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ABSTRACT

DNA Methylation Profiling by Bisulfite Sequencing in
Facioscapulohumeral Muscular Dystrophy (FSHD)
Manar Kaptan
Master of Science in Cellular and Molecular Medicine

June 20, 2025

Facioscapulohumeral Muscular Dystrophy (FSHD) is a progressive neuromuscular
disorder caused by the aberrant expression of the DUX4 gene, which is normally
epigenetically silenced in somatic cells. This aberrant expression is directly linked to
hypomethylation of the D474 macrosatellite repeat region at chromosome 4q35, a key
epigenetic alteration that plays a critical role in disease pathogenesis. FSHD is classified
into two subtypes: FSHD1, which results from contraction of the D474 array from 11-
150 repeat units down to 1-10 repeat units, and FSHD2, which is associated with
pathogenic variants in epigenetic regulators such as SMCHDI1, DNMT3B, and LRIF].
Despite their distinct genetic origins, both forms exhibit a significant loss of DNA
methylation at the D474 locus, leading to DUX4 activation and muscle degeneration.

This study aimed to implement and optimize PCR-based bisulfite sequencing, a
high-resolution, single-base method for assessing cytosine methylation patterns, in order
to characterize D4Z4 methylation profiles in FSHD patients, enhance diagnostic
accuracy, and evaluate CpG profiling as a biomarker for disease severity. A subset of 33
patients from a larger cohort of 112 individuals was selected for detailed methylation
analysis, stratified by D474 repeat size and clinical subtype. Six healthy individuals were
included as controls. Methylation status was evaluated in the DR1 and DR2 regions, with
special focus on CpG density and correlation to clinical and genetic backgrounds. Our
findings showed that 17 FSHD1 and 6 FSHD?2 patients exhibited significantly reduced
methylation compared to controls, while 10 patients had borderline or normal methylation
levels. These results support the utility of methylation profiling in distinguishing between
FSHD subtypes and clarifying cases with ambiguous genetic findings. Additionally,
integration of next-generation sequencing (NGS) data from a selected group of patients
enabled further investigation into potential genetic modifiers.

Methylation analysis in FSHD is crucial, as it reveals the epigenetic alterations that
drive aberrant DUX4 expression, enabling precise differentiation between FSHD
subtypes and enhancing diagnostic accuracy. Our study highlights the value of bisulfite
sequencing as a complementary clinical and research tool that not only improves
diagnostic precision but also contributes to a deeper understanding of the epigenetic
landscape in FSHD, thereby informing targeted patient management and guiding
potential therapeutic interventions.
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OZETCE

Fasiyoskapulohumeral Muskiiler Distrofi (FSHD)’de Bisiilfit Dizilemesi ile
DNA Metilasyon Profillemesi
Manar KAPTAN
Hiicresel ve Molekiiler Tip, Yiiksek Lisans
Haziran 20, 2025

Fasiyoskapulohumeral Kas Distrofisi (FSHD), normalde somatik hiicrelerde
epigenetik olarak susturulmus olan DUX4 geninin anormal ekspresyonu sonucu ortaya
cikan ilerleyici bir ndromiiskiiler hastaliktir. Bu anormal ekspresyon, hastalik
patogenezinde kritik bir rol oynayan ve 6nemli bir epigenetik degisiklik olan, kromozom
4q35'teki D474 makrosatelit tekrar bolgesinin hipometilasyonu ile dogrudan iliskilidir.

FSHD iki alt tipe ayrilir: FSHD1, D4Z4 dizisinin 11-150 tekrar biriminden 1-10
tekrar birimine kisalmasi sonucu olusur; FSHD2 ise SMCHD1, DNMT3B ve LRIF1 gibi
epigenetik diizenleyicilerdeki patojenik varyantlarla iligkilidir. Genetik kdkenleri farkl
olsa da, her iki form da D4Z4 bolgesinde belirgin bir DNA metilasyon kayb1 gosterir ve
bu durum DUX4’iin aktiflesmesine ve kas dejenerasyonuna yol agar.

Bu calisma, sitozin metilasyon paternlerini degerlendirmek icin yliksek ¢coztintirliikli
ve tek baz duyarliligina sahip bir yontem olan PCR tabanli bisiilfit dizileme metodunu
uygulamak ve optimize etmek, boylece FSHD hastalarinda D474 metilasyon profillerini
karakterize etmek, tanisal dogrulugu artirmak ve CpG profil analizini hastalik siddetinin
bir biyobelirteci olarak degerlendirmeyi amacglamistir. 112 bireyden olusan daha genis bir
kohorttan secilen 33 hasta, D4Z4 tekrar uzunlugu ve klinik alt tipe gére gruplandirilarak
ayrintili metilasyon analizine dahil edilmistir. Alt1 saglikli birey de kontrol grubu olarak
caligmaya alinmistir. Metilasyon durumu DR1 ve DR2 bolgelerinde degerlendirilmis,
ozellikle CpG yogunlugu ve klinik ile genetik arka planla iliskisi izerinde durulmustur.

Elde ettigimiz bulgular, 17 FSHD1 ve 6 FSHD2 hastasinin kontrollerle
karsilastirildiginda anlamli derecede azalmis metilasyon seviyelerine sahip oldugunu
gostermistir. Diger yandan, 10 hasta ise sinirda veya normal metilasyon diizeylerine
sahipti. Bu sonuglar, metilasyon profil analizinin FSHD alt tiplerinin ayriminda ve
genetik olarak belirsiz olgularin netlestirilmesinde degerli bir ara¢ oldugunu
desteklemektedir. Ayrica, se¢ilmis hasta grubuna ait yeni nesil dizileme (NGS) verilerinin
entegrasyonu, potansiyel genetik degistirici (modifier) faktorlerin arastirilmasini da
miimkiin kilmistir.

FSHD’de metilasyon analizi oldukg¢a kritiktir; ¢linkii bu analiz, anormal DUX4
ekspresyonuna neden olan epigenetik degisiklikleri ortaya koyarak, FSHD alt tipleri
arasinda hassas ayrim yapilmasina ve taninin daha dogru konulmasina olanak saglar.
Calismamiz, bisiilfit dizilemenin yalnizca tanisal hassasiyeti artiran bir yontem olmakla
kalmayip, ayn1 zamanda FSHD’nin epigenetik yapisint daha iyi anlamaya katki
saglayarak, hasta yonetimini yonlendiren ve potansiyel tedavi stratejilerine 1s1k tutan
tamamlayici bir klinik ve arastirma araci oldugunu vurgulamaktadir.
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Introduction

Chapter 1:
INTRODUCTION

Facioscapulohumeral muscular dystrophy (FSHD) is the third most common
inherited muscular disorder, following Duchenne muscular dystrophy and myotonic
dystrophy. It is a genetic disorder characterized by progressive muscle weakness and
atrophy, predominantly affecting the face, shoulder, and upper arm muscles, with
symptoms worsening over time (Tawil et al., 2006). In approximately 20% of patients,
the severity of muscle weakness necessitates wheelchair use in adulthood (Hobson-Webb
et al., 2006). The disease exhibits variable expressivity, influenced by underlying genetic
pathology, as well as epigenetic modifications, hormonal factors, and lifestyle choices,
all of which impact disease onset, progression, and symptom severity (Jones et al., 2014;
Sacconi et al., 2019). FSHD primarily follows an autosomal dominant inheritance pattern
with incomplete penetrance, meaning that not all individuals carrying a pathogenic

variant will manifest the disease (Lemmers et al., 2012).

FSHD is a genetically heterogeneous disorder with two primary subtypes: FSHD1
(OMIM #158900) and FSHD2 (OMIM #158901). Although clinically indistinguishable,
these subtypes differ in their underlying genetic and epigenetic mechanisms. FSHDI,
which accounts for approximately 95% of cases, results from the contraction of the D474
repeat array on chromosome 4q35, leading to chromatin relaxation and aberrant DUX4
expression. In contrast, FSHD?2 arises from pathogenic variants in epigenetic regulatory
genes, primarily SMCHD1 (OMIM #614982) on chromosome 18p11, which accounts for
85% of FSHD?2 cases and leads to D474 hypomethylation without repeat contraction
(Lemmers et al., 2010). Additional genetic subtypes have also been identified. FSHD3
(OMIM #620244) is associated with variations in LRIFI on chromosome 1p13, whereas
FSHD4 (OMIM #606063) is caused by variations in DNMT3B on chromosome 20q11
(van den Boogaard et al., 2016). These subtypes further emphasize the role of epigenetic
dysregulation in FSHD pathogenesis (Figure 1.1).

Despite these distinct genomic alterations, FSHD1 and FSHD2 converge on a shared
molecular pathway, where epigenetic dysregulation leads to aberrant DUX4 (Double

Homeobox 4) activation in skeletal muscle (Tawil et al., 2014; Himeda et al., 2015).



Introduction

Under normal conditions, DUX4 remains epigenetically silenced in somatic tissues.
However, in FSHD, its inappropriate activation leads to transcriptional deregulation,
including the ectopic activation of genes typically restricted to early embryogenesis. This
results in widespread cellular toxicity, oxidative stress, and progressive myofiber

degeneration, culminating in muscle dysfunction (Jones et al., 2014; Banerji et al., 2017).

In more recent years FSHD is also recognized as a digenic disorder influenced by
both repeat size and epigenetic modifications, reinforcing the necessity of integrating
genetic and epigenetic data for improved diagnostic precision and therapeutic
development (Hobson-Webb et al., 2006). A deeper understanding of these molecular
mechanisms is crucial for refining diagnostic criteria and advancing targeted epigenetic
therapies (Sikrova et al., 2023). Figure 1.1 illustrates the molecular interplay between

genetic and epigenetic deregulation in FSHD.

/ Muscle
r 1 B9 Tege  dystophy
\ ‘ Inflammation
i ‘/
Cell
( ) ROS 4 death
A,
Oxidative
FSHD phenotype stress.
SMCHD?, Lyry,
ONMT38 ariants ( ONA
Hypomethylation
? (Last D424 Repeat)
4q35 Chromatin relaxation
— DD —

1-10 D424 Repeats (DRA)

B—
11100 D4Z4 Repeats
(healthy)

Figure 1.1: Illustration of underlying genetic and epigenetic mechanisms. (Caputo

et al., 2022).

1.1  Historical Background

The understanding of FSHD has evolved significantly over time, shaped by key

discoveries in clinical presentation, genetics, and molecular pathology. The condition was

2



Introduction

first described clinically in 1884 by French physicians Louis Landouzy and Joseph
Dejerine, who recognized its distinct muscle weakness pattern (Castellano et al., 2008).
Their 1886 publication provided the first documentation of the familial nature of FSHD,
suggesting a hereditary component to the disease. However, it was not until 1952 that
definitive clinical criteria for FSHD were established, based on studies of a large, affected
family in Utah, which also led to the formal introduction of the term Facioscapulohumeral

Muscular Dystrophy.

Between 1952 and the 1980s, research focused on understanding FSHD inheritance
patterns, confirming autosomal dominant inheritance. The first genetic insights came in
the 1980s when linkage studies in FSHD-affected families identified chromosome 4 as
the primary genetic locus associated with the disease. In 1992, researchers localized the
FSHD causative gene region to 4q35, and in 1993, they discovered that this region
contained tandem D474 repeat units, with disease manifestation linked to contraction of
the D474 repeat array to fewer than 11 units. Initially, researchers hypothesized that
D474 repeat contraction resulted in the loss of function of genes in the 4q35 region, but
subsequent studies demonstrated that rather than a loss-of-function mechanism, FSHD is
driven by the aberrant expression of the DUX4 gene, encoded within the last repeat unit
of the D4Z4 array. In 1996, the FSHD Region Gene 1 (FRGI) was discovered adjacent
to the D474 repeat, and in 1999, the DUX4 gene was identified, marking a major
milestone in understanding FSHD pathology (Gabriéls et al., 1999).

A pivotal breakthrough came in 2007 when DUX4 was shown to be toxic to muscle
cells, with studies confirming that FSHD patients exhibit aberrant DUX4 expression in
muscle tissue. In 2009, a paradigm shift occurred with the classification of FSHD into
two main subtypes: FSHDI, resulting from D474 repeat contractions, and FSHD?2,
arising from variations in epigenetic regulators such as SMCHD1, LRIF1, and DNMT3B
(Lemmers et al., 2009). The discovery of FSHD2 as an epigenetic disorder was further
solidified in 2012 when researchers identified SMCHD1 variations as the primary cause
of D474 hypomethylation, leading to chromatin relaxation and DUX4 expression. This
finding redefined FSHD as both a genetic and epigenetic disorder, influencing modern

diagnostic and therapeutic strategies (Lemmers et al., 2012).
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Ongoing research continues to refine the molecular mechanisms underlying DUX4
activation and its downstream pathological effects. Advances in genetic testing and
diagnostic technologies have significantly improved FSHD diagnosis, leading to
increased accuracy and earlier detection. Moreover, current therapeutic efforts are
focused on DUX4 inhibition strategies, such as antisense oligonucleotides and CRISPR-
based gene silencing, as well as epigenetic modification therapies aimed at restoring
D474 methylation to suppress DUX4 expression. These developments mark a promising
step toward targeted treatments that could potentially alter the disease course. The
relentless efforts of researchers in FSHD genetics and molecular biology have paved the
way for potential therapeutic strategies, offering new hope for modifying DUX4

expression and disease progression.

1.2 Clinical and Paraclinical Findings

FSHD is characterized by a range of clinical and pathological features that primarily
affect skeletal muscle structure and function. The disorder follows a progressive course,

with considerable variation in severity and age of onset among affected individuals.

1.2.1 Clinical Characteristics

FSHD presents with characteristic muscle weakness and atrophy, predominantly
affecting the facial, shoulder, and upper arm muscles. One of the earliest and most
defining clinical features is facial muscle weakness, which manifests as difficulty closing
the eyes, forming facial expressions, or smiling. This weakness can result in the

"myopathic face" appearance, a hallmark of the condition (Loonen et al., 2021).

Another key feature is weakness in the scapulohumeral muscles, which typically
begins in the shoulder girdle and upper arms. This leads to difficulty lifting the arms,
reaching overhead, or performing activities that require upper body strength. A hallmark
of FSHD is its asymmetric muscle involvement, where one side of the body is often more
affected than the other, contributing to functional limitations and postural abnormalities

(Statland & Tawil, 2014).
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Although FSHD primarily affects the face, shoulders, and upper arms, the disease
can progress to involve the lower extremities and abdominal and pelvic muscles, affecting
mobility (Figurel.2). Patients often experience difficulty climbing stairs, walking long
distances, or maintaining balance while standing. Routine tasks, such as lifting objects or

maintaining stability, become increasingly challenging as muscle function declines (Tian

et al., 2015).

musculus orbicularis oculi
o——mus

@——— musculi orbicularis oris
and zygomaticus

shoulder girdle ——@
@—— chest (pectoral) muscles

upper arms———g
curved spine /.. lower abdominal muscles
(lordosis, kyphosis, scoliosis) and trunk muscles
@——hands and fingers
pelvic girdle
foot drop

./ foot dorsiflexion weakness

Figure 1.2: Muscle involvement in FSHD shows progressive, asymmetric weakness
Jfrom the face and upper body to the lower limbs. FSHD progresses at a variable rate, with
some individuals exhibiting mild symptoms, while others develop significant muscle
weakness and disability over time. Onset typically occurs in the teenage years or early
adulthood, but cases of childhood and late-adult onset have been reported. Diagnosis is
based on clinical evaluation, genetic testing, and, in some cases, muscle biopsy or imaging

studies. [Adapted from (Schétzl et al., 2021)].

1.2.2  Paraclinical Findings

The pathological hallmarks of FSHD are structural and molecular alterations in
muscle tissue, influenced by genetic and epigenetic mechanisms (Schétzl et al., 2021).
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The D4Z4 repeat contraction in FSHD1 and epigenetic deregulation in FSHD?2 lead to
chromatin relaxation and aberrant expression of the DUX4 gene, which drives disease
progression.

Muscle biopsy remains a valuable tool for assessing histopathological changes in
FSHD. Inflammatory infiltrates are frequently observed in FSHD muscle biopsies,
suggesting an immune response to muscle damage, though inflammation is not uniformly
present. Studies show varying degrees of muscle fiber necrosis, regeneration, and fibrosis,
indicating ongoing cycles of muscle injury and repair. Over time, fatty infiltration of
muscle tissue becomes a characteristic feature, wherein healthy muscle fibers are replaced
by fat deposits, which is detectable on MRI scans and correlates with disease progression
(Gerevini et al., 2016).

Electromyography (EMG) studies can aid in diagnosis, often revealing myopathic
changes characterized by short-duration, low-amplitude motor unit potentials (Dorobek
etal., 2013). However, EMG findings alone are not definitive and are used in conjunction
with genetic testing and imaging to confirm diagnosis. Importantly, the extent of
pathological changes varies significantly among individuals, reflecting the heterogeneous
progression of muscle weakness and atrophy in FSHD.

The integration of genetic, epigenetic, and histopathological findings has deepened
our understanding of FSHD, improving diagnostic accuracy and paving the way for

targeted therapeutic approaches.

1.2.3  Phenotypic Variability in FSHD

Phenotypic variability in FSHD encompasses a broad spectrum of clinical
presentations, reflecting the heterogeneous nature of the disease. The age of onset varies
widely, with symptoms typically emerging in adolescence or early adulthood, though
cases have been reported from early childhood to late adulthood (Hamel & Tawil, 2018;
Chin et al., 2024). While FSHD primarily affects the face, shoulders, and upper arms,
some individuals exhibit predominant involvement of lower extremity muscles or other

specific regions, contributing to variability in functional impairment.

The severity of muscle weakness ranges from mild to profound, often exhibiting

asymmetry, where one side of the body is more affected than the other. The rate of disease

6
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progression is highly variable; some individuals experience a slow decline over decades,
while others progress more rapidly. Although facial weakness is a hallmark feature, its
impact on facial expressions varies, with some patients experiencing marked impairment,
while others retain near-normal facial function. Beyond muscle weakness, FSHD
symptoms extend to the lower extremities, pelvic, and abdominal muscles, influencing
gait, balance, and core stability (Ghasemi et al., 2022). Additionally, pain and fatigue are
frequent but variable non-motor symptoms that significantly impact quality of life. The
degree to which daily activities are affected differs among individuals; some maintain
high functional capacity, while others experience significant limitations in mobility and

self-care.

1.2.4  Gender Differences and Mosaicism in Phenotypic Variability

Gender-based differences in FSHD severity and progression have been reported, with
females often exhibiting later onset and milder symptoms compared to males (Tawil et
al., 2014). While both sexes can experience significant functional impairment, studies
suggest that women may have less severe muscle weakness overall, possibly due to
hormonal influences on muscle physiology and DUX4 expression. However, women with
FSHD are more likely to report higher levels of pain and fatigue, despite having a less
aggressive decline in muscle strength (Wang et al., 2022). These differences highlight the
need for personalized treatment approaches that consider both genetic and gender-related

factors.

FSHD exhibits significant clinical heterogeneity, a phenomenon partly attributed to
somatic mosaicism. Mosaic individuals carry both a normally sized ancestral allele and a
contracted D4Z4 allele, resulting in a mixture of affected and unaffected cells (Qiu et al.,
2020). Depending on the D474 repeat size and the percentage of impacted cells, this
genetic mosaicism may develop in the proband or a clinically unaffected parent. Variable
clinical expression can result from these post-zygotic variations, which most likely
originate during early zygotic cell divisions and can be caused by gene conversions with

or without crossover events (Lemmers et al., 2004).

The clinical implications of mosaicism in FSHD are profound. Due to the presence

of unaffected muscle cells that lessen the severity of the disease, mosaic patients
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frequently exhibit milder phenotypes than would be predicted based solely on D474
repeat length. However, the proportion of cells carrying the pathogenic contraction
influences clinical presentation, with higher mosaicism levels correlating with more
severe symptoms. Gender differences have also been observed in the context of somatic
mosaicism in FSHD. Studies have reported a higher prevalence of mosaicism among
unaffected female carriers compared to males, potentially due to a greater tolerance for
mosaic disease alleles in females, allowing them to remain asymptomatic despite carrying
the genetic variation. Conversely, male mosaic patients tend to exhibit more severe
clinical manifestations, suggesting a lower threshold for disease expression (van der

Maarel et al., 2000; Lemmers et al., 2004).

Although FSHD is primarily associated with a genetic defect on chromosome 4,
additional genetic and epigenetic modifiers influence its clinical expression (Hamel &
Tawil, 2018). The distinction between FSHD1 and FSHD2, along with D474 repeat size,
DNA methylation levels, and regulatory gene variants, plays a crucial role in determining
disease severity and progression. Recognizing and accurately detecting mosaicism is
crucial for genetic counseling and disease management, as it affects both inheritance
patterns and clinical outcomes. A comprehensive understanding of phenotypic variability
is essential for accurate diagnosis, prognosis, and the development of personalized

therapeutic strategies for individuals affected by FSHD.

1.3 Genetic Basis of FSHD

FSHD is primarily caused by the epigenetic derepression of the DUX4 gene, located
within each D474 repeat unit in the subtelomeric region of chromosome 4q35. This
deregulation occurs due to distinct genetic and epigenetic mechanisms in FSHD1 and
FSHD?2, both of which ultimately lead to DUX4 expression in skeletal muscle and disease

progression.

1.3.1 Pathogenic Interplay in FSHD1

D474 Contraction, Chromatin Dynamics, and Epigenetic Regulaters: FSHDI is
the most common form of the disease, resulting primarily from the contraction of the

D474 repeat region within 4q35 (Gabellini et al., 2002). In healthy individuals, the D474
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region comprises 11-100 repeat units that maintain a repressive chromatin structure,
safeguarding against DUX4 activation in muscle cells (Lemmers et al., 2010). However,
in over 95% of FSHDI patients, the D474 repeat number is reduced to 1-10 repeats on
at least one 4qA allele, leading to chromatin relaxation and partial derepression of DUX4

expression (Gabellini et al., 2002; Lemmers et al., 2010).

FSHD is further modulated by two chromosomal variants 4qA and 4gB that
determine the pathogenic potential of D474 repeat contractions. The 4gA haplotype,
which contains a polyadenylation signal (PAS) downstream of the DUX4 gene, facilitates
the production of stable DUX4 mRNA when the D474 array contracts, thereby directly
contributing to FSHD development (Tawil & van der Maarel, 2006). In contrast, the 4qB
allele lacks this PAS, which limits functional DUX4 expression even in contracted states
(Jones et al., 2014). Consequently, FSHD manifests only in individuals with a contracted
D474 array on a 4gA allele, whereas contractions on the 4gB allele remain non-

pathogenic (Smith et al., 2017) (Figure 1.3).

Recent studies underscore the emerging significance of the D474 repeat region on
chromosome 10q26, a region once dismissed as non-contributory due to its apparent lack
of association with FSHD (Peterson et al., 2019). However, accumulating evidence
indicates that rearrangements in the 10g26 region may occasionally influence the genetic
architecture of FSHD, adding an extra layer of complexity to its diagnosis (Garcia &
Brown, 2020). Although 10q26 does not generally possess the same pathogenic potential
as the 4935 region, its structural variations can refine our understanding of FSHD’s
genetic underpinnings (Miller et al., 2018). This growing recognition of 10q26’s role
further accentuates the need for comprehensive methylation analysis in FSHD diagnosis.
In particular, variations in D4Z4 methylation-especially among asymptomatic
individuals-serve as robust diagnostic biomarkers and offer valuable insights into disease
severity, thereby enhancing clinical management and informing therapeutic strategies

(Williams
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Figure 1.3: The schematic representation of the FSHD locus on chromosome 4¢35. In
healthy individuals, 11-100 repeats maintain a closed chromatin state, silencing DUX4.
In FSHD, D474 contraction (FSHD1) or epigenetic deregulation (FSHD2) leads to
chromatin relaxation and DUX4 aberrant expression. On permissive 4gA alleles, the final
DUX4 copy splices to an adjacent exon, stabilizing the transcript via a polyadenylation

signal and driving disease progression. [Adapted from (Tawil R. and Hamel J., 2018)].

1.3.2 FSHD?2 and Epigenetic Deregulation of D4Z4 Without Contraction

FSHD?2 is a less common variant of the disease, resulting from variations in
epigenetic regulators that normally maintain D474 chromatin repression. The most
frequently implicated gene in FSHD2 is SMCHDI (Structural Maintenance of
Chromosomes Hinge Domain-Containing 1), located on chromosome 18p11, which is
essential for preserving D4Z4 hypermethylation and suppressing DUX4 expression.
Additionally, variations in DNMT3B (DNA methyltransferase 3B) have been identified

in a smaller subset of FSHD?2 cases.

Unlike FSHD1, individuals with FSHD?2 retain a normal D474 repeat length, but due
to SMCHDI or DNMT3B variations, they experience D474 hypomethylation and

chromatin relaxation, leading to DUX4 aberrant expression in skeletal muscle.
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Importantly, FSHD2 only manifests in individuals carrying a permissive 4qA allele,

reinforcing the critical role of the 4qA haplotype in disease pathogenesis (Figure 1.3).

FSHD as a Disease Continuum: Recent research indicates that FSHD1 and FSHD2
are not entirely distinct entities but rather exist on a molecular continuum. Individuals
with FSHDI1 carrying a repeat size of 9-10 units often exhibit concurrent SMCHDI
variations, demonstrating overlapping molecular mechanisms between the two subtypes.
This suggests that FSHD1 and FSHD?2 share a unified disease model centered on DUX4
derepression, with varying contributions from genetic contraction and epigenetic
modification. Regardless of whether the underlying cause is D4Z4 contraction (FSHD1)
or chromatin modifier variations (FSHD2), DUX4 activation in skeletal muscle remains

the key driver of FSHD pathophysiology.

1.4 DUX4 Gene and Its Role in FSHD

DUX4 (Double Homeobox 4) is a transcription factor that plays a central role in the
pathogenesis of FSHD. Under normal conditions, DUX4 is epigenetically repressed in
skeletal muscle, ensuring it remains inactive in adult muscle cells. However, in FSHDI,
contraction of the D4Z4 repeat array on chromosome 4q35 leads to chromatin relaxation,
allowing inappropriate DUX4 expression in muscle cells (Bouwman et al., 2020). In
FSHD?2, variations in epigenetic regulators such as SMCHD1 or DNMT3B similarly cause
D474 hypomethylation, leading to DUX4 derepression (Feng et al., 2015).

Once expressed, DUX4 disrupts muscle homeostasis by activating toxic gene
networks, including germline and stem cell-associated genes typically restricted to
embryonic development. This includes ZSCAN4, TRIM43, and LEUTX, which impair
muscle differentiation, increase oxidative stress, and promote apoptosis (Bouwman et al.,
2020). Additionally, DUX4 aberrant expression alters RNA splicing, protein degradation
pathways (ubiquitin ligases), and immune responses, contributing to muscle degeneration
and progressive weakness. Beyond its role in FSHD pathology, DUX4 plays a
physiological role in germline development by regulating genes involved in stem cell
maintenance and RNA processing. However, its aberrant expression in skeletal muscle
leads to pathogenic consequences, including myogenic inhibition, immune evasion, and

cellular toxicity (Feng et al., 2015).
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Given its pivotal role in FSHD, therapeutic strategies are focused on blocking DUX4
expression or activity. Current research approaches mostly involve silencing DUX4 by
antisense oligonucleotides (ASOs), siRNA, CRISPR-based epigenetic silencing, and
small-molecule inhibitors targeting DUX4-mediated transcriptional pathways (Bouwman

et al., 2020).

Understanding the molecular mechanisms of DUX4 is crucial for developing targeted

therapies and advancing precision medicine approaches for FSHD management.

Genetic
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Figure 1.4: A series of events of transcriptional dysregulation in FSHD. The
transcription of the DUX4 gene is made possible by the chromatin alterations. This results
in a stable, translation-ready mRNA on permissive alleles that contain the
polyadenylation (poly-A) signal within the pLAM region. A transcription factor called
the expressed DUX4 protein can interact with a group of target genes either directly or
indirectly. The MyoD gene, which encodes a key transcription factor for muscle
development, is suppressed by DUX4 expression, leading to the downregulation of MyoD
target genes in FSHD.

As a result of these events, muscle atrophy occurs. [Adapted from (Richards et al.,

2012)].
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DUX4 overexpression also reduces the activity of genes involved in protecting cells
from oxidative stress. One key gene directly activated by DUX4 is PITX1, located on
chromosome 5q31. PITX1 encodes a transcription factor known as the master regulator
of hindlimb development during embryonic growth. Interestingly, unlike in 11 other
neuromuscular disorders, PITX! is specifically expressed in the muscles of individuals
with FSHD. Its activity leads to the production of an E3 ubiquitin ligase-an enzyme linked
to inflammation and muscle wasting (atrophy) in adult skeletal muscles. One of PITX1's
target genes is TP53, a well-known regulator involved in multiple cellular functions,

including metabolism, DNA repair, cell cycle control, apoptosis, and muscle atrophy.

1.5  The Epigenetic Background of FSHD

DNA methylation, the addition of methyl groups to cytosine residues within CpG
dinucleotides, is a fundamental epigenetic modification that regulates gene expression by
promoting chromatin compaction and transcriptional silencing. This process, catalyzed
by DNA methyltransferases (DNMT1, DNMT3A, DNMT3B), is crucial for maintaining
heterochromatin integrity in mammalian DNA (Tajima et al., 2022). The D474 repeat
array at chromosome 4q35, consisting of 11 to over 100 units, is normally maintained in
a highly methylated and condensed heterochromatic state, particularly at CpG

dinucleotides within the repeats.
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Figure 1.5: Schematic representation of DNA methylation and demethylation

molecular mechanisms. (Valente et al., 2023).

Beyond DNA methyltransferases (Figure 1.5) several chromatin-modifying proteins
contribute to the establishment and maintenance of this repressive state. SMCHDI
(Structural Maintenance of Chromosomes Hinge Domain-Containing 1) plays a pivotal
role in long-range chromatin compaction, supporting DNA methylation stability and
heterochromatin maintenance at D474 (Lemmers et al., 2012; Larsen et al., 2015).
SMCHDI cooperates with LRIFI (Ligand-Dependent Nuclear Receptor Interacting
Factor 1) and other epigenetic regulators to ensure that D474 remains transcriptionally
silent by preserving methylation patterns and heterochromatin-associated histone marks,
such as H3K9me3 (Zeng et al., 2009; Himeda & Jones, 2019). Loss of function in either
SMCHDI or LRIF1 disrupts this regulatory network (Figure 1.6), leading to D474
chromatin relaxation and DUX4 misexpression, demonstrating the redundancy and

robustness of this epigenetic silencing system (Sikrova et al., 2023).

14



Introduction

11- 100 D4Z4 repeat

I CpG methylation
<10 D4Z4 repeat SMCHD1 DUX4
mRNA degraded
No FSHD E—)
No poly (A)
<10 D4Z4 repeat
FSHD1 > j’:

poly (A)

11- 100 D4Z4 repeat X CpG methylation

SMCHD1

Figure 1.6: Mechanism of facioscapulohumeral muscular dystrophy (FSHD). DAZ4
repeat array on chromosome 4q35 as represented by triangles. FSHD1 patients have a
D474 repeat size of 1-10 units with a poly (A) signal. FSHD?2 patients have 11-100
D474 repeats and lack CpG methylation. [ Adapted from (Bao, B., & Yokota, T.,
2015)].

Early research into FSHD pathogenesis initially focused on the genetic contraction of
the D474 repeat array, as FSHDI1 patients exhibit deletions reducing the repeat number
from 11-100 units to 1-10 units (Figure 1.6). However, the identification of patients with
clinically identical FSHD but an unaltered D474 repeat length prompted investigations
into the role of epigenetic deregulation (Van Overveld et al., 2003). A landmark study by
Van Overveld et al. (2003) demonstrated that D4Z4 contraction in FSHD1 patients is
associated with hypomethylation, and importantly, patients with an intact D4Z4 array but
clinical FSHD features also exhibited D4Z4 hypomethylation. These findings suggested
that loss of D474 methylation, rather than repeat contraction alone, is a key pathogenic

event, reinforcing the epigenetic basis of FSHD pathogenesis.

In FSHD2, pathogenic variants in SMCHDI impair its ability to maintain DNA
methylation at D474, resulting in global hypomethylation of this region (Figurel.6).
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Consequently, D4Z4 chromatin becomes decompacted, facilitating aberrant DUX4
transcription. Unlike FSHDI1, which involves D4Z4 contraction-dependent loss of
methylation, FSHD2 patients exhibit a more widespread loss of methylation, not only at
D474 but also at additional genomic loci, underscoring the systemic impact of SMCHD1
dysfunction (Lemmers et al., 2014; Erdmann et al., 2023).

Thus, SMCHD1 functions as a key epigenetic regulator (Figure 1.6), ensuring that
D474 methylation is properly maintained, preventing chromatin relaxation and
inappropriate DUX4 expression. Its loss of function in FSHD2 disrupts this balance,
further highlighting the epigenetic complexity underlying FSHD pathogenesis (Jones et
al., 2015; Greco et al., 2020).

1.6  Molecular Diagnosis of FSHD and the Role of DNA Methylation Profiling

The genetic diagnosis of FSHD relies significantly on the evaluation of D474 repeat
units and associated methylation patterns, with methylation analysis playing a crucial role
in diagnosing challenging cases. In sporadic cases, situations with unclear family history,
or when a differential diagnosis is required, methylation analysis combined with genetic
testing assists in confirming the disease. For familial cases, where hereditary autosomal
dominant transmission is established, clinical alignment with FSHD may suffice,
potentially reducing the need for extensive genetic tests. The initial approach in FSHD
molecular diagnosis involves assessing the D4Z4 repeat regions, especially since FSHD1
is the leading cause of FSHD. Traditionally, Southern blot (SB) analysis has been used to
detect D474 repeat contractions, which was the primary technique for many years.
However, SB is labor-intensive and not high-resolution. To overcome this, molecular
combing (MC) provided a higher-resolution alternative, offering precise measurements
of D474 repeat lengths and the ability to examine the associated haplotype with improved
accuracy. While MC is more accurate and faster than SB, the latest tool in FSHD analysis
is optical genome mapping (OGM) (Efthymiou S et al., 2023). This high-throughput
technique offers exceptional resolution for large-scale variations-including D474 repeat

contractions offers a more comprehensive, genome-wide structural analysis.

However, when D474 repeat contractions are not detected or if borderline sizes are

detected despite strong clinical suspicion, methylation analysis becomes front and center
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in diagnosing FSHD. In healthy individuals, the D4Z4 region is highly methylated (60-
80%), maintaining a closed chromatin conformation that silences DUX4 (Hartweck et al.,
2013). However, in FSHD patients, a marked reduction in D474 methylation levels

(hypomethylation) is consistently observed (Lemmers et al., 2012).

The degree of D4Z4 hypomethylation varies among FSHD cases, ranging from as
low as 3% to as high as 74%, indicating that methylation variability may contribute to
phenotypic heterogeneity (Jones et al., 2014). FSHD1 patients, who carry a contracted
D474 array (1-10 repeat units), exhibit significantly reduced methylation levels (~10-
30%), whereas FSHD2 patients, who have an intact D4Z4 repeat but variations in
epigenetic regulators (e.g., SMCHDI, DNMT3B, LRIFI), show even more severe
hypomethylation (~3-15%) (van Overveld et al., 2005; Greco et al., 2020). This extreme
hypomethylation in FSHD2 supports the epigenetic basis of the disease, emphasizing that
DNA methylation, not just D4Z4 contraction, is central to FSHD pathogenesis (Erdmann
et al., 2023).

Several studies have explored the correlation between methylation levels and disease
severity. Lemmers et al. (2015) reported that lower methylation levels at the D474 region
correlate with more severe clinical manifestations, reinforcing the potential role of D474
methylation as a disease severity biomarker. Additionally, patients with larger repeat
sizes (8-10 units) but lower methylation levels often exhibit a phenotype similar to that
of more contracted D4Z4 repeats (1-3 units) (Sacconi et al., 2019)(Figure 1.7). This
suggests that methylation status may serve as a more accurate predictor of disease severity

than D474 repeat length alone (Erdmann et al., 2023).
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Figure 1.7: The dynamic interaction between genetic and epigenetic factors. The
dynamic interaction between genetic and epigenetic factors plays a pivotal role in
determining the clinical variability and severity of FSHD (red-green gradient = severe to
moderate hypomethylation to normal methylation) The dynamic interaction between

genetic and epigenetic factors. [Adapted from (Daxinger et al., 2015)].

Given its diagnostic and prognostic value, D4Z4 methylation analysis is being
integrated into clinical workflows to differentiate FSHD1 from FSHD2 and to distinguish
FSHD from other neuromuscular disorders. Advanced techniques such as next-generation
bisulfite sequencing (NGS-BS) and methylation-sensitive Southern blotting are being
employed to assess D474 methylation status in affected individuals (Caputo et al., 2022).
These findings underscore the critical role of epigenetic dysregulation in FSHD
pathogenesis and highlight the potential of methylation analysis as both a diagnostic and

prognostic tool for clinical applications (Hartweck et al., 2013).

Methylation analysis of the D474 region, alongside sequencing of genes like
SMCHDI and DNMT3B, is performed to test for FSHD2, especially when the clinical
presentation matches FSHD but a clear genetic cause has not been identified (Figure 1.7).
Given the growing importance of Next-Generation Sequencing (NGS) in molecular
diagnostics, the expertise to perform both traditional and newer genomic techniques is

rapidly becoming a necessary functional competency.
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Figure 1.8: Absence of a clear molecular signature in FSHD complicates genotype-
phenotype correlation. This shows the complex molecular landscape in FSHD patients
with clinical manifestations. A high percentage of these patients have hypomethylation,
e.g., those with SMCHD1 or DNMT3B mutations. The diagram also shows that D474
hypomethylation may be present in other rare disorders with SMCHDI mutations
(BAMS), with DNMT3B mutations (ICF), or with deletions in the region at 18p
containing the SMCHD1 gene. [Adapted from (Salsi, V., Magdinier, F., & Tupler, R.,
2020)].

Methylation levels at the D474 region, which correlate tightly with disease severity,
have made methylation analysis crucial for not only detecting FSHD but also for
correlating clinical severity. Thus, methylation testing complements traditional genetic
diagnostic tools, reinforcing its value as both a biomarker and an essential diagnostic step

in complex FSHD cases.
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Figure 1.9: Classification of Facioscapulohumeral Muscular Dystrophy (FSHD)
based on D474 repeat size and genetic/epigenetic characteristics. FSHDI1 is associated
with 1-7 D4Z4 repeat units or 8-10 D4Z4 repeat units on a 4qA haplotype background
with negative FSHD2-based methylation analysis. FSHD2 follows a digenic inheritance
pattern, requiring >8 D4Z4 repeat units, global D4Z4 hypomethylation, and/or a
pathogenic SMCHD] variant. Cases with no identifiable genetic cause may involve
complex D4Z4 rearrangements or idiopathic FSHD. This figure illustrates the molecular
classification criteria for distinguishing FSHDI1, FSHD2, and uncertain FSHD cases.
(Lemmers et al., 2024).

1.6.1 Methods of Methylation Analysis and Bisulfite Sanger Sequencing

Bisulfite Sanger sequencing (BS-seq) is a widely used technique for analyzing DNA
methylation patterns at specific genomic loci, particularly within the D474 repeat array
on chromosome 4q35, a region central to FSHD pathogenesis. This method involves
treating genomic DNA with sodium bisulfite, which converts unmethylated cytosines to
uracil while preserving methylated cytosines, followed by PCR amplification and Sanger

sequencing to determine methylation status at individual CpG sites (Jones et al., 2014).
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BS-seq has proven valuable in distinguishing FSHD1 from FSHD2 by assessing
D474 methylation levels. FSHD1 patients exhibit partial hypomethylation, whereas
FSHD?2 patients show more pronounced global hypomethylation, owing to variations in
epigenetic regulators such as SMCHDI and DNMT3B (Gaillard et al., 2014). A study by
Gaillard et al. (2014) demonstrated that BS-seq can effectively differentiate between
symptomatic FSHD patients and asymptomatic carriers, highlighting its diagnostic
relevance. Additionally, Jones et al. (2014) applied BS-seq to blood and saliva samples,
identifying diagnostic methylation signatures, which suggests the potential for non-

invasive testing.

Despite its high accuracy and single-nucleotide resolution, BS-seq is labor-intensive
and has lower throughput compared to next-generation sequencing (NGS) methods.
However, it remains a gold standard for targeted methylation analysis, particularly for
locus-specific FSHD profiling. While NGS-based approaches like MeDIP-seq and
Nanopore sequencing provide genome-wide methylation insights, they lack the precision
required for targeted D4Z4 analysis, making BS-seq a superior choice for confirming
FSHD subtypes and diagnosing borderline cases (Lemmers et al., 2015; Erdmann et al.,
2023) (Table 1.1).

Therefore, BS-seq remains an essential tool for understanding FSHD-related
epigenetic modifications, aiding in both research and clinical diagnostics by providing

accurate CpG methylation profiles within the D474 region.
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Table 1.1: Comparison of methylation analysis techniques in FSHD.

Technique Resolution ~ Throughput Suitability Advantages Limitations
¥ High accuracy
Singlé nicleotide Low Idenltn;:l:glmllc ¥ [Ideal for CpG site-specific jllmxmvet
¥ Cost-effective
¥ No quantitative data
Single Ideal for rapid ¥ Simple and quick
locus(qualitative) High disgnosticuse ¥ Cost-effective ¥ Cn““"l ot disdnguish between
Mostly research- ¥ Quantitative ¥ More expensive
Single nucleotide Medium hased oriented v Higher throughput + Requires specialized
Identifies broader v Ideal for global methylation ¥ Not suitable for targeted CpG site
tzenpmemide Very high epigenetic changes profiling analysis
Emerging as an ¥ Long-read capability + High error rates
Haiglemolesils High alternative to BS-seq v Direct detection of S-mC + Requires bioinformatics expertise
Genome- Research-based ¥ High throughput § Eapeuse
wide&targeted High studies v Quantitative a mp

resources

(BS-seq=Bisulfite Sanger Sequencing, MSP=Methylation-Specific.PCR, MeDIP
seq=Methylated DNA Immunoprecipitation, NGS-BS=Next-Generation Bisulfite

Sequencing)

1.7  Treatment

Currently, there is no cure for FSHD. Therefore, symptom management and quality
of life improvement remain essential to maintaining functional capacity. Physical and
occupational therapy help preserve mobility and independence, while orthotic devices
and respiratory support assist in managing functional impairments (Aguirre et al., 2023).
Speech and swallowing therapy provide additional support for patients with facial muscle
weakness. Pharmacological approaches, though still under development, include anti-
inflammatory agents and myostatin inhibitors, aiming to slow disease progression (Cohen

et al., 2020).

Recent advances in genetic and epigenetic therapies have fueled the development of
disease-modifying treatments targeting the underlying molecular pathology of FSHD.
One of the most promising approaches involves gene-silencing technologies such as
antisense oligonucleotides (ASOs) and RNA interference (RNAi), which are designed to
selectively inhibit DUX4 expression-the primary pathogenic driver of FSHD (Mariot &

Dumonceaux, 2022).
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CRISPR-based epigenetic editing is another emerging strategy aimed at restoring
normal chromatin structure and repressing DUX4 transcription by modifying the D474
regulatory region. This approach holds potential for long-term gene suppression without
altering the DNA sequence, offering a targeted and durable therapeutic effect (Himeda et
al., 2019).

Additionally, stem cell-based regenerative medicine is under investigation to explore
its potential in replacing damaged muscle tissue and enhancing muscle regeneration.

However, challenges remain in clinical translation and efficacy validation.

With continued advancements in molecular therapeutics, genetic interventions are
shifting the paradigm of FSHD treatment, moving beyond symptom management toward
potential curative strategies that address the underlying epigenetic dysregulation of
DUX4. Ongoing clinical trials and translational research are critical in determining the

feasibility of these next-generation therapies and their integration into FSHD clinical care.

1.8  Aim and Hypothesis

This study aims to investigate the epigenetic mechanisms contributing to the
pathogenesis of FSHD and to interpret these findings concerning its genetic basis.
Specifically, it seeks to optimize DNA methylation analysis of the D474 locus through
bisulfite sequencing, establishing it as both a diagnostic and research tool within our

center.

In FSHD, disease pathogenesis is driven by hypomethylation of the D474 repeat
array, leading to aberrant DUX4 expression. While healthy individuals exhibit high
methylation levels that silence DUX4, both FSHD1 and FSHD?2 are characterized by
epigenetic deregulation of this region. Assessing methylation levels is essential for
identifying affected individuals, especially those with borderline repeat sizes, and for
diagnosing FSHD2, which occurs without repeat contraction. Methylation levels below
~35-40% at CpG sites, which are strongly associated with disease. Bisulfite sequencing
enables high-resolution, quantitative methylation assessment, supporting its application

in diagnostic and research settings.
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The primary aim of this study is to implement and optimize DNA methylation
analysis of the D474 repeat array using bisulfite sequencing in a cohort of FSHD patients.
The study investigates methylation profiles across patient subgroups stratified by the
number of D474 repeat units (RU). This comparative approach is designed to distinguish
the epigenetic signatures of FSHD1 and FSHD2, improve the understanding of diagnostic
methylation thresholds, and refine genotype-epigenotype correlations. Furthermore, the
study evaluates the utility of bisulfite sequencing as a precise epigenetic assessment tool
in both clinical and research contexts. In addition, the study incorporates the comparison
of methylation findings with available next-generation sequencing (NGS) data from a
subset of patients, enabling further exploration of potential genetic modifiers and
epigenetic patterns.

The study cohort comprised 112 patients (92 unrelated individuals and 20 affected
family members) referred to the FSHD Research and Diagnosis Unit at Ko¢ University
Hospital. D474 repeat sizing was performed using the molecular combing technique.

33 patients (30 unrelated + 3 relatives) from the study cohort were selected for
detailed DN A methylation profiling, and six healthy individuals were included as controls

for comparative analysis using bisulfite sequencing.

By integrating epigenetic profiling with genetic data, we aim to enhance diagnostic
accuracy, improve prognostic assessment, and deepen the understanding of the molecular
mechanisms underlying FSHD. Ultimately, these findings will contribute to future

therapeutic advancements.
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Chapter 2:
MATERIAL AND METHODS

2.1 Study Cohort and Sampling

This study included 112 individuals (92 unrelated patients and 20 relatives).
Informed consent was obtained from all participants before genetic testing and data
collection. Clinical evaluation and preliminary diagnoses were conducted at the
Neurology Department of Koc University Hospital. Clinical scoring was performed using
the FSHD Comprehensive Clinical Evaluation Form (CCEF) - FSHD Evaluation Scale
Section 2, as described by Ricci et al. (2016).

Following this assessment, patients were referred to the Medical Genetics
Department for a detailed pedigree analysis, assessing inheritance patterns, clinical
manifestations, and the potential involvement of other neuromuscular disorders.
Peripheral blood samples (>7.5 ml) were collected in K;3EDTA tubes for molecular

investigations.

Our methylation study cohort consisted of 33 patients (30 unrelated, 3 family

members), grouped according to four distinct genetic and clinical characteristics.

e Group 1 included 13 patients with 1-7 D4Z4 repeat units (RUs), one of whom is
asymptomatic; this group represents typical FSHD1 cases, and is expected to
provide insight into the methylation patterns of the FSHD1 patients

e Group 2 comprised 7 patients with 8-10 RUs, considered borderline; these patients
are expected to be classified as FSHDI or potentially FSHD1+2, based on their
methylation profiles. One individual in this group is also asymptomatic.

e Group 3 included 11 patients with more than 11 RUs, representing potential
FSHD?2 cases or individuals requiring further testing to clarify their epigenetic
status.

e Group 4 consisted of 2 patients carrying non-permissive 4qB alleles, which lack

the polyadenylation signal necessary for pathogenic DUX4 expression.
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Family members with the same D474 repeat unit (RU) count but differing in clinical
severity were included in the methylation cohort to investigate whether variations in
methylation levels could account for the observed phenotypic differences. Six healthy

individuals were included as controls for comparative methylation analysis.

2.2 Kits, Consumables, and Chemicals

2.2.1 Molecular combing kits, consumables, and fine chemicals

All kits and consumables were supplied by Genomic Vision; France, and this kit
comprised all buffers for agarose plug DNA isolation to obtain high molecular weight
DNA. For uniform extension, DNA anchoring is provided by silanized glass coverslips
(22 x 22 mm) with a hydrophobic surface. Fluorescein, digoxigenin, and biotin were
fluorescently labeled probes specific to the D474 repeat array, the 4qA/4qB haplotypes,
and the subtelomeric regions of chromosomes 4 and 10 that were included in the
FiberProbes™ mix. Detection was carried out using a set of antibodies: anti-fluorescein

(FITC), anti-digoxigenin, and streptavidin-conjugated fluorophores.
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Table 2.1: List of Reagents, Buffers, and Chemicals Used in the Molecular Combing.

Category Component
DNA Extraction FiberPrep DNIA Extraction
Kit
FiberComb® Molecular
) ) Combing System
Combing Equipment
CombiCoverslips (silanized
glass coverslips)
GV Probe
Hybridization Buffers
R ey Buffer 2
Buffer 3
Anti-fluorescein
Detection Buffers & Anti-digoxin
Reagents
Streptavidin conjugates
Buffer 5, Buffer 7
Blocking Blocking Reagent
Denaturation Hi-Di Formamide
NH,CI
KHCO;
General Laboratory
Chemicals Na,EDTA (pH 7.4)
Tween 20
20X SSC

Supplier / Manufacturer

Genomic Vision (France)

Genomic Vision (France)

Genomic Vision (France)

Genomic Vision (France)
Thermo Fisher Scientific
(US4)
Sigma-Aldrich (USA)
Sigma-Aldrich (US4)
Merck (Germany)
Sigma-Aldrich (US4)
Thermo Fisher Scientific

Table 2.2: Composition of Laboratory Consumables and Equipment Used in Bisulfite

Sequencing.

Consumables Supplier / Manufacturer Equipment
Eppendorf Tubes (1.5 /2.0 mL) Eppendorf® (Germany) Fiber Comb
Falcon Tubes (15 /50 mL) Corning™ Falcon® (USA) Allegra X-14R Centrifuge
Gel plug mold Bio-Rad (US4) Vortex
Pipette Eppendorf Research (USA) Slide Hybridization System
Pipette Tips Sarstedt (Germany), Merck (USA)
Microscope slides Thermofisher Scientific
Combing Reservoirs and Coverslips Genomic Vision (France)

Supplier / Manufacturer

Genomic Vision (France)
Beckman Coulter (USA)

Nuvemix (Nuve, Turkey)

Thermobrite StatSpin
S$500-12 (Abbott, USA)
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2.2.2 Bisulfite Sequencing kits, consumables, and fine chemicals

All solid and liquid chemicals used in this study were purchased from Sigma (USA),
Zymo Research, Qiagen (Germany), New England Biolabs (USA), and Merck (USA).
The EZ DNA Methylation Kit from Zymo Research was used for the bisulfite treatment
of DNA (Zymo Research, USA).

Table 2.3: List of Reagents, Buffers, and Chemicals Used in the Bisulfite Sequencing.

Supplier /
Category CRRpeRs Manufacturer
GoTaq DNA Polymerase Promega (USA)
Enzymes
HotStarTag® DNA .
Polymerase Qiagen (Germany)
New England Biolab.
Ladders Ladder (50 bp - 1 kb) o ”%”S’; ) folags
M-Wash Buffer

M-Desulphonation Buffer
M-Dilution Buffer
Bisulfite Conversion Buffers Zymo Research (USA)
M-Elution Buffer

M-Dissolving Buffer

CT Conversion Reagent

Tris Base (C4H11NO3) Sigma-Aldrich (USA)
Buffer Preparation Acetic Acid (CH;COOH) Merck (US4)
EDTA (Na;EDTA) Sigma-Aldrich (USA)

SYBR™ Safe DNA Gel Stain Thermo Fisher Scientific

(US4)
Gel Electrophoresis Reagents TAE Buffer (1X) Prepared in lab
A Thermo Fisher Scientific
garose (USA)
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Table 2.4: Composition of Laboratory Consumables and Equipment Used in Bisulfite

Sequencing.

1 TI00™ (Bio-Rad, USA), Veriti™
Ep orf':nuf)es (1.5/20 Eppendorf® (Germany) Thermal Cyclers Thermal Cycler (Applied
Biosystems, USA4)
Falcon Tubes (15 / 50 mL) Corning™ Falcon® (USA) Automated DNA Sequencing ABI Prism 3100 Genetic Analyzer ([/SA)
" y I8
PCR Tubes Eppendor(® 0 e L i Beckman Coulter (USA)
Pipette Eppendorf Research (LISA) Electrophoresis System BioRad (L/5A)
Pipette Tips SR ((_;Zr_;n;jn};], LT Spectrophotometer NanaDrop™ Thermo Scientific™ (USA)
Zymo-Spin™ IC Columns and . ) \ r : m
Collection Tubes Zymo Research (UUSA) Vortex Nuvemix (Nuve, Turkey)

2.3 Molecular Combing Procedures

Molecular combing is a technique used to stretch and align DNA molecules
uniformly on a solid surface, enabling high-resolution, in situ analysis. In this study,
molecular combing was performed following the protocol provided by Genomic Vision
(Molecular Combing User Guide, Version 5.3). The method relies on the surface tension
generated by the receding meniscus of a liquid to exert force on DNA molecules,
stretching them along glass coverslips in a parallel and linear fashion. Sample preparation
for molecular combing requires approximately four days, including DNA extraction,
quality control, and mounting steps to ensure suitability for downstream analysis. The
protocol consists of HMW DNA isolation, molecular combing, hybridization and
washing/staining and scanning. All protocols were followed as per the manufacturer's

instructions (Genomic Vision, France).

2.3.1 Preparation of HMW-DNA for Molecular Combing (MC):

High Molecular Weight (HMW) DNA was required for molecular combing assays,
which consist of long, intact fragments, typically >150-300 kb, with minimal damage or
fragmentation. DNA extraction was performed using the FiberPrep® DNA Extraction Kit

(Genomic Vision, Paris, France) according to the manufacturer’s guidelines.
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Prior to DNA isolation, total white blood cell (WBC) counts were assessed via flow
cytometry. Red blood cells were lysed, and WBCs were isolated using the following

steps:

a. Incubate a minimum of 5 mL of blood (1 volume) with 3 volumes of 1x RBC
lysis buffer for 10 minutes at room temperature.

b. Centrifuged at 600xg for 10 minutes, the supernatant was discarded.

c. The pellet was resuspended in 2 mL of 1x RBC lysis buffer.

d. Centrifuged again at 600xg for 2 minutes, then the supernatant was removed.

e. The WBC pellet was rehydrated in 1x PBS to achieve a concentration of 1.2x10%-
2.4x10* cells/pL.

To protect the genomic DNA from physical damage, the WBCs were embedded in
agarose plugs at a concentration of 5x10°-1x10° cells/plug. The DNA was then released
from the plugs through protein digestion and membrane solubilization. Subsequently, the
agarose was melted, and enzymes were used to remove it, yielding liquefied HMW DNA

suitable for molecular combing analysis.

2.3.2 Combing

Samples were placed in specialized reservoirs designed to hold combing coverslips.
Precautions were taken to prevent agitation, shaking, or vortexing to ensure the integrity
of the DNA. Using a molecular combing device, DNA molecules were stretched
uniformly onto 22 mm? barcoded and silanized FiberComb coverslips through capillary
action and hydrophobic interactions. The coverslips were then baked at 60°C for 4 hours

to immobilize the DNA for further analysis.

2.3.3 Hpybridization, Washing, and Staining:

The immobilized DNA on the coverslips was hybridized using FiberProbe FSHD,
which contains probes labeled with fluorescein, digoxigenin, and biotin. These probes
specifically target the D4Z4 repeat array and the gA/qB haplotypes on chromosomes 4q35
and 10q26.
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The hybridization procedure included:

1. Diluting the probe mixture in formamide for DNA denaturation at 95°C for 5
minutes.

2. Incubating the probe and coverslip at 37°C for 16-20 hours.

3. Washing the coverslips three times with 2x SSC buffer at 60°C for 5 minutes to
remove excess probe.

4. Incubating the samples with a mixture of anti-fluorescein, anti-digoxigenin, and
streptavidin antibodies for 20 minutes at 37°C.

5. Perform a final wash using 2x SSC + 1% Tween-20 and 1x PBS to remove

unbound antibodies.

Throughout staining and washing, coverslips were protected from light to prevent

photobleaching of fluorescent signals.

2.3.4 Data Acquisition and Analysis:

The stained coverslips were scanned using the FiberVision scanner, an automated,
high-throughput, multi-color imaging system. The scanned data was analyzed using
FiberStudio, a specialized software for molecular combing data interpretation. DNA
fibers, stretched along the coverslips, displayed patterns of colored signals resembling
Morse code. These signals corresponded to the D474 repeat array and gA/qB haplotypes

on chromosomes 4q and 10q (Figure 2.1).
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4q = 10q

| SDODID e

D4Z4

Figure 2.1: Molecular combing technique and analysis of morse code signals. (A)
Schematic representation of the chromosomal regions analyzed using molecular combing.
Chromosomes 4 and 10 share homologous regions (4q = 10q), and the D474 repeat array
is depicted with different sequence variations (qA vs. gB). The colored blocks indicate
different hybridization probes targeting specific sequence elements to distinguish
between 4qA, 4gB, 10gA, and 10gB alleles. (B) Expected probe hybridization patterns
for distinguishing between 4q and 10q alleles. The color-coded schematic represents the
unique sequence organization of each variant, aiding in the interpretation of molecular

combing results. (C) Molecular combing image showing hybridization signals obtained

32



Material and Methods

from fluorescently labeled probes. The Morse code pattern, formed by distinct color
combinations (R: Red, G: Green, B: Blue, M: Merged), corresponds to the specific
sequence organization, 4qA allele, which has contracted the D474 region. (D) Detailed
view of a single DNA molecule with its corresponding pattern of 4qa allele. The
alignment of fluorescent signals provides an understanding of the non-contracted allele.
(E) Example of molecular combing results of the 10gB allele. The consistent color-coded

signals confirm the reliability of this method in distinguishing between 4q and 10q alleles.

2.4  Bisulfite Sequencing Procedures

2.4.1 Genomic DNA (gDNA) isolation

As directed by the manufacturer, DNA was extracted from 2 mL of peripheral blood
using the Qiagen DNeasy Blood & Tissue Kit (Qiagen, USA), and stored at +4°C for
short-term use and at -20°C or -80°C for long-term preservation in TE buffer or
molecular-grade water. Concentration and purity were assessed with a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, USA), with acceptable purity defined by
absorbance ratios of A260/A280 between 1.8 and 2.0 and A260/A230 between 2.0 and
2.2

2.4.2  Bisulfite Modification

The EZ DNA Methylation-GoldTM Kit (USA) was used to modify genomic DNA
in accordance with the manufacturer's instructions.
a. According to the manufacturer’s protocol, 130 uL of CT Conversion Reagent
was added to 20 pL of genomic DNA (approximately 300 ng), resulting in a
final reaction volume of 150 pL. If the DNA volume was less than 20 pl,
molecular-grade water was added to adjust the total volume. The
recommended input DNA amount ranged between 200 and 500 ng.
b. The sample was mixed, quickly spun, and placed in a thermal cycler and
incubated at 98°C for 10 minutes, 64°C for 2.5 hours, and 4°C storage for up
to 20 hours.

33



Material and Methods

2.4.3 Clean-Up: DNA Binding, Desulphonation, Washing, and Elution

C.

€.

600 pul of M-Binding Buffer was added to a Zymo-Spin™ IC Column placed
in a Collection Tube. A total of 150 ul sample was loaded into the column
and centrifuged at >10,000 x g for 30 seconds. Flow-through was discarded.
100 pl of M-Wash Buffer was added to the column and centrifuged at full
speed for 30 seconds. Flow-through was discarded.

200 pl of M-Desulphonation Buffer was added to the column and let stand for
15-20 minutes at room temperature.

Step 2 was repeated, and the column was transferred onto a clean 1.5 ml
microcentrifuge tube. 10 pl of M-Elution Buffer was added and centrifuged at
full speed for 30 seconds to elute the DNA.

The elution was stored at -20 °C.

2.4.4  Quantitative Analysis of the gDNA and BSS DNA

The quality and quantity of the BSS gDNA were checked by Nanodrop 2000
(Thermo Fisher, USA).

Table 2.5: DNA Concentration and Purity Ratios of gDNA after Bisulfite Conversion.

cf:f 211:;:') 260/280 260/230 Patient C]:I?f. z]:;:ll) 260/280 260/230

P1 85 1.67 1.85 P21 58 1.66 2.1
P2 57 1.79 2.08 P22 80 1.72 1.99
P3 70 1.75 23 P23 45 1.63 1.92
P4 154 1.82 1.98 P24 45 1.8 1.98
P5 75 1.73 1.99 P25 27 1.74 1.96
P6 50 1.79 1.93 P26 43 1.72 1.85
P7 63 1.71 1.9 P27 102 1.76 1.97
P8 102 1.77 2.02 P28 140 1.75 2.18
ry 98 14T 1.88 P29 82 1.7 2.15
P10 75 1.74 1.79 P30 69 1.72 1.65
P11 54 1.93 2.19 P31 45 1.83 1.75
P12 51 1.79 1.81 P32 65 1.8 21
P13 28 1.77 2.06 P33 70 1.62 1.99
P14 64 1.67 1.85 Controll 67 1.72 1.88
P15 63 1.82 2.04 Control2 81 1.82 1.79
Pl6 T8 1.64 1.73 Control3 78 1.78 2
P17 65 1.84 1.88 Control4 82 1.8 2.05
P18 74 1.66 1.75 Control5 114 1.75 2.06
P19 100 1.82 23 Contol 6 72 1.7 1.89
P20 21 1.79 1.83
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2.4.5 Amplification of the Bisulfite-Modified DNA

The DR1 and DR2 regions lie immediately proximal to the D4Z4 repeat array on
chromosome 4q35 and serve as critical regulatory elements. These regions are known to
harbor CpG-rich sequences whose methylation status is closely linked to chromatin
structure and gene silencing. Hypomethylation of DR1 and DR2 is frequently observed
in FSHD1 and FSHD?2 patients, reflecting a more open chromatin state. DR1 is generally
regarded as more informative and discriminatory for FSHD diagnosis, especially when
interpreting borderline or complex cases. DR2 can provide complementary data, but its
interpretation requires caution due to variability and lower specificity. Therefore, DR1

has been established as the gold standard.

The methylation status of the patients was assessed via bisulfite sequencing. The
primers used to amplify the DR1 and DR2 regions were obtained from a previously
published study and target the flanking CpG-free sequences of the D474 region
(Hartweck et al., 2013), which contains the 4qA haplotype, allowing for equal
amplification of both methylated and unmethylated alleles (Table 2.6). The composition
of the amplification reaction and thermal cycler conditions are given in Table 2.7 and

Table 2.8, respectively.

DRI1 fragment length 251bp with 29 CpGs; located 563-814 bp from the Kpnl site at the
start of D474, DR2 fragment length 276bp, with 22 CpGs; located 998-1271 bp from the
Kpnl site at the start of D474.

Table 2.6: List of Primers used in PCR.

PCR Product Annealing Temp.

Primers (5’ 3°) Number of CpGs

Length (bp) (%)

DRIF: GAAGGTAGGGAGGAAAAG
PRI DRIR: ACTCAACCTAAAAATATACAATCT 251 4p 51 29

DR2F: AAATATGTAGGGAAGGGTGTAAGTT

hica DR2R: CTTAAATATACCAAACCCTCTCTCC

276 bp 54 22
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GAAGGCAGGGAGGAAAAGHElGTCCTIlGccTCllGGAGTAGElIGGAcccclll
GAAGGTAGGGAGGAAAAGEEGTTTTEGGTTTTEBEGGAGTAGEEGGATTTTER
DRI Forward Primer ==

CCCTCRlGGAAAABBGTCAGERTCEBGCEEEEGGCTGAGGGCTGGGCCCACAG
TTTTTEBGGAAAABBGTTAGERTTEB GEBEEGGTTGAGGGTTGGGTTTATAG

Bl CcElccllcBlccccaccaccearTiilicccllicrrclicceeeca
TEG TEGEG 186G TEEGEEGGGTATTATTTATTEG TTTEEGTTTEEGGGTTTA

GGGAGTGGGElGTTTCCTCElGGACAAAAGACHliIGGACTIBGGTTGCEE
GGGAGTGGGEBGTTTTTTTEBGGATAAAAGATEBGGATTERGGTTGTER

TERGGTCTTCACCHEGTTCAACTCAACCTAAAAATATACAATCT
TEEGGTTTTTATTEBEBEEG TTTATAGATAGTATATTTTTAGGTTGAGT

<

< DR1 Reverse Primer

Figure 2.2: Detail of DRI amplicon sequence. The upper line shows the unconverted
genomic sequence, whereas the lower line indicates the bisulfite-converted sequence. The

29 CpG sites contained in the DR1 region are highlighted in blue and red.

AAACATGCAGGGAAGGGTGCAAGCCEBGCATGGTGCCTTEECTCTCTTGCCAGGTT
AAATATGTAGGGAAGGGTGTAAGTTBRG TATGGTGTTTTEE I TTTTTTGTTAGGTT

DR2 Forward Primer B

CCAAACCEBIGCACACTGCAGACTCCEBABETGCEBRCAABBBRGGAATCCATCER
TTAAATTEBGTATATTGTAGATTTTEGABB TG TEB TAABBBGGGAATTTATTER

TCAGGCCATCACCABBEBGGAGGCACTCTCTCTERGGGTCTEBCTCTGGTCTTC
TTAGGTTATTATTABBEBGGAGGTATTTTTTTTERGGGTTTE@TTTTGGTTTTT

TACCEBTGGAATGAABBGAGGGCACACEBCCTEBEGGTGTGAGACEBCTCCCCGC
TATTEBTGGAATGAABBGAGGGTATATER TTTERGGTGTGAGATEGTTTTTTGT

AABEGCEBCEBACCCACAGGCATTGCCTCTCTTACEBBCTTAAATATACCAAACCCTCTCTCC
AABBGTEETEBATTTATAGGTATTGTTTTTTTTATBBGGAGAGAGGGTTTGGTTATATTTAAG

< DR2 Reverse Primer

Figure 2.3: Detail of DR2 amplicon sequence. The upper line shows the unconverted
genomic sequence, whereas the lower line indicates the bisulfite-converted sequence. The

22 CpG sites contained in the DR2 region are highlighted in blue and red.
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Table 2.7: Methylation PCR Reaction Composition.

Compositions Final Final
Volume (25 pl) Concentration
Buffer S5ul 1X
MgClL 2 ul 4 mM
dNTP 0.25 ul 0.2 mM (200 uM)
Forward Primer 0.5 ul 0.2 uM (200 nM)
Reverse Primer 0.5 ul 0.2 M (200 nM)
DNA Template X 100 ng total
Go Taq Polymerase 0.25 ul 1.25u
Nuclease free water to total volume

Table 2.8: Thermal Cycling Protocol.

Stage Temperature Time

Stage 1 94 °C 3 min 1 cycle
94 °C 40 s

Stage 2 48 °C* 40's 40 cycles
72 °C 1 min

Stage 3 72 °C 5 min 1 cycle

Stage 4 4°C hold infinite

* Vary according to the annealing temperature.
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DR1 Primer annealing temperature: 48 °C

DR2 Primer annealing temperature: 54 °C

2.4.6  Gel Electrophoresis

A total of 5 puL of the PCR product was run on 1.5% standard agarose gels at 100 V
for 25 min. The fragments were visualized using SYBR Safe DNA Gel Stain (Thermo
Fisher Scientific), which is used for gel staining. Gel Doc XR+ Gel Documentation

System (BioRad) was used for the visualization of gel (Figure 2.4)

Figure 2.4: Gel electrophoresis results of PCR amplification for DRI and DR2
regions. The 273 bp bands (highlighted in green) correspond to the DR2 region, while the
251 bp bands (highlighted in red) correspond to the DR1 region. A 50 bp DNA ladder

was used as a molecular size reference.

2.4.7 BSS Sanger Sequencing

BS-PCR purifications were done using ExoSAP-IT™ PCR Product Cleanup Reagent
(Thermo Fisher, USA), and post-Sanger reactions were purified with BigDye

XTerminator™ Purification Kit (Thermo Fisher, USA) and post-Sanger sequencing
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BigDye™ Terminator v3.1 Cycle Sequencing Kit was used according to the

manufacturer’s instructions.

Table 2.9: ExoSAP cleanup and Sanger sequencing workflow, including reagent

volumes, thermal cycling conditions, instrument, and software used.

Reagent / Component Volume / Cone. Conditions / Notes

ExoSAP-IT (Applied

Biosystems™, Th Fisher) 1puL Add to 5 pL PCR product.

1. ExoSAP Purification PCR amplicon 5uL

Incubate at 37 °C for 15 min (enzymatic degradation), then 80 °C for 15 min (enzyme inactivation).

Store at 4 °C (<20 h).
BigDye Terminator v3.1 Ready 2L
Reaction Mix
5X Sequencing Buffer 3ul

Applied Biosystems™ {'I'['germg-
4 pL at 3.2 pmol/uL, (~12.8 | Fisher) premixed dye terminators.

2. Sanger Sequencing Setup | Primer (forward or reverse)

pmol total)
Purified PCR product 3uL
Nuclease-Free Water 9L Bring to final volume of 21 uL,

96 °C % 1 min; 35 cycles of [96 °C % 10 s — 50 °C * 5 5 — 60 °C * 4 min].

2.5  Analysis and CpG Calculations

Sanger sequence chromatograms were analyzed using Finch TV, 4Peaks, and
Geneious Prime tools. The Cs and Ts peak areas were selected, and the cytosine
methylation (Cmet) percentage was determined. Methylation percentages at specific CpG
sites were defined as the cytosine peak height (Forward primer) or guanine peak height
(Reverse primer), divided by the peak height sum of cytosine and thymine (Forward
primer) or guanine and adenine (Reverse primer). For each sample, the methylation of 29
CpG sites in the DR1 region and 22 CpG sites in the DR2 region was calculated separately
and then averaged. The obtained average value was accepted as the patient's methylation

value.
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2.5.1 Reference-based CpG Mapping and Methylation Profiling

The reference sequences of DR1 and DR2 were compared to the bisulfite-converted
sequences. First, the chromatogram (AB1) data were imported into Geneious Prime and
aligned to reference sequences specific to the DR1 and DR2 regions to facilitate the
visualization of CpG sites and verify the accuracy of the amplification. By comparing
cytosines and thymines, the software automatically identified methylation patterns at the
described CpG patterns. Geneious also generated graphical representations of
methylation density for each region. In the analysis, thymines (T) were interpreted as
unmethylated, and cytosines (C) were interpreted as methylated. The ratio of cytosines to
the total number of cytosines and thymines was used to determine the methylation levels
for each CpG site. Additionally, statistical summaries (standard deviation, mean
methylation levels) were provided. This can be expressed as: Methylation Percentage =
[(Number of Methylated Reads) / (Total Reads (C + T)] x 100. When C and T peaks
overlapped, chromatograms were imported into 4Peaks to confirm peak heights and
ensure accurate methylation calculations. Baseline errors, noise, and ambiguous peaks
were corrected or flagged for removal. Cytosine (C) (methylated) and thymine (T)
(unmethylated) peak heights were measured for every CpG site (Figure 2.5). The
methylation percentage was calculated using the ratio of C to (C + T), as illustrated in
Figure 2.5: Methylation Percentage = [(C Peak Height) / (C Peak Height + T Peak
Height)] x100.

CpG site
T .
G i C G T Original sequence
G T G T Bisulfite modified sequence (unmethylated strands)
G T cC G T Bisulfite modified sequence (methylated strands)

1500

|
| +— Peak height T = 859
7501 | |
’ { | Calculating % cytosine methylation (mC):
| | % mC=[C/(C+T)*100
I [ % mC = [190 / (190 + 859)] * 100
% mC =18.11

Peak height

—+——+t+—1— Peak height C = 190
|

il ~/) \ J
1 2 3 4 5
Sequence position
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Figure 2.5: Example of methylation percentage calculation based on peak height
analysis from Sanger sequencing chromatograms. The figure illustrates how cytosine (C,
methylated) and thymine (T, unmethylated) peaks are identified and quantified. The
methylation percentage is calculated using the formula: % mC = [C / (C + T)] x 100. In
this example, the C peak height is 190, and the T peak height is 859, resulting in an

18.11% methylation value.

Methylation percentages for all CpG sites were calculated individually, and the
average value was used as the final methylation percentage for each sample (Huichalaf C
et al., 2014). All samples were analyzed in technical triplicate to ensure reproducibility

of methylation measurements.

Figure 2.6: Methylation value calculation by chromatogram peak heights. An
example of how to perform data analysis of a single CpG site with the use of the forward
primer for sequencing. Chromatogram peaks for thymine and cytosine are compared to
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determine the average level of methylation for each site within a given sample. For one
CpG site, T peak height: 114, C peak height: 84. The methylation rate for this site is
42.4%.

Following each of these procedures, which were made with different tools, the ratio
of cytosine to total cytosine and thymine signals was used to determine the methylation
percentages. Sites having unclear sequencing data or outlier CpG sites were not included
in the final analysis. The average methylation percentage for all CpG sites was used to
determine the overall methylation level for the DR1 and DR2 regions. The mean
methylation levels of DR1 and DR2 were examined in the patient and control samples.
The possible contribution of variations in methylation patterns to the pathophysiology of

FSHD was assessed.

2.6  Incorporation of NGS Data for Complementary Genetic Analysis

The study included complementary genetic data from next-generation sequencing
(NGS) in addition to the methylation profiling done by bisulfite sequencing. This allowed
for a more comprehensive understanding of the genomic changes associated with FSHD.
NGS analysis data were obtained from Beyza Yavuzcan, MSc, as part of her master's
dissertation titled 'The Diagnostic Role of Next-Generation Sequencing on
Facioscapulohumeral Muscular Dystrophy (FSHD) and Related Phenotypes,” which was
defended in February 2025.
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Chapter 3:
RESULTS

3.1 Molecular Combing Results

All patients were evaluated by molecular combing (MC) to determine the D474 array
size. MC was performed for diagnostic purposes in 92 index patients and their 20 relatives
to investigate FSHD1. Among the 92 index patients, 47 were male (51%) and 45 were
female (49%). Based on the molecular combing results, patients were categorized as
either definite FSHD1 cases or suspected FSHD cases requiring further differential

diagnosis.

The disease was familial in 50 patients (54%), while 42 patients (46%) had isolated
(sporadic) presentations. The age of disease onset was before 20 years in 63 patients
(68%), including approximately 10% with early-onset disease (before age 10). The
remaining 29 patients (32%) were classified as having late-onset FSHD (Figure 3.1).

Familial & Isolated Cases Age of Onset Sex Distribution

Onset s20

Familial m Onset >20 mFemale
Isolated m Male
l Female
il

Figure 3.1: Demographic and Clinical Distribution of the FSHD Cohort.

D474 profiling by MC identified FSHD1 in 78 out of 92 patients (84.8%) who had
1-10 repeat units (RUs) on the 4qA allele. Two patients (2.2%) carried only 4gB alleles
and lacked the permissive 4qA haplotype. Among the 92 patients, 62 (67.4%) had 1-7
RUs, 16 (17.4%) had 8-10 RUs, and 12 (13.0%) had >11 RUs. (Figure 3.2). Among their
20 relatives, 7 had 1-7 RUs, 2 had 8-10 RUs, and 11 had more than 11 RUs.
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Figure 3.2: Distribution of D4Z4 Repeat Unit Sizes in the FSHD Cohort.

3.2 Clinical Evaluation Results

Comprehensive clinical scoring was performed for each patient using the FSHD
Clinical Evaluation Scale (Ricci et al., 2016), which included assessments of facial,
scapular, upper limb, lower limb, pelvic, and abdominal muscle involvement. Each
category was scored from O to 2 or O to 5, depending on severity, and the total clinical

severity score was calculated by summing all parameter scores.

Table 3.1 presents the clinical findings of 33 patients assessed using this scale. These
data were later correlated with molecular findings, including D474 repeat sizes,

methylation levels, and NGS results, for comprehensive diagnosis and classification.

FSHD clinical scoring was used to analyze 33 patients in total. There were 13
females, ~%39 and 20 males, ~%61 in the cohort. The age of onset changed from early
childhood to late adulthood; 2 patients had onset before the age of 10, and 17 patients
before the age of 20. When these patients were clinically evaluated, the scapular girdle
was found in all patients, whether they had a high clinical score or not. Clinical scores
ranged from 1 to 15. Three patients scored the minimum value of 1; Patient 3, who had a
maximum score of 15/15, is a typical illustration of severe FSHD. Six patients exhibited
a severe phenotype (scores of 10 or above), whereas eight patients showed a mild

phenotype (scores of 3 or less).
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Table 3.1: Summary of Clinical Evaluation Scores for the FSHD Patient Cohort.

FSHD Comprehensive Clinical Evaluation Parameters

Tablol ~ [
Patients v | Gender v | AgeOfOnsel ~ | Facial Weakness Sf::o‘“:l"e’fm"“ v ‘I:n':’“:;','“’;‘:" v | Legs Involvement ~ ;‘:“n'“‘:_gn':r': v Ab‘::m"":'m“':‘;?“ v | Clinical Score
Patient 1 M 17 1 ‘ 2 2 o 2 [ 0 | 7
Patient 2 F 12 1 3 2 2 2 o 10
Patient 3 F 5 2 ‘ 3 2 2 5 1 15
Patient 4 M nia 1 2 o +] 0 0 3
Patient 5 M 30 2 ‘ 2 1 ‘ 1 2 1 9
Patient 6 F 1 2 3 1 0 2 1 ]
| M| 10 | 1 ‘ 3 2 1 | 2 | 1 10
Patient 8 | M 15 2 | 2 2 o 1 1 | 8
Patient 9 I F ‘ 20 ‘ 2 ‘ 2 0 ‘ o ‘ 0 [ 1 | 5
Patient 10 M 18 o 1 0 o 0 o 1
Patient 11 I F 12 | 2 ‘ 2 0 ‘ 1 1 1 | 7
Patient 12 | M 20 | 1 2 1 0 | 1 1 6
paertts | M| 16 1 ‘ 2 1 1 2 | 0 [ 7
Patnt1s | F 45 1 2 0 ‘ o 2 [ 1 I ]
Patient 15 F nia 0 ‘ 1 0 ] 0 0 | 1
Patient 16 | M 17 | 1 | 2 1 ‘ 1 2 1 8
Patient 17 [ M a7 it ‘ 2 2 0 1 | 1 | 7
Patient 18 | M | 16 | 2 2 0 1] | 0 1 I 5
Patenits M 34 1 ‘ 3 1 0 z | 1 [ 8
Patentz0 | F 12 2 3 0 1 1 1 8
Pzt || M 12 2 ‘ 3 2 ] 2 1 10
Patient 22 | F 40 2 3 1 0 1 1 4
Patient 23 M ‘ 8 ‘ 2 ‘ 3 . 0 ‘ 0 ‘ 0 l 1 ' 6
Patient 24 M 17 o 1 1 o 0 o [ 2
Patient 25 Mo 56 ‘ 0 ‘ 2 0 } 2 ‘ 0 ' 0 ' 4
Patient 26 | M 10 ‘ 1 3 2 2 2 1 [ "
Patient 27 F 13 0 ‘ 1 0 0 1 0 . 3
Patient 28 F 15 1 2 1 o 0 0 4
Patient 20 M 44 0 ‘ i 0 ‘ 0 0 0 [ 1
—— F 19 2 3 0 ‘ 0 0 [ 1 . 6
Patient 31 I M 44 | 0 ‘ 2 0 0 0 0 2
Patient 32 | F 24 0 3 2 2 5 1 13
Patient 33 M 38 1 ‘ 1 1 o 0 o | 3

3.3 NGS Results

To complement the methylation data, whole-exome sequencing data from a
previous study were incorporated for selected patients to explore potential pathogenic
variants. Table 3.2 summarizes the genetic alterations, including variant descriptions,

ACMG classifications, and inheritance patterns.
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Table 3.2: Summary of Variants Detected by Next-Generation Sequencing (NGS).

P16 SMCHD1 18:2674116 NM_015295: ¢.2018delT p.Alab74Leufs*9 Likely Pathogenic Heterozygous
P18 SmcHot 18pi132piL3t 18p11.32p1 \sea(:lgn'xc:ns:l 1 e deflﬁmﬁzngCHDI, ' ’ ' e
P25 FHL1 X:135289975 NM_001159699.2: ¢.404G>T p.Gly135Vval vus Heterozygous
P27 CAPN3 15:42652149 NM_000070: c.146G>A Pp.ArgdSHis

P28 SMCHD1 18:2706423 NM_015295: ¢.610A>G p-Lys204Glu Vus Heterozygous
P29 CAPN3 15:42680001 NM_000070: c.549delA p.Thr184Argfs*36

P32 DES 2:219420254 NM_001927.3: c.643G>A pVal215Met VUs Heterozygous

3.4  Quantitative Analysis of Methylation Levels

The methylation patient cohort was selected from our larger group of 112 individuals,

who had been previously evaluated through clinical and molecular assessments.

A total of 33 patients, 30 unrelated (12 females and 18 males) and 3 relatives,
representing a spectrum of D474 repeat unit (RU) sizes, were included in the study,
enabling stratified analysis across subgroups. Six healthy controls (3 males and 3 females)

were randomly selected.

Three patients, P4 (father of P3), P6 (brother of P7), and P18 (son of P19), were
specifically selected from affected families to enable intra-familial comparison of
methylation profiles and investigate potential correlations between methylation levels and

clinical phenotype.

The cohort of 30 unrelated patients included 11 patients with 1-7 RUs, 6 patients
with 8-10 RUs, and 11 patients with >11 RUs. In the remaining 2 cases, only non-

permissive 4gB alleles were detected.

DNA methylation levels in the DR1 and DR2 regions were analyzed in technical
triplicate. The mean methylation percentages along with their standard deviations (SDs)
are presented in Table 3.3. For the interpretation of methylation levels, values below 40%
were considered hypomethylated and supportive of FSHD; values between 40% and 60%

were classified as borderline or “grey zone,” requiring integration with D4Z4 repeat size,
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age of onset, and clinical findings. Values above 60% were interpreted as unmethylated,

not consistent with FSHD-associated epigenetic profiles.

In the DR1 region, methylation levels ranged from 12.00 + 2.51% (Patient 18) to
57.00 = 1.68% (Patient 31). Overall, eight patients exhibited DR1 methylation levels
below 25%, while eight patients had levels exceeding 45%. Standard deviations for DR1
measurements were generally low, with 30 out of 33 patients showing standard deviations

(SDs) below 5%, indicating stable methylation across CpG sites within this region.

In the DR2 region, methylation levels ranged from 39.00 + 4.02% (Patient 16) to
73.00 £ 4.95% (Patient 31). Similar to DR1, the majority of DR2 SD values were below
5%, reflecting consistent technical reproducibility across samples. When comparing
regional methylation levels, the DR2 region consistently showed higher methylation than
the DR1 region across all patients. Both DR1 and DR2 methylation profiles showed
variability across patients, and these measurements were used for further stratification

and correlation with clinical and genetic characteristics in subsequent analyses.
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Table 3.3: Mean methylation percentages and standard deviations (+ SD) for DRI

and DR?2 regions are presented for each patient.

Pallenis v T ¥ Meniemppess v | Petens v e (IeD ¥ Meiieve (0
Patient 1 34.00 £ 3.68 53.00£275 Patient 18 12.00 £ 2.51 41.00 £4.50
Pafent2 43002450 B9002500 Patient 19 18.00 £ 4.90 58.00 +4.34
Faents i i Patient 20 3200 £5.00 49.33£4.96
Patient 4 4500+ 4.04 53.00 £5.00 — 2000451 18004500

'atien L X .| .|

Fatent s oo tect 5800351 Patient 22 23.00 £ 4.50 52,00 +4.30
Patent6 3000435 4900 %492 Patient 23 18.00 265 42.00 44,95
Fatent R ALt Patient 24 48.00 £ 4.04 63.00 £ 2.83
Patient 8 20002400 el Patient 25 45,00+ 4.50 57.00 £4.91
Patiet:d d6.002350 S0 L2135 Patient 26 16.00£3.79 48.00+4.03
Patient 10 52.00 £ 3.06 62.00 £5.01 — T "
Patient 11 30.00 + 3.05 58.00 £ 4.78 S 36 o0 ot P
Patient 12 34.00 £ 4.04 42,00 £ 3.50 Eonion T o Edo
Patient 13 29.00 % 2.94 49.00 £ 2.85 Bicano S aEe 560 s
Patient 14 40.00 £ 4.86 53.00 £ 5.00 Patient 31 57.00 + 1.68 73.00 + 4.95
Patient 15 46.00+2.86 55.00£3.93 Patient 32 55.00 +1.69 63.00+3.74
Patient 16 18.00 + 2.08 39.00 £4.02 Patient 33 54.00 +4.10 60.00 +2.90
Patient 17 27.00 % 3.68 50.00 +2.84

3.5  Integrated Findings for Final Diagnosis

To refine molecular classification and support accurate diagnosis, methylation
profiling results were evaluated in conjunction with D4Z4 repeat unit sizing, available

NGS data, clinical findings, and age of onset. (Table 3.4)

3.5.1 1-7 RU Subset Results

Among the 11 patients with 1-7 D4Z4 RUs, the average DR1 methylation level
was 33.0% (SD + 8.6%), with values ranging from 20% to 52%. When patients with DR1
methylation levels above 40% (n = 3) were excluded, the adjusted mean dropped to
29.78% (SD + 4.8%), reflecting the core hypomethylated group. In contrast, DR2

methylation levels in this subgroup were consistently higher, with a mean of 53.0% and
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arange of 42% to 68%. These results demonstrate greater variability in DR1 methylation
compared to DR2, which appeared more stable among patients with contracted D474
alleles. All patients in this group were ultimately diagnosed with FSHD1. Although P2
and P10 exhibited unexpectedly elevated DR1 methylation levels of 43% and 52%,
respectively, they were classified based on their RU count and supportive clinical
presentation. Notably, molecular combing results for P2 and P4 revealed FSHD somatic
mosaicism, P2 has two 4gA alleles, with the contracted allele representing approximately
15% of the total 4qA signal, and two 4qA alleles were found in P4, one of which was
contracted in three RUs and made up about 27% of the total 4gA alleles. This pattern is

compatible with somatic mosaicism.

3.5.2 Subset 8-10 RU

In the subgroup of 6 patients with borderline D474 repeat sizes (8-10 RUs), DR1
methylation levels showed considerable variability, with a mean 0f 29.5% (SD + 13.44%)
and arange of 12.0% to 48.0%. In contrast, DR2 methylation levels were more consistent,
with a mean of 47.83% (SD + 6.46%) and a range of 39.0% to 55.0%. However, the
available clinical and molecular data indicated that this subgroup could not be considered
clinically and genetically concordant, unlike the 1- 7 RU subset. As such, each case in

this group required individual evaluation for accurate classification at final diagnosis.

FSHD1: Patients P14 and P20 had DR1 methylation levels of 40% (upper boundary)
and 32%, respectively, with corresponding D474 repeat counts of 8 and 9 RUs. Although
NGS data were not available for P14 and pathogenic variants were not detected by WES
for P20, the combination of CpG profiles and D4Z4 repeat sizes was sufficient to classify
them as FSHDI. P15, a nearly asymptomatic female, had a methylation level of 48%
(grey zone), while P17, a male with disease onset in his teens, showed a methylation level
of 27%. Both had 9 RUs, and NGS analysis did not identify any pathogenic variants in
FSHD-associated or other neuromuscular disease genes. These patients were classified

based on their D4Z4 repeat sizes and/or CpG methylation profiles.

FSHD1+2: P16 and P18 had significantly low DR1 methylation levels of 18% and

12%, respectively. Both patients had disease onset in their late teens and carried 9 RUs.
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Whole-exome sequencing revealed pathogenic variants in the SMCHD1 gene, indicating

genotypic features consistent with both FSHD1 and FSHD2.

3.5.3 =11 RU Subset Results

Among the 11 patients with >11 D474 repeat units, four were classified as FSHD?2,
two as FSHD with complex genomic characteristics. Two patients were excluded from
an FSHD diagnosis, and one of them was identified as having limb-girdle muscular
dystrophy, the other was identified with myofibrillar myopathy, and the last three were
considered likely non-FSHD cases. The clinical and molecular data indicated that this
subgroup was both clinically and genetically heterogeneous. Notably, the methylation
levels displayed a clustered distribution, reflecting underlying variability in pathogenic

mechanisms.

-FSHD2: P21, P23, P26, and P30 were diagnosed with FSHD2, based on DR1
methylation levels well below the 40% threshold (20%, 18%, 16%, and 24%,
respectively) and clinical features consistent. Although no definitive pathogenic variants
were identified by NGS analysis in (P21, P23, and P26), and WES data were not available
for P30, the diagnosis was supported by hypomethylation profiles.

-FSHD with complex genomic characteristics: P22 was identified as a case of
FSHD based on an intermediate D474 repeat size, reduced DR1 methylation level (23%),
and evidence suggestive of a potential structural rearrangement between the 4q and 10q
loci. No significant variants were detected in the patient's NGS analysis. P25, another
atypical case, carried three 4qA alleles-two uncontracted and one contracted-with repeat
units of 23, 61, and 1 RU, and allele ratios of 41%, 50%, and 9%, respectively. Whole-
exome sequencing (WES) revealed a variant of uncertain significance (VUS) in the FHLI

gene, which may contribute to the clinical phenotype (Section 3.3, pg. 45; Table 3.2).

-Differential Diagnosis: P27 and P32 were excluded from an FSHD diagnosis due
to a high DR1 methylation level (50% and 55%) and the detection of variants by Whole-
exome sequencing. P27 has a likely pathogenic variant in the CAPN3:c.146G>A
;p-(Arg49His) which supports an alternative diagnosis of limb-girdle muscular dystrophy.
P32 has a heterozygous missense variant in DES:c.643G>A; p.(Val215Met), which is
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classified as a variant of uncertain significance (VUS). Her high CpG methylation profile,
clinical manifestations and NGS analysis support the rule out the FSHD-related

pathogenesis and suggest DES-related myofibrillar myopathy.

-Non-FSHD: P24, P31 and P33 were classified in the uncertain diagnosis category
due to inconclusive molecular findings and the absence of definitive clinical or genetic
evidence. Their DR1 methylation levels were 48%, 57%, and 54%, respectively, placing
three patients within the grey zone. DR2 methylation levels ranged from 60% to 73%,
reflecting relatively high methylation across all cases. None of the patients exhibited a
confirmed D4Z4 contraction or harbored pathogenic variants in NGS analysis. Clinical
scores ranged from 1 to 13, with age of onset after the mid-20s in all cases except P24.
The absence of clear hypomethylation, coupled with weak or atypical clinical findings,
suggests that these patients likely fall within a broader differential diagnosis group rather

than classical FSHD.

3.5.4 4qB Subset Results:

-FSHD with complex genomic characteristics: P28 was a teenage-onset female
with a clinical score of 4. Molecular combing revealed that her intact D474 alleles were
exclusively 4gB; however, an atypical rearrangement pattern involving a 4gA allele was
also observed, which prevented a definitive diagnosis based on structural criteria alone.
Her DRI methylation level was markedly reduced at 26%, significantly lower than
control samples. Whole-exome sequencing identified a pathogenic variant in the
SMCHDI gene (Table 3.2). Based on the concordant findings from NGS and methylation
analysis, the patient was ultimately diagnosed with FSHD with complex rearrangement

(FSHD-CR).

-Differential Diagnosis: P29 was excluded from an FSHD diagnosis due to a high
DR1 methylation level (55%) and the detection of a likely pathogenic variant in the
CAPN3 gene, supporting an alternative diagnosis of limb-girdle muscular dystrophy.

In summary, of the remaining 19 patients, FSHD was confirmed in 13 (68.4%). The
diagnosis was supported by both methylation and NGS results in 12 of these, and one

patient did not have NGS data. A differential diagnosis was suggested for 3 patients
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(15.8%), and in the remaining 3 cases (15.8%), additional testing is required to clarify the

underlying genetic pathology.

3.5.5 Family-Based Methylation and Phenotypic Correlation

Within this cohort of unrelated patients, three individuals had family members who

were also analyzed for their CpG methylation profiles to explore intra-familial variation.

-P3 and P4 (daughter-father pair): P4 is a 43-year-old affected male with a clinical
score (CS) of 2. Although the exact age of onset is unclear, he did not report a severe
disease course during early life. His daughter, P3, had a markedly different presentation,
with a CS of 15 and disease onset at age 5, indicating early-onset FSHD. Molecular
combing (MC) revealed that both carried 3 D4Z4 Rus and confirmed the presence of two
4qA alleles at P4, one of which was contracted in 3 RUs and accounted for approximately
27% of the total 4qA alleles, revealing FSHD1 with somatic mosaicism. Methylation
analysis showed a DR1 level of 20% in the daughter and 45% in the father, suggesting an

epigenetic difference that may partially explain the phenotypic variability.

-P6 and P7 (sibling pair): This brother and sister both had a CS between 9-10, and
disease onsets are 13 and 19 years old, respectively. They were found to have 4 RUs in
the D4Z4 region. Their methylation levels were similar, at 30% and 27%, indicating

consistent epigenetic patterns that correlated with their comparable clinical severity.

-P18 and P19 (father-son pair): P18 is a 17-year-old affected male with a CS of 5 and
disease onset at age 16. His father, P19, is 43 years old, also with a CS of 9, but a
significantly later disease onset at age 34. Both were found to have 9 RUs on the D474
locus. Whole-exome sequencing (WES) revealed a shared 421 kb deletion on
chromosome 18 encompassing the SMCHDI gene. Methylation analysis showed low
DRI methylation in both individuals, 12% in the son and 18% in the father, with no

substantial difference, despite their differing ages of onset.
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Table 3.4: Clinical and Genetic Characteristics of the Study Cohort. Mos: Mosaic;

CR: complex rearrangement.

Clinieal _,  Family A o gt
Seore History Lavel (%)
Patlent 1 Male 17 10 T No 2 na 34 [ FfsHDi -]
Patlent 2 Femala 12 3z 10 o 2 nfa 43 FSHD1_mos -
Patient 3 Femalg 5 b 15 Yes 4 na 20
Patlent 4 Male nia 43 3 Yes 3 na 45 FSHD1_mos. -
Patlent & Male an a5 a o i i 27
Patient & Femals 13 28 9 e 4 wa 30 F5HD1 -
Patient 7 Male 19 30 10 e 4 wa 27 [ fsHD1 -]
Patient & Male 15 23 a Yeg 4 na 28 FSHD1 -
Patlent & Female 20 21 5 No 5 na 35 [ rfstpt -]
Patient 10 Male 18 4 1 Yes 8 nla 52
Patient 11 Female 12 25 T Ho 7 na 30
Patient 12 Male 20 36 [ e 7 wa 34 FSHD1 -
Patient 13 Male 16 5 7 Mo 7 na ol
Patient 14 Female 45 B& & HNo ] na 40
it
Patiant 15 Female nig 6O 1 Yeu 9 48 FSHD1
SMCHOTNM_D15235.3: Exan
Patient 16 Male 17 18 8 Yes 9 NN;;‘;;;';;;;T_’LM 18
Pathogenit (Holarzygous)
o pathogenit varisnt
Patent 17 Male ar 41 T Yeg 9 firads 2r [ Fstpi -]
SMCHDNU 015205, 3) 421
Patient 18 Male 16 17 5 Mo ] kb duiodion on ohr 18 12
Pathagenic (Holerozpgous)
SMCHDINU_ 015208531 421
Patient 19 Male a4 43 8 Yea 9 ks aintion on chr 18 - 18
Pathogenic (Hatsmaygous)
- no patho; it vawisnt aHD
Patient 20 Femals 12 10 a o 9 gt b a2 FSHD1 -
no it variant
Patiant 21 Male 12 17 10 Yeg 12 i o 20 FSHDZ -
2% A o patfogenit varian
Patant 22 Female 40 58 4 No 13 dectad 23
o pathogenic varisn =
Patiant 23 Male B " B Yeu 13 h 18 F5HD2
o pathogenit varsni -
Patient 24 Male 11 18 2 No 15 g el 48 further evaluation
FHLINM_001185659.2):
Patient 25 Male 55 T4 A HNo 23 CA0GT, (Gl 135Val - VLIS 45 | F8HD maos -
{Hafurzygous)
o pathogenic varisnt -
Patient 26 Male 10 22 1 Mo 45 dvtected 16 F3HDZ
CAPNINM 800070): Exanf:
Patent 27 Female 13 14 3 No 4B ©MMEGHA p (A dGHIE) - 50 LGMDZA -
Puthoganis Homozygous)
SMEHDANM_O15555) Exoni-
Pabant 28 Female 15 20 [} HNo 4g8 070425, . [LysPdGh) - YUS 26 FSHD_CR. L
{Haterozygous)
GAPNI{NM_000070) Exand:
Patant 29 Male 44 A 1 No AgB . S4500lA; o (Thr 84 Angfa"35] - 55 LGMDOZA =
Pathogenic (Hulnmaygows)
Patient 30 Female 19 26 B Yeg 20 n 24 FESHDZ -
Patient 31 Male a4 45 2 Mo 51 57 further evalugtion =
Patient 32 Female 24 4 13 Mo 48 55 MR =
Patient 33 Male a9 43 3 Mo 2 54 further svaluation =
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3.6  Correlations Between DNA Methylation and Clinical-Genetic Parameters

We investigated whether the quantity of D4Z4 RU and DNA methylation levels at
the D474 region are correlated to learn more about the epigenetic landscape of FSHD.
Based on their 4gA RU size, patients were divided into three clinically significant
subgroups:

> 11 RU (FSHD2 or atypical cases), 8-10 RU (borderline contraction), and 1-7 RU
(typical FSHDI1). To assess the overall distribution of CpG methylation levels among
genetically distinct FSHD subgroups, methylation percentages were compared between
patients diagnosed with FSHD1, FSHD1+2, and FSHD2 (Figure 3.3).

In FSHD1 patients, methylation values range from 20% to just above 52%. Median
methylation appears around 30%. This group shows the widest variability, reflecting both
typical and borderline profiles. The FSHD1+2 methylation levels are consistently low,
ranging from 12% to 18%. Median is clearly below the 40% line, suggesting strong
hypomethylation. This seems to be a reflection of patients with both contraction and
epigenetic dysfunction. FSHD2 patients had methylation values ranging from 16% to
26%. Median is just below 25%. This data is consistent with epigenetically driven FSHD
despite non-contracted D474 arrays. In patients where the methylation analysis and all
clinical and genotypic data suggest that these patients are unlikely to have FSHD, further
investigation is warranted. The methylation levels were markedly higher, between 48%

and 57%, and the median was above 50%, clearly separated from all other groups (Figure

3.3).
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Figure 3.3: Distribution of CpG methylation levels among subgroups that have been
molecularly and clinically evaluated. There is a clear inverse relationship between DR1
methylation levels and clinical severity scores (CSS) across different FSHD diagnostic

groups.

Lower methylation percentages are associated with higher clinical severity, indicating
that hypomethylation is generally correlated with more severe disease presentation. This
trend is reflected in the downward slope of the fitted regression line, with the
accompanying confidence interval suggesting a statistically meaningful association. A
vertical reference line at 40% marks the commonly accepted threshold for DR1
hypomethylation. Most FSHD2 and FSHD1+2 cases fall below this line, consistent with
their epigenetic profiles, while the “further testing needed” group generally exhibits
higher methylation levels and lower clinical severity. FSHDI cases, however, display
greater variability, with methylation values spanning from below 20% to above 52% and
a broader range of CSS, emphasizing the heterogeneity within this subgroup. Notably, a
few outliers demonstrate high CSS despite borderline or elevated methylation, suggesting
that methylation alone may not fully explain disease severity in all cases. Overall, this
plot supports the utility of DR1 methylation profiling as a meaningful biomarker in

FSHD, particularly in distinguishing subtypes and clarifying uncertain diagnoses.
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Figure 3.4: Correlation between clinical severity scores (CSS) and DRI CpG

methylation levels in patients with suspected FSHD

Each data point represents an individual, color- and shape-coded by diagnostic
classification: blue squares (FSHD1), light yellow/green triangles (FSHD1+2), yellow
stars (FSHD2) and pink circles (further evaluation). A statistically significant negative
correlation was observed between methylation and CSS (r = -0.621, p = 0.0005),
indicating that lower methylation levels tend to be related with more severe clinical
presentation. The vertical dotted line at 40% represents the commonly accepted threshold
for D474 hypomethylation. The shaded gray area denotes the 95% confidence interval

for the regression line.

3.7  FSHD Cases with Complex Structural or Genetic Features

The following cases illustrate the importance of comprehensive molecular work-up
and full-locus analysis in patients who do not conform to classical FSHD1 or FSHD2
definitions. These individuals exhibited structurally or genetically atypical findings,
including 4q/10q translocations, allelic mosaicism, or co-existing variants in non-D4Z4-
related myopathy genes. Their diagnostic classification required integration of
methylation profiling, D474 repeat sizing, haplotype determination, and next-generation

sequencing to reach a conclusive interpretation. Such cases underscore the necessity of
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evaluating beyond canonical contraction or methylation thresholds when complex

rearrangements or overlapping phenotypes are suspected.

Complex Rearrangement of 4q/10q in Patient 22:

P22 is a 59-year-old female who began showing symptoms around the age of 40. With
a low clinical severity score of 4/15 and a relatively mild disease course, she represents a
borderline phenotype with features partially compatible with FSHD. This patient is
distinguishable by her epigenetic profile. Despite having 13 and 15 D474 RUs on 4qA
and 4qgB alleles, respectively, values that fall outside the classical FSHD1 contraction
range, her DR1 methylation level was significantly decreased at 23%, consistent with a
hypomethylated epigenotype. Her DR2 methylation was 52%, within the expected range
for non-contracted alleles, reinforcing the regional methylation specificity. This distinct
DR1 hypomethylation in the absence of D4Z4 contraction raises the possibility of DUX4

expression deregulation despite apparently non-pathogenic allele lengths.

We did not detect any significant variants by whole-exome sequencing (WES),
molecular combing analysis revealed a potentially relevant finding: a contracted 10gA
allele with 7 RUs. While contractions on 10q are traditionally considered non-pathogenic
due to the absence of a DUX4-permissive polyadenylation signal, the presence of
significant hypomethylation raises the possibility of complex or mislocalized epigenetic

regulation affecting the 4q locus or involving a rare rearrangement with the 10q region.

Somatic Mosaisism in Patient 25:

P25 is a 74-year-old male presenting with late-onset, mild muscular symptoms first
noted at age 55. His clinical severity score was 4/15. MC analysis revealed two non-
contracted 4qA alleles (23 and 61 RUs), and an additional 1 RU allele representing
approximately 9% of the total 4qA signal-suggestive of somatic mosaicism. Crucially,
DR1 methylation was measured at 45%, and DR2 at 57%, placing this patient within the
epigenetic grey zone. These methylation levels fall above the hypomethylated threshold
yet below the unmethylated boundary, aligning with the observed mild clinical expression
and suggesting partial epigenetic deregulation. Further complexity was introduced by

whole-exome sequencing, which revealed a heterozygous VUS in the FHLI:c.404G>T;
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p-(Glyl135Val), previously linked to X-linked myopathies including Emery-Dreifuss
Muscular Dystrophy 6. While this variant may contribute to the phenotype, its role
remains uncertain without segregation or functional studies. The combination of
intermediate methylation, mosaic D4Z4 contraction, and the absence of classic FSHD
features positions P25 as a case of uncertain FSHD spectrum, requiring continued
monitoring and possibly re-evaluation should additional data, such as muscle biopsy or
familial genotyping-become available. The methylation findings provide a compelling

molecular correlate for his late onset and attenuated clinical course.,

Structurally Complex Alleles in Patient 28:

The patient is a 20-year-old female who presented with clinical features consistent
with FSHD symptoms, and onset was reported at approximately age 15, and her clinical
severity score was assessed as 4/15. Methylation analysis revealed a distinctly
hypomethylated profile, with DR1 and DR2 CpG methylation levels of 26% and 40%,
respectively. These values fall below or near the threshold typically associated with
FSHD?2 epigenetic profiles, supporting a diagnosis consistent with DUX4 de-repression.
Although molecular combing demonstrated a 4qB haplotype, additional complex
rearrangements were observed, including a segment with 6-8 RUs adjacent to a larger 40
RU array on 4qA, suggestive of structural mosaicism. This configuration, in combination
with her epigenetic findings, prompted further genetic evaluation. Whole-exome
sequencing identified a heterozygous missense variant in the SMCHD1 gene (c.610A>G,
p. Lys204Glu). This variant is currently classified as a variant of uncertain significance
(VUS) according to ACMG guidelines, supported by PM2, PP2, and PP3 criteria. In silico
predictions suggest pathogenic potential, but definitive evidence remains limited.
Nonetheless, this specific variant has been previously reported in the literature in
association with FSHD2 cases (Mul et al., 2018; Lemmers et al., 2019). Taken together,
the markedly reduced methylation at DR1, intermediate DR2 levels, suggestive structural
variation at the D4Z4 locus, and presence of a potentially pathogenic SMCHD1 variant
support a diagnosis of FSHD with atypical epigenetic and structural features, potentially

falling within the FSHD2 or FSHD-complex rearrangement (FSHD_C.R.) category.
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Figure 3.5: Molecular combing result image of Patient 28, reveals a complex 4q

configuration with a short D474 repeat (6-8 RUs) adjacent to a longer segment (~40

RUs), indicative of structural rearrangement.
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Chapter 4:
DISCUSSION

FSHD is driven by both genetic and epigenetic mechanisms, making its diagnosis
inherently complex and multifaceted. While FSHD1 results from contraction of the D474
repeat array and FSHD?2 arises from defects in epigenetic regulators such as SMCHD]1,
both subtypes share a common molecular feature: hypomethylation at the D474 locus,
which leads to derepression of the pathogenic DUX4 gene. This epigenetic signature has
been consistently observed in both FSHD1 and FSHD?2 patients, who exhibit significantly
lower D474 methylation levels compared to healthy individuals (Gaillard et al., 2014;
Sacconi et al., 2019). The hypomethylation is often more pronounced in FSHD?2,
particularly when pathogenic variants in modifier genes are present (Lemmers et al.,
2012b; Lemmers et al., 2015). Over the past decade, D4Z4 methylation has emerged as
a valuable diagnostic biomarker, helping to distinguish between classical FSHDI1 and
epigenetically driven forms like FSHD2. As such, it is increasingly incorporated into
diagnostic workflows alongside genetic testing (Lemmers et al., 2012; Hartweck et al.,
2013; Jones et al., 2015; Sacconi et al., 2019). In this study, we build on this foundation
by investigating the correlation between repeat unit (RU) size, CpG methylation levels,
and clinical severity to examine the molecular and epigenetic characteristics of our FSHD

patients.

4.1  Overall Statistics and Genotype-Phenotype Correlation of Molecular Combing
Results

The FSHD patient group included 112 individuals evaluated for suspected
differential diagnoses of FSHD, consisting of 92 unrelated patients and 20 family
members (Section 3.1, pg. 42; Figure 3.1). The general statistics show that 54% of cases
were familial, while 46% appeared to be isolated. Although isolated presentations are
typically reported to account for 10-30% of FSHD cases, this range may not reflect the
true rate of de novo mutations, as it does not account for instances in which one or both
parents are asymptomatic carriers or somatic mosaics for the underlying genetic defect.

Therefore, detailed family investigations, including molecular analysis of parental
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genotypes, are essential to accurately determine inheritance patterns and to distinguish
truly de novo cases from those with unrecognized familial transmission. The cohort had
nearly equal sex distribution, with 51% male and 49% female participants, aligning with
the understanding that both FSHD1 and FSHD2 are inherited in an autosomal dominant
manner and therefore affect both sexes equally. However, previous studies showed that
penetrance is generally higher in males (estimated at ~95%) compared to females (70-
80%) (Lemmers et al., 2012). Females are more likely to be asymptomatic carriers or
exhibit milder phenotypes, particularly in cases involving borderline D474 repeat units.
Interestingly, our cohort did not reflect this typical pattern. The mean age of onset in
females was approximately 19 years, compared to 25 years in males, and females showed
slightly higher clinical severity scores. This deviation may be influenced by referral bias,
with symptomatic females being more likely to seek medical attention. Alternatively,
epigenetic variability may play a role. A larger and more diverse cohort would be needed
to explore these differences further. Age of onset data revealed that 68% of patients
experienced their first symptoms at or before the age of 20, with approximately 10% of
these cases presenting in early childhood (before age 10). The remaining 32% had
symptoms emerging after the age of 20, including late-onset cases (after age 40). These
findings are consistent with previous publications (Tawil et al., 2014). These findings are
consistent with previous studies, which report that over half of individuals with FSHD
exhibit clinical symptoms by the age of 20, and early-onset is estimated to be 7% to 15%,

with a more severe early onset type (Goselink et al., 2019).

Among the 92 genetically evaluated unrelated patients, FSHD1 was molecularly
confirmed in 78 individuals (84.8%), all of whom carried 1 to 10 D474 repeat units (RUs)
on a permissive 4qA allele (Section 3.1, pg. 43; Figure 3.2). Specifically, 62 patients
(67.4%) had 1-7 RUs, 16 patients (17.4%) had 8-10 RUs, and 12 patients (13.0%) had
>11 RUs. These findings reflect the typical RU distribution seen in FSHD1 cohorts, where
the majority of affected individuals have 1-7 RUs. Genotype-phenotype correlations
show that the patients with 1-3 RUs have earlier onset and more severe phenotypes.
Patients with 4-7 RUs often show variable clinical severity. Those with borderline
contractions of 8-10 RUs are generally more mildly affected, unless there is additional
involvement of epigenetic modifiers. All data correlates with other research outcomes

(Riccietal., 2013; Mul et al., 2018). Among the 20 family members analyzed, nine were
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affected and 11 were unaffected. All affected relatives had the same D474 repeat unit
(RU) size as the index patient in their family. Thus, their diagnoses were confirmed. The
unaffected relatives were referred to assess the possibility of asymptomatic carrier status;
however, none were found to be carriers, and all had more than 11RUs, and FSHD was

excluded.

4.2  Clinical Characteristics and Characterization of CpG Methylation Patterns in
our selected FSHD Cohort

Out of a larger cohort of 112 individuals, a subset of 33 patients (30 unrelated, 3
relatives) was selected for detailed methylation profiling, alongside six healthy controls
for comparison. Patients were divided into four groups based on D4Z4 repeat size and
permissive allele status: typical FSHD1 cases (1-7 RUs), borderline repeat size cases (8-
10 RUs), potential FSHD?2 or undetermined cases (=11 RUs), and individuals with non-
permissive 4gB alleles. This classification aimed to explore correlations between CpG

methylation patterns, genotype, and clinical presentation.

4.2.1 Clinical Characteristics

Clinical evaluation of 30 individuals revealed a wide range of clinical severity
scores, with slightly higher mean scores in females compared to males. Based on our
dataset, all patients, irrespective of their age of onset, D474 unit size, and methylation
patterns, had different degrees of scapular girdle involvement. The next most involved
muscle groups were facial muscles (75%), pelvic girdle and abdominal muscles (65%)
among the patients. These findings are consistent with the classical phenotype of FSHD
(Statland, J. M., & Tawil, R., 2014). The correlation of muscle involvement according to
sex revealed that, for each muscle group, females had the highest severity scores when
compared to males. This is somewhat an unexpected result given the established
literature, which typically reports higher penetrance and severity in males with FSHD.
However, arecent analysis of the U.S. National Registry for FSHD highlighted significant
gender disparities in pediatric-onset cases. Among the 166 genetically confirmed FSHD1
and FSHD?2 patients studied, girls were diagnosed at a younger age than boys and
exhibited more severe disease progression. In this study, pediatric-onset FSHD was

defined as a diagnosis before the age of 18, with early-onset categorized as a diagnosis
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before age 10 (Katz et al., 2024). When we analyzed our cohort using these criteria, the
mean clinical severity score (CSS) among female patients (n=7) was 8, compared to 6.5
in male patients (n=10), which appears to be consistent with the findings of the U.S.

registry study.

4.2.2  Characterization of CpG Methylation Patterns

In this study, bisulfite sequencing targeted both the DR1 and DR2 regions near the
D474 macrosatellite array. DRI, positioned closer to the DUX4 gene, has been
established as the more diagnostically informative site for detecting FSHD-associated
hypomethylation (Hartweck et al., 2013; Sacconi et al., 2019). It is widely recognized as
the gold standard for methylation-based diagnostics in FSHD and is included in several

molecular testing guidelines (Gaillard et al., 2014; Sacconi et al., 2019).

Our results support this consensus. DR1 methylation levels in our FSHD-confirmed
patients showed broader variability and greater correlation with clinical status than DR2.
DR1 values ranged from 20% to 52%, with the majority falling below the 40%
hypomethylation threshold. By contrast, DR2 methylation levels were more stable and
generally higher, ranging from 47% to 78% across the cohort, including in cases with
mosaicism or borderline repeat sizes. Even patients with clearly hypomethylated DR1
values (e.g., P3: 20%, P16: 18%) had DR2 levels above 40% (e.g., 42% and 39%,
respectively), showing the limited sensitivity of DR2. This is consistent with prior studies
showing that DR2 is less responsive to disease-associated epigenetic changes, likely due
to its upstream location and lower CpG density (van Overveld et al., 2003; Hartweck et

al., 2013).

Collectively, our findings reaffirm that DR1 is a more reliable and discriminatory
methylation marker for both FSHD1 and FSHD2. As such, it serves as the primary focus
for the detailed analyses presented in the following sections, including family-based

methylation profiles and their correlation with clinical phenotypes:
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1-7 RU FSHD1 Subgroup

There were 11 unrelated and 2 relatives, all diagnosed as FSHD1 (P1-P13) with 1-
7 RUs, who presented with a variable clinical and epigenetic pattern. Most of these
patients had either moderate or high CSS with early onset of symptoms frequently
encountered during adolescence or early adulthood (Section 3.2, pg. 44; Table 3.1). The
average methylation percentage in this group ranged between 20 and 52%, with most
falling below the 40% threshold considered indicative of pathogenic hypomethylation.
Apart from two borderline borderline grey-zone (P2=43%, P4=45%) and one outlier
(P10=52%), these data conform to the previously described hypomethylation values of

pathogenic alleles (Sacconi S. et al., 2019).

P2 was a 32-year-old female with disease onset at age 12, and she has CSS of 10/15.
She presented with bilateral scapular winging, marked proximal upper limb weakness,
and spinal curvature. She was dependent on a wheelchair. Molecular combing revealed
approximately 16% somatic mosaicism for the contracted 4qA allele with 2RUs. Her DR1
methylation level was 43%, falling within the borderline range for FSHDI. This
epigenetic profile was consistent with low-level mosaic FSHD1, typically associated with
a milder clinical course; however, her disease severity was unexpectedly high. In light of
this, the patient underwent further clinical re-evaluation. MRI and EEG findings raised
suspicion of neurodevelopmental involvement, as she exhibited epileptic seizures and
cognitive impairment. Unlike other high-CSS FSHD cases in our cohort, she showed no
abdominal muscle involvement and only mild facial weakness, which suggested the
presence of an additional neurological contributor to her symptoms. WES identified a
heterozygous variant of uncertain significance (VUS) in the NEUROD?2 gene
NM_006160.3:¢.34C>G(p.Argl2Gly), previously implicated in developmental and
epileptic encephalopathy-72 (OMIM: 618374), a disorder characterized by refractory
seizures, psychomotor delay, and impaired ambulation (Runge et al., 2021). Although
NEUROD? is primarily associated with central nervous system conditions, its potential
contribution to neuromuscular involvement remains unclear. The coexistence of FSHD1
mosaicism and the NEUROD2 VUS may have jointly contributed to her severe clinical

presentation. Whether the variant functioned as a genetic modifier or indicated an
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overlapping neurodevelopmental disorder requires further -clarification through

segregation analysis, functional studies, and extended neurological follow-up.

P4 was a 43-year-old male with a very mild disease presentation. Age of onset was
uncertain, and his clinical examination revealed subtle facial involvement, mild right-
sided scapular winging, and humeral weakness, without objective strength loss in any
muscle group. Clinical severity score (CSS) was 3. MC analysis indicated FSHD1 with
somatic mosaicism, with a 3 RU D4Z4 contraction on one 4qA allele, comprising
approximately 27% of the total 4gA alleles. His DR1 methylation level was 45%, placing
him in the borderline range. He was included in this study due to the presentation of a
much more severe phenotype with his daughter P3. Her disease onset was at age 5. She
exhibited a severe FSHD phenotype with a CSS of 15/15, the same 3RUs contraction,
and a DR1 methylation level of 20%. She had been wheelchair-dependent for the past
four years and showed advanced clinical features including severe scoliosis, pronounced
lumbar lordosis, complete immobility of lower facial muscles, bilateral scapular winging,
and a positive Beevor’s sign. Additionally, she exhibited mild high-frequency hearing
loss. This striking difference can be explained by the father’s somatic mosaicism, a
phenomenon frequently observed in de novo cases where the parent is only mildly
affected or asymptomatic (van der Maarel et al., 2000). In this context, his relatively high
methylation level aligns well with both his mild clinical presentation and the mosaic
nature of his genetic findings. Ultimately, integrating methylation status, RU size, and
sex-specific effects when interpreting FSHDI1 phenotypes offers more accurate

prognostic insight than genetic data alone.

P10 was a 41-year-old male with symptom onset at age 18. He reported mild upper
limb weakness for over two decades. Despite this long disease duration, he retained full
arm elevation and normal lower limb strength. EMG was unremarkable. His facial
features were not typical of FSHD; notably, he was able to whistle and inflate his cheeks.
Genetic analysis revealed 6 RUs on a permissive 4qA allele, inherited maternally.
However, his D4Z4 methylation level was 52%, exceeding the established
hypomethylation threshold typically associated with pathogenic FSHD alleles. His
clinical findings are in line with his methylation scores; however, in contrast with his RU

number. Despite the repeat contraction, the clinical profile and high methylation do not
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fit the traditional diagnosis of FSHD. Even within the same family, Gaillard et al. (2014)
showed that D474 methylation levels can distinguish between asymptomatic carriers and

FSHDI patients with symptom:s.

8-10 RU Borderline Subgroup

This subgroup consists of 6 unrelated and 1 relative (P14-P20) with 8-10 repeat units
(RUs). DRI methylation levels exhibited substantial variation, averaging 29.5% and
spanning from 12.0% to 48.0%. This configuration falls within the borderline pathogenic
range and, according to diagnostic algorithms, should be considered as potentially
involving co-existing pathogenic variants in epigenetic modifier genes (Lemmers et al.,
2024). Accordingly, WES results were incorporated for all patients in this group except
P14, enhancing both diagnostic accuracy and genotype-phenotype correlation. Based on
the integrated molecular and clinical findings, four patients were diagnosed with FSHD1,

while two index cases and one relative were classified as FSHD1+2.

P14 was a 68-year-old female with symptom onset at age 45, classifying her as a
late-onset case. She had a Clinical Severity Score (CSS) of 6 and exhibited typical FSHD-
related muscle involvement. Her DR1 methylation level was 40%, placing her at the upper
threshold of the hypomethylation range, and she carried 8 D4Z4 repeat units. Although
NGS data were unavailable for this patient, the combination of her CpG methylation

profile and D474 repeat size was sufficient to support a diagnosis of FSHD1.

P15 was a 60-year-old female patient who carried 9 RUs on a permissive 4qA allele,
a configuration consistent with FSHDI. With a CSS of 1, she was considered
asymptomatic. WES revealed no FSHD-related variants. Her CpG methylation level was
48%, the highest within this group, placing her in the borderline methylation category.
This epigenetic profile aligned with her clinical and genetic findings. Her mildly affected
daughter (not included in this study due to limited material) also carried 9 RUs, suggesting
a familial borderline case with reduced penetrance. Tonini et al. (2004) reported that
families with 7-10 RUs often include asymptomatic gene carriers. Similarly, Lemmers et

al. (2015) and Jones et al. (2015) observed that hypomethylation tends to be less
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pronounced in asymptomatic individuals with borderline RU sizes, supporting the role of

DNA methylation as a disease modifier.

P16 was a male patient who became symptomatic at the age of 17, initially presenting
with weakness in the right arm and leg. He exhibited significant muscle wasting in both
upper and lower limbs, with a positive Gowers’ sign. Clinical examination revealed
marked weakness in the pelvic and shoulder girdle muscles, and he was unable to lift
either arm fully. His CSS was 8. MC identified a borderline D474 repeat contraction of
9RUs on the 4qA allele. In addition, WES revealed a novel heterozygous frameshift
variant in the SMCHDI gene, c.2018delT (p.Ala674Leufs*9), classified as likely
pathogenic, according to ACMG criteria (PVS1, PM2). These findings supported a
diagnosis of FSHDI1+2. The combination of borderline D474 repeat size and a
significantly reduced DR1 methylation level (18%) is consistent with previous studies
indicating that pathogenic SMCHDI variants act as disease modifiers, exacerbating
clinical severity in genetically borderline cases (Sacconi et al., 2012; Lemmers et al.,
2015). As reported by Lemmers et al. (2015), FSHD1 patients harboring additional
pathogenic variants in the SMCHDI gene tend to exhibit earlier disease onset, more
pronounced muscle weakness, and significantly lower D474 methylation levels,
supporting the role of SMCHDI as a disease modifier and reinforcing the concept of

FSHD1+2.

P17 (male, onset at age 37, CSS =7) and P20 (female, onset at age 12, CSS = 8) both
carried 9 D474 repeat units. Their DR1 methylation levels were 27% and 32%,
respectively, both falling within the hypomethylated range. Whole-exome sequencing did
not reveal any significant variants. The alignment of their clinical features, genetic

findings, and methylation profiles supported a diagnosis of FSHD1 in both cases.

P18 and P19, a father-son pair. The son (P18) developed symptoms at age 16,
presenting with mild facial weakness, scapular winging, and limited shoulder abduction,
with a CSS of 5. His D4Z4 methylation was markedly low (12%), consistent with FSHD2.
His father (P19), who began showing symptoms later, at age 34, had a CSS of 8 by age
43, with more advanced signs including dysphagia, upper arm atrophy, and calf

pseudohypertrophy. His methylation level was slightly higher (18%). They both received
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a molecular diagnosis of FSHD1 based on the presence of a contracted D4Z4 repeat (9
RUs) on a permissive 4qA allele. WES analysis revealed a heterozygous ~421 kb deletion
on chromosome 18 encompassing the SMCHD1 gene. As previously reported, SMCHD1
haploinsufficiency leads to DUX4 de-repression and D4Z4 hypomethylation, thereby
contributing to the FSHD?2 disease mechanism even in the presence of a borderline repeat
contraction (Lemmers et al., 2012; Sacconi et al., 2012). These findings supported a
familial FSHD1+2 diagnosis. The observed difference in severity is likely to be related
to the difference in CpG levels and age-related, which aligns with the progressive nature
of FSHD, rather than suggesting variable penetrance. These findings are in concordance
with prior studies demonstrating that SMCHDI mutations, particularly when paired with
borderline D474 repeat contractions, drive FSHD2 pathology through pronounced
hypomethylation (Lemmers et al., 2015; Sacconi et al., 2012; Mul et al., 2018).

>11 RU Subgroup

This subgroup comprised 11 patients whose D474 repeat sizes fell within the normal
range. In these cases, methylation profiling played a key role in guiding diagnostic
decisions. Based on integrated analysis and additional testing, four patients (P21, P23,
P26, P30) were diagnosed with FSHD2. Two patients with complex genotypes (P22, P25)
were classified as having FSHD despite atypical findings. Two patients (P27, P32)
received a differential diagnosis, while four others (P24, P31, P33) were excluded from

the FSHD cohort due to inconclusive or non-supportive molecular and clinical data.

P21, P23, P26, and P30 showed DR1 methylation levels well below the 30%
threshold (20%, 18%, 16%, and 24%, respectively). All patients in this subgroup
experienced symptom onset before the age of 20. Among them, P23 and P30 shared
similar disease severity (CSS = 6) and exhibited classical FSHD features, including
bilateral scapular winging, axial muscle involvement, and predominant upper limb
weakness. Both patients also demonstrated hallmark facial features such as incomplete
eye closure, impaired cheek puffing, and asymmetrical upper lip movement. P21 and P26
had more severe clinical presentations (CSS=10 and 11, respectively), again with a
distribution of muscle weakness typical of FSHD. In all four cases, these characteristic
phenotypes-together with markedly low DR1 methylation levels, supported a diagnosis
of FSHD2. WES data were not available for P30, and bioinformatic analyses of the
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remaining patients did not reveal any pathogenic variants in known FSHD-related genes.
Recent large-cohort studies have shown that individuals with 8-20 D474 RUs may
present with significant hypomethylation and occasionally harbor variants in epigenetic
regulator genes (Lemmers et al., 2018; Jia et al., 2021). Based on these criteria, the
diagnoses of FSHD2 in P21, P23, and P30, each with <20 RUs, were considered valid.
Although P26 had 45 RUs, which exceeded the conventional FSHD diagnostic threshold,
his clinical presentation and methylation profile were highly suggestive of FSHD2. He
exhibited typical muscle involvement with an early-onset course and a DR1 methylation
level of just 16%. Such findings justify the diagnosis, especially in light of updated
guidelines recommending further genomic analyses, such as optical genome mapping
(OGM) or long-read sequencing, to detect complex rearrangements or cis-acting variants
that may be missed by standard molecular combing or WES (Lemmers et al., 2024;

Lemmers et al., 2022).

P22 is a female patient, 59 years old, who presented with symptoms, such as mild
scapular winging and slowly progressive weakness in the arms (clinical severity score 4).
Molecular combing demonstrated a contracted 10gA allele with 7 D4Z4 repeat units
(RUs), 13 and 15 RUs on her 4qA and 4gB alleles, her CpG methylation level was reduced
to 23%, in the usual FSHD?2 diagnosis threshold of <25-30%, and reflecting epigenetic
dysregulation (Sacconi et al., 2019; van den Boogaard et al., 2016). Even though this
contraction is classically not pathogenic, recent literature has demonstrated that the
disease is caused by repeat contraction and DUX4 expression from chromosome 10 due
to a de novo D474 repeat exchange between chromosomes 4 and 10. (Lemmers et al.,
2022; Delourme et al., 2023). It has been proposed in recent studies that structural
alterations in the locus 10q, like translocations and cis-regulatory changes, may influence
penetrance and phenotype in genetically indefinite cases of FSHD (Lemmers et al., 2022;
Nguyen et al., 2019). The presence of the short allele 10gA with 7 RUs in this patient
may cause an FSHD-like phenotype due to mislocalization of the regulatory elements or

altered chromatin dynamics (Lemmers et al., 2022).

P25, the 74-year-old man, started having symptoms around the age of 55, initially
with weakness of the right side greater than the left in the shoulders. He has a clinical

score of 4/15, representing very mild disease severity. EMG findings were normal.
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Molecular combing analysis demonstrated two uncontracted D4Z4 4qA alleles (23 and
61 RUs) and one third of a 4qA allele with 1 RU, representing about 9% of counted alleles
and suggesting somatic mosaicism. His CpG methylation percentage was 45%, in a
borderline hypomethylated range. Whole-exome sequencing revealed a heterozygous
VUS in the FHLI:c.404G>T; p.(Gly135Val). Mutations in FHLI have been described to
cause a scapuloperoneal phenotype mimicking FSHD, inherited in an X-dominant fashion
(Quinzii et al., 2008; Sacconi et al., 2013). Lack of muscle biopsy and segregation in the
family prevents definitive diagnosis, but the association of low-level D4Z4 mosaicism
and an FHLI variant is consistent with blended or atypical myopathy. Additional
research, such as muscle biopsies and segregation studies in families, is required to

determine the role of these genetic elements in the clinical findings.

P27 was a 14-year-old female with onset at 13 years and 3/15 CSS. Her obvious
clinical findings were mild facial weakness, scapular winging, and calf muscle atrophy.
WES identified the pathogenic variant in the CAPN3 gene as ¢.146G>A (p.Arg49His),
and so the diagnosis of calpainopathy, or LGMD?2A, as recorded in the ClinGen Evidence
Repository (ClinGen, 2024) is confirmed.

P32 was a female patient who presented with aggressively progressive muscle
weakness beginning at the age of 24 and wheelchair dependence by age 30. Persistent
neck muscle weakness over two decades and highly elevated CK levels (3356 U/L).
Molecular combing revealed she has no contracted RUs. Whole-exome sequencing
revealed a heterozygous missense variant in DES:c.643G>A, p.(Val215Met), which is
classified as a variant of uncertain significance (VUS). Mutations in DES are known to
cause myofibrillar myopathy type I (OMIM: 601419), typically presenting with
progressive limb-girdle weakness as seen in P32. In silico analysis, using tools (SIFT,
PolyPhen-2, and MutationTaster) supported the pathogenic potential of this variant. All
findings, such as high CpG methylation percentage (55%), and except for upper limb
weakness, no additional clinical manifestations suggestive of FSHD, support the rule out
the FSHD and suggest with possibility of a genetic myopathy, such as DES-related
myofibrillar myopathy. This case illustrates how integrating clinical features, variant

interpretation, and methylation profiling can help us in refining diagnosis. Additional
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studies, such as muscle biopsy, functional assays, and familial segregation analysis, are

warranted to confirm pathogenicity.

P24, P31, and P33 presented with clinical features partially suggestive of
facioscapulohumeral muscular dystrophy (FSHD), yet lacked D474 repeat contractions
and exhibited CpG methylation levels in the normal range (Lemmers et al., 2015). P24
carried 15 repeat units on the 4qA allele and had a methylation level of 48%, a clinical
severity score (CSS) of 2, supported by myopathic findings on EMG. He is clinically
mild, with no involvement of the face and abdominal muscles. Only the right scapular
winging is locally present and shows mild involvement. There is no pathogenic variant in
the WES data. P31 (CSS =2, 51 RUs methylation = 57%) and P33 (CSS = 3, 24 RUs,
methylation = 54%) have presented with varying degrees of upper limb weakness. All
three patients exhibited some degree of scapular winging or humping, and two (P31, P33)
had facial involvement in the form of ptosis (P33) and asymmetrical upper lip movement

(P31), which was minimal. Two patients (31 and 33) had normal or mildly elevated CK.

These cases highlight the diagnostic complexity of FSHD-like phenotypes in the
absence of classical molecular findings. Despite exhibiting mild or partial clinical features
of FSHD, the absence of D4Z4 contractions, normal CpG methylation levels, and
unremarkable WES findings suggests the involvement of another genetic or epigenetic

mechanism.

4qB Subgroup

This subgroup consists of two patients (P28 and P29). P28, which has complex
genomic characteristics, has a 26% CpG methylation value and the SMCHD variant. She
was diagnosed within the FSHD2 spectrum, more specifically as an FSHD-complex
rearrangement (FSHD_CR) based on integrated analysis of NGS data, CpG methylation
value, and molecular combing analysis. P29 has a 55% CpG methylation value, and he
received a differential diagnosis of LGMD2A, supported by the identification of a
pathogenic variant in the CAPN3 gene by NGS analysis.

P28 is a 20-year-old female with symptom onset at age 15 and a clinical severity

score of 4/15. She had bilateral scapular winging, progressive weakness of the arms, and

71



Discussion

mild facial weakness. EMG showed chronic, moderate myopathy. Her methylation status
in the DRI region was 26%, in the hypomethylated range characteristic of FSHD2
(Sacconi et al., 2019).

Even though her haplotype was found to be 4qB, usually regarded as non-permissive
in FSHD, this pattern implies an intricate structural rearrangement that includes
involvement of a qA-type segment, and possibly it occurred by inter-allelic

recombination.

Her WES analysis revealed a heterozygous VUS variant in SMCHD1:c.610A>G,
p.(Lys204Glu). The existence of an SMCHDI variant and the 4qA complex
rearrangement characteristics in P28, in the absence of a typical pathogenic D4Z4
constriction, suggests the interaction between complex genomic architecture and
epigenetic control. SMCHD] variations and complex rearrangements like these can play
a crucial role in the development of FSHD manifestations. (Nguyen et al., 2019). Taken
together, her clinical presentation, lower level of methylation, and established SMCHD1
mutation fulfill diagnostic criteria for FSHD2. This case shows the value of the
application of molecular diagnostics, methylation analysis, and SMCHD1 sequencing in

confirming and diagnosing FSHD.

P29, a 44-year-old male, has clinical findings of late-onset muscle weakness and
atrophy of paraspinal muscles. His methylation status in the DR1 region was 55%. He
has a heterozygous CAPN3 c¢.549delA (p.Thr184Argfs*36) frameshift mutation that has
been previously documented as pathogenic in numerous LGMD2A patients (ClinVar,
2024). Trans-allelic deletions were excluded by MLPA analysis and thereby confirmed
the variant configurations. These show the significance of extensive genetic testing, such
as CAPN3 screening and MLPA, in patients with FSHD-like features, especially when

the molecular diagnostic criteria for FSHD are not fulfilled.
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Chapter 5:

CONCLUSION

Methylation analysis has become a valuable complement to genetic testing in the
diagnosis of FSHD, enabling the distinction between FSHD1 and FSHD2. In this study,
we analyzed CpG methylation levels in the DR1 and DR2 regions. DR1 demonstrated the
most pronounced hypomethylation in affected individuals (Hartweck et al., 2013),
whereas DR2 showed methylation levels as close to or almost the same as those of healthy
controls. Despite DR1 and DR2 being only 131 bp apart, these results imply that even

tiny genomic distances can produce remarkably different methylation patterns.

Advancing our understanding of the molecular mechanisms that drive epigenetic
dysregulation in FSHD may inform more targeted therapeutic strategies. Critical
variables such as percent CpG methylation, presence of pathogenic variants in SMCHD1
and other modifier genes, degree of somatic mosaicism, structural haplotype complexity,
and patient-specific variables (e.g., sex hormones, medical history, environmental

exposures) should be integrated into clinical assessments.

Our findings suggest that future diagnostic approaches to FSHD diagnosis can shift
from strict subtype classifications toward more integrative, probabilistic models that will
be crucial in deciphering the complexity of FSHD and accurately differentiating it from

phenotypically similar myopathies.
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