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ABSTRACT

Molecular analysis of Facioscapulohumeral Muscular Dystrophy (FSHD) patients has
demonstrated that the disorder is associated with deletions of multiple copies of a
subtelomeric 3.3 kb unit termed D4Z4, which lie at 4q35. Sequence analysis of the D4Z4
repeat has failed to identify a functional transcript; thus, it has been postulated that FSHD
results from position effects on a neighboring gene(s). The purpose of our investigation
was to determine the function that these repeats may hold in the pathogenesis of FSHD by
evaluating their regulatory effect on reporter gene expression. To address this, we
developed LacZ expression constructs containing 1 to 4 D4Z4 repeats and assessed
reporter gene activity using transient and stable transfection assays in C2C12 myoblasts.
Our results have revealed inconclusive evidence to support a repressive effect involving
the D4Z4 repeats in either transient transfections or stable clones grown under normal or
myogenic differentiation conditions. However, during differentiation it was observed that
the D4Z4 repeats confer a mild fusion defect onto the multinucleated myofibres. The
presence of D4Z4 not only accompanied the reduced fusion competence of myoblast
cultures resulting in the formation of less myotubes, but also corresponded to the
heightened incidence of deformed myotubes. While the results of these experiments do
not provide irrefutable evidence, they have provided some insight towards an association
between the D4Z4 repeat and repression and have increased our understanding of the role

DA4Z4 repeats may play in the etiology of Facioscapulohumeral Muscular Dystrophy.
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1.0 - Introduction

1.1 - Facioscapulohumeral Muscular Dystrophy

Facioscapulohumeral Muscular Dystrophy (FSHD, OMIM: 158900) is the third
most prevalent neuromuscular disease, after Duchenne and Myotonic Muscular Dystrophies.
FSHD is an autosomal dominant disorder that affects roughly one in 20,000 individuals [1-
4]. In the North American population (~300 million) this translates into approximately
15,000 cases, the majority of which are familial; however de novo mutations account for 10-
30% [5-9]. The causative disease gene(s) has not yet been identified. Treatment regimes
consist primarily of increasing physical activities to slow the progression of deterioration

and to administer treatment for specific symptoms.

1.1.1 — The Clinical Features of FSHD.

Although previously observed by Duchenne, FSHD was first described as a separate
disorder by Landouzy and Desjerine in 1885 ([10] and ref cited). It is characterized as a
progressive and clinically heterogeneous myopathy initially affecting facial and shoulder
girdle muscles (1, 2, 5, 11]. During progression of the disease other skeletal muscle groups
develop weakness and atrophy, preferentially the scapula fixators (shoulder), upper-arm
(humeral, biceps and triceps) and abdominal muscles. Eventually the disease advances to
include the foot-extensor and pelvic-girdle regions [2, 5, 12, 13). Approximately 9-19% of

patients with this disorder will eventually be confined to a wheelchair [3, 5, 12]. Some



FSHD patients have been observed to sleep with their eyes open, have noticeable difficulty
smiling and have a pouting facial expression as a direct result of their facial muscle
weakness [12]. In addition to the unique facial characteristics, there is an asymmetry of the
scapula and upper limb muscles, which often result in a winged-like appearance (clinical
term genu recuvatum) [5, 12]. Other symptoms observed in patients include retinal
vasiopathies, which result in retinal talengectasia (microanyeurisms) and abnormal
vascularization, high-frequency hearing impairment, mental retardation and epilepsy [1, 9,
14-19]. Congenital heart defects, hepatamegaly and mitochondrial myopathies are also
associated with this disorder [1, 13, 18, 20]. Patients exhibit an extreme variability in the
age of onset and in the clinical phenotypes expressed, ranging from asymptomatic to
severely handicapped [2, 5, 7, 12, 16, 19, 21, 22]. The penetrance of this disease increases
with maturity and is estimated at less than 5% for ages 0-4, 21% between the ages 5-9, 58%
for the ages 10-14, 86% between 15-19 years and an estimated 95% penetrance by the age
of 20 [3, 5]). There appears to be no loss in life span or fertility; however a higher rate of
miscarriages has been suggested [5, 6, 9]. There are no clear indications of gender bias in
the incidence of this disease; however males do tend to exhibit the more severe

manifestations of the disorder [23, 24].

Affected muscle tissues are characterized by disorganized myotube formation,
extensive cytoplasmic swelling, frequent muscle inflammation and deterioration, appearing
as irregular sized moth-eaten structures (12, 20, 25-27]. At the biochemical level, the
expression of the apoptotic enzyme Caspase 3 (CPP32) and the overexpression of
Fibroblast Growth Factors 1 and 2 (FGF1, FGF2) and FGF receptor 4 have also been

suggested to play a role in the muscle deterioration [25, 27]). An increase in the level of



serum Creatine Kinase (CK), that is commonly associated with many myopathies such as
Duchenne, Limb-girdle, Scapulperoneal, Becker’s and Myotonic Muscuar Dystrophies, is
less elevated among FSHD patients [5, 12, 13, 25, 28]. Facioscapulohumeral MD was
historically diagnosed based on four criteria, the clinical presentation of the facial muscle
weakness and scapular involvement, familial history, electromyography and histochemical
analysis of muscle biopsies. The facial muscle weakness associated with FSHD is
important for clinical diagnosis as the disorder presents very similarly to a mild case of
Limb-girdle MD [25] or as a very similar syndrome called Scapuloperoneal MD [29, 30].
Both of these diseases show weakness in the shoulder-girdle and peroneal muscle groups [2,

5,13, 31].

1.1.2 — The Molecular Genetics of FSHD.

The gene for FSHD was genetically mapped to the subtelomeric region of
chromosome 4 in 1990 [32, 33]. Subsequently, linkage analysis using a large set of
markers, fluorescence in situ hybridization and radiation hybrid mapping established a more
refined localization to between the DNA marker D4S139 and the telomeric repeats of
chromosome 4 at q35 [33-36]). Several positional cloning and sequence analysis techniques
have been apnlied; however a disease gene has not yet been identified. Molecular analysis
of FSHD patients has associated the disease with large deletions of a 3.3kb tandem repeat
termed D4Z4 [2, 14, 32, 36-39]. These repeats lie within a highly polymorphic EcoRI
fragment, distal to the DNA marker D4S139 at 4q35 [2, 24, 28, 32, 37, 38, 40, 41]. The size
of the polymorphic region can be assessed by hybridizing for this fragment in an EcoRI

genomic digest with the probe p13E-11 (D4F104S1) located just 5kb proximal to the D4Z4



repeats [3, 8, 37, 38, 42]. Deletion of the D4F104S locus has no pathogenic effect on FSHD
[9]. Typically a normal individual would have between 10-100 copies of this repeat
generating a EcoRI fragment of ~38-350kb, while affected individuals generally have
fragments ranging from 10-35kb or approximately 1-10 D4Z4 repeat copies [8, 9, 37, 39,
43, 44], refer to (Figure 1(A)). The variability observed in size of the internal deletions
suggests that the fragments arise from independent rearrangements [3, 28]. There is a
correlation between the age of onset and severity of symptoms to the size of the deletion.
Lunt er al., [3, 5] found that the larger the deletion, the more severe phenotypes and the

earlier the age of onset (Figure 1(B)).

The probe p13E-11 has been found to detect a second polymorphic locus at 10q26
and a smaller 9.5 kb chromosome Y-specific band; however these and the small arrays
generated by recombination on chromosome 10 are non-pathogenic [7, 35, 41, 44-46]. It
has been noted that subtelomeric regions such as 4q35 and 10926 are not only highly
unstable and prone to recombination, but also prone to translocation and crossover
rearrangement events [6, 8, 17, 37, 44, 47]. The repeats localized at 10q26 are 98%
identical with the repeats on 4935 and are prone to the same type of internal recombinations,
and so create a more complicated analysis for molecular diagnosis by generating bands
ranging from 20-300kb [2, 44]. However, sequence analysis of the 10q26 associated 3.3kb
repeats revealed a novel Binl restriction site not present within the 4q35 repeats [41, 47].
Therefore, double digestion of genomic DNA with EcoRI and Binl provided a means for the
discrimination of pl13E-11 EcoRI fragments from chromosome 4 or 10. Restriction
fragment length polymorphism (RFLP) of EcoRI and EcoRV/Binl genomic digests followed

by hybridization with p13E-11 can thus be used as a reliable molecular diagnostic test for



Figure 1. FSHD is caused by a deletion of D4Z4 repeats within a polymorphic EcoRI
fragment.

(A) Molecular analysis of FSHD patients has associated the disease with large
deletions of the 3.3kb D4Z4 repeats (boxed arrows). Intemnal recombinations within
the D4Z4 array create a highly polymorphic EcoRI fragment, which can be visualized
using the probe p13E-11 (gray box). [E] = EcoRl restriction site. (Adapted from [31])
(B) Correlation of the age of onset and disease severity to the size of the polymorphic
EcoR1 fragment starting at 10.2kb (a patient containing 1 D4Z4 repeat). Due to the
wide variability in symptoms many people genetically predisopsed to FSHD may
remain asympotic throughout their lives. This figure was compiled from data
previously published [3].
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FSHD (35, 41, 44, 48]. To further obscure the molecular diagnosis there is evidence of
subtelomeric exchange between the 4935 and 10q26 repeat units. Such exchanges result in
a mixture of the two repeats at both loci and occurs naturally in 20% of the population [44,
46, 47]). The implications of these events suggest that both molecular and clinical
techniques must be evaluated for FSHD diagnosis. In the majority of FSHD families, a
short EcoRl fragment co-segregates with the disease [7-9, 38, 42]. However in
approximately 5% of FSHD patients the disease is not linked to 4q35. These cases are
presumed to result from mutations in a causative gene(s) or be due to misdiagnosis [1, 2,
12].  Further complicating the diagnosis of FSHD is the high incidence of somatic
mosaicism, wherein the causal mutation is a deletion of the D4Z4 repeats in a proportion of
mitotically dividing cells [2, 7, 23, 24, 40]. The age of onset and the severity of symptoms
in mosaic patients is linked directly to the size of the integral deletion of D4Z4 repeats and
the proportion of somatic cells, which possess this FSHD genotype [3, 23]. It has been
observed that while the incidence of mosaic males is less than females, males present the

more severe manifestations [15, 22, 23].

In order to discemn the molecular basis of Facioscapulohumeral Muscular Dystrophy
the D4Z4 repeat, the repeat arrays and adjacent regions have been scrutinized for expressed
sequences [40, 43, 44, 49-51]. Based on evidence involving the deletion of D4Z4 repeats,

three potential models have been explored:

[1] — There is a gene contained within the D4Z4 repeats whose normal function is
compromised as a result of the deletion.



[2] — The repeats normally function as a buffer preventing telomeric gene silencing.
The reduced size of repeat arrays in FSHD patients would allow telomeric
position effect (TPE) to influence expression of neighbouring genes.

[3] — The repeating D4Z4 units possess repressive elements, which constitute a
catalyst necessary for induced formation of heterochromatin.
Heterochromatin may regulate the expression of centromeric genes or key
regulatory elements. The loss of these repeats could therefore cause the
inappropriate upregulation or continued expression of gene(s), the product of
which may be toxic to muscle cells.

1.2 — The D4Z4 Repeats and Facioscapulohumeral Muscular Dystrophy.

There are many examples of how expanded repeats are associated with a genetic
disease by interfering with gene stability or function. Fragile X Syndrome, Myotonic
Dystrophy, Huntington’s disease and Spinobulbar Muscular Atrophy, Spinocerebellar
Ataxia (type 1, 2, 3, 6, 7, 8 and 12) are examples of how expansions in trinucleotide repeats
destabilize a known gene product or its genomic region [52-61]. As well, there is an
example where the addition of larger repeats (5.5kb) to the apolipoprotein(a) gene (4PO(a))
can form additional Kringle IV repeat subunits, leading to an increased risk of
atherosclerosis [62, 63]. Since FSHD has been causally linked to large deletions of integral
copies of the D4Z4 repeat, the possible presence of a gene or gene-modifying elements
within the repeat has been evaluated. Several groups determined the sequence of D4Z4
repeats (40, 43, 64]; Acc.L32607, L24543, D38024). Although the sequence of each repeat
analyzed was not 100% identical they do appear highly similar. The 3.3kb or D4Z4 repeats
are GC rich (approximately 71% C + G) [35, 43, 51, 65-67] and each repeat contains a
double-homeobox (or double-homeodomain) related sequence motif. Also contained within

the repeat are an LSau middle-repetitive and a hhsmp3 low-copy type repetitive sequence,



which are preferentially localized in heterochromatic regions [2, 35, 39, 40, 43, 51, 65]. For
a schematic diagram of the D4Z4 repeat refer to Figure 2. Analysis by Hewitt et al., [43]
showed that the paired sequences were incorporated into a 405bp open reading frame
(ORF), and they further suggested the GC-rich LSau repetitive element contained a putative
promoter. More recently, analysis of the D4Z4 sequence has uncovered a second larger
ORF with a putative promoter [51]. The potential promoter region of this 1.2kb ORF
includes 2 MEF2 and a MyoD muscle specific enhancer binding domains, a GC-box, a
TACAA box and 3 consensus-binding sites for the ubiquitous transcription factor SP1. The
TACAA sequence is a variation of the more common TATAA box (TATA box), necessary

for RNA polymerase II initiation of transcription [51, 68]. The myocyte enhancer factor-2
(MEF2) and myogenic determination factor MyoD are identified by muscle specific DNA-
binding activity and have been identified for their importance in skeletal and cardiac muscle
gene expression [69-72]. The MEF2-binding site, CTA(A/T);TAG, and the MyoD specific
binding site, CANNTG (the so called E-Boxes), have been shown to be essential for the
expression of many muscle specific genes [69, 73-76]. MyoD and MEF2 act together with
the other myogenic determination factors, myogenin, MYF5 and MRF4 to regulate the
genes necessary for directing and maintaining terminal myogenic differentiation [69-73,
77]. It was found that this putative D4Z4-promoter could indeed drive transient expression
of a fused luciferase reporter gene, with strong activity [S1]. This data is corroborated by
previous analysis of the HEFT1 promoter from DUX1 and DUX2 [66]. DUX1 and 2 are
novel transcription factors that contain a double-homeobox domain. These genes are found
as a single open reading frame within 3.3kb repeats dispersed throughout the genome on

acrocentric chromosomes; however neither DUX1, DUX2, nor a third member DUX3 were



Figure 2. The positions of sequence elements within the D4Z4 repeat.

A schematic drawing of three complete D4Z4 repeats (arrows, top), depicting internal
repetitive elements (LSau, hhsmp3 and homeobox motifs). 3.3kb Kpnl unit cloned for

further experiments is shown. [K] = Kpnl restriction site.
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mapped to the 4935 repeats [51, 66]. Ding and colleagues [66] did discover that the 182bp
HEFT1 promoter shows 87% homology to sequence within the D4Z4 repeat, suggesting that
a DUX1-like protein may be encoded within the 4q35 repeats. DUX4, as this double-
homeobox motif was later designated, and its 3 other homologues (DUX1, 2, 3) share strong
homology to the Drosophila paired and orthodenticale homeodomains [2, 38, 40, 43, 64,
66]. Moreover, these domains are associated with a group of basic helix-turn-helix proteins
commonly characterized as developmentally important transcriptional regulators. These so
called Homeobox genes, which include the PAX, HOX, EMX and MSX families, and many
other novel genes, are highly conserved throughout evolution [73, 78-81]. Interestingly,
comparative sequence analysis shows that the D4Z4 repeats are only found in the primate
species lineage, arising approximately 25 million years ago [45, 64, 81]. Sequence
similarity between the D4Z4 repeat and the muscle specific PAX3 and MHox paired-
homeobox motifs provides insight towards a muscle specific role (40, 82-84]. Moreover,
the presence of the muscle-specific factor binding domains for MEF2 and MyoD suggest

that there may be a muscle related role for DUX4 [51, 66, 69, 71, 85].

Two disease models can be derived from these findings. Firstly, if there is a gene
contained within the D4Z4 repeat, a deletion of integral copies from the D4Z4 array may
reduce the number of active genes. This would result in a lower dosage of gene products
resulting in FSHD pathology through a “loss of function” mutation. Conversely, as the
D4Z4 repeats lie within a putatively heterochromatin region [17, 52, 65, 86, 87], it suggests
the DUX4 gene is normally non-functional. A partial deletion of integral repeats may
destabilize the heterochromatin structure of the region allowing expression of the DUX4

gene in a subset of muscle cells representing a “gain of function” mutation. The product of
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DUX4 may prove to be toxic when expressed under abnormal conditions, possibly due to a
strong dimerization potential common to DUX1 and DUX2 [51, 66]. Despite the presence
of this putative promoter, no functional gene transcript has ever been isolated from the
D4Z4 sequence [40, 43, 49-51, 65, 67]. Furthermore, D4Z4-homologous repeats have been
localized to other regions of the genome including chromosomes 1p, 2p, 4p, 9q, 12p, 13q,
18p, 21q, and 22q as well as the pericentromeric regions of chromosomes 1, 3,9, 10 and Y
[45, 50, 64-66, 86). Taken together, this data suggests that the disease gene is not contained
within the repeats themselves but may be located within the neighbouring proximal region.
Therefore the reduction in the size of the repeat array may be suggestive of a role in
regulating expression of a nearby gene through a process called position effect variegation

(see below).

1.3 — Position Effect Variegation and Facioscapulohumeral Muscular

Dystrophy.

Position effect variegation (PEV) is a term encompassing a wide assortment of
processes whereby the expression of a gene is regulated in part by the surrounding
chromatin environment [88-92]. In chromatin, DNA is organized and packaged within the
genome by structural proteins called histones [47, 68, 93]. The nucleosome, which is the
fundamental and structural unit of chromatin, is comprised of 146bp of DNA wrapped
around a histone (H) octamer containing 2 of each: H2A, H2B, H3 and H4 proteins [94, 95].
Additional protein subunits such as H1 act as nucleosome linkers. Chromatin has several
layers of organizational structure; the linear arrays of nucleosomes that comprise the

primary structure of chromatin can be folded and condensed into higher-order structures
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through protein-protein and protein-DNA interactions [96]. At the highest level of
condensation there are two clear domains, euchromatin and heterochromatin ([96-98] and
references within). Heterochromatin generally refers to non-transcribed, densely packed
chromatin that is cytologically defined as regions of the genome, which remain condensed
throughout the cell cycle [68, 91, 92, 96, 99, 100]). Heterochromatin tends to be
concentrated at the centromeric and telomeric regions (constitutive heterochromatin);
however a molecular signal can result in the stable, yet reversible formation of a
heterochromatin (temporal or facultative heterochromatin) and this can occur anywhere
[101-105]. Both forms of heterochromatin are involved in many functions including nuclear
organization, chromosome segregation and gene silencing [89, 92, 97, 106-108).
Euchromatin, on the other hand, is a less condensed organization of chromatin where the
vast majority of actively expressing genes tends to reside [68, 93]. In general, DNA in
heterochromatin tends to be heavily methylated while euchromatin contains more acetylated
histones [103, 109-112]. Heterochromatin is one of the primary means of transcriptional
repression [95, 113-117]. Therefore, for gene expression (spatially, temporally, and
quantitatively) a gene requires not only intact coding sequence and functional regulatory
elements but also the appropriate chromatin environment. In 1930, while studying
Drosophila genetics, Muller noticed that when the euchromatic gene, white was placed near
a heterochromatin boundary the gene was silenced, but only in a portion of cells ([106] and
references within). The resulting observation was a mixture of white and red eye facets;
however if the white gene is completely knocked out, 100% white facets are formed [118,
119]. This is the classic example of position effect, which simply means that a gene’s
expression is modified as a result of the surrounding chromatin environment wherein it lies

[116, 120]. Position effect variegation is thus the stochastic on/off or mosaic expression of
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a gene placed in or adjacent to a junction between euchromatin and heterochromatin [88,
100, 113, 121-123]. The result is an allele-specific transcriptional repression through
chromatin remodeling on a cell by cell basis. The following models, which are proposed for
FSHD pathogenesis, can be grouped into those that are the result of constitutive chromatin

or facultative chromatin position effects.

1.3.1 - Telomeric Silencing and FSHD (Constitutive Heterochromatin).

Constitutive heterochromatin, which is concentrated at the telomeres and
centromeres of chromosomes, was originally thought of as “junk” DNA with no coding
potential and is inextricably linked to late-replication [49, 101, 104, 124]. The centromeres
are the sites of spindle attachment and are the loci responsible for poleward movement
during mitosis and meiosis [68, 101, 104, 124). Primate centromeres are prominent
heterochromatic regions built up of repetitive DNA sequences, primarily the 171bp basic a-
satellite, and a protein scaffold [91, 93, 102]. Telomeres are the natural ends to the
chromosomes and comprise between 4-15kb of repeating units of TTAGGG. They serve a
primary role as a sealer and protector of the chromosome ends from degeneration and as a
center for the initiation of chromosome duplication [68, 125-130]. Between these hexamer
repeats and the most distal euchromatin domain lies the subtelomeric region, ranging from
several to a few thousand kilobases. This region contains mostly middle and highly
repetitive sequences but also tandem arrays of unique repeats [17, 125, 126, 131]. Itis in
this subtelomeric region that the Facioscapulohumeral Muscular Dystrophy associated-
DA4Z4 repeats are located [15, 35, 45, 46, 49]. For an overview of the 4q35 subtelomeric

region refer to Figure 3. The boundaries of the centromeric and telomeric regions tend to be
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Figure 3. Organization of the subtelomeric sequence.

The subtelomeric region is divided into proximal and distal regions by the degenerate
telomeric repeats and an origin of replication (ARS). Between the telomeric repeats
and the degenerate telomeric repeats (gray ovals) lies the distal subtelomeric
sequences. The predicted location of the D4Z4 repeats (boxed arrows) is within the
proximal subtelomeric sequence (dashed line). The unique chromosome sequence
contains gene rich euchromatin. This figure is modified from [131].
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very ambiguous, containing similar repetitive elements and both constitutive and facultative
heterochromatin [101, 104, 106]. Expression of genes located near such heterochromatin
centres tends to be regulated by long range position effects called centromere position effect
(CPE) or telomere position effect (TPE) [125, 132, 133]. Sometimes these genes can lie up
to 900kb away from the mutation breakpoint, such as in the case of X-linked deafness,
discussed below [116]. The process by which the heterochromatin from the centromeres or
telomeres is able to spread out and engulf an euchromatic gene is called
heterochromatinization (Refer to Figure 4). Heterochromatinization occurs when extensive
chromatin packaging can transcriptionally silence a gene by (i.) inducing a later replication
time point which will put the gene at a disadvantage in the competition for transcription
factors or (ii.) by generating a more tightly condensed structure of chromatin which itself

inhibits transcription [86, 92, 134-136].

There are some examples of genetic diseases that are caused by position effect
through heterochromatinization associated with constitutive chromatin (CPE or TPE). For
example, the deletion of an 8kb interstitial fragment approximately 900kb away from the
gene POU3F4 is the possible cause of a spread of heterochromatin shutting down
expression of this gene and causing a form of X-linked deafness (DNF3; [116, 137]). Itis
possible that this specific 8kb region contains a buffer or boundary elements, which would
normally prevent the spread of heterochromatin from affecting the expression of POU3F4.
A second example of a disease causing mutation involving the spread of constitutive
chromatin in humans is XY female sex reversal. It has been shown that partial deletions
within the array of 2.6kb Sx1 repeats causes the spread of centromeric heterochromatin to

affect the level of expression of the testis-determining gene SRY (sex-determining region Y
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Figure 4. Cis-spreading heterochromatinization model for Facioscapulohumeral
Muscular Dystrophy.

One model for FSHD suggests that the D4Z4 array (represented by a striped box)
normally functions as a Sub-Telomeric Anti-silencing Region (STAR) to protect
proximal genes from inappropriate silencing due to telomere position effect (top
figure). In the cases with a large deletion of D4Z4 repeats (FSHD), the remaining
STAR elements are insufficient to retain a protective boundary from cis-inactivation
(bottom figure). Dark gray boxes with arrows represent active genes within the
proximal region, gray boxes without arrows represent inactive genes. The light gray
oval depicts the placement of telomeres and the thick dark line represents the DNA
condensation effect of heterochromatinization. (Figure adapted from [31]).
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chromosome) [138, 139]. Experiments in mice have shown that deletions within the Sx1
array to below 50 repeating units bring the Sry gene from 35kb away to approximately 10kb

from the Y centromere [139-141]. It has been suggested that these Sx1 repeats may provide
a buffer or boundary to the heterochromatinization of the Sry locus [116, 139-142]. In
yeast, proximity of a gene to the telomeres has been shown to repress expression as well as
slow replication through TPE [133, 143]. Also, there are several examples how sub-
telomeric chromosomal rearrangements and chromosome-end truncations cause human
idiopathic mental retardation (IMR) syndromes. It has been suggested that 6-8% of IMR
cases are the result of such telomeric position events [44, 125, 144, 145]. A consequence of
the DNA rearrangement could be that the genes normally located hundreds of kilobases
away from the telomere become located adjacent to the TTAGGG repeats. These repeats

may then be able to initiate heterochromatin spread thus affecting gene expression.

Do the D4Z4 repeats act as a sub-telomeric anti-silencing region (STAR)? If so,
then a deletion within the repeat array to below the threshold of 10 units may disrupt the
functional organization of the 4q telomeric region [2, 15, 65, 86, 146). If the repeats do
indeed work as a telomeric spacer, it is hypothesized that the disease results from the
inability of the smaller D4Z4 arrays to prevent cis-telomeric heterochromatinization from
entering into the gene-rich proximal region and not a result of the removal of a D4Z4 gene
through deletion. Under the premise of an autosomal dominant pattern of inheritance for
FSHD only one chromosome 4 is necessary to contain the deleted D4Z4 allele. This
telomere position effect silencing model therefore invokes a haploinsufficiency pathology to
explain the observed inheritance. The region immediately proximal to the D4Z4 repeats

then became a focal point for the study for the discovery of the novel FSHD disease gene.
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This search initially characterized two novel gene sequences, FRG1 (ESHD region gene 1)
and FRG2 which are expressed genes with unknown functions and a pseudogene TUB4q
[45, 49, 81, 86]. FRG] is located 100kb proximal to the D4Z4 repeats and is abundantly
expressed in most human tissues, including skeletal muscle; however FRG2 (37kb proximal
to the repeats) has only been found to be expressed temporally in human and murine
fibroblast cells undergoing forced myogenesis [45, 49, 86]. FRG2 expression was not
detected in FSHD patient biopsies [49, 81]. TUB4q, which is not expressed, lies 80kb away
from the D4Z4 repeats [49]. The hypothesis that the repeats act as, or contain STAR
elements is consistent with several observations. Firstly, the variability in severity of
phenotypes, which has been linked to the larger deletions (shorter EcoRI fragments)
suggests that the extent of heterochromatinization can be cumulative based on the number of
repeats. Secondly, in this model several proximal genes may be affected giving rise to
numerous symptoms. There are other noteworthy genes which lie in the proximal region to
the D4Z4 repeats. They include the apoptotic enzyme Caspase 3 (CPP32) and the skeletal
muscle Adenine Nucleotide Translocator-1 (4NT1), which is important for muscle energy

dynamics [18, 20, 27]. Despite the implications, mutations in the expression of these genes
may have for muscle cell dynamics, they are approximately 5.5 Mb away from the D4Z4
repeats and as such are not considered the cause of FSHD. For an overview of the 4q35

genomic structure refer to Figure 5.

If the D4Z4 repeats at 4q35 act as a STAR for the prevention of TPE, then the
resulting deletion identified in FSHD patients would, in effect, down-regulate expression of
genes lying immediately centromeric and thereby representing a “loss of function”

mutation. Following exclusion of a direct mutation within the coding sequence of FRG1, an
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Figure 5. Physical map of the human chromosome 4q35 region.

Chromosome 4q35 spans approximately 10.5Mb. The genes FRG1, FRG2 and the
pseudogene TUB4q which lie immediately proximal to the D4Z4 array (white
triangles) are represented as light gray boxes. Other proximal genes of interest located
beyond 400kb from the repeats are shown (to scale). The placement of the probe
p13E-11 (black box) and specific DNA markers loci (D4S163, D4S139, D4F35S1 and
D4F104S1) are labeled above.
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allele-specific single nucleotide polymorphism was used to differentially assess FRG1
expression from both chromosomes of an FSHD patient [86]. Van Deutokom et al. [86]

discovered that there was a slight increase in FRG1 expression from the D4Z4 deleted
chromosome 4 over the normal allele. Furthermore, there are indications that other genes,
such as ANT1 and CPP32, which lie within the D4Z4 proximal region, are upregulated in
FSHD patients [18, 27]. This is surprising since this model would predict that proximal
genes juxtaposed to the D4Z4 region would be silenced, and as such TPE cannot account for
FSHD. Moreover, the report of a family monosomic for the 4q35-qtel region yet
phenotypically normal with respect to FHSD suggests that haploinsufficiency of distal 4q35
genes cannot account for this disease [147]. The noticeable upregulation of the most distal
4q35 genes (FRG1, CPP32 and ANT1) in FSHD patients suggests that the D4Z4 repeat may
normally have a mechanistic effect in repression of transcriptional activity within this

genomic interval [18, 27, 86].

1.3.2 — Chromatin Repression and FSHD (Facultative Heterochromatin).

It has been said that the human genome is like a desert, with vast tracks of lifeless
space interrupted only by the occasional oasis of activity [97). Under this model it is the
heterochromatin that represents the lifeless space by repressing gene activity. As previously
noted constitutive heterochromatin is concentrated at the centromere and telomeres while
facultative heterochromatin can form anywhere along the chromosome [103, 105, 124). A

fundamental difference between constitutive and facultative heterochromatin is that
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constitutive heterochromatin tends to extend the reach of a centromere or telomere over a
larger region, while facultative heterochromatin is more prone to affect specific and targeted
loci [94, 102, 148]. A well studied example of facultative heterochromatin is X-
inactivation, where the cis-acting Xist gene coordinated the silencing of nearly all genes on
one of the two X chromosomes in female mammals (reviewed in [102, 105, 148, 149].
Although some genes do lie in regions immediately proximal to constitutive
heterochromatin, the vast majority of genes lie within euchromatin regions [100, 106].
Many processes govern a gene's transcriptional status. Given the dynamic nature of
chromosomes, it is unlikely that a gene would remain in a fixed active or inactive state [89,
120]. Moreover, during development, subsets of genes are activated in a temporally and
spatially restricted manner [77, 150-152]. In order for cell specification and development or
differentiation to occur, there has to be a critically precise mechanism(s) in place to allow
some gene loci to have constitutive or inducible activation, whereas others remain silent or
become repressed. One modulator of these processes is the dynamic organization of
chromatin. The presence of heterochromatin restricts the access of transcriptional
machinery and other regulating elements to the DNA [97, 108, 153]. There must therefore
be mechanisms in place, which form heterochromatin over regions destined to be repressed,
or disband heterochromatin at other intervals. These mechanisms also fall under the wide
spectrum of Position Effect Variegation (PEV). There are a variety of processes at play
during PEV: histone modification, ATP-dependant nucleosome remodeling, DNA
methylation and protein structures [154]. In an attempt to elucidate the proteins responsible
for such control, several genetic screens were carried out in Drosophila, isolating both
suppressors and enhancers of variegation (Su(var) and E(var); [90, 115]). Among those

identified were members of the structurally diverse Polycomb and Trithorax group (PcG and
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TrxG) proteins along with other structural proteins [88, 106, 155, 156]. PcG proteins form
complexes which functionally maintain transcriptional repression, while the TrxG proteins
play a critical role in maintaining, but not initiating, a transcriptionally active state, through

the modification of the local chromatin environment [120, 151, 157-160].

In higher eukaryotes, repetitive DNA arrays are often targeted for facultative
heterochromatin formation. It has also become clear that transgene arrays are susceptible to
this form of repression as well [161-166]. Mechanisms for the formation of facultative
heterochromatin have been observed in all eukaryotes and frequently involve the inclusion
of Heterochromatin Protein 1 (HP!1 or the Drosophila Su(var)2-5) in a dosage dependant
manner and for some genes the incidence of Polycomb Response Elements (PRE; [88, 92,
167, 168]. PREs have been shown through biochemical and genetic experiments to be the
finite target sites for assembly of PcG complexes [91, 107, 120, 167]. PREs are sequences
that act like a switch to control whether a gene is transcriptionally active or inactive and are
often contained within regulatory elements necessary for gene transcription [152, 158, 169,
170]. PcG mediated repression is a balance between the activity of a PRE and the
chromosomal context of the region [119, 120, 169]. The PcG and TrxG form a primary
means of control for the regulation of pattern specific regulation of homeotic genes, such as
those from the HOX family [171-175]. Mutations in key Polycomb genes result in
homeotic transformations and severe developmental mutations especially in the body plan
of higher eukaryotes [176-180]. Mutations in some PcG genes, such as Bmi-1 have also
been shown to cause severe proliferative effects in lymphoid cells, which induce the

formation of lymphomas [181].
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Much of our knowledge of the Polycomb activities comes from research in
Drosophila; however PREs and both the PcG and TrxG mechanisms have been identified in
vertebrates [158, 159, 171, 175, 176, 181, 182]. Out of the estimated 30-40 loci, there are
greater than 13 known members of Drosophila PcG, all with known mammalian
homologues (reviewed in [119, 132, 152, 175]). It has been shown that PcG proteins work
together within complexes comprised of different proteins, each member having a specific
role in repression [183-186]. These PcG repressive complexes are assembled as a chain of
recruitment; stability is dependant on concentration of components and the permisiveness of
the chromatin environment [177, 185, 187]. It is not yet clear which proteins are
responsible for PcG complex recruitment to the PREs [173, 188, 189). However there are
two candiates, the drosphila pleiohomeotic (Pho) and the GAGA factor. Pho, and its
human homologue YY1, is the only PcG member thus far which has been shown to have
DNA binding properties with a minimal consensus sequence GCCATTAC [174, 180, 186,
188, 190). However, not all PREs contain these binding domains [170, 188). A second
recruitment element has been suggested, the GAGA factor (also 77/ for Trithorax-like) is a
member of the TrxG family, but has been linked to both activation and repression, in both
cases as a recruitment factor [108, 189, 191-193]. Researchers have found that GAGA
factor binds to sites which overlap PREs and contain a high proportion of repeating GA
residues [191, 194, 195]. Furthermore GAGA has been inextricably linked to PcG
complexes through its ability to be co-immunoprecipitated with Pc [170, 189]. The PRE can
thus be thought of as a mosaic of multiple protein binding sites for the recruitment PcG

complexes [170].
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There are two basic mechanisms proposed for PcG repression (see Figure 6). Based
on the evidence of homolgy between HP1 and the PcG protein polycomb (Pc), it has been
suggested that Polycomb repression acts at the chromatin level by forming multimeric
repressive complexes over an entire domain as shown in Figure 6(A), [117, 168, 182]. The
result is that a broad region undergoes heterochromatinization, similar to that observed in
TPE and CPE [117, 151, 196]. In this model, the PcG complex nucleates from the PRE and
then spreads by further PcG-PcG and PcG-chromatin interactions to cover a region, which
may contain enhancer and transcriptional elements, if not the gene itself [156, 171].
However, through crosslinking experiments Strutt et al., [189] found that the PcG proteins
do spread out from a PRE, but only over 1-2kb, and so this model alone cannot account for
the widespread transcriptional repression associated with a PRE [119]). The second
proposed mechanism (Figure 6(B)) is a looping model that was proposed by Pirrotta and
Rastelli [119]. This model suggests that there are two forms of PREs, a strong or central
core PRE that has a high affinity for the formation of stable PcG complexes, and outlying
secodary sites or “S” elements which have less affinity and may only bind weaker less
stable PcG complexes. The centrally bound PcG complex would interact with the S-
associated complexes thus drawing the DNA into a looping bundle which is in sharp
contrast to the current model for cis-telomeric and cis-centromeric spreading (reviewed in
(119, 122, 156, 187]). Some evidence which supports the “looping” model came from
Schlossher et al., [197]. They found that while transcriptional activity was repressed, PcG
complexes had no significant effect on the availability of the DNA for restriction
endonuclease digest. This suggested that only certain regions were actually bundled up and

protected from restriction digest by protein.
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Figure 6. Possible mechanisms which lead to Polycomb Group-mediated repression.

(A) In the “spreading model”, initiation of repression occurs as PcG complexes (green
ovals) bind and nucleate out from the PRE (white oval). In a mechanism reminiscent
of the Centromeric and Telomeric Position Effect cis-spreading
heterochromatinization model the repressive PcG complexes build up through and
silence gene expression by expanding to cover an entire coding unit (gene, promoter
and enhancer elements, shown as blue (arrow), black and orange rectangles,
respectively). (B) Another view of PcG repression is the “looping model.” In this
scenario a central PRE binds PcG complexes with high affinity, while outlying S
elements, in purple are less efficient PREs and bind PcG complexes (blue/green circle
and yellow diamonds) with lower affinity. The repressive looping structure is then
formed as a cooperative action between the S-bound and central PRE-bound
complexes, drawing the DNA into a bundle. Both models result in a tightly bound
heterochromatin structure, which results in transcriptional inactivation.
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The D4Z4 repeat contains repetitive elements such as the hhsmp3 low copy and
LSau middle copy type repeats which tend to be found in heterochromatic regions [2, 35,
39, 40, 43, 51, 65]. Furthermore, multiple copies of the 68 base pair Sau3 satellites, which
are often associated with heterochromatin, are located just outside of the repeats [43]. It is
hard not to imagine that the D4Z4 array is typically contained within a heterochromatin
domain.  Since Polycomb-group regulation is often associated with Homeotic gene
regulation and the D4Z4 repeat potentially contains such a gene (DUX4), we examined the
repeat sequence for Polycomb Response Elements. Within each repeat we identified seven
consensus PRE sequences. It may be that these putative PRE elements form a repressive
structure, which normally suppresses the region at 4935. Under this model we postulate that
the D4Z4 repeats represent a site of nucleation for the formation of a heterochromatin
complex. Perhaps a larger array of repeats is able to form a more stable repressive structure,
and that the long-range mechanisms consistent with position effect variegation is the result.
The inherent variability of symptoms between patients and even monozygotic twins is
indicative of the stochastic and mosaic effect of PEV [21, 22]. This suggests that there is a
critical threshold of repeats, under which this repressive structure is unable to form or is
ineffective in the regulation of neighbouring gene expression. We hypothesize that deletion
within the D4Z4 array leads to continuous or misappropriate expression of one or more
genes from the vicinity, within skeletal muscle, and is the underlying mechanism that causes
the Facioscapulohumeral Muscular Dystrophy disorder. Furthermore, several of the genes
from the 4q35 region have functions that may account for several of the FSHD symptoms,
observed in severe cases. For example, DFNA24 has been associated with a non-
progressive autosomal dominant form of hearing loss; ANTI is involved in muscle cell

mitochondrial energy metabolism and over expression of CPP32 may lead to muscle cell
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deterioration by apoptosis [14, 18, 20, 27). This suggests that FSHD is a syndrome
composed of many separate and distinct phenotypes as a result of inappropriate

transcriptional regulation of many loci.

There are other examples of human genetic diseases that are caused by a failure to
control transcription through chromatin structure. The Immunodeficiency, Centromeric
instability and Facial abnormalities (ICF) syndrome is an extremely rare autosomal
recessive disorder caused by mutation in the DNA methyltransferase gene DNMT3B [198-
200]. Mutations of this gene lead to the wide-spread hypomethylation of satellite DNA
resulting in instability of the pericentromeric heterochromatin of chromosomes 1, 9, 16 and
X [198-201]. At these regions the heterochromatin is undercondensed, and as a result prone
to varying degrees of stretching and breakage [67, 202]. It has also been suggested that key
genes in these regions may be inappropriately upregulated causing the craniofacial, cerebral
and immunological development [51, 198]. Coincidentally, one of the two non-satellite
DNA repeats found to be strongly hypomethylated in ICF patients was the D4Z4 repeat,

implicated in FSHD [67, 87].

1.4 - Rationale and Research Objectives.

Facioscapulohumeral Muscular Dystrophy is a debilitating genetic disorder that
affects approximately 1:20,000 individuals. The incidence of FSHD has been irrefutably
linked to internal deletions of D4Z4 repeats at 4q35; however, over the last decade the role
of these repeats in the pathogenesis of this disease has not been elucidated. Our working

hypothesis is that a reduction in the number of these repeats below a critical threshold
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prevents the formation of a repressive heterochromatin complex. This inability to form
facultative heterochromatin complex affects the genomic environment of the surrounding
region, and ultimately alters local gene expression. The purpose of our experiments is to
determine the function these repeats hold in the pathogenesis of FSHD by evaluating their
regulatory effect on reporter gene expression. There has been much speculation as to the
repressive nature of the D4Z4 repeats, yet few functional tests have been undertaken to
define the role of D4Z4 in the pathogenesis of FSHD. It is therefore imperative to define
the molecular mechanism underlying this disease. To address this potential mechanism, we
have examined the expression of a reporter gene in plasmids containing 1 to 4
concatamerized copies of the D4Z4 repeat. Our aim was to determine if D4Z4 repeats had a
repressive effect on neighbouring genes, muscle function, or myoblast differentiation. To

address this we proposed the following objectives:

[1] To construct the LacZ expression plasmids containing cloned arrays of D4Z4
repeats.

[2] To investigate and measure the effect that D4Z4 repeats have on LacZ gene
expression and to compare it to LacZ expression from a construct without
D4Z4 repeats in transient transfection assays using C2C12 myoblasts.

[3] To determine if the D4Z4 repeats are able to initiate gene repression following
stable integration of plasmid constructs into the C2C12 genome

[4] To assess if myogenic differentiation plays a critical role in D4Z4 repeat-
induced regulation of gene expression.
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Such information will provide additional insight into the role that the D4Z4 repeats play in
the pathogeneis of FSHD. This in tum will provide valuable information, which would

broaden our understanding of how chromatin structure regulates human genetic diseases.
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2.0 — Materials and Methods

2.1 — Materials

2.1.1 - Sources of Chemicals and Reagents

Agarose, proteinase K, Lipofectamine Reagent and DNA molecular weight ladders
(1 kb plus Ladder) were purchased from Gibco BRL (Burlington ON). ScintiSafe
scintillation fluid, sarkosyl, EDTA and dextran sulfate, were purchased from Fisher
Scientific (Toronto ON). Formamide and lysozyme were obtained from Roche Diagnostics
Corp. (Indianapolis IN). Ethidium bromide, placental DNA, carbenicillin, DEPC, X-gal,
ONPG, 3,3’-diaminobenzidine, guanidium thiocyanate, ferricyanide, ferrocyanide,
glutaraldehyde and B-mercaptoethanol were purchased from Sigma Chemical Co. (St. Louis
MO). Phenol, bacto-agar, bacto-tryptone and yeast extract, chloroform and isoamyl alcohol
were purchased from VWR International (Ville Mont-Royal QB). Reporter Lysis Buffer
and purified B-gal protein standard were obtained from Promega (Madision WI). Stock
dNTPs, Sephadex G-50, Kodak Biomax MR-1 film and Random Hexamers (used in cDNA
synthesis) were purchased from Amersham Pharmacia Biotech Inc. (Baie d’Urfe, QB). All
cell culture plates, dishes and flasks are from Falcon (Franklin Lakes NJ) or Nunc
(Denmark). Cell culture media was purchased from Gibco BRL and cell culture serum
(fetal bovine serum) was purchased from Cansera International, (Rexdale ON). All other

common laboratory chemicals were obtained from Sigma, Fisher, Gibco BRL or VWR.
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2.1.2 - Enzymes

Restriction endonucleases Asp718 and Tru91 (Roche Diagnostic), Hindll and Spel
(New England Biolabs Ltd, Mississauga ON), Kpnl, Bglll, Nhel, Ndel, EcoRl and EcoRV
(MBI Fermentas, Burlington ON) were used under the conditions provided by the supplier.
Taq DNA Polymerase used in PCR reactions was purchased from Invitrogen. Superscript
Reverse Transcriptase was purchased from Gibco BRL. The 5’ and 3’ end modifying
enzymes Klenow DNA Polymerase [ and T4 DNA Polymerase were purchased from New
England Biolabs. RNaseA and Lysozyme were from Roche Diagnostics, Proteinase K was
from Gibco BRL and RNA guard, a ribonuclease inhibitor, was purchased from Amersham

Pharmacia Biotech Inc.

2.1.3. - Radiochemicals

All radiolabeled [a-**P]dCTP isotopes (10uCi/pL) were purchased from Amersham

Pharmacia Biotech Inc. (Baie d’Urfe, QB).

2.1.4 - Oligonucleotides

Unless otherwise stated, all oligonucleotides used in experiments for stable clone
confirmation or reverse transcription-PCR were synthesized by Invitrogen Custom Primers
(Frederick MD), Gibco BRL Custom Primers (Ottawa ON) or Cortec DNA Service
Laboratories Inc. (Kingston, ON). The sequences of the oligonucleotides used are listed

below.
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LacZ Reporter Gene Specific (cDNA) (Designed by R. Kothary, Ottawa ONT)
RAS 39: §5°- ttg gcc tga act gec age tgg cge agg - 3°

RAS 40: 5’- tcc cge age gea gac cgt ttt cge teg - 3°

D474 Repeat Specific

bD4Z4-3026f: 5’- gga agc acc cct cag cg - 3’
bD4Z4-3219r: 5’- gaa ggc agg aat ccc aggc - 3’
D4Z4-f1905: 5°- cga gcc tge ttt gag cg - 3°

D4Z4-12385: 5°- cgt ggg gtg cgg gaa - 3°

Sequencing Primers

T3: 5’ - att aac cct cac taa ag - 3°

T7:5’ - gat atc act cag cat aa - 3°

2.2 - Methods

2.2.1 — Plasmid Constructs

To evaluate the potential effect D4Z4 has on promoter activity, a complete D4Z4

repeat was cloned from the cosmid cY13 (gift from RR Frants, Leiden, The Netherlands).
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The cosmid cY13, which contains three D4Z4 repeats, was previously derived from
chromosome 4q35-specific YAC 25C2E [203]. DNA from cY13 was purified and digested
with Kpnl to release the D4Z4 repeats. The 3.3 kb band corresponding to the D4Z4 repeat
was agarose gel purified using the GFX PCR DNA and Gel Band Purification Kit
(Amersham Pharmacia Biotech Inc.). D4Z4 repeats were then concatamerized and ligated
into pBluescript II KS +/- phagemid (Stratagene, La Jolla CA) using the Rapid DNA
Ligation Kit (Roche Diagnostics Corp.), with modifications. Briefly, D4Z4 fragments
(200ng) were allowed to self-ligate for 20 min to form concatamers and then 50ng of Kpnl
digested pBluescript was added to the mixture for 30 min at room temperature. In this
method D4Z4 repeats in arrays of 1-4 were obtained and determined to be in uniform
direction through DNA restriction endonuclease digestion with Bg/ll and agarose gel
electrophoresis.  Tru91 digestion followed by treatment with 2U of Klenow DNA
Polymerase [ at room temperature for 20 minutes to fill recessed 3° termini [204] was used
to release concatamerized repeat arrays from these intermediate plasmids (pDYInt01'™).
Following gel purification of the appropriately sized bands, the arrays were further digested
with Spel and cloned into EcoRV / Spel double digested pBluescript. This additional
cloning step generated two Hindlll restriction sites flanking the cloned D4Z4 repeat arrays
and corresponds to pDYInt02'*. The promoter expression construct (pDYInt04) was
developed by use of a band containing the MCS and flanking LoxP recognition sequences
(Ac. AX359675) was released from pBS246 (gift of M. McBumney, Ottawa ON) by EcoRI
digestion. Five ug of the resulting EcoRI fragment was then treated with 2U Klenow DNA
Polymerase I, to fill recessed 3* termini then digested further with Spel. Following gel

purification, this fragment was cloned into pBluescript, which had been digested by Kpnl
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and end-treated with 2U (for Sug DNA) of T4 DNA Polymerase for 20 minutes at room
temperature to remove 5’ protruding ends [204], then digested with Spel. Following
construction of pDYInt03, the Efla (BOS) promoter / LacZ reporter cassette was released
by successive Kpnl digestion, blunted by T4 DNA Polymerase and then Notl digestion from
pRP2044 (gift of R Parks, Ottawa ON). This fragment was cloned 93 bp downstream of the
second LoxP sequence of pDYInt03 by blunt-sticky ligation to Klenow DNA Polymerase I
treated Spel and Nofl sites, forming pDYInt04. D4Z4 arrays were then gel purified with
Hindll digestion from pDYInt02'* and cloned by Rapid DNA Ligation into the BOS
promoter expression construct (pDYInt04) to generate the final constructs pDYO1, pDYO02,
pDYO03 and pDY04. The plasmid pRP2044, which does not have any D4Z4 repeats, was
used as control. For an overview of the cloning strategy refer to Appendix A. Sequence
analysis, using T3 and T7 primers confirmed that the inserts were D4Z4 repeats and
confirmed the validity of the pDY01-pDY04 experimental constructs (Ottawa Regional
Cancer Center Sequence Facilities, Ottawa ON). The D4Z4 repeats were only obtained in

one orientation.

2.2.2 - Bacterial Transformations

Liquid media (SOB, SOC and LB) and solid media (LB-agar) were prepared as
described [204]. Following ligation, plasmid DNA was used to transform Competent E. coli
cells. Competent Stbl2 cells (Life Technologies Inc. Burlington ON) were prepared as
described in [205]. Briefly, 10-15 colonies of Stbl2 cells that had grown ovemight at 37°C

on an LB-agar plate were inoculated into 250mL of SOB media and grown to an optical
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density (Ago0) of 0.6 at room temperature with shaking at approximately 200-250 rpm in the
dark. The cultured cells were then pelleted and resuspended in ice cold TB media (10mM
Pipes, 55SmM MnCl,, 15mM CaCl; and 250mM KCl) for 10 min. Cells were then pelleted
and resuspended in 20mL of TB and DMSO (final concentration of 7%). Following a 10
min incubation on ice, SO0uL aliquots were cryogenically frozen and stored at -80°C until
use. Transformation was performed as follows: an aliquot of the ligation mix (3-7uL) was
added to 150uL of thawed competent cells and incubated for 20 minutes on ice in 15mL
polypropylene tubes. The mixture was then heat pulsed for 45s at 42°C without agitation
and transferred to an ice bath for 2 additional minutes. One milliliter of LB media was then
added and the tube(s) were placed in a 37°C shaking incubator for a 1 hour recovery.
Following recovery a desired portion (ranging from 75- 150uL) of the mixture was spread
onto LB-agar plates containing 20ug/mL, a synthetic derivative of Ampicillin and grown
overnight at 37°C. Individual colonies were chosen for growth in 4mL overnight cultures at
37°C with shaking (250rpm) using LB media containing 20ug/mL Carbenicillin. Plasmid

DNA was isolated in order to screen for positive clones (see below).

2.2.3 - Plasmid DNA Preparation

All plasmid DNA was isolated using a Boil Lysis mini prep protocol [204] or by
using the GFX Micro Plasmid Prep Kit (Amersham Pharmacia Biotech. Inc.) according to
the manufacturer’s suggested protocol. Large-scale plasmid DNA preps of positive plasmid
clones were performed using Qiagen Midi and Maxi Prep Kits (Valenci CA) according to

the manufacturer’s protocol. All DNA was resuspended in 35-50uL (Mini) or 80-100puL
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(Midi/Maxi) of water or TE (10mM Tris, HCL, ImM EDTA, pH 8.0) containing 10ug/mL
RNAse A (Roche Diagnostics). Absorbance at 260nm (4260nm) in 2 Beckman Coulter DU
640 spectrophotometer (Fullerton CA) was used to determine the DNA concentration of
each sample. Quality of the DNA sample was assessed as the DNA purity index, and was
determined as the absorbance at 260nm divided by absorbance at 280nm (4260nm/A280nm)
[201]. Typically only plasmid DNA having a purity index of greater than or equal to 1.7

was used.

2.2.4 — Genomic DNA Isolation from Mammalian Cells

Total genomic DNA was extracted from pelleted cells using a tail lysis buffer
(50mM Tris-Cl (pH 8.0), 10mM EDTA, 10mM NaCl, 1% SDS) containing 20ug/mL
freshly added Proteinase K (Gibco BRL). Following 24-48 hours incubation in Lysis Buffer
at 50°C, DNA was isolated from protein and cell debris by three consecutive phenol:
chloroform:isoamyl alcohol (25:24:1) extractions the aqueous phase (containing DNA) was
then separated from the organic phase (containing cell debris) by centrifugation at 4000 rpm
for 15 min and saved; DNA was precipitated using 1/10 volume 3M sodium acetate and 3
volumes of 95% ethanol. Pelleted DNA was washed twice with 70% ethanol and
resuspended in water containing 10ug/mL RNAseA (Roche Diagnostics). Absorbance at
260nm in a Beckman Coulter DU 640 spectrophotometer (Fullerton CA) was used to
determine the DNA concentration of each sample. Quality of the DNA sample was assessed

as the DNA purity index, and was determined as the absorbance at 260nm divided by
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absorbance at 280nm [204]. Typically only DNA having a purity index of greater than or

equal to 1.7 was used.

2.2.5 — Cell Culture

C2C12 myoblasts (American Type Culture Collection, Manassas VA) were
maintained at subconfluency under conditions of 37°C with 5% CO, in growth media
containing Dulbecco’s Modified Eagle’s Medium, [DMEM] (Gibco BRL) and 10% heat
inactivated fetal bovine serum [FBS] (Cansera International). Cells were cryogenically
preserved at -80°C in DMEM, 10% FBS and 10% DMSO. Stable cell clones were
maintained at subconfluency under conditions of 37°C with 5% CO; in selection media
containing DMEM, 10% FBS and 0.8mg/mL G418 (Gibco BRL) or cryogenically preserved
at -80°C in DMEM, 10% FBS, 0.8mg/mL G418 and 10% DMSO. All cells were harvested
for DNA, protein or RNA analysis by treatment with a minimal volume (1/10 volume of
culture media) of 1X Trypsin-EDTA (Gibco BRL) for five minutes and resuspended in

50mM Tris-Cl (pH 7.6) following a wash with 1X phosphate buffered saline (PBS).

2.2.6 — Myoblast Differentiation

Cells were grown to 80-90% confluency in 6 well dishes or 35 mm dishes from
Falcon (Franklin Lakes NJ) or Nunc (Denmark) before being induced to differentiate
through mitogen deprivation by serum withdrawal. Differentiation media comprised
DMEM with 2% heat inactivated horse serum (Sigma Chemical Co.) or for stable clones

included 0.8mg/mL G418. Differentiation medium was changed every 1-2 days during the
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experimentation period, lasting from 0-4 days. This method for C2C12 myoblast

differentiation has been has been previously described [57, 58, 206].

2.2.7 — Adenovirus Infection

R. Parks (Ottawa, ON) has graciously provided us with a first generation adenovirus
(AdMA26) which confers expression of Cre recombinase. For an overview of the virus
construction refer to Anton and Graham, (1995) [207]; AdAMA26 is a derivative of AdCrel
with a murine cytolamegalovirus (CMV) promoter rather than a human CMV promoter.
For Cre recombinase treatment, monolayer cultures of stable clone cells (approximately 10°
cells) in 35mm dishes were incubated with 200uL of PBS containing a concentration of 100
AdMA26 virus particles per cell, or moi (multiplicity of infection). Following a 1 hour
incubation at 37°C with occasional agitation, cells were gently rinsed in PBS and returned to
growth medium (DMEM with 10% FBS) for 24 hours after which cells were harvested for

protein analysis (see below).

2.2.8 — Transfections of Mammalian Cells

For transient transfections, approximately 10 C2C12 myoblasts were seeded in six
well plates or 35mm dishes overnight to 50-80% confluency. The following day each dish
was transfected with equal molar ratios of experimental or control plasmid DNA using 2uL
of Lipofectamine Reagent (Gibco BRL). Four hours following transfection, cells were

transferred to DMEM media containing 10% FBS for recovery. Subsequent to a 48-hour

38



recovery period, when cultures were confluent, replicate plates were either harvested,

induced to differentiate for various times (12, 24, 48, 72 or 96 hours), or assayed for

transfection efficiency using B-gal in situ analysis.

To establish stable transfected clones, 10° C2C12 myoblasts were seeded overnight
into 100mm dishes (Falcon, Franklin Lakes NJ). The following day cells were transfected
with 2ug of experimental or control plasmid DNA, and 0.5ug of the neomycin resistance
marker plasmid, pGTneo (New England Biolabs) using 8ul of Lipofectamine Reagent
(Gibco BRL) as recommended by the manufacturer. Four hours following transfection,
cells were cultured in DMEM media containing 10% FBS for recovery. After a 24 hour
recovery period, cells were transferred to selection media containing DMEM, 10% FBS and
0.8mg/mL G418 (Gibco BRL) to select for stable integration of plasmid DNA. G418
resistant colonies were selected by scraping individual colonies from 100mm dishes with a
pipette tip and then transplanted to a 12 well plate (single well per colony). Following
successive expansion under growth conditions to larger dishes or cell culture flasks clones
were screened for reporter expression (by in situ B-galactosidase Assay), PCR amplification
of marker scquences and Southern hybridization for copy number and integration sites (see

below).

2.2.9 — In situ B-galactosidase Assays

In situ assays with the 5-bromo-4-chloro-3-indoyl-B-D-galactoside [X-gal] (Roche

Diagnostics) substrate are described in [111]. Cells were washed twice in PBS and fixed
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with PBS containing 0.2% gluteraldehyde and 2% formaldehyde for 10 min at room
temperature then rinsed with several times with PBS. The colour reactive substrate was
then added (PBS containing 10mM X-Gal, SmM potassium ferrocyanide, SmM potassium
ferricyanide and 1mM MgCl;) and cells were incubated in the dark at room temperature in
for 8-16 hours to allow for colour development. Stained cultures were rinsed several times

and stored in PBS at 4°C, indefinitely.

2.2.10 - PCR Screening of Stable cells

Polymeraze chain reaction primers directed toward the D4Z4 repeat (bD4Z4-3026f
and bD4Z4-3219r) and LacZ gene (RAS 39 and RAS 40) were used to determine whether
the constructs had integrated into the C2C12 genome by screening genomic DNA isolated
from stable clones. Conditions for SOuL amplification reactions using 0.05pug of
experimental DNA or <0.025ug of plasmid DNA (positive controls), PCR buffer (20mM
Tris-Cl (pH 8.4), 50mM KCI and 1.5SmM MgCL;), 0.2mM dNTPs (mix of dCTP, dATP,
dGTP and dTTP), 0.5mM primers and Taq DNA polymerase (Invitrogen) were as follows:
95°C for 2 min, then 35 cycles of 94°C for 30s, 56°C (or 52°C for D4Z4 primers) for 30s,
72°C for 1 min, followed by 10 min at 72°C. The products from the PCR (5-10uL) were

resolved and visualized on a 1.5% agarose gel with ethidium bromide staining.
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2.2.11 - Southern Blot Hybridization Analysis

Transgene copy number was determined for a selection of clones using Southern
blot hybridization and normalized to band intensity of the resulting autoradiographs.
Genomic DNA (15ug) from C2C12 or stable clones was digested in a Asp718 (1 U/ug) and
Ndel (1U/ug) at 37°C, separated on a 0.8% agarose gel. DNA fragments were then
transferred by capillary action to a nylon membrane (GeneScreen Plus; NEN Life Science
Products, Boston MA) as previously described [208]). An internal DNA probe directed
towards a 2.3 kb Ndel/Nhel fragment of the LacZ gene within each construct was labeled
with [a-P]dCTP, using Rediprime I Random Prime Labeling System (Amersham
Pharmacia Biotech Inc.). Prehybridization and hybridizations were performed in 50%
formamide with 1X SSC, 1X Denhardt’s solution, 2% SDS, 20ug/mL denatured salmon
sperm and 6% dextran sulfate at 42°C. For hybridization, 1x10° counts per minute of
denatured probe and 18ug of sheared and denatured human placental DNA (repetitive
sequence competitor) was added to the solution and incubated overnight. Hybridized
membranes were washed in 0.5X SSC for 30 min at room temperature and then in 0.1%
SDS / 0.1X SSC for up to 1 hour at room temperature. Membranes were exposed to Kodak
BioMax autoradiography film for 4-8 days, at -80°C. Intensity of the size specific band was
calculated using the UVP-White/UV Transillumeter (Diamed, Mississauga ON).
Normalized band intensities from autoradiographs was used to approximate relative copy
numbers. To further correlate copy number a second digest was performed. Nhel, which
cuts within the 3’ end of the expression cassette and EcoRV, which does not cut the
construct, were used in a double digest to ascertain the boundary between transgenic

insertion and genomic DNA. The number of bands is indicative of the number of random

41



integration sites within the genome. Relating the number of insertion sites to the intensity
of the previous internal band allowed for the approximation of the relative copy number. To
assess equal loading the membranes were stripped in 0.1% SDS at 65°C for 1 hour and

rehybridized with a probe for the mouse Snf2h gene (gift from M. A. Lazzaro, Ottawa, ON).

2.2.12 - Antibodies and Immunoreactive Cell Staining

Following growth and differentiation (for 96 hours) of stable or transiently
transfected C2C12 cultures, cells were washed thoroughly with ice cold PBS and fixed with
90% methanol and 10% PBS (-20°C) for 6 min on ice. Afier a final wash with PBS, the
fixed cells were then blocked at room temperature for 1 hour in PBS plus 5% fat free dry
milk (blocking buffer). The primary antibody MF20 (DSHB, Iowa City IA) is a monoclonal
antibody raised against the mouse myosin heavy chain, an early marker for muscle
differentiation. MF20 was used as a 1:50 dilution in blocking buffer and incubated for 1
hour at room temp. Following three washes with PBS (to cover), a polycolonal goat anti-
mouse secondary antibody conjugated to horseradish peroxidase [HRP] (Gibco BRL) was
added in a 1:1000 dilution in 5% milk plus SOmM Tris-Cl (pH 7.6). Following 3 more
washes in PBS (to cover), the cells were stained with approximately 0.2mg 3,3’-
Diaminobenzidine [DAB] (Sigma) in 50mM Tris-Cl (pH 7.6) plus 0.03% H,0, for
approximately 2 hours and washed several times with PBS. Cell nuclei were then counter-
stained by rinsing cells with Harris modified Hematoxylin with acetic acid (Fisher
Diagnostics, Fair Lawn NJ) for 2 min, followed by several washes using PBS. Plates

containing stained cells were stored indefinitely at 4°C in PBS.
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2.2.13 — Analysis of Myotube Fusion

The relative fusion competence of wild type C2C12, cultures of transiently
transfected cells and stable clones induced to differentiate was assessed using the Myotube
Fusion Index (MFI) [209]. MFI was caiculated as the ratio of nuclei incorporated into
myotubes from total nuclei within a field of view, using phase-contrast microscopy in the
method described by Gorza and Vitadello, [210]. For the purposes of these experiments a
myotube is defined as a multinucleated structure containing 3 or more nuclei and staining
positive for MF20. Twenty or more fields of view per sample with 4 replicate plates per
construct were used, with the exception of cRP2044n5, were only ten fields of view were
scored. The MFI was calculated for C2C12 (control), pRP2044, pDY02 and pDY04
transiently transfected cells and the stable clones: cRP2044n5, cRP2044n7, cRP2044n31,

cDY042, cDY04n2 and cDY04n/3.

Similarly, the Deformed Myotube Index (DMI) was calculated as the ratio of
myotubes showing a deformed morphology from the total myotubes within a field of view.
For the purpose of these experiments a deformed myotube structure is defined as a
multinucleated structure containing 3 or more nuclei and staining positive for MF20 with a
shape that deviates significantly from structures observed in wild type C2C12 myotubes
cultures. Twenty or more fields of view per sample with 4 replicate plates per construct
were used for this calculation. The DMI was calculated for C2C12 (control), pRP2044,
pDY02 and pDY04 transiently transfected C2C12 cells and the stable clones: cRP2044n5,

¢RP2044n7, cRP2044n31, cDY042, cDY04n2 and cDY04n/3.
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2.2.14 — RNA Isolation from Mammalian Cells

Approximately 2x10° cells (two confluent 10cm dishes) from stable clones or C2C12
cells in either growth of differentiation media were harvested for RNA. Total RNA was
isolated using a guanidium thiocyanate buffer (4M guanidinium thiocyanate, 20mM sodium
acetate pHS5.4, 0.5% sarkosyl) and phenol isolation protocol previously described [211].

Isolated RNA was then used for reverse transcription followed by PCR amplification.

2.2.15 - Protein Isolation and Analysis of B-gal Activity

Whole cell extracts were obtained using the Reporter Lysis Buffer and protocol
(Promega), with modifications. Following experimental treatments as described above,
cells were washed thoroughly with PBS and incubated in 300uL of 1X Reporter Lysis
Buffer for 15 minutes, then scraped from the plates and collected. Samples were stored at
-15°C until use, upon which they were freeze-thaw treated and centrifuged for 15 min at
12,000g to precipitate cell debris and genomic DNA. Aliquots of 25 puL were allocated for
protein quantification through Bio-Rad DC Protein Assay (Bio-Rad Laboratories, Hercules
CA) with spectrophotometric quantification (A47sonm) according to the manufacturer’s
recommendations. Excess protein samples were stored at -15°C, indefinitely. Equivalent
protein samples (approximately 5ng) from each experimental condition were assayed for
Bgal activity using quantitative ONPG assay (o-nitrophenyl-p-D-galactopyranoside)
(Sigma) adapted from [204]. Briefly, reactions were left to incubate at 37°C for
approximately 15-20 min or until a control reaction containing approximately Sug of

purified B-gal standard (Promega) turned yellow, at which point all reactions were stopped
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with IM Na;CO;. Relative reporter activity was determined using spectrophotometric

quantification (4s20nm). All reporter assays were normalized to transfection efficiency for

transient experiments.

2.2.16 — Reverse Transcriptase-PCR (RT-PCR)

First strand cDNA synthesis was carried out on total RNA prepared from C2C12 and
stable clone cells by the following method. For each sample, 5ug of total RNA and 300ng
or random hexamers (Gibco BRL) were allowed to anneal by incubation at 65°C for 10
minutes (total volume 41uL. with DEPC-treated H>O). Synthesis of first strand cDNA was
carried out by adding SuL of 10X first-strand buffer (Gibco BRL), 1uL (40U/uL) RNA
Guard (Amersham Pharmacia), 200mM dNTPs with 1pL or Superscript Reverse
Transcriptase (Gibco BRL) at 42°C for 1 hour. Absorbance at 260nm (426onm) in a2 Beckman
Coulter DU 640 spectrophotometer (Fullerton CA) was used to determine the DNA
concentration of each sample. Quality of the DNA sample was assessed as the DNA purity
index and was determined as the absorbance at 260nm divided by absorbance at 280nm
[204]. 0.05ug of cDNA or negative control samples (prepared without Superscript RT)
were used for RT-PCR experiments with the following primer pairs: D4Z4-f1905 / D4Z4-
r2385 (experimental primers), RAS 39 / RAS 40 (internal control primers for LacZ) and f-
Actin competimers (external control) (Ambion Inc. Austin, TX). Conditions for the SOuL
reactions containing PCR buffer (20mM Tris-Cl (pH 8.4), SOmM KCI and 1.5mM MgCL,),
0.2mM dNTPS, 0.5mM primers (each) and Tag DNA polymerase (Invitrogen) were as

follows: 95°C for 2 min, then 30 cycles of 94°C for 30s, 56°C (or 52°C for D4Z4 primers)
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for 30s, 72°C for 1 min, followed by 10 min at 72°C. Following PCR amplification 5-10 puL
of the products were resolved on a 1.5% agarose gel and visualized with ethidium bromide

staining. No amplification was observed in control (no RT) samples.

2.2.17 - Computational and Sequence Analysis

All genomic and cDNA sequence analysis (restriction sites and primer development)
was performed using MacVector 6.5.3, Oxford Molecular Group plc (1999). Analysis of
open reading frames (ORFs), minimal polycomb Response Elements [PREs] (Acc. L32205
and [188]) and GAGA factor binding sites [189, 191, 194] of the D4Z4 repeat (Acc.
D38024) was performed using alignment tools in MacVector 6.5.3, Oxford Molecular
Group plc (1999). The search for potential transcription factor consensus binding regions
within the D4Z4 repeat was aided by MatInspector V2.2 available with Transfac 4.0 online
(http://bioinformatics.weizmann. ac.il/transfac/). The genomic region of 4935 was analyzed
for proximal region gene structure using the UCSC human Genome Project Working Draft
Browser, available online (Http://genome.uscs.edu/ndex.html) and the Online Mendelian
Inheritance in Man (OMIM) Gene map (http://www.ncbi.nlm.nih.gov/htbin
post/Omim/getmap). All primer pairs were checked against homologous sequence
databases using the standard nucleotide-nucleotide Basic Local Alignment Search Tool

[BLASTn] [212] available online (http://www.ncbi.nlm.nih.gov/BLASTY/).
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3.0 - RESULTS

3.1 — The generation of D4Z4 - LacZ expression constructs.

To assess the effect D4Z4 repeats have on gene expression, we have generated DNA
expression constructs with varying numbers of the D4Z4 repeat upstream of a reporter gene
cassette. A series of LacZ reporter constructs were generated, containing 1-4 copies of the
3.3 kb DZ4 repeats, flanked by LoxP recombination sites (see Figure 7(A)). The floxed
D4Z4 arrays were cloned 93 bp upstream of the Efla (BOS) promoter and the LacZ
reporter gene. These plasmids are termed experimental constructs: pDYO01 pDY02, pDY03
and pDYO04 (Figure 7(A)). The control reporter construct pRP2044 (Figure 7(A)) from
which the experimental constructs were derived was the gift of R. Parks (Ottawa ON).
Sequencing of the cloned repeats confirmed them to be D4Z4 repeats (data not shown). To
assess the number of repeats in each construct, a Hindlll digest was performed to release
the D4Z4 array. The number of repeats within each band was determined based on gel
electrophoresis mobility in relation to the migration of molecular weight markers (Figure

7(B) and data not shown).

Based on the presence of putative repressive elements termed Polycomb Respones
Elements (PRE; see 3.5.1 and Discussion), we hypothesized that the D4Z4 repeats are
repressive in nature and that the introduction of D4Z4 upstream of the BOS ubiquitous
promoter would repress expression of the LacZ reporter. To assess whether D4Z4 repeats

repress LacZ transgene expression we transfected our plasmids into C2C12 cells an
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Figure 7. Construction of reporter plasmids containing D4Z4 repeats.

(A) A schematic diagram depicting the structure of the control reporter plasmid
PRP2044 (i.), and the experimental plasmids pDY01, pDY02, pDY03 and pDY04 (ii.-
v.) which contain 1-4 copies of the D4Z4 repeat flanked by LoxP consensus sites.
Floxed D4Z4 repeats (gray boxes) lie 93bp from the BOS (Efla) promoter (black box)
that drives the expression of the LacZ reporter gene cassette (striped box). (B)
Plasmids ii.-v. were digested with Hindlll to release a fragment containing the D4Z4
repeat arrays and separated on a ethidium bromide-stained agarose gel to confirm
repeat number. Plasmid i. (pRP2044) does not contain a Hindlll site and was
linearized with Kpnl digestion. The size of each band is shown on the left.
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analyzed cell extracts for B-gal activity after 48 hours (transient transfection) or following
the selection of stable clones under both growth and differentiation conditions (see Figure
8). C2CI12 cells were originally derived from mouse myosatellite cells and were chosen as
an in vitro model as they are the best characterized cell culture model to study myogenesis

[57, 58, 73].

3.2 — The effect of D4Z4 repeats on transient reporter gene expression.

3.2.1 - Analysis of transient LacZ expression during growth conditions.

To assess if the D4Z4 repeats have any effect on transient LacZ expression; C2C12 cells
were transiently transfected with the control plasmid (pRP2044) or the experimental
plasmids (pDYO1, pDY02, pDY03 and pDY04). Protein samples were isolated from cells
48 hours after transfection and assayed for B-gal activity with the quantitative ONPG assay.
The gray bars in Figure 9 represent the mean values of B-gal activity relative to the control-
transfected cells (pRP2044) (N = 18). Although there appears to be a slight increase
between pRP2044 and the experimental plasmids this was not statistically significant for
pDYO01, pDY02 and pDY04. There is a statistically significant increase in relative p-gal
activity among cells transfected with plasmid pDY03 (3 D4Z4 repeats, P = 0.006), however
the increase between pDY02 and pDYO03 is not significant, suggesting that pDY03
represents an outlier and this value reflects the variability of the assay. Since we anticipated
that the D4Z4 repeat would inhibit reporter gene expression these results suggested that the

repressive effect might only be detectable following myogenic differentiation.
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Figure 8. A schematic representation of transfection strategies.

(A) C2C12 myoblasts were transiently transfected with control or D4Z4 containing
plasmids then assayed 48 hours later for B-gal activity. Cell extracts isolated from
transfected cells under growth or differentiation conditions were assessed by
quantitative ONPG assays. For each plasmid, relative transfection efficiency was
calculated as the ratio of B-gal positive cells from the total cell population. (B) Stable
plasmid expression in C2C12 myoblasts was achieved by generating G418 selectable
clones following co-transfection of experimental or control plasmids with the drug
selectable plasmid pGTNeo (New England Biolabs). Drug-resistant clones were
examined by PCR for stable integration of plasmid DNA. Positive stable clones were
assayed for PB-gal activity during growth and following Cre recombinase-mediated
excision of floxed D4Z4 repeats, or after differentiation, by quantitative ONPG assays.
For further details of both strategies refer to Materials and Methods.
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Figure 9. Reporter gene expression in transiently transfected C2C12 myoblasts.

Subsequent to a 48-hour recovery period from transfection, cell extracts were assayed
for B-gal reporter activity with spectrophotometric ONPG assays. Bars represent the
mean value of 18 experiments (+/- SD) for reporter activity. (*, P-value = 0.006). All
values have been corrected for transfection efficiency and normalized to pRP2044

values.
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3.2.2 - Analysis of transient LacZ expression during myogenic differentiation.

To assess whether there is a muscle-dependant molecular event involving the D4Z4
repeats in the regulation of gene expression, transiently transfected C2C12 myoblasts were
studied during myogenesis. The mean values of B-gal reporter activity from transiently
transfected C2C12 myoblasts during differentiation are presented in Figure 10, relative to
undifferentiated pRP2044 cells (control) for three experiments. Following a 48 hour
recovery, cells transfected with the control plasmid pRP2044 and the experimental
constructs pDY02 and pDYO04, were introduced to differentiation media (containing low
serum) resulting in mitogen deprivation and induced myogenesis (terminal differentiation).
Protein samples were isolated over the course of 96 hours at time points: 12, 24, 48, 72 and
96 hours. [-gal activity was then assessed with the quantitative ONPG assay. Initially,
after 12 hours under differentiation conditions, the relative level of B-gal activity was
significantly decreased in all tested plasmids by greater than 4.5-fold relative to control or
basal values (undifferentiated control, t = 0). This decrease in reporter activity coincides
with a high level of cell apoptosis, a common response to the initial stress of mitogen
deprivation [213-215]. C2CI2 cells transfected with pRP2044 quickly return to produce
basal levels of B-gal activity within 24 hours, and this activity level is maintained
throughout the time course (dark bars). In pDY02 and pDY04 transfected cells (light and
striped, respectively) there is a time lag in recovery from 24 to 48 hours compared to the
PRP2044 cultures. Myoblast fusion is typically observed in C2C12s between 3 and 4 days
[206, 213, 214, 216]. By the end of the time course (96 hours), pRP2044 transfected
cultures had an approximately 0.5-fold increase in B-gal activity, while pDY02 cultures

were essentially constant with their respective basal measurements. However C2C12 cells
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Figure 10. Reporter gene expression in transiently transfected C2C12 myoblasts
during differentiation.

Cell cultures transiently transfected with plasmid DNA from pRP2044 (dark bars),
pDY02 (light bars) and pDY04 (striped) were induced to differentiate by serum
withdrawal. Reporter gene activity was then assessed from cell extracts isolated from
differentiating cultures at 12, 24, 48, 72 and 96 hours with ONPG assays. Bars
represent the mean value of three experiments (+/- SD) for reporter activity. All
values have been corrected for transfection efficiency and normalized to pRP2044
control values (time =0).
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transfected with pDY 04 plasmid DNA demonstrated B-gal activity that was approximately
30% the level of their initial undifferentiated expression. At 96 hours, the pDY02 and
pDY04 cultures had B-gal activities, which were approximately 86% and 33% relative to the
PRP2044 culture (96 hrs) B-gal activity at that same time point, suggesting that the D4Z4
repeats may have a cumulative effect on the repression of LacZ during differentiation. Time
course analysis was halted after 96 hours due to the high rate of death and cell tumover
resulting in loss of transfected cells. It is also possible that cells containing the plasmids
pDY02 and pDYO04 fail to differentiate properly and as such are more prone to undergo

apoptosis which could also lead to a seemingly lower B-gal activity.

3.3 — The effect of stable D4Z4 repeats on reporter gene expression.

The potential repressive effect of the D4Z4 repeats may require genomic integration
of transgenes for the formation of a stable heterochromatin complex, signifying the
importance of the chromatin environment on gene silencing [89, 156]. To assess this, we
studied expression of the LacZ reporter gene from control and experimental plasmid
constructs stably integrated into the host C2C12 cell genome. Due to the inherent clone
differences, such as position of integration and copy number, which are known to affect
transgene expression, we selected several C2C12 lines containing the control plasmid
PRP2044 and experimental plasmid pDY04 in order to reduce clonal variability and identify

consistent trends in reporter expression [57, 163, 164, 217-219].
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3.3.1 — Selection of stable clones in a C2C12 background.

It has been previously noted from in vitro studies that the drug selectable marker
gene conferring neomycin resistance (Neo") can infer a negative effect on a nearby reporter
gene promoter when it is contained within the same plasmid [219]. To avoid these potential
Neo" gene effects, we chose to co-transfect the experimental or control plasmid of interest
with the selectable marker plasmid pGTNeo (New England Biolabs) for the generation of
stable clones. Our hope was to develop single copy clones, which would allow for the
direct assessment of the potential regulatory effects D4Z4 repeats have on a LacZ reporter at
one locus. All stable clones were generated using low passage C2C12 cultures (<9
passages), in an effort to reduce the occurrence of fusion defects that can occur
spontaneously through selection [58]. Expanded G418 (a neomycin derivative) resistant
clones were screened for control or experimental plasmid insertion, analyzed for intact
expression cassettes and characterized for transgene copy number and plasmid insertion

frequency.

Since we observed that transfections containing four D4Z4 repeats (pDY04) created
the greatest effect for reporter gene expression in the transient studies, we focused our
efforts on identifying pRP2044 and pDY04 stable clones. Following co-transfection of
plasmids pRP2044 and pDY04 with pGTNeo, several G418 resistant colonies were selected
and expanded (data not shown). A percentage of these selected clones were expected to

contain only the pGTNeo selectable plasmid and not the co-transfected LacZ constructs;

consequently an inspection for LacZ expression was performed using in situ B-gal
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Figure 11. Stable clones are homogeneous with wild type C2C12 myoblast
morphology.

(A) Phase microscopy photograph of C2C12 myoblasts. (B) Phase microscopy
photograph of stable clone cDY043 cells depicting an identical cell morphology to its
C2C12 progenitor and homogeneous LacZ expression, as determined by cleavage of
the colour reactive substrate X-gal. This analysis was comparable for all stable clones

with 85-100% homogeneity. (Scale bars represent S0um)
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assays. Figure 11 is a phase microscopy image depicting wt C2C12 cells (Figure 11(A))
and cells from line cDY043 (Figure 11(B)) following in situ staining for B-galactosidase.
This image shows that stably transfected clones present the prototypical C2C12 morphology
with, in this case, homogencous LacZ expression. Although only half of the 14
characterized clones demonstrated 100% homogeneity for expression of LacZ (refer to
Table 1), typically each clone selected had a high incidence of B-gal expressing cells (85-
95%) and were thus used for additional experiments. Despite the presence of LacZ activity,
positive confirmation of the D4Z4 repeat sequence was necessary to rule out the possibility
that the repeats were excised during integration of plasmid in the generation of the stable
lines. A polymerase chain reaction based screening method was employed to verify the
presence of both LacZ and D4Z4 sequences. Amplification of LacZ and D4Z4 sequence
was performed using the RAS 39 / RAS40 and bD4Z4-3026f / bD4Z4-3219r primer pairs.
The position of the primer sequences are shown as arrows in Figure 12(A). A LacZ specific
band (~200 bp) was amplified from all clones and plasmid control lanes (Figure 12(B),
upper panel) while the D4Z4 specific band (~200 bp) was only amplified in the pDY04
containing clones, and the pDY04 plasmid control lane (Figure 12(B), lower panel). The
diffuse bands located around the 100 bp marker in the LacZ amplification experiment are
most likely the product of primer multimers and do not represent an amplified secondary
band. The negative control lanes using mock treatment with no DNA (Blank) and control

C2C12 genomic DNA failed
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Table 1. Summary of transgene copy and insertion site number for stable clones.

CLONE Copy Number* insertions* B-Gal Expression**
cRP20442 3 ND 95%
cRP20444 4 ND 100%
cRP2044n5 2 1 100%
cRP2044n7 3 1 95%
cRP2044n15 ND ND 93%
cRP2044n24 4 1 100%
cRP2044n31 1 1 100%
cDY041 1 1 100%
cDY042 3 ND 90%
cDY04n2 12 1 95%
cDY043 2 2 100%
cDY044 2 2 85%
cDY04n/3 2 1 100%
cDY04n/23 1 1 95%

* Copy and Insertion numbers estimated from Southern biot analysis. Refer to Materials and

Methods (data not shown) ND, not determined

** Percentage of cells in cuiture expressing B-gal
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Figure 12. Isolation of stable clones containing the experimental or control plasmids.

(A) Schematic diagrams of the pRP2044 and pDY04 constructs depicting the
placement of LacZ (dark gray arrow) and D4Z4 (light gray Bars) sequence. Arrows
above LacZ and D4Z4 repeats correspond to primer pairs used to amplify these genes.
The black bar represents the Nhel / Ndel fragment of LacZ, which was used as a
template for the intemmal probe used in Southern analysis of stable clones. (B) PCR
amplification of genomic DNA isolated from stable clones (shown at the bottom). In
the upper panel primer pairs directed toward LacZ sequence detected a band (~200bp)
in all clones and in pRP2044/pDY04 plasmid controls. The diffuse non-specific band
(~100-120bp) represents primer dimers. In the lower panel a D4Z4 specific band
(~200bp) was only detected in clones containing the D4Z4 repeat and its plasmid
control lane (pDY04). Mock reactions with no DNA or C2C12 genomic DNA did not
amplify. The placement of molecular weight size markers is shown on the right.
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to amplify either product, as expected. These results indicate that not only is the LacZ
reporter gene present, but also that the entire expression construct has been integrated.

Significant variation in LacZ expression was observed among clones; it has been previously
suggested that copy number and insertion frequency of transgenes along with position
effects play key roles in the expression of reporter genes [57, 163, 217-219]. Therefore,
each stable clone generated was analyzed for transgene copy number and whether the clone
integrated at a single or multiple sites by Southern hybridization analysis with a probe
generated from a 2.3 kb Ndel/Nhel fragment of the LacZ gene (Figure 12(A), 13(A)). The
relative intensity of a 4.5 kb Kpnl/Ndel DNA fragment detected by the 2.3 kb probe was
used to determine the copy number for each clone. The blot was then striped and
rehybridized with a probe for Snf2h, as a loading control for comparison. Figure 13(A)
shows Southern analysis of the stable clones cRP20441, cRP20442, cRP20444, cRP2044n5,
cDY02n2, and cDY043. In order to assess for transgene insertion, this same LacZ probe
was used to detect a 2.8kb internal and a variable sized EcoRV band following digestion of
genomic DNA isolated from stable cell clones cRP2044n5, ¢cDY04n2 and c¢DY043, as
shown in Figure 13(B). A summary of copy number and integration frequency is shown in

Table 1. In addition, Table 1 also delineates the homogeneity status of each clone.

3.3.2 - Clones containing pDY04 demonstrate a lower frequency of LacZ expression.

During the selection of stable clones it was noticed that the ratio of G418 resistant
clones that were positive for the LacZ gene was higher for the plasmid pRP2044 than it was
for pDY04. It was further noted that a proportion of stable clones positive for the LacZ

gene by PCR did not contain any B-gal activity. To investigate these circumstances further,
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Figure 13. Determination of the number of transgene copies and insertion sites by
Southern blot analysis.

(A) A schematic representation (top) showing positions of restrictions sites for Kpnl
and Ndel within the genomic DNA integrated-pDY04 cassette. The size of predicted
DNA fragments are shown below. Genomic DNA isolated from stable cell cultures
(listed above each lane) and C2C12 a control were digested with Kpnl and Ndel, then
subjected to Southem blot analysis (bottom). The blot was first hybridized with the
2p_labelled LacZ internal probe (black bar), then striped and rehybridized with a DNA
probe that detects mouse Snf2h gene as a loading control (data not shown). A 4.5 kb
signal which corresponds to an internal fragment (arrowhead) was used to assess copy
number by relative intensity. The copy number is given at the bottom of each lane.
Larger signals (marked by *) are the result of incomplete digestion such as the 7.8 kb
and variable sized DNA fragments shown in the schematic drawing. (B) A schematic
representation (top) showing positions of EcoRV restriction sites within the genomic
DNA integrated-pDY04 cassette. The size of predicted DNA fragments from EcoRV
digestion are shown. Genomic DNA isolated from stable cell cultures (listed above
each lane) and a C2C12 control, was digested with EcoRV, then subjected to Southern
blot analysis (bottom) using the same LacZ probe as in (A). A 2.75 kb intemal
fragment (arrowhead) and variable size band was detected. The number of variably
sized fragments detected represent the number of random insertions for each clone
(listed below each lane). Bands located at ~10 kb and 11 kb in the cDY04n2 lane
represent partial digestions, as judged by the intensity differentiation between the
~6.5kb and 2.8kb band.
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several additional clones were generated with the pRP2044 and pDY04 plasmids. Selected
clones were screened by PCR for the LacZ gene to evaluate for integration. Cell extracts
from positive clones were screened for B-gal activity using the more sensitive
spectrophotometric ONPG assay. We observed a 2-fold higher incidence of clones positive
for LacZ by PCR with pRP2044 than with pDY04 (Table 2). This suggests that stable
integration of the plasmid pDY04 (~21 kb) integration is less efficient than for the plasmid
pRP2044 (~8 kb), which is probably a function of plasmid size. Secondly, we observed that
only 36% of pDY04 clones that contained the LacZ gene by PCR analysis actually
expressed the B-gal protein. This was 20% lower than pRP2044 (see Table 2), suggesting
that pDY04 clones may be more susceptible to position effects or transgene silencing (see

discussion).

3.3.3 — The effect of stable D4Z4 repeats on reporter expression assays.

3.3.3.1 - Analysis of D4Z4 involvement on the stable expression of LacZ.

The purpose of the LoxP sites in the context of the experimental plasmid was to
allow for stable Cre-recombinase mediated site-specific excision of the D4Z4 repeats. By
introducing Cre-recombinase through adenoviral infection to stable clone myoblast cultures,
we were able to assess direct effects of D4Z4 on LacZ expression within the same genomic
region and thereby independent of position effects. Quantin B et al., [220], showed that
despite the many difficulties of gene transfer into muscle cells, adenoviral vectors produced

moderate to high expression of Ad-reporter genes in myogenic cell lines as well as in vivo.
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Table 2. Summary of stable clones that contain and express the LacZ

reporter gene.
Positive for Reporter
PLASMID Clones Selected Positive bx PCR™ Activig *
pRP2044 17 13 (76%) 7 (54%)
pDY04 91 33 (36%) 12 (36%)

* for a representational selection of raw data see Appendix B
** confirmed by using primer pairs RAS39/RAS40 and bD424-f3026/bD424-r3219
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Previous experiments have also shown that adenovirus vectors are a viable and efficient
means for the introduction of over-expressing transgenes in C2C12 cultured cells [215,
221]. We infected stable clone cultures with the adenovirus AAMA26 (gift of R. Parks,
Ottawa ON) that expresses Cre-recombinase under the control of the murine
cytomegalovirus (mCMV) promoter. Figure 14 shows the mean B-gal activity of seven
different pDY04 stable clones and seven unique clones containing the control plasmid
(pRP2044) from eight replicate experiments. The first observation we made is that each
clone has an independent level of reporter gene activity under growth conditions (dark bars);
for example, compare cDY043 and cDY04n2. Similarly, expression of control plasmids is
also susceptible to this variability. Several clones (denoted by * in Figure 14(A)) had a
relatively low level of expression. Figure 14(B) contains data from these clones plotted on a
different scale. The second observation that we made was that the pDY04 clones
predominantly express at a lower level than the pRP2044 clones. These observations

suggest that the differences in gene expression are the result of the site of integration.

Next we examined LacZ expression following Cre-excision of the D4Z4 repeats.
We expected to see an increase in -gal activity upon Cre-excision (light bars), if the D4Z4
repeats were functionally repressive. We observed an increase in B-gal activity following
Cre-treatment in two clones (cDY042 and cDY04n/3, Figure 14(B)); however this was not a
consistent trend. Furthermore, significant decreases were observed in clones c¢cDY043
(Figure 14(A)) and cDY04n/23 (Figure 14(B)). Treatment with AdMa26 was not expected

to affect clones containing the control plasmid pRP2044 as they do not contain LoxP



Figure 14. Reporter gene activity of pRP2044 and pDY04 stable clones under growth
conditions.

The average B-gal activity per LacZ transgene copy is plotted for pRP2044 and pDY04
clones (listed below). (A) Cell extracts isolated from stable clones were assayed for p-
gal activity during growth (dark bars) or following Cre recombinase-mediated excision
of floxed D4Z4 repeats (light bars) by quantitative ONPG assays. (B) Clones from
panel (A) with low activity (denoted by *) were re-plotted using an appropriate scale.
Bars represent the mean value of 8 replicate experiments (+/- SD) for reporter activity.
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recognition sequence. Nonetheless, clone cRP20442 (Figure 14(B)) shows a significant
decrease in the level of reporter activity. The other control clones (CRP20444, cRP2044n5,
cRP2044n7, cRP2044n15, cRP2044n24 and cRP2044n31) remain relatively constant in
their expression. These results suggest that under growth conditions the D4Z4 repeats are
unlikely to have a repressive effect on gene expression in a genomic context. Moreover,
clones ¢cDY04n2 (Figure 14(B)), cDY043 (Figure 14(A)) and cDY04n/23 (Figure 14(B))
that demonstrated a decrease in reporter activity following Cre-excision, contained multiple
transgene arrays. Thus, the reduced activity may reflect excision of the internal LacZ
reporter genes. This would result in a superficially lower level of LacZ expression while

not representing true gene repression (see discussion).

3.3.3.2 — Analysis of D4Z4 involvement on the stable expression of LacZ during
differentiation.

Based on preliminary results from transient assays, we hypothesized that repression
by D4Z4 repeats would only become evident during myogenesis, possibly through
chromatin domain rearrangements or expression of muscle-specific factors. From transient
assays, we had observed that the D4Z4 repeat caused a lag in the recovery of LacZ
expression during differentiation and that at 96 hours of differentiation, the cells transfected
with D4Z4 repeats had a noticeable decrease in B-gal activity (Figure 10). To determine if
stable clones displayed the same reduced level of LacZ expression we measured the average
B-gal activity per transgene copy following 96 hours of differentiation compared to the
values obtained under myoblast growth conditions. Figure 15 shows the mean B-gal activity

of seven pDY04 stable clones and seven clones containing the control plasmid (pRP2044)
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Figure 15. Reporter gene activity following differentiation of pRP2044 or pDY04
stable clones.

The average B-gal activity per LacZ transgene copy is plotted for each clone (listed
below). (A) Cell extracts isolated from stable clones were assayed for B-gal activity
during growth (dark bars) or following differentiation (light bars) using ONPG assays.
(B) Clones from panel (A) with low activity (denoted by *) were re-plotted using an
appropriate scale. Bars represent the mean value of 8 replicate experiments for growth
and 6 replicate experiments for differentiated cells (+/- SD) for reporter activity. All
clones were differentiated for 96 hours.
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from eight replicate experiments. As observed with the previous experiment, several clones
(denoted by * Figure 15(A)) had a low level of expression, and were thus plotted on an
appropriate scale (Figure 15(B)) for presentation. We expected that LacZ expression would
decrease in clones containing D4Z4 repeats under differentiation conditions. Decreases in
B-gal reporter activity were detected for the D4Z4 containing clones cDY043 (Figure
15(A)), cDY04n2 (Figure 15(B)) and ¢cDY04n/23 (Figure 15(B)). However, these trends
were not consistent among all clones as cDY041 (Figure 15(A)), cDY042 (Figure 15(B))
and cDY043 (Figure 15(A)) showed a measurable increase in reporter expression.
Moreover in control clones cRP20442 (Figure 15(B)) and cRP2044nS5 (Figure 15(B)), where
we expected no change in gene expression, a 3.5-fold decrease in reporter activity was
observed. These results suggest that under differentiation conditions the D4Z4 repeats do
not uniformly have a repressive effect on gene expression. However other molecular events
such as chromatin rearrangements, which occur during myogenesis [77], may have a D4Z4-
independent effect on the reporter gene regulation which would be dependent on the

transgene integration site (see discussion).

3.4 — Morphology is affected by D4Z4 repeats during myogenesis in both
transient transfections and stable lines.

It became increasingly clear that under differentiation conditions the LacZ reporter
gene expression was being influenced at the molecular level, but not necessarily in a
repressive nature. It was aiso clear from personal observations of the myoblast cultures that
there was the emergence of a trend in phenotype associated with the presence of D4Z4

repeats. To further explicate these observations we investigated the morphology of
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differentiating myoblasts in transient cultures and stable clones. Since the differentiation
response of C2C12 myoblasts is known to be sensitive to cell confluency, culture conditions
and serum quality [57], each transient culture and stable clone was tested multiple times.
For all transient assays the transfection efficiency is represented by the average ratio of X-
gal positive cells to total cell counts. The resulting ratios have been incorporated into the

myotube fusion calculations.

3.4.1 - Analysis of myoblast fusion competence and morphology in transient
transfections.

We first evaluated transient C2C12 cultures quantitatively for the ability to form
myotubes by growing low passage wild type C2CI2 to 80% confluence, transiently
transfecting them, and then culturing the transfected cells in differentiation media. After 4
days of differentiation, cultures were fixed and stained for the expression of the striated
muscle myotube marker, myosin heavy chain (MF20). Counter-staining with Harris
modified Hematoxylin allowed for elucidation of nuclei incorporated in the multinucleated
myotubes from single nucleated myocytes. For the purposes of these experiments, a
myotube was defined as a multinucleated structure containing 3 or more nuclei and staining
positive for MF20. Typical myotube formation, as observed in wild type C2C12 cells,
appear as elongated multinucleated structures (brown) with centralized nuclei (purple)
(Figure 16(A-C) and Figure 17(A)). During differentiation, transient cultures transfected
with pRP2044 (Figure 17(B)) and experimental plasmids pDY02 (Figure 17(C)) and pDY04
(Figure 17(D)) demonstrated a lower rate of myotube fusion and an increasing incidence of

abnormal morphology from the typical myotubes which are highlighted by arrows.
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Figure 16. Morphology of C2C12 myoblasts following differentiation by serum
withdrawal.

Phase microscopy photographs (A), (B), and (C) depict different magnifications (1x,
30x and 60x, respectively) of typical myotube structures observed when wild type
C2C12 mouse myoblast cells are induced to differentiate by serum withdrawal
(elongated with centralized nuclei). Immunostaining with Myosin Heavy Chain
antibody (MF20) shows brown myotubes. Nuclei are counter-stained purple with
Harris modified Hematoxylin. Bars represent approximately 1000um, 34um and
17um in figures (A), (B) and (C), respectively.

70






Figure 17. C2C12 fusion competence and morphology are affected by the D4Z4
repeats in transiently transfected C2C12 myotubes.

Phase microscopy images of untransfected C2C12 myotube cultures (A), and cells
transfected with the pRP2044 (B), pDY02 (C) and pDY04 (D) experimental plasmids.
Following a 48 hour recovery from transfection, cultures were induced to differentiate
through mitogen deprivation for 96 hours. Myotube structures were immunostained
(brown) with a Myosin Heavy Chain antibody (MF20) and nuclei are counter-stained
with Harris modified Hematoxylin (purple). Arrows denote specific myotube
structures with abnormal or deformed morphology (swelling with non-centralized
masses of nuclei). The fusion competence of the cultures decreases with plasmid
transfection, and between plasmids of increasing repeats as shown by the relative
abundance of brown stained myotubes from individual nuclei. (Scale bars represent
approximately 110um)

A






Figure 18. C2C12 cells transiently transfected with D4Z4 repeats exhibit abnormal
myotube fusion.

(A) C2C12 cells transiently transfected with control (pRP2044) or the D4Z4 repeat-
containing plasmids (pDY02 and pDY04) demonstrated a reduced myotube fusion
potential as represented by the myotube fusion index (myotube incorporated
nuclei/total nuclei) when compared to differentiation of untransfected wild type
C2C12 cells. Bars represent the mean MFI of scored fields of view from 4 replicated
plates (+/- SD). The number of scored fields is written inside each bar. (B) Total
myotubes were counted and plotted as a ratio of normal (elongated, with centralized
nuclei as shown in figures 9 and 10) to abnormally formed myotube structures
(swelling with non-centralized masses of nuclei as pointed out in figure 10). D4Z4
transfected cells (pDY02 and pDYO04) displayed a greater number of deformed
myotubes compared to controls (wild type C2C12 and pRP2044). Bars represent the
mean DMI of scored fields of view from 4 replicated plates. The total scored fields for
samples is written inside each bar.
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The proportion of incorporated nuclei from unincorporated nuclei provides an
accurate measurement for the relative fusion competence of the culture and is presented as
the Myotube Fusion Index (MFI [209]). Figure 18(A) shows that the MFI ranges from 70%
in wild type C2Cl12 cells down to approximately 20% in D4Z4 containing transfections
(pDY02 and pDY04). However, there is also an approximately 2-fold decrease in myotube
fusion between C2C12 control and the pRP2044 cultures suggesting that transfection alone,
in the absence of D4Z4 repeats also disrupts normal myotube fusion. Upon completion of
the MFI analysis, we observed the appearance of a trend in myotube formation; not only
was there a decrease in fusion competence (MFI), but it correlated with an increase in
aberrantly formed myotubes in cultures. To quantitatively analyze these results, we
developed the Deformed Myotube Index (DMI). The DMI is the relative proportion of
myotubes (MF20 positive with three or more incorporated nuclei) which have the abnormal
phenotype compared to normal myotubes. Figure 18(B) shows the observed trend of
increasing deformity of myoblast fusion in transient cultures. We observed that wild type
C2C12 cells have a low rate of deformed myotubes at approximately 1%. There is a small
increase in deformed myotubes in the pRP2044 transfected cells (2.6%) suggesting that
transfection with non-D4Z4 plasmids has little effect in the formation of deformed
structures. However, we observed a very significant increase in the rate of deformed
myotube formation between pDYO02 (6%) and pDY04 (21%). These trends suggest that
while the addition of D4Z4 repeats in both pDY02 and pDY04 confer a 4-fold decrease in
ability of C2C12 to form myoblasts (Figure 18(A)), there is a significant increase in the rate
of abnormal myotube formation, 6-fold for pDY02 and 21-fold for pDY04 (Figure 18(B)).
In situ P-gal staining shows that transfected cells contributed to both differentiated

myotubes (normal and deformed) and undifferentiated myocytes (data not shown).
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3.4.2 - Analysis of myoblast fusion competence and morphology in stable clones.

To confirm that the fusion defect observed in transient assays were a result of the
D4Z4 repeats, we repeated this experiment with the stable clones. Figure 19 shows a
selection of photographs depicting differentiated stable clones with low fusion competence
and a higher rate of aberrant fusion morphology. Figure 19(A), (B), (C) and (D) show
clones cRP20444, cDY042, cDY042 and ¢cDY04n3. MF20 positive myotubes are stained
brown. In clones containing the D4Z4 repeat, a higher percentage of myotubes are formed
with much larger masses of concentrated nuclei and no apparent structural uniformity
(denoted by arrows). From Figures 19(B), (C) and (D) it is also apparent that there are far
fewer differentiated myotubes; with normal morphology (compare to Figure 19(A)). In
addition, the morphological defect is more pronounced for the stable clones than the
transiently transfected cultures (compare Figures 16, 17 and 19). Figure 19(E) and (F) show
that all cells from undifferentiated myoblasts to the multinucleated myotubes of clones
cRP2044n5 and cDY04n2 are positive for B-gal activity following in situ staining. It should
be mentioned that some clones (cCRP20442, cRP2044n15 and cDY044) fail to differentiate

at all, and continue to grow and divide under low mitogen conditions (data not shown).

To quantitatively assess these defects we performed MFI and DMI calculations from
pDYO04 stable clones and the control (pRP2044) clones and compared them to C2C12 cells
(Figure 20). In these experiments we observed that the average MFI for wild type C2C12
cells was approximately 60%. Excluding clone cRP2044n5 (discussed below), we see a

consistent 2-fold decrease in myotube fusion between wt C2C12 and pRP2044 clones
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Figure 19. Morphological analysis of myotube formation in D4Z4 stable clones.

Phase microscopy images of stable clones cRP20444, cDY402, cDY042, cDY04n3
cRP2044n5 and cDY04n2 (a-f), respectively, were taken following a 96 hour serum
withdrawal-induced differentiation. In Panels (A, B, C, and D) myotube structures
were immunostained (brown) with a Myosin Heavy Chain antibody (MF20). Nuclei
are counter stained purple with Harris modified Hematoxylin. Panels (E and F) show
that B-gal activity (blue) is observed in myotubes and undifferentiated myoblasts alike.
Arrows denote specific myotube structures with abnormal or deformed morphology
(swelling with non-centralized masses of nuclei). Bars represent approximately 93um.
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(cRP2044n7 and cRP2044n31), suggesting that stable clones derived from non-D4Z4
plasmids also have an effect on myotube fusion. In stable clones containing pDY04
(cDY042, cDY04n2 and cDY04n/3) we saw a 3-fold decrease in the myotube fusion index
compared to C2C12 cells (60% reduced to ~20%). Unincorporated myoblasts from clone
cRP2044n5 (denoted by *, Figure 20(A)) displayed an abnormally high level of apoptosis
under differentiation conditions, and as such the MFI value was significantly skewed in the
absence of unincorporated nuclei. It has been shown previously that the low mitogen
conditions necessary for differentiation cause myoblasts to be at a higher risk for apoptosis
[213-215, 221]. The clone cRP2044n5 is especially susceptible to this form of programmed
cell death. Despite the mild effect that D4Z4 repeats have on the MF], it is quite clear from
the phenotype and DMI values presented in (Figure 20(B)) that the D4Z4 repeats are
affecting the morphology of the myotubes. Similar to transient studies, the wt C2C12 cells
have a low DMI value of approximately 1%. The pRP2044 stable clones display an
elevated DMI value of 9.5% (average from clones cRP2044n5, cRP2044n7 and
cRP2044n31). Interestingly, the percentage of deformed myotubes in pDY04 clones was
greatly elevated over C2C12 cells and pRP2044 clones to an average of 55% (average of
clones cDY042, cDY04n2 and cDY04n/3). The similar trends observed between transient
and stable assays involving the D4Z4 repeats suggest that a common disruption in myotube

formation is correlated to increasing D424 repeats.

3.5 - Is there a D4Z4 specific sequence expressed in stable clones?

In an attempt to elucidate the molecular defect that the D4Z4 repeats present in

differentiating myoblasts, we undertook a thorough investigation of the D4Z4 sequence to
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Figure 20. Stable clones containing D4Z4 repeats exhibit an abnormal myotube
fusion.

(A) A selection of stable clones containing control plasmid DNA (cRP2044nS5,
cRP2044n7 and cRP2044n31) or D4Z4 repeat containing experimental plasmid
(cDY042, cDY04n2 and cDY04n/3) demonstrated a reduced myotube fusion potential
as represented by the myotube fusion index (myotube incorporated nuclei/total nuclei)
when compared to differentiation of untransfected wild type C2C12 cells. Bars
represent the mean MFI of from 6 (or more) replicated plates (+/- SD). The total
number of scored fields for each sample is written inside each bar. Unincorporated
myoblasts from clone cRP2044n5 (denoted by *) displayed an abnormally high level
of apoptosis under differentiation conditions and as such the MFI value was
significantly skewed. (B) Total myotubes from stable cultures were counted and
plotted as a ratio of normal (elongated, with centralized nuclei as shown in figures 9
and 12) to abnormally formed myotube structures (swelling with non-centralized
masses of nuclei as pointed out in figure 12). D4Z4 repeat containing clones
(cDY042, cDY04n2 and cDY04n/3) displayed a greater number of deformed
myotubes compared to controls (wild type C2C12, cRP2044n5, cRP2044n7 and
cRP2044n31). Bars represent the mean DMI from 6 (or more) replicated plates. The
total number of fields scored for each sample is written inside the bar.
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search for potentially expressed regions. Observations from the DMI calculations, which
showed that the percentage of deformed myotubes was correlated to the presence of D4Z4
repeats, suggested that under differentiation conditions a sequence might be expressed from
the D4Z4 repeats which lie in the pDY02 and pDY04 constructs. Several groups cite that
there may be a gene encoded within the D4Z4 repeat, yet there have been no expressed
sequences isolated [35, 40, 49, 51, 65-67]. Despite the fact that there has not been an
expressed sequence isolated from the D4Z4 repeat, this still remains a viable theory in the
pathogenesis of FSHD. A reduction of repeats below a certain threshold may diminish the
potential D4Z4 repression, allowing for ectopic expression of D4Z4 transcripts, which may

be toxic to myofibres.

3.5.1 - Computational and sequence analysis of the D4Z4 repeat.

Two large open reading frames (ORF), which incorporate the double homeodomain
motif, have been identified within the sequence of the D4Z4 repeat. Figure 21 provides a
schematic overview of the results from computational analysis of the D4Z4 repeat sequence.
ORF1 (blue bar) was first described by Gabriels et al., [S1]. They found a large open
reading frame that encoded a putative 391 amino acid peptide, incorporating the homeobox
motifs corresponding to the putative gene DUX4 (2, 51, 66]. Upstream from this ORF lies a
putative promoter region that includes two MEF2 and a MyoD binding site, a GC-box, a
TACAA box and 3 consensus-binding sites for the ubiquitous transcription factor SP1. In
their studies Gabriels et al., [S1], isolated this promoter region and found that it could
clearly drive gene expression, using the luciferase reporter. Our sequence analysis revealed

a second larger ORF, which encompasses ORF1. ORF2 (red bar) encodes a putative 852-
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Figure 21. Schematic diagram of the D4Z4 repeat displaying the position of two
potential Open Reading Frames (ORFs) and their putative promoters.

Each complete 3.3kb D4Z4 sequence (Acc. D38024) represented by the yellow bar
contains two potential ORFs, which incorporate the homeodomain motifs (black
boxes). ORF1, represented by the blue bar was proposed by Gabriels et al. [25]; it
encodes a predicted 391 amino acid product. Our analysis detected a second open
reading frame, ORF2 (represented by the red bar). ORF2 encodes a predicted 852
amino acid product. Putative promoter elements are located upstream of each ORF.
The position of GC-boxes, MEF2 and MyoD consensus binding sites and the TACAA
box (specific to OFR1) are labeled. The positions of consensus binding sites for the
ubiquitous transcription factor SP1 are also shown. The placement of D4Z4 primers
D4Z4-£1905 and D4Z4-r2385 used in RT-PCR experiments are shown as arrows.
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residue polypeptide. Upstream of this ORF lies a putative promoter region, which includes

two MyoD and a MEF2 binding site, and a GC-box and a SP1 consensus-binding site.

In order to determine if the D4Z4 repeat possesses potentially repressive elements,
we screened the D4Z4 sequence for possible Polycomb Response Elements (PRE).
Polycomb (PcG) proteins have often been associated with repression of homeotic genes
(108, 171, 172]. Using the consensus binding sequence (Acc. L32205 and [188]) for the
Drosophila PcG gene pleiohomeotic (pho), the only known PcG shown to actively bind to
DNA, we found four potential clusters within the D4Z4 repeat. Subsequent screening for
GAGA factor binding sites [189, 191, 194] showed overlap with these four regions.
Previous examples have shown that these two binding sites are found commonly in
association at PREs, suggesting that pho (or its human homologue YYT) and GAGA factor
acts as recruitment factors for PcG complexes [108, 174, 188, 189]. This evidence suggests
that the D4Z4 repeats may possess repressive elements necessary for the formation of a

stable repressive structure normally required for the control of proximal gene regulation.

3.5.2 - Is the DUX4 sequence expressed during myogenic differentiation?

We hypothesized that the resulting increase in DMI may be the result of ectopic
expression of the putative homeobox gene (termed DUX4) contained within each D4Z4
repeat [51, 66, 87]. To assess this, RNA was prepared from C2C12 cells and a selection of
stable clones during growth or differentiation conditions (96 hours). Utilizing RT-PCR and
primers specific to a non-repetitive region common to both ORFs (shown as arrows on

Figure 21), we analyzed the clones for expression from the D4Z4 repeats as shown in Figure
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22. Panel I shows the control reactions for the PCR primers. An approximately 300 bp
band corresponding to the external control B-actin gene is amplified from genomic DNA
isolated from C2C12 cells and stable clones cRP2044n5 and cDY04n2. A 200 bp LacZ
specific band was only amplified from the genomic DNA isolated from stable clones and a
500 bp D4Z4 specific band was only amplified from genomic DNA isolated from pDY04
clones. There was no PCR amplification from the negative control lanes using mock
treatments with no DNA (blank). Panels A though H represent amplified products derived
by RT-PCR from RNA isolated from C2C12 and a selection of stable clones. These clones
contained either the D4Z4 containing plasmid (pDY04) or the control plasmid (pRP2044)
and were grown under growth or differentiation conditions (+/- DIFF). The +/- RT columns
correspond to experimental reactions (+ Reverse Transcriptase) or negative control reactions
(-RT) to test for genomic DNA contamination. There was no amplification in any -RT
reaction columns. The external control primers directed toward p-actin amplified a product
in all clones and C2C12 cells under growth and differentiation conditions demonstrating the
quality of all cDNA samples. The internal control primers directed toward the LacZ gene
(contained within each construct) amplified a specific band under both growth and
differentiation conditions. However we were unable to amplify the D4Z4 specific sequence
corresponding to ORF1 and ORF2 (Figure 22) in any sample. These results suggest that the
effect of D4Z4 repeats on myotube differentiation is not due to expression from within the

D4Z4 repeat.
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Figure 22. D4Z4 specific sequence is not expressed in stable clones during growth or
differentiation.

Gel electrophoresis images of RT-PCR analysis for B-actin, LacZ and D4Z4 specific
sequences. [3-actin competimers (Ambion Inc.) were used as an external control for
¢DNA synthesis. LacZ primers (RAS 39 and RAS 40) represent an internal control for
reporter expression and the D4Z4 specific primers (D4Z4-f1905 and D4Z4-r2385)
were used to amplify an expressed sequence. Panels (A) through (H) represent
analyses of expression using RT-PCR on total RNA isolated before and following
differentiation of C2C12 (control) from a selection of stable clones (listed on the
right). +/- DIFF refers to cDNA samples made from RNA isolated from differentiated
(+) or untreated cells (). There was no amplification in samples that lacked (-)
Reverse Transcriptase (RT), a control for genomic DNA contamination. Panel (I)
represents control reactions using genomic DNA from C2C12 or stable clones
(cRP2044n5 and c¢DY04n2) or mock reactions with no DNA. The placement of
molecular weight size markers is shown on the left.

82



PRIMERS B-actin LacZ D474
DIFF - - + + - -+ o+ - -+ +

RT -+-+ -+ -+ -4+ -4+

(A) C2C12
(B) cRP20442
(C) cRP2044n7
(D) cRP2044n31
(E) cDY042
(F) cDY04n2
(G) cDY043
(H) cDY04n/3
C2C12 cRP2044n5 cDY04n2
1) no DNA genomic genomic genomic
500bp —
300bp — CONTROLS
200bp —

P T < E N2 e =
§33 E¥§ §38§ §3%
248 §38 §=248 $23
-] -] -] -]



4.0 - Discussion

The main focus of this project was to determine if the D4Z4 repeats function as
repressive sequence elements. It has long been known that the disease-causing mutation for
FSHD is a deletion of an integral number of repeats from the D4Z4 array on chromosome
4935 to below a critical threshold of 10 repeats [37-39]. The genotype-phenotype
correlation between loss of repeats and severity and age of onset is evidence of D4Z4
involvement; however the exact mechanisms by which these repeats cause the disease and
the molecular outcomes of the deletion are not quite so clear [3, 5]. Our working hypothesis
was that a reduction of the number of repeats below a critical threshold level of 10 prevents
the formation of a stable repressive heterochromatin complex. The inability to form a
heterochromatin complex would affect the genomic environment of the surrounding region,
ultimately altering local gene expression [64, 65, 86]. Although this is the favoured model
in the FSHD field, there is no substantial evidence to suggest that the D4Z4 repeats are
repressive in nature, or even that they facilitate the formation of heterochromatin. As such,
we decided to isolate and clone copies of the D4Z4 repeats into a BOS-LacZ reporter
construct to determine if they can directly repress the transcription of the reporter gene

following transient and stable transfections in C2C12 mouse myoblasts.

4.1 — D4ZA4 repeats do not repress gene expression in transient or stable
clones under growth conditions.

Initially we performed transient experiments with 0-4 copies of the D4Z4 repeats

adjacent to the reporter gene. We observed no significant change in LacZ expression,
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suggesting that the D4Z4 repeats do not function as a classically defined repressor element.
However, it is clear that the D4Z4 locus is involved, as the clinical phenotype associated
with FSHD is only present in individuals with 10 or less repeats [37, 43, 44]. If the
threshold number of repeats is necessary for a repressive effect on neighbouring genes, then
the 4 copies used in these experiments may not have been sufficient and could explain why
we detected no differences. Yet in the genomic context of FSHD the nearest genes on 4q35,
FRG1 (100 kilobases) and FRG2 (37 kilobases) lie a significant distance proximal to the
repeats [45, 49, 86]. In the design of our experiments we postulated that the D4Z4 threshold
may be necessary for repression over a larger area, however, we surmised that a minimal
number of repeats would be sufficient to influence expression of the reporter gene, which
lies 100 base pairs from the repressive elements. Nevertheless, repression of the reporter
was not observed in transient assays. It is therefore likely that a repressive complex
originating from the D4Z4 repeats is based on a requirement for a defined number of repeats

and suggests a mechanism involving Polycomb response elements (see below).

An alternate possibility was that repression is dependent upon the integration of the
plasmid to establish a chromatin domain [89, 156]. To assess whether D4Z4 repression
required such an event we isolated stable clones containing pDY04 and pRP2044 DNA for
analysis of reporter gene activity. We observed a high degree of variability in B-gal activity
between clones. This was not surprising, as sequences and chromatin structure adjacent to
the site of integration can influence promoter activity; this situation is commonly referred to
as position effect [163, 217, 219]. It was noted that during the generation of stable clones

that the ratio of control clones positive for the LacZ gene (by PCR) and exhibiting B-gal
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activity was higher than that observed for pDY04 generated clones (Table 2). This suggests
that the stable integration of the control plasmid was more efficient than pDY04 and that the
pDY04 clones may be more susceptible to position effects and transgene silencing through

heterochromatinization.

Our original goal was to generate clones containing single-copy transgene insertions,
yet previous studies have shown that stable transgenes have a tendency to insert as multiple
arrays rather than single copies [164-166]. These researchers have also shown that there are
several molecular and cellular mechanisms, which result in position effect variegation. The
permanent repression of many of these copies occurs through spreading from a
neighbouring constitutive heterochromatin domain or from self-forming facultative
heterochromatinization [100, 162, 222]. Some common examples are homology-dependant
silencing or repeat-induced gene silencing (RIGS), through DNA:DNA pairing resulting in
increased methylation and leading to transcriptional repression [164, 223, 224]. Moreover,
Heterochromatin Protein 1 (HP1) and Polycomb group proteins have been shown to localize
over a silenced transgene array, suggesting an active cellular process for inactivation
involving the formation of heterochromatin [92, 165, 167, 174, 190, 225]. If the transgene
arrays provide a natural target or a platform for heterochromatinization and transcriptional
repression we would have expected a notable if not complete decrease of B-gal activity from
clones containing multiple arrays of the plasmid construct. In our experiments, it is possible
that multiple copy arrays could also be informative by providing a scenario more similar to
a normal non-FSHD individual. Hypothetically, if an array contains three pDY04 (~21kb)
insertions, it would contain not only three copies of the LacZ gene, but also 12 copies of the

D4Z4 repeat within a 63kb locus. This puts the total number of potentially repressive
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repeats in the region to above the 10-repeat threshold for FSHD [3, 28, 38]. For example,
clone cDY04n2 contains 12 copies of the pDY04 construct at | insertion site, suggesting
that there are 48 D4Z4 repeats present, which is significant as it may create conditions close
to a normal non-FSHD genomic environment. From this clone we observed a very high
level of expression under growth conditions, suggesting that the repeats do not repress

reporter gene activity and this is consistent with our transient data.

We observed a high variability of activity between each clone (multiple and single
integrations), so to directly assess the level of LacZ activity within a specific clone
independent of position effects we generated the LacZ expression plasmids with LoxP
consensus sequences flanking the inserted repeat arrays. This permitted the Cre site-specific
recombinase to excise the D4Z4 repeats from each clone allowing us to search for consistent
trends in gene expression between clones, independent of position effect. Following Cre
excision we expected to observe an increase in LacZ expression; however, in clones
¢DY04n2 and cDY043, which contain multiple transgene arrays we observed an unexpected
decrease in B-gal activity. The decrease in B-gal activity is likely a result of Cre-excision
between LoxP sites from two different plasmids, such that the LacZ gene is also lost.
Removal of several copies of the reporter gene, in addition to the D4Z4 repeats would also
lead to a decrease in B-gal activity observed in ONPG assays. However, we also observed a
decrease in clone cDY04n/23, which contains only one single insertion, suggesting that
changes in reporter gene expression are not directly associated with the D4Z4 repeats and
may be greatly influenced by their integration site. In addition, clones cDY042 and

cDY04n/3 showed increases in B-gal activity following Cre-excision. Thus, no clear trends
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of repression among stable clones under growth conditions or following Cre-excision were
observed. The combined results from transient and stable assays suggested that the
anticipated repression might only emerge upon myogenic differentiation or that the repeats

themselves are not repressive in nature.

4.2 - D4Z4 repeats have no effect on gene expression, but do confer a
reduced fusion competence and abnormal myotube morphology
during C2C12 terminal muscle differentiation.

FSHD is a muscle disease; therefore we reasoned that repression by D4Z4 repeats
may only become evident during myogenesis. Following transfection we cultured
transiently transfected C2C12 cells in differentiation medium over the span of 96 hours. By

determining B-gal activity at 12, 24, 48, 72 and 96 hours, we found that plasmids containing

D4Z4 repeats lagged in their recovery of B-gal activity immediately following transfection.
At the final time point (96 hours) a decrease in LacZ expression is clearly associated with
the presence of D4Z4 repeats. When we differentiated stable clones for 96 hours we
observed both significant increases and decreases in reporter gene expression among control
and experimental clones suggesting that in our model the D4Z4 repeats do not directly
repress gene expression. In the stable clones it is possible that position effects and
chromatin rearrangements may be the cause of a D4Z4-independent effect on the reporter
gene expression. Chromatin remodeling is a common form of gene regulation, and has
specific importance during myogenesis [77, 226]. Several changes in chromatin structure,
brought about by changes in methylation and acetylation status, have been associated with

the process of muscle gene regulation [227). This process is often utilized to establish a

87



cell-type-specific chromatin pattern, which regulates gene expression during the process of
differentiation by providing an open or closed state for the accessibility of transcription
factors [150]. Furthermore, the process of cell differentiation is actually the result of an
equilibrium between silencing and activation that produces a set of active genes
characteristic of a cell lineage [163]. A sudden change in chromatin structure of a region
between growth and differentiation conditions results in an altered genomic environment,
for example the reversal of a euchromatin domain to a heterochromatin domain may
physically repress the transgene’s expression. Altematively, differentiation conditions
prompt the expression of muscle specific transcription factors, which may elicit a D4Z4

response by activating specific muscle transcripts from within the repeat.

We observed that during the differentiation of both transient and stable clone
cultures there was a lower efficiency of fusion that was inversely correlated to the number
of D4Z4 repeats. We also observed a higher percentage of abnormally fused myotubes,
which resulted in a globular or bag-like structure with a mass of concentrated nuclei (F igure
17 and Figure 19). In both stable and transiently transfected cells this trend was directly
correlated to the presence of D4Z4 repeats. In differentiation assays of pDY04 transient and
stable cultures, only a small percentage were capable of myotube fusion, as calculated by
the proportion of nuclei incorporated into myotubes compared to total nuclei (the Myotube
Fusion Index, MFI). While decreases in the MFI of both stable clones and transient cultures
generated with the control plasmid pRP2044 were observed, these values were further
decreased in the experimental lines and cultures, prompting the suggestion that the D4Z4
repeats do effect cell fusion. Typically fused C2C12 myotubes present as elongated

structures with centralized nuclei [57, 58]. However, we observed a high incidence of
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deformed myofibres in differentiating cultures containing D4Z4 repeats as calculated using
the proportion of deformed structures from normal myotubes (the Deformed Myotube
Index, DMI). In both stable cell lines and transiently transfected C2C12s we detected a
sharp increase for DMI values in the presence of D4Z4 repeats. Furthermore in transient
assays we observed this increase to be directly proportional to the number of D4Z4 repeats.
Despite the similarity in trends between stable and transient experiments, one clear
difference was noted; stable clones tended to produce abnormally large myotubes with
several centralized nuclei while the transiently transfected cells produced larger numbers of
smaller myotubes with less nuclei. This finding may represent the differences between a
heterogeneous culture of transfected and wild type cells and a highly homogeneous stable

clone.

Typically C2C12 cells exit the cell cycle and begin to differentiate and fuse into
myotubes after 72 hours in differentiation media, or they eventually undergo programmed
cell death (apoptosis) [213, 214, 221]. The regulation of muscle differentiation is
coordinated by the precise control of overlapping muscle specific genes by the myogenic
determination factors (MDF) [73, 206]). There are four basic MDFs: MyoD, myogenin,
Myf-5 and MRF4 [69-71]. MyoD and Myf5 are important as early determination factors to
initiate myogenic differentiation, followed consecutively by myogenin and MRF4, which

maintain terminal differentiation ultimately providing resistance to apoptosis [213].

The deformed myotube structures were not present in the control C2C12 sample, and
few cells with this morphology were observed in the pRP2044 clones, suggesting that the

D4Z4 repeats are the cause of the phenotype of myotubes. Some of the characteristics
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applied to the clinical diagnosis of FSHD are the presence of severe muscle inflammation,
as well as disorganized and variably sized myofibres in patient biopsies [5, 12, 20]. In our
culture model, the presence of the deformed myotube structures may be a manifestation of
these defects, thus providing a physical link between FSHD phenotypes and the D4Z4
repeat. There are two possible mechanisms involving the D4Z4 repeats, which could
account for the aberrant morphology. First, in FSHD cases the low repeat copy arrays may
prevent the formation of a heterochromatin complex, creating a condition where, in the open
capacity, there is a gene (DUX4) transcribed from within the repeats. This scenario would
mimic a “gain of function” mutation created by the ectopic expression of a D4Z4 transcript
from the deleted 4q35 chromosome region containing the short (< 35kb) allele and is
consistent with the autosomal dominant pattern of inheritance observed among FSHD
families [1, 147]. Secondly, perhaps the introduction of D4Z4 repeats, which contain
putative MyoD and MEF2 binding sites, might interfere with the function of these
transcription factors leading to disruptions in the differentiation potential of the cells. It is
entirely possible that the ensuing morphology in our in vitro cell culture model are the result
of trans-effects caused by the presence of open D4Z4 repeats. Perhaps the reason we
observed a D4Z4 repeat-copy number dependent effect in deformed myotube fusion is the
result of the D4Z4 repeat sequence acting as a sink for important factors, such as MyoD and
MEF2. The idea that DNA repeats may cause abnormal cell fusion during C2C12 myoblast
differentiation through squelching of transcription factors has previously been suggested for
in vitro studies involving Myotonic Dystrophy [57, 58]. In these studies they found that
transgene arrays of (CUG)n repeats alone could cause abnormal C2C12 fusion, possibly by

interfering with the differentiation process, in a trans-dependant manner.
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4.3 — The putative D4Z4 gene (DUX4) is not expressed in stable C2C12
clones during induced differentiation.

One of the current models for D4Z4 involvement in FSHD is that there is a gene
transcript contained within the repeat sequence. It is proposed that the repeats are normally
encased within a heterochromatin structure and that following the intemal deletion this
transcript is activated through the inability to be silenced from the limited number of
repeats. Through sequence similarity between the D4Z4 homeodomains and other known
Homeobox genes, the putative DUX4 transcript is the focal point of this model [51, 66].
Moreover, a sequence corresponding to a putative promoter region has been identified
within the D424 repeat. This promoter has been shown to drive expression of a Luciferase
reporter gene with high expression [51]. However, numerous attempts have been made to
isolate this putative transcript, but to no avail [40, 43, 49-51, 65, 67]. In an attempt to
elucidate the molecular defect causing FSHD, we screened the D4Z4 repeat sequence (Acc.
D38024) for potential coding regions. We discovered a large open reading frame (ORF)
which overlapped a shorter ORF previously described by Gabriels et al [51]. Both of these
ORFs, contain two homeodomain motifs and potential promoter regions (including MEF2,
MyoD, SP1 binding sites and GC-box sequences, see Figure 21). Interestingly, the sequence
shift causing the Blnl restriction site specific to the 10q26 repeats also obstructs both ORFs
by creating a stop codon just before the homeobox domains [35, 47, 48]. We hypothesized
that the ectopic expression of the putative D4Z4 gene (DUX4) from the 4q35 repeats might
result in the higher Deformed Myotube Index (DMI) observed in experiments using both
stable clones and transient transfection experiments. However, we were unable to amplify

either D4Z4 ORF following RT-PCR of RNA isolated from stable clones grown under
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normal growth or differentiation conditions. These resuits suggest that the effects observed
in myotube cultures are not the direct result of expression from within the D4Z4 repeat, but

rather a function of the repeat sequence itself.

4.4 — The D4ZA4 repeat and putative Polycomb-mediated repression in
humans.

The D4Z4 repeats are located in a heterochromatin region, and were therefore
proposed to represent a non-functional buffer from the telomere or, from later work, a
domain important for correct regulation of downstream genes [51, 86]. The presence of two
homeodomains within the repeats suggested that polycomb group (PcG) proteins might be
associated with repression at 4¢35 [19, 38, 40, 64, 171, 196). Transcriptional regulation of
HOX genes is mediated by the antagonistic roles of Polycomb group and Trithorax group
proteins [160, 176]. Studies have shown that the deletion of key PcG proteins causes the
upregulated or continued expression of HOX genes leading to mutations termed homeotic
transformations [155, 171, 176, 178, 184]. In Drosophila, PcG complexes have been shown
through both genetic and biochemical means to bind to regulatory units termed Polycomb
Response Elements (PRE). PREs comprise a short sequence involving a concentration of
overlapping binding domains for the PcG protein pho and GAGA factor [155, 170, 174,
188, 189, 228]. Our analysis uncovered four distinct regions containing the consensus
binding sites for pho and GAGA factor within each of the 3.3 kb D4Z4 repeats (see Figure
23). The discovery of putative PREs within the D4Z4 repeat provides a means for the

formation of a stable repressive complex involving the D4Z4 array.
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Figure 23. The position of potential PcG binding sites and Polycomb Response
Elements (PRE) and their relation to structurally important D4Z4
characteristics.

Each complete 3.3kb D4Z4 sequence (Acc. D38024) represented by the yellow and
black bar contains four potential PREs regions (labeled as S1, S2, S3 or CORE). The
position of consensus binding sites for the YYT Polycomb group protein (homologue
of Drosophila pho) and the overlapping GAGA factor sites are both represented by
asterisks (*). The homeodomain motifs and other sequence characteristics of the
D4Z4 repeats are labeled (black boxes). ORF1 and ORF?2 are represented by the blue
and red bars. The position of GC-boxes and the TACAA box (specific to OFR1) are
labeled.
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Pirotta and Rastelli [119] suggest that there are two forms of PREs: a strong central
mediator or core site, which has a very high affinity for PcG complexes, and secondary “S”-
sites which have less affinity and bind weaker and less stable complexes. The central core
bound PcG complex initiates repression by interaction with the S-associated units, thus
drawing the DNA into a looping bundle of DNA and protein [119, 132, 156]. By applying
this model to the D4Z4 repeat, we propose that the central grouping of 4 putative binding
sites is the central or “CORE” PRE and the three outlying single sites may be the so-called
S-elements. Figure 24(A) shows how the combination of these elements may be the route to
the formation of a repressed single repeat. Given that non-FSHD individuals have between
10-100 of the D4Z4 repeats, Figure 24(B) describes a scenario wherein multiple repeats
may form a larger repressed region which might initiate an event involving the repression of
a larger region. It has previously been noted that a combination of many PREs will work
together to repress a larger area, suggesting that the D4Z4 arrays with many potential PREs
are able to bind up a larger region than just a few repeats [122, 169]. We propose that the
deletion of D4Z4 repeats causes FSHD by the inability to form this repressed
heterochromatin domain. Inability to form the repressed structure results in inappropriate or
continued expression of nearby genes. Such inappropriate expression could mimic a “gain

of function” mutation leading to the FSHD phenotype.

In our transient and stable in vitro model we did not observe repression to be
associated with the D4Z4 repeats, and two potential circumstances may be applicable. First,
it is possible that our previous assumption that four repeats would be sufficient to repress

over a short-range may have been incorrect. Perhaps, in order for the D4Z4 repeat to act as
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Figure 24. The assembly model for silencing complexes at the D4Z4 repeat and an
example for cooperative interaction in the formation of facultative
heterochromatin.

(A) This figure represents the cooperative assembly of interactive Polycomb Response
Elements (PRE) involved in the repression of one D4Z4 repeat. In this model the
D4Z4 repeat contains a central PRE (CORE) and three weaker PcG interacting “S”-
elements; S1, S2 and S3 (purple boxes). Following initial recruitment of PcG
complexes (green and blue circles and yellow diamonds) the weakly bound S-
complexes are stabilized through interaction with the CORE, resulting in a bundle of
DNA and protein. The gray box represents the region of the D4Z4 repeat containing
the homeobox motifs. This D4Z4 looping model is based on a PRE model proposed
by Pirotta and Rastelli [119]. (B) When several repeating units of the D4Z4 repeat are
bound up together the effect creates a region of tightly bound DNA which creates the
initial substrate necessary for the formation of facultative heterochromatin (thick blue
line) over the surrounding region, repressing nearby genes.
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the proposed catalyst for the formation of heterochromatin, there does indeed need to be a
larger array of repeats, such that we were unable to observe repression. Secondly, it has
been shown that the mouse genome does not contain D4Z4 repeats [81]. Even though
Polycomb group-mediated repression and Polycomb response elements have been well
documented in mice, they may not contain the subset of PcG proteins necessary for binding
directly to the D4Z4 PREs specifically, however, mice do contain pho and GAGA

homologues [171, 176, 179, 181, 229].

4.5 — Future directions.

The major limitation of this study has always been the number of D4Z4 repeats in
the plasmid arrays. The normal non-FSHD individual has a D4Z4 array consisting of
between 10-100 repeats lying hundreds of kilobases away from potential disease causing
genes. We were only able to generate arrays containing a maximum of 4 repeats in our
plasmids. We can argue that if each repeat is a separate repressive unit then four repeats
may be sufficient to repress a promoter that lies one hundred base pairs away from the
repeats. However, we cannot completely exclude the possibility that 4 repeats is insufficient
to cause repression. In order to accurately assess this theory a future experiment may be to
clone the BOS-LacZ reporter cassette into BAC or PAC clones generated from DNA
containing various numbers of D4Z4 repeats, and to repeat the described experiments using

larger repeat arrays.

Even though the current theories for FSHD suggest a role for the D4Z4 repeats in the

formation of a facultative heterochromatin and repression, our experiments have not
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provided a direct link between the two. Many questions need to be addressed in future
experiments to completely explore the functional role of the D4Z4 repeats in
Facioscapulohumeral Muscular Dystrophy. We have identified putative PREs within the
D4Z4 repeat, and suggested a possible model for repression. Future experiments could be
designed to functionally assess these sites for PcG binding potential. Two methods which
may provide insight are electromobility shift assays (EMSA), which could be used to see if
the D4Z4 PRE is a functional binding domain for the PcG protein YYI (pho) and/or the
GAGA factor (Trl), the proposed PcG complex recruitment factors [170, 177, 186, 188, 189,
228]. A second potential means of assessing the validity of these PREs is to perform
chromatin immunoprecipitations (ChIP) with the stable clones generated for this study or
even endogenous human muscle cells. We would use an in vivo formaldehyde cross-linking
technique to link DNA-bound proteins in place [230]. Through immunoprecipitation using
PcG protein antibodies followed by PCR analysis or slot blot hybridization of the D4Z4-

specific PRE site sequence, we would be able to further characterize these elements.

In order to follow up on the trans-effect theory for the obstruction of normal cell
fusion during differentiation, we could make use of a quantifiable in vitro transcription
assay. We would generate a G-Free transcript, which contains only A, C, and T residues,
under the control of a muscle specific promoter. A muscle specific promoter, such as the
myogenin promoter, must be chosen in order to provide competition with the D4Z4 repeat
for muscle specific transcription factors, which include MyoD and MEF2 [231-234]. This
vector would be incubated with nuclear extracts from C2C12 or pDY04 cells as a source of
transcription factors to regulate transcription. Similar experiments have been used to

examine the effect of various mutations on gene transcription and the activity of cis-
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regulatory elements [235, 236]. We propose to use this system to test the theory that the
D4Z4 repeats cause the abnormal myotube fusion phenotype by squelching away important
transcription factors. In this reconstituted in vitro system the absence of GTP will drive the
expression of only the G-Free transcript, and by adding radiolabeled UTP we have a means
of quantification by acrylamide gel electrophoresis. In measuring the amount of G-Free
product following the addition of purified D4Z4 repeats we would be able to determine if
the D4Z4 repeat is able to effectively squelch out important factors as a result of the trans-
effect, which is potentially the cause of the abnormal myotube fusion we observed. We are
simply suggesting that if the D4Z4 repeats act as a competitor by creating a sink for

transcription factors, then it would diminish the level of G-Free transcript expression.

4.6 — Conclusion.

For more than ten years, large deletions of the D4Z4 repeats have been associated as
the causal mutation for Facioscapulohumeral Muscular Dystrophy (FSHD). Many
mechanisms have been proposed; however there is relatively little functional data involving
the D4Z4 repeat and its association with FSHD. The purpose of our investigation was to
determine the function these repeats hold in the pathogenesis of FSHD. We therefore
evaluated the potential regulatory effect that these repeats might have by cloning them into
LacZ expression constructs and assessing the effects that these repeats may impart upon the

reporter’s expression in stable and transient transfection assays.
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The results of this investigation have revealed inconclusive evidence to support a
direct repressive effect on a reporter gene by the D4Z4 repeats in either transient
transfections or stable clones grown under normal or myogenic differentiation conditions.
However, during differentiation it was found that the D4Z4 repeats imparted an abnormal
morphology onto the multinucleated myofibres. It was found that the presence of D4Z4 not
only accompanied the reduced fusion competence of myoblast cultures resulting in the
formation of less myotubes, but also corresponded to the heightened incidence of deformed
“bag-like” atypical myotubes. In conclusion, while these experiments do not provide
irrefutable evidence, they have provided some insight towards an association between the
D4Z4 repeat and repression and have increased our understanding of the role D4Z4 repeats

may play in the etiology of Facioscapulohumeral Muscular Dystrophy.
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Appendix A - Cloning strategy for experimental constructs.
This appendix is meant to serve as a visual aid, depicting the steps taken during the

complicated cloning strategy presented in Materials and Methods section 2.2.1.
(Representative figures are not drawn to scale)

Figure Legend:
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pRP2044
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(15) Digestion
with HindIll

Experimental

constructs

(16) Fragments containing
D4Z4 arrays from pDYInt02
are ligated to pDYInt04, forming
Experimental constructs pDYO01,
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Appendix B: A representational selection for raw data aquired from
ONPG analyisis for Table 2.

! Samgle ONPG Value* Pos/ Ng |

C2C12 (10 Ug) 0.0001 NEG
C2C12 (20 Ug) 0.0023 NEG
Bgal protein (5 Ug) 0.1489 POS
Bgal protein (10 Ug) 0.2598 POS
I gRP2044 Clones ONPG Value* Pos/ Ng I W gDYO4 Clones ONPG Value* Pos/ Ng

D3 0.0014 NEG E6 0.0005 NEG

D4 0.0007 NEG E7 0 NEG

D8 0.0018 NEG E13 0.0392 POS

D9 0.0216 POS E27 0.0025 NEG

D11 0.0346 POS E32 0.0036 NEG

D24 0.0003 NEG E39 0.004 NEG

D34 0.0421 POS E35 0.021 POS

D39 0 NEG E41 0.0337 POS

D43 0.0287 POS E49 0.0046 NEG

*ONPG values correspond to Absorbance as calculated by the optical density
reading at 420nm wavelenght using the Beckman Couiter DU 640 spectrophotometer
(Fullerton CA).
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