinta®av

key Ashouldero protein as it is rapidly |
because they identified significant delay in membrane resealing in dysfefiaient

myofibers. They also suggdbit there is a level of satpiarding in these shoulder

proteins as they also investigated the related protein myoferlin. Myoferlin and dysferlin
deficient myofibers showed similar delay in membrane resealing while myofibers

deficient for both proteins skwved the greatest delay in rep&lemonbreuret al.

(201@) suggest that lateral membrane recruitment, that is recruitment of proteins from

the surrounding plasma membrane rather than from cytoplasmic stores, leads to the
accumulation of these proteins within the shoulder region.

The fArepair dobaggoegated ancerimAd (ANXAS) and also forms
rapidly following membrane wounding. The aggregation of other annexins including
annexin Al and A2 follow soon after. Dysferlin is known to bind annexin A1 and A2
proteins(Lennonet al, 2003; Caglianet al, 2005)and they have also been suggested
as important in membrane rep@oye and Nylandsted, 201@&emonbreuret al.
(2016b)also locate PS within the shoulder region during repair though after the
recruitment oboth the shoulder proteins and the repair cap. This highly ordered
recruitment of dysferlin, annexin A6 then annexin Al and A2 following membrane

damage has also been recorded in zebr@isbstalu and Strahle, 2012)
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1.7.3The Annexins

Annexins are a group ealciumdepadant membranbinding proteins, which form a
superfamily of over 100 different proteins found throughout the animal kingbltoss
and Morgan, 2004)As such they are divided into separate groups (labeHEg A

human annexins and orthologs (ANXA), invertebrates (ANXB), plants (ANXC), fungi
(ANXD) and protists (ANXD)Gerke and Moss, 2002; Moss and Morgan, 2004)
Twelve annexins have been identified in humans, ANXJand ANX13 (there is no
protein currently assigned to ANXA1Rperke and Moss, 2002; Mirsaegtial, 2016)

Annexins are intracellular proteins which bind with phospholipids found preferentially
in the cytoplasmic leaflet of the plasma membrane andcsdide either to the cytosol
or plasma membrane, depending on the presence of cqlGierkke and Moss, 1997)
They are found in a diverse range of cells and tis@dess and Morgan, 2004)
Annexins play a part in multiple cellular pathways suchegsilation of membrane
trafficking (Gerkeet al, 2005) ion channel regulatio(Gerke and Moss, 2002}alcium
homeostasis and adaptation during cellular stissastyrskayat al, 2009)
anticoagulation, pbspholipase A2 inhibitiofRaynal and Pollard, 1994)esicle
aggregatior{Bitto and Cho, 1998; Spennebeagal, 1998) endocytosi¢Creutz and
Snyder, 2005)interactions with the cytoskelet@@liferenkoet al, 1999)and the
aforementioned plasma membrane repair pati(Rapstalu and Strahle, 2012;
Demonbreuret al, 2016a; Demonbreust al, 2016b)

Each annexinis formed ofa Mt e r mi n a | Aheado domain and a co
terminal protein core domain itself formed of four homologous refg&atisowet al,

1986; Moss and Morgan, 2004hough annexin A6 has eight repe@sila-Sakaret al,

2000) Each r epe ahelices(lubéret al,n890)fa calciam Hihding site

(Geisowet al, 1986)and are all highly conserved both between annexin family

members and between the repeats themsé@Wess and Morgan, 2004)
1.7.4Apoptosis and phosphatidylserine exposure

Exposure of PS to the cell surface is also required during apoptosis, the programmed
and controlled death of a célli et al, 2003) Apoptosis is a critical and evolutioyar
conserved process, involved in killing infected or malignant ¢dibshreiterHufford

and Ravichandran, 201Byt also as a counter processes to cell proliferation, removing

excess cells during development and grofiérr et al, 1972) For example,
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incomplete or disturbed apoptosis can lead to several developmental disorders including
malformation of limbgGuhaet al, 2002) congenital brain malformation and
respiratory distress syndromis et al, 2003)

It is the programmed and ordered nataf apoptosis which distinguishes it from

necrosis and other types of cell de@brr et al, 1972). Apoptosis of mammalian cells

can be initiated either through extracellular proteins binding to dea#ptors on the

cell surface (extrinsic pathway), or through the release of intracellular proteins

following stress to the cell (intrinsic pathwg§putchaet al, 2002) Both pathways

ultimately lead to the release of mitochondrial proteins such as cytochrome c, activation
of caspases and ultimately cell deavolving cell shrinkage, DNA fragmentation,
condensation of chromatin, membrane blebbing and formation of apoptotic bodies
(Thornberry and Lazebnik, 1998; Towomey and McCarthy, 2005)

The caspases are a family of highly specific proteases which are key proteins in
apoptosis. There are thirteen caspase family members in mammals, though caspases 11
and 12 are murine homologs and do not exist in hurfidm@nberry and Lazebnik,

1998) The three key roles of caspases in apoptosis are inhibition of apoptosis inhibitors
like 1°AP and Bct2 (Chenget al, 1997;Enariet al, 1998) destruction of cell structure
(leading to cell shrinkage) and interruption of protein acti@tyornberry and Lazebnik,
1998) Caspase independent apoptosis has also been recorded in several cells however.
This process also involves the release of mitochondrial proteins (AlF, EndoG and Omi),
though these proteins activate apoptotic characteristics such as chromatin carmensati
and endonuclease activity without involvement from caspdsegomey and McCarthy,
2005)

The final stages of apoptosis are the removal and final destructionayfitigecell by
phagocytes, which is necessary to stop the leakage of cellular components into the
extracellular space and initiation of the inflammatory resp@feg et al, 1972) PS
exposure is one of the most wubiquitous
(Fadoket al, 2001)and an early indicator of an apoptotic ¢&lurosakaet al, 2003)

though other proteins have been identified as exposed on the cell surface during
apoptosigDini et al, 1996; Tayloret al, 2000) For example annexin Al has been

shown to cedocalise with PS on the plasma membrane where its presence has been

suggested to enhance uptake by phagocytes (Arur et al. 2003; Gardai et al. 2005).
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Increases in intiellular calcium are required for exposure of PS in apoptotic cells.
Research has shown that apoptotic cells lacking intracellular calcium experience normal
cell shrinkage, membrane blebbing and protein cleavage but reduced PS expoesure. Re
addition of calaum to these deprived cells rescued PS expdstamptonet al, 1996)
Similarly, phagocytes derived from PS receptor deficient mice display a 50% reduction
in phagocytotic ability(Li et al, 2003) Finally PS expressing liposomes have also been
observed as reducing mouse forepaw oedema in a dose dependan(iRamoset al,

2007)

Timely exposure of PS identifies the cell for phagocytosis which in turn release anti
inflammatory signals thereby avoiding activation of the inflammatory pathway
(Kurosakeet al, 2002) While inflammation is a vital process in keeping the site of
injury or infection clear of further dama@Rock and Kono, 2008jailure to remove
accumulated lysed or infected cells will lead to an inflammatory response in turn
leading to delayed repair or recovery and other complications including muscular
dystrophy as iste case with the dysferlinopathi@sdball, 2005;Rawatet al, 2010)
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1.8 Anoctamins as phospholipid scramblases

1.8.1Development of an rotransporter from a phospholipid scramblase

Despite the initial assumption that all anoctamins are CaCCs, very recent investigation
of the anoctamin family and related fungal homologs, nhTMEM16 and afTMEM16,

now suggests that the anoctamins originatestemmblases with ANO1 and ANO2
developing into CaCC, rather than the other way rquiitlock and Hartzell, 2016a)

It was the observation of phospholipid scrambling following purification and
reconstitution into liposomes of fungal ANO homologs that finally indicated that
anoctamins were historically scrambla@@sinneret al, 2014) However the structural
differences between common ion transporters and the anoctamin scramblases seem to

be incompatible.

The conventional ion channel is a funnel, with thegirosurrounding the entire

channel and providing a selective path for specific (MeacKinnon, 2004)The
anoctamins however appear to better fit the predicted model for scramblases with a
hydr ophi | i oneéide oftheircswface, specifically formed of membrane
helices 4 and @Pomorski and Menon, 2006; Brunredral, 2014; Whitlock and

Hartzell, 2016h)In ANOG, the furrow also contains the scramblase domain that has
been recently identifie@vu et al, 2015) The hydrophilic environment within this

furrow is essential as it allows the hydrophilic lipid head groups to transition from one
bilayer to the other while the hydrophobic acyl tails remains witierinternal phase of

the lipid bilayer.

This structural arrangement would be incompatible for ion transport as the ion would be
permanently exposed to the bilayer on one side. Transition from scramblase to ion
transporter however is supported by mutagenstudies which show that the ion

selection and conduction residues are homologous to the scramblase regions of the rest
of the family(Whitlock andHartzell, 2016b) Two hypotheses have been proposed to
rectify this conflict. FirstWhitlock and Hartzell (2016lguggest that the pore of ANO1

and ANOZ2 is adjacent to a ndnilayer with the lipid head groups of this bilayer

orientated towards the furrow of the anodtanChloride ions would then transition

along the furrow between the lipid head groups. AlternatiBelynneret al. (2014)

suggest that the anoctamins form dimers, with the dimer structure of ANO1 and ANO2
differing from that of the scramblase anoctamins. In this model the furrows of ANO1

and ANO2 dimers are orientated towards each other, forming a funnel structure similar
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to the conventional ion channel. The scramblase anoctamins meanwhile, form dimers
with furrows orientated away from each other, in effect creating dimers that each have

two furrows with which to facilitate scramblase function.

1.8.2Anoctamin 6 is a phospholipidramblase

Anoctamin 6 is the closest related family member to anoctargtitagzellet al, 2009)
andhas been found to play a role in the extremely rare bleeding disorder Scott
SyndromgSuzukiet al, 2010; Castoldet al, 2011) Patients with Scott Syndrome
present with moderately mild bleeding episodes due to ineffective phospholipid
scramblase action in thrombocytes and related blood(tbksmusieret al, 2011)

Very few Scott syndrome patients have so far been iden{ifégisset al, 1979; Totiet
al., 1996; Munnixet al, 2003; Suzuket al, 2010; Castoldet al, 2011)which has led

to the suggestion that Scott Syndrome is underdiagnosed due to the mildness of the
bleeding episodes and because phospholipid scrambling assays are not routine
investigative toolgSolariet al, 2016) Platelés from ANOGdeficient mice have also
been found to be defective for phospholipid scramblase acdfiiy et al, 2015;
Mattheijet al, 2015) Specifically, the exposure of PS on plateletates following
calcium treatment as well as microparticle shedding and thrombin production are
impaired in platelets from ANQG@eficient mice(Fuijii et al, 2015) These mouse

models also show unaffected clot retraction and normal bleeding times which closely
replicates the patient phenotyffayjii et al, 2015)

During normal blood coagulation, scramblases redistribute the phospholipid bilayer of
thrombocytes and expose PS which in tuiggers the blood clotting cascaffpronk

et al, 2014) The identification of mutations in ANOG6 in Scott Syndrome patients led to
the suggestion that anoctamin 6 either interacts with vital molecules in the pathway,
such ascramblases or calcium detecting molecules, or is itself the scramblase, actively
binding to calcium and activating the cascé8ezukiet al, 2010)

While similarity of structure does not always equal similarity of function, the higty
sequence homology between anoctamin 5 and 6 suggests that both are involved with
phospholipid scrambling and exposure of PS. Inhibition or distortion of anoctamin 5,
which is most highly expressed in muscle cells, may lead to ineffective celluléinfunc

and eventual muscle weakness.
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1.9 Hypotheses of anoctamin 5 function

Improvements in the genetic diagnosis of LGMD2L and the identification of more
anoctaminopathy patients reinforces the need to identify the function of anoctamin 5. A
number of hypothes on anoctamin 5 function have been formed based on the similar
LGMD2L and 2B pathologies and the confirmed functions of some of the other

anoctamin family members.

Initially, the most common assumption was that the whole anoctamin family were
CaCCs as actamin 1 and 2 had been shown to be robust CaCCs, in different tissues
(Hartzellet al, 2009) Desjite extensive testing though, no robust CaCC activity has yet
been demonstrated for anoctami(Sghreiberet al, 2010; Duran and Hartzell, 2011)

At the outset of this project, the anoctamins were still strongly suspected of being a
family of CaCCs, though current research now suggests that this function has evolved
from their initial function as scramblasé4owever calcium is the trigger mechanism in
several important cellular functions such as membrane r@gansaletal., 2003)and
phospholipid scramblingMirnikjoo et al, 2009a) Therefore if anoctamin5 is a CaCC,
mutations in ANO5 leading to a ndanctioning protein could lead to disturbed caiui

signalling and downstream alterations to these other cellular processes.

Membrane repair is also often hypothesised as one of the potential cellular roles for
both anoctamin 5 and dysferlin. Faulty cell repair has been observed-dysi@nlin

deficiert fibroblasts from MMD3 patients despite the presence of lysosomes and
enlargeosomes, compartments thought to aid in repair, at the wou@thsvealet al,

2007) Coupled with the observations of similarities in phenotype between
LGMD2L/MMD3 and LGMD2B/MMD1, the hypothesis suggested was that anoctamin
5 may act upstream of dysferlin in the cell riejpathway. The role of anoctamin 5 in

this pathway has yet to be fully characterised and so far, no other anoctamin has been

recorded as being involved in a similar pathway.

An alternative hypothesis formulated from the functions of the otheQa®@C
anactamins, is that anoctamin 5 acts as a phospholipid scramblase, specifically in the
exposure of PS on the outer plasma membrane. As an apoptotic marker normally
located on the internal leaflet of the plasma membrane, exposure of PS on the outer
leaflet maks the cell for destruction by phagocyt®®rhovenet al, 1995) Removal of

damaged or dead cells is an essential part of the inflammatory process after tissue
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damage and maintains healthy tissue fundidmchreter-Hufford and Ravichandran,
2013)

If ANO5 has a similar function to ANOG6 and is either interacting with or is itself a
phospholipid scramblase, mutations would lead to a logssofunction. Effective
phospholipid scrambling would therefore not take place, PS would not be exposed at the
cell surface and apoptotic signalling would not occur. Loss of apoptotic signalling may

then delay or inhibit recruitment of phagocytes and éneoval of damaged cells.

PS is also required for fusion of cell membranes and is exposed at tteeasl|

contact points during differentiation of C2C@A&n den Eijndet al, 2001) An

altermative hypothesis is therefore that impaired PS exposure in ANO5 deficient cells
leads to impaired myoblast differentiation or fusion of satellite cells to areas of muscle
damage. Ultimately, impaired PS exposure may lead to impaired muscle regeneration

andpotential onset of the anoctaminopathy phenotype.
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1.10PhD Aims

This PhD aims to discover the subcellular location and function of ANOS5. A better
understandingf these aspects of anoctamin 5 would be invaluable in understanding
how anoctamin 5 mutations cauthree different musculoskeletal diseases. This
information could then potentially lead to a better understanding of the other muscular
dystrophies with similarly dichotic presentations, e.g. mutations in DYSF leading to
MMD1 and LGMD2B. Additionally, idatifying the subcellular location and function

of anoctamin 5 will improve the current understanding of anoctamin biology.

Identification of anoctamin 5 localisation will be accomplished through transfection of
various tagged ANO5 constructs into severdl lines. Immunofluorescence and co
localisation with cell compartment markers will then allow for identification of
localisation in these transfected cell lines. These constructs will then be used to

investigatan vivolocalisation of overexpressed ASO

Identifying the function of anoctamin 5 will be accomplished in two ways, both using
ANOS5 knock down C2C12 cell lines (a mouse myoblast line) developed during this
project. The first route of investigation will be unbiased characterisation of the knock
down cells, achieved usingd@menstional gel investigation. Proteins with altered
expression levels in ANO5 knock down C2C12 compared to Control knock down and
wild type C2C12 will be identified by spot differences wdithensional gels and

MALDI -MS/MS analgis. Inferences about these proteins relationship to ANO5 will

then be made.

The second route of investigation will be a biased, specific examination of phospholipid
scramblase activity in the knock down C2C12, investigated using functional assays for
scramblase activity. FITC conjugated annexin V, which preferentially binds to PS, will
be used to visualise the exposure of PS during differentiation and induced apoptosis.
Quantitative differences between ANO5 knock down and Control knock down C2C12
will then be made. Finally, this assay will then be used to investigate the scramblase

activity of ANOS patient primary myoblasts.
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Chapter 2 Materials and Methods

2.1 Tissue Culture

Cell lines were cultured in a Hera Cell 240 incubator set 1€ 8Y5% CQ and all

work was carried out in a Hera Safe Cabinet. HeLa, HEK, MIN6, NIH 3T3 and wild
type C2C12 cell lines were cultured in growth media while ANO5 knock down and
Control knock down C2C12 were cultured in selection media. Primary patient cells
were cultred in Skeletal Muscle Cell Growth Media and were kindly donated by the
Muscle Tissue Culture Collection in Munich (LGMD2L and LGMD2B patient cells)
andfrom the John Walton Muscular Dystrophy Research Centre Biobank (control

patient cells).

Cultures wee maintained by cycles of 0.05% trypsin dissociation from the culture
vessel, centrifugation in an Eppendorf 5804 R centrifuge to remove the trypsin and
reseeded at lower densities onto clean plasticware. Details of the specific plasticware
used are indidad in the corresponding techniques below. Stocks of each cell line were
made using the same trypsin dissociation steps described above but with the cell pellet
resuspended in either commercially sourced Recovery Cell Culture Freezing Media or
freezing meth made in house. 1ml aliquots of resuspended cells were placed in
cryogenic vials and were frozen overnight in a Mr Frosty CA@ HAreezing Container

in a-80°C freezer. Aliquots were then moved to plastic box racks in the 4@

freezer or to liquichitrogen storage for long term storage.
2.1.1C2C12 Differentiation

C2C12 myoblasts were differentiated into myotubes by replacing growth media with
differentiation media. Upon reaching ~60% confluence, cells were washed once with
2ml differentiation mediarad then treated with 4ml differentiation media. This was the
DO time point. Differentiation media was then replaced and refreshed one day (D1
timepoint), three days (D3) and five days (D5) following this. If D5 was the
experimental end time point then salere fixed in 4% PFA in PBS rather than having

differentiation media refreshed.
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2.2 ANO5 knock down C2C12 production
2.2.1ANOS5 and Control shRNA

Control and ANO5 specific Short Hairpin RNAs (shRNA) were purchased from Santa

Cruz Biotechnology. The ANO5 shRNA caisted of a pool of three different ShRNA

plasmids, each with a different sense and antisense sequence. The Control shRNA

consisted of a scrambled sequence which would therefore not target any gene for knock

down, but still produce antibiotic resistanticed . Both shRNA6s conferred

resistance to successfully transfected cells.

2.2.2shRNA Transfection

C2C12 cells were seeded into twelve 100mm tissue culture petri dishes and cultured in

growth media until 570% confluent. Individual solutions for shRNAnNstructs, GFP

construct and plasmid transfection reagent were mealdg2.1) . 3 000 ¢ | of shRNA
Plasmid Transfection Reagent solution was addeddo efethe other solutions. Mixed

solutions were gently mixed by pipetting and incubated for 45 minutes at room

temperature.

Control shRNA | ANO5 shRNA | GFP plasmid shRNA PTR
Reagent Volume | 6 0 ¢ | 60¢l 12¢l 432¢l
DMEM 2940¢l 2940¢l 1188¢l 6768c¢l

Table2.1 Solution components for shRNA transfectidietal volumes of each component are

given. Plasmid and shRNA solutions were prepared
diluted O0.5¢cg/ eshRCANtamd hag/ AINOBGFP). shRNA Pl a:
Reagent (shRNA PTR) was prepared at a concentratd.i

Each culture dish was washed twice with 4000¢
added to each dish. 1edaddeddropWwisecoonaividuat ed s ol ut i
100mm culture dishes (Control to five dishes, ANO5 to five dishes, GFP to two dishes)

and were mixed by gentle pipetting. Dishes were incubated overnight in standard tissue
culture conditions befEBSwasadle€tloedchdsh. DMEM pl us
Cells were then incubated for an additional day under standard tissue culture conditions

before the medium was aspirated from each dish and replaced with 10ml fresh selection

media. Dishes were checked daily for clone formatiod the replacement of selection

media.
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2.2.3Clone selection, proliferation and differentiation

Once stable clones were of a sufficient size, cloning cylinders and trypsin cell
dissociation media were used to pick clones and transfer them to an individuail avell

24 well plate. Cells continued to be cultured in selection media, using PBS washes,
trypsin dissociation, centrifugation and reseeding cycles to transfer cells to larger tissue
culture plates until a clone occupied all wells of a 6 well plates.igsthge all wells

were washed with PBS, trypsinised, divided into two separate 15ml falcon tubes and
centrifuged. The cell pellet from one falcon was resuspended in 2ml of Cell Recovery
Freezing Medium and aliquoted into two cryotubes for storagDaand later use. The

other cell pellet was seeded into another 6 well plate for differentiation.

Upon reaching ~7#80% confluency all wells were imaged using an Eclipse TS100
using NIS Elements (D 3.2) image acquisition software. Three wells were then washed
with PBS, trypsinised, centrifuged at 4000rpm for 5 minutes and stor8d far later
extraction of Day 0 RNA. The remaining 3 wells were differentiated using the protocol
given in sectior2.1.1 Images were taken at DO, D3, D5 and D7 time points to track
differentiation progression. At the D7 time point cells were store@Caftor RNA

extraction.

2.2.4RNA Extraction

DO and D7 time point cell pelletsare resuspended in 1ml of Trizol and transferred to

an RNase free eppendorf tube. To each sample, 200pl of RNase free chloroform was
added and inverted to produce an emul si ol
minutes in an Eppendorf 5810 R centgéuand the clear fraction of the resulting
solution pipetted into new eppendorf tub
were added to the solution and the eppendorf inverted before being spun again at
14000rpm for 10 minutes. The isopropanobwamoved and 200ul of 75% ethanol in
nuclease free water was added without disturbing the pellet, followed by brief spinning.
The ethanol was removed with residual ethanol removed by brief centrifugation and

careful pipetting and gentle warming in a hielack. The pellet was then resuspended in

30ul nuclease free water before quantification using a Nanodrop 8000i4JV

Spectrophotometer.
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2.2.5cDNA Preparation

RNA was then converted to ¢cDNA using Superscr
ofsample RNA(10ng/ €l ) and 1lgl of 10mM dAdNTP mix (10m
dCTP and dTTP at neutral pH) were added to one well of a 96 well PCR plate, covered

by 8 well domed strip caps. The plate was the
Labcycler PCR machine and incubatesh i ce for 1 minute i mmedi at e
of 5XFirstSt r and Buffer, lel 0.1M DTT, lel RNaseOU’
Il nhi bitor (40units/el) and 1&gl Superscript 11
well. Each mixture was mixed by gentle pipeajtand the plate placed back in PCR

machine. The plate was incubated at 50eC for
stored at +4¢&®e(Cshdrotngt eeremm)m)o.r

2.2.6Reverse transcription PCR

The resulting cDNA was then used in a standard PCR reactamtiom the presence

or absence of ANO5 in C2C12. Two 96 well plates were run to test ANO5 knock down
cDNA with ANO5 and GAPDH primersT@able2.2). Two master mixes were also
prepared, each with a different primer pair. Both master mixes contaipetiofim

dNTPS, 175l 10xPCR Buffer, 140l PCR Enhancer, 70 Moltaq, 7Qul of each of tle
corresponding forward and reverse primers angDdip to a final volume of seventy

250l reactions. For the ANOS5 primer platpl®f each ANO5 knock down cDNA

sample was put into 66 wells, while onlyl bf ANO5 knock down cDNA were put

into the correspating 66 wells of the GAPDH primer plate. Both plates were then run
simultaneously on Labcycler PCR machines (SensoQuest) using the same PCR
programme Table2.3). 5ul of each PCR product was mixed witpl f loading dye

and loaded, with a 1kbp reference ladder, on a 1% (w/V) agarose gel in TAE buffer
prepared with fl of SafeView stain. Samples were separated by molecular weight with

application of arelectrical current at a constant 100v for 1 hour.
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Gene Target Forward Primer Sequence Reverse Primer Sequence

ANOS CAAGAACTGGGCTCGATTTT AGGTCACTGTGGTCCCTGAC
GAPDH GGGTGTGAACCACGAGAAAT GCCATGTAGGCCATGAGGT

Table2.2 Forward and reverse ANO5 and GAPDH primer sequeri8eth primers were
designed to amplify a 500bp region of the gene targets.

Step Temp (°C) Time (s) | Passes | Notes

1 94 120 1

2 94 10 19

3 55 30 19

4 72 150 19

5 94 10 19 plus 20s on each pass
6 55 30 19 plus 20s on each pass
7 72 120 19 plus 20s on each pass
8 4 - -

Table2.3 PCR programme for amplification of ShRNA transfected C2C12 cShéps 24 and
5-7 were repeated for the number of passes indicated before proceeding to the subsequent step.

Samples were held at step 8 &C4until removed from the Labcycler.
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2.3 Cell Transfection
2.3.1Lipofectamin 2000

Lipofectamin2000 was used to transiently transfect MING, NIH3T3 and HelLa cell lines.
All cell lines were cultured to ~90% confluence on glass 8 well chamber slides under
normal tissue culture conditions. For each experiment separate solutions were made for
Lipofectamne 2000 and each construct transfection condition. 1l of Lipofectamine
2000 was used for each transfected well, diluted 1:10 in DMEM. Constructs were
prepared at a total concentration of 1ug per well, diluted 1:50 in DMEM. Co
transfections therefore us@dbug of each construct. Complexes were left to incubate

for 5 minutes at room temperature before 10ul of construct solution and 10ul of
Lipofectamine 2000 solution were gently mixed together in new eppendorf tubes.
Combined solutions were left to incubdor a further 2810 minutes at room temp.

20ul of the combined solutions were then added to the corresponding wells of the 8 well
chamber slide, mixed by gently pipetting. Slides were incubated overnight under

standard tissue culture conditions beforation in 4% PFA in PBS.
2.3.2FuGene

FuGene was used to transfect wild type undifferentiated C2C12 cells prior to
differentiation into myotubes. C2C12 were cultured to-68@6 confluence on

slideflasks under standard tissue culture conditions. For eachasikletm| of fresh

growth media was replaced prior to addition of 100ul of transfection solution consisting
of 5ul FuGene transfection reagent, 10ul total plasmid construct (5ul of each plasmid in
co-transfections) and 85ul DMEM. Slides were incubated dgétnn standard tissue
culture conditions, before fixation in 4% PFA in PBS.

2.3.3Amaxa

Amaxawas used to transfect wild type undifferentiated C2C12 cells prior to

differentiation into myotubes. Cells were removed from culture vessels using standard

trypsin methods and the cell density calculated using a haemocytometer ceits10

wereresuspeghed i n 100¢el Cel |l Line Nucleofector Sol
of plasmid. The entire suspension was then transferred into a cuvette, with the sample

covering the bottom with no air bubbles, and sealed with a cap. Each cuvette was then

inserted intdhe holder of a Nucleofector® | Device and the programr32 Bised to
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treat the cells. Immediately after the programme had completed (<60 seconds), the

cuvette was taken out of the hol der and

cuvette. &luidhsvas thenftransfarred tea single well ohaddl plate pre
treated with 1ml of growth media (final volume 1.5ml media per well). Cells were then
incubated overnight in standard tissue culture conditions, before fixation in 4% PFA in
PBS.

2.3.4GeneJuice

GeneJuice was used to transfect wild type undifferentiated C2C12 with tagged ANO5
constructs, prior to apoptosis treatment. 36l of GeneJuice was mixed with 600pl
DMEM minus serum, vortexed briefly and left to stand for five mins. 350ul of this
solution was mixed with 14pl ANOSVyc, 250l was mixed with 5ul GFP and

incubated at room temperature for 15 mins. 50l of the appropriate mixture was then
added to the corresponding wells and incubated overnight under normal tissue culture
conditions, before fixatbin in 4% PFA in PBS.
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2.4 Electroporation and Cryosectioning of Mouse Muscle

All animal work was conducted following Home Office guidelines under Professor

Vol ker Straubdés project |licence 60/4137. As
electroporation conduateby Dr Mojgan Reza, but assisted with weighing the mice and

conducted the dissections of the tibialis anterior (TA) muscle myself. C57BL/10 (BL10)

and C57BL/10ScSDmd™*(mdx® mice stocks were maintained by Elizabeth Greally

(personal licence number 60222).

For each electroporation, age and gender matched mice were weighed and administered
with isoflurane. The corresponding volume of pain relief was then administered
subcutaneously (carprofen at 50mg/kg). After shaving the animals legs, 25pul of
hyaluonidase (0.4U/ul), an enzyme which helps to increase tissue permeability, was
then administered directly to the TA muscle of each leg. The final injection of 50ul of
construct (~1pg/ul) was then administered to the central portion of the TA muscle. In
thefourth round of electroporation GFP and ANO5 constructs were mixed with the
mini-dysferlin construct before injection and a total volume of 50ul was administered.
Immediately following injection each leg was electroporated with 8x20ms pulses of
200V/cm atintervals of 250ms. After suitable recovery time mice were sacrificed by
cervical dislocation and their TA muscles dissected and mounted in OCT on cork disks

and snap frozen in isopentane for storag8@t

A Microm HM 560 cryostat was used to cut 8 rintk serial sections from embedded
TA muscle, which were then serially mounted on sets of 10 permafrost shdes (6
sections per slide). Sections were stored wrapped in cling fHBOAC until the day of

staining.
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2.5 Immunocytochemistry, Immunohistochemisty and Haematoxylin and Eosin
Staining

2.5.1Immunofluorescence (IF) staining

HelLa, MIN6 and NIH 3T3 cell lines were cultured on glass eight well chamber slides.
Undifferentiated and differentiated C2C12 were cultured on permanox 4 well chamber
slides and slidélasks. Relative reagent volumes for each culture vessel are given in
Table2.4. All cell lines were fixed in 4% paraformaldehyde in PBS (4% PFA/PBIS) f

10 minutes at room temperature in the dark. Slides were then washed once with 1xPBS
before addition of blocking solution to each well of mwigll chamber slides or the

entire surface of chambslides. Slides were incubated for 1 hour at room temperat

in the dark. Blocking solution was replaced in the corresponding wells/slideflask with
primary antibody diluted in blocking solution and incubated for another hour in the dark.
Primary antibody negative conditions were treated with the same volume of
1xPBS.Slides were washed three times in 1xPBS for 20 minutes in the dark, before
replacement with secondary antibody diluted in blocking solution for an hour in the
dark. Slides were washed again three times in 1xPBS for 20 minutes in the dark before

chambe gaskets were removed.

For eight well chamber slides this was achieved by applying 100ul of ice cold methanol
to each well, incubating for 7 minutes at room temperature and levering the chamber
gasket from the slide. For 4 well chamber slides and shisledl gasket chambers were
levered from the slide. Slides were briefly washed in PBS, air dried in the dark,
mounted using a few drops of Vectashield plus DAPI and covered with a cover slip.

Slides were stored at +4°C in the dark until imaging.

Solution 8 wells 4 wells Slideflask
4% PFA/PBS 100pl 300ul 500ul
Blocking solution 100ul 300ul 500ul
Antibodies 100pl 300ul 500l
Washes 500ul 500ul 1000pl

Table2.4 Adjusted immunofluorescence staining reagent volumes for each culture vessel used.
Volumes given are per well of the culture vessel except for chasfitbes where volumes refer

to the entire surface area of the slide.

41



2.5.2Haematoxylin & Eosin staining

Selected slides were defrosted and air dried on the bench for 30 minutes and then
submerged in Haematoxylin stain for seven minutes, before being washed in water for
two minutes. Slides were then dipped in 1% hydrochloric acid in 70% ethanol, washed
in water br 30 seconds submerged in eosin for 30 seconds and then washed in water
again for 30 seconds. All wash steps were under a constantly flowing tap. The slides
were then immediately submerged in increasing concentrations of ethanol solution; 5
seconds in 70%thanol, 5 seconds in 90% ethanol and then 1 minutes in 100% ethanol.
Slides were then immediately submerged in histoclear (National Diagnostics) for 3
minutes and then in another container of fresh histoclear for an additional 3 minutes.
Finally, slideswere then mounted with coverslips using hard setting DPX. Slides were
kept in histoclear solution until mounting to ensure that the stained muscle sections did

not dry out before mounting.

2.5.3Immunohistochemistry staining

Slides were removed from80°C freeze storage and thawed for 30 minutes at room
temperature wrapped in cling film. Slides were unwrapped and laid out on a square
plastic tray (humidified with damp towels) for a further 30 minutes. During this warm

up period, an ImmEdge Pen was used to elecgach muscle section with a waterproof
wax boundary. After the warm up period and wax boundaries had dried, the slides were
placed in a Hellendahl jar and immersed in 0.1% TritehOR in PBS for 15 minutes.

Slides were then washed in PBS for 5 minuefete being removed from the jars,

excess buffer blotted from the slides and arranged on the same humidified square plastic
tray. Slides to be treated with nramuse derived primary antibodies were then blocked

in 2 drops of Odyssey protein block. Howesbdes to be treated with mouse derived
antibodies were blocked in M.O.M mouse Ig Blocking Reagent (2 drops of stock
solution in 2.5ml PBS). Slides were then covered and blocked for 30 minutes at room
temperature. Protein block was then flicked off andstitees washed in PBS for 15

minutes in Hellendahl jars.

Anti-GFP and AntiDystrophin primary antibodies were diluted in Odyssey protein
block while AnttMyc was diluted in M.O.M diluent. Slides treated with M.O.M mouse
Ig Blocking Reagent were incubatedM.O.M diluent for 5 minutes at room

temperature, while 50l of appropriate primary antibody was added to each section of
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the noAnM.O.M treated sections. 50ul of Arkllyc was then applied to M.O.M treated
sections, the tray covered with the tray lid and | sections were | eft

The following morning, slides were left to warm for 1 hour on the bench. Slides were
the rinsed in 1x PBS solution applied from a plastic squeeze bottle before slides were
washed for 30 minutes in 1XPBS in Hellehd@ars. 1xPBS was refreshed after the first

7 minutes. Secondary antibody Donkey ddibbit 594 (Abmart) diluted in Odyssey

protein block was prepared for a@&FP and antDystrophin slides, while secondary
antibody Goat artMouse 488 (Abmart) diluteish M.O.M diluent was prepared for

ant-Myc slides. 50ul of secondary antibody was then applied to the corresponding
muscle sections and incubated at room temperature for 90 minutes, covered by the tray
lid. Slides were washed in 1xPBS for 30 minutes, With1xPBS again replaced after 7
minutes. Slides were then dried a few at a time (to avoid sections from drying out),
before a few drops of vectashield+DAPI were added and the sections covered by a glass

coverslip. Slides wergng.then stored at +4
2.5.4Lysosome staining

To optimise LysoTracker staining of lysosomes, ~90% confluent wild type C2C12 on
two 8 well chamber slides were stained with 50nM, 60nM and 70nM concentrations of
LysoTracker for 1 hour and 30 minutes. 70nM solution was made frouh O.

lysotracker in 10ml Growth media and subsequently diluted to 60nM (1371.4ul in
228.6ul Growth media) and 50nM solutions (1142.9ul in 457.1ul Growth media).
Slides were then fixed, washed in PBS and mounted using Vectorshield + DAPI and

coverslips.

Tardem LysoTracker and IF staining was achieved using the above LysoTracker
method followed by standard fixation and IF staining protocols (1:100 9E10 primary
antibody, 1:3000 goat anthouse 488 secondary antibody) described in Se2tmi
Cells were transiently transfected using the GeneJuice method (S28t)rihe day
before staining.
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2.6 Phosphatidylserine exposure detected using FITC conjugated Annexin V
staining

2.6.1Phosphatidylserine exposure during differentiation

Wild type C2C12 cells were cultured on slideflaaksl differentiated to day 1 (D1),

day 3 (D3) and day 5 (D5) time points, using established tissue culture techniques
(Section2.1). Upon reachinghte required time point slide flasks were washed with 1ml
ice cold 1xPBS and immediately incubated in|@dAITC-AV solution in the dark for

15 minutes as per manufacturer instructions. Slides were then washed twice in 1ml of
1x binding buffer (1ml 10x bindg buffer + 9ml dHO) and fixed in 500l of 4%

PFA/PBS for 10 mins. Slides were stored in PBS atovérnight or blocked for 1 hour

at room temperature in 1ml blocking solution.

To track differentiation of the cells, immediately following blocking, eidvere

incubated in 900l phalloidin 594 (diluted 1:300 in IF blocking solution) at room
temperature for 1 hour. Finally, slides were washed in 1ml of 1xPBS three times, for 20
minutes before the chamber was removed, the slide air dried and mounted with

Vectashield + DAPI and a coverslip. Slides were stored ‘abef#bre imaging.

2.6.2Phosphatidylserine exposure during apoptosis

Cells were cultured on permanox 8 well chamber slides until ~90% confluent.
Apoptosis was induced in six wells using combinations0pd\b staurosporine (a PK
inhibitor) and 3mM EGTA (a calcium chelator) in growth medial{le2.5). Two wells
were left untreated (growth media only)reegative controls. Slides were incubated for
four hours at 37° and 5% G(Media was removed following incubation and all wells
washed in 400l of 1XxPBS. Each well was then incubated in | 10&f FITC-AV

solution for 15 minutes at room temperature in thé&.d&/ells were then washed twice
in 20Qul of 1x binding buffer before fixation in 1@0of 4% PFA/PBS per well for 10

minutes and mounting with Vectashield + DAPI and a coverslip.
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Solution ID | Solution Components Expected Observation

A. 50uM staurosporing 3mM EGTA in | Apoptosis, but with less annexin V
10Qul DMEM + 10% FBS positivity compared to solution B

B. 50uM staurosporine in 10 DMEM | Apoptosis with high annexin V
+ 10% FBS positivity

C. 3mM EGTA in 10ul DMEM + 10% | No induced apoptosis atiderefore
FBS very little annexin V positivity

Table2.5 Composition of experimental and control solutions used to induce apoptosis.
Solutions A and C were control solutions as the EGTA would chelate intraceiitium and
reduce the apoptotic effect caused by the staurosporine. Solution B was the experimental

solution as the staurosporine would inhibit protein kinase, triggering apoptosis.

2.6.3Phosphatidylserine exposure potential of knock down C2C12 investigsitey

FITC-AV staining and antactivated caspase 3 staining

The initial FITGAV staining was modified to include an additional eattive caspase

3 stain. Apoptosis induction remained the same but following this only half of the wells
were treated witinnexin V assay solutiori-{gure2.1 Layout of FITGAnnexin V +

active Caspase 3 assay eiglal chamber slideBigure2.1). The other wells were kept

in 1XPBS until fixation in 4% PFA/PBS. Followgrfixation, 100ul of blocking solution
was added to each well and the slide incubated at room temperature for 1 hour in the
dark. After incubation, 100ul of aréictive caspas® antibody (Abcam, ab2302),

diluted 1:100 in blocking solution was added tovalls and incubated in the dark at +4°

overnight.

The following morning, slides were washed three times for 20 minutes in 400ul 1x PBS
in the dark. 100pl of anfRabbit alexa fluor 594 secondary antibody diluted 1:3000 in
blocking solution was applied &ach well and left to incubate in the dark for 1 hour at
room temperature. All wells were again washed three times for 20 minutes in 400ul 1x
PBS in the dark. The chamber gasket was removed from the slide, excess PBS gently
removed, slides air dried in tidark and mounted with Vecta Shield + DAPI and a glass
coverslip. All slides were stored at +4° until imaging, blinding and cell counting.
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Figure 2.1 Layout of FITGAnnexin V + active Caspase 3 assay eigbll chamber slides.
Squares filled half red and green indicate wells treated with both fAV@nd aC3 primary
antibody + alexa fluor 594 secondary. Red filled squares indicate wells only stained with aC

and alexa fluor 594 secondary. Reagents useddiace apoptosis are given in each well.
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2.7 Lysate Preparation

2.7.1Western Blot Lysate Preparation

Lysates were made from GHNO5-MycHis transfected HelLa cells (transfected using

the Lipofectamin 2000 protocol in secti@r8.1) and untransfected HEK cells, cultured

in 6 well plates. Media was removed, plates placed on ice and each well washed with

Ilml of ice cold PBS. P B S sisvluféer appied toeaeld , 1 5|
well, cells scraped from each well using a plastic scraper and the suspension transferred
to a 1.5ml Eppendorf tube on ice. Suspensions were constantly agitated for 30 minutes

at 4°C then centrifuged at 12000rpm for 20 minute® &t The supernatant from each

tube was then transferred to a fresh Eppendorf on ice, quantified using a Qubit

fluorometer as per the man-@A0fGcturerds i n:

2.7.2Subcellular fractionation by differential centrifugation and 2D gel igsa

preparation

The subcellular fractionation protocol used was taken fdamauroet al.(2012)

(Figure2.2). C2C12 cellsweregrowno 90 % confl uence in eith
T1500s. FIl asks were washed once with ice
with 6ml) and then immediately treated with STM buffer (each T75 with 0.5ml; each

T150 with 1.5ml). Cells were then manually reradwsing a plastic cell scrapper and
collected into one 15ml falcon tube per cell line. Cells were pelleted by centrifugation in
an Eppendorf 5804 R centrifuge for the first step and then in an Eppendorf 5810 R
centrifuge for all subsequent steps. Wheagest, cell pellets were resuspended inb00

of STM buffer, 10@l of NET buffer and 300pl of solubilisation solutiowhere stated,

cell suspensions were mixed with 2.5ml of 100% acetone (five volumes of cell
suspension) and 8QDof solubilising solution(eight volumes of cell suspension). P5

was further lysed by being passed sequentially through a 19G and 21G Microlance 3
needle on MicreFine 0.5ml syringes. All steps were carried out over ice.

For use in 2D gels, wild type and knockdown C2C12 subcelationations were

either mixed with 80l or resuspended in 3QDof solubilisation solution.
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Confluent T75/T150:
*PBS Wash

*STM application
*Manual removal of cells

1000 rpm (7 mins)

!

*Resuspend in STM
*\ortex (15 sec)
*Incubation on ice (30 mins)

/\
/ 2740 rpm (15 mins)
PO
Resuspend in STM € P2 <« 2740 rpm (10 mins) —— SO
*Vortex (15 sec) |
| 2740 rpm (10 mins)
S1 € 2170 rpm (15 mins) ‘l’
,b S3
p1 *Precipitate in Acetone at € S2
. -20°C (1 Hour)
*Resuspend in STM |
*Vortex (15 sec)
| 10100 rpm (10 mins)
S5 € 3070 rpm (15 mins) l
P5 10600 rpm (5 mins) P3
*Resuspend in NET st o ST
*Vortex (15 sec)
*Incubate on ice (30mins)
*Pass througrll needles 10100 rpm (10 mins)
P6 |€ 9200 rpm (30 mins)
'l' A 4 \ 2
S6 = Nuclear Fraction P7 = Cytosolic Fraction P4 = Mitochondrial
*Mix with Solubilising *Resuspend in Solubilising Fraction
Solution Solution *Resuspend in Solubilising
Solution

Figure 2.2 Subcellular fractionation work flow adapted from Dimauro et al (2G149.0 denot e s
supernatanf r acti on, fAPO denotes pellet fractjon. Green
pellets or supernatants that were further fractionated. Blue boxes represent final experimental

pellet and supernatants. Red boxes indicate discarded pellets or supernathi¢sboxes

indicate centrifuge speeds and times for each step.
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2.8 Protein Quantification

2.8.1Quantification by Qubit Protein Assay

The protein concentration of all transfected HeLa and untransfected HEK lysates were
measured using the Qubit Protein Assay on a Qubit 2.0 fluorometer. The Qubit
fluorometer was calibrated for each protein quantification run, so an additional three
0.5mL FCR tubes were prepared each time for the required standards (identified as 1, 2
and 3). Tubes were labelled and enough Qubit working solution prepared for each
sample and standard to be rupl(Qubit Protein Reagent in 2ADQubit Protein Buffer

for eachsample). 190l and 199 of Qubit working solution was added topll®f

standards andul of samples respectively. Tubes were vortexed for 2 to 3 seconds
before being incubated at room temperature for 15 minutes in the dark. The three
standards were theead on the Qubit in sequential order to calibrate the machine

before samples were run and the protein concentration recorded for each.

2.8.2Quantification by MiniBrandfrod Assay

All fractionated lysates were treated the same no matter which buffer was used for
preparation. A standard curve was first prepared using six samples of Bovine Serum
Alubumin (BSA, 1mg/ml) in increasing concentrations plus Protein Assay Dye Reagent
Concentrate and di@ (Table2.6). Initial volumes of ful were used for each lysate
sample. All samples were mixed together in disposable-sgond polystyrene cuvettes
(340-900nm range), run on a BioPhotometer and the Ak@Bescence values recorded.

If lysate sample fluorescence was lower than the value recorded fqul tstaridard

curve sample, the lysate sample wasurewith 1Qul of lysate to ensure the

fluorescence value fell within the curve.

The A595 fluorescercvalues were inputted into Microsoft Excel (fluorescence values
on the y axis and BSA concentrations on the x axis) to plot the standard curve. y
eguation values from the resulting curve generated by Excel were inputté&adjuzton

2.1 to calculate the concentration (mg/ml) of lysates. Concentration values were divided

by ten for lysates which useddl®f sample rather tharpd
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BSA Protein AssayDye dH20
1 799 200
797 200
795 200
10 790 200
15 785 200
20 780 200

Table2.6 Sample components for creation of BSA standard cii/galues are given ipl.

6£€¢0OQE 01 @WwNEE @ EHID

Equation2.1. Calculation of lysate concentratiorAb s or banced6 i s th

from the BioPhot ometer readout .

second value, i.e. y=ya + yb

6dy adoy biog
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2.92D gel electrophoresis

Mitochondrial, nuclear and cytoplasmic subcellular fractionations were run out using 2
dimensional (2D) electrophoresis using the ZOOM runner IPG system. For-each 3

10NL ZOOM I PG strip to be run (to a maxi |l
subcellular faction lysate was loaded into the individual sample loading well of a

ZOOM IPGRunner Cassette. Each strip was loaded into the cassette with the positive

end orientated at the bottom of the cassette. Strips were sealed into the cassette using
sealing taperad rehydrated for an hour at room temperature. The Sealing Tape and

Sample Loading Devices were removed from the cassette, and an electrode wick
attached to the now exposed adhesive at
water was applied to eaghck. The cassette was sandwiched against one side of a

ZOOM IPGRunner Core with the electrode wicks touching the electrodes of the core. A
second cassette or a buffer dam was placed on the other side of the runner core and the
assembled sandwich placedoim Mini-Cell Chamber, secured in place with a Gel

Tension Wedge. The outer chamber was filled with 600ml of deionised water, with

extra care taken to ensure none got into the inner chamber. The lid of the chamber was
secured with the correct electrodesgected to the corresponding power pack ports.
Isoelectric focusing (IEF) was performed on the IPG strips using a three step set
programme on a Bi#Rad PowerPac HC; 175 volts for 1 hour, slow ramping up to 2000

volts for 45 minutes and held at 2000 vdtisa further 45 minutes.

Following IEF, the rig was carefully disassembled, taking extra care not to get water on
the cassette surface. IPG strips were then either wrapped in cling film and stored at
80°C for future running of the second dimension or maimtely run through the
equilibration step. For equilibration, each IPG strip was submerged in 5mL of sample
reducing buffer for 15 minutes and 5mL of 125mM Alkylating solution for an

additional 15 minutes. Frozen IPG strips were defrosted for ~15 minefi@® the
equilibration step and resumption of the protocol.

SDS page was performed on equilibrated IPG strips usii®§4 BisTris ZOOM

protein gels. The IPG strip was inserted into the well of the gel with the negative end of
the strip closest to thadider lane. A scalpel was used to push the IPG strip so it touched
the gel and removed any trapped air bubbles which would distort the SDS page run. The
gel was inserted into the XCell SureLock® Miell with either another gel or a buffer

dam on the opmite side of the core. Approximately 38®@f 0.5% agarose, dissolved
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in MES running buffer, was used to seal in the IPG strip. The inner and outer chambers
were filled with MES running buffer and 0.5ml of NUPAGE® antioxidant was added to
the inner chambed Qul of Chameleon Duo Prstained Protein Ladder was loaded into

the ladder well and the lid attached to the Mball. Gels were then run for 45 minutes

at 200v on a BidRad PowerPac HC.

2.9.1Coomassie Staining

Proteins present in 2D gels were visualised by Coomassie staining using SimplyBlue
SafeStain. Gels were removed from the Mall chambers, carefully removed from

their plastic cassette containers and transferred to large weight boats. Gels were washed
with 100mL dHO three times for 5 minutes with continuous shaking. Gels were stained
with approximately 15ml SimplyBlue SafeStain for 1 hour at room temperature with
gentle shaking. SimpleBlue SafeStain was discarded and gels were washed in 100m|

dH20 over nght before being imaged on an Odyssey CLx.
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2.10Western Blotting
2.10.1Stacking and Resolving gel preparation

Hand cast gels (15%) were made to western blot for-&#00rotein. 0.75mm glass
moulds were assembled on an MRRROTEAN Tetra Cell Casting Module. 5nl o
resolving gel solution was assembled and poured into the glass moulds (Ammonium
persulphate and TEMED were added immediately before pouring as these cause the
solution to solidify). Solutions were topped with 100% isopropanol to level the
resolving gellsopropanol was poured off after the resolving gel had set, the gel was
washed with dkO and briefly dried. 3ml of the stacking gel solution was then
assembled (Ammonium persulphate and TEMED again added immediately before
pouring) and poured on top ofetmesolving gel. A 10 well comb was then inserted into
the mould. Gel was then left to dry before either immediately used for SDS page or
wrapped in cling film in an excess of gbland stored at°€ for later use.

Commercially sourced NuPage Bisis gelswere used for all other proteins.

2.10.2SDS PAGE

Western blots were run fresh for each experimentg28 protein were prepared in a

final volume of 2@l of running buffer in an eppendorf tube. @l.BNuPage LDS sample
buffer x4 and Bl NuPage reducing agent XQvere added to prepared lysates and
denatured at 3@00 °C for 5 mins. Commercially sourced gels were assembled gel with
the front of the gel facing the inner chamber of a Mieil chamber. Hand poured gels
were assembled into MHRROTEAN Tetra Electragl Assembly. If only running one

gel a buffer dam was placed on the opposite side before the entire sandwich is clamped
in place inside the chamber. The inner chamber was filled with running buffer and
checked for leaks before the outer chamber is filldd thie remaining running buffer.

The wells were then flushes with a syringe before loading witih @0eLa and HEK

lysates) oB0ul (C2C12) of samples and [10of SeeBlue Plus2 ladder (ECL detection)

or chameleon duo ladder ¢dor detection). Gels weregh run at 200V for

approximately 50 minutes or until the yellow loading buffer tide line reached the bottom

of the gel
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2.10.3Protein Transfer

Gels were removed from the Mifiell chambers, carefully removed from their plastic
cassette containers or glass mowldd placed on top of ImmobilefL PVDF

membrane, cut to size. The membrane had beewgiren 100% methanol and rinsed in
chilled transfer buffer. Together they were placed between four squares of cut to size

blotting paper and two sponges, all soakedimi | | ed transfer buffer.

was placed in a transfer cassette and placed in a transfer tank, with the membrane
orientated closest to the positive electrodes. Two gels were run in the same tank, if
required, which was filled with chilled traies buffer. Proteins were transferred for 90
minutes at 350mA using a Biead PowerPac HC. Protein transfer to the membrane

was confirmed using Ponceau staining (Sigma) of the membrane for 5 minutes.

2.10.4Antibody probing and washing

Two different protocols we used depending on the method of eventual visualisation to

be used.

For ECL detection, following ponceau staining, the membrane was destainegOn dH
blocked for 1 hour at room temperature in 5% milk in TBST on a shaker, cut into strips
so that it coud be probed by different primary antibodies and then incubated overnight
at +& in primary antibody prepared in 5% milk in TBST. The following morning

primary antibody was removed, the membrane washed in TBST three times for 10
minutes, incubated for 90mites in horseradish peroxidase (HRP) conjugated
secondary antibody prepared in 5% milk in TBST and washed again three times for 10
minutes in TBST before ECL detection.

For Li-Cor Odyssey detection, following ponceau staining, the membrane wagpre

for 1 minute in 100% methanol, rinsed with ultrapure water, wet in 1x TBS for 2
minutes and incubated for one hour in TBS Odyssey Blocking Buffer with gentle
shaking. During this time primary antibodies were prepared to a final dilution of 5ml in
TBS-Ta Blocking solution. Membranes were blotted in primary antibody overnight at

4°C with gentle shaking.

The following morning membranes were washed three times in ~10mITMB&sh
buffer with vigorous shaking for 5 minutes. During the washes the IRDye secondary

antibodies were diluted in TBSb to a final volume of 5ml. Blots were incubated in
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secondary antibody for one hour at room temperature, protected from light with gentle
shaking. Following incubation, blots were again washed three times for 5 minutes with
vigorous shaking in ~10ml TB$ Wash buffer, whilst also being protected from light.
Membranes were rinsed a final time in 1x TBS to remove residual Tween 20 and stored

in 1x TBS in the dark at 4 °C or imaged immediately with the Odyssey CLx.

2.11Visualisation of Western blot and Coomassie stains
2.11.1ECL Detection and development

Standard Western blot membranes of HeLa and HEK cell lysates were visualised in a
dark room on using SuperSignal West Dura Chemiluminescent Substrate kit. Each
section of membrane was inculzhfer 5 minutes at room temperature in 1ml of ECL
substrate, prepared from equal parts solutions A and B provided in the kit. Photographic
film was then exposed to the membrane for a determined amount of time in a sealed
film cassette, separated by trargpd plastic film, before development of the film and

final visualisation of the blot.

2.11.20dyssey CLx Gel Scanning

All knockdown C2C12 lysate Coomassie stained gels and standard and 2D Western blot
membranes were imaged using an Odyssey CLx and Image SerddéoO/software.

Gels were placed on the scanning surface of the Odyssey CLx in an exces® of dH

1x TBS, to ensure the gels and membrane
were taken to ensure the gel or membrane was fully within the scameaf the

Odyssey and then scanned only in the 700 nm spectrum (Coomassie gels) or
simultaneously in the 700 nm and 800nm spectrums (western blots) at 21um/pixel

resolution and medium quality.
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2.12Microscopy and Image Analysis

All immunofluorescent, immunastochemical and Annexin V assay images were taken
on the Axiolmager (Zeiss) microscope using AxioVisions40 (V 4.8.2.0) image
acquisition software. Heamotoxinalin and Eosin staining images were taken on the
Axioplan (Zeiss) microscope using AxioVision (V841.0) image acquisition software.
Brightfield images of knock down C2C12 clone selection and differentiation were taken

on an Eclipse TS100 (Nikon) using NIS Elements (D 3.2) image acquisition software.

In experiments involving detection of fluoresceaqq, initial values of laser exposure
required to optimally detect each fluorophore at each magnification were maintained
across all subsequent wells or slides containing the same experimental condition and

their controls.

2.12.1Annexin V assay imaging and cedlunting

For each image, individual image files were created for each fluorescence channel and
exported in a .tiff format. Each image folder containing these multiple files was blinded
prior to cells counting using the Cell Counter plugin of Image J. Haclescence

channel file was opened individually (DAPI only, FIFA3/+DAPI, Caspase 3+DAPI,

all channels) and the number of positive cells recorded to an excel spreadsheet before

un-blinding the images and statistical analysis.
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2.13Flow cytometry analysis ugng FACSCanto
2.13.1Cell sample preparation

Three different experimental flow cytometry set ups were used, referrediias 1
Time Series, 50M Time Series and %M Apoptosis. In each, C2C12 and patient
myoblasts were cultured in 6 well plates using standard tissue culture methods, as

described in sectiok.1

For JuM and 5QuM Time Series experiments, a master mix jpMlor 5quM
staurosporine in 20Q0 growth media was prepared. Apoptosis was induced in ~95%
confluent cells by replacing culture media in a single well withub00the master mix
and returningo normal tissue culture conditions for one hour. This process was

repeated three times producing 4hour, 3hour, 2hour, 1hour and two Ohour time points.

For 5QuM Apoptosis, normal culture media was removed from two wells of ~95%
confluent cells and repladevith 5QuM staurosporine in 500ul growth media in one
well and 5@M staurosporine andnd EGTA in 500ul growth media in the second

well. Plates were incubated for 4 hours under normal tissue culture conditions.

Collection of cell populations was consist@cross experimental set ups. Following
incubation, media from each well was transferred to individual 15ml falcon tubes and
the wells were washed with 5000f ice cold PBS, which was also added to the same
15ml falcon tubes. Remaining adherent cellsecremoved by applying 3Q0of

TrypLE trypsin to each well and incubating for 5 minutes in normal tissue culture
conditions. 500ml of ice cold PBS was added to each well to dilute the TrypLE and the
total 80Qul solution removed from each well and addeth® corresponding 15ml
falcon.Finally, the wells were washed again with gD6f ice cold PBS, with washes
again added to the corresponding falcon tube. Collected cells were pelleted by
centrifuging at 1000rcf for 5 minutes irEppendorf 5804 R centrifje Cells were
washed by resuspension50Qul of ice cold PBS followed by centrifugation at 1000rcf

for 5 minutes, discarding the PBS afterwards.

Cell pellets were resuspended in different Annexin V assay solutionspMoand 50
UM Apoptosis set upshtee different solutions were prepared. Both populations of
treated cells and one population of untreated cells were resuspendeglinf100
Solution 1, oe population of untreated cells was resuspend&@@pl of Solution 2

and another untreated poputattiin Solution 3 Table2.7). For Time Serieset up, all
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populations of treated cells and one untreated population were resuspendgd of 100
Solution 1 The last population in each set up remained unstained as a negative control
and was resuspended in 500l of 1x Binding Buffer (1ml 10x Binding Buffer + 9ml
dH:20).

Resuspended cells were then transferred to clean FACS tubes (Corning) and left t
incubate for 15 minutes at room temperature in the dark. Following incubatiqu,cf00
1x Binding Buffer was added to each FACS tube containing stained cell populations

and all populations immediately analysed by Flow cytometry.

Solution 1

Solution 2

Solution 3

3ul FITC Annexin V
conjugate

30ul Propidium lodide
30pl 10x Binding Buffer
237ul dHO

1ul FITC Annexin V
conjugate

10pul 10x Binding Buffer
89ul dH:O

10ul Propidium lodide
10ul 10x Binding Buffer
80ul dH.O

Table2.7 Composition of annexin V staining solutions for flow cytom@&tyal volumes

required to stain the number of samples for each condition.
2.13.2Flow Cytometry

Fluorescence data of stained and unstained C2C12 and patient myoblast cell populations
was collected using a FACSCantoll (BD) equipped wit88/530/30A and 2

488/585/42A lasers to capture FIT8nnexin V (FITGAV) and propidium iodide (PI)
fluorescencaignal respectively. Samples were interrogated and manually gated using
FACSDiva (BD) software. While automated procedures are available and recommended
for large datasetd/erschooret al, 2015) manual gating analysis is still a valid and
relatively fast method of analysis when dealing with smaller sample sizes (e.g. fewer
than 40 samples). A total of 10,000 events (i.e. cells passing through the path of the

lasers) were captured per sample.
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2.14 Statistical Analysis

All statistical analyses were carried out in Microsoft Excel2Chiculations Equation

2.2) were used to test the difference in the number of positive cells between ANO5 and
Control knock down C2C12 and between LGMD2L or LGMD2B and wildtype patient
myoblasts in each treatment condition. Gixas used as the data was pamametric

and categacal (i.e. yes or no for positive staining). The null hypothesis tested was

AANOS5 knock down does not affect PS expo:

The Chf statistic is calculated usirfgguation2.2. For the analysis of knock down

C2C12 images, observed values in each treatment condition were the summed counts of
the number of positive cells across the five images taken of each well. For analysis of
patientmyoblast flow cytometry data, the number of events recorded in each quadrant

in each treatment condition for each cell line were used as the observed values. The 2x2
table method was used to generate the expected v&igese2.3). These values were

then used ifEquation2.2 to generate a Chstatstic with 1 degree of freedom.

BUO wi Qi VA Qwo QQ
0N Qo QQ

Equation2.2 Chi? equation used to calculate the association between positive count values.

Control ANO5
Numberof
N A B A+B = AB
Positive Cells
Number of
_ C D C+D=CD
Negative Cells
A+C=AC |B+D=BD | A+B+C+D

Observed =B
Expected = A/AC x BD

Figure 2.3 Example of 2x2 table calculations used to generate expected values forthe CH
statistcAiPosi ti ved and ANegat i-XwordCe8depeadingaon¢hé er t o

condition being tested
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2.15Consumables and Equipment

ltem Product Code Supplier
0.05% Trypsin 25300096 Gibco
0.45um PES membrane 89220712 VWR
1.5ml microfuge tube 211-2610 VWR
1000¢el pipette fil t]|S11221830 Starlab
100mm petri dishes 7342321 VWR
10ml serological pipettes 86.1254.001 Sarstedt
10¢l pi pette filter]|S11223810 Starlab
15ml centrifuge tubes 430766 Corning
19G Microlance 3 needle ND500 BD

1kb DNA ladder G571A Promega
2.0ml Skirted Cryovial E30960013 Star Labs
200¢el pipette filte|S11208810 Starlab
20el pipette filter]|S11201810 Starlab
21G Microlance 3 needle ND434 BD
24-well plate 7342325 VWR
25ml serological pipettes 86.1685.001 Sarstedt
2-mercaptoethanol 313506010 Life Technologies
30% Acrylamide/Bis Solution 161-0159 Bio-Rad
50ml centrifuge tubes 430829 Corning
50ml serological pipettes 86.1689.001 Sarstedt
50ml syringes without needles SYR6212 SLS

5ml serological pipettes 86.1689.001 Sarstedt
6-well plate 7342323 VWR

8 well chamber slides 734-0089 VWR
8-channel spectrophotometer ND-8000 NanoDrop
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8-Strip PCRCaps, Domed 11400-0800 Star Labs
96-well PCR plates E14035200 Starlab
Acetic acid A6283 1L SigmaAldrich
Acetone 20066.330 VWR
Agarose NBS-AG500 NBS Biologicals
Agarose gel electrophoresis tanks 1704405 Bio-Rad
Alexa Fluor 488 goat anthouse IgG A11001 Invitrogen
Alexa Fluor 594 goat antmouse IgG A11008 Invitrogen
Alexa Fluor 594 goat antrabbit IgG A11005 Invitrogen
Alexa Fluor 594 phalloidin Al12381 Invitrogen
Ammonium Persulfate (APS) 10 g 161-0700 Bio-Rad
Ampicillin sodium salt A95185G SigmaAldrich
Anti-Active Caspas8 ab2302 Abcam
Anti-Annexin A2 ab41803 Abcam
Anti-c-Myc Antibody (9E10) sc40 Santa Cruz Biotecl|
Anti-c-Myc Antibody (ab39688) ab39688 Abcam
Anti-dystrophin antibody ab15277 Abcam
Anti-GFP ab290 Abcam
Anti-Hsp27 ab2790 Abcam
Anti-S100A4 ab93283 Abcam
Autoclave RS232 Astell
Autoclave tape 817-0118 VWR
Bio-Lyte 3/10 Ampholyte 40% 10ml 1631112 Bio-Rad
BioPhotometer - Eppendorf
Blue/orange 6x loading dye G190A Promega
Bovine Serum Albumin (BSA) A329450G Sigma
Camera BW AxioCam HRc Zeiss
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Camera RGB DS-Fi2 Nikon

Carprofen 33975100MGR | Sigma Aldrich
cDNA reverse transcription kit 4368814 Appdd Bi ¢
Cell Scraper, 320mm Long, pivoting blade | CC76060320 Starlab
Chameleon Duo PrstainedProtein Ladder | 92860000 Li-Cor

Chloroform C24321L Sigma

Class 1 airflow cabinet Hera guard Heraeus

Class 2 airflow cabinet Hera safe Heraeus

Cloning cylinders, glass C10591EA SigmaAldrich
Cover glasses, 22x50mm, 0.13mm thickne| 631-0137 VWR

Thermo Fisher

Cryostat Microm HM 560 Scientific (TFS)
DEPGtreated water AM9906 Ambion
Dimethyl sulfoxide (DMSO) D-8779 SigmaAldrich
Dulbecco's modified Eagle medium 41966052 Gibco

EDTA E5134500G SigmaAldrich
EGTA E8145 SigmaAldrich
EndoFredPlasmid Maxi Kit (10) 12362 QIAGEN
Ethanol 20821.33 VWR

FACS Tubes 352054 Corning

Fine scales BD BH 110 Denver
Flask tissue culture 150cm?2 430825 Corning
Flask tissue culture 75cm? 7342313 VWR

Flow Cytometer FACSCanto I BD

Foetal bovine serurfFBS) EU-000-F SLI
Freezer80° U725 NB Scientific
Fridge/freezer20° KGV36VW32G | Bosch
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FUGENE HD Transfection Reagent E2311 Promega
GAPDH (mouse) ab8245 Abcam
GAPDH (rabbit) D16H11 Cell Signal Tech
GelDoclt Imaging System GelDoclIt310 UVvP
GeneJuice 709676 Merck Millipore
Gentamicin 15756037 Gibco

Glucose G82706100G SigmaAldrich
Glycerol G5516100ML SigmaAldrich
Glycine G88981KG SigmaAldrich
Haemocytometer 680030 Marienfeld
Heater magnetic stir block 101N0052 Fisher

HEPES H3375100G SigmaAldrich
Horse serum 26050088 Gibco
Hyaluronidase H3506 SigmaAldrich
Hybond PVDF membrane RPN303F GE Healthcare
HCI, Hydrochloric acid 844361L SigmaAldrich
IGEPAL CA-630 I7771-50ML SigmaAldrich
ImmEdge Pen H-4000 Vector Labs
ImmobilonFL PVDF IPFLO0010 Merck Millipore
Incubator Hera cell 240 Heraeus
Insulin syringe with needle 6134897 VWR
lodoacetamide 161255G Sigma Aldrich
IRDye 680RD Goat antRabbit 926-68071 Li-Cor

IRDye 800CW Donkey antilouse 926-32212 Li-Cor
Isopentane M326312.5L SigmaAldrich
Isopropanol 20842.33 VWR

Lab Armor beads A1254301 Life Technologies
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LDS sample buffer NPO0007 Invitrogen
Lens tissue 2105841 Whatman
L-Glutamine 35050038 Gibco
Lipofectamine® 2000 11668019 Life Technologies
Lyostracker Red DNE®9 L-7528 TFS

MES SDS protein gel running buffer NP0002 Invitrogen
Methanol 20846.326 VWR

MgSQi, Magnesium sulphate 208094500GD | SigmaAldrich
Micro-Fine 2.5ml syringes SYR2LL Terumo
Microfuge 5415D Eppendorf
Microscope filterDAPI FS02 Zeiss
Microscope filter GFP FS13 Zeiss
Microscope filter Rhodamine FS15 Zeiss
Microscope inverted fluorescence AxioVert200M Zeiss
Microscope inverted light AE20 Motic
Mini-PROTEAN Tetra Cell Casting Moduleg 1658010 Bio-Rad
Mini-PROTEAN Tetra Electrode Assembly| 1658037 Bio-Rad
Mounting medium with DAPI H-1200 Vectorlabs
Mouse on Mouse (M.O.M.) Basic Kit BMK-2202 Vector Labs
Mr Frosty Cryo 1°C Freezing Container 51000001 TSF

NaCl, Sodium chloride S98885KG SigmaAldrich
NaOH, Sodium hydroxide S5881500G SigmaAldrich
Nitrile gloves 112-2755 VWR

Novex Mini-gel PAGE tanks 1208012839 Invitrogen
Nucleasefree water (NFW) AM9937 Ambion

Nunc Lab Tek 8 Well Permanox Slides 177445K SLS Ltd
Nunc LabTek 4 Well Permanos$lides C69321PAK SigmaAldrich

64




Nunc LabTek Chamber Slides C71821PAK SigmaAldrich
NuPAGE antioxidant NPO005 TFS
NuPAGE MES SDS Running Buffer (20X) | NP0002 Life Technologies

NUPAGE MOPS SDS Running Buffer (20X

NPO0O1

Life Technologies

NuPAGENovex 412% BisTris Protein Gels NP0321BOX Life Technologies
Objective CFI Plan Apochromat 20x VC 20x/0.75 Nikon
Objective CFI Plan Fluor 10x DL-10x F/0.3 Nikon
Objective Plan Neofluar 10x 10x/0.3 Zeiss
Objective Plan Neofluar 20x 20x/0.5 Zeiss

OCT cryoembedding Matrix 12678646 TFS
Odyssey Blocking Buffer (TBS) 927-50003 Li-Cor
Odyssey Infrared Imaging System Odyssey CLx Li-Cor
Paraformaldehyde P61481KG SigmaAldrich
Pasteur pipettes 230mm 612-1702 VWR

PBS tablets 18912014 Gibco

PCR plateadhesive sealing sheets AB-0558 TFS

PCR thermocycler LabCycler Sensoquest
Pellet Paint CdPrecipitant 690493 Merck Millipore
Penicillin/Streptomycin 15070063 Gibco

pH meter HI 2210 Hanna
Phenol:chloroform:isoamyl alcohol 15593031 Ambion
Phenylmethanesulfonyl fluoride P76261G SigmaAldrich
Phosphate buffered saline solution 20012068 Gibco
Ponceau P71701L Sigma
PowerPac HC 1645052 Eppendorf
Protein Assay Dye Reagent Concentrate | 500-0002 Bio-Rad
cOmplete protease inhibitor tablet 05892791001 Roche
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QlAprep Spin Miniprep Kit 27106 Qiagen
QIAquick Gel Extraction Kit 28706 Qiagen

Qubit 2.0 flourometer Q32866 TFS

Qubit Protein Assay Kit Q33212 TFS

Recovery Cell Culture Freezing Medium | 12648010 Life Technologies
Refrigeratectentrifuge 5804R Eppendorf
RNase Zap AM9780 Ambion
RNaseOUT Recombinant RNase Inhibitor | 10777019 Invitrogen
Rotor A-4-44 Eppendorf
Rotor F4530-11 Eppendorf
Rotor A-4-62 Eppendorf
SafeView nucleic acid stain NBS-SV1 NBS Biologicals
Sample reducinggent NPO009 Invitrogen
Scales HL-200i A&D

Scalpels no.22 REF0508 SwannMorton
SDS L3771-500G SigmaAldrich
SeeBlue Plus2 protein standards LC5925 Invitrogen
Semtimicro Polystyrene Cuvettes 6340676 VWR

shRNA Plasmid Transfection Reagent s¢108061 Santa Cruz Biotech
SimplyBlue SafeStain LC6060 Invitrogen
Skeletal Muscle Cell Growth (SMCG) Medi| C-23060 Promo Cell
SMCG Media Supplementary Mix C-39365 Promo Cell
Sodium azide S20025G SigmaAldrich
Sodium dodecyl sulphate (SDS) L3771-500G SigmaAldrich
Sodium deoxycholate D6750 SigmaAldrich
Staurosporine from Streptomyces sp. S4400.5MG SigmaAldrich
Superfrost Plus Slides 631-0108 VWR
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Superscript Il Reverse Transcriptase

18080044

Invitrogen

TACS Annexin LFITC Apoptosis Kit 483001-K R&D Systems
TEMED 161-0800 Bio-Rad

Triton X-100 T8787-50ML SigmaAldrich
Trizma base T15031KG SigmaAldrich
TRIzol 15596026 Ambion

TrypLE Express Enzyme (1X) 12604013 Life Technologies
Tween 20 P9416100ML SigmaAldrich
Ultrapure watesystem D11901 TFS

Urea U53781KG SigmaAldrich
Virkon A01302780 Dupont

Water bath JB Aqua 18 Plus | Grant

Western blot transfer tanks 1703930 Bio-Rad

ZOOM IPG Strips pH 3-10NL ZM0011 Life Technologies
ZOOM IPGRunner Cassettes ZM0003 Life Technologies
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2.16 Solutions

125mM Alkylating solution

lodoacetamide

1X NuPAGE LDS Sample Buffer

15% Resolving Gel Solution

30% Acrylamide

1.5M Tris, pH 8.8

10% SDS

10% Ammonium Persulfate
TEMED

dH20

15% Stacking Gel Solution

30% Acrylamide

1.5M Tris, pH 6.8

10% SDS

10% Ammonium Persulfate
TEMED

dH20

232mg

10ml

2.5ml
1.25ml
50ul
50ul
2ul

1.15ml

300pl
375pl
30ul
30ul
3ul

2.26ml
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4% (w/V) paraformaldehyde (PFA) in PBS

dH20

PBS tablets

NaOH

PFA

pH adjusted witiNaOH

dH20

Annexin V solution

500ml

2

3 pellets
409

7.4

to 1000ml

Differentiation

FITC-Annexin V conjugate 9ul

10x Binding Buffer 90 pl

dH.0 801l

Apoptosis Solutions

Solution A
Staurosporine 50uM
EGTA 3mM

DMEM + 10% FBS up to 100pl

Differentiation Media

DMEM
Horse Serum

Penicillin/Streptomycin

Solution B
50uM

Up to 100l

48ml
1.5ml

500l
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Apoptosis

Solution C

3mM

up to 100ul



Freezing media

DMEM 70ml
FBS 20ml
DMSO 10ml

filtered through a 0.45um PES membrar

GrowthMedia
DMEM 500ml
FBS 50ml

IF Blocking Solution

Triton X-100 50ul
FBS 5ml
10x PBS 5ml
dH20 40ml
Lysis Buffer

Radioimmunoprecipitation (RIPA) 150 mM sodium chloride  0.88g
assay buffer

1% Triton X100 10pl

0.5% Sodium deoxycholate 0.5 pl

0.1% SDS 1ul

50 mM Tris at pH 8.0 0.61g

dH0 100ml
Protease inhibitor tablet 1 tablet/10ml
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MES and MOPS SDS protein running buffer

MES SDS protein running buffer (20x) o 35ml
MOPS SDS protein running buffer (20x)

dH20 700ml
M.O.M diluent

Protein Concentrate stock solution 600ul
1x PBS 7.5ml
NET Buffer

IM HEPES pH 7.9 200ul
1M MgCl2 15ul
1M NaCl Smi
100mM EDTA 20pl
Glycerol 2ml
Triton X-100 100 pl

200mM PMSEF (serine protease inhibitor 50 pl

dH20 up to 10ml

Phosphate buffereshline (PBS)

PBS tablets 2

dH0 1000ml

Tris buffered saline (TBS) 10x

Trizma base 60.5g
NaCl 87.69
dH20 Upto 1L
pH adjusted with HCI 7.5

71



Reconstitution Buffer, for Abmart Antibodies

1% BSA

0.01% Sodium Azide
50% Glycerol

10mM HEPES at pH 7.5

dH20

Selection Media

DMEM
FBS

10pg/ml Puromycin

Skeletal Growth Media (SGM)

Skeletal Muscle cell growth media
FBS

Skeletal Muscle Cell Growth Media
Supplementary Mix

L-Glutamine

Gentamicin

STM Buffer
1M Sucrose
1M Tris-HCI, pH 7.4

1M MgCl:

1g
0.01g
50ml
0.23g
50ml

500ml
50ml

500l

500ml
50ml

25.9ml

5mi

300pl

12.5ml
2.5ml

250p

200mM PMSF (serine protease inhibitor 250l

dH20

up to 50ml
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Solubilisation Solution

1ml Buffer A 9M urea 20m|
2% (v/v) Nonidet P40 400l
0.8% (w/v) ampholine pH-30 400ul
2% (v/iv) 2mercaptoethanol  400ul

100ul Buffer B PMSF 15.5mg

95% ethanol Iml

Sample Reducing Buffer

NuPAGE® Sample Reducing Agent (10. 0.5mL

1x NuPAGE® LDS Sample Buffer 4.5mL

Tris acetic acid EDTA (TAE) buffer

Tris 400mM
EDTA 10mM
Acetic acid 11.4% (VIV)

pH (with Trizma base and acetic acid) 7.6

TBS-Ta Blocking Solution

TBS Odyssey blocking buffer 30ml

Tween 20 60ul

TBS-Th Blocking Solution

TBS Odyssey blockinguffer 20ml
Tween 20 40ul
10% SDS 20pl
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TBS-T Washing Buffer

1x TBS 200ml

Tween 20 200ul

Western blotting protein transfer buffer (PTB)

Trizma base 3.03g
Glycine 14.4q
dH20 to 800ml
Methanol 200ml
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Chapter 3 In Vitro and In Vivo localisation of ANO5
3.1 Introduction

One key indicator of the physiological function of a protein is the subcellular
localisation. Early localisation studies of mouse Ano5 (a homolog for human ANO5) in
murine embryogenesis found evidence for anoctamin Sisowato the plasma

membrane as well as several subcellular compartments including Golgi apparatus, trans
Golgi network, secretory vesicles, endoplasmic reticulum (ER) and endofdineta

et al, 2007) Similarly, HEK (Human Embryonic Kidney), HeLa and CHO (Chinese
Hamster Ovary) cell lines transfected with Green Fluorescent Protein (GFP) tagged
ANO7 have been shown to display characteristieliE®kexpressionvhen colocalised

with the ER marker, mChen¥7. This has led to the suggestion that all intracellular
anoctamins localise to the ERuranet al, 2012) Other early data has shown that

ANO®5 localises to the ERI'sutsumiet al, 2004) but has not been confirmed in all

studies.

Indeed the precidecalisation of anoctamin 5, other than to the cytoplasm, has yet to be
determinedDuranet al, 2012) Gaining a better understanding of anoctamin 5
localisation would allow inference of the functional pathways in which it is involved

and oher proteins with which it interacts. These pathways and interacting proteins can
then be further investigated, confirming or rejecting hypotheses and adding to the

overall picture of anoctamin 5 function.

For example, observing @éxpression of anoctamband dysferlin may suggest that
these proteins are both involved in the same pathway. As dysferlin has already been
suggested to be heavily involved in membrane fusion and repair pathways in muscle,
specific investigation could then be conducted intovalar role for anoctamin 5
(Bansalet al, 2003; Lennoret al, 2003) Investigation may then clarify the

involvement of anoctamin 5 in these pathways and go a step towards reconciling the
overlapping phenotypes of the anoctamirtbjgs and dysferlinopathies.

In generalsubcelluladocalisation of proteins is identified using antibody staining of
tissue sectionfOhlendiecket al, 1991; Matost al, 2010) cell culturegCampbellet
al., 1979; Mandinovat al, 1998)or biochemically fractionated materigleeet al,
2010) As no verified anoctamin 5 antibody is commercially available a validated
antibody would be of considerable valuetie tesearch field. Therefore as a first step

75



for this project, validation of a pool of customized antibodies was carried out to identify

an antibody suitable for further investigation.

As an alternative approach to antibody staining, anoctamin 5 was taghesither

GFP or a small epitope (cMyc tag) to enable the exogenously expressed fusion protein
to be tracked by fluorescence microscopy. In this chapter, tagged anoctamin 5
constructs were used to investigate the localisation of anoctamin 5 in agléswdhd

mouse muscle.
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3.2 Custom anoctamin 5 antibody validation

Nine custom mouse monoclonal antibodies were obtained from the company AbMatrt.
This company uses a Alibraryo approach t
Library) which targets multiple efpes of the protein of interest and utilises multiple
antigens, immunisations, fusions and clone selections to create a number of antibodies

for the target protein.

Antibodies were received as ascites and resuspended in 0.5ml of reconstitution buffer
suggested by Abmart. Gentle heating in a heat block with brief vortexing was also
applied to improve the resuspension of antibodies, though the first batch of antibodies

remained very viscous and were difficult to work with.

3.2.1Validation by Western blotting

Validation of both sets of nine Abmart ANO5 antibodies by western blotting was
achieved by investigating protein extracts derived from transiently ANKP5-MycHis
transfected HelLa and untransfected HEK lysates on precast gels. As ANOS5 has been
shown to bainexpressed in HeLa cells and endogenously expressed at low levels in
HEK cells, untransfeted HEK lysates were usedesdogenously expressing congrol

to overexpressing HelLa lysat@&unzelmanret al, 2009) Following transfer, the
membranes were cut vertically along the ladder so that the blot could be probed with
multiple concentrations of Abmart antibodies as well a control GAPDH primary
antibody. GAPDH was used as a control as a-e&kblished loading contrdhoat
antrmouse HRP and goat améibbit HRPsecondary antibodiesere used against

Abmart and GAPDH primargntibodies respectively.

The first batch of nine antibodies, with the exception of Ab9A, had a very high level of
background at very high dilutionBigure3.1). In each case, the entire blot is mostly

black and in some blots is so over exposed that some potential bands appearing as white
rather than blackHigure3.1 Ab1A, 2A, 4A, 5A and 6A). Ab9A however, produced

almost no background even at a lower concentration of 1:5000, but still failed to detect

a band in either cell lysate. Due to tintegsure to validate these antibodies, alternative
blocking methods to reduce the backgrowmte not attempted he high level of

background strongly indicated that this batch of antibodies could not be optimised for
ANOS5 detection and so were excludedniréurther experimentation and a second batch

of antibodies was requested from the Abmart.
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Figure 3.1 Western blots probed with nine custom ANO5 antibodies (BatgkbAA to Ab8A
were used at a concentration of 1:10,000. Ab9A was used at a concentration of 1:5000.

Exposure times for Ab18A were 1m. Exposure times of 1m and 5m were investigated for

Ab9A to ensure that a faint band was not missed at the shorter expimsar The

corresponding GAPDH control blots are given under each antibody. Biological N = 9.

Technical N = 1.
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To rapidly optimise the second batch of antibodies, several dilutions of Ab1B were run
on a blot of only transfected HelLa lysatEgy(ire3.2). This blot was then analysed on a
GelDoclt imaging system following ECL treatment. These results show that there is
still a high degree of backgroumdth this antibody at lower antibody concentrations
(1:500). Though at higher dilutions (1:5000 and 1:10,000) there is markedly reduced
background compared against the same dilutions of the batch A antibodies. More
importantly, there are also two bandsgent on the blot at ~38 and ~36kDa and that
these bands are detectable up to a dilution of 1:5000. From this initial experimentation,
dilutions of 1:1000 and 1:2500 were used for Ab2B, 3B, 4B and 5B on both HeLa and
HEK lysates Figure3.3 A., B., C. and D.). Antibodies were tested sequentially, during
which it became apparent that a dilution of 1:2500 was optimal for band detection with
minimal backgound. Therefore HeLa and HEK lystates were probed with Ab6B, 7B,
8B, and 9B at a dilution of 1:2500 onlyigure3.3 E. and F.). These blots were all

visualised using the standardrXy developer method.

These results show that the same two bands detected by Ab1B at ~38 and ~36kDa are
detected by all of the subsequent batch B antibodies but only in the transfected HeLa
lysates. Antibodies Ab2B, 4B, 5BB, 7B, 8B and 9B also detected a small additional
band at ~62kDa in both the transfected HeLa and untransfected HEK lysates. However
the expected molecular weight of ANOS is 102kDa well above any of these bands.
Despite the lack of a band at the predictemlecular weight for ANOS5, this batch of

antibodies were further investigated using immunofluorescence staining.

79



Ab1B, 60s

GAPDH

1:500 1:3k 1:5k 1:10k

kDa
198

98

62

49

38

28

Figure 3.2 Western blot probed with increasing dilutions of AbABows indicatedouble
bands detected by AbHB~40 and ~37kDa. Bands are clearly detected at 1:500 and 1:100
dilutions, faintly at 1:5000 and undstted at 1:10,000. GAPDH control, probed at a dilution
1:10,000is detected at 38kDa he full blot was reassembled prior tnaging and exposed for
60 secondsBiological N =1. Technical N = 1.
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Figure 3.3 Western blots using the second received batch of custom ANO5 antiBodi@s.

second exposure of Ab2B blot. B. 1 minutesdpe of Ab3B blot. C.30 second exposure of
Ab4B blot. D.30 second exposure of Ab5B blot. E. Iminute exposure of Ab6B and Ab7B L
1:2500. F. 1 minute exposure of Ab8B and Ab9B blot at 1:2500.The white arrows on A. C|
and F. indicate the positioof the 62kDa band detected by these antibodies in both lysates.

lot at
D. E.

GAPDH controls included on each blot are at 1:10,000. Biological N = 8. Technical N = 1.
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3.2.2 Validation by immunofluorescence staining

GFRANOS5 and ANO5MycHis were transfected into HeLa cetisltured on 8well

chamber slides using Lipofectamin 2000 methods and analysed by immunofluorescence
staining to determine the sensitivity of Abmart antibodies. Both GFP andadged
constructs were used to corroborate the data of the other and camtfloods detection

sensitivity.

Positive immunofluorescence staining showed successful transfection with an efficiency
of approximately 5% for both constructs. However, where GFP or highly expressed
Myc tag signals indicated transfection, an increaselirstaining above that seen in the
surrounding cells was not detected by any Abmart antibidy(e3.4 andFigure3.5).

These data in concert with failure to detect of a band of the peddimblecular weight

for ANO5 during western blotting indicated that no antibody could be selected as
suitable for detecting ANOS.
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Figure 3.4 Custom ANO5 antibody immunofluorescence stain of AM@éHis transfected

HelLa cellsLeft hand images are micrographs of red fluorescence of each Abmart antibod
(labelled) + alexa fluor 594 secondaaytibody Right hand images are micrographs of the r¢
fluorescence signal merged with green fluorescence fromrViyti(ab39688) antibody + alexd
fluor 488 secondargntibody Bottom right image Control images show secondary antibody

only condition in transfected cells. All images are at x20 magnification (scale bangmn)50

174

”

Biological N = 10. Technical N = 2.
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Figure 3.5 Custom ANOS5 antibody immunofluorescence stain of-GRP5MycHis
transfected HelLa celléeft hand images are micrographs of red fluorescence of each Abm]
antibodies (labelled) + alexa fluor 5%kcondaryantibody Right hand images show the
merged images with GFP fluorescence from GFP tag. Bottom right image Control images

secondary antibody only condition in transfected cells. All images are at x20 magnificatio

art

5 show

n

(scale bars = 5Qm). Biologcal N = 10. Technical N = 2.
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3.3 Creation of GFP and MycHis tagged anoctamin 5 constructs

To better understand anoctamin 5 expressianitro, GFP and YFRagged organelle
markers were ctransfected with Mydagged anoctamin 5 constructs. GKRO5-

MycHis, GFRANO5, ANO5MycHis and ANO5 only constructs were developed by
Catherine Jepson prior to this project using the synthitimo sapiensDNA clone
encoding the full length of human ANO5 transcript variant A (IMAGE: 100061756)
(Figure3.6 A.-D.). GFP only, GFDFL (a GFRtagged dysferlin construcind BIN-1
constructs were developed by Dr Steve LaFa\re3.6 E.-G.). GFRDFL and BIN-1
constructs included the human cDNA of the respective genes cloned into an adapted
pcDNA4/TO/MycHIS vector(Klinge et al, 2007) Fluorescent organelle constructs for
Golgi, endoplasmic reticulum and endosontégire3.6 H.-J.) were commercially

sourced (Takara) prior to the start of this project.

GFP has an excitation peak of 509Qlohngnet al, 1962; Moriseet al, 1974)and

due to its stable fluorescence in other organisms, has become a common photoprotein
tag(Chalfieet al, 1994; Inouye and Tsuji, 19943FP expression has been used to
confirm the transduction efficiency ofgsmid and viral vectoré&Smolinaet al, 2015)

as well as to detect the subcellular expression of tagged proteins in murine models of
muscular dystrophyLi et al, 2006) For example GFP tagged mini dystrophin

constructs transduced imadxmice have shown GFP positivity in the sarcolemma of
skeletal myofibregLi et al, 2006)

Commercially sourced fluorescent organelle constructs (Golgi, ER and ENDO)
contained enhanced YFP (eYFP) tags. The eYFP tag is a yellow fluorescence with an
excitation maximum of 513nm. However it can also be efficiently excited at 488nm
which is the standard laser emission for GFP detection. While the close spectra of these
markers is an issue during simultaneous detection, for individual expression
experimentsttey allow for detection of both GFP and eYFP using the same laser
(Zimmermann, 2005; Dinarmt al, 2008)

Each commercial construct also contains sequences which specifically localise it to the
organelle of interest. The Golgi construct contains 81 amino acids of human beta 1,4
galactosyltransferase (Hunia®T). This is a membrane anchoring signal peptide which
localises the construct to tramsedial region of the Golgi apparat{Watzele and

Berger, 199Q)The ER construct contains the protein sequence for calrecticulin which

localises tahe endoplasmic reticuluffrliegelet al, 1989)and the ENDO construct
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contains RhoB GTPase which localises the construct to the surface of endosomal
pathway vesicles. The ENDO construct also contains a Myc tag which makes direct
comparison between doansfected ENDO and ANGEyc constructs impossible. This
construct was still included in experiments however, as the literature suggests that
ANOS5 may localise to the endosorfMizuta et al, 2007) Comparison was instead

made between eYFP fluorescence of the ENDO construct and the Myc fluorescence of
singly transfected ANOB/yc.
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Figure 3.6 Representative diagrams of essential components of constructs used for antibody
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validation, organelle localisation and electroporation localisation experimentaficb.
Anoctamin 5 constructs developed by Catherine Jenson. Locations of BamHI, EcoRitland
restriction sites are indicated. #. GFP construct, GFP tagged Dysfer{@FP-DFL) and
BIN-1 constructs developed by Dr Steve Laval. Locations of BamHI, EcoRI and Notl resfriction
sites in GFP construct are indicated.-B.Fluorescent Organelle ostructs purchased from
Takara H. Golgi construct, HumaGT marked section localises construct to the Golgi, I. ER
construct, Calrecticulin marked section localises construct to the endoplasmic reticulum,|J.

ENDO construct, RhoB marked section localisesstwict to the surface of endosomal pathway

1

vesicles. Arrows indicate the direction of DNA translation. Amp and Kan/Neo indicate the
antibiotic resistances (ampicillin or kanamycin/neomycin) of the particular construct. eYHP
indicates constructs with enheed Yellow Fluorescent Protein. For simplicity diagrams are| not

to scale. Breaks in the diagrams indicate large distances in the sequence of the construg

~—+*
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3.4 Co-expression of ANO5Myc with fluorescently tagged organelle markers in
MING6 and NIH3T3 cell lines

The Myc tagged anoctamin 5 construct was transiently transfected into mouse
pancreatic cell line MIN6 or mouse fibroblast cell line NIH 3T3 with fluorescent
organelle constructs BHY, ENDO, ER and GolgRigure3.7 andFigure3.8).

ANOS5-Myc has a punctate pattern of expression throughout the agtopdf both

transiently transfected cell lines. These structures become denser the closer they are to
the nucleus. Populations of MIN6 and NIH 3T3 cells successfullyarsfected with

both ANO5MycHis and fluorescent organelle markers indicate thabakitucts

localise to the cytoplasm as expected.

BIN-1, an endosomal marker in nanyoblast cell lines, shows a similar pattern of
diffuse cytoplasmic distribution in NIH 3T3 cells which closely overlay with the
ANO5-Myc fluorescence. BINL cytoplasmic egression is denser in MING cells and
does not localise to the same parts of the cell so does not over lay with theMy¢O5
pattern of expression. ENDO also has a punctate expression pattern in the cytoplasm
though the spots of fluorescence are much latger in the NIH 3T3 cells compared to
the single ANOSMyc fluorescence and so are unlikely telooalise. Comparison of
independent ENDO and AN@4gyc fluorescence patterns in MING6 cells is harder to
distinguish as the ENDO fluorescence pattern is vemjlai to single ANOSMyc
fluorescence. Without eexpression images it is not possible to accurately determine

co-localisation betweeBENDO and ANO5Myc constructs

In MING cells ER, the endoplasmic reticulum marker, has a punctate pattern throughout
thecytoplasm, overlapping with ANGBlyc fluorescence. In NIH 3T3 cells, ER
localises very densely around the nucleus and does not overlap with-KMO5

fluorescence.

ANOS5 does not appear to localise to the Golgi apparatus in either MIN6 or NIH 3T3,
though tlere is some overlap in localisation in Golgi signal in NIH 3T3 cells.
Untransfected controls, stained with aktyc antibody were negative for fluorescence

signal.

These data suggest that fluorescently tagged ANO5 constructs partibdatiee with
ERin MING cells and BIN1 in NIH 3T3 cells Figure3.7 andFigure3.8).
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Figure 3.7 Co-expression of ANOB/ycHis and fluorescent organelle markers in MING cells|

Left hand images are micrographs of green fluorescence signall{Biii ENDO localise to
Endosomes, ER localises to endoplasmic reticulum, Golgi localises to Goligi apparatus).

ANOS5 column shows red fluorescence of -diyic (9E10) antibody + alexa fluor 594 secondj

detecting the ANOMycHis construct and the right hand images show the merged images.

Untransfected control cells are shown in the bottom right image. All images 268 a

The
ary

magnification (scale bars = 20n). Biological N = 6. Technical N = 2.
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Control

Figure 3.8 Co-expression of ANOMycHis and fluorescent organelle markers in NIH 3T3 cglls.
Left hand images are micrographs of green fluorescent organelle makerd @il ENDO =
Endosomes, ER = endoplasmic reticulum, Golgi = Goligi apparatus). The ANO5 column shows
red fluorescence of anlyc (9E10) antibody + alexa fluor 594 secondary diecthe ANO5S
MycHis construct and the right hand images show the merged images. Untransfected control
cells are shown in the bottom right image. All images are at x63 magnification (scale barg =

20um). Biological N = 6. Technical N = 2.
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3.5 Co-expression ofANO5-Myc and fluorescently tagged organelle markers in
undifferentiated and differentiated C2C12

T-tubules are invaginations in the sarcolemma of muscle cells and part of the
cytoskeleton, responsible for transmitting electrical signals across the fthl evidells
and myofibrils, ultimately resulting in synchronous contraction of the full muscle
(Huxley and Taylor, 1958; Bastieand Nakajima, 1974Yhe ttubules have also been
identified as the site of dysferlin localisation during muscle develop(Kénge et al,
2007)and have also been suggested as dependant on dysferlin for correct formation
(Demonbreuret al, 2014)

To investigate theubcelluladocalisationof anoctamin 5 in a more biologically relevant
model and to investigate potential AN®%/c localisation to the-tubules, transient
transfection of the same AN@&@yc with BIN-1 and Golgi marker constructs was
carried out in undifferentiated (D0) and diatiated (D5) C2C12 mouse myoblasts
(Figure3.10). In this system the BIN construct is predicted to be targeted to the t
tubules in differentiated yotubes(Leeet al, 2002) Golgi marker constructs were
included as a negative control as ANO5 was not expectedloxalise with these

organelles

3.5.1Transfection optimisation

Several attempts were made to optimise transient transfedtiordifferentiated

C2C12 prior tanyotube differentiationKigure3.9). Lipofectamine 2000 and Amaxa
transfection methods were attempted, but these either had low initial transfection
efficiencies (Lipofectamin 2000) or killed too many cells during transfettidead to
viable differentiation (Amaxa). FuGene was selected for further transfection
experiments as it yielded the highest transfection efficiency in undifferentiated C2C12

and retained the GFP construct over five days of differentiation.
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Lipo2000

FuGene

Figure 3.9 Comparison of Lipofectamin 2000, AMAXA and Fugene transfection efficiencigs of
GFP construct and retention during differentiatid0 (Undifferentiated), D3 (fusing C2C12)
and D5 (early myotubes) time pardre shown. All images are at x10 magnification (scale bars
=100um). Biological N = 3. Technical N = 2.

3.5.2Co-expression of ANOMyc and fluorescently tagged organelle markers in
undifferentiated and differentiated C2C12

D0 C2C12 successfully transfectedlwANO5-Myc retain the same pattern of

expression seen in MIN6 and NIH 3T3 cells. There is a punctate pattern throughout the
cytoplasm with increased density in proximity to the nucleus. A similar pattern is also
seen in D5 differentiated C2C12, thoughhnite punctate pattern appearing to form

slight striated patterns within the cell. This may be due to elongation of the cell and not

represent actual structures within the cell.

BIN-1 is expressed throughout the cytoplasm at both DO and D5 time points. Whi
ANOS5-Myc also localises to similar areas of the cytoplasm at both time points, the
signals do not completely overlap suggesting that ANOS5 only partialcedises with

BIN-1 (Figure3.10). ANO5 does not localise to the Golgi apparatus in either DO
92



myoblasts or D5 myotubes. The Golgi construct localises around the nuclei and to a few
concentrated clusters in the cytoplasm. C2C12 stained with only secondary antibody or
transfected only with FuGene were negative for any fluorescence other than DAPI.
These results suggest that ANOS5 partially localises to-thieules in both

undifferentiated and differentiated C2C12.
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Figure 3.10 Co-Expression oANO5MycHis and fluorescent organelle markers in
undiffeentiated and differentiated C2C18R. Control C2C12 transfected with AN®S/cHis
only. B. BIN1 marker identifying-tubules in green. C. Golgi marker identifying Golgi
apparatus. Left hand images are micrographs of green fluorescent organelle makets, AN
column of images show red fluorescence of-Ehtt (9E10) antibody + alexa fluor 594
secondanantibodydetecting the ANOMycHis construct and the right hand images show t
merged images. All images taken at x63 magnification (scale barpm)2®iobgical N = 3.

Technical N =1.
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3.6 Co-expression of ANO5Myc with fluorescently tagged DYSF marker in
undifferentiated and differentiated C2C12

The anoctaminopathies and dysferlinopathies share a number of clinical features
including a late age of onset, infugent cardiac or respiratory involvement and a similar
rate of progression and pattern of muscle involver@irtyet al, 2007) Anoctamin 5
co-localisation with dysferlin was investigatedundifferentiated and differentiated
C2C12 cells.

Partial celocalisation of ANOBMyc and GFPDFL is seenn undifferentiated C2C12
cells Figure3.11). Anoctamin 5 is visible with thpunctate pattern @xpression across
the cytoplasnwith some clustering near timeicleus, which had been previously
observedwhile dysferlin has a more imentous pattern of expressibnoughout the

cytoplasm

These staining patterns remain when the myoblasts fuse to become myotubes at day 5,
but the dysferlin pattern is more pronounced, becoming more obviously filamentous
across the length of the myotul#é¢.both day 0 and day 5, the punctate pattern of
anoctamin 5 lines up with the filamentous pattern of dysferlin, seen in the yellow signal
in the merged channel. Slides stained with only secondary antibody or transfected only

with FuGene were negative ftuorescence other than DAPI.
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DYSF

ANQO5

Figure 3.11 Co-Expression oANO5MycHis and DY SF in undifferentiated and differentiated
C2C12.Top row of images are micrographs of green fluoresG®-taggeddysferlin(DYSF)
maker, middle row of images are micrographs of red fluorescence eflgnt{9E10) antibody
detecting the ANOMycHis construct and the bottom row of images are micrographs of the
merged images. All images taken at x63 magnification (scale bargm)2®iological N = 1.
Technical N = 1.
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3.71In vivo localisation of anoctamin 5 using electroporation ofndx mouse muscle

3.7.1Construct validation

To understand ANO5 localisation in a more biologically relevant model, electroporation
was used to introduce exprasgsconstructs into thebialis anteriormuscle of male
mdxmice in order to identify then vivolocalisaton of ANO5 constructs.

Electroporation experimentation were carried out using GFP; AN B5, ANO5

MycHis and miridystrophin constructs, either gig or in combination.

All constructs were first validated using restriction digest and expression in HelLa cells.
Restriction digest products visualised on 1% (w/V) agarose gel confirmed that the
constructs each contained inserts of the expected &igpsd3.12). Similarly,
immunofluorescent staining of GFP and Myc expression in transiently transfected HelLa
cells indicate that the constructs werediionally viable and that staining methods were
sufficient Figure3.13).

The ANO5Myc construct shows the expected punctate pattern of expression within the
cytoplasm of the cell seen in previous experiments. Both the GFP control and GFP
ANOS5 constructs appear to be uniformly expressed throughout the cytoplasm, though
the GFRPANOS construct has a comparatively lower level of fluorescence.
Immunofluorescent staining with ar@FP (ab290) appears to detect GFP only at the
plasma membrane. Though as untransfected cells within the same wells did not display
positive immunofluorescerstaining, it was decided that this antibody was still useful as

a second stain for confirming positive GFP expression.

The transfection efficiency varied between constructs with the GFP control construct
having the highest (~480% of cells with deteckde fluorescence). Of the two tagged
ANOS5 constructs, GFANOS had the highest transfection efficiency (<28%) and
ANO5-MycHisthe lowest (~5L0%). Minidystrophin construct C1 was not tested in
Hela cells as it had been used successfully by another enexhtine group in a

previous electroporation experiment.
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Figure 3.12 Electrophoresis gel of whole and restriction digested dystrophin and ANO5
expression construct€1-RD lane shows restriction diggstoduct of C1 construct, insert
present at ~4.5 kb. GFRD lane shows restriction digest product of GFP construct, insert
present at ~0.8 kb. GFP lane shows undigested GFP construeR2dane shows restriction
digest product of GFFANOS construct, insépresent at ~2.8 kb. 2c1 lane shows undigestg
GFP-Myc construct. 3dRD lane shows restriction digest product of AN@¥c construct,
insert present at ~3 kb. 3d1 lane shows undigested ANya5construct. 1kbp ladder used w
3000 and 1000bp markers imdited.Biological N = 7. Technical N = 1.
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Figure 3.13 GFP and ANO&agged construct functionality examination by immunofluorescent
staining of transfected HelLa cellseft hand images are micrographstainsfected constructs
+ indicated primary and secondary antibodies. Middle images are micrographs of transfected
constructs + secondary antibody only. Alexa fluor 594 secoralatipodywas used for arti

GFP and secondargntibodyonly conditions. Alexddor 488 secondargntibodywas used for
anti-Myc (9E10) and secondaantibodyonly conditions. Right hand images are micrographs

of Untransfected + primary and secondary antibodies conditions. All images are taken at xR0

magnification (scale bars = %0n). Biological N = 4. Technical N = 1.
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3.7.2Electroporation of mdx and C57BL/10 mice

Following validation, constructs were used in electroporation experiments utilising both
C57BL/10ScSrDmd"™ (mdx a mouse model of Duchene muscular dystrophy), and
C57BL/10 ontrol mice (BL10). Thendxmouse model has weaker plasma membranes
(Straubet al, 1997)and it was hoped this would improve uptake of constructs into the
muscle tissue following electroporation and improve localisation detection since GFP

was not visualised in éhinitial electroporation attempis BL10.

Three initialattempts oklectroporatiorexperimentatiomsed only GFP and GFP
ANOS5, as it was hoped the GFP marker would be sufficient to detect successfully
electroporated fibres. However successfully electropofdises could not be
distinguished from normal fibres as tlewel and norspecificpattern of fluorescence
was unchanged across the muscle sections. Additionally, thensarspecificpattern
was observed in nealectroporated@ontrolmuscle. Immunoflugscent staining for the
GFP marker using an arFP antibody was attempted, to improve detection of-GFP
positive fibres but this yielded the samanspecificpatterns of fluorescen@s

previous attemptsAdditional controls were therefore included ie flourth round of

electroporation.

ANO5-MycHis was includedn anattempt to use the Myc tag as a second method of
identifying ANOS localisation. Additionally, BP and ANOE&aggedconstructs were
co-electroporated with mindlystrophin constructvienget al, 2016; Rezat al, 2016)
which had been detectable following immunofluorescent staining in previous
electropoation experiments (Mojgan Reza, unpublished data). Dystrophin is absent
from the cytoskeleton of muscle fibresrotixmice (Hoffmanet al, 1987)

Successfully electroporated migystrophin constructs restore dystrophin to meiscl
fibres and wer¢herefore used in these experiments as an indicator of successfully
electroporated muscle fibres. Comparison of serially sectioned haematoxylin and eosin
stained electroporateddxmuscle were used to identify the injection site in each
condition (Figure3.14). The site of injection was approximated by identifying signs of

muscle repair from morphological features.
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ANO5-Myc+miniDMD lectroporated

Figure 3.14 Haematoxylin and eosin staining of electroporated mdx mouse muscle sectiorns.
Electroporated constructs and unelectroporated control are indicated. miniDMD indicates
mini-dystrophin electroporated tissugquares indicate the area$ further investigation

displayed inFigure 3.15 and Figure 3.16 (White = identified injection site in electroporated

muscle; Orange = chosen area of comparison in unelectroporated comibiinages taken at

x5 magnification (scale bar = 2@@n). Bological N = 4. Technical N = 1

3.7.3IHC Staining of electroporated mouse muscle

Fluorescentmmunohistochemistry (IHC) staining was used to identify clusters of
dystrophinpositivefibres near these sites of injection. The corresponding locations in
the serial sectionsnmedately following positively identified sectiongere then
investigated for GFP or Myc fluorescence using additional IHC staining.
Unelectroporated controls were also investigated in this way, using dystfgsiiive
revertant fibres as controls to comp&FP and Myc tag detection against. Revertant
fibres are fibres in which the loss of dystrophin has been naturally overcome and

dystrophin is therefore visible following stainiigoffmanet al, 1990)
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At x20 magnification there was no detectable difference in the green fluorescence
between dystrophipositive and dystrophinegative fibres in either GFRNO5 or
GFPRelectroporated muscl&igure3.15). However, there appeared to belgacalisation

of GFP and atGFP stain fluorescence in GFP electroporated muscle when viewed at
x63 magnification. In GFFANOS muscle a very faint fluorescence was observable but
was not different to that seen in thersunding dystrophin negative fibres. Furthermore
this same fluorescence was also present in unelectropondteduscle in fibres

identified as dystroph#positive(Figure3.15).

Similarly, at x20 magnification in ANOMycHis electroporated muscle no obvious
fluorescence was observed in dystroppasitivefibres above that of surrounding
dystrophin negative fibres. But at x63 magnification, a fluoresegattern of internal
localisation was observed, which is consistent with that expected from endoplasmic
reticulum localisation. In secondary only controls this patterning is not Begmé

3.16). However the same pattern of fluorescence is also seen in dystpmditive

fibres of unelectroporated muscle stained for the Myc tag. This pattern of fluorescence
IS not seen in dystrophin negative fibr@ in secondary antibody only stained sections

of unelectroporated musclEigure3.16).
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antiDMD antiGFP 2" only

GFP+miniDMD

GFP-ANO5+miniDMD

Unelectro

Figure 3.15 Immunofluorescent images of mdx mouse TA muscle electroporated with GHP and
GFP-ANOS5.Row headings indicate electroporated constructs and unelectroporated controls,
column heading indicate primary antibodies and secondary only conditions. miniDMD
indicates minidystrophin electroporated tissue. Alexa fluor 594 secondatipodywas used
for both anttGFP and antiDMD primary antibodies Arrows indicate the dystrophipositive
fibres of interest in each condition. All images are taken at x20 maaiofi; (scale bars =
50um) except where indicated as taken at x63 magnification (scale bangm)28iological N

= 3. Technical N = 1.
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antiDMD antiMyc

ANOS5-Myc+miniDMD

Unelectro

Figure 3.16 Immunofluorescent images of mdx mouse TA muscle electroporated with ANOBH
MycHis.Row headings indicate electroporated constructs and unelectroporated controls,
column heading indicate primary antibodies and secondatipody only conditions.
miniDMD indicates minidystrophin electroporated tissue. Alexa fluor 594 secondary was uged
for anti-DMD primary antibodywhile alexa fluor 488 secondaantibodywas used for arti
Myc primaryantibody Arrows indicate the dystrophimositivefibres of interest ireach
condition. All images are taken at x20 magnification, (scale barsprrf@xcept where

indicated as taken at x63 magnification (scale bars gr2Q) Biological N = 2. Technical N = 1
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3.8 Discussion

None of the Abmart ANO5 antibodies detected overexpdessectamin 5 in either
Western Blot or IF experiments and as such were deemealsintal for further
experimentation. High background produced by Western Blotting of the first batch of
antibodies, even highly diluted, was most likely due to the methptbdiiction and
insufficient filtering and cleawip of the antibodies. Additional cleaning and filtering of
the antibodies was not attempted as the high viscosity of this batch of antibodies made
them very difficult to work with and it was hoped a secoattih of antibodies would be

more reliable.

The second batch of antibodies was easier to work with and had reduced background
allowing for detection of the same multiple bands by several of the antibodies. However
all of these bands were smaller than thedcted molecular weight of ANO5

(~107kDa), suggesting that these antibodies could be unspecifically binding, especially
the small ~62kDa band detected in both HeLa and HEK lysates. However, as the two
bands at ~40 and 37kDa were only detected in traesfételLa cell lysates, an

alternative explanation for these bands may be that they are remnants of overexpressed
ANOS5 constructs being broken down and removed from the cell. Failure to detect
overexpressed ANOS by IF is likely due to the antibodies faibridptect the correct

epitope tag, as the fluorescence of positively transfected cells, indicated by GFP and

Myc fluorescence, was no higher than that of the surrounding untransfected cells.

The failure to identify a workable ANO5 antibody is not unexpe@s the

identification of a suitable anoctamin 5 antibody has eluded the research and clinical
fields for several years. An explanation for this may be that while anoctamin 5 is the
most highly expressed anoctamin in skeletal muscle its expressiencatltiiar level

may be highly dependent on specific stimuli acting on the cell, for example induction of
scramblase activit{Suzukiet al, 2013) Alternatively, it may be that identification of a
suitable specific epitope for anoctamin 5 is hindered deeos reactivity with the

closely related anoctamin 6 also present in the same tissues.

In vitro results using Mydagged ANO5 suggest that anoctamin 5 localises to the
endoplasmic reticulum in MING cells and the endosomes in NIH 3T3 cells, indicated by
positive BIN-1 staining. These findings are consistent with reports of ANO5

localisation in the literaturél'sutsumi et al., 2004; Mizuta et al., 200&Rpoctamin 5
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also partially localises to thetwbules in both undifferentiated and differentiated

myoblasts, a finding not previously described.

This finding is of interest given that the related anoctamins ANO1 and 2, have been
described as calcium activated chloride channels and that proper action potential
generation in thetubules are vital for correct muscle contraction. However anoctamin

5 has not yet been found to produce an action potential in the presence of calcium, even
when modified to include the current forming loop present in AIQranet al,

2012) Similarly, robust chloride conductance has not been recorded athibre

anoctamin family members other than ANO1 and 2, though some have been found to
function as other ion transportéfchreiberet al, 2010; Yanget al, 2012;

Kunzelmanret al, 2014) Therefore anoctamin 5 may be functioning as a channel for
another ion in the-tubules.

Finally, it was hoped tham vivoinvestigation of electroporateddxmuscle would
characteris@anoctamin 5 localisation in whole tissue, complementing the prewious

vitro localisation results. From this work, further routes of investigation of the function

of anoctamin 5 could be conducted. Unfortunately due to the poor signal to noise ratio
of the stained muscle sections, it was not possible to accurately distinguish true signal of
tagged ANOS constructs from background and thereby definitively determine ANO5

localisation.

While electroporation experimentation has worked well for other memb#rs o

research team before, in this instance it was unsuccessful. Due to these previous
successes, it is therefore unlikely to have been the technique which was at fault. A
possible explanation is that while the tagged constructs workmnwatto, it may be

thatin vivothese constructs are rapidly broken down and their signal lost amongst the
autofluorescence of the musclghile there is no direct evidence in the literature to

support this exaatotion, electroporation success and construct retention time within
mouse muscle have been found to be affectdddiprs such as the size of the construct,
the cainjection of chemicals to increase membrane permeability (such as hyaluronidase)

and even the sim of the mouséViolnaret al, 2004)

FurthermoreScudieriet al. (2015)suggest that adding tags to constructs can alter their

localisation. In their papenvestigating ANOG6 function, the authors suggest this is as

an explanation for the conflicting reports of ANOG localisation. It is therefore possible

that the Myc tag has affected ANO5 expression, changing its localisation in culture,
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altering its electropration efficiency and potentially reducing the retention of the
constructs within mouse musckurther optimisation of this experimentation may yet
yield positive identification of anoctamin 5 localisation. As localisation was only one

facet of this pragct, other routes of investigation were instead followed.
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Chapter 4 Investigation of proteins affected by the knockdown of

ANOS5 in C2C12 cells using 2Dimensional gel electrophoresis
4.1 Introduction

Identifying that anoctamin 5 localises to the endoplasmic reticulum, and possibly to the
t-tubules, in the previous chapter suggests that anoctamin 5 may be involved with
calcium homeostasi®outheilet al, 2000)and proper protein foldin(Hebert and

Molinari, 2007) However, precise identification of the function of ANO5 at either the
cellular or biochemical leves$ limited by the lack of an antibody and an ANO5

deficient model system. Despite concerted efforts, the former deficiency has not been
remedied.

Lacking access to an animal model of anoctaminopathy, an anoctamin 5 deficient
cellular model is required. Kisedown of anoctamin 5 was achieved in C2C12 cells
(mouse myoblasts) using a pool of short hairpin RNAs (ShRNAs) and validated by
reverse transcription PCR (rtPCR). A Control knockdown line was generated in tandem
using scrambled shRNAs to confer the samtéaotic resistances and experimental
pressures but without affecting gene expression. The anoctamin 5 model was then
characterised using 2D gel electrophoresis to better understand what effect, if any,

removing anoctamin 5 has on other proteins.

In this chapter the results of the stable knockdown C2C12 generation are presented. The
differences in protein expression between the generated clones were subsequently
explored using 2D gel electrophoresis, the identified proteins confirmed by Matrix
Assisted Laer Desorption/lonisation tandem Mass Spectrometry (MALDI MS/MS) and
western blotting and then investigation of the identified proteins carried out with

reference to what their change implies about anoctamin 5 function.
4.1.1MALDI-MS/MS analysis and identificgah of proteins

Mass spectrometry (MS) has long been a robust method of identifying and quantifying
the isotopic signature, mass and molecular structure of a sample by analysing the mass
to-charge ratio of ions excited from that samiWolff and Stephens, 1953y1atrix
assisted laser desorption/ionisation (MALDI) mass spectrometry is one variety of mass
spectrometry commonly used to identify biomolecules such as prékarsset al,
1987)

109



Il n MALDI MS, the fAmatrixo is typically a crys
sample andolubilised in water and an organic solvent (to solubilise the hydrophobic

elements of the sample). This solution is then applied to a metal plate where the water

and organic solvent are evaporated to leave a thin, optically homogenous, crystallised
layercontaining both the matrix and the sample to be analy&adset al, 1987) This

thin layer of the matrix/sample is then irradiated with a pulsed laser causing ablation of

the matrix from the plate and formation of a gas in which the sample molecules are

ionised(Karaset al, 1987) The ionised molecules can then be accelerated and analysed

using the chosen method of MS.

Typically, MALDI MS measuredhe time of flight (TOF) of excited ions in an electric

field of known strength over a given distance (e.g. from the point of excitation to the
detector)Figure4l) . These measurements ar-® used to cal
charge ratiqWolff and Stephens, 1953)he accuracy of MS analysis to identify any

particular protein from a complex mixture canibereased, whilst also retaining the

same level of sensitivity and speed, by using MS machines in series. This process is

known as tandem mass spectrometry (MS/MS) and involves using a second round of

MS to generate a subpopulation of ions from eachepiritial ions excited from the

sample(McLafferty and Bockhoff, 1978; McLafferty, 1981)
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Figure 4.1 Simplified diagram of MALDI MS/MS proce8epresentations of different
molecules contained within the matrix are shown as variously coloured shapes. Following
excitation by laser pulses and acceleration from the field generators, the molecules move at
different speeds towards the first and secdetctors, which then indicates their relative mpss

to charge ratios.

Samples prepared as part of this project, as well as the internal controls serotransferrin
and bovine serum albumin, were analysed by MAMS/MS by the contract research
organisation Aphalyse in Denmark. Alphalyse reduced the provided 2D gel
electrophoresis spots into individual peptide sequences, concentrated them on a ZipTip
micropurification column and deposited onto an anchorship target for analysis using a
Bruker Autoflex Speed MRDI TOF/TOF instrument. Partial sequencing was carried

out using 15 peptides obtained from the initial reduction of the provided protein
material. The mass spectrometry analysis software, Mascot, was then used to compare
the resulting data against in housdphalyse databases compiled from UniProt and

NCBI sources. A probability scoring algorithm was then used to identify the most
significant norhomologous corresponding protein. The results reported and discussed

in this chapter are from their analysisngsthis process.
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4.2 ANO5 knockdown C2C12 generation

In this chapter, a stable ANO5 knockdown C2C12 line was established using ANO5
targeting shRNAs and the effects of ANOS5 deficiency at the cellular level characterised
using 2D electrophoresis, MALDI MS/M$d western blotting. In the following

chapter, results from investigation of ANOS5 function as a phospholipid scramblase will

be reported using the same generated ANO5 knockdown C2C12 clones.
4.2.1Cell culture, shRNA transfection and selection

ANOS5 specific sha hairpin RNAs (shRNA) consisting of a pool of three plasmids,

each with different complementary sense and antisense sequEaickezi(l), were
trarsfected into C2C12 cells to generate an ANO5 knockdown line. Two other separate
cultures of C2C12 cells were also transfected with Control shRNA, containing a
scrambled sequence, or the GFP construct described in the previous chapter. C2C12
cells were seestl into twelve 100mm tissue culture dishes (5 plates treated with ANO5
ShRNA, 5 plates with Control sShRNA, 2 plates with GFP) and transfected with shRNA
Plasmid Transfection Reagent-(528061).

All shRNA plasmids contained puromycin resistance, allowamgélection of

transfected clones after -2 days treatment with selection media. Selection media was
replaced daily and tissue culture dishes were checked for clone formation. GFP cells
lacked puromycin resistance and so were used as a selection.odlhtestP cells were
dead within approximately 3 days post transfection.

Cloning cylinders and trypsin cell dissociation media were used to pick stable clones
and transfer them to individual wells of a 24 well plate. A total of 49 clones were picked
from dishes (23 clones from ANOS5 plates, 26 clones from Control plates). Cells
continued to be cultured in selection media, using PBS washes, trypsin dissociation,
centrifugation and reseeding cycles to transfer cells to larger tissue culture plates, until
cells occupied all wells of 6 well plates. Twenty four clones survived to this stage (14
ANOS5 clones, 10 Control clones). Half of the cells of each clone were then resuspended
in Cell Recovery Freezing Medium and storeeB&rC, while the other half were

see@d into a new 6 well plate for differentiation and RNA extraction. All 24 clones

survived selection to the differentiation and RNA extraction phase.

112



shRNA Name Hairpin Sense Antisense

sc¢154403SHA | GATCCCTGATATGCCA | CUGAUAUGCCAG | UUACUAACUGGC
GTTAGTAATTCAAGAG | UUAGUAALt AUAUCAGtt
ATTACTAACTGGCATA
TCAGTTTTT

s¢154403SHB | GATCCGAACTATCGTG | GAACUAUCGUGU | AACAGUAACACG
TTACTGTTTTCAAGAG | UACUGUULtt AUAGUUCHtt
AAACAGTAACACGATA
GTTCTTTTT

s¢154403SHC | GATCCCATCTGGAGTA | CAUCUGGAGUAG | UAUAUGUCUACU
GACATATATTCAAGAG | ACAUAUALt CCAGAUGtt
ATATATGTCTACTCCA
GATGTTTTT

Table4.1 Sequences of pooled shRNA used to knockdown ANO5 in CRG12. AHai r pi no
column indicates the sequences of each of th

fiSensed and AAntisensed columns indicate the

4.2.2Knockdown validation using differentiation aneRCR of seleetd C2C12 clones

ANOS expression is upregulated in C2C12 following myogenic differentiation into
myotubes but is lowly expressed in undifferentiated C2@$2tsumiet al, 2005)

Therefore to validate the knockdown of the C2C12 cells, RNA was extracted from both
Day 0 myoblasts and Day 7 differentiated myotubes for each clone. Upon reaching ~70
80% confluency in each well of a 6 well plate, clones were imaged and half the cells
trypsinised, pelleted and stored-&D°C for later Day 0 (DO) time point RNA extraction.
The remaining cells were differentiated and imaged at D3, D5 and D7 time points to
track differentiation progression. These results show that a total of eight alomes f

both the ANO5 and Control knockdown C2C12 (four clones in each shRNA condition)
form myotubes following 7 days of differentiatiofigure4.2).

113



Figure 4.2 D7 time point differentiation of all ANO5 knockdown, Control knockdown and

wildtype C2C12 cloneg:our clones from each knockdown condition successfully produce
myotubes following differentiation, indicated by white underlined labels; Control knockdoyvn
clones CON2C, CON2E, CON5B and COMN5C; ANO5 knockdown clones ANQBA, ANO5
1C, ANO54A and ANOSBC. All images are taken at x10 magnification (scale bars = 100 um).
Biological N = 25. Technical N =.1
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Figure 4.3 Electrophoresis gels of PCR products from undifferentiated and differentiated ANO5
and Catrol knockdown C2C12 cloneSlone IDs are indicated above each pair of PCR
product; DO samples in the first lane of each pair and D7 samples in the second lane. Bgld and
italicised clone IDs indicate ANO5 and Control knockdown clones chosen for future
experimentation. Due to primer design, all bands are ~500bp in size. Biological N = 25.
Technical N = 1.

At the D7 time point, cells were trypsinised, pelleted and store80a€C for RNA

extraction using Trizol. Paint Pellet was used to assist in recovéng RNA pellet

during isopropanol precipitation. The RNA pellet was resuspended in 30 pl nuclease
free water before quantification using a Nanodrop and cDNA synthesis in a LabCycler
PCR machine. Generated cDNA was then amplified using ANO5 and GAPBidrpri

in a standard PCR reaction and visualised on 1% agarose gel under a BioSpectrum Gel
Doc-It (Figure4.3).

GAPDH controls run for each cDNgroduced bands of the expected size (~500bp) in
each clone and at each time polg(re4.3). This confirms that the cDNA for each

time point sampl&éad not been degraded and that the reverse transcription reaction was
successful. PCR of the cDNA generated from the RNA of the DO time point showed

that, as expected, no bands appeared at this time point in any clone for either ANO5 or
Control shRNA treahent. The D7 time point of three Control clones produced bands of
the expected size (~500bp) suggesting that these were stable clones with no knockdown
(Figure4.3). These clones have therefore been selected as controls for future
experimentation. Apart from a single clone (designated AN®K no bands were

visible for the D7 time points for the ANO5 knockdown clones. This suggests that these
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clones wee successful stable ANO5 knockdown clones. The very faint band at the D7
time point for ANO51A suggests that it is a potential partial knockdown cléngufe
4.3).

However, during differentiation series both ANO5 and Control myoblasts differentiated
poorly, forming very few myotubes or none at &ligure4.4). This is either due to the
effects of prolonged selection pressure on the myoblasts or due to a loss of
differentiation ability in the initial stock of C2C12 myoblasts before the knockdown
process began. In either case, the three ANO5 knaak@2C12 clones which showed
the best differentiation were chosen for further functional experimentdigaré4.4).

As a result ANOELA was also included in later experimentation.

The aim of this process was to generate a cellular knockdown model which closely
replicated anoctaminopathy patient myoldast much as possible. However, the
inconsistencies in differentiation ability of the generated myoblasts meant that further
organelle fractionation, proteomics and functional experimentation would be carried out
on undifferentiated myoblasts rather thayotubes. By doing so though, inherent
differences seen between differentiating, proliferating and repair committed muscle cell
populations can be avoidé¢lleolaet al, 1991; Gross and Rotwein, 2018pr example,

it has been shown that the terminal function of satellite (Mdi&iro, 1961) muscle

specific stem cells which assist in repairing damaged t{$%antridgeet al, 1978) are
strongly influenced by factors influencing the parent populafi@noss and Rotwein,

2013) While the clonese@nerated as part of this project will not exactly replicate

patient systems, the shared linagd aonsistent treatment of tbkwnes should increase

the validity of observed results.
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Figure 4.4 Differentiation series of selected ANO5 knockdown, Control knockdown and wild
type C2C12Columns from left to right show representative micrographs of C2C12
differentiation progression (undifferentiated, D3, D5 and D7 time points). All images are tal
at x10 magnification (scale bars = 100 umjolBgical N = 7. Technical N =1
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4.3 Subcellular fractionation by differential centrifugation of ANO5 and Control
knockdown C2C12

To reduce the complexity of the protein extracts when comparing spots between gels,
crude subcellular fractionation was first applied to C2C12 lysates to separate the cellular
components into nuclear, mitochondrial and cytoplasmic fractions. The subcellular
fractionation protocol developed IBimauroet al. (2012)(Secton 2.7.2 Figure2.2)

was used for these experiments. This protocol relies on the differsadiatentation

times of the various compartments during utteatrifugation in density media to
separate proteins into nuclear, mitochondrial and cytoplasmic subcellular fractions.
STM buffer was used throughout the protocol rather than detergent bsisdoliifers,

to reduce degradation to the proteins. For simplicity, AM@5and CON2C

knockdown clones were chosen for 2D gel analysis comparison as these clones grew
well in culture, differentiated well and were confirmed to be ANOS5 negative and
positiveby rt-PCR respectively.
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4.3.12D gel electrophoresis

The three fractionated lysates made using this crude subcellular fractionation
(mitochondrial, nuclear and cytoplasmic) were run out using 2 dimensional (2D)
electrophoresis using the ZOOM runner IPG sysfBonminimise experimental
variability, each first dimension IPG strip was run at the same time, while second
dimension ZOOM gels were prepared and run in pairs of one knockdown and one

control sample before subsequent Coomassie staining and visualisation.
4.3.2Visualisation of protein spots

Coomassie stained 2D gels were imaged using an Odysseyl €étxmages were
taken to ensure the gels were fully within the scanning area of the Odyssey before
scanning in the 700 nm spectrum. This spectrum was used at it would accurately detect

the blue dye of the Coomassie staining.

The results of these gelsav that the subcellular fractionation protocol does reduce the
complexity of the proteins present in each lyskigure4.5). The mitochondrial

fraction shows the fewest protein spots, with just over ten spots visible on the scanned
image of the gel. The majority of these spots are between 36.5 and 97.4 kDa in weight
but are spread across the pH gradient of the IPG strip. Both the nuclear and the
cytowlic fractions show more protein spots, across a much wider range of molecular
weights. Interestingly though, in the nuclear fraction, a clear stopping point for the
proteins appears just over halfway across the IPG strip, visible as protein spots all
congegating at roughly the same place vertically in the gel at all molecular weights.
While the precise pH of the strip at this point is not known, as each IPG strip was
always orientated in the same direction in the ZOOM gel, this is the end that moved
towards the cathode and is therefore the more acidic end of the IPG stripl(@HNo
protein spots are found past this line suggesting that either no proteins in this fraction
are found at high pH or that more likely, that none are able to pass the piltatinave
migrated to this point. It is possible a barrier of, for example, DNA or polysaccharides
has formed at this particular pH. Both can clog the gel pores and effect the overall
success of IEF at the acidic end of the(gerkelman, 2008)

Of the three lysates the cytoplasmic fraction retains the majority of protein spots. These
spots are clearly distinguishable from one another though there are a range of intensities
among the spots indicating that some proteins differ in their expressigs ithin the
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cytoplasmic fraction of wild type C2C12. Furthermore there are several examples of
bright spots located very close to one another along a horizontal axis, appeaasig alm
like a string. These spotdl have very similar molecular weightsit have different
isoelectric points. These spots are likely phosphorylated forms of the same protein or
isoforms of the same protein. The molecular differences between phosphorylated
proteins mean that on a 2D gel they might appear with the same moigeigat but
different isoelectric points, such #®se seen in these gels

As anoctamin 5 has been suggested to localise to the ER in the lit¢Tausemiet
al., 2004; Mizuteet al, 2007)as well as ER andtubules in earlier localisation
experiments, only the cytosolic fraction was used to investigate spot differences

between ANO%nockdown and Control knockdown C2C12 lysates.
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Nuclear Fraction kDa

Mitochondrial Fraction kDa
97.4

66.3
55.4

36.5
31

21.5
14.4

3.5

Cytosolic Fraction kDa

Figure 4.5 Coomassie stained 2D gels of nuclear, mitochondrial and cytosolic subcellular

fractions of wild type C2C12.he streaking of spots seen on the right hand side of the cytos
fraction were caused by an air bubble between the IPG strip and the gel and are not repliq
on subsequent gels run with the same lysate fraction. Gels were Coomassie stained and |

imaged in the 700nm fluorescence range on-@dri Odyssey CLx infrared imaging system.

Biological N = 3. Technical N = 1.
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4.4 2D gel electrophoresis of ANO5 knockdown, Control knockdown and wild type
C2C12 cytosolic fractions

Triplicate 2DE gels of ANOBIA ard CON-2C lysates were run to accurately confirm
differences in the spot populations of gels. Biological, experimental and analytical
variability inherently exist within 2DE experimentation and several steps were taken to
limit the effect of this variabilit in these experimen{€hoe and Lee, 2003; Zhan and
Desiderio, 2003; Blandt al, 2006; Blanckt al, 2010) For example, to reduce

biological variability enough lysate was fractionated and prepared at the same time to
run multiple gels from each lysate. To reduce experimental variabiligyptEPG strips,
SDS PAGE runs of the second dimension and staining steps were run concurrently on

samples.

No spot identification software was used to identify spot differences; instead gels were

compared side by side and differences in the gels ndiicege. Comparison by eye

was achieved by comparing fAconstellationso of
spots with consistent locations across all the replicate gels were used as points from

which to check the other spot locations in each gel

Four spot differences were consistently identified in all three gel repli¢atpsd€4.6).

Spots labelled as A, B and C, were identified as havicigased intensity on the ANO5
knockdown C2C12 lysate while spot D was absent from the ANO5 knockdown gel.
These spot differences were found at different molecular weights and pH ranges, though
three of them (indicated by arrows A, B and D) were locatethe side of the gel

nearest the ladder, indicating that they were within the more acidic pH range of the IPG
strip. Spot A is ~37 kDa, spot B is 2~3 kDa, spot C is ~56 kDa and spot D is ~7kDa.
Spot C is present as several spots along the horizontauggdesting that this protein

may be phosphorylated or pasinslationally modified in some way. It is the only

identified spot to show this patterning.

A fourth gel was then run for each cell line for excision of the corresponding spots for
MALDI MS/MS. The three spots consistently identified as present or absent on the
ANOS knockdown C2C12 gels (spots A, B and D), along with an additional control
spot consistently present on both gels (spot E), were excised fibge’s and sent to
Alphalyse in Denmarkor MALDI MS/MS analysis.
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However the fourth spot identified in the triplicate gels (spot C) was not present on the
fourth ANO5 knockdown lysate gel and so could not be sent for mass spectrometry
analysis and identification. An error in experimental ogpicibility may be an

explanation for the disappearance of this spot. While the first triplicate gels were all
prepared at the same time (i.e. the IPG strips all run through IEF first dimension at the
same time) the fourth set of gels were prepared separhtis unlikely to be an error in
biological reproducibility as for each cell line, the fourth gel was from the same
biological replicate as the third gel.
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ANOS5 KD kDa

Control KD kDa

14.4

Figure 4.6 Coomassie stained 2D gels of cytosolic fractions of ANO5 and Control knockdg
C2C12.Lettered arrows indicate protein spots consistently identified as differentially expreg
between replicate gels, except for E which is a control spot which wasteatigisnchanged
across replicates. Both gels shown are the third replicates of triplicate gels run for each
knockdown C2C12 line. Gels were Coomassie stained and then imaged in the 700nm
fluorescence range on a-0or Odyssey CLx infrared imaging systdiological N = 2.
Technical N = 4.
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4.5MALDI -MS/MS identification and western blot validation of protein spot
differences
4.5.1Alphalyse MALDI MS/MS analysis

Spots identified with consistent differences in intensity between Control and ANO5
knockdown gels were eised from Coomassie stained 2DE gels using the method
described in SectioR.9, only with the addition of being carried out in a Safelab
Systemglass 1 fume hood, to reduce the collection of contaminants on the gel. Spots
excised from these gels were collected into separate Eppendorf tubes and treated with
50Qul of distilled deionised water to keep the samples hydrated during shipping.
Samples wee then sent to the contract research organisation Alphalyse in Denmark for
MALDI MS/MS analysis.

Alphalyse identified the spots as Annexin A2 (ANXA2, spot A), Heat shock protein

beta 1 (Hsp27 spot B) and S18@ protein (S100A4, spot D) Table4.2). The control

spot from both gels also sent for analysis was identified as Galettibhoth cases

(spot E). The majority of the molecular weights of thideatified proteins are

consistent with the sizes of the spots from the gels (ANXA2 = 38 kDa, Hsp27 = 23 kDa,
S106A4 = 7 kDa), though Galectifh has a larger predicted molecular weight than that
observed on the gel (predicted molecular weight = 15 kDsgrgbd molecular weight

~14 kDa).

Additionally, there is a range in the se
bet ween each of the i dentified proteins.
coverage achieved by the sample sequence whepacethagainst the identified

protein in the databases. These values are not used to confirm protein identity but rather
are used as internal controls. The fAScor
logarithmic, statistically significant scorerfoow well the peptides identified in the

supplied protein spot match with the peptides in the comparison database. A mascot

score of more than 90 indicates that, when compared to the nrbd protein database from
NCBI, the confidence that the protein hasrbpesitively identified is above 95%

significance and so can be positively identified as that protein.

The protein with the lowest significance score is SA@QScore = 188). However as
the percentage sequence coverage (Seq~c2%¥%) is greater than the sequence

coverage of BSA (Seq. cov. = 24%), one of the internal control samples, and as the
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significance score is still well above the level of significance allowed by Alphalyse, it

can still be assumed that S18@ is the mostikely protein identity for spot 3.

The protein with highest significance score and the highest sequence coverage is
ANXAZ2 (Score =570, Seq. cov = 57%) and so this spot is assumed to be the identified

protein.

Hsp27 has a fairly high percentage seque&oserage (Seq. cov. = 53%) but has the
second lowest significance score of all the identified proteins (Score = 252). Again
though, this is well above the significance scores allowed by Alphalyse and so is the
most likely protein identifiable using thidentification method.

Protein found in
Sample Name| Database Gene Name | Calculated MW | Score| Seq. cov.
AB2-A Annexin A2 Anxa2 38937 570 | 57%
Heat shock protein
AB2-B Hspbl 23057 252 | 53%
betal
AB2-E Galectinl Lgalsl 15198 473 | 55%
CB2-D Protein S100A4 S100a4 11942 188 | 25%
CB2-E Galectinl Lgalsl 15198 327 | 55%
1pmol )
) Serotransferrin TF 79294 929 | 51%
transferrin
62 fmol BSA | Serum albumin ALB 71244 479 | 24%

Table4.2 Proteins identified by MALDI MS/MS analysis by Alphalyis& a mp | e

nameo refers

the name of sample provided to Alphalyse; AB2 or CB2 refers to the gel while the final letter

indicates the specific excised demitsbfprotéilPr ot ei n f ou
in SwissProt database identified by MALDI MS/ MS.
gene for the protein as found entered on the Swis
the mol ecul ar wei ght . A Steedogagithmia, safisécally t o t he Masco

significant score for how well the peptides identified in the supplied protein spot match with the
peptides in the comparison database. A mascot score of more than 90 indicates that, when
compared to the nrbd protein databdsem NCBI, the confidence that the protein has been
identified is above 95%

positively significance.

sequence which matches to sequence found in SwissProt database.
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4.5.22D gel western blot confirmation of MS/Mf&ntified proteins

To confirm that spots A, B and D were the proteins identified by MALDI MS/MS,
triplicate 2D western blots were carried out using the standard 2D Gel Electrophoresis
protocol described in Sectié9with the addition of protein transfer and

immunoblotting (Section2.10.3and2.10.9 following SDS PAGE. Antibodies specific

for ANXA2 (ab41803), Hsp27 (&790) and S10@&4 (ab93283) were used to probe
western blots of 2D gels run with the same ANO5 knockdown and Control knockdown
cytosolic fraction lysated~(gure4.7, Figure4.8 andFigure4.9). Anti-GAPDH

antibodies (D16H11 and ab8245) were used as positive loading controls in these

experiments.

ANO5 knockdown and Control knockdown blots probed with Hsp27 and-84Q0e
negativefor both proteinsKigure4.7 andFigure 4.8 respectively). Initially this was

thought to be because of a low abundance of the proteins on the gel and so the images
were overexposed in an attempt to visualise any lowly expressed spots. However, no
other spots could be visualised on these blots ifltlesescence channd?ositive

detection of GAPDH on Hsp27 and S188 blotsconfirmed that it was the Hsp27 and
S10GA4 antibodies that were failing to detect the specific proteins rather than

degradation of the lysates or failure of the transfer duhadlotting procedure.

Western blotting using the ANXA2 antibody was successful as several spots are
visualised with this antibodyF(gure4.9). Furthermore there is a difference in the spot
patterns between the blots for the ANO5 knockdown and Control knockdown lysates. In
both knockdown and Control blots there is a spot with a&oubér weight of

approximately 38 kDa (arrow 1), consistent with the molecular weight of ANXA2 and
the position of the spot sent to Alphalyse for identification. In the ANO5 knockdown
lysate blot this spot has an increased intensity compared to the ocod&gpspot in the
Control knockdown blotRigure4.9).

Probing both knockdown and Control blots with the ANXA2 antibody revealed two
additional spotspne at approximately 50kDa (arrow 2) and the other at approximately
16 kDa (arrow 3). However both of these spots have a much smaller expression in the
ANO5 knackdown blots than the corresponding spots in the control knockdown blot. In
the case of the heavier spot (arrow 2) on the ANO5 knockdown blot, it is very faint (and

on one of the triplicate blots, it was completely absent). The lighter spot (arrow 3) on
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the Control knockdown covers a wide pH range while it occupies a restricted range on
the ANOS5 knockdown blot.

These differences in spot intensities were consistently observed across triplicate blots.
The precise identities of these additional spots aremmwR, but given that they are
detected by the ANXA2 antibody, they may potentially be modified versions of
ANXAZ2. These results ultimately suggest though that the knockdown of anoctamin 5 in

C2C12 affects the expression of annexin A2.
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Figure 4.7 2D gel western blots of ANO5 and Control knockdown C2C12 probed with Hsp27

and GAPDH antibodieNo green fluorescence is observed in either blot suggesting that th

1%

Hsp27 antibody is unable to detect the prnotiei these blots. Red fluorescence across the gel
between 38 kDa indicates positive GAPDH staining. Blots were imaged in both the 700nm
and 800nm fluorescence range on &ddr Odyssey CLx infrared imaging system. Biological [N
= 2. Technical N = 1.
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Figure 4.8 2D gel western blots of ANO5 and Control knockdown C2C12 probed withRAZ110
and GAPDH antibodiesNo green fluorescence is observed in either blot suggesting that th
S100A4 antibody is unable tdetect the protein in these blots. Red fluorescence across thq
between 3(B8 kDa indicates positive GAPDH staining. Blots were imaged in both the 700
and 800nm fluorescence range on &ldr Odyssey CLx infrared imaging system. Biologica
= 2. Tednical N = 1.
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Figure 4.9 2D gel western blots of ANO5 and Control knockdown C2C12 probed with ANX4
and GAPDH antibodiesArrow 1 indicates the ANXA2 spot previously identified by MALDI
MS/MS. Arrows 2& are unidentified spots consistently stained by the ANXAZ2 antibody acrq
triplicate 2D gel western blots. Both spots are either diminished in intensity or entirely absd
from ANOS blots compared to the Controls. Green fluorescence across the gel [3388en
kDa indicates positive GAPDH staining. Blots were imaged in both the 700nm and 800nm
fluorescence range on a-Oor Odyssey CLx infrared imaging system. Biological N = 2.
Technical N = 3.
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4.6 Western Blot investigation of identified spot proteins

To further investigate the absence of Hsp27 and SW6pots from the 2D gel western
blots, SDSPAGE western blotting was performed using lysates prepared in different
buffers. The mini Bradford assay was used to first quantify protein concentration of
lysatesused for western blots. This protein quantification method was chosen to account
for the high concentrations of urea in the solubilisation solution used to prepare the

lysates for 2D electrophoresis.
4.6.1SDSPAGE

Hand poured, 15% ge(Section2.10.] were used to detect S1-2@l as the low

molecular weight of the protein makes detection difficult on standar@iggels.

Hsp27 and AntiGAPDH, again used as a positive loading controlewan on precast
4-12% BisTris gels. These western blots show that the antibodies do detect bands but
that these bands are either the wrong molecular weight (Hsp27) or are only detected in
specific lysis buffers (S1684) (Figure4.10).

The Hsp27 antibody detects a single band in all lysates of approximately 62 kDa,
though the predicted size of Hsp27 is 23 kDa. The S¥antibody detects bands of

the correct size (12 kDa) but only in cytosolic fraction lysates suspended in STM buffer.
Lysates prepared in Buffer A, an essential requirement for successful IEF in 2D gels, do
not show bands. This suggests that the failure to detect spots using th&45100

antibody may be due to the protein being altered by Buffer A during lysis in such a way

as to make it undetectable.
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Figure 4.10 Western blot of cytosolic and whole cell knockdown and wild type C2C12 lysates

probed with Hsp27, S1084 and GAPDH antibodie3he arrow indicates approximately 25
kDa, the predicted size of Hsp27 and where bands were expected to be detected. Tineesglve
smaller S100A4 protein the lower image displaying the S¥Dbands are from a 15% gel.
Blots were imaged in both the 700nm (red) and 800nm (green) fluorescence range@ora Lj

Odyssey CLx infrared imaging system. Biological N = 8. Technical N = 1.

Conversely, SD&AGE investigation of ANXA2 showed that differences in lysate
preparation did not hinder this antibodies ability to detect the expected 38 kDa band in
any lysate sampld-{gure4.11). Rather, the antibody detected multiple bands in all

lysate preparations. The majority of these bands are not found on the 2D gels suggesting
that these forms of ANXA2 do not migrate on the IPG during THfe spots that are

present on the 2D gels are found in the bands of this western blot, though the intensities

of the bands do not replicate the differences of the spot intensities seen in the 2D gels.
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Figure 4.11 Western Blot of cytosolic and whole cell knockdown and wild type C2C12 lysates
probed with ANXA2 antibody band at ~38 kDa, the expected molecular weight of ANXAZ, is
observed in all samples. Multiple other bands ar® @stected by the antibody though these

are consistent between samples. Blot imaged in the 700nm (red) fluorescence rang&€on @ Li

Odyssey CLx infrared imaging system. Biological N = 9. Technical N = 1.
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4.7 Further investigation of identified proteins affected by ANO5 knockdown

ANXAZ2 is expressed in several tissues and is known to form a heterotetrameric
structure with S10&10 (Bharadwajet al, 2013) In this structure, two ANXA2

proteins Ink to opposite sides of two S3@1.0 proteins bound around a calcium
molecule(Lewit-Bentleyet al, 2000) One of the proposed functions of this
heterotetrameis membrane fusion. It has been suggested that monomeric ANXA2
proteins which are located within plasma membranes of opposing cellular vesicles or
organelles are brought together via two SAAO proteins as a central anchor point
(Retyet al, 1999) An additional feature of the resulting heterotetrameric structure is
that it also increases the stability of SI8100, preventing it from being disposed of via
ubiquitinrmediated degradatiqiie et al, 2008)

Several other annexins are also closely linked to other S100 proteins, for example
ANXA1 and S100A11 (Retyet al, 2000) Given the apparent r¢ianship between
annexins and S100 proteins, it is intriguing that two of these proteins are potentially
altered in the cytosol of C2C12 cells when ANOS5 is knocked down.

4.7.1Investigation of ANXA2 and S12@! colocalisation in wild type C2C12

Colocalisation oANXA2 and S100A4 was investigated in wild type C2C12 using
immunofluorescence staining to identify any potential link between the two proteins
(Figure4.12).

These staining data show that the antibody directed against ANXAZ2 detects filamentous
like structures running through the centre of C2C12 cells, including running through the
nucleus of the cellRigure4.12 A., B. and E.). Other C2C12 which don't show these
filamentous structures do still show some potential ANXAZ2 positivity in their nucleus,
observed as purple signal in merged images ofABKA2) and blue (DAPI)

fluorescence channels. This signal is however much fainter and may potentially be
background produced by unspecific binding of the antibody.

Very few C2C12 cells appeartobe S®Op osi ti ve and only beca
had amarginally brighter green fluorescence than surrounding C2Eig2re4.12).

The pattern of staining is diffuse throughout the entire cytoplasm of the cell, with no
clearly identifiable structures or organelle populations. From this pattern of staining it

was conclded that this was background staining due to unspecific binding and that this
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antibody could not sufficiently detect S18@ in immunofluorescence experiments.
Furthermore, due to this insufficient detection, accuratecalisation with ANXA2

was not posible.

The possibility of additional background due testaining with both antibodies was
ruled out by running conditions which used both seconditibodies but only one of

the primary antibodies.
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Figure 4.12 Co-localisation of S10A4 and ANXA2 in wild type C2CI2. ANX A2 0 st &
antF-ANXA2 + alexa fluor 594 secondaSiOpAdant i
primary antibody + alexa fluor 4 &tinedwic on
ant-S100A4 andanrtANXA2 + al exa fluor 488 and"™594
and AS1"®W0OA482ned with indicated primary
anti bo®i est.aim2ed with both 594 andages@B s e

taken at x20 magnification (scale bars =160). Biological N = 4 Technical N = 1.
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4.7.2Investigation of ANXAZ2 localisation in undifferentiated and differentiated wild
type, Control knockdown and ANO5 knockdown C2C12

The previous immunofluorescence and subcellular fractionation experimentation

confirm reports from the literature that while ANXAZ2 is found throughout the cell, as

well as secreted into the extracellular space, it is predominantly located in the
cytoskelebn and organelles associated with the plasma membrane, the early endosomes
for exampleg(Gerke and Moss, 1997) o better understand the role of ANXA2 in

C2C12 and what its interaction with ANOS might be, the localisation of ANXA2 during
C2C12 differentiation was investigated. To this end immunodiscence staining of
differentiated C2C12 was carried out to identify ANXA2 localisation during

differentiation and to identify any changes to this localisation when ANOS5 is knocked

down.

Initial investigation of differentiating wild type C2C12 was madag

immunofluorescent staining of D1, D3 and D5 time points to track ANXAZ2 localisation
(Figure4.13). These data show that throughout differentiatiom myoblasts to

myotubes, the same filamentous structures stained by the ANXA2 antibody as seen in
previous experiments-{gure4.12) are retainedhroughout the 5 day time series,

appearing in approximately 10% of cells.

Specifically, in D1 cells positive for ANXA2, single long spindle like structures are

found running the length of the cell. Within each cell, all of these structures run in the
samedirection, but the direction varies between cells. While this staining pattern was at
first thought to just be background, the persistence of this staining pattern in the D3 and
D5 time point images suggests that this is a genuine structure withinld)ehoeigh

similar structures have not been reported in the literaftréhe D3 time point these

spindle structure become more defined. As with the D1 time point, in the majority of the
cells the spindles appears to cross over the nucleus and extenertohe length of the

cell. Finally at D5 a single spindle structure runs the length of formed myotube, again

appearing to cross over the multiple nuclei of the myotube.
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Figure 4.13 ANXA2 localisation in differentiating wild type C2CX2l micrographs show anti
ANXA2 + alexa fluor 594 secondary antibody. Images in the left column are taken at x20
maghnification (scale bars = %0n), the right column of images are taken at x40 magatitin

(scale bars = 2(m). Biological N = 1. Technical N = 1.
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This experimental set up and immunofluorescence staining was repeated on the ANO5
4A and CON2C knockdown C2C12 cloneBigure4.14). These data are less

informative than the wildtype C2C12 data as these C2C12 do not differentiate as well as
the wild type C2C12. They fail to produce multinucleated myotubes even by the D5

time point. They do however line up and elongate, attempting to fuse to form myotubes.

These data show that the spindle like structures are not seen in either cell line. Instead,
the pattern of staining seen in these cell lines localises more to thag)@slelenced

by the purple signal from the overlapping red (ANXA2) and blue (DAPI) staining.

There is evidence of cytoplasmic staining in some cells both ANO5 knockdowns and
controls, though this is a very diffuse pattern and may just be concentratemtgofly
rather than true signal. Considered with the fact that these C2C12 do not differentiate
well, ultimately it is not possible to accurately identify ANXAZ2 localisation in either of
these knockdown C2C12 clones and understand how this localisa#inges with the
knockdown of ANOS.
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Figure 4.14 Comparison of ANXA2 expression in differentiating ANO5 knockdown and Con
knockdown C2C1All micrographs show antANXA2 and alexa fluor 594 secondanytibody.
Il n both AANOS5 KDO and AControl KDO the t

(scale bars = 5Am), bottom row of images are taken at x40 magnification (scale bargim0

Biological N = 2. Technical N = 1.
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4.8 Discussion

Crude subcellulafractionation by differential centrifugation was used to separate
C2C12 lysates into nuclear, mitochondrial and cytosolic fractions, reducing the number
of protein spots to compare between each gel. Differential centrifugation was used to
fractionate lyates as it was the simplest method available to achieve the desired results.
More sophisticated methods of subcellular fractionation such as density gradient
centrifugation would produce purer fractions for further experimentédinderson,

1955) However, as the aim of the fractionation was to reduce the number of spots for
subsequent analysis, this method of fractionation was adequate. Additionally this
fractionation method was specifically tailored for use with C2C12 cells to maximise the
yield and purity of the fractions, using the simplest method posdiheauroet al,

2012)

To streamline 2D gel experimentation, but to cover as wide a pH range as possible, only
IPG strips with a pH gradient of1) were tested. This means that potdigteltered

proteins remained undetected because their isoelectric points fall outside of the pH
range of the IPG strips used. This is unlikely however as most proteins have isoelectric
points within the pH range testéd8chwartzet al, 2001; Weilleret al, 2004) A more

likely scenario is that proteins distorted by the lysis and solubilisation process do not
enter the gel at all during IEF. For example lipids can bimgtdteins and alter their
isoelectric point and solubilitfRabilloud, 1999) There are protocols which can be
included during lysis to reduce such interference and produce cleaner lysates, but it has
been suggested that reducing the handling of prbteates produces a more

informative gel, especially in the first instar(@&=rkelman, 2008)

Furthermore, a number of proteins may be hidden in lipid rafts. Lipid rafts are found in
both extenal and internal plasma membranes such as the Golgi apparatus and
lysosomes, where they are thought to function as organising centres for other proteins
involved in cell signallingPike, 2003) They are insoluble in neienic detergents

compared to other parts of the membrane due to the presence of cholesterol,
sphngolipids (Moldovanet al, 1995; Brown and London, 1997; Galbietial, 2001)

and proteins such as caveqlRerezVerdagueeet al, 2016) It is likely that other

proteins may be undetected because they are contained within these free floating, highly
ordered and relatively insoluble regions of thesphta membrane
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Conversely, investigating narrower pH
the IPG strips already tested and allow for resolution of spots that are very close
together and elucidate further potential differences between thedownlclones. This
would be particularly helpful if investigating strings of phosphorylated or post

translationally modified proteins.

Only one cell line from each shRNA knockdown condition was used. ANO&and
CON-2C gels were run in triplicate for bothet initial Coomassie stained gels and the
ANXAZ2 2D western blot investigation with consistent results obtained each time.
Therefore the observed differences are likely to be correct for these clones. But to
confirm that the observed differences in ANXA2,08-A4 and Hspb27 are true in all
ANOS deficient C2C12, comparison of other ANO5S deficient cell lines should be
investigated.

Spot patterns on triplicate 2D gel western blots of ANXA2 suggest that knocking down
ANOS5 in C2C12 alters thimtensityof the deéectableANXA2. Two other spots, one
heavier (spot 2) and one lighter (spot 3), are also present oR200Mbts which have a
reduced expression level on AN@A3 blots. The identities of these additional spots are
not known, but suggestions about its idkggntan be made using the difference in
molecular weights between the ANXA2 spot and spot 2. ANXAZ2 is subject to several
post translational modifications including polyubiquitinat{dauvraket al, 2005;
Bharadwagt al, 2013) acetylation, glutathionylation and serine and tyrosine
phosphorylatior{Bharadwagt al, 2013) Glutathionylation and polyubiquitination are
unlikely modifications as the addition of either glutathione (25 kDa) or polyubiquitin
(minimum of 17 kDa) would make any potexily modified ANXA2 much larger than

the identified spot. Monoubiquitination is a more likely modification as ubiquitin is only
8.5 kDa.

However, there is little direct evidence in the literature to suggest that ANXAZ2 is
monoubiquitinated. Lauvradt al. (2005)have noted however that ANXAZ2 is involved
in endocytosigGerke and Moss, 200®hile monoubiquitination is implicated in
tagging proteins for the endosomal pathy&ghnell and Hicke, 2003)herefore
suggesting that monoubiquitination of ANXAZ2 is a possibility. If ANXA2 is
monoubiquitinated thetine absence of spot 2 from the AN@A blots could suggest
that the knockdown of ANO5 inhibits the monoubiquitination of ANXA2, potentially
removing it from the endosomal pathway.
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Finally ANXAZ2 localisation results show positive staining for filamentdusctures

within wild type C2C12. This structure persists throughout C2C12 differentiation. The
same structure is seen in both AN@A and CON2C C2C12 myoblasts. However, as
both knockdown C2C12 clones differentiate very poorly it is not possible tofydira
same structure in differentiated knockdown C2C12. The identity of this structure is not
known though this pattern of ANXAZ2 staining is atypical. The literature reports that
ANXAZ2 can have a diffuse cytosolic localisati®charfet al, 2012; Dziduszko and
Ozbun, 2013suggestingitherthat ANXA2 localises only to this structure in C2C12

cellsor that these structures are fates
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Chapter 5 Investigation of ANO5S function as a phospholipid

scramblase

5.1 Introduction

Anoctamins 1 and 2 have been well established as calcium activated chloride channels
(CaCCs)Caputoet d., 2008; Schroedest al, 2008; Yanget al, 2008; Stohet al,

2009) Due to the close sequence homology between anoctamin family members, it was
asumed that all anoctamins were Ca(RBartzellet al, 2009; Schreibeet al,, 2010)
However, extensive investigation of the other anoctamins has shown that while
anoctamins 6, 7 and 10 produce currents when overexpressed in fisher rat thyroid cells,
the current is less than 10%tbat produced by anoctamins 1 and 2 in the same cell
lines(Schreiberet al, 2010; Duran and Hartzell, 201Blong with anoctamin 5,

several other anoctamins have also been implicated in disease. Mutations in anoctamin
10 have been implicated in brain angiogen@éesmeeret al, 2010)and mutations in
anoctamin 6 are causative in Scott syndr@8wezukiet al, 2010; Castoldet al, 2011)

a rare bleeding disordéRosinget al, 1985)

Theerythrocytef patients with Scott syndrome fail to undergo coagulatiging

bleeding because they do not expose phosphatidylserine (PS) at the plasma membrane
(Rosinget al, 1985) PS is a key component of the blood coagulation cag&udenk

et al, 2014)where it is translocated from the inner to the outer leaflet of the plasma
membrane by phospholipid scramblases in a calcium dependent rfRBeverset al,

1982; Beveret al, 1983) Investigation of ANO6 has confirmed that it is involved in
phospholipid scramblin¢Suzukiet al, 2010; Scudieret al, 2015) Furthermore,

research suggesthat the other ne@aCC anoctamins may also function as

phospholipid scramblas¢Suzukiet al, 2013)

As well as signalling blood coagulation, PS exposure is also essential for apoptosis
(Fadoket al, 1992; Schlegel and Williamsp001)and other cellular processes, such
as differentiatior{Sessions and Hoiitz, 1983; Schlegel and Williamson, 2001; van den
Eijndeet al, 2001)and wound healingMiddel et al, 2016) In both cases, PS exposure
marks the cell as readgr the next step within the relative pathway; fusion with other
differentiating cell{Jeong and Conboy, 2014) accumulation ofMiddel et al, 2016)
and destruction by phagocyt@sadoket al, 1992) As ANO6 and ANO5 are the most
closely related anoctamins within the famiBuran and Hartzell, 2018nd as
differentiation and apoptosis are of high biological importance for correct muscle
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maintenance and repdiiawke and Garry, 2001; Adhihetty and Hood, 20@8)e
hypothesis is that ANO5 functions as a phospholipid scramblase in the apoptosis of
musde tissue. This chapter reports on the investigation of the phospholipid scramblase
ability of ANO5 knockdown C2C12 and patient myoblasts.

5.1.1Flow cytometry analysis of knockdown C2C12 and patient myoblasts

Flow cytometry is a powerful analysis method capable of recording multiple parameters
simultaneously from cell populatiofdulettet al, 1969; Huletet al, 1973) The

technology first appeared in 1965 as a cell sorter, able to discriminate cells on
differences in their volume when passed through an electronidfeldyler, 1965)

This was then taken a step further in 1969 with the introduction of fluorescence assisted
cell sorting (FACS). Here, syopulations ar@entified by staining heterogeneous
samples with fluorescent markers specific for proteins unique to the desired sub
populations prior to sortinHulettet al, 1969) This early technology could only

detect one or two colours from stained cells, but current generation cytometers are able
to detect more than 20 different colours simultaneo{B#yndallet al, 2012) Flow

cytometry analysis is now so well established that it is routinely used for a range of
diagnostic needs, from vaccine development and transplanthéiorer, 2014)o

screening various patient fluid samplesifdection(Bignardi, 2015)and phenotyping

blood samplegMaecker, 2009; HenslelylcBain et al, 2014)

Typical fluorescent flow cytometry involves stained seispensions being passed

through the path of a laser as a single stream. Light emitted from the cells is then picked
up by a series of detectofsidure5.1 A.). Additional lasers and detectors aligned along

the path of flow record multiple fluorescent parameters from each cell. As each cell is
recorded as a single event and multiple fluorescent parameters can be gathered from
each event, this technolp@llows for the generation of thousands of data points per cell
population. Flow cytometry data must therefore be filtered following acquisition, to
identify the populations of interest and discard uninformative data. This can be achieved
using appropria analysis software to select specific populationsbt s, ter med fdfAgat
(Figure5.1 B.). By choosing gates from across several fluorescence chanisel

possible to focus on specific cellular spipulations of interegerschooret al, 2015)

For example, while the setup of flow cytometer technokigyuld mean that each event

is the analysis of a single cell, it is possible for cells to adhere to one another and for

two cells to be analysed as a single event. By plotting the Forward Scatter Height (FSC
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H) and Forward Scatter Area (F8G data on thesame graph, these doublets can be

identified as events which arFigurebi1@) | er 0
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Figure 5.1 Representation of flow cytometry workfloW.is a simplified diagram of the proces
occurring within flow cytometry technology. Coloured circles indicate stained cells moving
single stream in the direction of flo@nly one laser is shown though additional lasers with
different emission spectra can then be positioned in the path of the cells for collection of n
dye colours. The lower box shows the graphical output of data on FACSDiva software ang
order of gathg used in these experiments. B. is used to exclude debris (Forward Scatter A
[FSC-A] against Side Scatter Area [SZ(); C. is used to exclude doublet cells (FSA against
Forward Scatter Height [FSE]); D. is the final gated population data collectedrh each
sample, displayed as scatter plot of FFAW fluorescence (Axis labelleddB8/530/36A)
against Pl (Axis labelled-288/585/42A). This final plot allows for visualisation of the
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movement of cell populations following apoptosis treatment.
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5.2 Phosphatidylserine exposure during C2C12 differentiation

The exposure of PS on wild type C2C12 during differentiation was investigated by
staining cells with FITC conjugated Annexin V (FIFKY). AV binds to exposed PS in

a calcium dependant reactipfait and Gibson, 1992; Meers and Mealy, 1998)ile
differentiation progression was tracked using Alexa Fl@ar ghalloidin which stains

the actin filaments, a marker of differentiatigraulstichet al, 1988 Huanget al,

1992. The aim of thignvestigation was to confirm that this assay would accurately
identify PS exposure in differentiating C2C12. The assay would then be used to
characterise differences in PS exposure between ANO5 and Control knockdown C2C12.

Results show that at D1 only oaetwo C2C12 cells show any FITAV positivity and
no phalloidin positivity can be observdeidure5.2). In the few FITGAV -positive cells,
x63 magniication reveals that FIT®V appears to have a punctate pattern of staining

within the cytoplasm of the cells.

By D3, both FITGAV and phalloidin positivity are observable, indicating

differentiation of myoblasts into myotubes. Detectable FA\Cfluoresance is seen
external to the plasma membrane of cells in clusters of variable size; described as an
aggregate staining pattern. External aggregation of fAVGs as expecte@eong and
Conboy, 2011)but the location of the FITAYV staining pattern is not what is expected
from the literaturdvan den Eijnde et al., 2001; Jeong and Conboy, 2&dther than
aggregating around the cekll contact areas, such as the leading ends of the forming
myotubes, the aggregation appears to be mostly along the longitudinal plane of the cell.
The majority of C2C12 show positive staigiwith phalloidin, identifiable by the

striated pattern of fluorescence along the length of the elongated myoblasts. A few
multinucleated myotubes are formed by this time point but are small and not as
numerous as the elongated-fwsion myoblasts.

Thes staining patterns are also observed in D5 C2C12 though with differences in the
levels of fluorescence. Phalloidin staining is now consistent across all myotubes. The
level of FITGAYV staining however is reduced and only appears next to a few formed
myotuwbes. Additionally the aggregate staining pattern of FA\Cremains localised

next to the cells but again not in the locations associated with myoblast fusion.

From these data it appears that HAE aggregates on the longitudinal axis of

myotubes, an arg#ot expected to show PS exposure. While it is possible that these
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findings represent previously unreported localisation for PS, it may also be background
or expression of PS not related to differentiation; likely as the localisation detected are
not areagssociated with myoblast fusion. As such, this assay was determined to be
suboptimal for further experimentation and potential differences between ANO5 and

Control knockdown C2C12 were not investigated.
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Figure 5.2 FITC-AV and phalloidin staining of differentiating wild type C2CR2d
fluorescence indicates alexa fluor 594 phalloidin staining. Green fluorescence indicates F|TC
AV staining. The left column of images are taken at x@fnification (scale bars = 5im),
right column of images are taken x63 magnification (scale bargm0Biological N = 1.

Technical N = 3.
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