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Abstract: The diagnosis and management of fragile X syndrome (FXS) have significantly improved
in the last three decades, although the current diagnostic techniques are not yet able to precisely
identify the number of repeats, methylation status, level of mosaicism, and/or the presence of AGG
interruptions. A high number of repeats (>200) in the fragile X messenger ribonucleoprotein 1 gene
(FMR1) results in hypermethylation of promoter and gene silencing. The actual molecular diagnosis
is performed using a Southern blot, TP-PCR (Triplet-Repeat PCR), MS-PCR (Methylation-Specific
PCR), and MS-MLPA (Methylation-Specific MLPA) with some limitations, with multiple assays
being necessary to completely characterise a patient with FXS. The actual gold standard diagnosis
uses Southern blot; however, it cannot accurately characterise all cases. Optical genome mapping
is a new technology that has also been developed to approach the diagnosis of fragile X syndrome.
Long-range sequencing represented by PacBio and Oxford Nanopore has the potential to replace the
actual diagnosis and offers a complete characterization of molecular profiles in a single test. The new
technologies have improved the diagnosis of fragile X syndrome and revealed unknown aberrations,
but they are a long way from being used routinely in clinical practice.

Keywords: fragile X syndrome; long read; methylation; PacBio sequencing; Oxford Nanoporese-
quencing

1. Introduction

Fragile X syndrome (FXS) (OMIM 300624) is the most common inherited form of intel-
lectual disability and the leading monogenic cause of autism spectrum disorder worldwide.
It is due to an expansion of the triplet cytosine–guanine–guanine (CGG) within the fragile
X messenger ribonucleoprotein 1 gene (FMR1) [1–3].

The syndrome is characterized by developmental delay, behavioural problems, fa-
cial dysmorphism (macrocephaly, long narrow face, prognathism, prominent and large
ears), and macroorchidism (usually postpubertal). Hypotonia, seizures, recurrent otitis
media, sleep disorders, strabismus, gastroesophageal reflux, joint laxity, pectus excavatum,
pes planus, soft skin, mitral valve prolapse and aortic root dilatation are cited less [4–6].
The neuropsychiatric characteristics in FXS patients include autism, hyperactivity, hand
flapping and hand biting, anxiety, poor eye contact, phobias, restricted interests, social
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and communication deficits, tactile defensiveness, self-injurious behaviour, and aggres-
siveness [4,7]. Phenotype severity is variable and depends on molecular aspects (level
of methylation and mosaicism), genetic modifiers, and environmental factors [8,9]. The
features described in males with FXS have also been reported in females heterozygous
for the fragile X messenger ribonucleoprotein 1 gene (FMR1; OMIM 309550) full mutation
(FM) but with a lower frequency and milder involvement (borderline IQ and learning
and emotional problems). The phenotype in females is correlated with the X inactivation
pattern [5].

This article aims to describe the most important techniques used for fragile X syndrome
diagnosis, including the limitations and advantages of each, in order to improve diagnosis
and management.

2. Genetics, Epidemiology, and Aetiology

Most (>99%) of the pathogenic variants are due to the expansion of the CGG trin-
ucleotide repeat (TR) (>200) in the promoter region of FMR1 [9,10]. According to the
number of repeats, FMR1 alleles are classified as normal with 5–44 TR, intermediate with
45–54 TR, premutation (PM) with 55–200 trinucleotide repeats (TRs), and FM with over
200 TRs [11,12].

The prevalence of FM ranges from 1 in 4000 to 1 in 5000 in males and 1 in 4000 to 1 in
8000 in females. The variability in prevalence rates of FM across studies may be explained
by sample selection, founder effect, or ethnic differences. The prevalence of PM is estimated
for males as 1 in 250 to 1 in 850 and for females as 1 in 110 to 1 in 300 [13,14]. The use of
different detection methods, imprecision in laboratory measurements of repeat numbers,
and nonidentical definition of PM could contribute to the variations in prevalence [12].

FXS is determined by mutations in the FMR1 gene (fragile X messenger ribonucleo-
protein 1 gene; OMIM 309550), located on Xq27.3, where the folate-sensitive fragile site
FRAXA was initially described in affected males. It contains 17 exons, encodes for protein
FMRP, and undergoes alternative splicing resulting in different isoforms.

Four epigenetic factors regulate FMR1 gene transcription, the most important one
being cytosine methylation [15], which blocks FMR1 gene transcription.

The promoter of the FMR1 gene contains CpG dinucleotides, sites for transcription
factors, GC-boxes, initiator-like sequences, and a CGG repeat usually with AGG inter-
ruption (after 9–10 CGG repeats) [15,16]. Normal alleles have an upstream methylated
region and a downstream unmethylated region with a distinct DNA-methylation boundary
(650–800 nucleotides upstream of the CGG repeat). The mechanism of FMR1 gene inac-
tivation in FM is the loss of the normal methylation pattern due to hypermethylation of
cytosines within CGG repeats and CpG islands.

FXS cases in mosaic (some cells with FM, others with PM or cells containing methylated
FMR1, and others with unmethylated FMR1) have a milder phenotype. Patients with
deletions or point mutations have also been reported. PM alleles are unstable, and factors
that increase the risk of expansion to FM include maternal transmission, an increased
number of TRs, and the absence of AGG interruptions within the repeat [13,17–19].

PM carriers are at increased risk for a spectrum of conditions: fragile X-associated
tremor/ataxia syndrome (FXTAS), fragile X-associated primary ovarian insufficiency
(FXPOI, OMIM 311360), fragile X-associated neuropsychiatric conditions (FXANC), and
other anomalies (autoimmune disorders, fibromyalgia, and thyroid dysfunctions) [20].
FXTAS is a late-onset neurodegenerative disorder characterized by progressive inten-
tion tremor, cerebellar ataxia, neuropathy, autonomic dysfunction, parkinsonism, and
cognitive decline [9,21,22]. FXPOI is defined as hypergonadotropic hypogonadism and
oligo/amenorrhea before 40 years of age. FXANC include anxiety, depression, social
communication deficits, and attention problems [22,23].

The idea of a role for AGG interruptions was first promoted by Eichler et al. [24]. The
interruptions are usually present at the 5′ ends of the repeat tract. Usually, they appear after
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a periodicity of 9–10 CGG repeats. The number of interruptions is significatively lower for
patients with a positive family history of FXS.

Fu et al. were the first who brought the idea that nonrepeat elements can contribute to
a higher risk [16,25]. The technical limitations could not provide the answer to why smaller
numbers of repeats were transmitted as FM, and the higher numbers of repeats were not
transmitted as FM [25].

Yrigollen et al. concluded that an allele with 75 tandem repeats and no interruptions
has a 77% chance of becoming FM, but only a 12% chance of becoming FM if it has AGG
interruptions [26]. Nolin et al. discovered that the loss of AGG interruptions happens after
contraction events of a maternal PM, and the resulting sequence is highly susceptible to
becoming an FM allele [18].

Another important aspect observed in FXS refers to somatic mosaicism. The cells from
the same patient can have different numbers of CGG repeats and different methylation
profiles [27]. Cells can enter mitosis without completing the replication of the FMR1 region,
in the presence of folate deprivation [28]. The late replication of FM alleles can explain
the large number of CGG repeats, which can form secondary structures called hairpins
that delay the progression of replication. A large number of repeats can also form other
secondary structures, triplex or quadruplex, which can be the key to instability mechanisms
seen in these disorders [19]. The quadruplex results from a single-stranded CGG repeat,
stabilized by a G quartet, where four guanines are linked by Hoogsteen hydrogen, which is
a bond between a purine base and a pyrimidine base in a way that allows the formation
of an additional hydrogen bond between a hydrogen atom located on purine base and
a nitrogen atom from the pyrimidine base [29]. The quadruplex is a stable structure, is
most frequently found in the FMR1 coding strand, and has multiple repeats [30]. The AGG
interruptions interfere with the quadruplex and decrease the stability of this structure [31].

FMRP is an RNA-binding protein with a central role in the translational regulation of
a large number of mRNAs, many of which are involved in synaptic development and plas-
ticity. It is expressed almost ubiquitously at low levels, but the highest concentrations are
found in the brain and testis. FMRP is involved in mRNA transport (nucleus to cytoplasm
export), stability, initiation of translation, ribosomal translation, regulation of chromatin
modulators, and RNA editing. The absence of FMRP dysregulates glutamatergic and GABA
signalling, the endocannabinoid system, and the bone morphogenetic protein receptor 2
(BMPR2)—cofilin pathway involved in numerous neuronal processes [32–34]. FMRP also
modulates the activity of many ion channels: voltage-dependent ion channels (sodium,
potassium, calcium, and hyperpolarization-activated cyclic nucleotide-gated channels),
voltage-independent ion channels (small conductance Ca2+-activated K+ channels) and
ligand-gated ion channels, which contribute to abnormal excitability [10]. FMRP is also
involved in genome stability at the chromatin level in DNA damage response [35,36].

3. Cytogenetic and Molecular Diagnosis for Fragile X Syndrome

We describe below, the most important techniques used for FXS diagnosis and when
they were used for the first time (Figure 1).

3.1. Karyotyping

The FMR1 gene was identified in 1991. Before this, the only diagnostic test was
the karyotype analysis (Figure 1). The fragile site is located on Xq27.3 [37] and becomes
evident in special cell culture conditions (cell culture medium deprived of folic acid). The
major disadvantages refer to the difficulty in identifying the site and the necessity to read
approximately 100 metaphases because the fragile site is not present in every metaphase,
which is the reason why this technique is no longer used (Table 1).

3.2. Southern Blot

Southern blot, named after British molecular biologist Edwin Southern, is a technique
in which purified DNA from a biological sample is digested with restriction enzymes. The
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resulting DNA fragments are separated by using an electric field to move them through
a gel, allowing fragments to migrate depending on their length. Transferring the DNA
fragments from the gel or matrix onto a solid membrane allows them to be exposed to a
DNA probe that has been marked with a radioactive, fluorescent, or chemical tag. The tag
enables the Southern blot to display any DNA fragments with complementary sequences
to the DNA probe sequence (Figure 2) [38].

Figure 1. Techniques used for fragile X Syndrome diagnosis—Historical data: karyotype (frag-
ile site in special conditions), Southern blot (identifies repeats), PCR (quantifies repeat number),
MS-PCR and MS-MLPA (methylation status), long-read sequencing (combines all benefits), and
optical genome mapping.

Southern blot is cited as the gold standard for FXS diagnosis. It has multiple advan-
tages and can detect FMR1 alleles, with normal size repeats, PM and FM. It can also reveal
the methylation status of the FMR1 promoter region. The limitations of this technique are
that it is not capable of appreciating the exact number of repetitions, and it needs a large
amount of genomic DNA as it is not able to identify deletions or point mutations [4,39]
(Table 1).

Baker et al. analysed methylation status in 87 male patients using methylation-sensitive
Southern blot (mSB) and methylation-specific quantitative melt analysis (MS-QMA), which
is a technique used to identify the FMR1 methylation exon 1/intron 1 boundary. The
patients are diagnosed with FXS mosaicism. Furthermore, they tried to correlate FMR1
methylation in blood and buccal epithelial cells with intellectual disability. The results
obtained with MS-QMA were superior, and the methylation analysis was correlated with
intellectual disability in all analysed tissues. The results obtained after mSB did not show
an association between methylation in blood and intellectual disability. They demonstrated
incomplete silencing of FMR1 in the patients with methylation mosaicism, which showed
that MS-QMA gave superior results to mSB [40].

3.3. Triplet Repeat Primed PCR (TP-PCR)

Triplet repeat primed PCR (TP-PCR) is a technique developed initially to evaluate the
expanded alleles in myotonic dystrophy. This technique uses a specific primer flanking the
repeat region, upstream or downstream, and a triplet-primed primer with a 3′ sequence,
which hybridizes within the repeat region and generates multiple amplicons. The amplicons
are size different by a repeat unit. The last one is a tail primer with the same sequence
as the 5′ overhanging sequence of the first primer, which increases further amplification
of the generated fragments by the first primer and the extension of the first primer. The
expansions generate a heterogeneous mixture of TP-PCR amplicon fragments [41,42].
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Figure 2. The base principles of Southern blot: (1) The DNA is fragmented using a digestion
enzyme. (2) The DNA is denatured and separated by electrophoresis. (3) The DNA is transferred to
a nitrocellulose filter (positively charged). (4) The DNA is marked using a labelled probe with the
complementary sequence for the region of interest. (5) The filter is exposed to an X-ray film. (6) The
DNA can be visualised as a pattern of bands on an autoradiogram.

Triplet repeat primed PCR has multiple applications, such as Friedreich Ataxia [43],
myotonic dystrophy [44], Huntington’s disease [45], FXS, and short tandem repeat diseases.
For FXS, this technique can identify the FM, can differentiate normal and FM females, and it
can offer information about the size of the CGG repetition number [46]. The most significant
limitations of this method include its failure to determine the PM carriers, quantify the
precise number of repeats, and evaluate the methylation status (Table 1) [47].

Curtis-Cioffi et al. compared PCR-based techniques with Southern blot by analysing
the same samples with both techniques. They performed one PCR reaction and then one
more PCR for the probes that were not amplified after the first reaction. The samples were
analysed by Southern blot. The results were not entirely coincidental, since for 5 samples
out of the 75 analysed, the results were not the same, with differences being recorded in
the case of FM and PM. The Southern blot method was more reliable in quantifying the
number of repeats than the PCR approach [48].

Rajan-Babu et al. described a screening method for FXS using two direct TP-PCRs.
First, TP-PCR analyses the melting of the amplicons, which will reveal the PM and FM.
Melting curve analysis triplet repeat PCR will reveal the mosaicism too, but it is unable
to discriminate between PM and FM samples. For the probes that are positive after the
first assay, another PCR will be performed. The second TP-PCR is coupled with capillary
electrophoresis. Capillary electrophoresis TP-PCR is capable of fully characterising the
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repeat number and identifying the presence of AGG interruptions. The main concern about
the method is the possibility of false-positive results if the probe is contaminated [49].

3.4. Digital PCR

Digital PCR (d-PCR) is classified as third-generation PCR. The technique combines
the classic PCR reaction with fluorescence-based detection, usually used in real-time quan-
titative PCR [50]. The DNA is divided into numerous small volume compartments in
which the molecules are distributed. After amplification, the absorbance is measured in
every compartment. A reaction with no target molecules gets a 0, and a reaction that
has one target molecule receives a 1. The copy number and the density are calculated
using Poisson statistics and the number of PCR positive reactions. In most cases, one
compartment can contain more target molecules, and the result should be corrected using
Poisson statistics [51].

A variation of Digital PCR is Digital Droplet PCR (ddPCR). It is based on a water–oil
emulsion. The DNA is randomly subdivided into water-in-oil droplets and is independently
amplified. For the detection, a two-colour optical system is used. The droplets with similar
volumes are selected for fluorescence detection [51].

D-PCR has multiple advantages, including the fact that it enables quantification [52],
it does not require a standard curve [53], it has high precision, accuracy, and sensitivity [54],
and the PCR bias is minimal. The main limitations of the technique are the narrow dynamic
range and the relatively high costs. (Table 1).

Table 1. Diagnostic techniques for Fragile X Syndrome: Applications.

TRN MS PM AGG
Int MOS Del

Ins P. mut Advantages Disadvantages

Karyotype – – – – + ± – Cheap.
Outdated.
Inaccurate.

Faulty.

Southern blot ± + ± – + + –
Golden standard.

(repeat expansion and methylation
status) [55].

Very labour-intensive.
Time-consuming.

Not in routine diagnostic
settings [55,56].

TP-PCR + – + ± ± – –

Rapid.
Facile.

Routine diagnostic.
High sample throughput [43].

Does not provide the size of
expanded CGG repeats.

D-PCR + – + – + + – Low costs.
High number of fragments.

Costs with equipment
and consumables.

MS-PCR – + – – ± – – High sensitivity and specificity. False-positive results.

MS-MLPA – ± – – ± ± ± Cheap.
Golden standard (copy number).

False-positive results.
Not for females.

Illumina seq ± – + + ± + + Standardized technique.
Ideal for point mutations. Not for large expansions.

PacBio seq + + + + + + + High coverage and accuracy [57].
A single assay. High costs for equipment.

Nanopore seq + + + + + + +

Scalable (Flongle for few patients and
PromethION for large numbers).

Time and space efficient [58].
All in a single assay.

Only for research use.
Complex bioinformatics

interpretation.

OGM ± – – – + + – High-resolution genome-wide
analysis of all structural variants [59].

Low throughput.
Not for PM.

Only for research use.

+ The technique is suitable and recommended for diagnosis; ± the technique is suitable but error-prone;
– the technique is not recommended for diagnosis. TRN = tandem repeats number; MS = methylation status;
PM = premutation; AGG Int = AGG interruption; MOS = mosaicism; and P. mut = point mutation.

Third-generation PCR has multiple applications. Some examples are viral quantifica-
tion [60], oncology and haematology [61], and noninvasive prenatal diagnosis (NIPD) [62].

Alvarez-Mora et al. attempted to correlate the occurrence of FXPOI in PM carriers
with the expression profile of three long noncoding RNAs (lnc_RNAs) derived from the
FMR1 gene locus, FMR4, FMR5, and FMR6. Lnc_RNAs are untranslated RNA molecules
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of more than 200 nucleotides in length that play an important role in gene expression.
They extracted RNA from 36 PM carriers, 20 were diagnosed with FXPOI and 16 without
FXPOI. Afterwards, they performed reverse transcription. They used ddPCR to quantify
the expression. The results were only significant for FMR4, and the PM carriers with FXPOI
had higher expression levels, which can be used as a biomarker for screening [63].

One of the main advantages of ddPCR is the possibility of characterizing low-level
mosaicism, including FXS. Digital droplet PCR can accurately quantify the number of short
tandem repeats in the FMR1 gene, but it is unable to characterize the methylation status
(Table 1) [64].

3.5. Methylation-Specific PCR

For the methylation-specific PCR (MS-PCR) technique, the DNA goes through a
process of bisulphite conversion, which converts all unmethylated cytosine to uracil. Two
pairs of primers are used: one for methylated DNA and one for unmethylated DNA. For
discrimination, at least one CpG site is included in each primer sequence. Using specific
primers for the methylated DNA, successful amplification indicates that the amplified
region is methylated [65].

The main advantages of this method are the high sensitivity and specificity to reveal
the methylation status (Table 1). The drawbacks of this technique are the incomplete
conversion of cytosine to uracil [66], the false-positive results, and the time-consuming
process [67].

Berry-Kravis et al. performed FXS and other FMR1-related disorder diagnoses and
screening using AmplideX Fragile X Dx and the Carrier Screen Kit, which includes two
PCR reactions (one TR-PCR and one MS-PCR). The methylation could be observed with
better precision than the Southern blot method by using a much more specific PCR in cases
where the methylation percentage was over 20%. By the same approach, they were also
able to highlight the AGG interruptions with higher precision in the case of male patients
(by counting peaks and identifying the spaces corresponding to AGG repeats). In the case
of female patients, it lacks precision regarding the localization of the specific allele carrying
the interruptions; however, it is still able to reveal how many AGG interruptions are
present [68]. Furthermore, they accurately quantified the number of repeats, including the
high or intermediary values. The technique can quantify the mosaicism too, as a low-level
peak, depending on mosaicism frequency, but it can also have false-positive results [69].

3.6. Methylation-Specific Multiplex Ligation-Dependent Probe Amplification

Methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA)
can identify the methylation status and the copy number variation. The technical difference
between MLPA and MS-MLPA is the necessity of an additional reaction for the methylation
profiling in which a restriction enzyme HhaI is added to digest unmethylated DNA;
otherwise, if DNA is methylated, digestion is inhibited. One reaction is performed with
only the ligase, the other one with the restriction enzyme and the ligase. The undigested
reaction is used for copy number variation estimation and the reaction with digestion is
used for establishing methylation status [70].

Gatta et al. conducted a retro-prospective study using MS-MLPA ME029. They retro-
spectively analysed 28 cases (23 males and 5 females) with FM, 2 with PM, and 21 normal
controls. Prospectively, they analysed 119 patients of which 98 were intellectually disabled
males, one was a male fetus, and 20 were females (7 with FM, 5 PM, and 8 normal controls).
For all of the patients with FM, MS-MLPA showed the presence of hypermethylation of
the FMR1 promoter, which was confirmed by other techniques. The results for the female
patients could not be analysed due to the presence of 2 X-chromosomes. They also showed
the detection limit for MS-MLPA. They made serial dilutions to 2.5%, whereupon the results
became nonreproducible. The methylated mutation must represent at least 5% of the total
DNA to be visible on MS-MLPA [71].
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While CGG expansion’s repetitive nature makes it challenging to find deleted alleles
in this region, MS-MLPA has the benefit of being effective at evaluating CNVs along the
FMR1 gene in addition to the methylation status. The main limitations of MS-MLPA relate
to the impossibility of detecting inversions or translocations within the gene and the fact
that it cannot count the number of CGG repeats. (Table 1)

3.7. Optical Genome Mapping

Optical genome mapping relies on the capability of the Saphyr system to directly
visualize ultra-long labelled DNA molecules. Ultra-high-molecular-weight DNA with an
average length of 200 kbp is fluorescently labelled at the level of a specific motif sequence
of 6bp (CTTAAG), which occurs approximately every 5 kbp in the human genome. After
that, it is linearized in a nanochannel array (Saphyr chip) and visualized by the Saphyr
system. These labels generate a specific pattern along the DNA molecules, which allows
them to be mapped to a particular region in the reference genome. The generation of these
maps allows the identification of most structural and numerical anomalies, as well as repeat
expansions or contractions (Table 1) [72,73].

For analysis of repeat disorders, Bionano Genomics developed two targeted workflows,
EnFocus FSHD, which measures repeat contractions in facioscapulohumeral muscular
dystrophy, and EnFocus fragile X analysis, which measures repeat expansion in the FMR1
gene. Regarding the predictivity and analytical sensitivity of the EnFocus Fragile X analysis,
they were established at 100% and 97%, respectively [74].

A multisite study by Iqbal et al. compared the analysis of structural variants using
Optical genome mapping (OGM) with the current standard of care represented by chromo-
somal microarray, karyotyping, fluorescence in in situ hybridization, Southern blot analysis,
and PCR, in postnatal constitutional cases. The authors analysed 404 samples using the
Bionano EnFocusTM Fragile X Analysis workflow. A total of 401 of them were able to be
classified as either full expansion or not full expansion. The remaining 3 samples were
classified as inconclusive, the standard of care indicating PM or full expansion close to the
200 repeats threshold. In total, 93 samples representing 33 unique cases were classified as
positive for FMR1 full expansion; these results showed 100% concordance with measure-
ments obtained by the standard of care (Southern blot analysis and PCR) [75]. One caveat
of using OGM for testing FMR1 repeat expansion is that OGM is not suited for testing for
PM or when the number of repeats is near the threshold of 200, in which case, other tests
such as Southern blot or PCR-based techniques may be needed (Table 1). An expansion
above 220 repeats should be considered pathogenic [76].

3.8. Short-Read Sequencing

Short-read sequencing or second-generation sequencing methods are divided into two
categories: sequencing by hybridization and sequencing by synthesis.

Most of the sequencing by synthesis uses a method in which the DNA strands are
separated in millions of wells or fixed in specific locations. The DNA is amplified and then
begins the synthesis reaction in which the labelled nucleotides can be identified [77].

The most popular example of sequencing by synthesis is Illumina, which uses “bridge
amplification”. Approximately 500 bp DNA strands with the adapters on both ends are
used to proceed with repeated amplification reactions on a solid support. The support
contains oligonucleotides complementary to a ligated adapter. There is a space between
the oligonucleotides from the slide, which allows the amplified DNA to create clonal
“clusters” composed of 1000 copies of each oligonucleotide fragment. Many parallel clusters
occur on each glass. The four bases have different fluorescent labels. The nucleotides are
incorporated and identified during the synthesis reaction. The nucleotides also serve as
synthesis terminators for each reaction, which are unblocked following detection for the
subsequent round of synthesis [78].

The advantage of this approach to the diagnosis of fragile X syndrome is the capacity
to resolve rare cases without a high number of STR. The drawbacks are represented by the
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difficulty in correctly mapping the STR to the reference to exactly quantify the number of
them, and its inability to reveal the methylation status (Table 1).

Sitzmann et al. presented the case of a 10-year-old child with a highly suggestive
phenotype for FXS. The number of repetitions identified was 24, which is within normal
ranges. An array was also performed, but the result was not fully correlated with the
phenotype. The diagnosis was clarified after a gene panel, performed on short-read
sequencing, which showed the presence of hemizygous guanine to adenine transition
(c.413G>A) in FMR1 [79]. In the literature, other point mutations are reported, some in
promoter regions [80], or missense mutations present in the FMR1 gene [81]. This kind of
change can easily be revealed on short-read sequencing and can clarify the diagnosis.

3.9. Long-Range Sequencing

Long-range sequencing is represented by two technologies—PacBio sequencing and
Oxford Nanopore sequencing.

PacBio sequencing is a method for real-time sequencing [82]. The information is
captured during the replication process and the template is called SMRT-bell. This is a
single-stranded circular DNA strand, which results from the double-stranded DNA target
molecule. The target molecule has two hairpin adaptors, one at each end. The DNA strands
are ligated on both ends to form a circular DNA molecule [83]. When the template is
loaded, it diffuses in a room called a zero-mode waveguide. Here, a polymerase will start
the replication from one end. The labelled nucleotides emit different light spectra. All of the
images are collected by a “movie”, and all of the impulses from a zero-mode waveguide are
a single nucleotide sequence (continuous long read) [84]. The DNA polymerase completes
multiple circles of the same DNA molecule in a single read, which increases the coverage
(Figure 3) [85].

Figure 3. Principles of PacBio sequencing: (1) High-molecular-weight DNA (HMW DNA) is extracted,
quantified, and fragmented. (2) DNA damage is repaired. (3) The ends of fragmented DNA are
repaired, and hairpin adaptors are ligated on both ends of the double-stranded target DNA resulting
in a circular molecule. (4) The template DNA is purified. (5) Primer annealing. (6) The template
called SMRT-bell is loaded onto SMRT-cell and diffuses in a room called zero-mode waveguide where
the adaptors bind to a polymerase immobilized at the bottom.
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The pace of the polymerase progressing through the DNA strand is registered during
sequencing. The time between nucleotide incorporations is called the interpulse duration
(IPD) and it is different because of the methylation of the DNA. A methyl group on one
nucleotide will affect the incorporation rate of the other nucleotides and can reveal the
methylation status [86].

PacBio sequencing allows the diagnosis of the FXS with amplification or amplification
free. The region is low complexity, which makes it difficult to amplify. For heterozygous
patients with a normal allele and one allele with expansion, it is only possible to amplify
the normal allele [87]. Liang et al. characterized the FMR1 locus with PacBio long-range
sequencing after an amplification. They studied 62 patients. The method quantified the
repeats (93 to 940), identifying the complete mutations in 30 patients. They also identified
both the interruptions and the mosaicism. Two patients had some rare variants, a deletion
of 237 kb and a deletion of 774 kb. The study concluded that the method of long-read
sequencing is 2–4 times more sensitive than TP-PCR [88].

Another possibility is to directly sequence the genomic DNA. Tsai et al. used an
amplification-free abort. They digested the genomic DNA with two restriction enzymes,
ECoRI-HF and BamHI-HF, and cut the SMRT-bell template, which contains the region of
interest with Cas9 (Crispr-associated protein) and cr-RNA complex, which is complemen-
tary to a region near the region of interest. A new adapter was ligated to the digested
template, which had a role in purification with MagBead, to enrich the region of interest.
After this, the DNA was sequenced with PacBio SMRT sequencing. The digestion step had
the role of increasing the on-target reads from 2% to 9%. The advantages of the method are
that it can quantify the number of repeats for FXS, can detect interruptions, and the study
revealed the possibility of targeting multiple regions. The main limitation of this method
is genetic variations. The presence of polymorphisms can guide the cas9 complex to cut
nonspecifically [89].

Oxford Nanopore technology is another long-read sequencing technology. Nanopore
sequencing can directly sequence the nucleotides without synthesis. The technology relies
on the detection of the changes in the ionic current generated by the crossing of a strand of
DNA or RNA through a protein nanopore, stabilized in an electrically resistant polymer.
It can also discriminate between methylated and unmethylated cytosine [90,91]. Oxford
Nanopore technology has multiple approaches in diagnosing FXS, also with amplification
and amplification free.

Payne et al. developed an alternative approach, “Selective sequencing” or “Read until”.
Leveraging the potential of Nanopore sequencers to sequence in real time, it is possible
to selectively sequence the DNA molecules by reversing the voltage across individual
nanopores, which will specifically reject certain molecules of DNA. This results in better
coverage and more on-target reading. Furthermore, the target selection is flexible and does
not require any supplementary laboratory materials [92].

Stevanovski et al. used a custom panel comprising 37 STR loci, including FMR1,
and performed selective sequencing. At the STR site in the FMR1 5′ untranslated region,
they obtained a median of 19 coverage for women and 9 for men. They were able to
quantify the number of repetitions (between 20–654 copies). The technique discriminated
between healthy, PM, and affected patients. Furthermore, the technique identified the AGG
interruption. They also sequenced FMR2, and the results were classified as normal. Another
advantage of this technique is the possibility of methylation profile detection. In this study,
the results revealed hypermethylation in patients with FM (>75% median methylation).
The subjects with PM or normal results had a low methylation frequency, except for one
woman with PM. This woman had a differential methylation between the two FMR1 alleles:
the PM predominant was hypermethylated and the normal allele was unmethylated. The
advantages of this approach are the possibility of adding other targets and the possibility
of seeing epigenetic changes. The main limitation is the modest on-target coverage [93].

Giesselmann et al. tried a different approach using Cas cleavage and sequencing on
Nanopore. They analysed two probes with FMR1-distinct repeat expansion. They also
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developed an algorithm called STRique (short tandem repeat identification, quantification
and evaluation) to quantify the number of repeats. The software aligns the conventional
base-called sequence to the reference. After this, the software maps the limits of each repeat
upstream and downstream. Finally, STRique quantifies the number of repeats. To improve
the coverage for FMR1, they used Crispr-Cas12-a (clustered regularly interspaced short
palindromic repeats), RNP, and Crispr-Cas9 in parallel to cut the DNA. Cas9 sequencing
increased sequencing depth with a reduction for off-target reads. Then, they evaluated the
methylation profile and observed the expanded alleles that were fully methylated. The
results were confirmed with other techniques [94].

Zhou et al. sequenced the locus for FMR1 using the Cas9 approach (Figure 4), quanti-
fying the repetitions and focusing on distal methylation. They suggested that the silencing
of FMR1 could be the result of long-range mechanisms beyond local DNA methylation.
They investigated how the chromatin architecture and epigenetic modifications are altered
throughout the genome as a consequence of a CGG tract length. They analysed pluripotent
stem cell lines differentiated to neural progenitor cells, with a variable number of CGG
repeats, from normal to FM. They cut the DNA around the transcription start site of the
FMR1 gene with Cas9 and then quantified the repetitions with Nanopore sequencing. The
results were in concordance with the number expected. They observed the short muta-
tion length, and the long mutation length differed in the number of uninterrupted CGG
repeats. The long uninterrupted CGG tract was correlated with the spread of the H3k9me3
repressive heterochromatin domain. They confirmed that local DNA methylation leads to
a silent FMR1 gene. They also discovered a large group of genes distal from FMR1 that
are repressed in FXS in concordance with H3K9me3 deposition. The distal genes have
an important role in synaptic plasticity, testis development, and the reproductive system,
which coincide with the phenotype of FXS [95].

Figure 4. Library preparation using targeted Nanopore sequencing with Crispr-Cas9. The HMW
DNA ends are dephosphorylated. Then the Cas9/guide RNA complexes introduce cuts around the
region of interest (ROI). The RNA guides should target a nonrepetitive region and the specificity can
be checked using diverse tools (e.g., Chop-Chop). The Nanopore adaptors are ligated around the ROI
and the samples are loaded into the flow cell.
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Grosso et al. tried a different approach and combined short-read sequencing (Illumina)
with long-read sequencing (Nanopore). They tried to combine the advantages of short-
read and long-read sequencing. The approach is called indirect sequence capture. They
started with a low quantity of DNA with high molecular weight, which is encapsulated
in individual droplets and is used to amplify a sequence of 100–150 bp, which is near the
region of interest. The molecules are recovered after encapsulation, and then long-read
sequencing is performed to quantify the repeats, and short-read sequencing is used to
search for intragenic variants in FMR1. Illumina generated 11,493,290 reads, with 462
coverage on FMR1, and Nanopore generated 170,532 reads with 357 coverage. Nanopore
precisely quantified the number of repeats and interruptions and identified PM and FM.
Then, Illumina sequencing was performed to search for point mutations or deletions, which
had higher coverage than Nanopore [96].

In Table 1, we summarize the applications and the limitations of every technique
previously described.

4. Conclusions

Fragile X syndrome is still a challenging diagnosis for current technologies. Most of
the cases (98%) are the consequence of a high expansion number of CGG repeats, which
leads to hypermethylation of the promoter and silencing of the FMR1 gene.

For correct management of an FXS case, it is necessary to quantify the number of
repeats, analyse the methylation status, identify the level of mosaicism, and detect the
presence of AGG interruptions. For cases without large CGG repeats, the search for point
mutations, deletions, or duplications is indicated.

The classic techniques can provide useful information about repeat numbers, methy-
lation status, AGG interruptions, mosaicism, and PM status. Those techniques can also
identify deletions, duplications, and point mutations, but the major drawback is the use
of complementary techniques and the large amounts of DNA required. Optical genome
mapping enables FXS diagnosis, but cannot precisely identify the number of repetitions,
the methylation status, and interruptions.

Long-read sequencing presents the potential to fully replace classical techniques. The
new technologies are capable of obtaining more information in a single assay. A complete
characterisation of patients will pave the way for a better understanding and management
of the disease and could lead to future therapies. Long-read sequencing is becoming more
accessible, but future studies are needed for it to be optimized and used routinely.

Author Contributions: Conceptualization, C.-G.C., C.-T.M. and M.-C.P.; methodology, L.-M.A. and
C.-G.C.; software, R.P. and K.-A.C.; validation, C.-G.C., I.N., R.P. and C.R.; resources, A.V.I. and
K.-A.C.; data curation, C.R. and M.-C.P.; writing—original draft preparation, C.-G.C., C.-T.M., I.N.,
R.P. and M.-C.P.; writing—review and editing, I.N., R.P., C.-T.M. and M.-C.P.; visualization, R.P., I.N.,
A.V.I. and L.C.; supervision, C.-T.M. and M.-C.P.; All authors contributed equally to this review. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Medical Genetics Department, “Saint Mary” Emergency Children’s Hospital,
Ias, i Romania is part of European Reference Network ERN ITHACA.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Stone, W.L.; Basit, H.; Shah, M.; Los, E. Fragile X Syndrome. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023.
2. Nakahori, Y.; Knight, S.J.L.; Holland, J.; Schwartz, C.; Roche, A.; Tarleton, J.; Wong, S.; Flint, T.J.; Froster-Iskenius, U.;

Bentley, D.; et al. Molecular Heterogeneity of the Fragile X Syndrome. Nucleic Acids Res. 1991, 19, 4355–4359. [CrossRef] [PubMed]

https://doi.org/10.1093/nar/19.16.4355
https://www.ncbi.nlm.nih.gov/pubmed/1886762


Int. J. Mol. Sci. 2023, 24, 9206 13 of 16

3. Devys, D.; Lutz, Y.; Rouyer, N.; Bellocq, J.-P.; Mandel, J.-L. The FMR–1 Protein Is Cytoplasmic, Most Abundant in Neurons and
Appears Normal in Carriers of a Fragile X Premutation. Nat. Genet. 1993, 4, 335–340. [CrossRef] [PubMed]

4. Ciaccio, C.; Fontana, L.; Milani, D.; Tabano, S.; Miozzo, M.; Esposito, S. Fragile X Syndrome: A Review of Clinical and Molecular
Diagnoses. Ital. J. Pediatr. 2017, 43, 39. [CrossRef] [PubMed]

5. Reches, A. Fragile X Syndrome: Introduction. In Fragile-X Syndrome; Ben-Yosef, D., Mayshar, Y., Eds.; Methods in Molecular
Biology; Springer: New York, NY, USA, 2019; Volume 1942, pp. 3–10. ISBN 978-1-4939-9079-5.

6. Hagerman, R.J.; Hagerman, P.J. Fragile X Syndrome. In Outcomes in Neurodevelopmental and Genetic Disorders; Howlin, P.,
Udwin, O., Eds.; Cambridge University Press: Cambridge, UK, 2002; pp. 198–219. ISBN 978-0-521-79721-4.

7. Oakes, A.; Thurman, A.J.; McDuffie, A.; Bullard, L.M.; Hagerman, R.J.; Abbeduto, L. Characterising Repetitive Behaviours in
Young Boys with Fragile X Syndrome: Repetitive Behaviours in FXS. J. Intellect. Disabil. Res. 2016, 60, 54–67. [CrossRef] [PubMed]

8. Crawford, H.; Scerif, G.; Wilde, L.; Beggs, A.; Stockton, J.; Sandhu, P.; Shelley, L.; Oliver, C.; McCleery, J. Genetic Modifiers in Rare
Disorders: The Case of Fragile X Syndrome. Eur. J. Hum. Genet. 2021, 29, 173–183. [CrossRef] [PubMed]

9. Cabal-Herrera, A.M.; Tassanakijpanich, N.; Salcedo-Arellano, M.J.; Hagerman, R.J. Fragile X-Associated Tremor/Ataxia Syndrome
(FXTAS): Pathophysiology and Clinical Implications. Int. J. Mol. Sci. 2020, 21, 4391. [CrossRef]

10. Deng, P.-Y.; Klyachko, V.A. Channelopathies in Fragile X Syndrome. Nat. Rev. Neurosci. 2021, 22, 275–289. [CrossRef]
11. Kumari, D.; Usdin, K. Molecular Analysis of FMR1 Alleles for Fragile X Syndrome Diagnosis and Patient Stratification. Expert

Rev. Mol. Diagn. 2020, 20, 363–365. [CrossRef]
12. Spector, E.; Behlmann, A.; Kronquist, K.; Rose, N.C.; Lyon, E.; Reddi, H.V. Laboratory Testing for Fragile X, 2021 Revision:

A Technical Standard of the American College of Medical Genetics and Genomics (ACMG). Genet. Med. 2021, 23, 799–812.
[CrossRef]

13. Hagerman, R.J.; Berry-Kravis, E.; Hazlett, H.C.; Bailey, D.B.; Moine, H.; Kooy, R.F.; Tassone, F.; Gantois, I.; Sonenberg, N.;
Mandel, J.L.; et al. Fragile X Syndrome. Nat. Rev. Dis. Primer 2017, 3, 17065. [CrossRef]

14. Owens, K.M.; Dohany, L.; Holland, C.; DaRe, J.; Mann, T.; Settler, C.; Longman, R.E. FMR1 Premutation Frequency in a Large,
Ethnically Diverse Population Referred for Carrier Testing. Am. J. Med. Genet. A. 2018, 176, 1304–1308. [CrossRef] [PubMed]

15. Nobile, V.; Pucci, C.; Chiurazzi, P.; Neri, G.; Tabolacci, E. DNA Methylation, Mechanisms of FMR1 Inactivation and Therapeutic
Perspectives for Fragile X Syndrome. Biomolecules 2021, 11, 296. [CrossRef]

16. Verkerk, A.J.M.H.; Pieretti, M.; Sutcliffe, J.S.; Fu, Y.-H.; Kuhl, D.P.A.; Pizzuti, A.; Reiner, O.; Richards, S.; Victoria, M.F.;
Zhang, F.; et al. Identification of a Gene (FMR-1) Containing a CGG Repeat Coincident with a Breakpoint Cluster Region
Exhibiting Length Variation in Fragile X Syndrome. Cell 1991, 65, 905–914. [CrossRef] [PubMed]

17. Naumann, A.; Hochstein, N.; Weber, S.; Fanning, E.; Doerfler, W. A Distinct DNA-Methylation Boundary in the 5′- Upstream
Sequence of the FMR1 Promoter Binds Nuclear Proteins and Is Lost in Fragile X Syndrome. Am. J. Hum. Genet. 2009, 85, 606–616.
[CrossRef] [PubMed]

18. Nolin, S.L.; Glicksman, A.; Tortora, N.; Allen, E.; Macpherson, J.; Mila, M.; Vianna-Morgante, A.M.; Sherman, S.L.; Dobkin, C.;
Latham, G.J.; et al. Expansions and Contractions of the FMR1 CGG Repeat in 5,508 Transmissions of Normal, Intermediate, and
Premutation Alleles. Am. J. Med. Genet. A. 2019, 179, 1148–1156. [CrossRef]

19. Tabolacci, E.; Nobile, V.; Pucci, C.; Chiurazzi, P. Mechanisms of the FMR1 Repeat Instability: How Does the CGG Sequence
Expand? Int. J. Mol. Sci. 2022, 23, 5425. [CrossRef]

20. Johnson, K.; Herring, J.; Richstein, J. Fragile X Premutation Associated Conditions (FXPAC). Front. Pediatr. 2020, 8, 266. [CrossRef]
[PubMed]

21. Valor, L.M.; Morales, J.C.; Hervás-Corpión, I.; Marín, R. Molecular Pathogenesis and Peripheral Monitoring of Adult Fragile
X-Associated Syndromes. Int. J. Mol. Sci. 2021, 22, 8368. [CrossRef]

22. Tassanakijpanich, N.; Hagerman, R.J.; Worachotekamjorn, J. Fragile X Premutation and Associated Health Conditions: A Review.
Clin. Genet. 2021, 99, 751–760. [CrossRef]

23. Fink, D.A.; Nelson, L.M.; Pyeritz, R.; Johnson, J.; Sherman, S.L.; Cohen, Y.; Elizur, S.E. Fragile X Associated Primary Ovarian
Insufficiency (FXPOI): Case Report and Literature Review. Front. Genet. 2018, 9, 529. [CrossRef]

24. Eichler, E.E.; Holden, J.J.A.; Popovich, B.W.; Reiss, A.L.; Snow, K.; Thibodeau, S.N.; Richards, C.S.; Ward, P.A.; Nelson, D.L.
Length of Uninterrupted CGG Repeats Determines Instability in the FMR1 Gene. Nat. Genet. 1994, 8, 88–94. [CrossRef]

25. Fu, Y.-H.; Kuhl, D.P.A.; Pizzuti, A.; Pieretti, M.; Sutcliffe, J.S.; Richards, S.; Verkert, A.J.M.H.; Holden, J.J.A.; Fenwick, R.G.; Warren,
S.T.; et al. Variation of the CGG Repeat at the Fragile X Site Results in Genetic Instability: Resolution of the Sherman Paradox. Cell
1991, 67, 1047–1058. [CrossRef]

26. Yrigollen, C.M.; Durbin-Johnson, B.; Gane, L.; Nelson, D.L.; Hagerman, R.; Hagerman, P.J.; Tassone, F. AGG Interruptions within
the Maternal FMR1 Gene Reduce the Risk of Offspring with Fragile X Syndrome. Genet. Med. 2012, 14, 729–736. [CrossRef]
[PubMed]

27. Taylor, A.K.; Tassone, F.; Dyer, P.N.; Hersch, S.M.; Harris, J.B.; Greenough, W.T.; Hagerman, R.J. Tissue Heterogeneity of TheFMR1
Mutation in a High-Functioning Male with Fragile X Syndrome. Am. J. Med. Genet. 1999, 84, 233–239. [CrossRef]

28. Bjerregaard, V.A.; Garribba, L.; McMurray, C.T.; Hickson, I.D.; Liu, Y. Folate Deficiency Drives Mitotic Missegregation of the
Human FRAXA Locus. Proc. Natl. Acad. Sci. 2018, 115, 13003–13008. [CrossRef] [PubMed]

29. Hoogsteen, K. The Crystal and Molecular Structure of a Hydrogen-Bonded Complex between 1-Methylthymine and
9-Methyladenine. Acta Crystallogr. 1963, 16, 907–916. [CrossRef]

https://doi.org/10.1038/ng0893-335
https://www.ncbi.nlm.nih.gov/pubmed/8401578
https://doi.org/10.1186/s13052-017-0355-y
https://www.ncbi.nlm.nih.gov/pubmed/28420439
https://doi.org/10.1111/jir.12234
https://www.ncbi.nlm.nih.gov/pubmed/26449367
https://doi.org/10.1038/s41431-020-00711-x
https://www.ncbi.nlm.nih.gov/pubmed/32862204
https://doi.org/10.3390/ijms21124391
https://doi.org/10.1038/s41583-021-00445-9
https://doi.org/10.1080/14737159.2020.1729744
https://doi.org/10.1038/s41436-021-01115-y
https://doi.org/10.1038/nrdp.2017.65
https://doi.org/10.1002/ajmg.a.38692
https://www.ncbi.nlm.nih.gov/pubmed/29603880
https://doi.org/10.3390/biom11020296
https://doi.org/10.1016/0092-8674(91)90397-H
https://www.ncbi.nlm.nih.gov/pubmed/1710175
https://doi.org/10.1016/j.ajhg.2009.09.018
https://www.ncbi.nlm.nih.gov/pubmed/19853235
https://doi.org/10.1002/ajmg.a.61165
https://doi.org/10.3390/ijms23105425
https://doi.org/10.3389/fped.2020.00266
https://www.ncbi.nlm.nih.gov/pubmed/32537445
https://doi.org/10.3390/ijms22168368
https://doi.org/10.1111/cge.13924
https://doi.org/10.3389/fgene.2018.00529
https://doi.org/10.1038/ng0994-88
https://doi.org/10.1016/0092-8674(91)90283-5
https://doi.org/10.1038/gim.2012.34
https://www.ncbi.nlm.nih.gov/pubmed/22498846
https://doi.org/10.1002/(SICI)1096-8628(19990528)84:3&lt;233::AID-AJMG14&gt;3.0.CO;2-6
https://doi.org/10.1073/pnas.1808377115
https://www.ncbi.nlm.nih.gov/pubmed/30509972
https://doi.org/10.1107/S0365110X63002437


Int. J. Mol. Sci. 2023, 24, 9206 14 of 16

30. Ajjugal, Y.; Kolimi, N.; Rathinavelan, T. Secondary Structural Choice of DNA and RNA Associated with CGG/CCG Trinucleotide
Repeat Expansion Rationalizes the RNA Misprocessing in FXTAS. Sci. Rep. 2021, 11, 8163. [CrossRef]

31. Weisman-Shomer, P. Interruption of the Fragile X Syndrome Expanded Sequence d(CGG)n by Interspersed d(AGG) Trinucleotides
Diminishes the Formation and Stability of d(CGG)n Tetrahelical Structures. Nucleic Acids Res. 2000, 28, 1535–1541. [CrossRef]

32. Richter, J.D.; Zhao, X. The Molecular Biology of FMRP: New Insights into Fragile X Syndrome. Nat. Rev. Neurosci. 2021, 22,
209–222. [CrossRef]

33. D’Antoni, S.; Spatuzza, M.; Bonaccorso, C.M.; Musumeci, S.A.; Ciranna, L.; Nicoletti, F.; Huber, K.M.; Catania, M.V. Dysregulation
of Group-I Metabotropic Glutamate (MGlu) Receptor Mediated Signalling in Disorders Associated with Intellectual Disability
and Autism. Neurosci. Biobehav. Rev. 2014, 46, 228–241. [CrossRef]

34. Hsu, P.J.; Shi, H.; Zhu, A.C.; Lu, Z.; Miller, N.; Edens, B.M.; Ma, Y.C.; He, C. The RNA-Binding Protein FMRP Facilitates the
Nuclear Export of N6-Methyladenosine–Containing MRNAs. J. Biol. Chem. 2019, 294, 19889–19895. [CrossRef]

35. Alpatov, R.; Lesch, B.J.; Nakamoto-Kinoshita, M.; Blanco, A.; Chen, S.; Stützer, A.; Armache, K.J.; Simon, M.D.; Xu, C.; Ali, M.; et al.
A Chromatin-Dependent Role of the Fragile X Mental Retardation Protein FMRP in the DNA Damage Response. Cell 2014, 157,
869–881. [CrossRef]

36. Shah, S.; Molinaro, G.; Liu, B.; Wang, R.; Huber, K.M.; Richter, J.D. FMRP Control of Ribosome Translocation Promotes Chromatin
Modifications and Alternative Splicing of Neuronal Genes Linked to Autism. Cell Rep. 2020, 30, 4459–4472.e6. [CrossRef]
[PubMed]

37. Krawczun, M.S.; Jenkins, E.C.; Brown, W.T. Analysis of the Fragile-X Chromosome: Localization and Detection of the Fragile Site
in High Resolution Preparations. Hum. Genet. 1985, 69, 209–211. [CrossRef] [PubMed]

38. Green, M.R.; Sambrook, J. Analysis of DNA by Southern Blotting. Cold Spring Harb. Protoc. 2021, 7, 251–256. [CrossRef] [PubMed]
39. Chen, L.; Hadd, A.G.; Sah, S.; Houghton, J.F.; Filipovic-Sadic, S.; Zhang, W.; Hagerman, P.J.; Tassone, F.; Latham, G.J. High-

Resolution Methylation Polymerase Chain Reaction for Fragile X Analysis: Evidence for Novel FMR1 Methylation Patterns
Undetected in Southern Blot Analyses. Genet. Med. 2011, 13, 528–538. [CrossRef] [PubMed]

40. Baker, E.K.; Arpone, M.; Bui, M.; Kraan, C.M.; Ling, L.; Francis, D.; Hunter, M.F.; Rogers, C.; Field, M.J.; Santa María, L.; et al.
Tissue Mosaicism, FMR1 Expression and Intellectual Functioning in Males with Fragile X Syndrome. Am. J. Med. Genet. A. 2023,
191, 357–369. [CrossRef]

41. Rajan-Babu, I.-S.; Chong, S.S. Triplet-Repeat Primed PCR and Capillary Electrophoresis for Characterizing the Fragile X Mental
Retardation 1 CGG Repeat Hyperexpansions. In Clinical Applications of Capillary Electrophoresis; Phillips, T.M., Ed.; Methods in
Molecular Biology; Springer: New York, NY, USA, 2019; Volume 1972, pp. 199–210. ISBN 978-1-4939-9212-6.

42. Warner, J.P.; Barron, L.H.; Goudie, D.; Kelly, K.; Dow, D.; Fitzpatrick, D.R.; Brock, D.J. A General Method for the Detection of
Large CAG Repeat Expansions by Fluorescent PCR. J. Med. Genet. 1996, 33, 1022–1026. [CrossRef]

43. Ciotti, P.; Di Maria, E.; Bellone, E.; Ajmar, F.; Mandich, P. Triplet Repeat Primed PCR (TP PCR) in Molecular Diagnostic Testing for
Friedreich Ataxia. J. Mol. Diagn. 2004, 6, 285–289. [CrossRef] [PubMed]

44. Lan, X.; Li, N.; Wan, H.; Luo, L.; Wu, Y.; Li, S.; An, Y.; Wu, B.-L. Developing a One-Step Triplet-Repeat Primed PCR Assay for
Diagnosing Myotonic Dystrophy. J. Genet. Genomics 2018, 45, 549–552. [CrossRef]

45. Chheda, P.; Chanekar, M.; Salunkhe, Y.; Dama, T.; Pais, A.; Pande, S.; Bendre, R.; Shah, N. A Study of Triplet-Primed PCR for
Identification of CAG Repeat Expansion in the HTT Gene in a Cohort of 503 Indian Cases with Huntington’s Disease Symptoms.
Mol. Diagn. Ther. 2018, 22, 353–359. [CrossRef] [PubMed]

46. Filipovic-Sadic, S.; Sah, S.; Chen, L.; Krosting, J.; Sekinger, E.; Zhang, W.; Hagerman, P.J.; Stenzel, T.T.; Hadd, A.G.;
Latham, G.J.; et al. A Novel FMR1 PCR Method for the Routine Detection of Low Abundance Expanded Alleles and Full
Mutations in Fragile X Syndrome. Clin. Chem. 2010, 56, 399–408. [CrossRef] [PubMed]

47. Tassone, F. Advanced Technologies for the Molecular Diagnosis of Fragile X Syndrome. Expert Rev. Mol. Diagn. 2015, 15,
1465–1473. [CrossRef] [PubMed]

48. Curtis-Cioffi, K.M.C.; Rodrigueiro, D.A.; Rodrigues, V.C.; Cicarelli, R.M.B.; Scarel-Caminaga, R.M. Comparison Between the
Polymerase Chain Reaction-Based Screening and the Southern Blot Methods for Identification of Fragile X Syndrome. Genet. Test.
Mol. Biomark. 2012, 16, 1303–1308. [CrossRef]

49. Rajan-Babu, I.; Lian, M.; Chong, S.S. Triplet-Primed PCR Assays for Accurate Screening of FMR1 CGG Repeat Expansion and
Genotype Verification. Curr. Protoc. 2022, 2, e427. [CrossRef]

50. Bizouarn, F. Introduction to Digital PCR. In Quantitative Real-Time PCR.; Biassoni, R., Raso, A., Eds.; Methods in Molecular
Biology; Springer: New York, NY, USA, 2014; Volume 1160, pp. 27–41. ISBN 978-1-4939-0732-8.

51. Mao, X.; Liu, C.; Tong, H.; Chen, Y.; Liu, K. Principles of Digital PCR and Its Applications in Current Obstetrical and Gynecological
Diseases. Am. J. Transl. Res. 2019, 11, 7209–7222. [PubMed]

52. Quan, P.-L.; Sauzade, M.; Brouzes, E. DPCR: A Technology Review. Sensors 2018, 18, 1271. [CrossRef]
53. Nyaruaba, R.; Mwaliko, C.; Kering, K.K.; Wei, H. Droplet Digital PCR Applications in the Tuberculosis World. Tuberculosis 2019,

117, 85–92. [CrossRef]
54. Campomenosi, P.; Gini, E.; Noonan, D.M.; Poli, A.; D’Antona, P.; Rotolo, N.; Dominioni, L.; Imperatori, A. A Comparison between

Quantitative PCR and Droplet Digital PCR Technologies for Circulating MicroRNA Quantification in Human Lung Cancer.
BMC Biotechnol. 2016, 16, 60. [CrossRef]

https://doi.org/10.1038/s41598-021-87097-y
https://doi.org/10.1093/nar/28.7.1535
https://doi.org/10.1038/s41583-021-00432-0
https://doi.org/10.1016/j.neubiorev.2014.02.003
https://doi.org/10.1074/jbc.AC119.010078
https://doi.org/10.1016/j.cell.2014.03.040
https://doi.org/10.1016/j.celrep.2020.02.076
https://www.ncbi.nlm.nih.gov/pubmed/32234480
https://doi.org/10.1007/BF00293026
https://www.ncbi.nlm.nih.gov/pubmed/4038969
https://doi.org/10.1101/pdb.top100396
https://www.ncbi.nlm.nih.gov/pubmed/34210774
https://doi.org/10.1097/GIM.0b013e31820a780f
https://www.ncbi.nlm.nih.gov/pubmed/21430544
https://doi.org/10.1002/ajmg.a.63027
https://doi.org/10.1136/jmg.33.12.1022
https://doi.org/10.1016/S1525-1578(10)60523-5
https://www.ncbi.nlm.nih.gov/pubmed/15507666
https://doi.org/10.1016/j.jgg.2018.06.008
https://doi.org/10.1007/s40291-018-0327-y
https://www.ncbi.nlm.nih.gov/pubmed/29619771
https://doi.org/10.1373/clinchem.2009.136101
https://www.ncbi.nlm.nih.gov/pubmed/20056738
https://doi.org/10.1586/14737159.2015.1101348
https://www.ncbi.nlm.nih.gov/pubmed/26489042
https://doi.org/10.1089/gtmb.2012.0158
https://doi.org/10.1002/cpz1.427
https://www.ncbi.nlm.nih.gov/pubmed/31934273
https://doi.org/10.3390/s18041271
https://doi.org/10.1016/j.tube.2019.07.001
https://doi.org/10.1186/s12896-016-0292-7


Int. J. Mol. Sci. 2023, 24, 9206 15 of 16

55. Gu, H.; Kim, M.J.; Yang, D.; Song, J.Y.; Cho, S.I.; Park, S.S.; Seong, M.-W. Accuracy and Performance Evaluation of Triplet Repeat
Primed PCR as an Alternative to Conventional Diagnostic Methods for Fragile X Syndrome. Ann. Lab. Med. 2021, 41, 394–400.
[CrossRef]

56. Silva, C.; Maia, N.; Santos, F.; Rodrigues, B.; Marques, I.; Santos, R.; Jorge, P. Development and Validation in 500 Female Samples
of a TP-PCR Assay to Identify AFF2 GCC Expansions. Sci. Rep. 2021, 11, 14676. [CrossRef]

57. Jeon, M.-S.; Jeong, D.M.; Doh, H.; Kang, H.A.; Jung, H.; Eyun, S. A Practical Comparison of the Next-Generation Sequencing
Platform and Assemblers Using Yeast Genome. Life Sci. Alliance 2023, 6, e202201744. [CrossRef]

58. Pervez, M.T.; ul Hasnain, M.J.; Abbas, S.H.; Moustafa, M.F.; Aslam, N.; Shah, S.S.M. A Comprehensive Review of Performance of
Next-Generation Sequencing Platforms. BioMed Res. Int. 2022, 2022, 1–12. [CrossRef] [PubMed]

59. Lestringant, V.; Duployez, N.; Penther, D.; Luquet, I.; Derrieux, C.; Lutun, A.; Preudhomme, C.; West, M.; Ouled-Haddou, H.;
Devoldere, C.; et al. Optical Genome Mapping, a Promising Alternative to Gold Standard Cytogenetic Approaches in a Series of
Acute Lymphoblastic Leukemias. Genes. Chromosomes Cancer 2021, 60, 657–667. [CrossRef]

60. Kojabad, A.A.; Farzanehpour, M.; Galeh, H.E.G.; Dorostkar, R.; Jafarpour, A.; Bolandian, M.; Nodooshan, M.M. Droplet Digital
PCR of Viral DNA/RNA, Current Progress, Challenges, and Future Perspectives. J. Med. Virol. 2021, 93, 4182–4197. [CrossRef]

61. Galimberti, S.; Balducci, S.; Guerrini, F.; Del Re, M.; Cacciola, R. Digital Droplet PCR in Hematologic Malignancies: A New Useful
Molecular Tool. Diagnostics 2022, 12, 1305. [CrossRef]

62. Jin, P.; Gao, X.; Wang, M.; Qian, Y.; Yang, J.; Yang, Y.; Xu, Y.; Xu, Y.; Dong, M. Case Report: Identification of Maternal Low-Level
Mosaicism in the Dystrophin Gene by Droplet Digital Polymerase Chain Reaction. Front. Genet. 2021, 12, 686993. [CrossRef]
[PubMed]

63. Alvarez-Mora, M.I.; Agusti, I.; Wijngaard, R.; Martinez-Barrios, E.; Barcos, T.; Borras, A.; Peralta, S.; Guimera, M.; Goday, A.;
Manau, D.; et al. Evaluation of FMR4, FMR5 and FMR6 Expression Levels as Non-Invasive Biomarkers for the Diagnosis of
Fragile X-Associated Primary Ovarian Insufficiency (FXPOI). J. Clin. Med. 2022, 11, 2186. [CrossRef] [PubMed]

64. Godler, D.E.; Christodoulou, J.; Bruno, D.; Li, X.; Inaba, Y.; Bui, Q.M.; Francis, D.; Elliot, J.; Wotton, T.; Cohen, J.; et al. The Use of
Droplet Digital PCR and High Resolution Melt for Detection of Low Level Mosaicism. Pathology 2018, 50, S30. [CrossRef]

65. Ku, J.-L.; Jeon, Y.-K.; Park, J.-G. Methylation-Specific PCR. In Epigenetics Protocols; Tollefsbol, T.O., Ed.; Methods in Molecular
Biology; Humana Press: Totowa, NJ, USA, 2011; Volume 791, pp. 23–32. ISBN 978-1-61779-315-8.

66. Khodadadi, E.; Fahmideh, L.; Khodadadi, E.; Dao, S.; Yousefi, M.; Taghizadeh, S.; Asgharzadeh, M.; Yousefi, B.; Kafil, H.S. Current
Advances in DNA Methylation Analysis Methods. BioMed Res. Int. 2021, 2021, 1–9. [CrossRef] [PubMed]

67. Weisenberger, D.J.; Trinh, B.N.; Campan, M.; Sharma, S.; Long, T.I.; Ananthnarayan, S.; Liang, G.; Esteva, F.J.; Hortobagyi, G.N.;
McCormick, F.; et al. DNA Methylation Analysis by Digital Bisulfite Genomic Sequencing and Digital MethyLight. Nucleic Acids
Res. 2008, 36, 4689–4698. [CrossRef]

68. Berry-Kravis, E.; Zhou, L.; Jackson, J.; Tassone, F. Diagnostic Profile of the AmplideX Fragile X Dx and Carrier Screen Kit for
Diagnosis and Screening of Fragile X Syndrome and Other FMR1-Related Disorders. Expert Rev. Mol. Diagn. 2021, 21, 255–267.
[CrossRef] [PubMed]

69. Nolin, S.L.; Glicksman, A.; Ersalesi, N.; Dobkin, C.; Ted Brown, W.; Cao, R.; Blatt, E.; Sah, S.; Latham, G.J.; Hadd, A.G. Fragile
X Full Mutation Expansions Are Inhibited by One or More AGG Interruptions in Premutation Carriers. Genet. Med. 2015, 17,
358–364. [CrossRef]

70. Nygren, A.O.H. Methylation-Specific MLPA (MS-MLPA): Simultaneous Detection of CpG Methylation and Copy Number
Changes of up to 40 Sequences. Nucleic Acids Res. 2005, 33, e128. [CrossRef]

71. Gatta, V.; Gennaro, E.; Franchi, S.; Cecconi, M.; Antonucci, I.; Tommasi, M.; Palka, G.; Coviello, D.; Stuppia, L.; Grasso, M.
MS-MLPA Analysis for FMR1 Gene: Evaluation in a Routine Diagnostic Setting. BMC Med. Genet. 2013, 14, 79. [CrossRef]

72. Delpu, Y.; Barseghyan, H.; Bocklandt, S.; Hastie, A.; Chaubey, A. Next-Generation Cytogenomics: High-Resolution Structural
Variation Detection by Optical Genome Mapping. In Cytogenomics; Elsevier: Amsterdam, The Netherlands, 2021; pp. 123–146.
ISBN 978-0-12-823579-9.

73. Barseghyan, H.; Chun Pang, A.W.; Chaubey, A.; Hastie, A. EP317: Comparative Benchmarking of Optical Genome Mapping and
Chromosomal Microarray Reveals High Technological Concordance in CNV Identification and Structural Variant Refinement.
Genet. Med. 2022, 24, S199. [CrossRef]

74. Muggli, M.; Ramandi, B.; Miller, N.; Zhang, D.; Lam, E.; Wang, J.; Wang, T.; Lee, J.; Pang, A.; Sadowski, H.; et al. EP379: Optical
Genome Mapping for High Throughput Analysis of Repeat Expansion Disorders. Genet. Med. 2022, 24, S238. [CrossRef]

75. Iqbal, M.A.; Broeckel, U.; Levy, B.; Skinner, S.; Sahajpal, N.S.; Rodriguez, V.; Stence, A.; Awayda, K.; Scharer, G.; Skinner, C.; et al.
Multisite Assessment of Optical Genome Mapping for Analysis of Structural Variants in Constitutional Postnatal Cases. J. Mol.
Diagn. 2023, 25, 175–188. [CrossRef] [PubMed]

76. Sahajpal, N.S.; Barseghyan, H.; Kolhe, R.; Hastie, A.; Chaubey, A. Optical Genome Mapping as a Next-Generation Cytogenomic
Tool for Detection of Structural and Copy Number Variations for Prenatal Genomic Analyses. Genes 2021, 12, 398. [CrossRef]
[PubMed]

77. Heather, J.M.; Chain, B. The Sequence of Sequencers: The History of Sequencing DNA. Genomics 2016, 107, 1–8. [CrossRef]
78. Slatko, B.E.; Gardner, A.F.; Ausubel, F.M. Overview of Next-Generation Sequencing Technologies. Curr. Protoc. Mol. Biol. 2018,

122, 9–10. [CrossRef]

https://doi.org/10.3343/alm.2021.41.4.394
https://doi.org/10.1038/s41598-021-93473-5
https://doi.org/10.26508/lsa.202201744
https://doi.org/10.1155/2022/3457806
https://www.ncbi.nlm.nih.gov/pubmed/36212714
https://doi.org/10.1002/gcc.22971
https://doi.org/10.1002/jmv.26846
https://doi.org/10.3390/diagnostics12061305
https://doi.org/10.3389/fgene.2021.686993
https://www.ncbi.nlm.nih.gov/pubmed/34276787
https://doi.org/10.3390/jcm11082186
https://www.ncbi.nlm.nih.gov/pubmed/35456280
https://doi.org/10.1016/j.pathol.2017.12.070
https://doi.org/10.1155/2021/8827516
https://www.ncbi.nlm.nih.gov/pubmed/33824878
https://doi.org/10.1093/nar/gkn455
https://doi.org/10.1080/14737159.2021.1899812
https://www.ncbi.nlm.nih.gov/pubmed/33666525
https://doi.org/10.1038/gim.2014.106
https://doi.org/10.1093/nar/gni127
https://doi.org/10.1186/1471-2350-14-79
https://doi.org/10.1016/j.gim.2022.01.352
https://doi.org/10.1016/j.gim.2022.01.414
https://doi.org/10.1016/j.jmoldx.2022.12.005
https://www.ncbi.nlm.nih.gov/pubmed/36828597
https://doi.org/10.3390/genes12030398
https://www.ncbi.nlm.nih.gov/pubmed/33799648
https://doi.org/10.1016/j.ygeno.2015.11.003
https://doi.org/10.1002/cpmb.59


Int. J. Mol. Sci. 2023, 24, 9206 16 of 16

79. Sitzmann, A.F.; Hagelstrom, R.T.; Tassone, F.; Hagerman, R.J.; Butler, M.G. Rare FMR1 Gene Mutations Causing Fragile X
Syndrome: A Review. Am. J. Med. Genet. A. 2018, 176, 11–18. [CrossRef] [PubMed]

80. Collins, S.C.; Bray, S.M.; Suhl, J.A.; Cutler, D.J.; Coffee, B.; Zwick, M.E.; Warren, S.T. Identification of Novel FMR1 Variants by
Massively Parallel Sequencing in Developmentally Delayed Males. Am. J. Med. Genet. A. 2010, 152A, 2512–2520. [CrossRef]
[PubMed]

81. Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and Guidelines for the Interpretation of Sequence Variants: A Joint Consensus Recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405–424. [CrossRef] [PubMed]

82. Travers, K.J.; Chin, C.-S.; Rank, D.R.; Eid, J.S.; Turner, S.W. A Flexible and Efficient Template Format for Circular Consensus
Sequencing and SNP Detection. Nucleic Acids Res. 2010, 38, e159. [CrossRef]

83. Chintalaphani, S.R.; Pineda, S.S.; Deveson, I.W.; Kumar, K.R. An Update on the Neurological Short Tandem Repeat Expansion
Disorders and the Emergence of Long-Read Sequencing Diagnostics. Acta Neuropathol. Commun. 2021, 9, 98. [CrossRef] [PubMed]

84. Rhoads, A.; Au, K.F. PacBio Sequencing and Its Applications. Genom. Proteom. Bioinform. 2015, 13, 278–289. [CrossRef]
85. Wenger, A.M.; Peluso, P.; Rowell, W.J.; Chang, P.-C.; Hall, R.J.; Concepcion, G.T.; Ebler, J.; Fungtammasan, A.; Kolesnikov, A.;

Olson, N.D.; et al. Accurate Circular Consensus Long-Read Sequencing Improves Variant Detection and Assembly of a Human
Genome. Nat. Biotechnol. 2019, 37, 1155–1162. [CrossRef]

86. Ardui, S.; Ameur, A.; Vermeesch, J.R.; Hestand, M.S. Single Molecule Real-Time (SMRT) Sequencing Comes of Age: Applications
and Utilities for Medical Diagnostics. Nucleic Acids Res. 2018, 46, 2159–2168. [CrossRef]

87. Chakraborty, S.; Vatta, M.; Bachinski, L.L.; Krahe, R.; Dlouhy, S.; Bai, S. Molecular Diagnosis of Myotonic Dystrophy. Curr. Protoc.
Hum. Genet. 2016, 91, 9–29. [CrossRef]

88. Liang, Q.; Liu, Y.; Liu, Y.; Duan, R.; Meng, W.; Zhan, J.; Xia, J.; Mao, A.; Liang, D.; Wu, L. Comprehensive Analysis of Fragile X
Syndrome: Full Characterization of the FMR1 Locus by Long-Read Sequencing. Clin. Chem. 2022, 68, 1529–1540. [CrossRef]

89. Tsai, Y.-C.; Greenberg, D.; Powell, J.; Höijer, I.; Ameur, A.; Strahl, M.; Ellis, E.; Jonasson, I.; Pinto, R.M.; Vanessa, C. Amplification-
Free, CRISPR-Cas9 Targeted Enrichment and SMRT Sequencing of Repeat-Expansion Disease Causative Genomic Regions.
bioRxiv 2017. [CrossRef]

90. Feng, Y.; Zhang, Y.; Ying, C.; Wang, D.; Du, C. Nanopore-Based Fourth-Generation DNA Sequencing Technology. Genom. Proteom.
Bioinform. 2015, 13, 4–16. [CrossRef] [PubMed]

91. Kono, N.; Arakawa, K. Nanopore Sequencing: Review of Potential Applications in Functional Genomics. Dev. Growth Differ. 2019,
61, 316–326. [CrossRef] [PubMed]

92. Payne, A.; Holmes, N.; Clarke, T.; Munro, R.; Debebe, B.J.; Loose, M. Readfish Enables Targeted Nanopore Sequencing of
Gigabase-Sized Genomes. Nat. Biotechnol. 2021, 39, 442–450. [CrossRef] [PubMed]

93. Stevanovski, I.; Chintalaphani, S.R.; Gamaarachchi, H.; Ferguson, J.M.; Pineda, S.S.; Scriba, C.K.; Tchan, M.; Fung, V.; Ng, K.;
Cortese, A.; et al. Comprehensive Genetic Diagnosis of Tandem Repeat Expansion Disorders with Programmable Targeted
Nanopore Sequencing. Sci. Adv. 2022, 8, eabm5386. [CrossRef] [PubMed]

94. Giesselmann, P.; Brändl, B.; Raimondeau, E.; Bowen, R.; Rohrandt, C.; Tandon, R.; Kretzmer, H.; Assum, G.; Galonska, C.;
Siebert, R.; et al. Analysis of Short Tandem Repeat Expansions and Their Methylation State with Nanopore Sequencing.
Nat. Biotechnol. 2019, 37, 1478–1481. [CrossRef] [PubMed]

95. Zhou, L.; Ge, C.; Malachowski, T.; Kim, J.H.; Chandradoss, K.R.; Su, C.; Wu, H.; Rojas, A.; Wallace, O.; Titus, K.R.; et al. Spatially
Coordinated Heterochromatinization of Distal Short Tandem Repeats in Fragile X Syndrome. bioRxiv 2021. [CrossRef]

96. Grosso, V.; Marcolungo, L.; Maestri, S.; Alfano, M.; Lavezzari, D.; Iadarola, B.; Salviati, A.; Mariotti, B.; Botta, A.;
D’Apice, M.R.; et al. Characterization of FMR1 Repeat Expansion and Intragenic Variants by Indirect Sequence Capture.
Front. Genet. 2021, 12, 743230. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/ajmg.a.38504
https://www.ncbi.nlm.nih.gov/pubmed/29178241
https://doi.org/10.1002/ajmg.a.33626
https://www.ncbi.nlm.nih.gov/pubmed/20799337
https://doi.org/10.1038/gim.2015.30
https://www.ncbi.nlm.nih.gov/pubmed/25741868
https://doi.org/10.1093/nar/gkq543
https://doi.org/10.1186/s40478-021-01201-x
https://www.ncbi.nlm.nih.gov/pubmed/34034831
https://doi.org/10.1016/j.gpb.2015.08.002
https://doi.org/10.1038/s41587-019-0217-9
https://doi.org/10.1093/nar/gky066
https://doi.org/10.1002/cphg.22
https://doi.org/10.1093/clinchem/hvac154
https://doi.org/10.1101/203919
https://doi.org/10.1016/j.gpb.2015.01.009
https://www.ncbi.nlm.nih.gov/pubmed/25743089
https://doi.org/10.1111/dgd.12608
https://www.ncbi.nlm.nih.gov/pubmed/31037722
https://doi.org/10.1038/s41587-020-00746-x
https://www.ncbi.nlm.nih.gov/pubmed/33257864
https://doi.org/10.1126/sciadv.abm5386
https://www.ncbi.nlm.nih.gov/pubmed/35245110
https://doi.org/10.1038/s41587-019-0293-x
https://www.ncbi.nlm.nih.gov/pubmed/31740840
https://doi.org/10.1101/2021.04.23.441217
https://doi.org/10.3389/fgene.2021.743230

	Introduction 
	Genetics, Epidemiology, and Aetiology 
	Cytogenetic and Molecular Diagnosis for Fragile X Syndrome 
	Karyotyping 
	Southern Blot 
	Triplet Repeat Primed PCR (TP-PCR) 
	Digital PCR 
	Methylation-Specific PCR 
	Methylation-Specific Multiplex Ligation-Dependent Probe Amplification 
	Optical Genome Mapping 
	Short-Read Sequencing 
	Long-Range Sequencing 

	Conclusions 
	References

