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Abstract

Background Facioscapulohumeral dystrophy (FSHD) is a myopathy characterized by the loss of repressive epigenetic
features affecting the D474 locus (4935). The assessment of DNA methylation at two regions (DUX4-PAS and DR1)

of D474 locus proved to be an effective method to detect epigenetic signatures compatible with FSHD. The present
study aims at validating the employment of this method into clinical practice and improving the protocol by refin-
ing the classification thresholds of 4gA/4gA patients. To this purpose, 218 subjects with clinical suspicion of FSHD
collected in 2022-2023 were analyzed. Each participant underwent in parallel the traditional FSHD molecular testing
(D474 sizing) and the proposed methylation assay. The results provided by both analyses were compared to evaluate
the concordance and calculate the performance metrics of the methylation test.

Results Among the 218 subjects, the 4q variant type distribution was 54% 4qA/4gA, 43% 4gA/4gB and 3% 4qB/4gB.
The methylation analysis was performed only on carriers of at least one 4gA allele. After refining the classification
threshold, the test reached the following performance metrics: sensitivity =0.90, specificity =1.00 and accuracy=0.93.
These results confirmed the effectiveness of the methylation assay in identifying patients with genetic signature
compatible with FSHD1 and FSHD2 based on their DUX4-PAS and DR1 profile, respectively. The methylation data were
also evaluated with respect to the clinical information.
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Conclusions The study confirmed the ability of the method to accurately identify methylation profiles compatible
with FSHD genetic signatures considering the 4g genotype. Moreover, the test allows the detection of hypometh-
ylated profiles in asymptomatic patients, suggesting its potential application in identifying preclinical conditions

in patients with positive family history and FSHD genetic signatures. Furthermore, the present work emphasizes
the importance of interpreting methylation profiles considering the patients’clinical data.
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Introduction

Facioscapulohumeral dystrophy (FSHD) is an autosomal
dominant muscle disorder caused by genetic and epige-
netic alterations at the D474 locus (chromosome 4q35).
This macrosatellite region comprises a variable num-
ber of Repeated Units (RU), with the last unit contain-
ing a complete copy of the DUX4 gene. The D474 locus
contains 11-150RU and is transcriptionally repressed in
healthy subjects [1, 2].

Two pathogenic alterations have been proposed as
the main triggering events leading to disease manifesta-
tion. The first one is the reduction of the D424 array to
1-10RU, which is responsible for FSHD1 [3]. The second
genetic alteration is usually associated with the FSHD2
form, and it is related to the presence of genetic vari-
ants within epigenetic regulators of the locus, namely
SMCHDI (18p11.32), LRIFI (1pl13.3) and DNMT3B
(20q11.21) genes [4-9]. Some FSHD2 patients can also
show the epigenetic alteration related to the disease (i.e.,
a global reduction of D4Z4 methylation levels) without
being able to detect a pathogenic variant in the known
FSHD2 genes. Generally, FSHD2 patients show a bor-
derline to short normal-sized D424 array (8-20RU) [1].
Notably, the critical condition for the establishment of
the disease in both FSHD1 and FSHD2 forms is the pres-
ence of the 4qA permissive allele containing the Poly-
adenylation Signal (PAS) for DUX4 mRNA stabilization
[10]. Altogether, these molecular alterations lead to the
expression of DUX4 gene, which is toxic for skeletal mus-
cle cells [11, 12].

However, the diagnosis of disease is challenged by
incomplete penetrance and the clinical heterogeneity,
especially in carriers of borderline D474 alleles (in the
range of 8—10 RU). A study performed on 208 Dutch
healthy subjects reported the presence of D474 alleles
of 8-9RU (independently of the haplotype) in the 3% of
general population [13]. Importantly, a subsequent study
conducted on 801 healthy individuals (560 from Italy and
241 from Brazil) confirmed such result, pointing out that
only 1-2% of general population carried a contracted
D474 allele with a permissive 4qA haplotype [14].

The gold standard for molecular diagnosis of FSHD
consists of pulsed-field gel electrophoresis (PFGE) and

Southern Blotting followed by P13-E11 probe hybridi-
zation, which enable the assessment of D474 array size
[15]. In presence of borderline alleles of 8-20RU, the
FSHD2 genes sequencing is performed mainly by direct
sequencing or next generation sequencing (NGS) tech-
niques to assess the presence of detrimental variants
within SMCHD1, LRIFI and DNMT3B genes [1].

However, the D474 sizing analyses are labor-intensive
and time-consuming, delaying the response and, conse-
quently, the diagnosis of FSHD. Furthermore, the com-
plexity of this diagnostic approach makes it inaccessible
to most developing countries and expensive for health-
care systems, even in industrialized countries. Thus, the
availability of rapid, cost-effective methods that can pro-
vide timely support to FSHD diagnosis is highly desirable.

In a previous study, we developed a method for rap-
idly identifying subjects with genetic signatures com-
patible with FSHD through the assessment of DNA
methylation levels related to the D424 locus, which is a
well-known hallmark of disease [16-20]. In particular,
the study relied on the investigation of two regions within
the D474 locus, namely DUX4-PAS (10 CpGs, provid-
ing methylation status related to the most distal part of
the D474 array) and DR1 (29 CpGs, indicative of to the
global methylation of the D424 array), which are inform-
ative for FSHD1 and FSHD2, respectively. Specifically, a
Machine Learning (ML) pipeline facilitated the identifi-
cation of the most informative CpG sites (DUX4-PAS_
CpG6, DUX4-PAS_CpG3, DR1_CpGl, DR1_CpG22),
whose methylation levels are able to detect FSHD sub-
jects [21].

Given these premises, the present study aimed at refin-
ing the protocol by using specific thresholds for 4qA/4qA
and 4qA/4qB genotypes. This approach can improve the
sensitivity in case of patients with D474 reduced alleles
(DRA) and 4qA/4qA genotype, where the detection of
DUX4-PAS methylation levels may be inaccurate due to
the presence of a normal-sized D474 allele together with
a reduced one. To this purpose, 218 subjects enrolled
from 2022 to 2023 were involved in a prospective study.
Each participant underwent in parallel the traditional
FSHD molecular testing (D424 sizing) and the proposed
methylation assay.
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Materials and methods

Study cohort and molecular analysis

This prospective study was conducted on a cohort com-
posed of 218 subjects who accessed the laboratory of
genomic medicine of Italian Union for the fight against
muscular dystrophies (UILDM) at Santa Lucia Founda-
tion IRCCS between 2022 and 2023. As an Italian refer-
ence center for the diagnosis of FSHD, our study cohort
included patients with the clinical suspicion of FSHD
who required genetic confirmation, relatives of FSHD
patients undergoing segregation analysis and patients
evaluated to exclude the presence of FSHD genetic
signature.

The patients were recruited by expert neurologists in
collaboration with the UILDM in the following medical
centers: IRCCS Santa Lucia Foundation (Rome), IRCCS
“Agostino Gemelli” University Hospital (Rome), IRCCS
Neuromed Institute (Pozzilli), NeMO Clinical Center
for Neuromuscular Diseases (Brescia), Clinical Center
for Neuromuscular Disorders University Hospital of
Pisa, NeMO Clinical Center for Neuromuscular Diseases
(Milano), Neurorehabilitation Unit, SBMC Department,
Rome Sapienza University Polo Pontino/ICOT (Latina),
“Sant’/Andrea” Hospital (Rome), “Sandro Pertini” Hos-
pital (Rome), Multiple Sclerosis Center Binaghi Hospi-
tal (Cagliari), IRCCS “San Martino,” University Hospital
(Genoa), “Santa Maria” Hospital (Terni), Molinette Hos-
pital (Turin), “San Filippo Neri” Hospital (Rome),
A.O.R.N. Cardarelli Hospital (Naples), “San Camillo
Forlanini” Hospital (Rome), IRCCS “San Raffaele” Hos-
pital (Milan), “Gaetano Martino” University Hospital
(Messina), University Hospital of Campania “Luigi Van-
vitelli” (Naples).

All participants provided signed informed consent for
research and publication at the time of recruitment. The
study was approved by the Ethics Committee of Santa
Lucia Foundation (CE/2022_020 approved on June 1,
2022) and complied with the Declaration of Helsinki.

Each participant underwent methylation analysis,
D474 sizing and sequencing of FSHD2-associated genes
(SMCHDI, LRIF1, DNMT3B). Methylation analysis was
performed in blind, without prior information on 4q gen-
otype, D474 sizing or FSHD2 gene results. Subsequently,
the data obtained from methylation analysis were com-
pared with those of the traditional molecular tests to
assess the concordance between FSHD predictions based
on methylation levels and the presence of genetic sig-
natures (reduced D4Z4 allele or pathogenic variants in
FSHD?2 genes).

All molecular analyses were performed on a fresh blood
sample (35 ml) obtained from each patient. The DNA
was, in parallel, extracted from peripheral blood mono-
nuclear cells by manual and automatized techniques
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according to the manufacturer’s instructions. In particu-
lar, manual extraction was employed to obtain the high-
molecular weight DNA embedded into agarose plugs
required for D474 sizing, whereas the DNA extracted by
automatized method (MagPurix Blood DNA Extraction
Kit and MagPurix Automatic Extraction System, Zinexts,
Taiwan, R.O.C.) was utilized for the sequencing of the
FSHD2 genes and for the methylation analysis.

The D474 sizing was performed by means of PFGE and
Southern blotting followed by hybridization with P13-
E11 probe as previously described [15]. The presence of
FSHD2-associated variants was assessed by whole exome
sequencing (WES) on an Illumina Next-Seq550 system
and related kit.

The assessment of methylation levels was performed
as described in Caputo et al. [21, 22]. Importantly, the
workflow allowed typing the 4q subtelomeric vari-
ant using 4qA- and 4qB-allele specific amplification by
means of targeted primers reported by Caputo et al. [21].
Only patients with at least one 4qA allele were analyzed
by the proposed methylation assay, since carriers of the
permissive allele. The DUX4-PAS and DRI regions were
amplified by traditional PCR with specific primers and
analyzed by the amplification fragments length polymor-
phisms (AFLP) protocol previously described [21]. In
particular, this step was essential for the quantitative eval-
uation of methylation levels of all CpG sites contained in
the two regions of interest. As reported in Caputo et al.
2022, the methylation levels of four CpG sites (DUX4-
PAS CpG6, DUX4-PAS CpG3, DR1_CpGl, DRI_
CpG22) were evaluated to differentiate between subjects
positive for a genetic signature compatible with FSHD
and negative subjects. A reduction in methylation levels,
compatible with FSHD, was observed considering spe-
cific thresholds and following the order of relevance (1)
DUX4-PAS_CpG6<0.78; (2) DUX4-PAS_CpG3<0.34;
(3) DR1_CpG1<0.53; (4) DR1_CpG22<0.99 [21]. The
workflow for methylation analysis is illustrated in Fig. 1.

Validation of the classification tool

Methylation data and results from FSHDI1/FSHD2
molecular analysis were compared to evaluate the con-
cordance between the results provided by methylation
analysis and the data obtained from the gold-standard
FSHD testing.

The reliability of the tool was thereby evaluated by
calculating the performance metrics. The FSHD clas-
sification was considered Concordant-Positive (CP) for
patients with 1-10 D474 RU (FSHD1), patients with
11-20RU and likely pathogenic/pathogenic variants in
FSHD2 genes (FSHD2), and compound FSHD1 + FSHD2
forms. The non-FSHD classification was deemed to be
concordant in the absence of FSHD1 or FSHD2 genetic
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(Created with BioRender.com)

Table 1 Criteria for the assignment of the concordance between
the molecular results

Methylation FSHD1/2 Resulting label

analysis Genetic testing

\ + Concordant-positive (CP)

\ - Non-concordant-positive (NCP)
1 - Concordant-negative (CN)

1 + Non-concordant-negative (NCN)

The symbol | stands for hypomethylation (with respect to the thresholds
employed by the tool), whereas 1 stands for hypermethylation (with respect to
the thresholds employed by the tool). + refers to the positivity to the FSHD1 or
FSHD2 test, whereas - is used to indicate negativity to the test

signatures (namely, Concordant-Negative, CN). In case
of methylation profiles not compatible with the presence
or absence of FSHD genetic signature, the samples were
considered Non-Concordant-Negative (NCN) and Non-
Concordant-Positive (NCP), respectively (Table 1).

Therefore, the number of concordant (CP, CN) and
non-concordant predictions (NCP, NCN) was plotted in
a confusion matrix. Firstly, performance metrics were
calculated without considering the 4q genotype of the
subjects. Successively, metrics were calculated separately
for subjects with 4qA/4qA and 4qA/4qB genotypes.
This step was crucial as the presence of two 4qA alleles
(4qA/4qA) in patients with genetic signature compatible
with FSHD may result in overestimated methylation lev-
els in the DUX4-PAS region due to the presence of one
4qA allele >20RU and a reduced allele (see Additional
file 1).

Results

The enrolled patients had an

48.1£18.5 years and a 58:42 M:F ratio.
Initially, the methylation analysis workflow determined

the 4q genotype for each patient. As a result, 42.6% of

the patients showed a 4qA/4qB genotype, 54.6% were

average age of
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4qA/4qA and the remaining 2.8% displayed a non-per-
missive 4qB/4qB subtelomeric configuration. All subjects
carrying a 4qB/4qB genotype (6 out of 218) displayed a
non-pathogenic D474 allele of >20RU.

Only subjects carrying at least one 4qA allele (212 out
of 218, 97.2%) underwent methylation levels assessment.
As a result, 112 patients were classified as positive for a
genetic signature of FSHD, consistently with the presence
of reduced methylation levels (i.e., hypo-methylation sta-
tus) compatible with the disease. The remaining 100 sub-
jects were predicted as negative for a genetic signature of
FSHD and showed high methylation levels (i.e., hyper-
methylation status).

The D474 allele sizing performed on the study cohort
revealed that 133 out of 218 patients (61%) carried a
1-10RU permissive 4qA allele whereas the remaining 85
subjects (39%) did not show a D424 reduction (RU > 10).
Specifically, the group of subjects carrying <10RU
included 15 patients with 1-3RU, 69 with 4-6RU and 49
with 7-10RU. In the group of subjects carrying>10RU
carriers, 12 out of 85 (14.1%) showed a 4qA allele of
11-20 RU, whereas the remaining 73 (85.9%) had a D474
array > 20RU.

The WES analysis pointed out that seven out of 218
subjects (3%) were positive for the presence of likely
pathogenic/pathogenic variants in SMCHDI gene. In
detail, four of them carried a D474 allele in the range
of 11-20RU, whereas the remaining three had a 4qA of
9-10RU.

Among the 212 patients carrying at least one 4qA,
the methylation data were compared with the results
of D474 allele sizing and FSHD2 variants sequencing.
For the 112 hypomethylated subjects (52.8%), the data
were completely concordant with the presence of 1-10
D474 RU (FSHD1), 11-20RU combined with detrimen-
tal variants in FSHD2 genes (FSHD2) and compound
FSHD1+FSHD2 forms. As expected, FSHD2 patients
showed significantly lower methylation levels com-
pared to FSHD1 patients, particularly in the DR1 region
(p<0.05) (see Additional file 2). These correctly classified
patients were thereby considered as CP. 107 out of the
112 patients predicted as positive carried a contracted
4gA<10RU (including three patients with a 9-10RU
allele combined with a SMCHDI1 variant), whereas the
remaining five patients had a 4qA allele of 11-20RU.
Among them, four patients carried detrimental variants
in SMCHDI1 gene and one patient showed a variant in the
EZH?2 gene recently described as a candidate gene for the
disease [23].

Additionally, out of 212 patients with at least one 4qA
allele, 100 (47.2%) were predicted negative for a genetic
signature of FSHD based on D474 methylation levels.
Specifically, 76 of the 100 subjects classified as negative
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were in agreement with the results of traditional FSHD
testing (CN), except for 2 subjects carrying a borderline
reduced 4qA allele of 8RU.

The remaining 24 subjects predicted as negative for a
genetic signature of FSHD had slightly elevated meth-
ylation levels, although they carried a contracted 4qA
allele < 10RU, thus, resulting as NCN. Overall, the model
applied on the study cohort achieved the following per-
formance metrics: sensitivity =0.82, specificity=1.00 and
accuracy=0.89.

The effectiveness of the tool was further assessed by
splitting the study cohort based on the 4q genotype,
which included 119 individuals with a 4qA/4qA and 93
with a 4qA/4qB genotype. For patients with a 4qA/4qB
genotype, the classification model achieved excellent
metrics, with a sensitivity=0.90, specificity=1.00 and
accuracy=0.94. In contrast, for patients with a 4qA/4qA
genotype, the model showed lower performance metrics
(sensitivity=0.77, specificity=1.00 and accuracy=0.85).
The lower performance metrics observed in patients
with 4qA/4qA genotype highlighted the need for refining
the methylation levels thresholds, considering the pos-
sible overestimation of DUX4-PAS methylation levels in
FSHD1 patients with two 4qA alleles.

To this purpose, the methylation levels of NCN
patients with a 4qA/4qA genotype were plotted to
observe their distribution compared to 4qA/4qA CN.
Specifically, the cohort was filtered to include only sub-
jects with a 4qA/4qA genotype and a DUX4-PAS_CpG6
methylation level >0.796. This specific filtering criterion
was chosen to isolate patients with borderline methyla-
tion levels based on the evidence that DUX4-PAS_CpG6
is critical for accurately predicting FSHD, as supported
by previous studies [16, 21]. After filtering, the resulting
sub-group included 64 subjects (22 positive for FSHD
genetic signatures and 42 negative for FSHD genetic sig-
natures). The methylation levels of CpG6 and CpG3 of
the DUX4-PAS were therefore used to refine the thresh-
olds for FSHD1 classification, reflecting their relevance as
determined by the ML model for subjects’ classification
[21]. By observing methylation data distribution, the low-
est methylation value at a DUX4-PAS-related CpG site
in CN subjects was used to establish a threshold. This
threshold was set to prevent overlapping methylation
values between genetic positive and negative individuals
carrying a 4qA/4qA genotype. The established thresh-
olds were 0.8493 for the CpG6 and 0.2222 for the CpG3,
respectively (Fig. 2), and were employed following the
previously reported order of relevance.

The application of the new thresholds on the NCN
subjects with a 4qA/4qA genotype (n=18) allowed to
correctly predict 10 patients (out of 18) as positive for a
genetic signature of FSHD1. After refining methylation
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Fig. 2 Scatter Plot highlighting the distribution of methylation values of 4gA/4gA subjects for the refinement of DUX4-PAS threshold. Group

1 shows the CN subjects, whereas the Group 2 contains the NCN subjects. Methylation levels are grouped according to the status (y-axis)

and visualized into different colors: blue for CN (Group 1) and red for NCN (Group 2). The data are displayed as a collection of shapes plotted

with respect to methylation values on x-axis (A for CpG6; B for CpG3). Rounds, crosses, and triangles represent the RU number of the subjects
whose methylation levels are plotted. The dashed lines indicate the threshold identified for each CpG site (yellow-highlighted), chosen according
to methylation levels of the CN subject displaying the lowest value within each CpG (Created with OrangeDataMining.com)

thresholds, the re-calculated patients’ classification
metrics were improved (sensitivity=0.90, specific-
ity=1.00 and accuracy=0.93). These results were con-
firmed and validated in an independent set of patients
(Additional File 3). The comprehensive performance
metrics achieved by the tool on the studied cohort
before and after threshold refining are summarized in
Fig. 3.

The results obtained on the study cohort are summa-
rized in Fig. 4.

Discussion

The epigenetic de-repression of D474 locus in presence
of a permissive 4qA allele has been proposed as one of
the crucial events for developing FSHD [17, 24]. This
alteration can be due to the reduction of D4Z4 locus
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to the overall cohort (A, D) as well as by splitting for 4gA/4gA patients (C, F) and 4qA/4gB ones (B, E). Moreover, sensitivity (sens.), specificity (spec.)

and accuracy (acc.) are showed for each box (Created with BioRender.com)

to<10RU or to the presence of detrimental variants
within genes (SMCHDI1, LRIF1, DNMT3B) involved in
the epigenetic regulation of the locus. The investiga-
tion of the D4Z4 epigenetic profile in patients with a
clinical suspicion of FSHD showed to be helpful in sup-
porting FSHD diagnosis. On this subject, the availabil-
ity of robust and reliable methods for the evaluation of
D474 methylation levels is paramount, and the work-
flow employed in the present study proved to be a valu-
able tool (Fig. 1). The DNA methylation assay consists
of an accessible and rapid (72 h) laboratory protocol,
representing thereby a valid method for the prioritiza-
tion of FSHD patients. Noteworthy, the implementa-
tion of such a method fulfills the need for affordable

and rapid tests, especially considering the possible dif-
ficulties arising from the lack of adequate resources and
laboratory equipment in developing countries. Another
advantage of the test lies in the combined analysis of
DUX4-PAS and DRI regions which allows the identi-
fication of both FSHD1 and FSHD?2 patients based on
the reduced methylation levels locally observed in these
regions [8, 18].

In this context, the present study aimed at validating
such a workflow for prioritizing subjects to be tested
for FSHD1/FSHD2. In addition, the study aimed to
improve the protocol by classifying patients accord-
ing to their 4q genotype. The proposed workflow was
performed on a cohort of 218 patients accessing the
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218 enrolled patients
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14
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Fig. 4 Flowchart summarizing the results obtained by the employment of D474 methylation assay in the study cohort of 218 patients.
CP=concordant-positive; NCN = non-concordant-negative; CN = concordant-negative

laboratory of genomic medicine UILDM at Santa Lucia
Foundation IRCCS between 2022 and 2023.

The workflow for assessing methylation was applied
only on subjects carrying at least one 4qA allele
(namely 119 4qA/4qA and 93 4qA/4qB). Subsequently,
the results of methylation analysis were cross-refer-
enced with the outcomes from D424 sizing and FSHD2
genes sequencing to calculate the performance metrics
of the assay in predicting genetic signature of FSHD.
Moreover, the refinement of the 4qA/4qA thresholds
significantly narrowed the gray zone between CP and
CN patients.

The employment of such thresholds led to the improve-
ment of the methylation assay in predicting the presence
of FSHD genetic signature, considering the 4q genotype
(Fig. 3). The refined threshold was additionally validated
on an independent cohort of subjects available at the lab-
oratory (Additional File 3), confirming the performance
metrics obtained in the present study (Fig. 3D-F). The
decisional workflow to detect FSHD based on methyla-
tion thresholds is illustrated in Fig. 5.

As a result, the test achieved a positive predictive value
of 100%, as all 122 FSHD predictions were concordant
with the presence of a genetic signature of FSHD1 or
FSHD2 (115 FSHD1, 3 FSHD1+2, 4 FSHD2).

Interestingly, the hypomethylated subjects included
not only affected patients but also asymptomatic subjects
with positive family history and FSHD-related genetic

signatures, indicating that these subjects should be moni-
tored for a possible manifestation of disease.

Conversely, 90 subjects were predicted as negative for
FSHD genetic signatures. Notably, 76 of them were CN,
whereas the remaining 14 carried a 4qA <10RU. In CN
group, two subjects showed very high methylation lev-
els not consistent with FSHD. In detail, one subject was
an asymptomatic young male with an 8RU allele, and a
positive family history for FSHD suggesting a need for
a clinical follow-up to exclude possible manifestation of
disease later in life. The other patient was a male carrying
an 8RU allele as well, he had a negative family history and
displayed a phenotype not entirely consistent with FSHD,
suggesting a potential differential diagnosis. Importantly,
these results should also be interpreted considering the
known variable penetrance for borderline [8-10] D424
alleles and the occurrence of contracted D474 alleles
in 3% of general population independently from the 4q
haplotype [14]. The 14 subjects predicted as negative for
a genetic signature of FSHD, displayed slightly higher
methylation levels than the thresholds defined for pre-
dicting FSHD. These patients were found to carry a D424
allele <10RU and were considered NCN subjects.

The methylation data were also evaluated with respect
to the clinical information provided by the medical cent-
ers. Specifically, these data were available for 190 patients
out of 218. Five of them did not carry any 4qA permissive
allele and therefore were excluded from FSHD diagnosis.
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Fig. 5 Decisional workflow showing the thresholds of CoGs methylation levels for FSHD prediction and considering the 4g genotype. (Created
with BioRender.com)

The methylation levels of the remaining 185 subjects inconclusive results who showed discordant methylation
were therefore compared with the presence of genetic  values compared to positive genetic and clinical features.
signatures (FSHD1/FSHD2 signatures) and with the clini-  These patients showed an M:F ratio of 60:40 and showed
cal status (affected, unaffected) (Table 2). an average age of 53.5+11.8 years. In more detail, one

This analysis highlighted the ability of methylation patient (ID94) was reported as a sporadic case of FSHD
assay in primarily discriminating FSHD-affected sub- and exhibited a mild phenotype (FSHD score=1). Con-
jects from non-FSHD ones, except for 14% cases with  versely, seven patients (ID8, ID29, ID56, ID70, ID89,

Table 2 Comparison between methylation levels, FSHD1/FSHD2 genetic signatures and clinical status

Genetic signatures Clinical status Final output
Hypomethylated patients (61%) + + FSHD1/FSHD2 patients (88%)

+ — Asymptomatic subjects (12%)
Hypermethylated patients (39%)  — Not applicable Non-FSHD subjects (79%)

+ — Asymptomatic subjects (7%)

+ + Cases with inconclusive results (14%)

Patients are grouped according to D474 methylation status (hypo-/hypermethylated). For the column “Genetic signatures” the + symbol stands for positivity to the
corresponding analysis whereas the — symbol stands for negativity. For the column “Clinical status,” the + symbol stands for FSHD-affected status, and the — symbol
stands for FSHD-unaffected status. The description of the clinical status was considered “not applicable” in case of patients with a possible differential diagnosis or
unaffected relatives of FSHD patients (negative to the methylation analysis and FSHD1/FSHD2 genetic testing)
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ID114, and ID136) with a positive family history for
ESHD were reported as affected, most displaying mild
muscular involvement (FSHD score > 1), except for two
patients who showed moderate signs of disease (FSHD
score>5). Another patient (ID23) without information
on family history for the disease displayed a severe phe-
notype (FSHD score=11) and a D424 of 5RU, despite the
borderline methylation levels. Unfortunately, no clinical
data were available for the patient ID116, who has nega-
tive family history for FSHD and displayed a borderline
D474 size of 9RU. The reduced penetrance and variable
expressivity typically observed within the FSHD families
can contribute to explain discordant methylation profiles
characterized by borderline levels as well as the presence
of possible double-trouble conditions that may affect the
clinical phenotype. The clinical and molecular details of
peculiar cases are summarized in Table 3.

In conclusion, our laboratory experience showed that
the introduction of D474 methylation assessment was
able to provide clinicians with preliminary evidence for
the presence of FSHD molecular signatures to be con-
firmed by traditional testing or to address the patient
toward a clinical re-evaluation and a differential diagno-
sis. Of note, the test was able to detect differential meth-
ylation profiles in asymptomatic subjects, suggesting its
potential use to identify possible preclinical status to be
monitored in patients with positive family history and
presence of genetic signatures compatible with FSHD.

This study validated the ability of the model to accu-
rately identify methylation levels indicative of FSHD
genetic signatures considering the 4q genotype. In this
regard, this work is in line with other research studies
presenting protocols based on other techniques [11, 19,
20, 26, 27]. The employment of long-read sequencing
technologies hold great promise, especially for solving
complex cases [1]. A number of reports showed its pos-
sible application to test for methylation levels and, simul-
taneously, detect 4q haplotype and D474 size [27-29].
However, this method still has some limitations, mainly
related to the generation of limited valid reads for the
4q35 region, the need of validation studies on large-scale
sample cohorts, the relatively high costs and the require-
ment of bioinformatics knowledge and resources that
are not always available and accessible in the diagnostic
centers.

Notably, although the methylation profile helps in
the diagnosis of FSHD, it should always be interpreted
considering the clinical evidence of patients. Finally,
this study not only highlights the potential of methyla-
tion assay as a rapid and cost-effective test in develop-
ing countries but also promotes the development of
tools that support and streamline the FSHD diagnostic
workflow.
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