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Abstract

Fragile X syndrome (FXS), a trinucleotide repeat disorder, is the most common heritable form of
cognitive impairment. Since the discovery of the FMRI gene in 1991, great strides have been
made in the field of molecular diagnosis for FXS. Cytogenetic analysis, which was the method of
diagnosis in the early 1990, was replaced by Southern blot and PCR analysis albeit with some
limitations. In the past few years many PCR-based methodologies, able to amplify large full
mutation expanded alleles, with or without methylation, have been proposed. Reviewed here are
the advantages, disadvantages and limitations of the most recent developments in the field of FXS
diagnosis.

Introduction

Fragile X syndrome (FXS) (OMIM 300624) is an X-linked disorder and the leading cause of

intellectual disabilities (ID). Individuals with FXS can suffer from an array of behavioral,
cognitive, neurologic, and physical problems of varying degree, seizure, and
macroorchidism (1); approximately 60% can present with autism making FXS the leading
monogenic cause of autism spectrum disorders (2—4). In addition to cognitive impairment
and typical physical features, individuals with FXS are at increased risk for maladaptive
behaviors or symptoms, including social anxiety and withdrawal, social deficits,
abnormalities in communication, unusual responses to sensory stimuli, stereotypic behavior,
impulsivity, hyperactivity, aggression, and self-injurious behaviors.

FXS is caused by a CGG trinucleotide expansion, greater than 200 repeats, in the 5’UTR of
the fragile X mental retardation 1 gene (FMRI), which leads to methylation and
transcriptional silencing of the gene with consequent lack of the encoded product, FMRP (5,
6). FMRP is an RNA binding protein that acts as a translational repressor of many mRNA
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targets at the synapse, thus, it plays a key role in synaptic maturation, plasticity and function
(7, 8).

Smaller premutation expansions (55-200 CGG repeats) also can lead to a constellation of
neurodevelopmental problems, including autism spectrum disorder, attention deficit
hyperactivity disorders and seizures (9-11). In addition, individual carriers of a premutation
allele are at risk for primary ovarian insufficiency and for the late-adult-onset
neurodegenerative disorder, fragile X-associated tremor/ataxia syndrome (FXTAS) (12). The
broad spectrum of clinical involvement (referred to as FMR1-associated disorders) is caused
by a completely distinct mechanism from that leading to FXS, one involving CGG-repeat-
induced toxicity due to elevated FMRI mRNA levels (13, 14). Interestingly, subjects
carrying an allele with a CGG repeat number within the intermediate range (45-54 CGG
repeats) have been reported to show similar phenotypes to those observed in premutation
carriers, including neurological and cognitive signs and endocrinal problems (15-19) in
addition to showing an altered molecular phenotype including elevated FMRIMRNA and
low FMRP expression levels (20-23).

The significant clinical overlap between FXS and the premutation disorders has recently led
to the introduction of the term fragile X spectrum disorder (FXSD) (24) to indicate the
continuity of clinical involvement expanded alleles including even those in the gray zone (45
to 54 CGG repeats) and extending throughout the premutation and into the full mutation
range.

FMR1 allele categories and prevalence

The CGG repeat is highly polymorphic and according to the American College of Medical
Genetics guidelines (25, 26) can be divided into four distinct FMMR1 allelic categories: a)
normal alleles harboring between 6 and 44 CGG repeats, with the most common alleles in
the general population being 29 and 30 CGG repeats; b) intermediate or gray zone alleles
between 45 and 54 CGG repeats; ¢) premutation alleles harboring between 55 and 200 CGG
repeats and d) full mutation alleles with greater than 200 CGG repeats. At least 40% of
individuals with a full mutation can present with mosaicism (27), which can be
differentiated in size mosaicism and methylation mosaicism. In the FXS field size
mosaicism is defined as having both premutation and full mutation alleles, not simply
multiple full mutation or premutation alleles. Individuals with methylation mosaicism have
cells with unmethylated alleles, which can span the entire CGG size range, and cells with
methylated alleles, usually in the full mutation range.

Approximately 1 in 5000 males and 1 in 2500 — 8000 females have FXS (reviewed in 28).
The prevalence of premutation alleles varies across populations ranging from 110 to 250 in
females and from 260 and 810 in males (28, 29). The prevalence of intermediate alleles has
been determined in many studies and varies between 1:22—66 in females and 1:42-112 in
males. The wide variations in prevalence observed in different studies likely depend on the
CGG repeat range adopted for each category in any given study and possibly on ethnicity
(28).

Expert Rev Mol Diagn. Author manuscript; available in PMC 2016 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tassone Page 3

The molecular diagnosis of fragile X syndrome

Recent advances in the field of molecular diagnosis of FXS have been made since the
discovery of the FMRI gene in 1991 (30-33). Prior to the identification of the FMRI gene,
culturing cells in a folate-deficient medium followed by cytogenetic analysis was the method
of choice for the diagnosis for FXS. However, this approach, while assessing for the
presence of “fragile sites” (visualized as discontinuity of staining in the region of the gene)
on the long arm of the X chromosome, proved to be difficult (34) as the fragile site was
often seen only in small percent of cells. This was not as much as of a problem in males,
where the fragile site could generally be seen in at least 10% of cells, but rather in female,
where the mutation often could not be visualized.

Thus, research for approximately the past 20 years has focused on the acquisition of more
sensitive, mostly PCR-based, molecular techniques and several approaches have been
developed, although with different limitations mainly driven by the intractability of
expanded CGG repeats. Indeed, currently the diagnosis of FXS is generally based on the
measurement of the CGG repeat size and the assessment of the methylation status of the
FMR1 gene, using mainly PCR-based approaches.

The gold standard DNA methodologies for the diagnosis of FXS use a combination of
polymerase chain reaction (PCR), particularly useful for CGG sizing within the premutation
range and, Southern blot analysis for sizing larger alleles and for determining their
methylation status (Figure 1). However, it is worth noting that, because these methodologies
only test for expansion of the CGG repeat, any individual with FXS caused by a deletion or
by a missense mutation, which may include all or portions of the FMRI gene, will not be
detected using this test (35). Although FXS is caused in most of the cases, by the CGG
expansion, other mutations, even if not very frequent, can lead to FXS. Many of these cases
have indeed been described and many small, gross deletions, splicing, missense, nonsense
mutations have been identified and are reported in the Human Gene Mutation Database
(http://www.hgmd.cf.ac.uk/ac/gene.php?gene=FMR1) (36). Because Southern blot and PCR
analysis do not identify these mutations, their prevalence is not known.

Southern blot analysis is a costly and time consuming procedure that requires larger amount
of high molecular weight genomic DNA (37, 38) than does PCR but allows the unbiased
detection of larger alleles, difficult to achieve by PCR and, importantly, also provides
information on allele methylation. However, because only a limited number of samples can
be run simultaneously, a high throughput cannot be achieved with this method. As
alternative to Southern Blot analysis, several PCR-based diagnostic strategies have been
proposed in the past several years for the identification of FAMRI gene CGG repeat
expansions. Conventional PCR-based methodologies do not reliably achieve CGG
amplification as this is particularly problematic due to the high CG content and to the
tendency to form undenaturable secondary structures; thus, the amplification is mostly
limited to alleles spanning from the normal to the lower premutation range.

The combinations of polymerases and co-solvents, such as DMSO and betaine (37, 39-43)
are generally used to overcome this issue. Most of these approaches rely on the use of 7-
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deaza-2’-GTP, which greatly reduces the detection of stained PCR products with ethidium
bromide (37) and thus requires an additional detection method (such as silver staining or
hybridization with a radioactive or chemiluminescent probe). The use of betaine instead of
DMSO to reduce secondary structures, or the Expand Long Template PCR system, have
been independently proposed in the analysis of repeat expansions, including CGG, often in
the context of fluorescent PCR-based assays (41-43).

The Expand Long Template PCR system in conjunction with the osmolyte betaine proposed
by Saluto and collaborators (44) can amplify CGG repeat expansions ranging from the
normal throughout the premutation range in both genders. A robust FMR1 gene—specific
PCR technology has also demonstrated to be able to accurately identify expanded FMR1
alleles including very large full mutation alleles and present at low abundance. This
approach was validated using a series of samples previously evaluated by the combination of
polymerase chain reaction (PCR) and Southern blot analysis producing a strong correlation
with the results obtained with Southern blot analysis (45). However, these assays are not
always able to resolve the apparent homozygosity in females (two normal identical FMR1
alleles vs one normal allele and one unamplified full mutation allele). This obstacle was
overcome by the development of the hybrid PCR primer (so named CGG linker primer) that
by annealing randomly within the CGG repeat region, creates multiple PCR-amplified
products visualized as a smear on agarose gel (46) or as a series of peaks on a capillary
electrophoresis (CE) (47) (Figure 1). The CGG linker PCR-based approach which amplifies
large FMR1 expanded alleles (46), has been further developed as triplet repeat-primed PCR
(TR-PCR) method and has been utilized by several laboratories to replace the use of
Southern Blot analysis (45, 47-51) (Figure 1). These studies, and others (51, 52) have
validated this PCR approach by providing comparable results to the combination of PCR/
Southern blot methodologies. The TR-PCR assay utilizes two primers targeting sequences
outside the CGG repeat region and, the CGG primer, which anneals within the CGG region.
Thus multiple PCR products are amplified and visualized as serial or stutter peaks on CE
(Figure 1). TR-PCR is capable of identifying all expanded alleles from the normal
throughout the full mutation range, of distinguishing normal from full mutation females and
it provides CGG sizing information.

Importantly, the use of the CGG primer has allowed one to determine the number and
location of the AGG interruptions (Figure 1) which when present within the CGG repeat
locus, stabilizes the gene during transmission (53), presumably by decreasing the risk of
DNA polymerase slippage during DNA replication (54). As premutation alleles are very
unstable and tend to expand during transmission, women who carry premutation alleles are
at risk of having a child with FXS. Their mode of transmission, which explains the Sherman
paradox (55), is such that the risk of expansion for any given premutation allele increases
with the number of CGG repeats and also with the presence of AGG interruption (55, 56).
Knowledge of the number and position of the AGG interruptions within a premutation allele
has permitted the development of a model for estimating the risk of expansion to a full
mutation given the total CGG length, number of AGG interruptions and maternal age (56,
57). The AGG interruptions also facilitate assessment of the magnitude of the
intergenerational allele expansion from the normal to the premutation range (56-59). This
information can be very useful in genetic counseling for premutation carriers as it allows
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assessment of the risk of expansion in their offspring. Indeed the information gained from
AGG analysis can help in reproductive decision-making and options for premutation
carriers.

Methylation status

Although several of the current “CGG sizing” methodologies can amplify alleles throughout
the full mutation range (44, 45, 47, 49, 50, 60) they cannot determine methylation status, the
epigenetic modification leading to FXS. This is of relevance for the diagnosis of FXS as the
degree of methylation has been shown to be associated with the degree of intellectual
disabilities and/or of the clinical involvement (38, 61-63).

Methylation specific PCR approaches using bisulfite modification of the CGG repeat
sequence are based on the conversion of unmethylated cytosine into uracil residues, with
methylated cytosine remaining resistant to this modification (64). When amplified and
sequenced, this “modified DNA” can provide information about methylation at specific CpG
sites within the amplified DNA sequence (65). Although the use of PCR-based amplification
coupled with bisulfite modification, while attractive for subsequent long PCR amplification,
it could fail unpredictably due to the well-known degradation of DNA during the bisulfite
conversion process (66). Nevertheless, the PCR/bisulfite is an approach that has been
proposed for the detection of fragile X syndrome (67), for methylation analysis of FXS (68,
69) and successfully used to establish the prevalence of full mutations, in a very large
sample size of males from the general population (70).

Additional PCR-based methods for the detection of methylation in the FMR1 gene have
been developed, mainly based on the use of methylation sensitive restriction enzymes,
followed by PCR and visualization of the amplified products by CE (71-73). Specifically,
multiplex ligation-dependent probe amplification techniques (MS-MLPA) have been
proposed to distinguish premutation from full mutation alleles; however, these methods are
limited to males and therefore less useful for females with an expanded allele (72). More
recently, Chen et al. (71) have developed a high resolution methylation PCR able to assess
allele-specific methylation states in both genders and even for low abundance alleles,
observed in some mosaic males that go undetected by Southern blot analysis. However,
although the percent of methylation for each allele can be easily determined, the assessment
of the total methylation levels appears to be more complex. A novel and alternative PCR
approach in which the bisulfite treatment is followed by a melting curve analysis was
recently proposed and based on the melting temperatures of different PCR amplified
products (Fig. 1). Coupled to either a methylation specific (MCA; (74)) or a multiplex
methylation specific real time PCR (MM-RTPCR) (69), it can differentiate between different
PCR amplicons as they melt at specific temperatures and it allows the quantification of the
methylation status. In a more recent study, Lim GX, et al. (75) validated this approach as
screening tool for the identification of expanded FMR1 alleles, showing high analytic
specificity and sensitivity. Since there is no need to analyze the amplified products by gel
electrophoresis, this approach has the advantage of reducing the risk of contamination and
may be more cost effective of those methodologies that require more post-PCR analysis and
more expensive equipments/reagents such as capillary electrophoresis. However, the TP-
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PCR with MCA approach has the limitation of being very laborious, not being able to
distinguish between premutation and full mutation alleles and proven to be not as sensitive
for the detection of full mutation females. Lastly and very importantly it does not provide
CGG repeat size and FMRI methylation status (75). However, it may represent a valid
screening tool to use in a large population screening studies where the initial step flags for
the presence of an expanded allele (>55 CGG repeats).

Finally, a matrix-assisted laser desorption/ionization-time of flight mass spectrometry
(MALDI-TOF MS) test can assess the methylation status in large segments of the FMR1
gene from a number of different tissues (76). This approach interrogates two regions within
the FMRI gene, namely fragile X related epigenetic 1 (FREE1) and 2 (FREE2) and was
proposed as unique tool for both FXS diagnosis and for population screening for FXS (76,
77). These regions, located within the FMRI promoter (FREE1) and within exonl/intronl
(FREEZ2) are methylated in FXS but unmethylated in typical developing controls or in those
carrying small-expanded alleles. The methylation status of these regions associates with the
methylation in the FMR1 promoter region in subjects with FXS, with FMRP expression
(76), and with an increased risk for clinical involvement in premutation carriers including
comorbid dysexecutive and social anxiety symptoms, verbal impairment and working
memory in premutation women (78-80). As the other bisulfite based approach, the MALDI-
TOF MS possesses the limitation that females with a full mutation or carriers cannot be
easily distinguished from normal females.

Interestingly, in a recent report, a potential approach based on the use of the single-molecule
real-time (SMRT) sequencing proved, for the first time, to be suited for long, repetitive DNA
sequences, including CGG expanded repeat alleles (81). The study reported on the
sequencing of an expanded FMR1 allele of 750 CGG-repeat, therefore in the full mutation
range, demonstrating that sequencing long expanded CG rich regions is feasible. Indeed,
until recently, conventional DNA sequencing technologies have been unable to sequence
repeat-expansion alleles; thus, the real-time SMRT sequencing could represent a potential
future tool for the diagnosis of FXS and future studies could also lead to further
development providing information on differential methylation, particularly in mosaic
individuals. Moreover, this could eventually permit genotyping in a high-throughput mode
required for the screening large populations for CGG repeat alleles.

Population screening

The development of these PCR-based methodologies has also given impetus to several large
population efforts. Population screening for FXS, including pre-conception, prenatal,
newborn, carriers and high risk screening, has been proposed for the identification of
expanded alleles in the general population, to rule out FXS or the presence of a premutation
alleles in populations at risk for FMR1 associated disorders (29, 70, 82, 83) but has been
prevented, for many years, by the lack of a rapid and cost effective test. As mentioned above,
accurate diagnostic DNA testing has been available for a long time and traditionally
included a combination of conventional PCR and Southern Blot analysis. However, because
it is an expensive methodology and requires large amount of template DNA, this combined
approach is not suitable for large population screening. The development of novel PCR
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based approaches, particularly the ones based on the use of the triplet-primed PCR, of the
melting curve analysis or of the fragile X-related epigenetic FREE2 FMR1 methylation, has
changed this scenario. These methodologies, although can present with some of the issues
discussed above, are able to flag the presence of an expanded allele, are rapid, can be cost-
effective and importantly they work with small amount of DNA as the one provided by
blood spots cards (28, 70), 75, 77) satisfying therefore, the requirement for a valid and
effective screening tool for expanded alleles of the FMR1 gene in a large sample size.

FXS is not included in the Recommended Uniform Screening Panel (RUSP) (84) although
patient advocates have generally favorable opinions about earlier identification and feel that
early identification of children with FXS could certainly benefit them as well as the families.
Their reasoning includes access to services, avoid the diagnostic odyssey, and providing
access to participate in behavioral and pharmacological intervention studies. Offering an
expanded newborn screening panel under a research protocol with opt-in informed consent,
to which families have a choice to participate, could represent a possible alternative. This
will lead to a gain of knowledge about the true prevalence of expanded FMRI alleles and
will allow to determining potential patterns of symptom at earlier stages (85, 86). However,
the presence of FMR1 expanded alleles is not clinically limited to FXS but it extends to
premutation carriers, who can develop a number of medical, cognitive, and emotional
problems. Specifically carrier females are at risk for Fragile X-associated Primary Ovarian
Insufficiency (FXPOI) (87) and both males and females are at risk for Fragile X-associated
Tremor Ataxia Syndrome (FXTAS) (88). In addition, several premutation carriers can
present a risk for autism spectrum disorders, seizures, learning disabilities, anxiety,
depression attention and visual perceptual deficits (89-92). The identification of premutation
carriers and family members at risk for these conditions has led to a controversial debate on
when it is the right timing for the early identification of expanded FMRI alleles. Prenatal
and preconception screening will mainly identify premutation carriers. The issues raised by
offering carriers screening in pregnant and not pregnant women from the general population
have been discussed in a number of studies (93-96) and focused on the significance of
obtaining reproductive options and family planning and indicated the importance of ensuring
informed decisions and wide accessibility and facilitation of decision-making.
Recommendations should perhaps include FMR1 screening of general population to all
preconception and prenatal women regardless of their family history, which is cost effective
when considering the costs associated with raising a child with FXS

Carrier screening represents a controversial issue because the identification of a carrier
status can inform about personal health risks particularly related to late-onset neurological
problems, FXTAS, anxiety, depression, or other medical conditions documented in
premutation carriers (12). However, knowing of carrier status could encourage changes and
preventive lifestyle measures that can potentially reduce the risk of the medical problems
observed in premutation carriers. To this regard, more studies are warranted to inform on
policy and appropriate approaches and for better understanding of the potential
consequences/benefits of offering carrier screening for FXS.
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Expert commentary

In the past several years many methodologies, mainly PCR-based, have been validated and
proposed for the diagnosis of FXS. For many of them the specificity and the sensitivity have
been demonstrated and the limitations stated. Currently, many laboratories have abandoned
the use of the traditional Southern Blot approach and used PCR as first screening step
coupled by methylation PCR assay (or Southern blot analysis) if an individual with an
expanded allele is identified. However, because the limitations presented by the various PCR
approaches recently developed, including failing in determining CGG sizing in some cases
or the methylation status in other, Southern blot analysis coupled with PCR is still
considered the gold standard methodology for the diagnosis of FXS.

Future studies may provide further development of such approaches and yield information of
epigenetic modification of the FMR1 gene. More importantly, they may provide the tools to
refine the sensitivity and lead to the development of an approach that fulfill the need for
reliable diagnosis of FXS throughout the spectrum of the various mutations and, for the FXS
screening of large populations.

Five year view

The field of fragile X diagnosis has greatly evolved since the discovery of the FMR1 gene in
1991. For the past 7-10 years a number of PCR based methodologies have proposed for
their capability to reliably amplify expanded FMR1 alleles. Although several issues remain
to be solved, some of these approaches have provided compelling alternatives to the gold
standard DNA methodologies for the diagnosis of FXS, which use a combination of PCR
and Southern blot analysis.

It is likely that the advent of rapid DNA sequencing methodologies, which has undoubtedly
and greatly accelerated biological discoveries, will allow in the next future to obtain a
complete genetic and epigenetic characterization of the FMRI gene, as well as of other
repeat-expansion containing genes. It is also likely that the further development of the
sequencing technologies used to assess individuals with intellectual and behavior disabilities
will provide the means for detecting non-CGG repeat FMR1 mutations.
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Key issues

The gold standard DNA methodologies for the diagnosis of FXS use a combination of
PCR and Southern blot analysis.

Several PCR based methodologies have been developed for the detection of FMRI
expanded alleles.

Limitations of these methodologies include higher costs, inability to define the
methylation status of the expanded FMR1 alleles, to detect expanded alleles in both
genders, to identify expanded alleles only if methylated or failing in providing a precise
CGG allele size.

Several of these approaches are able to identify premutation carriers, which has led to a
controversial debate on when it is the appropriate timing for early identification of the
FMR1 mutations
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Figure 1.
Diagram showing the different methodologies utilized for the diagnosis of FXS. Genomic

DNA (gDNA) can be isolated from whole blood, tissue, saliva or culture cells. Isolated
gDNA can be amplified by PCR or digested with methylation sensitive restriction enzymes
for Southern blot analysis. Conventional PCR using primers that flank the CGG repeat can
amplify FMR1 alleles containing CGG repeat usually up the lower premutation range. The
alleles can be visualized either on an agarose gel (a), on an acrylamide gel (b) or by capillary
electrophoresis (CE) (c). CE provides accurate CGG sizing particularly if a CGG size
marker is utilized. Triple primer PCR (d= premutation female; e= full mutation male)
utilizes two FMR1 specific primers that flank the CGG repeat as well as a third primer that
is complementary to the CGG repeat element (CGG primer). The PCR produces both full-
length gene-specific FMR1 amplicons (red arrows in d) as well as triplet repeat-specific
products visualized on CE as a series of peaks (d, e). Two AGG interruptions within the
CGG repeat are visible, both within the normal and the premutation allele (green arrows in
d) from a woman premutation carrier. Methylation status (including measure of the percent
of methylation for any given allele, percent of cells carrying a methylated allele or measure
of the activation ration in females) can be assessed by various mPCR strategies (g, MPCR-
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CE,(47); f, MM-RTPCR, modified from (69)) or by Southern blot analysis (h). Southern blot
analysis (h) is performed using genomic DNA digested with the restriction enzymes EcoRl
and Nrul and separated on agarose gel. The DNA is transferred to a nylon membrane and
then hybridized with the dig labeled specific FMR1 probe, StB12.3 (46). M= marker; C=
normal control female; lane 1= full mutation female; lane 2= premutation female; lane 3=
full mutation male; lane 4= mosaic male. The table in the right lower corner shows the
information that can be obtained by the various PCR-methodologies. Specifically, the
detection of normal, intermediate, premutation and full mutation alleles, can be obtained
using any of the indicated approaches except that full mutation alleles are not amplifiable
using conventional PCR. Southern blot can detect alleles from the normal throughout the full
mutation range; however, sizing is obtained only for full mutation alleles.
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