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Abstract

The factors that regulate dystrophin accumulation, and its assoctation with othet
proteins in culture, are largely unknown In this study T have examined the ettects of
chemical agents on dystrophin accumulation i culture, as well as determaned whether
dystrophin i culture has associations with glycoprotems i a stmlar fashion to that
found in normal muscle tissue My results show that the onset of detectable dystrophin
accumulation occurs shortly after myoblast fuston has taken place, and mareases rapdly
thereafter as a percentage of total cell protein. The eftects of depolanizing, concentrations
of potasstum ion, resulting wn the inhibition of myotube contraction, are negligible,
consistent with the fact that dystrophin 1s a cytoskeletal protein 1 have found that 5
bromo-2’-deoxyuridine, known to affect terminal differentiation in myoblasts, markedly
inhibits dystrophin accumulation in culture. Finally, T have tound that dystrophin in
cultured cells associates with Wheat Germ Agglutinin-bmding protems, as reported o
adult skeletal muscle tissue, 1mplying that the expresston of these glycoprotens erther

precedes or occurs coordinately with dystrophin expression in culture



Résumé

Les facteurs régrssant 'accumulation de dystrophine, ainst que son association
avee d’autres protéies en mihicu de culture sont en grande partic tnconnus  Dans cette
¢tude, o exammd les etfets d’agents chimiques sur Paccumulation de dystrophine en
mihicu de culture, et par tenté de determincer s la dystrophine en culture s’associe avec
les glycoprotéimes de la méme fagon que dans les tissus musculaires normaux. Mes
résultacs indiquent que I'on peut déeeler une accumulation de dystrophie immédiatement
apres que la fuston du myoblaste a eu heu, et qu’elle augmente ensuite rapidement en
proportion avee le pourcentage du nombre total de cellules de protéine Les effets de la
dépolarsation des concentrations des tons potassiques qui entraine I'mhibition de la
contraction du myotube sont négligeables, ce qui me parait une conséquence logique du
fart que la dystrophine est une protéine cytosquelettique. Les résultats de mes recherches
indiquent que la 5 Bromo-2"-Deoayuridine. dont on a constaté qu’elle affecte la
différencation termimale des myoblastes, ¢limine completement accumulation  de
dystrophme cn nuhieu de culture En défimtive, 17ar constatd que la dystrophine dans les
cellules en nuhicn de culture STassocie effectivement avee les protémes qui se hent a
Pagglutimme du germe de bIE, tel qu'on I'a constaté dans les tissus du muscle
squeletiique adulte, ce qui semble indiquer que expression de ces glycoprotéines soit
préedde expression de la dystrophine en milieu de culture, soit se passe de fagon

congruente,
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Chapter One



Introduction

I: Background

Duchenne Muscular Dystrophy (DMD) 1s one of the most common of human
X-linked discases, and is almost always fatal. Duchenne muscular dystiophy attects
approxnma's:}y 1/3500 males  Aftected individuals usually do not hve beyond thirty
years of age (Koenig er al, 1988). The chimical manitestations of Duchenne dystrophy
are detectable as early as 1-2 years of age (Kedes, 1985), commencing with motor
coordmation difficulties and muscle weakness This weakness 1s progressive, aflecting
the extremities more quickly than the chest or abdominal muscles Otten concomitant
with this deterioration 15 a moderate level of mental disability By age 12, the patient
is usually hmited to the wheelcharir, and death gencrally occurs by the late teens due
to respiratory failure, or complications leading to infections that result in pneumonia
(Kedes, 1985). The muscle weakness itself 1s the result of segmental necrosis of the
myofibres, and the near-complete mability to regenerate the deterniorating fibres
(Hurko er al, 1989) Long before the disease 15 chimically evident, there 1s already a
pattern of degencration and regeneration of muscle throughout the body ol the patient,
and soluble muscle-specific enzymes can be sound 1 the patient’s serum ‘These
markers for Duchenne Muscular Dystrophy are found even in female carriers and thus
are an aid 1n understanding the genetics of the disorder, and were invaluable
mapping the gene and the determination of 1ts locus

Molecular biologists believed that the gene that 1s altered to cause muscular

dystrophy 1s very large, based on the mutation rate The cDNA of the DMD gene



has heen cloned (Koemig er al, 1987). The DMD gene is located on the X-
chromosome, at the p21 region (Kedes, 1985). It encodes a product, called
dystrophin, approximately 427 kilodaltons in weight, estimated by Hoffman to
constitute () V02 % of total muscle protemn (Hoffman er al, 1987) Although generally
more abundant 1n stnated muscle, dystrophin has also been found 1in smooth muscle
such as the stomach, and even n brain (Hoffman ef @/, 1987). Dystrophin 1s
composed of 3685 amino acids, separated nto 4 domains (Koenig er al, 1988).

The carboxy terminal 15 believed to be involved in membrane attachment, and
15 the site for extensive alternative mRNA splicing, leading to different tsoforms some
of which have ditferent C-terminal ends. The C-terminal region is not homologous to
other known protems, whereas the N-terminus and second internal domains show
stgnificant sequence homology to a-actinin. The N-terminus of the dystrophin protein
15 followed by the first internal region which consists of 25 triple-helical segments,
which show some similarity to the repeat domains found within spectrin (Koenig et
al, 1988).

‘The dystrophin ¢cDNA cloned by Kunkel er af (1987), was found to consist of
over 60 exons, and ‘o be highly conserved 1in mammals. Generally the only region of
constderable variability has been the carboxy terminus. The dystrophin cDNA is 14
kb length, while the gene itself 15 approximately 2000 kb 1n length (Kunkel er al,
1987). Avcrage exon length s 200 bp while introns are around 35 kb in length
(Kunkel er al, 1987). I'he dystrophin gene comprises approximately 1/1000 of the

total human genome. The sheer size of the gene is sufficient to explain to some



degree the incidence of DMD, since the rate of incidence of mutation mn the region of
the x-chromosome where the dystrophin gene 1s located s not unusual (Kunkel er al,
1987).

Analysis of the dystrophin amino acid sequence showed that dystrophin 1y
hydrophilic, with 31 percent of its amno acids being charged, and evenly distributed
allowing no extensive region that 1s hydrophobic (Kocnig er af, 1988), suggesting no
segment of the protein 1s likely to be a membrane-spanming region, and that any
association of dystrophin with the myofibre plasma membrane 1s through an

intermediary such as a transmembrane glycoprotein. No cvidence exists tor a signal

peptide.
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Figure 1: Dystrophin Protein Domains

-Figure adapted from Koemig er al (1988)

During screening for enzyme activity mutants in the mouse, Bulficld ef al
(1984) discovered a mouse mutant in C57BL/10 mice that was X hinked and produced
muscle lesions very stmilar to human Duchenne Muscular Dystrophy - F-urthermore,
the genetics of the disease were also as expected for an X-hnked discase  Female
heterozygotes were carriers with little or no sign of muscle deterioration, similar to

normal females or males, while homozygous females and male heteroszygotes showed



atrophy of muscle fibres, fibre degeneration, and the muscles shcwed signs of
regencration in progress. Hence, the disorder in mice was a non-lethal mutation,
unlike in humans.

‘The similarity of the discase in mice and humans, and the fact that both
disorders were the result of the absence or truncation of the dystrophin protein gave
rise 10 a valuabie animal model for the disease Sequence studies showed that mouse
dystrophin ¢cDNA was over 90% 1dentical at both the amino acid and DNA levels to
human dystrophin This provided researchers in the field with a unique system for use
as controls i research mvolving human dystrophi. The cause of the mouse
dystrophy was found by Ryder-Cook er al (1988) to be the result of a point mutation

resulting 1n a truncated dystrophin proten.

11: Doces dystrophin accumulate o culture?

The size of the dystrophin protein raised other questions. Part of the normal
development of cells 1s the turnover of proteins. Dystrophin, being such a large
protemn, raised questions as to its susceptibility i virro, sice the protein might by 1ts
stz¢ be much more susceptible to degradation by cellular enzymes. This brought into
doubt whether the dystrophin protein would even accumulate substantially m culture
and to what extent. The possibility of a dependence upon myoblast fusion had not yet
been explored.

Given the necessity of celluiar contraction (Bandman et al, 1982 and Crisona

et al, 1983) for the normal accumulation of certain proteins, such as myosin (Crisona



et al, 1983), it became a vahd question whether dystrophin wouvld be subject to the

same restrictions.

I11: What influences the accumulation of dystrophin in cultuie?

(i) Protein turnover and contractile activity i myotubes

The accumulation of basal lamina in mvotube culture 18 heavily dependent
upon myotubes being spontancously active (Sanes e af, 1983) In thewr study, Sanes
and Lawrence found that the addition of tetrodotoxin (T'UX) chimmated all contractile
activity in the cultured myotubes. TTX has little ettect upon protemn production  the
cells, hence the cells’ nabthty to accumulate basal lamina was tound to be dependent
not upon a reduced overall protein production, but an alteration of the turnover or a
shunting to the production of other protems, leaving overall protein fevels the same
(Sanes er al, 1983). A comparison was done with Lidocaime and agam upon arresting
the spontaneous contractions of cultured myotubes, the accumulation of basal lamina
was drastically altered, without affecting overall protemn Tevels mthe cells

Bandman, Crisona and Strohman (Bandman ¢r af, 1982 and Crisona ef al,
1983) confirmed the results by Sanes and went a few steps further Crsona and
Strohman found that the effects of TTX on rat muscle hibres were completely
reversible They also studied the kinetics ot the synthesis and accumulaton of
different protein classes in these cells to determie more specifically which types of

proteins were affected by contraction-inhibition.



Therr results showed that the kinetics of extramyofibrillar protein accumulation
and synthesis were unaffected by the TTX treatment, myofibrillar proteins were
signifi-antly reduced for the duration of the treatment, but returned to normal after
the removal of TTX trom the culture medium (Crisona er ¢/, 1983). Among the
myofibrillar proteins assayed were troponin-C', myosin fast hght chains 1 and 2, o-
acun, and tropomyosin. Fidament proteins studied included vimentin, o,8-desmin, and
B,a-actin. Importantly, of the contractile protemns affected, not all were affected to the
same extent nor 1 the same manner While some were drastically reduced n
synthesis, others were more affected m therr levels of accumulation. In some cases,
the decreased accumulation was not the result of decreased synthesis, but resulted
from increased degradation

Further work by Strohman and Bandman (Bandman e «al. 1982) demonstrated
the eftects of depolarizing levels of potassium on on contraction in culture. While
cells i mild concentrations of potassium would continue to spontaneously contract,
nigh concentrations of potassium would completely and reversibly inhibit all
contraction  Again, myosin accumulation was shown to be markedly reduced
(Bandman er «/, 1982) Total protein accumulation i the potassium treated cells was
not altered sigmiticantly, nor wa, differentiation affected, as the cells were able to
fuse normally and would contract within a day ot the removal of the high potassium
medinm The primary cause ot decreased myosin accumulation was found to be the

INCIease 1 myosin turnover in high potassium cultures (Banéman er al, 1982). The



determination of whether dystrophin accumulation s altered due to contraction-

inhibition was then considered a valuable endeavour,

(i1) Factors controlling myoblast termunal differentiation

Dystrophin was originally thought to be entirely muscle-specitic. Although
more recent findings have shown 1t to be present i other tissues as well, notably
brain, the developmental regulation of dystrophin induction i the myaoblast 1s
generally unclear Rasearch into muscle-specific gene activation has shown a single
gene can be responsible for myogente determination. One such gene 15 known as
MyoD. MyeD can convert C3HIOT1/2 mouse embryo fibroblast clonal cells to
myoblasts (Davis er al, 1990). The method of myogenic induction by Myob 1s the
binding of MyoD to cell DNA at the promotor and/or enhancer regrons of muscle-
specific genes, thereby inducing a cascade ot events leading toward the alteration ol
cell phenotype, and an alteration in their terminal differentiation, preventing cell
fusion.

Dystrophin is known to have a MyoD binding site, known as an I+ Box 'The
binding of MyoD (or transcription factor heterodimers having MyoD as a component)
to the E Box normally activates the promoter and allows transcription to occur
Recent work by Gilgenkrantz er al (1992) showed that direct action by MyoD on the
dystrophin regulatory elements does not tnigger transeription "T'his does not preclude
the possibility that dystrophin could be subject to regulation in 1ts turnover by MyoD

controlled elements. Dystrophin 1s also known to have other regulatory elements, such



as a CCArGG box, which seems to be involved in determining muscle-specific
transcription (Gilgenkrantz er al 1992). Dystrophin 1s differentially regulated, with
different promoters for muscle and non-muscle tissue (Gilgenkrantz er al 1992).

One of the most well-known and effective chemical agents known to alter the
terminal differentiation of myoblasts by eliminating the binding of MyoD is 5-bromo
2'-deoxyuridme (Brdl) (Cates er al, 1978 and Tapscott er al, 1989). BrdU 1s a
mutagen, a (hynndn;c analogue that causes a keto to enol 1somerization changing
guanidine - ¢ytosine base pairs for adenosine - thymidine. BrdU affects
differentiation, but not proliferation of the treated cells. Changes are reversible, and
involve normal DNA rephcation mechanisms. BrdU 1s believed to work by altering
promoters and enhancers on cell DNA, thereby selectively affecting the expression of
myogenic regulatory proteins such as MyoD. Overexpression of MyoD in BrdU-
treated myoblasts overnides the effects of BrdU on the expression of muscle specific
genes such as myosin heavy chain, suggesting that BrdU has an indirect effect on the
promoters for these genes and affects their expression secondary to effects on MyoD
(Tapscott er al, 1989)

The effects of agents that alter terminal differentiation could also be felt by
other genes, including dystrophin. Hence, a study of the effects of BrdU on
dystrophin levels mocell cultures could reveal whether dystrophin falls into the same
category of protens that are within the MyoD regulatory cascade.

Dystrophin 1s believed to be a membrane cystoskeletal protein, based upon its

sequence. Given the lack of membrane-spanning domains within the protein, it is



logical that it must associate with other proteins that are capable ot anchoring to the
membrane, or are themselves embedded within it. Since 1t 18 beheved that the stability
of this glycoprotein complex 1 dependent upon dystrophin associating with the
complex, 1t is not unreasonable to consider the effects of glycoprotein association as

important 1n the expression of dystrophm

IV: Does dystrophin associate with its glycoprotein complex i cubtured cells as

reported _for tissue?

Campbell er al (1990) showed that dystrophin 15 associated to an oligomeric
complex of glycoprotems that allow dystrophin attachment to the plasma membrane.
This glycoprotein complex consists of cytoskeletal, transmembrane, and extracetular
components. A 43K and a 156K glycoprotein have already had their anuno acid
sequences deduced from cDNA (Ibraghimov-Beshrovnaya er af, 1992)  Dysttophin
appears to assoclate with a glycoprotem complex consisting of 25K, 315K, 43K, 50K,
59K and 156K protemns at a 1:1 stoichiometry  Dystrophin appeats to be m direct
contact only with the 35K, 43K, and 59K glycoproteins (Ibraghimov Beskrovnaya ef
al, 1992). Use of gentle detergents such as digitonin altows the extraction of the
compiex 1ntact, allowing the study of the association of dystrophin to its anchor
complex in greater dewal. It 15 unknown whether dystrophin associates with
glycoproteins in culture, especrally at early stages of myogenesis 1t dystrophin does
associate with glycoproteins i vitro, then this implies that the expression of the

glycoproteins either precedes dystrophin expression, or 1s occuring concomitantly.



A comparison of the levels of dystrophin accumulation in culture versus the
levels of dystrophin in human or animal tissue would also be informative. While in
vitro studics have considerable usefulness in the study of developing animal systems,
hormonal control, immune system mterference, and the actions of local cellular
environment as well as the environment surrounding the organism as a whole cannot
always be assessed m this system A knowledge of the level of dystrophin expression
in culture however provides a yardstick against which results obtained /n vivo can be
measured  The moyirro system has the important advantage that the tactors controlling

gene expression can be manipultated and studied more readily than in vivo.

V: Summary of research attempted

In this work I addressed several questions:

1) How 1s dystrophin expressed in virro? Does 1t have the same
abundance as in adult muscle tissue? Does 1t start expression early in cell development
or 1s 1t dependent upon other factors, such as fusion or the presence of other proteins?

1) What are the regulatory factors that alter the expression of
dystrophin from normal levels m culture”? Are chemical agents, such as BrdU. which
prevent differentiation, or depolarizing agents, such as potassium, that prevent
spontancous cell contraction, capable of modifying the accumulation of dystrophin in

vitro?

10



111) What association occurs with ditferent protems i culture” Can
dystrophin be found associated with membrane glycoproteins as reported, or does

early expression of dystrophin occur without coordinate expression of its receptors”?



Materials & Methods

Matenals:

1) Tissue _culture materials:

Growth medium (Ham's I 12), Dulbecco’s Modified Eagle Medium (DMEM)
chick embryo extract, trypsin (DIFCO 1/250), horse serum, were all obtained from
GIBCO, Grand Island, New York, USA.

Supplemented growth medium additives: BSA, dexamethasone, fetuin, and
bovine insulin were all obtained from Sigma, St Louws, Mo, USA

Gentamycin sulphate was obtained from Sigma.

Trissue culture dishes, including 100mm and 60 mm dishes were obtained from
Nunc (sold by GIBCO)

Gelatin was obtained from BDH, Toronto, Ontario

Potassiu.n chlonde was obtained from Fisher Scientific, Lachine, Quebec

S BromoDceoxyUridine was obtained from Boehringer Mannheim, Laval, Quebec.

[EC Chimieal Centrifuge was purchased from International Equipment Company,

Needham, Mass, USA

) Antigen preparation materials:

Freund's Complete and Incomplete Adjuvants were obtained from GIBCO;

glutaraldehyde was obtained from JBS Supplies. Pointe Claire, Quebec.



Spectraphor #4 dialysis membranes were obtained from Spectrum Medical
Industries, Los Angeles, CA, USA.

Peptides used for injection were obtained from Multiple Peptide Systems, San
Diego, CA, USA

Keyhole Limpet Hemocyanin (KLH) was purchased from Sigma.

The sonicator for tissue and immunogen preparation was purchased from Fisher

Scientific, Model 150.

3) Affinity purification

Affigel-15 Sepharose beads, 15x0.7cm glass columns, were purchased from Bio
Rad, Richmond, CA, USA.

Citrate, sodium chloride, sodium phosphate, and glycine were all purchased from
Sigma.

ImmunoPure Ag/Ab Gentle Elution Buffer was purchased from Picrce, Rocktord,

IL, USA.

4) Protease inhibitors:

Aprotinin, Leupeptin, N-Ethyl-Maleimide, and Pepstatin-A were all obtained from

Boehringer Mannheim, Laval, Quebec.

5) Protein assays:

Sodium hydroxide was purchased from Fisher Scientific

13



BCA Protein Assay reagents were purchased from Pierce.

Model U-1100 UV/Vis Spectrophotometer was purchased from Hitachi.

6) WGA chromatography.

Wheat germ agglutinin-sepharose (WGA-Sepharose) was obtained from Sigma.
Biotinylated wheat germ agglutinin was purchased from Vector Labs, Burlingame,

CA, USA.

7) SDS-PAGLE & Western blotting, slot blotting including stains

Tris base was purchased from Sigma.

Sodium dodecyl sulphate (SDS) was purchased from Polysciences Incorporated,
Warrington, PA; USA.

Bis-acrylamide, acrylamide, ammonium persulphate, and TEMED were all
obtained from BioRad.

Blotting and nitrocellulose paper were purchased from Scheicher & Schuell,
Keene, NH, USA.

Biotinylated  secondary anti-rabbit antibody was purchased from Vector
[.aboratorics.

NBT/BCIP, alkaline-phosphatase conjugated secondary antibody were purchased

from Bio/Can Scientific, Mississauga, Ontario, Canada.

14



8)_Image analysis:

Jandel Video Analysis software was purchased from Jandel Scientific, Corte
Madera, CA, USA, and Microsoft Excel 4.0 was purchased from Microsoft Corporation,
Redmond, WA, USA. Image analysis was pertormed on a 486/33 IMB-PC clone running

MS-DOS 5.0 and Windows 3.1 operating environments

9) Frozen sections:

Potassium biphosphate, sodiumbiphosphate, diaminobenzidine were obtamed trom
Sigma.
Streptavidin peroxidase was purchased from Bio/Can Scientific.

Biotinylated anti-rabbit antibody was purchased from Vector Laboratories.

10) Stains:

Bromophenol blue and coomassie brilhant blue were purchased from Sigma.

Eosin and trypan blue were obtained from GIBCO.

11) Miscellaneous chemicals-

All other chemicals were purchased from Sigma or Fisher Scientific, depending

on price and availability.

15



Pepude-Conjugate preparation:

'The method used was modified from V-alter er al (1980). 5 mg of the selected
peptide and 5 mg of KLH (or BSA for use in slot blot assays) were mixed together in
0 8 ml of 0.1 M sodium phosphate solution (pH 7.5) in an eppendorf tube. 0.2 ml of
50% glutaraldehyde was added dropwise and the mixture agitated for 30 minutes at room
temperature until the solution turned orange-yellow. The tube was spun at 1000xg for 3
minutes o spin down any precipitate and the supernatant decanted.

The supernatant was placed in a rinsed dialysis membrane (spccetraphor #4 MW
excluston Tt 12000-14000), and the dialysts bag was then placed in 0.1 M sodium
phosphate solution, (pH 7.5) overnight at 4°C.

Atter dialysis, the solution nside the membrane was removed and aliquoted in 1

ml quantities and frozen at -70°C until neeged.

Rabbit_injections, bleeds & serum storage:

Methods tollowed were taken from Goding (1983). Antigen (peptide-KLH
conjugate) was thawed and the 1 ml ahquot was mixed with an equal volume of Freund’s
Complete Adpuvant tor the first jection  Subsequent injections were performed using
Freund's Incomplete Adjuvant. The adjuvant-conjugate mixture was sonicated for two

minutes on ice to prevent excessive heating,

16



Rabbits were injected subcutaneously in the dorsal region twice monthly using a
1 ml syringe and 22 gauge needle.

Bleeds were started after the third injection and were carried out on weeks that
the rabbits were not mjected. Bleeds were performed by puncture an artety on the
surface of the ear, and collected into 50 ml centrifuge tubes

Blood was allowed to clot overnight at 4°C and then the serum was gently poured
out, with as little clot disruption as posstble The serum was then vacuum filtered to

remove red blood cells, aliquoted into 1 5 mi eppendort tubes and stored at -70°C,

Slot blots:

Slot blots were perforimed using a Bio-Rad SIF Microfiltration Apparatus The slot
blot was selected as the most convenient method should there be a desire to perform
densitometric analysis due to the uniformity of distribution of sample m cach chamber.

Serial dilution was used to prepare samples of peptide conjugates for loading
Upon adsorption by vacuum filtration onto the nitrocellulose membrane, the nittocellulose
was dried overnight anu then all unreacted sites on the nitrocellulose were blocked by
skim milk and incubated with primary antibody for two hours at room temperature The
blot was then rinsed three times for five minutes ecach with TBST (100 mM ‘Ins HCI pH
7.5, 0.9% NaCl, 0.1% Tween 20) (I..M. Kunkel, personal communication) and
secondary biotinylated anti-rabbit antibody was then added at a dilution ot 17400 for one

hour.



‘The blot was then rinsed again three times for five minutes each with TBST and
ABC( alkahline phosphatase reagent was added and allowed to incubate for one hour, then
rinsed as before and NBT/BCIP reagents were added untl the stain was no longer
appearing 1o darken. ‘The nitrocellulose was allowed to dry between blotting paper and

photographed

SDS-PAGE: sample preparation:

1) Tissue samples: Tissue (approx 30 mg) from skeletal muscle of animal or
human origin material was muinced with a razor blade and then put into a glass test tube
with 200 ul SDS sample buffer (7SmM tns-HC1 pH 6.8, 15% SDS, 20% glycerol, 5%
mercaptocthanot, 0.01% bromophenol blue) and polytroned at full speed for 30 seconds
for complete homogenization (C. Guernn, personal communication). The samples were
then removed and placed in an eppendorf tube and boiled for five minutes, then frozen
at -70°C until needed Before use, the samples were thawed, boiled for 2 minutes and
sonicated for 30 seconds to disrupt protemn aggregates that form during freezing. Before
use protemn was quantitated using the BCA protein assay as described below

1y Culture samples. Cultured cells were harvested as described below. The cells
were then placed moan equal volume of SDS sample buffer and boiled for 5 minutes,
then frozen untl needed at -70°C When about to be used, the samples were thawed,
borled tor 2 nuinutes and somicated for 30 seconds to disrupt protein aggregates that form
durmg freezmg. Before use a protein assay was performed to quantitate protein for

loading mn gels.
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Harvesting of cultured cells:

Cultured cells were rinsed twice in the slate with cold (4°C) PBS to remove
serum and growth medium, and aspirated until atl hiquid was removed. Approximately
0.5 ml of cold PBS was then added to the dish - A rubber policeman was gently run over
the surface of the dish several times, swirling the PBS periodically o colleet all the
scraped cells. The PBS was then taken by transter pipette and put into a 15 ml conieal
centrifuge tube and spun in a cold (4°C) ILC tabletop centrituge at 1000 rpm tor tow
minutes. The PBS was then removed with a pasteur pipette, carefully avording the pellet

The pellet was then resuspended 1 about 200 kb of PBS, and decanted mto a cold
homogenizer. The suspenston was then homogenized with 20 stiokes. all the while
keeping the whole apparatus covered to the neck with 1ce to prevent degradatton of

proteins. The homogenized cells were then aliquoted and frozen at 70°C' until needed.

Protein assays:

Protein assays of samples were performed using the bicinchonimic acid (BCA)
reagent (Pierce) for spectrophotometric determimation of protein concentration

A standard BSA solution of 2 mg/ml was scrially diluted and used for a reference
curve. Tissue and culture samples dissolved i SDS were then acetone precipitated by the
addition oi 10 volumes of acectone to the sample and agitation, followed by evaporation
of the acetone and water overnight

Samples were then digested with 0.1 N NaOH for one hour at room temperature

and then the BCA test kit was used as per instructions.



SDS-PAGLE & Western blotting:

Methods described here are taken from Zubrzycka-Gaarn er al (1991). Tissue or
culture homogenates of known concentration were prepared according to the procedure
above. A 4.5% polyacrylanude gel was made on the Bio-Rad mini-gel system.

The gel was transferred in the standard tris-glycine transfer buffer at 100 Volts
for 3 hours with "Bio-Ice” cooling units changed at 30 minute intervals,

'The blot was dried for more than 16 hours between filter paper and incubated in
10% non-fat dry milk in TBST butfer for 451 tes at 37°C with mild agrtation in a
petrt dish or a modified square tissue culture flask.

The skim milk was removed and the blot rninsed briefly w'th TBST. The
polyclonal antiserum was added in TBST without skim milk and the blot incubated at
room temperature on a rocker for 2-3 hours. The blot was washed (3 changes of TBST
during 15-20 mmutes) and rinsed 30 seconds with the skim milk and 30 seconds with
TBST. The secondary anti-rabbit antibody was added to 10 ml of TBST.

Secondary antibody consisted of two sorts:

1) Alkaline Phosphatase conjugated;

1) Biotinylated.

‘The otinylated secondary antibody (goat anti-rabbit) was added at a 1:400
dilution i TBST to the blot and the incubation was continued for one hour at room
temperature with gentle roching. During this time, the ABC alkaline phosphatase reagent
(Preree) was prepared according to the instructions on the package in TBST. The blot

was washed as above.
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The ABC alkaline phosphatase reagent was added and the incubation continued
for one hour at room temperature with gentle roching. The blot was washed as above,
except for 30 minutes and the shim nulk rinse was onutted.,

The alkaline phosphatase conjugated antibody was added at dilutions of 1/5000
to 1/7500 for one hour, then the blot was rinsed as above with TBST.

Colour development was achieved with the NBT/BCIP reagent in 1S ml of ats
reaction buffer. Only a few seconds after adding the reagent the dystrophin band
appeared over a light background and the reaction was stopped immedrately by rinsing
with distilled water.

Staining of gels (as opposed to blots described above) was pertormed using,
coomassie brilliant blue (0 5% coomassic dyc w/v, 25% 1sopropanol, 10% acetic acid)
for 2 to 3 hours and then destained for another 2 to 4 hours using destain (10%

isopropanol, 10% acetic acid) until bands were visible clearly over the background

Primary rat muscle cell cultures.

3-day old rat pups were and decapitated with large scissors, then placed on ice.
The pups were rinsed briefly in ddH,0, then 70% cthanol, and then trom cach pup the
calf and thigh muscles were removed and put in a small volume of DMEM 1n an
uncoated tissue culture dish.

Once all the pups have had their leg muscles removed, the oxcised tissue was
minced to a fine pulp in the TC dish, and then decanted nto the trypsinization flask

Approximately 10 mis of 0.3% trypsin in ddH,() was added, and the flask put in the
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incubator and set to stir slowly. Once the solution became cloudy the flask was removed
and the solution carefully decanted into a 15 ml conical tube. Care was taken to avoid
large solid tissue particles from leaving the trypsinization flask, since this is still not fully
digested  The flask was refilled to the 10 ml mark and replaced in the incubator to
continue digestion untl agam cloudy

The 15 ml conical tube was filled with an equal volume of DMEM + 10% horse
serum and then spun i the centrifuge for 3-4 minutes at 1000xg (setting 4 on the 1EC).
The supernatant was removed and discarded, and the pellet resuspended 3-5 ml of
DMEM + 10% horse serum tc inactivate any residual trypsin, and left at room
temperature 1n the hood These steps were repeated until only fine stringy lumps of
connective tissue were left in the trypsinization flask.

The contents of the conical tubes were pooled and then poured into a syringe (60
cc or 12 cc depending on the volume), then passed through a 75 um Swinney Nitex
filter, followed by a 10 um filter.

An aliquot was taken for cell counting, mixed with trypan blue or eosin stain and
counted under the microscope. Cells were plated in 0.5 % gelatin-coated TC dishes at 3-
Sx10° cells per 100mm dish. They were given 10 ml of DMEM +10% horse serum +
0.5% chick embryo extract + 50 pg/ml gentamycin sulphate, and placed in a 95%
humidity, 5% CO, incubator at 37 °C.

The medivm was changed every 3-4 days, until harvesting.
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Contraction-Inhibited cultures:

Primary rat muscle cell cultures were prepared as described above. Cells were
placed in normal medium (DMEM + 10% horse serum + 0.5% chich embryo extract
until fuston had taken place, (approximately 3 days) then half the plates were swatched
to medium containing 12 mM potassium bicarbonate and 19 6 mM sodium bhicarbonate
Cells without high potassium concentration were also given tresh medium so that both
high and low potassium-contamning cultures would have to conditton the medium at the
same time-point 1n differentiation. Medium was changed cvery 3-4 days, continumg to
put high potassium for one set of plates, and low potassium for the other set. Cultures
were harvested after 9-11 days, when the low potassium plates showed maximum

contractile activity.

BrdU cultures:

Primary rat muscle cell cultures were prepared as described above, and placed n
normal medium (DMEM + 10% horse serum + 0.5% chick embryo extract. Alter
fusion (approximately 3 days), medium was changed Onc halt of the plates bad normal
medium, the other half had normal medium contamning 6 5 uM BrdU (Cates e al, 1978)
Medium was changed as before, every 3-4 days, with one set of plates continung to
receive 6.5 uM BrdU in their medium, and the other halt of the plates recerved normal

medium. After 7-11 days. the cells were harvested as described above



Human cell cultures:

FACS-sorted human cells from ussue were prepared by C. Guerin as described
by Champancria er al (1989) and frozen at -70°C Cells were thawed and plated at 3x10°
per 100mm plate i supplemented growth medium (Ham's F-12 + 15% fetal bovine
serum, 0 S mg/ml BSA, .39 ug/ml dexamethasone, 10 ng/ml human epidermal growth
factor, 05 mg/mi fctuin, and 0.18 mg/ml nsulin. Cells were alluwed to grow to
confluence (approximately S days) in growth medium.

Once confluent, cells were switched to fusion medium (DMEM + 2% horse
serum). Cells were allowed to fuse for another 8 days and then were harvested as

described above.

Antiserum affinity purification:

The procedure used was a modification of that followed by Richardson er al
(1985) 1.0 ml of Affigel-15 affinity support matrix from Bio Rad was placed into an
eppendort tube and spun for 2 minutes in an eppendorf tabletop centrifuge at 15000 rpm.
The supernatant was removed and the Affigel-15 was rninsed with 0.5 ml of citrate/NaCl
Bufter (0 1 M/1.0 M, pH 6 9) and spun in the eppendorf centrifuge (repeated three
times) to remove all traces of 1sopropyl alcohol (a storage agent).

The Affigel-15 was then mixed until a suspension was formed, then 1.0 ml of
BSA-C-termunal DMD peptide conjugate was added. The two were mixed for one hour

at room temperature to allow coupling to progress to completion.
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The conjugated BSA-C-termunal-Atfigel- 15 was then resuspended and diluted for
ease of transfer in citrate-NaCl buffer and pipetted into a 15 cm long, 7 mm internal bore
glass column This makes tor a column of about 1 ml bed volume  Any unicacted sites
on the Affigel-15 were bloched by the addition of glyene (1 O M, pH 8 0) tor one howt
at room temperature The glycine was rinsed then with citrate butfer

1 mi of serum was thawed and then run into the column The column was allowed
to sit overnight at 4°C and for onc hour at room temperature to allow the antibody to
bind to the frec antigenic sites on the Affigel cenjugate The column was washed with
15 ml of citrate buffer, and three 5 mi fractions were taken  Then S mib of the
Immunopure Gentle Ag/Ab (Pierce) clution buffer was used to clute the IgGo Fave T ml
fractions were taken. and stored at 4°C° "The column was regenerated with S ml of eitrate
buffer (pH 2.5, 0.IM) and then rinsed with citrate bufter (pH 6 9, 0.1M), hlled wath

PBS containing 0.05% sodium azide (as preservative), and stored at 47°C

Wheat Germ Agglutinin extractions:

Human ceils were cultured as described above. Harvestung was done somewhat
differently from what was previously described on page 19 Cultures were harvested
cold PBS (4°C) with protease inhibitors (Pepstatin A 1 O oM, Teupeptin 11 uM, N
Ethyl Maletmide | 0 uM; Aprotinin 0 0768 uM) Cells were homogenized in o tritted
glass homogenizer Harvesting and homogenization were done on 1ce at all times

Cell homogenates were spun i a Ty 65 (Beckman) rotor in an 18 55 (Beckman)

ultracentrifuge at 100 000g (42 500 RPM) for onc hour at 4”C ‘The pellet was
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solubihized in Buffer A (Buffer A= NaCl 0.50 M; Tnis-HC] pH 7.4 50 mM; NP40
1.0%; & protease inhibitors as above), and spun 1n an eppendorf tube centrifuge at 4°C.
The supernatant was kept (the pellet was discarded, as 1t consists primanly of nuclei).

T he supernatant was run into the WGA-Sepharose column at 4°C and allowed to
incubate tor 2 hours at 4°C. Elution was done with 1% SDS 1n Buffer B. (Buffer B=
Tris HCT pH 7 4 SOmM, NP40 O 1%, protease mhioitors as  above).

The elutate was mixed with an equal volume of sample buffer and used for SDS-

PAGE

I‘rozen sections:

Tissue was obtained from biopsies performed by either Dr. George Karpati (in
the case of human skeletal muscle tissue) or by Mr. Steven Prescott (in the case of mouse
tissue). Hercatter the handling of tissue samples 1s the same.

4 pm sections were sheed using a cryostat and placed on microscope cover ships.
The samples were then immersed 1n acetone for 2 minutes and allowed to air dry. The
sections were rehydrated by mceubation in PBS for 5 muinutes. then excess buffer was
removed and the coverships were place in a hunudified chamber

Antinera were apphied to the sections, and mmcubated for 30 minutes at room
temperature  The sections were rinsed twice in PBS for S minutes each and streptavidin-
brotinylated peronidase was then added and allowed to incubate for another 30 minutes

The ninse was repeated again twice with PBS for 5 minutes each and the sections

reacted with 0 5 mg/ml diamio benzidine solution for 5 minutes at room temperature.



. Upon reaction the sections were rinsed with distilled water S tumes and dehydiated v a

95%, 95%, 100%, 100%. ethanol series, cleared n xylol and mounted.

27



Results

Section I: Characterization of the antibody to dystrophin

Inttially, it was decided to attempt to raise antisera to synthetic peptides, based
on the human dystrophin amino acid sequence (Koenig et al, 1987 and 1988). The
known sequence was used to sclect three different regions that were expected to be
immunogenic, based on criteria outlined for the selection of suitable epitopes and
peptides tor injection (Lerner, 1984) The peptides were from areas that were
hydrophtlic, and considered likley to be exposed sites on the dystrophin protein. The
threo peptides were: 1GLTGQKLPKEKGSTR-COOH (amino acids 56-70); ii)
ROSTRNYPQVNVINETTS-COOH (aa 145-162); n))GTGKLSEDEETEVQEQ-
COOH (aa 410-423) The 3 selected peptides were conjugated to KLH using
glutaraldehyde, and injected nto rabbits (Goding, 1983), first with 1 mg peptide-
conjugate n complete Freund’s adjuvant. followed with biweekly njections of 1 mg
i incomplete adjuvant and then the rabbits were bled. The antisera were assayed on
slot blots agamnst peptides conjugated to bovine serum albumin (figure 2A, 2B, &
2C) BSA was used to avoid any possible reaction by the antiserum to KLH, which
was used as a carrier for the immunogen when it was injected in rabbits.

As can be seen from figure 2, antiserum 1 reacls with its immunogen, but
cross-reacts rather strongly with peptides 2 and 3. Antiserum 2 reacts with its own
immunogen, as well as peptides | & 3. These cross-reactions are likely due to non-

specific reactions Antiserum 3 reacted well against its immunogen and cross-reacted
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Figure 2A; 2B, 2C: Siot blots of Immunogens tested with their own antisera.

The Peptide-BSA conjugate was prepared as described in Matenals &
Methods. The blot was probed with the antisera at 1/200 dilutions agamst varymg
concentrations of peptide-BSA conjugate. The bound antiscrum was then reacted with
anti-rabbit biotinylated antibody (Dimension labs) at 17400 concentration and stamed
with NBT/BCIP (Bio/Can).

A: The three lanes show the reaction of antiserum to peptide | against peptide
BSA conjugates to peptides 1,2 and 3 respectively. The upper slot 1s with antigen
concentration at 0.15xg/ml, the lower 15 at 0 015pg/ml

B: As 1n A above, except the antiserum to peptide 2 1s tested against peptide
BSA conjugates 1, 2 and 3.

C: Asn A & B above, except the antiserum to peptide 3 1s tested against
peptide-BSA conjugates 1, 2 and 3.
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with peptide 1, but was not as reactive with peptide 2. There was no appreciable
activity against BSA alone by any of the three antisera (not shown), so all
immunoreactivity can be safely considered specifically directed against the peptide
portion of the BSA-peptide conjugates.

‘These results show that indeed there was an immunoreaction occurring to the
mjected peptide conjugates, successfully generating antibodies The next step was to
determine whether any of the antisera were immunoreactive against the dystrophin
protein (figure 3).

The anti-peptide antisera were used to probe samples of normal and dystrophic
(dystrophin-deticient) human tissues, provided by Dr. George Karpati at the MNI.
The tissues were homogenmized 1n a glass homogenizer and a polytron, boiled in SDS,
and sonicated to ensure complete solubthzation. The sample proteins were separated
clectrophoretically, then transterred by Western blotting to nitrocellulose. A
polyclonal antiserum against a 60 kd dystrophin fusion protein (Hoffman er al, 1987)
was used as a control antiserum for comparison. As can be seen in figure 3, the
internal region peptide antisera do not produce any reaction against dystrophin in the
normal human tissue. with multiple bands appearing 1n both dystrophic and non-
dystrophic tissues The dystrophic tissues were mtended as controls By contrast the
antiserum of Hoftman er «f (1987) did ehicit a reaction against dystrophin, showing
clearly as a band n the high molecular weight region in the normal tissue, and absent

in the dystrophic tissuc.
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Figure 3: Western Blot of Antisera on Human Tissue

The biot was probed with the antiscra at a dilution of 1/400), rcacted with
biotinylated anti-rabbit antibody, stained with NBT/BCIP and dried

Lanes 1-2 were probed with antiserum 1, lanes 3-4 were probed with
antiserum 2, lanes 5-6 were probed with antiscrum 3, lanes 7-8 were probed with
anti-dystrophin fusion protein antiserum (Hoffman er a/, 1987) Arro indicates
dystrophin band

N =Normal human tissue, :0 pg loading.

D =Dystrophic human tissue, 10 pg loading.
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These mitial attempts to raise antibodies in rabbit using 3 internal peptides
from the DMD gene product were unsuccessful. While the antisera raised could
rehably detect their individual immunogens, and to some degree cross-react with each
other, there was no evidence that they could detect the ntact dystrophin protein.
Clearly the antiscra did have antibodies to their respective peptides, since they did

react to therr immunogens, but aganst the whole protein they were not useful.
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Figure 4- Pepuide Sclections on the Dystrophin Protein

Diamond: Internal Domain
Circle: Hinge Region
Square:  C-terminal
I then decided to attempt to raise antibodies to another hydrophilic region of
dystrophin, called the hinge region, as well as to the Dystrophin Related Protein
(DRP) (Khuranat er al, 1990 and Love et al, 1989). DRP 15 an autosomal homolog to
dystrophin, found n very low but nevertheless detectable concentrations 1n normal
muscle. DRP has over 90% homology with human dystrophin.
Two mternal sequences (CSMWPEHYDPSQ-COOH and
COPDASGPQFHOQAA-COOHN) referred to in the following text as DRP1 and DRP2,

of the DRP proiein were chosen for use as peptides based on their lack of homology



to dystrophin, and injected into rabbits upon conpugation with KLH using
glutaraldehyde. The antisera showed no reactivity agamnst DRP on Western blots
(figure 5). Anti-DRP antiserum (Karpati ¢r ¢/, 1992) did however show a famt band
in the DRP region (C Guerm, unpublished data)

When the blot 1n figure 5, already treated and stained using the DRP
antiserum and alkaline phosphatase reagent, was reorobed with C-ternunal anti
dystrophin antiserum (see p 35 for more iformation about this antiserumy), the results
were quite difterent (figure 5)

The apnearance of bands n the dystrophin region n figure S of the normal
tissue lanes indicates that there 1s dystrophin present, and that high molecular weight
proteins were undegraded. Although the concentration of DRP in normal sheletal
tissue in mice 1s low, 1t 1s nevertheless normally detectable Yet the antt DRPT and
DRP2 antibodies do not detect DRP on the same Western blot, which * Guenn's
DRP3 does. This irdicates that the anti-DRPI and DRP2 antisera are not
immunoreactive, and the reasons for this could be simply that the regions chosen for
the peptides were not immunogenic enough. Other possibilities are that the regron
selected has no exposed epitopes, such as was the case with the three unsucceesstul
anti-dystrophin antisera carlier.

Finally, a proline-rich region of dystrophin, considered to be a hinge region,
was selected (Sequence: CKLEMPSSMLE-COOH, aa 2458-2469) Peptides were
synthesized and rabbits immumzed, but as with the previous immunogen, there was

no immune response that was detectable against whole dystrophin on Western blots.
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Figure 5: DRP antiserum and reprobing with C-terminal anti-dystrophin antiserum on
normal and dystrophic mouse & human tissue.

Human skeletal muscle tissue from patients was taken in biopsies and
homogenised. as well as tissue from ¢mx and mdx mouse skeletal muscle. The tissues
were separately homogenized, boiled in SDS sample buffer, sonicated, and subjected
to SDS-PAGT:, with 10ug loading per lane The gel was then transferred to
nitrocellulose by Western blotting, then the blot was blocked with skim milk and
probed with the antisera, reacted with biotinylated anti-rabbit antibody, stained with
NBT/BCIY and dried. Arrow indicates dystrophin band.

Probing was done with the anti-DRP antisera, at 1/400 dilution and neither
showed any bands( left) and with anti-C-Terminal antiserum at 1/200 dilution (right).

Lane 1 =Human Lane 4=MDX

Lane 2= MDX Lane 5=CMX

Lane 3=CMX



From this 1t was decided to try using a different region of the DMD gene
product. A region composed of the last 17 amino acids of dystrophin was sclected.
(Sequence: SSRGRNTPGKPMREDTM-COOH, aa 3668-3685) This sequence had
previously been shown to bz immunogenic by Zubrzycha-Gaarn er ol (1991) T'wo
rabbits were mjected with the C-terminal dvstrophin peptide, conjugated to KEH m
the same manner as the previous peptides The resulting antiserum was compared on
Western blots to the anti-fuston protein antiserum of Hoftman ¢ al (1987) and tound
to elicit the same staining pattern.

The C-terminal antiserum was then tested on mouse tissue, since mouse
dystrophin has significant homology to human, rat, and chick dystroplun (Kocmg ef
al, 1987 and Hoffman et al, 1988), and there 15 a mouse model of Duchenne
Muscular Dystrophy. Normal mice, with itact aystrophin, ¢z, show a dystrophin
band when stained with the C-terminal antibody, while dystrophic nuce, mdx, do nol
show any band in the dystrophin region at all This result 1s consistent with that given
by the fusion protein antiscrum (figure 6)

In order to be certain that the C-termunal antiserum was truly specific agamnst
the DMD gene product, a peptide preincubation experiment was performed (hgure 7).
Preincubation of the antiscrum with the C-terminal peptide should result i binding of
the antibody to the peptide immunogen This should then saturate the binding sites on
the antibody so that it 1s unable to bind to dystrophin on the blot

Figure 7 shows that the C-terminal antibody doces not bind any protems

transferred to nitrocellulose when premcubated with the C-terminal peptide As a

w
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Figure 6: Staming of mouse tissue with the dystrophin C-terminal antibody

Skeletal muscle tissue from both normal and dystrophic mice was
homogenised, polytroned, boiled in SDS sample buffer, sonicated and subjected to
SDS-PAGE. The gel was then transferred to nitrocellulose by Western blotting, and
the blot was blocked with skim milk and probed with the C-termunal antiserum at a
dilution of 17400, reacted with biotinylated anti-rabbit antibody, stained with
NBT/BCIP and dried  Arrow indicates dystrophim band.

Lane 1 s from mdx nmice, 10 pg loading.

Lane 28 from emy muce, 10ug loading
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Figure 7: Peptide preincubation experiment

Human tissue was transferred to nitrocellulose using Western blotting The
blot was probed with preincubated C-terminal antiserum at a dilution of 1/400,
reacted with biotinylated anti-rabbit antibody at a dilution of /1000, stained with
NBT/BCIP and dried.

C-terminal antiserum was incubated first with peptide for 2 hours and then
with the blot for an additional 3 hours The peptides used were erther the immunogen
itself or the second peptide from the internal region of the DMD gene product
Controls were the preimmune scrum from the c-termmal injected rabbit and the ¢
terminal antiserum without any peptide at all add:d Arrow indicates dystrophm band

Lane |: Preitmmune antiserumn

Lane 2: C-terminal antisecrum on midx mouse hssue (control)

Lane 3: C-terminal antiserum

Lane 4: C-terminal antiserum preincubated with 20 pg/ml C-terminal peptide

Lane 5: C-termunal antiserum premcubated with 20 pg/ml internal region 2
peptide.



control, another dystrophin peptide from the second internal region (sequence:
ROQSTRNYPQVNVINFTTS-COOH) was preincubated with the antiserum, and 1t 1s

clear that this peptide does not prevent antibody binding to dystrophin on

nitrocellulose

The negative control, the pretmmune serum, does not show any bands in the
dystrophin region, while the C-terminal antiserum does bind ciearly and specifically
to dystrophin when 1t 1s not pre-incubated with peptide.

There 1s a imit to the amount of antigen (dystrophin, in this case) that an
antibody can detect. A test was performed to determine the limits of antigen
detectabihity; ¢ how httle antigen was nceded to be detectable on Western blots. The
results of the blot in figure 8 indicated that the ideal quantity of protein loading in
gels required tor detection was about 6 ug of total muscle homogenate. Quantities
smaller than 6 ug were detectable on Western blots, but fell oft rapidly to nvisibility
below [.5ug (figure 8). Any increase 1n loading would not show a proportionate
increase m stainmg of the nitrocellulose, and would increase background due to non-
spectic interactions of the adhered proteins with the antiserum.

Figure 9 shows graphically the results shown in figure 8. Around 9-10 ug of
sample loaded nto the gel and transferred to nitrocellulose, the curve reaches a point
where large increases in loading will not help in detection of dystrophin. Simularly,
below 1 g, there 1s hittle to see on Western blots, regardless of the concentration of

antibody.
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Figure 8: Limits of antigen detection using C-terminal antiserum

Human tissue was transferred by Western blotting and probed with the ¢
terminal antiserum at a dilution of 1/400, reacted with biotinylated anti-rabbr
antibody, stained with NBT/BCIP and dried Arrow indicates dystrophin band

Lane 1: 12 p~ loading

Lane 2: 6 ug

Lane 3: 3 ug

Lane 4: 1.5 ug

Lane 5 0.75 ug
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Relative Binding Capacity of DMD C-Terminal Antiserum
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Figure 9 The relative binding capacity of dystrophin to the anti-dystrophin
antibody on Western blots was studied by using muscle tissue from patients was taken
in biopsies and subjecting 1t to Western blotting The Westerns were then analyzed in
a Jandel Video Analysis system and the results quantitated on computer. Relative

binding capacity 1s the sum of pixel intensities for a band on the nitrocellulose,
indicating the darkness of the stain
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The Iimuts of dilution were the next stage i the characterization of the
antibody. Senal dilutions were used to determune the lowest concentratton of
antiserum that could be used effectively (figure 10)

It 1s clear that the antiserum could be used to 178000 dilutions When 1710000
dilution was attempted (not shown), the band was quite famnt and such a Tow dilution
was unrehable 1in circumstances where the loading of protemn might be less than the
ideal amount, 10xg of protein per lane At very low dilutions (eg 1/50) detection ol
dystrophin 1n tissue homogenates by the antibody was actually impaned  This may
have been due to coating of the blot with serum proteins and/or ipids - As will be
seen later, this anomaly was elimmated upon affimty purthiication of the antiserum

Although useful for immunoblotting, the unpurified C termimal antiserum was
inefficient at detecting dystrophin on frozen sections due to high backg. ound staining
For this reason, and because of the need tor affimty puritfied anti dystrophin
antiserum for frozen section analysts of mhibition of myosatelhite cell proliferation
studies (chapter 2), I carried out an affinity purification of the crude antiserum

Affinity purification was performed usimg a glass column filled with Affe gel
15 sepharose (Bio Rad) coupled to BSA-DMD-C-terminal peptide conjugate Elution
was performed using Gentle Ag/Ab Llution Buffer (Pierce) and separate fracions
were collected. Fractions were then assayed for specificity on mouse and human
skeletal muscle blots, using both normal and dystrophic tissue for comparison (see

page 43 for further information about the affinity purification results)
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Frgure 10: Serial dilvtion of C-terminal antiserum

Human shkeletai muscle tissue from patients was taken in biopsies and
homogenised, polytroned, botled in SDS sampie buffer, sonicated, and subjected to
SDS PAGE, with 10gl loading per lane. The gel was then transferred to nitrocellulose
by Waestern blotting, then the blot was blocked with skim milk and probed with the C-
terminal antiserum at a series of dilutions, reacted with biotinylated anti-rabbit
antibody, stamned with NBT/BCIP and dried. Arrow indicates dystrophin band.

Lanc 1. 1/50 Dilution

Lanc 2: 1/1000

Lanc 3 1/5000

Lane 4. 1/8000
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Further studies of the DMD C-terminal antiserum were then performed on
frozen sections of human muscle biopsies from both normal and dystrophic patients
(figure 11 a-f). It was found that the Hottman er «f (1987) anti dystrophin fusion
protein antiserum was tnadequate for use 1 trozen sections (data not showny  Visible
in figures 1la, ¢, and ¢ as a fine hine around cach fibre, dysttophin s clearly absent
in dystrophic tissues. Figures 11b, d.and { show no distinet staming around cach
fibre. The effects of the purification are visible in figure Lla, and ¢ bagure Haas
mouse tissue stained with affinity puntied antiserum, while Ile was stuned using
unpurtfied C-termmnal antiserum. The clarity and reduced background achieved 1y
noticeable.

The effects of the purification were apparent i Western blots as well,
removing all non-specific interactions and generally resuiting m much cleaner blots
with lower background (figure 12) This meant that any nymunostaming would be an
indication of the presence of dystrophim and no other protein The mmiportance of
affimity purified antisera can be seen later, where the antiscrum 1 punified was used
for the study of dystrophic mice and myosatellite cell proliferation (chapter 2)

The fractions of puriticd antibody were collected and tested for the
concentration of pure immunoglobulin The most concentrated fraction was 140
micrograms per millihitre. This as calculated upon measurement of optical density
using a constant of 13 5 OD for a 1% solution of IgG (Fasman, 1988) This 15 about

average for an affinity purification (Goding, 1983) Basced on the relative abundance
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I1igure 11a: Normal mouse tissue frozen section probed with affinity purified
antiserum.

Pigure_11b: Dystrophic mouse tissue frozen section probed with affinity purified
antiserum.

4 pm cryostat sections of mouse skeletal muscle were fixed in acetone.
Primary antibody (atffimty punfied C-terminal) was applied at a dilution of 1/40, then
tiotinylated anti-rabbit secondary antibody. The section was then stained with
streptavidin peroxidase and diaminobenzidine and mounted.
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Figure 11c: Normal mouse tissue frozen section probed with unpunftied C-terninal
antiserum.

Figure 11d: Dystrophic mouse tissue frozen section probed with unpurified € termunal
antiserum. _

4 um cryostat sections of mouse skeletal muscle were fixed in acetone.
Primary antibody (DMD C-terminal) was apphied undiluted, then biotinylated anti
rabbit secondary antibody The section was then stained with streptavidin peroxidase
and diaminobenzidine and mounted.
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Ligure 1le: Normal human tissue probed with affinity purified antiserum.
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Figure 111+ Dystrophic human tissue probed with affinity purified antiserum.

4 um cryostat sections from human child or adult skeletal muscle were fixed in
acetone. Primary antibody (affimty punified C-terminal) was applied at a dilution of
1/40, then biotinylated anti-rabbit secondary antibody The section was then stained
with streptavidim peroxidase and diamimobenzidine and mounted.
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Figure 12: Differences between crude and affinity purified antisera.

Human skeletal muscle tissue from patients was taken in biopsies and
homogenised, polytroned, botled in SDS sample butfer, sonicated, and subjected to
SDS-PAGE, with 10pg loading per Tane. The gel was then transterred to
mtrocellulose by Western blotting, then the blot was blocked with skim nnlk and
probed with the antisera, reacted with biotinylated anti-rabbit antibody, stamned with
NBT/BCIP and dried. Arrow mdicates dystrophin band

Lane 1: Unaftimty purified C-terminal antiscrun 17400, normal tissue

Lane 2: Unaffinity purified C-termmal antiscrum 1/400, dystrophic tissue.

Lane 3: Affinity Purified C-termuinal antiserum 172000, dystrophic tissue.

Lane 4: Affinity Punfied C-terminal antiscrum 1/2000, normal tissuce.
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of dystrophin of 0.002% of total muscle protein (Hoffman er al, 1987), and knowing
that of the 0.75ug of tissuc homogenate loaded in a polyacrylamude gel lane, one can
estimate the amounts of antigen present. Furthermore, at dilutions of 1/2000 or
greater, and a concentration of 140pg/ml, give a better indication of the sensitivity of
the antiscrum, mdicating that the antibody has a high affinity for its epitopes.

Dyystrophin is a remarkably conserved protein in nature 1t 1s found n all
mammals studied so far, as well as avian species (Hoffman er «f, 1988). Humans,
mice, chickens, and rats all have extensive regions of homology (Koenig ef al, 1987
and Hoftman er «/, 1988). The C-terminal dystrophin antibody was specific for
human dystrophin, but was immunoreactive on Western blots against a variety of
human and non-human tissues (figure 13).

It 1s clear that the Hoftman ef af (1987) DMD 60 kd fusion protein antiserum
1s unable to detect many non-human dystrophins, whereas the DMD C-terminal
antiscrum shows clear bands n all three tissue types (figure 13 a&b). These results
are summarnized in figure 14, showing the relative abundance of dystrophin which the

C-ternmnal antiserum can detect in ditferent tissues.
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Figure 13: Species and tissue specificity of the C-terminal_anti-dystrophin antiserum

Human skeletal muscle tissuc trom patients was taken i bropsies and
homogenised, as well as tissue from chicken bram, heart, and pectoral muscle, as
well as mouse skeletal muscle ‘The tissues were separately polytroned, boiled in SDS
sample buffer, sonicated, and subjected to SDS-PAGE, with 10pp loading per lane
The gel was then transferred to nitrocellulose by Western blotting, blocked with skim
milk and probed with the atfinity-purified C-termmal antiscrum at 1/2000 dilution,
reacted with biotinylated anti-rabbit antibody, stained with NBE/BCIP and dnied
Arrow indicates dystrophin band.

Lane 1=Chick hecart

Lane 2=Chick brain

Lane 3=Chick pectoral

Lane 4= Mousc skeletal

Lane 5= Human skeletal
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Relative Levels of Dystrophin in Different Tissue Types

6000
[

5000 j
4000 |
|

3000

2000

Relative Abundance

|
|
1000 t

Chick Chick Chick Human Mouse
Heart Brain Pectoral

Tissue Type

Figure 14- Graphical representation of the results from figure 13. Clearly the
C-terminal antiscrum used 1n these assays, based on a human sequence for dystrophin,
1s best able to detect human dystrophin More curious, the chick brain shows up so
strongly, even more so than the mouse homolog, indicating a remarkable similarity at
the c-termunal regron of chick bram dystrophin to human skeletal dystrophin. Chick
pectoral muscle 1s totally undetectable. Abundance 1s based on the sum of pixel
intenstties for a given band on a Western blot.



Section II: A Developmental study of dystrophin production in cultured cells

Several aspects of muscle cell culture growth were exanuned  Farst, the time
course of dystrophin expression during normal development of rat sheletal musele was
examined. Subsequently, the effects on dystrophin accumulation by various external
influences were examined, such as myotube contraction and the ettects ot BrdU

Inmtially chick muscle cultures were chosen for in vitro studies due to therr
high and sustained rate of spontancous contraction, however, when homogenates off
chick skeletal muscle were assayed for dystrophm, none was detectable  Assumed to
be an artifact of culture preparation, chick tissue was homogenized i the same
manner as human and mouse tissue had been. Dystrophin 1s detectable m chick bramn,
consistent with reports that dystrophin s found i mammahan brain (Nudcl e/ al,
1989 and Chelly er a/, 1988). Heart has, as can be expected for muscle, a clear band
indicating the presence of dystrophin, while pectoral muscle, logically an abundant
source of dystrophin since 1t 15 a skeletal muscle, has no band at all

This result prompted turther study The subsequent repetition of Western blots
using the same and new, fresh samples all yiclded the same result Sequence analysis
shows that the C-terminus of chick muscle dystrophin varied from human muscle
dystrophin by only three amino acids over the length of the peptide selected
Nevertheless, this apparently atfected the antigenic site sutficiently to prevent
antibody binding. Differently spliced forms of dystrophin exist, some of which lack

the sequence (Lemaire et al, 1988) against which the C-terminal antisecrum used in my
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studies 15 directed. It 15 possible that the clone selected for the study of chick
dystrophin by Lemaire er al (1988) could perhaps have been one that 15 less abundant
than the one detected on Western blots 1n these experiments. This 1s unlikely, as
ususally the most abundant of clones are statistically hkely to be selected, but it is
nevertheless a possibility.

‘The farfure of chick muscle culture to provide a system for measuring
dystrophin production n virro necessitated a swatch to rat muscle cell cultures. Muscle
from rat pups was cultured over varying periods of time and harvested to assay
dystrophin accumulation and content using the affinity purified C-terminal antibody.
Rat cell Tines were not considered an alternative to primary cell cultures because cell
Imes show different levels of termunal differentiation from primary cells and some are
known to be dystrophin deficient as previously described (Nudel er al, 1938). Chick
cells were even more suttable due to therr earlier maturation and even more vigorous
contractions, but a suitable antibody had yet to be developed.

Early m development, after 1-2 days, the rat cells became confluent. As they
matured, they became elongated, mononucleate cells with a characteristic spindle
shape (figure 15)

Cell tusion started at 3 days, and after 4 days, fusion was extensive and cells
could be seen to have central nucler, clustered together as seen in figure 16. By day

6, contractions began to spontaneously occur. The fused cells at this point were
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Figure 15: Unfused rat muscle cells
Rat cell primary culture after 3 days, (DMEM + 10% Horse serum, 0 5% Chich
Embryo Extract.)
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Figure 16: Late fused rat muscle cells
The same culture as in photo | after 11 days, 1n the same medium
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myotubes, forming vast interconnected networks of fibres running all over the plate
and locally contracting in unison

The fused cells were then assayed over a period of 4 days for their levels of
dystrophin from mital plating up to day three. rat myoblasts do not show any
amounts of dystrophim production that would he detectable on Western blots using the
alfinity purttied € termmal antiserum Starting on day 4, there 15 a measurable level
ol dystrophmn in rat culture that barely increased by day 5, remaiming at steady state
until day 6, when the levels rose rapidly and continued to increasce steadily at day 7
(figure 17)

The mcrease of dystrophin over the course of natural myofiber development
would 1n 1tself not be unusual 1f one considers that the cells themselves should also be
growing  As a response to this consideration, the measurement of the cultures’ total
protein content was performed, measuring the total protein content of the plates. As
total protem content was assayed over the course of the 4 day peniod, 1t was found to
have already attamed a relatively steady state, with only a slow, gradual increase 1n
overall protem content This was then compared to the rate of dystrophin increase to
yield figure 18

I'rom figure 181t can be seen that dystrophin shows a dramatic increase in
praduction around day 5-6, while the overall amount of cell matter (total protein
content) 1in the plates remains relatively constant. This 1s indicative that amount of
dystrophin shown 1s truly changing, and 1s not merely an increase in the levels of

dystrophin because there 1s more total protein content.
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Figure 17: Dystrophin production 1n_rat muscle cell culture

Rat cells from hind legs muscles were cultured in DMEM 1 10% horse serum
& 0.5% chick embryo extract ‘They were harvested at days 4, 5, 6 and 7, then
homogenmized, boiled in SDS sample buffer, and then subjected to SDS PAGH and
Western bloting Human tissue sample was used as a contiol  The blot was blocked
with skim mulk and probed with the O terminal affinity purificd antiserum at 1/2000)
dilution, reacted with alkaline-phosphatase conjugated secondary anti-rabbit antibody,
stained with NBT/BCIP and dried Loadings in cach lane was 10 g Arrow indicates
dystrophin band

lLane 1=Day 4 rat cells

Lane 2=Day 5 rat cells

Lane 3=Day 6 rat cells

Lane 4=Day 7 rat cells

Lane 5=Human tissue

55



Dystrophin Production in Culture
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Figure 18: Total protein content was quantitated by measuring average total

protein in plates of cultured cells at different time points. The amount of dystrophin in
culture was quantitated by taking ahquots of culture homogenate and performing SDS-

PAGHE: and Western blotting as described before, then quantitating on the Image
Analysts System ‘The scale 1s arbitrary and not absolute. Each curve 1s independent
of the other, and 1s merely a means of representing the level of protein or dystrophin
relative to the starting amount at day 4. The scale is the pixel intensity summation.
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Section [1I: Contractile activity and the eftects of bromodeoxyunidine on dystrophin

accumulation

There 1s evidence that contraction of muscle cells in culture after fusion affects
the production and turnover of certam protems Rat cells that were allowed to fuse
began to spontancously contract (Bandman er «l. 1982 and Crisona er af, 1983) lhey
were so vigorous in their contractions that eventually the entire cell layer would pull
itself of!f the tissue culture plate Duc to the dramatic efiects of contraction-miibition
on certain cell protens, 1t was decided to investigate what etiects nught be visible on
dystrophin production.

I found that the inhibition of contraction by the addition of high concentrations
of potassium nto the culture medium was not successful in reproducibly altering the
production of dystrophin. Although shight variations occurred, they were not
reproducible and showed the same level ot vaniations i dystrophim content as the non
potassium-treated cells (figure 19)

The potassiunt treatment had no conclusive effect on dystrophin accumulanion,
but 1t was considered possible that the potasstum treatment was not having the desied
effect for unknown reasons Thus 1t was decided to determme the etiect of high
potassium concentration upon myosin heavy cham, which 1s known to be atfected by
contraction-inhibition (Bandman ¢ al, 1982). The coomassie staining of
electrophoresed cultured myoblasts showed a definite etiect on myosin accumulation

(figure 20), demonstrating clearly that growth of cells i high potassium
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Figure 19: The levels of dystrophin production in potassium-treated and non-treated
cultures of ditferent age

Rat cells were cultured in DMEM, horse serum and chick embryo extract.
One series of cultures was normal, the other had 12 mM potassium added. Plates
were harvested atier a number of days 1in pairs, one normal, the other high potassium.
The above blot 1s a represeatative one showing two days Harvested cultures were
homogenized, botled i SDS sample buffer, and then subjected to SDS-PAGE and
Western blotting. The blot was blocked with skim milk and probed with the C-
terminal affimty purified antiserum at 1/2000 dilution, reacted with alkaline-
phosphatase conjugated secondary anti-rabbit antibody, stained with NBT/BCIP and
drnied  Loadings m each lane was 10 pg. Arrow indicates dystrophin band.

Paus of Lanes are as follows day 9, day 10; the first in each pair is without
potasstum, the second 1s potasstum treated.
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Figure 20: Coomassie staining of SDS-PAGE of potassium-treated and non-treated
cultures

Rat cells were cultured in DMEM, horse serum and chick embryo extract
Qne series of cultures was normal, the other had 12 mM potassium added  Plates
were harvested after a number of days in pairs, one normal, the other high potasstum
The above gel 15 a representative one showing two days Harvested cultures were
homogenized, boiled 1in SDS sample buifer, and then subjected to SDS PAGE, then
stained with coomasste brilhant blue dye Arrow mdicated myosin heavy chain band

Pairs of lanes are as follows: Day 11,7. "A" 1n ecach pair 15 with potassium,
while "B" was not potassium treated. Loadings in cach fane were 10 pg
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concentrations did have the expected effect. The gel shows degradation products,
which were visible in newer cultures as well as later ones.

BrdlJ 1s known to have pletotropic effects in muscle cells, mediated via its
strong effect on muscle regulatory genes such as MyoD (Cates er a/, 1978 and
Tapscott er al, 1989) The etfects wnon dystrophin production would hence be
interesting o discover, giving an insigat as to whether dystrophin might fall into the
MyoD cascade of events that affects terminal differentiation.

Rat muscle cells were cultured both in the presence and absence of BrdU
(Cates er al, 1978). The effects were markedly different from the rather poor effects
of contraction-inhibitton. It 1s clearly visible that dystrophin production 1s almost
entirely ehminated in BrdU treated cultures (figure 21). Note that only the normal,
untreated cells show any dystrophin band, and that the mensity of staining for
dystrophin increases with culture age, as seen previously (figure 17).

Myosin 15 one protem known to be atfected by BrdU treatment (Tapscott er al,
[989), and as can be seen i figure 22, there appears to be a significant effect upon

myosin accumutation
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Figure 21: Western blot of BrdU-trcated rat muscle cultures

Rat cells were cultured in DMEM, horse serum and chick embryo extract
One series of cultures was normal, the other had 6.5 uM BrdU (30) mn the medrum
after day 3. Plates were harvested after a number of days in pairs, one normal, the
other BrdU. The above blot 13 a representative one showing three days Harvested
cultures were homogenized, boiled i SDS sample buatfer, and then subjected 1o SDS
PAGE and western blotting The blot was blocked with skim milk and probed with
the C-termal affimity purified antiscrum at 1/2 )0 dilution, reacted with alkaline
phosphatase conjugated secondary anti-rabbit antibody, stained with NBI/BCIP and
dried. Loadings in each lanc was 10 pg  Arrow mdicates dystrophin band

Pairs of lanes are as follows' Day 4, 5, 7

"A" in each pair 1s normal, "B" 1y BrdU treated
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Figure 22 Myosin staiming 1 gels of cultured cells

Rat cells were cultured in DMEM, horse serum and chick embryo extract.
One series of cultures was normal, the other had 6.5 uM BrdU (30) in the medium
after day 3 Plates were harvested after a number of days in patirs, one normal, the
other Brd!l The above blot 1y a representative one showing three days Harvested
cultures were homogenized, botled 1in SDS sample buffer, and then subjected to SDS-
PAGLE and *uncd with coomassie brithant blue dye. Loadings in each lane was 10
g Arrow indicates myosin heavy chain band.

Pairs of lanes are as follows. Day 7, 5, 4

"A" i cach pair 1s BrdU-treated, "B" 1s normal.



Section [V: Wheat-Germ Agelutinin binding studics

Wheat Germ Agglutinin (WGA) 1s known to bind to sialated glycoproteins
with low affimty or N-acetyl-glucosanune restdues with high attinity (Beeley, 1985).
Since 1t 1s has been shown (Yoshida er «f, 1970 and Campbell ¢r «f, 1989 and Frvast
et al, 1991 and Ibraghimov-Beskrovnaya er o/, 1992) that i adult sheletal musele
dystrophin 1s associated with WGA-bmdimg membrane glycoprotems, 1 chose to
determine 1f dystrophin colocalizes with wheat germ agglutinin binding proteins on
Western blots of homogenates trom differentiating cultured cells

In adult skeletal muscle, all dystrophun s found to be bound to WGA binding
proteins (glycoprotemns) (Campbell e «f, 1989 and Lrvast ef af, 1991 and
Ibraghimov-Beskrovnaya er al, 1992) It 1s unknown what the assoctations of
dystrophin m culture might be. I found that in culture dystrophin did indeed show
association to WGA-binding glycoproteins, although not all the dystrophimn appeared to
bind.

Homogenised rat skeletal muscle cultures were incubated with WGA-sepharose
and then rinsed repeatedly and cluted At cach step an aliquot was tihen and tested
for the presence of dystrophin and WGA binding glycoprotemns

Since the samples were adsorbed 1n non-1omic detergents under non denaturing
conditions, WGA should have adsorbed glycoproteins and anything bound to the
glycoprotems Upon rinsing to remove non-adsorbed material, followed by elution

with SDS, 1t was found that while there was a significant fraction of dystrophin that
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was associated with WGA (figure 23, lane E), a large part of the dystrophin in
cultured cells was found to be in the unbound pool (figure 23 Lanes R;-R;) This
could mmply that a only fraction of dystrophin 1s complexed to WGA-binding
glycoproteins, or that msufficient lectin was used to quantitatively adsorb WGA
binding glycoproteins from the extract

Incubation times of cell homogenate with WGA-sepharose were initially
overnight, but excessive degradation was found to be a problem, therefore times
between 30 minutes to tour hours were tested. Two hours was chosen as sufficient to
allow glycoprotein binding to WGA-sepharose, while bemng short enough to prevent
extreme degradation of the homogenate Degradation was observed with these
experiments despite the use of protease inlubitors.

To be certain that the dystrophin was ideed associated with WGA, a staining
of the same samples was performed using biotinylated WGA. The staining pattern
shows that a traction of WGA binding proteins were retained through three rinses and
were cluted with dystrophin upon treatment of the rinsed WGA-sepharose with SDS
(higure 24)

Although no WGA-binding proteins were released until elution by SDS (figure
24) after the first rinse, dystrophin showed a slow leaching effect throughout the
rinses and was then released in even greater quantity upon elution. This suggests that
dystrophin may have low-affimty non-specific interactions with the WGA-sepharose.

Fraction R, contamns dystrophin and the virtual absence of WGA-binding glycoproteins
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‘ suggest a "free"” dystrophin pool may exist m the cultured cells. Further work 1s

required to establish this interesting possibility.
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Figure 23: Dystrophin_staining of Western blot after WGA adsorption and elution

Human cells were grown 1 supplemented F-12 medium for 5 days, switched
to fusion medium (DMEM, 2% horse serum) for 8 days, then harvested and
homogenized in PBS with protease mhibitors, and mixed with WGA-sepharose. After
incubation for 2 hours, the suspension was spun in centrifuge at 15 000 RPM for 2
minutes and supernatant removed (H) Pellets were then rinsed three times, with a
spin between cach rninse and the supernatant was kept (R1, R2, R3). Finally the pellet
was incubated for § minutes with SDS-sample buffer to elute all bound glycoproteins.

Samples were then subjected to SDS-PAGE and Western blotting. The blot
was blocked with shim nulk and probed with the C-termuinal affinity purified
antiserum at 172000 ddution, reacted with alkahne-phosphatase conjugated secondary
anti rabbit antibody, stamed with NBT/BCIP and dried. Loadings in each lane was 10
pg. Arrow indicates dystrophin band

H=Cecll Homogenate & WGA

R1, R2, R3= tust, second and third rinses

E=Eluted Dystrophin that came off with WGA.
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Figure 24: WGA staming of Western blot after adsorption and elution

Human cells were grown i supplemented I+ 12 mediim for 5 days. switched
to fusion medium (DMEM, 2% horse serum) for 8 days, then harvested and
homogenized in PBS with protease inhubutors, and mixed with WGA Sephatose Atter
incubation for 2 hours, the suspension was spun in centrituge at 15 000 RPM for 2
minutes and supernatant removed (H). Pellets were then ninsed three times, with
spin between each rinse and the supernatant was kept (R1, R2, R3) fanally the pellet
was incubated tor 5 minutes with SDS-sample bufler o clute all bound glycoprotems

Samples were then subjected to SDS-PAGE and Western blotting The blot
was blocked with skim milk and probed with biottnylated WGA at 175000 dilution,
stained with NBT/BCIP and dried Loadmgs in cach Tane was 10 g Arrows idicate
WGA-binding proteins that are virtually absent in Rinse 3
H=Cell Homogenate
R1, R2, R3= first, second and third rninses
E=Eluted Dystrophin that came off with WGA
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Section_V___Collaborative study of dystrophin expression in MDX mice

The antiserum that I prepared and affimity purified based on the dystrophin C-
terminal peptide was used 10 a series of experiments 1n collaboration with Dr. Karpati
of the Montreal Neurological Institute, Neuromuscular Research Laboratory (chapter

2)

“J.
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Discussion

I: Overview

Several questions were addressed in this study, all of which were ernitically
dependent upon the development of a specific means of detecting dystrophin . Analyses
were performed mmitially i tissue to establish that native dystrophin was indeed being,
detected, and then mn culture, which 1s the arca of interest i these studies. While
tissue localization of dystrophin had been pertormed mothe past (Hotfman er al, 1988
and Zubrzycha-Gaarn er af, 1988 and Yoshda er «f, 1990 and Camphbell er al, 1989
and Ervastt er al, 1991 and Ibraghimov-Beskrovnaya er f, 1992 and Duncan, 1989
and Nudel er al, 1989 and Champaneria ef al, 1989 and Wessels et al, 1991), there
have as yet been only himited studies of dystrophin expression and localization in
cultured cells (Park-Matsumoto er af, 1991 and Nudel ¢r af, 1988) FHencee, it was
necessary to develop an antibody that would have the required speciticity to detect
dystrophin in hoth tissue and culture, and preferably across @ wide range of species
Secondly, a study of the developmental expression of dystrophin in culture was
performed to allow one to address any questions of external influences on
development Third, what factors were mvolved m controtling the expression of
dystrophin 1n cultured cells spectfically, the effects of Brdt, a known inhibitor of
muscle cell differentiation, as well as the ceffects of the mhibiion of myotube
contraction, accepted as an important factor in skeletal muscle myotube development.,

were studied Finally, the association of dystrophin with sarcolemmal glycoprotems in
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adult muscle 15 now well established (Yoshida er al, 1990 and Campbell er a/, 1989
and Ervasti ef al, 1991 and Ibraghimov-Beskrovnaya et a/, 1992). Is dystrophin
associated with glycoproteins at an early stage of development such as in tissue

culture?

Answers to such questiens would give a background to the developmental
expression of dystrophin i vitro, and may cnable one to understand part of the
process of accumulation of dystrophim into the muscle fiber and 1ts association with

glycoproteins of the plasma membranc.

I Use of synthelic peptides (o _raise antisera

The development and characterization of the anti-dystrophin antibody proved
to be time-consuming and rather frustrating in that of several synthetic peptides used
as immunogens, only one yielded a usetul antiserum While many great strides have
been taken toward understanding of immunology and the development of antisera to
speetfic protemn products and epitopes (Lerner, 1984), immunological procedures are
often still a mystery and more art than science The results seem to bear this out.

Inttial attempts to 1aise synthetic peptides based on the DM sequence were
unsuccesstul - While 1t 1s clear that an immune response was triggered by the
mjections, as seen n siot blots against the immunogens themselves, 1t is equally clear
that dystrophin was not detected by the antisera agamst all three initial DMD

pepuides, the hinge regron peptide or the Dystrophin Related Protein (DRP).
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The reason for the lack of immunospecificity against dystrophin by the
antisera could be the result of several different factors: First and most Tikely 18 that
the immunoglobulins produced from the KI.H-conjugated peptides are unable to
recognize the native conformation of the segment of the DMD gene product they were
targeted against. The peptide segment injected would Tikely not have the precise
folding that would exist in the mtact protein, since the segment s relatively short and
not subject to the full conformational restramts of the mtact molecule  Sceondly, 1ts
possible that the lack of immunostaiming on Western blots could be a result of
nsufficient aftfinity of the antiscrum for its antigen. Thidly, 1t 1s possible that post
translational modifications such as phosphorylation mrght alter the antigenie site on
dystrophin so as to prevent antibody attachment

When the culture homogenates or tissue homogenates are prepared for SDS
PAGE, they are botled wath SDS to prevent denaturation, and ensure complete
solubilization of all proteins 1n the sample  Most importantly, SDS ticated samples
will cause the unfolding and clongation of the entire protem, creating an evenly
distributed negative charge that 15 wholly dependent on protemn molecular werght 'Ehe
greater the size ot molecule, the more negative charge s accumulated  "The
charge/mass ratio 1s constant and equal for all molecules, thus migration mnto an
acrylamie gel 1s wholly dependent upon molecular weight, smaller molecules nigrate
faster than large ones for a given apphed electnie field Once the samples dare drawn
into the gel, the protems are transferred to mitrocellulose via Western blotung In the

course of this process, the SDS 1s removed from the samples, allowing the native
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conformation of the protens to be restored as closely as possible to their original
state.

The peptides conjugated to KILH and 1njected in rabbits represent sequences
that were chosen for their amimo acid moreties, their umquencss for certain species or
their conservation m ditferent species, and were not selected due to any knov 'edge
about the local environment other than care taken to select refatively hydrophilic
sequences  Hence, 1t 1s possible that the peptide sequences selected for injection may
be part of mternal regrons of the dystrophin gene product and therefore may not be
exposed to immunoglobulin binding

The apparent cross-reactivity seen between antisera to unrelated peptides
(figure 2) 15 very hikely the result of non-specific interactions, duc either to
hydrophobic attraction or aggregation The reg.ons are too dissimilar to expect a
specific immunorcaction to occur, since the sequences were selected with the intent of
making them immunospectfic agamst different regions of the dystrophin gene product.
Although the antisera did not show any reactivity against BSA alone, 1t 1s possible
that BSA coupled to a peptide could be sufficient to allow the non-specific binding to
oceur

Contrary to the results obtained with the internal DMD peptides, the peptide-
based C terminal anti-human dystrophm antiserum was, as expected from previous
work by Zubrzycka-Gaarn er ol (1988), generated a igh-titre antiserum that detected
dystiophin across a wide variety of species and tissue types The peptide was mjected

into 4 difterent rabbits, all of which gave a positive response, although some yielded



a higher titre antiserum than others. This 1 indicative of the critical choice of peptide
necessary for successful antiserum generation.

The titre of the antiserum was sufficient that very iow concentrations, as low
as 1/8000 could be used with Western blots At lower dilutions (1/50) the crude
antiserum showed a reduced binding capacity to samples on mtrocetlulose. While
unusual, this finding could be explamed by the presence of setum piotems or hpids n
the crude antiserum that mhibited the action of the antibodies, most ikely through

non-specific mteractions and protein aggregation.

111: Characterization of antisera

The C-terminal antiserum was first tested using the mouse mdh muscula
dystrophy model. The results showed, as expected, that no dystrophm could be
detected 1 immunoblots of skeletal muscle of dystrophic mice  Sinular results were
obtained when using other sources of anti-dystrophm antibody, such as the Kunkel 60)
kd fusion protemn-based ar serum  Human tissue showed a clean dystrophin band,
while dystrophic human tissue was lacking reactivity with the antiserum Silar
results were obtamed using trozen sections, althouph there was a igher background,
eliminated later by atfimty punfication of the C-teiminal antiserum

Subsequently, the antiserum was tested against human samples with antiserum
preincubated with the C-terminal peptide itself "The peptide, 1f the antibody 15
specifically targeted agamnst it, should bind with high atfinity to the tmmunoglobulin

molecule and prevent antibody attachment to the intact protein on e nitrocellulose.
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C'ontrol peptides for this competition experiment consisted of peptides that were based
on the dystrophin protemn, but were not used as the immunogen for the generation of
the C-terminal antibody

‘The peptuide preincubation experiment showed clearly that the antiserum was
spectfically targeted agamst the C-terminal peptide The control peptide was no
hindrance to antibody hinding to antigen The antiserum also showed no reactivity

against BSA o1 KILH alone, so the antibodies generated were highly specific against

the DMD gene product

LV: Attinity_punfication of the C-terminal antiserum

Antiserum affinity purification 18 a vital process for the generation of
monospecific antisera Crude antisera showed bands in regions aside from the known
400 kda dystrophin protein band, and 1t 15 only through the use of rigorous positive
and negative controls that the specificity the antiserum can be determined  Affinity
purtfication allows one to select specifically only those antibodics directed against the
synthetie peptide injected and therefore against the spectfic protemn targetted.

The attinty purtfication introduced changes i the antisctum Following
aftimity puntfication, one could be assured that any band on a Western blot was
indicetive ot the prosence ot dystrophin alone T aimt bands could now be assessed for
relative fevels of dystrophin, and bands well below the normal molecular weight of
dystrophin became significant as possible breakdown products  Later studies of the

time course of degradation of dystrophin (data not shown) indicated that the low
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molecular weight bands were indeed dystrophin degradation products  Frozen section
staining also showed clearly the staming of the sarcolemma using the attimty punfied
antiserum, whereas dystrophic tissue had no staining at all, demonstrating that all
antibodies were specifically targeted agamst dystrophm

After affinity purification, the most concentrated fraction ot eluted antiserum
had a final immunoglobulin concentration of 140 pg/ml Hottman er @l (1987)
estimated that the ro,ative abundance of dysttophin in normal human skeletal mu. e
was approximately 0.002%ot total muscle protein 1 found the Iinit of detection in my
assay to be 0 75 pg of total protein Of the 0 75 pg loaded mto a SDS PAGE: pel and
transferred to nitrocellulose, a maximum of 15 picograms of protem could have been
dystrophin, a:suming 100% of the sample was transferred, which 1s known to not
occur in real conditions. Given that the 140 pg/ml antiserum is further difuted to
1/2000 or more, one can estimate that 70 nanograms of antibody can detect 15
picograms of antigen, a high degree of sensitivity indeed.

The high degree of conservation of dystrophin in nature accounts for the
ability of the antiserum directed agamst the human dystrophin €' termmal sequence to
detect rat, mousc or ¢ven chicken dystrophin The antiserum was able to detect
dystrophin in human bram, where it 15 known that dystrophin can be tound (Nudel er
al, 1989 and Chelly et al, 1988), as well as chicken braimn, but surprisingly not n
chicken skeletal muscle

The failure of the C-terminal DMD antiserum to detect skeletal muscle

dystrophin 1n chick tissues 1s difficult to explain. Studies of the C' terminal human
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DMD sequence used for the generation of antisera shows that 1t differs from the chick
only n three amino acids, all of which are non-consecutive. One possible explanation
has already been addressed (see pp 51-52). Sphced forms of dystrophin lacking the C-
termmal sequence have been detected in mammalian muscles but are of low
abundance (Ieener er al, 1989) Other possibilities are that the epitopes required for
detection may have been sphiced out during mRNA processing, or that dystrophin is
phosphorylated at the antibody binding site, the dystrophin C-terminal does have

serine restdues that potentially could act as phosphorylation sites.

V. Dystrophin expression 1n culture

Dystrophim expression n rat cell culture was found to be intially nonexistent,
with the onset of dystrophin accumulation occurring around day 4. The dramatic
increase i dystrophin accumulation ever the next three days cannot be accsanied for
by an increase in culture total protemn content, as dystrophin accumulation quickly
outstrips the merease in culture protemn One could speculate that the accumulation of
dystrophin 1s dependent upon ditferentiation, perhaps the presence of a receptor that is
only tully expressed i adult tissue

[Cs hown from previous studies (Zubrzycka-Gaarn, 1988 and Yoshida er al,
1990 and Campbell e of 0 TORY and Ervast ef «f, 1991 and Ibraghimov-Beskrovnaya
er al, 1992 and Duncan, 1989 and Zubrzycha-Gaarn, 1991) that dystrophin in adult
sheletal muscle assoctates with a glycoprotein complex in the sarcolemma This

anchor to the sarcolemma accounts for 100% of the dystrophin in muscle, with no
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dystrophin free m the cytosol (Ervasti ef a/, 1990). Although mn cultuted cells not all
dystrophin appeared to be associated with WGA-binding glycoproteins, more work
would be required to eluctdate whether dystrophin exists 1 two pools, one bound to
WGA-binding glycoproteins, and one unbound.

From the Western blots, 1t became clear that while WGA-binding protemns
were retarded 1in a WGA-sepharose column, dystrophm continued to be released
during rinses, i gradually dimnshing amounts WGA ceased to be released atter two
rinses, and then was released upon clution, along with a large amount of dysttophin
These results indicate that not all dystrophin 1s associated with WGA binding
glycoproteins n cultured myotubes, contrasting with the results reported for adult
tissue. This suggests that further development 1s required for complete attachment of
dystrophin to the sarcolemma, as there 1s apparently a surplus of dystrophin tor its
receptor. These results, more mmportantly, indicate that the WGA-binding,
glycoprotemns arc present i culture either before dystrophin 1s tound i culture or

they are coordinately expressed.

Contraction-inhibition did not reproducibly alter the levels of dystrophin
culture. This 15 consistent with the fact that dystrophm 1s conadered a cytoskeletal
protein. Crisona et al (1983) found that cytoskeletal proteins as opposed to contractile
proteins were unatfected by contraction inhibtion. Dystrophin is a very large protem,

however, and 1y thus more likely to be susceptible to degradation, so vartations that
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were seen, given their unpredictabihity, are hikely to be the result of degradation,
particularly 1n light of the steady dimmution of myosin under the same conditions
when the cultures were contractifely ihibited (Crisona er al, 1983)

Brdt 1y a known altering agent of difterentiation 1n muscle cells. I found that
it chminated detectable dystrophin production in cultured cells. Myosin was alzo
decreased, consistent with the fact that it 1s known to be BrdU-sensitive (Tapscott et
al, 1989) From these results alone it 1s tmpossible to know whether the effect of
BrdU on dystrophin 1s due to repression of muscle regulatory genes such as MyoD, or
whether the effect of BrdU 1s direct and acts upon the DMD locus itself It 1s known
that MyoD 1s not solely responsible tor the regulation of dystrophin expression; the
dystrophin promoter has a CCArGG box (Gilgenkrantz er al, 1992) The E box in the
dystrophin promotor 1s unable to be transactivated by MyoD (Gilgenkrantz et al,
1992) However, it s stull possible the MyoD) does have an cttect upon dystrophin
accumulation in cultuce, as it may be required for the activation of another gene
whose product 1s required for the stabthzation of dystrophin Further work would be
required to study this, mcluding attempting overexpression ot MyoD as done by
Tapscott er al (1989) to determine 1f the etfects of BrdU on dystrophm accumulation
can be overcome by transfection of cells with MyoD coupled to a BrdU insensitive
promoter

In conclusion, the present study demonstrates that dystrophin accumulation is
regulated in termmally differentiated skeletal muscle cultures in a manner similar to

many other muscle-specific genes i that 1t increases coimncident with the onset of
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myoblast alignment and fusion. Accumulation 1s ehnunated by BrdU but s unatfected
by contractile activity. Finally, as i adult muscle, dystrophin i cultured myotubes
was found in association with WGA-binding glycoprotemns indicating this assoctation

takes place very early n development of muscle fibres.
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Chapter Two



Preface to Chapter 2

As heterozygous temale mdx mice age, the pattern of dystrophin positive and negative
muscle fibres alters such that the number of dysttophin negative tibres decreases with time
The mtial pattern of dystrophin positive and negative hibres s a result of random N
chromosome tnactivation in accordance with T yon's hypothests The mechanism by which
dystrophin negative segments are gradually changed to dysttophm positive 15 unhnown, but
two hvpotheses were proposed.

First, spontaneous fusion of dystrophin competent cells mto the myofibie as it regenerates or
grows; second, that dystrophin gene expression in the segments that are positive has a
gradual "diffusion” effect that spreads dystrophin throughout the muscle fibre The study
conducted here attempted to demonstrate whether the first hypothests was correct

For the purpose of data analysis a rehable and sensitive detection method was
required for the assay of dystrophin competence in frozen muscle sections My role was the
preparation of the antibody used n the assay, and tts atfimty punfication

The results of the study showed that ehimmation of myosatellite cell proliferation did
not prevent the gradual increase in dystrophin posttive fibre segments i the mice. "This

clearly demonstrated that the satelhite cells were not involved in this process
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Heals and Methods
g Prrocescfure

Pt e b fnernbaotoad S0 meg ko the nght
ool o 10 dhay oo fomale helerozyaote
Cor oo o d P00 L generated by cobalt 60
oy bator Chhe s o 780 Atome Eneragy of Can
ot eaedotion weos debvered an 13 manutes Fve
peo blled at acge 35 days and 1 al 60 days, and
toun both idos removed Muscles were also
Con e 10 day old nonirradiated heterozygote

C o to pravidde toteronc e data

oo one apic Study of Muscles

Light Microscopy

The mtadhiaed and nonrradinted muascles were snap
toven m copentane « hidled with aend mirogen and
A p Huck tranverse cryostat sechons were prepared
from the tudpomt of cacte muscle The sections were
unnmnostaned for dystrophin usimeg o rabbit polyclonat
antibody raised aganat a syrthear od polypeptide  cor
reaponding to the lact 17 anuno acids atthe carboxy ter
minat of dystrophin (4 10 didubany © The immunoperox
s secions wore counterstaned wath hematoxylin and
cosondetennination of the tatio of tansverse iiber darea
aned the neenber of miyonaddernin each iber on a given
sechon (nuloar cvtoplasine 1alin) S micton senal sec
tons ol all i des were reacted {or the activity of myo
tibnllar adenosne nphosphatase (ATPase) after pH 42
e ubation that clearly dedinauishes iber types i the
mcho and normal soleas muoscles ' On these prepara-
tone, the ibhoer type ratio and the iber type specific mus
Cle fiber Cross sectional darea were: neasured

Morphometry

Photographic prnts of the dystrophin and ATPase
tamed sections representing the entire cross section of
thie mmudpomt of solerm O ammals were analyzed with a
MO image analysis systom(Card “oss Co Mumich
FEIGY The tollowing parameters were measared 1) The
dvogree of dystrophin staining of the hibers (expressed as
the porcentage of dyvsg +) dvs Y and dystrophin
mtermrediate [y S(IMNY] tber seaments) Y the overaill and
b pe spectic mean cross sectional area of muscle

fibere,  3) the cytoplasrmic nuclear ratio (the cross-
sechonagl iher area nosquare microns divided by the
number of nucie: i taat secton) and 4y the numencal
rato of type Vtype 2 fibere

Atiborwas scored iyl + )i the sarcolernmal staining
was sirmilar 1o control fhers in normal mouse solel
Dys( ) fibers were totally void of any immunosteing In
dys{IMy fibers sarcolermral staining was clearly discern-
able bt weaker than normal

Dystrophin Quantitation by Immunoblotting

Frozen muscle tissue was finely minced and homoge-
nized in approimetely 20 volumes of 15% sodium do-
decy! sulfate (SDS) 20° glycerol 75 nmol | (nanomolar)
TRIS HC! pH 68 5% mercaptocthanol 0 001% bro-
mophenal blue using a polytron homogeruzer (at one
halt of maximal speed) for 30 seconds The homogenate
was wnmedidtely placed o boling water for 5 minutes
and then spun at 10 GO0y for 5 rrinutes Aliqucis of 5 ul
n tnplcate were taken for protem deterrmination These
aliguiots were preciptated with 20 volumies of acetone to
remove SDS spun at 10 000g for 5 minutes and the
petiets were an dried and redissolved n 0 1 N NaQOH for
t hour at room temperature and proten was determined
by the methed of Lowry ot al

Sarmples of homagenates were loaded on 5 5% SDS
polyacrylamide min-gels,

Atter electrophoresis the gels were cut between the
myosin heavy-chain and the dystrophin bands using
prestaned molecular weight markers (Rainbow Amer
sham Corp  Boston MA) as reference points The lower
porton {myosin) was stained with Coomassie blue and
the upper part (dystrophin) was transferred to nitrocellu-
lose by the method of Towbin et al” with cooling using the
BioRad rmini transfer cell (BioRad Mississauga Ontano
Canada) The blots were nnsed with water and ar drned
for 16 hours

The blots were rehydrated with water incubated at
37 C for 45 minutes in 10% skim milk in TBST (50 mmol
[rmulmolar] TRIS HCI pH 75 0 9% NoCl O 1% Tween-
20) The blots were nnsed with TBST and incubated for 2
hours with polyclonat antibodies against a synthelic pep-
tide corresponding to the last 17 anyno acid residues of
the C-terminus of dystrophin Anti-dystrophin antibodies
were raised as previously descnbed ' The antiserum was
was used at 1 500 dilution in TBST without skim mifk An
avidin-biotin complex alkaline phosphatase detection
system (Pierce Rockford IL) was used with biotinylated
ant-rabbit gamma G immunoglobuir {igG) as a second-
ary antibody (Dimension Labs Miss:ssauga Ontaro
Canada) Myosin and dystrophin bands were quantitated
as pixel number x density using a computernzed-video
image analyzer systen ('AVA Jandel Scientific Mont-




real Quebec) A hinear relationship beotween the amount
of homogenate loaded and the pixel number «~ density
for myosmn and dystrophin was demonstrated over the
range of 2 to 12 mg homogenate prote.n (data not
shown)

Statistical analysis was performed by the analysis of
vanance (fiber dystrophin distrbution and mean ¢ross
sechional area) and Student s st (nuciear cytoplasnuic
ratio and fiber type ratios)

Results

Approximately 5000 muscle fibers 11 the 24 muscles
were assessed

{OUTL}

I Dystrophm imnmus «staining of muscle fibers

The percentage distnbution of dys( 1) dys{ ) and
dys(IM) fiber per muscle 1s shown i Figure 1 and illus
trated in Figure 2 Table 1 shows the significance values
of these parameters to be at thelevel of P 005

1 Dys( +) fibers

a) In the nonirradiated muscles there was signiicant
ncrease IN the percentage of dyst + ) ibers between 10
and 35 days whereas no significant change occurred
after 35 days

b} In the iradiated muscles there was sigrificant in
crease n the percentage of dys( + ) fibers between 10
and 35 days and between 35 and 60 days

¢) There was no significant difference in the percent
age of dys( +) fibers at 35 days between wadiated and

Irradiated

. N, tephn ba v a
D It
Ej PR RG]

Non-lrradiated

Frmedigte

Hegat v

10 days (N = 6)

l),
!
(K 4)
i 4 i 1 L o - L J
30 to i " [ L 19 ] 12 By

Percertage of Taral Number of Fiber

Figure 1 Dretalence of disiepidirg peosstae o otterme e cavid dhs
pophin vevatin e frbacrs tmean >0 iitacd eenidd iy ddiated nae cles
of amdd femcde hoteraozyvote mirce ab 10035 and G0 dens

Gamma lrradiation of Heterosvgote may Muscles [RR D]
i . ' i S~

nar e ad Aled soeer ALOO Ay the poercentige ot dhveg o)
Shioraowas ssanddie antly beaber nthe eradiatod sy cres 1
compared waith the poniradiated Tusies
N [\\\\k
Q) 0 the nomirradhatedt g cles there sas caarime ant
Vhbors hetween T

Y abers,

decrease m the percentaae ¢y g
and dh daye
atter that aae

M inthe rraaated e los the percentage of dy oy )

whiere o Do e ant Changger oo e

fibors decreased  bod ool gmticantly between 1o and
OB days and betweon 35 and o0 dayss The decreane
weis howover saamific ant betweens 10 and 60 ooy

Y There wae po siapsticant ditterenc e i thes poreent
age ot dys(
Ated and noneradiatedd miosd e,

3 Dys(IM) fiber,

A} I the nonimadiated tnos cless there was s

Y hbers at B35 and o0 day s botweer

cant decrease n the percentage of dys(IMy iber, be
twcen 10 and 35 daye whereas no sagiebicant hoange
occurred after thes aoe

H) In the rradiated mascles there waee o acihic it
decreanean the perc entage ol dy(IM) ibers, hetween 10
And 35 day< and o adesaer oxdont hut <t oigrihe antly
boetween 35 and 6O ooy

¢y There wos no sicpulic ant difforenc e m the e ent
age of a S(IM) ibor, at 35 daye Detwecre nrackatod aned
nonirradiatedt moscles AL GO day the petcentage ol
Adys(IM) Thers, was, <acpbicantly dower s the serachated
rosles

I Moear e ross o toned arca {Fatile )

The overall mean croos seconal ared vas, Larcger ot
35 days i the nonieaciated mioee les than i the rradh
ated muse fes butthe chilferone e war not sigrihic ant. AtGO
ddays the, ditferenc e hoeo arme oigrafie ant There o a g
niticant difference o thie overadl anean crans, Geciona
arcainthe nonrradiate dernncle hat notin the rachatoed
ones betweeen 35 and 60O daye,

The fibeer type specdic mean oo, echonal anee,
(0 Y mthe heterozygotes toue cogeres 10day Yy 1 P
oA type P20 28 19 B dagartachated e
786 ¢+ 89 type D G/ 0 10 By nortiae ol o
type 1 19389 199 e 1148+ 16/

There ooy ne b ant chfterene o betaeon o
and 60 days mothe rnears coogn e onal e i i o
nonnal miees (841 o 74 gora BE
L G (956 + 2070 e V160« T

HE The: O poptasroue Plucioar Betio (Table 2)

Fhy andd <ol of

The cytorslantine fuseie ar rahey pres, darejese the e
raddiated (o e tharons B arracdiate of one, oot the o
forence was not gt cant ot S5 or G0 da g, Tros g,
NO change e rati fetyeers 35 and 60 42y nthe
nonrradiatecd o the reachatecd roagern e,

IV Mesars Sher by rato

Thernecars rate obt e Vb 2 Fter, gy, 65, 48, 1 1he
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frequre 2
o radictn d G dinvs orcedieate d D o b madnated o
Nocer o o fibors e prosenat o the G dea ofd sodcr thend i e
and vty cdede o ranecl

10 day heterosyagotes 647 .3 3 the radiated 60 day old
hoterozyagotes and 66 31 m the 60 day old nonuerad ated
heterosygotes Thoere weas no statistic al signitic ance be
tween these vidoe:,

Vo Relative dystrophin content by quanttative umimad

nobloty (Figure )

Fhe 10 day oldd intact heterosyaote muscle contaned
approxinately 5% of the 10 day ofd normal mouse
muscle contirning our carlier data By 00 days i the
hetero, vagote mascle the dystrophn content has dou
bled  and inadiation had no signiicant effect on this
Change

Discussion

The age related denmnation of dys( ) muscle fiber seg-
ments m mdx hoetero, yaotes s staking ' A similar phe

Table v Seevufrccarice Naliees fon Livrod 1
Postive

Ciroap of anenals fibhors
Nomre 10 days vs nonr 3 days St
Nomre s daye v non e ol dans NS
NOmee 10 days v rone ogd day s St
Noner 10 daye v oo 3 day St
NOmEr SO divs s o0 o St
Irr 3 daye Vet St
Nomrr 3 davs s e 3h dan s NS
Ner e B0 davs v s o bo iy s S

e NS o g Gote bt e P Q0

Pl ’ AY
I 1
| . '
. | | |
. \
. ¥ ¢
- P N \
B P N l(’ ' \
v “~ , /
- ,
Y

Dreostorse scctonis of bctoro veote mids solcus siea los ot chseeophon mosiannee B35S davs nonmradiated BoGo dens
Pribers care ke d Iy dors IRV piher s are macn eed In sqracires Much
v ddeey erled ofer buat thar oo aeiaficanit deffer enice beticeenr 1 eidieitod

nomenon has been demonstrated in dystrophin-deficient
cross hreads of golden retnever dogs ' We also have
demonstrated in our previous’ and present study that
there 1s a sigrificant relative increase of dystrophin con-
tent In heterosygote mmdx muscles between 10 and 60
days of age The present expenments were designed to
investigate the possible mechanisms that underhe this
phenomenon The results of the present studies suggest
that in older mdx heterozvgote females the dys( - ) and
dys(IM) tiber seqments have probably converted to
dys(+ ) segments and inhibition of saiellite cell prolifera-
tron by garmma irradation not only did not prevent this
transformation but actually seemed to enhance 1t There
was a contmued significant increase in the number of
dys( 4 ) hibers in the rradiated muscle between 35 and 60
davs of age and a corresponding decrease of the
dys( ) and dys(IM) fibers In quantitative terms  how-

Intermediate Negative
fibers fibers
Si Sl
NS NS
S| S|
S NS
S S
S| NS
NS NS
Sl NS

e AR
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Table 2 Vo Croms sactondcd” N\t o Vose < Fobors Gond Oy ioPaese o Naca o e N o o 0 il e o e
Seorfe ten Mresclos of FRCROr o2V Qote 13N e i S (i e Doy o
AR A T ) [ U T N
Ne i m o (O R T T A At oL CATRC L Y O
SECTar 1 ea TR e L Pt g et
S Do e i b i T T L ]
Norvrrad ated PR EOR atn i TR
lrrachated® [S TS S I §2] 0B i s Ty hototm
Irrad ateg ¥ Y0 1,
tindeater cagnfo e bt e o 1 ter ’ Tt e Lot ey .
cndoedtes canfoant oo tetwer s o TS BTN PR . nltoy, N

ever the dystrophin content (relative 1o« nivosin heavy
chain reference base) n the 0O day old rradiated s,
cles was not different from the 60 day old nonrradiated
ones

We have previously sugaested that o spontaneous,
fusion of dystrophin-competent satelite cells nto the
dys( -} hber segments n nddx female heterosygotes,
could bnng about such a chanae " Spont aneous, satelite
cell fusion mto growing muscie fibers < known to take
place dunng normidl growth and development ' Be
cause rmyosateilite cells can muagrate: beneath the basal
lamina of muscle fibers ' ' some dystrophin competent
myonuclel added to the proviously dys ) hsers e
ments could be expected to convert such segments o
dys( +)or at least dys(IM) Such amechansme could be
suppressed by gamma or X irradiation whic hiis known to
cause an inhibition of myosatelide coll profferationt ' "
Previous studics have shown that this amount of irradia
tion causes an effective mhibiton of satelite cell prolfer
ation in mdx mice "' the fusion of dystrophin
competent myosatellite: cei mto dys( ) iber seqgments
were responsible for the conversion of dyo( Jtodys(+)
fiber segments the suppression of sateite cell prolifera
tion could be expected to reduce this conversion Such

Figure 3 Voree secletal micle teas solidn
fezed etndd clectr ophor esed as descrthed i 1

pertmental Procodios Samipide s conresprnnd
i to 0 we of mtesale hoanoec e i
were subected 1o SDS PXGE A Nboees the i
e penttont of the e after avister de nitro
celliedone and miciheatecnr watl coetdody 1o
distoaphine B shous mavosst by chani i a
lenier pontion of the same el steared with
Coomaste bl Tavne 110 dety Doteroanivt

lene 2 Ofdey Detcro~y oot et d i
Voot day heteranyootc o adioatcd e
b1 ety novmncid controf miotese fone v G0
ders v el coartrol o the dosrophi
CONMER Wl Meniedizedd 1o the neyenor conl
terst od the O deay ¢ b irea i comrtr o i ch
ax DO referenice protntt e cenrosprtdieo
telvees 1 each fong wore b 1T o 2
5S4 fenie 336 danc 1 HEE The dosbopiun
R el zetitent s b od By o ceddondent
g the disnopbpr o nne el o -
density vaatte oy b seomple qnied cxfuesnito
cacdr of these ral o o perconited s of e
e ratior obitcncd fen the ot deas olld e

mietl controfl norse mie 1

A

anettectwae pnotob o erved Inthe aradioated e cles the
percentage of dy S b hber b oD doys o wor evenbighiet
than m the norurradiotedd o e dthongh the relabive
amount of dystroptan by guantlative wamunoblol wore
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Qe does not Gattec e esotmont copires o at the oy o
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