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Abstract: The article summarizes over 20 years of experience of a reference lab in fragile X mental
retardation 1 gene (FMR1) molecular analysis in the molecular diagnosis of fragile X spectrum
disorders. This includes fragile X syndrome (FXS), fragile X-associated primary ovarian insufficiency
(FXPOI) and fragile X-associated tremor/ataxia syndrome (FXTAS), which are three different clinical
conditions with the same molecular background. They are all associated with an expansion of CGG
repeats in the 5′UTR of FMR1 gene. Until 2016, the FMR1 gene was tested in 9185 individuals with
the pre-screening PCR, supplemented with Southern blot analysis and/or Triplet Repeat Primed PCR
based method. This approach allowed us to confirm the diagnosis of FXS, FXPOI FXTAS in 636/9131
(6.96%), 4/43 (9.3%) and 3/11 (27.3%) of the studied cases, respectively. Moreover, the FXS carrier
status was established in 389 individuals. The technical aspect of the molecular analysis is very
important in diagnosis of FXS-related disorders. The new methods were subsequently implemented
in our laboratory. This allowed the significance of the Southern blot technique to be decreased until
its complete withdrawal. Our experience points out the necessity of implementation of the GeneScan
based methods to simplify the testing procedure as well as to obtain more information for the patient,
especially if TP-PCR based methods are used.

Keywords: fragile X syndrome; FXTAS; FXPOI; FMR1; expansion; diagnostic; Southern blot;
pre-screening PCR; TP-PCR

1. Introduction

The fragile X mental retardation gene (FMR1) is localized on chromosome X (Xq27.3).
An expansion of the CGG repeat in 5′UTR region of the FMR1 gene may cause three different clinical
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conditions: fragile X syndrome (number of CGG repeats over 200), fragile X-associated primary ovarian
insufficiency (FXPOI) and fragile X-associated tremor/ataxia syndrome (FXTAS; in both number of
CGG repeats within range 55–200).

Fragile X syndrome (FXS) is the most common inherited form of intellectual disability (ID),
with a population prevalence of about 1/4000–9000 males and 1/7000–15,000 females [1–3]. Though
the severity and clinical manifestation of the disease vary, FXS has several characteristic symptoms:
intellectual impairment (mild to moderate), which may be accompanied by specific dysmorphic
features like long face, large prominent ears, large jaw, and macroorchidism. In many cases, FXS is
also considered a behavioral disorder as patients present with attention deficit hyperactivity disorder
(ADHD) or autism spectrum disorder (ASD) [4].

The majority of FXS cases (>99%) are caused by the significant expansion of CGG trinucleotide
repeats over 200, termed a “full mutation”, associated with methylation of the promoter and 5′UTR
regions of the FMR1 gene. The pronounced methylation leads to decrease of the expression of FMR1
Protein (FMRP). In less than 1% of the FXS patients the molecular causes of the disease are, other
than CGG expansion, mutations in FMR1 gene. The deficiency of FMRP protein affects the synaptic
plasticity in neurons and brain function and hence leads to the neurological manifestations observed
in patients with FXS [5,6]. FXS is characterized by heterogeneous clinical penetrance. In almost all
cases, men with the full mutation in the FMR1 gene have more severe clinical symptoms as compared
to women. The severity of the clinical symptoms might depend on the X chromosome inactivation
pattern or the presence of a somatic mosaicism.

In the general population, the CGG repeats region of the FMR1 gene is highly polymorphic. The
normal size range of CGG repeats is lower than 44 [7] and these alleles are stably transmitted to the
offspring. The alleles with 45–54 repeats are defined as the intermediate alleles (“grey zone” alleles)
and are rather stable when passed to the progeny, and their expansion to a full mutation in the next
generation has not been described. Nevertheless, about 16.9% of the intermediate alleles may expand
to the premutation range when transmitted by the mother [8].

The number of CGG repeats in premutation alleles was estimated at 55 to 200 repeats. The
premutation alleles are unstable and prone to expansion to full mutation (>200 CGG repeats) upon
maternal transmission. The smallest allele that was described to expand to the full mutation in a single
generation has 56 repeats [9]. The risk of the premutation expansion increases with the CGG repeat
size and varies between 3.7% for the alleles with less than 59 CGG repeats and 100% for alleles with at
least 99 CGG repeats [10].

The possibility of expansion depends not only on the premutation size, but also on the presence
of the AGG interruptions in CGG sequence. The presence of the AGG sequence stabilizes the allele
repeat number and correlates inversely with the risk of intergenerational transition to a full mutation.
It has been observed that the AGG sequences are rarely present in the premutation alleles compared to
in normal range alleles, which typically have two AGG interruptions [11].

Premutation carriers mostly have normal intellectual abilities, although some individuals have
emotional, psychiatric and neurological problems [12]. The incidence of premutation alleles in the
general population is estimated at 1/250–810 men and 1/130–256 women [13].

Recently, the premutation presence has been associated with other two diseases: fragile
X-associated primary ovarian insufficiency (FXPOI) and fragile X-associated tremor/ataxia syndrome
(FXTAS) [14,15]. Fragile X-associated primary ovarian insufficiency is defined as cessation of menses
before the age 40 years. Approximately 20% of female carriers have FXPOI, although the rate varies
depending on CGG repeat number. The greatest prevalence of FXPOI is between 70 to 100 CGG
repeats [16].

Fragile X-associated tremor/ataxia syndrome is a neurodegenerative disorder in elderly people
(>50 years) and affects mostly male carriers. The main clinical symptoms include tremors and cerebellar
gait ataxia, Parkinsonism, neuropathy, and memory and executive function deficits followed by
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cognitive decline. FXTAS occurs in approximately 40% of men and 16% of women with the premutation
in FMR1 gene.

Since 1988, The Department of Medical Genetics has been a reference center for the molecular
diagnosis of the FXS. Here, we summarize our experience with fragile X spectrum disorders molecular
testing and present our results, which include data from 446 families with FXS, and 7 cases with FXTAS
and FXPOI.

2. Materials and Methods

2.1. Patients

A total of 9185 individuals were tested, including probands, their relatives and prenatal cases.
From this group, 2544 (27.7%) cases were patients of the Institute of Mother and Child, particularly of
the Genetic Counselling Unit, Neurological Clinic or One-Day Outpatient Clinic. The remaining 6641
(72.3%) patients were referred for FMR1 testing from other clinical centers in Poland. The patients
with FXS suspicion or patients in whom FXS was considered in a differential diagnosis had a broad
spectrum of the clinical symptoms: moderate to severe intellectual disability, developmental delay,
speech delay, symptoms of autism spectrum disorders (ASD) and/or dysmorphic appearance.

The molecular analyses were performed according to the local ethical guidelines considering
the genetic testing and the summary of the results was approved by the local ethical committee
(Ethics Committee of the Institute of Mother and Child, Warsaw, Poland; number 15/2015, date of
approval 18 June 2015).

2.2. Molecular Diagnosis

Molecular testing for FXS and FMR1-related disorders is based on the identification of the
whole range of CGG expansion and also, in the case of the full mutation, the methylation status of
FMR1. In our laboratory, the combination of two methods was used: pre-screening PCR (for female
samples supplemented with Gene Scan method since 2009) and Southern blot hybridization and/or
AmplideX FMR1 PCR Kit (Asuragen, Austin, TX, USA) for samples with uninformative results from
the primary analysis.

2.2.1. Pre-Screening PCR

Genomic DNA was amplified using two primers: FMR1 forward: 5′-GCTCAGCTCCGTTT
CGGTTTCACTTCCGGT-3′, labeled with 6-FAM for GeneScan analysis and FMR1 reverse:
5′-AGCCCCGCACTTCCACCACCAGCTCCTCCA-3′) [12]. The Expand Long Template PCR System
(Roche Diagnostics, Hercules, CA, USA) and the reaction mixture containing 2.2 M betaine was used.
The PCR cycling profile was as follows: denaturation at 98 ◦C for 10 min, 10 cycles at 97 ◦C for 35 s,
64 ◦C for 35 s, and 68 ◦C for 4 min; 25 cycles at 97 ◦C for 35 s, 64 ◦C for 35 s, 68 ◦C for 4 min with 20-s
increment for each cycle; and a final extension at 68 ◦C for 10 min. The PCR fragments were subjected
to electrophoresis on a 2% agarose gel and stained with ethidium bromide. The normal range alleles
were expected to yield a PCR product of 331 bp (≈30 CGG repeats) to 501 bp (≈55 CGG repeats).

The fragment size analysis (Gene Scan), implemented to routine screening of all ambiguous
female and male samples, allows for the identification of normal range alleles (including the grey zone)
and small premutation alleles (up to 100 CGG repeats). The standard protocol for fragment analysis
on ABIPrism 3130 sequencer (Life Technologies, Waltham, MA, USA) was used.

2.2.2. Follow-up Analysis for Samples with Uninformative Results

For Southern blot hybridization, high molecular weight genomic DNA (10 µg) was digested
with the EcoRI and methylation sensitive NruI restriction enzymes overnight. The digested DNA
was separated in an agarose gel and then transferred to a nylon membrane in a semi-dry transfer.
The Fragile X CHEMI™ DNA (Merck Millipore, Darmstadt, Germany) or Fragile X GLFXDig1



Genes 2016, 7, 59 4 of 13

GeneProber™ Digoxigenin Labeled (Gene Link, Hawthorne, NY, USA) (Radiolabeled probes were
used before the introduction of the chemiluminescent method and digoxigenin labeled probes) were
used to Southern blot hybridization for the detection of specific DNA fragments according to the
protocols suggested by the probe manufacturers. Detection was performed using a system dedicated
to digoxigenin labelled probes (Sure Blot CHEMI Hybridization & Detection Kit, Merck Millipore,
Darmstadt, Germany and Roche DIG Luminescence Detection kit, Roche Diagnostics, Hercules, CA,
USA). Filters after hybridization were exposed to X-ray blue sensitivity film for at least 24 h or CCD
camera for 2 h (ChemiDoc XRS+ Chemiluminescence System, Bio-Rad, Hercules, CA, USA).

Since 2014, we have implemented to our FXS testing protocol the Triplet Repeat Primed PCR-based
method for premutation and mutation analysis, supplemented with MS-MLPA method (SALSA
MLPA ME029 FMR1/AFF2 Kit) if requested. The AmplideX FMR1 PCR Kit is used according to the
manufacturer protocol.

2.3. X Chromosome Inactivation Analysis

The analysis of the X chromosome inactivation status in asymptomatic women with a full mutation
in the FMR1 gene was performed by the analysis of the highly polymorphic trinucleotide (CAG) repeats
in the first exon of the human androgen-receptor gene (AR). Genomic DNA was digested with the
methylation-sensitive restriction enzyme HpaII and amplified with primers according to the protocol
described by Allen et al. [17]. The fragment size was analyzed using capillary electrophoresis. The
area under the peaks corresponding to each band, from both a HpaII-digested (D) and undigested (UD)
DNA, was determined. The degree of skewing was calculated as (D1/UD1)/(D1/UD1 + D2/UD2)
when D1 and D2 represent the value of an area under the digested first and second peaks, UD1 and
UD2 correspond to the area under undigested peak one and two [18]. A cutoff value for skewed X
chromosome inactivation was set at 75%. To compare results in the target group, analysis of the control
group was performed. We have tested AR locus inactivation in 35 females without clinical symptoms
and a family history of neurogenetic disorders.

3. Results and Discussion

3.1. Testing the FMR1 Gene as a First-Line Test for Disturbances of Psychomotor Development

We have tested a total of 9185 individuals, including 7405 probands (6083 males, 1322 females)
to confirm/exclude FXS as a cause of neurodevelopmental disturbances. In the tested patients for
whom the clinical information was available, the most common symptoms were: intellectual disability
(1882 patients), delayed psychomotor development (3873), autistic behavior (1448), delayed speech
development (1270), dysmorphic features (1189) and/or hyperactivity/ADHD (1086).

The clinical diagnosis of FXS was confirmed by Southern blot hybridization and/or the TP-PCR
test in 406 probands (Table 1). The full mutation was found in 385 males (4.19%) and 21 females
(0.28%). If the mutation is detected in the patient, further analysis of the family members, especially
symptomatic ones is indicated. Following cascade testing FXS diagnosis was confirmed in additional
119 individuals (Table 1). Together FXS was diagnosed in 525 cases out of 8034 (6.53%) studied
symptomatic patients.

In the group of patients (1448) in whom autism or autism spectrum disorder (ASD) were
diagnosed, the full mutation was found in 23 cases (1.58%). The overall frequency of co-occurrence of
autism and FXS in the study group is 4.22% which is consisting with data reported in the literature [19].

In our laboratory, the FXS testing is performed for any type of delayed psychomotor
or speech development, ID, ASD, including Asperger's syndrome, suspicion and/or in family
members of affected patients [20]. Together in the group of 8596 individuals analyzed, we have
identified 525 symptomatic individuals with a full mutation, resulting in the overall frequency 6.53%.
The presented value is higher than the result published previously by our research group [21] and
occurs in the range reported by other genetic centers (≈0.6%–15.3%) for the targeted populations [22].
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In the patients, only 2792 (32.5%) had a diagnosis made entirely (clinical and molecular examination)
in the Institute of Mother and Child. Nevertheless, given the prevalence in this population (6.36%),
still the value is in the range reported in the other centers in the world.

Out of all patients with full mutation in the FMR1 gene, in 111 cases (21.14%) somatic or
methylation mosaicism was found. Somatic mosaicism (mutation together with premutation and/or
normal alleles) was identified in 66 male and 24 female patients (90 cases, 17.14% of all mutation
cases). The presence of both methylated and unmethylated (methylation mosaicism) alleles was
found in 21 patients (4%), 18 of which were males. We have also identified 3 cases with both somatic
and methylation mosaicism. This result is consistent with the published data where both types of
mosaicism were present in approximately 12% and 6% cases, respectively. It is also known that
individuals with somatic and methylation mosaicism have better intellectual/cognitive skills than
patients with completely methylated expanded FMR1 allele only and this was also obvious for our
patients. The knowledge about the presence of mosaicism is especially important for proper genetic
counselling and health care for FXS families [23,24].

Table 1. Summary of the results of molecular diagnosis of the FXS in the Polish population.

Full Mutation Premutation Normal Total

N = 636 N = 389 N = 8160 N = 9185

FXS/ID probands 406 30 6969 7405

Males 385 18 5680 6083
Females 21 12 1289 1322

Symptomatic relatives testing 119 19 491 629

Males 102 1 330 337
Females 17 8 161 192
Brothers 73 3 201 70
Sisters 9 0 57 68

Mothers 1 4 44 65
Other relatives 36 3 189 334

Asymptomatic carrier testing 104 333 638 1075

Males 0 27 226 384
Females 104 306 412 840
Mothers 38 229 215 449
Sisters 47 13 97 141

Brothers 0 3 89 92
Fathers 0 2 17 19

Grandfathers 0 14 7 22
Aunts 5 40 28 73

Other relatives 14 33 185 242

Prenatal diagnosis 7
0 15 22 *

2—somatic mosaicism

Male 3 0 10 13
Female 4 0 5 9

FXTAS 0 3 8 11

FXPOI 0 4 39 43

* The data in the table includes only prenatal cases in which the informative results were obtained.

The exclusion of the presence of the full mutation in affected individuals clinically suspected
of FXS indicates the need for additional molecular analyses. Although the expansion of the CGG
repeats and methylation in the FMR1 gene is responsible for over 99% of FXS cases, in other cases,
the FXS-like phenotype may still be caused by other mutations involving FMR1 locus. To date, as a
result of the application of high throughput molecular techniques like array comparative genomic
hybridization (aCGH) and massive parallel sequencing, 51 different mutations have been reported in
the Human Gene Mutation Database [25]. These include large changes involving the whole or a part
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of the FMR1 gene (33 gross deletions, 5 gross insertion/duplications, 1 complex rearrangement) and
12 point mutations (5 substitutions leading to missense/nonsense/splicing changes 6 mutations in
regulatory sequences and 1 small deletion).

In our examined group, we have also reported premutation alleles in 26 patients (13 males and
13 females, 0.35%) with at least one of the following clinical symptoms: intellectual disability, autism,
delayed speech development and microcephaly. According to the current state of the knowledge,
the premutation in the FMR1 gene, (EMQN guidelines) may be associated with developmental
problems such as ASD or ADHD, intellectual disability or delayed psychomotor development [42].
However, in symptomatic patients with premutation the possibility of the presence of tissue mosaicism
(full mutation present in tissues other than blood) should be considered [26]. In two cases with ID
and premutation present in the blood samples, we had the possibility to also test DNA extracted from
the patients’ fibroblasts. The presence of potential mosaicism was excluded in these cases and the
premutation (59 and 56 CGG repeats) alleles were stably passed in three generations in patient families,
suggesting that other mechanisms might be involved in the development of ID.

3.2. Testing for the FMR1 Gene in FXS Families

According to the applicable guidelines, the asymptomatic relatives in FXS families should be
referred for the carrier testing. In our cohort, the premutation was identified in 329 individuals
(306/840 females and 27/384 males) out of 1038 tested relatives (Table 1). In addition, the full mutation
was found in 70 asymptomatic females, including 30 mothers of affected children. The absence of
FXS features in these females can be explained by the non-random X chromosome inactivation as was
reported by the others.

The skewed X inactivation is an uncommon observation, but according to the literature, is more
prevalent in families with X-linked diseases [27]. Non-random X chromosome inactivation of the
affected chromosome copy can prevent even mild disease symptoms in females. On the other hand,
skewing of X-inactivation towards the unaffected chromosome copy can cause symptoms of X-linked
disorders in females. For this reason, the analysis of the X chromosome inactivation in asymptomatic
females with a full mutation may be helpful in explaining of the lack of FXS features in these women.
Therefore, we have performed analysis of the X chromosome inactivation status in 16 families, in
which an asymptomatic female was a carrier of the full mutation in FMR1 gene.

Altogether, 52 females were tested, including 32 from the control group. Skewed X-chromosome
inactivation (>75%) has been found in 10/20 carriers of the full mutation allele. In 3 cases the result
was uninformative because of the homozygosity in the AR locus. In the control group, the frequency of
non-random X inactivation was slightly lower (8/32). The median level of X chromosome inactivation
was 74 and 68 in full mutation carriers and control females, respectively, which was statistically
insignificant (p = 0.09, U-Mann Whitney non-parametric analysis). Therefore, our results do not
support the hypothesis that the absence of the FXS clinical symptoms in women with a full mutation
is due to the skewed X chromosome inactivation. We are aware of the limitations of our study as
the status of X inactivation in blood cells might not reflect the molecular events in the neural cells,
the studied group was quite small and the X inactivation status was tested only in one locus. The
testing of other loci, e.g., direct examination of the CpG island methylation in the 5′UTR and promoter
region, especially fragile X-related epigenetic element 2 (FREE2) of the FMR1 gene was suggested as a
more suitable method to analyze X chromosome inactivation in full mutation asymptomatic female
carriers [28]. However, we believe that the observed differences in X chromosome inactivation should
be more prominent if it is truly related to the degree of clinical presentation in females with a full
mutation in the FMR1 gene.

3.3. Prenatal Testing of the FMR1 Gene in FXS Families

Prenatal testing is one of the possibilities that should be offered to the FXS families with confirmed
carrier status. As in the early stages of pregnancy (before 12 week gestation) the DNA methylation is
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not completed, the methylation of the CpG islands and promotor of the FMR1 gene even in the presence
of full mutation may not be established [29,30]. Thus, the results of the FMR1 locus analysis regarding
methylation status in FXS prenatal cases may be unreliable. Therefore the testing of the material from
amniotic fluid biopsy is recommended if the applied methods are based on the methylation analysis
(e.g., hybridization or MS-MLPA) [26]. Until the implementation of the PCR-based methods for the
FMR1 expansion testing, the prenatal analysis was quite challenging due to the necessity of amniotic
fluid cell culture and the need to extract high amounts of high-molecular weight DNA for the Southern
blot hybridization.

In our laboratory, the majority of prenatal testing was performed on DNA extracted from cultured
amniotic fluid cells (22/27). Only in four cases, the analysis was performed with DNA from chorionic
villi in the beginning of the implementation of molecular methods to the FXS diagnosis. At this
moment, the routine elements of the prenatal testing for FXS include: the fetus sex determination,
CGG repeats analysis and maternal cell contamination [7].

We have performed 27 prenatal diagnoses for women—carriers of the FMR1 premutation. An
informative results were obtained for 22 fetuses. Prenatal testing allowed to identify the full mutation
in 7 fetuses (3 male, 4 female), of which 2 had somatic mosaicism. In one case, the full mutation allele
was identified together with the normal and premutation alleles, and in the other fetus concomitance
of the mutation allele with premutation was found. In further 15 fetuses (10 male, 5 female), the full
mutation and the diagnosis of FXS were excluded (Table 1). In four cases, the molecular testing was
not finished because of problems with DNA yield and quality.

The interpretation of the results of the molecular prenatal testing for a FXS may be challenging
especially in case of female fetuses with a full mutation in FMR1 gene or fetuses with mosaicism.
Up to 50% of women with the full mutation are affected, although females and mosaic cases have a
less severe phenotype as compared to men with the full mutation. For this reason, the severity of the
disease cannot be predicted prenatally despite of the identification of the presence of full mutation
allele [31]. In three cases of planned prenatal FXS testing, the family agreed to stop the molecular
analysis, once the fetus turned out to be female.

3.4. Analysis of the FMR1 Gene in FXTAS and FXPOI Patients

The presence of the premutation in FMR1 is also associated with two other pathological conditions:
FXPOI and FXTAS [32,33]. The testing in females with POI and elderly people with ataxia and tremor
has been performed for three years, so the study group is quite small. Nevertheless, the premutation
alleles were identified in 4/43 (9.3%) and 3/11 (27.27%) cases with clinical suspicion of FXPOI and
FXTAS, respectively.

It was assumed that FXS-associated primary ovarian insufficiency affects around 20% of FXS
carriers of the premutation allele. On the other hand, the premutation was identified in 0.8% to 7.5% of
women with sporadic premature ovarian failure and in up to 13% of women with familial premature
ovarian failure [31]. In our group, we have confirmed the clinical diagnosis of FXPOI in 9.3% of cases
(Table 1), which is similar to the frequency described by others including one Polish research group
(3 premutations per 39 examined POI cases, 7.9%) [34]. As the prevalence of premutation is quite high
in patients with primary ovarian insufficiency, the molecular testing of the FMR1 becomes a routine
test in a diagnosis of primary infertility [35].

The first case of a late-onset neurodegenerative disorder related to FMR1 gene was described
in 2001. Since then, FXS family-based studies have shown that approximately 40% of male and 8%–16%
of female premutation carriers, developed FXTAS [36]. In addition, the penetrance of the disease can
vary depending on the age and number of the CGG repeats. The risk of FXTAS occurrence in male
premutation carriers aged 50–59 is 17% and increases to 38%, 47% and 75% for men aged between
60–69 years, 70–79 years and over 80 years, respectively. The meta-analysis study revealed
that 86% (19/22) of alleles identified in male patients with FXTAS are longer than 70 CGG
(p < 0.001) as compared to approximately 22% of premutation alleles in the general population [31,37].



Genes 2016, 7, 59 8 of 13

The occurrence of FXTAS is more common in male premutation carriers as compared to women [38].
However, in our group, we have identified one 54-year old woman referred from the Neurological
Clinic with ataxia and tremor who was diagnosed with two premutation alleles with the same repeat
number (exact number of 128 CGG repeats, the presence of two X chromosomes was confirmed by
MLPA analysis with P095 Aneuploidy and ME029 FMR1/AFF2 Kits). Such an unusual result of FMR1
testing, indicating the presence of two identical premutation alleles, might be due to uniparental
disomy, but we did not have the possibility to test the patient parents.

In addition, several studies have shown that the frequency of the premutation presence in patients
with adult-onset spinocerebellar ataxia is quite low (1.3%) [39]. In the Polish population, the incidence
of FXTAS in a group of patients with this condition is even lower and was estimated at 0.56% [40].
With regard to these results, the testing for FMR1 in spinocerebellar ataxia cases should be considered
only if there are additional supporting signs (e.g., MCP sign and increased T2 signal intensity in
the middle cerebellar peduncles) indicating the possibility of FMR1 premutation involvement in the
disease pathogenesis.

3.5. Effectiveness of Different Testing Protocols in FMR1 Gene Analysis

Before 2002, in our laboratory the suspected cases of FXS had been diagnosed by several methods:
cytogenetic analysis of the fragile X site on the X chromosome 1980’s, RFLP (until 1993) or Southern
blot genomic hybridization only (1993–2002). In 2002, the PCR pre-screening test was implemented in
our laboratory and used in combination with Southern blot hybridization till mid-2014. Performing
the PCR before of the Southern blot greatly facilitated the diagnostic process. During that time, the
PCR method was sufficient to exclude FXS diagnosis or carrier status in 4314/5974 (72.2%) males
and 617/1746 (35.3%) females referred to complete FMR1 gene testing in our laboratory. One of the
disadvantage of the pre-screening PCR method is that it cannot exclude the coexistence of a normal
and an expanded allele (somatic mosaicism). Size mosaicism with normal alleles seems to be very rare,
although possible. In our study only one male presented with a both premutation and full mutation
alleles in addition to a normal allele, detected at very low levels.

In cases with uninformative results of the PCR analysis further Southern blot analysis was
necessary (352 females and 445 males). In addition, the genomic hybridization was performed
for 177 patients (114 females and 63 males) referred to our laboratory after an external pre-screening
PCR test.

In 2010, capillary electrophoresis (GeneScan method, GS) allowing the assessment of the number
of CGG repeats was implemented for FXS diagnosis. The application of the GeneScan analysis not
only allowed differentiation between normal, intermediate range and low premutation alleles, but
also detection of normal alleles that differed by only one CGG repeat. This significantly reduced the
number of additional Southern blot analyses, especially in the case of female testing. Besides that, the
GeneScan method significantly reduced the cost and time required for the FXS molecular testing. Since
the introduction of the GeneScan (GS) method, pre-screening PCR allowed an informative result to be
established in 411/572 (71.8%) female patients as compared to 199/929 (21.4%) when this method was
not a part of the diagnostic algorithm available in our laboratory. Moreover, in 43 individuals with
intermediate alleles, the GS was adequate method to establish the informative result without the need
of additional Southern blot testing that was further only used to detect high premutation alleles, full
mutation and possible mosaicism (Figure 1a,b).

On the basis of the GeneScan results, the mean number of CGG repeats for the examined
population was estimated at 30.7 ± 5.8 repeats. The most frequent allele in the Polish population has
30 CGG repeats and a frequency of 0.31 (220/707; Figure 2).

Recently, we have implemented, in the routine diagnostics, the Triplet Primed PCR based
assay and AmplideX FMR1 PCR Kit (Asuragen) [41]. So far, using this approach we have
diagnosed 256 patients (82 male, 174 female), mostly individuals from FXS families. In this group,
we have confirmed FXS in 74 cases (27.7%) and FXS carrier status in 52 (19.6%). When compared to the
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Southern blot analysis, testing with the Asuragen method is less time-consuming and seems to be more
cost-effective. It also needs less input of the material. On the other hand, this method does not allow
evaluation of the methylation status. To do this, additional analysis is required, such as MS-MLPA
(male) and/or Amplidex mPCR (male and female). The analysis of the methylation is particularly
necessary for patients with suspicion of the FXS and carrying only premutation. According to the
current state of knowledge, the premutation can be partially methylated and cause mild expression of
the FXS phenotype [26,42].
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Figure 1. Percentage of molecular methods used to proper differantiation of the FMR1 alleles.
PCR—polymerase chain reaction, GS—Gene Scan, SB—Southern blot, ASU—Amplidex FMR1 PCR kit,
Asuragen. (a) Female; (b) Male.
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Figure 2. The size distribution of CGG alleles in FMR1 gene. Histogram displays the frequency of
alleles with different number of CGG repeats in normal range alleles, including intermediate alleles.
The number of allele analyzed: 707, size distribution: 13–54 CGG repeats.

Asuragen TP-PCR method allows more effective detection of somatic mosaicism. In our group of
patients, premutation and mutation alleles were co-identified in 24 cases (32.4%, 16 male, 8 female)
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with TP-PCR method, which represents 21.6% (24/111) of all identified mosaics. We have also used this
test in prenatal diagnosis and were able to obtain the results for the DNA extracted from non-cultured
amniotic fluid cells. Despite the high sensitivity of this method, routine prenatal diagnosis is performed
on the DNA isolated from cultured amniocytes. Until now, four prenatal diagnosis were performed
using TP-PCR based method. In two cases analysis revealed the presence of full mutation (in one
male and one female fetuses), also one premutation (male fetus) and one normal allele were detected
(male fetuses).

The main advantage of the TP-PCR is the ability to determine the exact number of CGG repeats
up to 200. In addition, this method makes it possible to estimate the number of AGG interruptions.
Among 51 patients with confirmed presence of the premutation allele, the analysis has shown a high
variability in the number of CGG repeats (range: 57–186, median: 88). In this group, 39 (76.5%) of
carriers have no AGG sequence, and 9 (17.6%) and 3 (7.8%) have one or two AGG interruptions,
respectively. In patients with the full mutation, no AGG interruption was present. In contrast, no allele
without AGG was identified in people with FMR1 alleles from the normal range (Figure 3).

Genes 2016, 7, 59  10 of 13 

 

respectively. In patients with  the  full mutation, no AGG  interruption was present.  In contrast, no 

allele without AGG was identified in people with FMR1 alleles from the normal range (Figure 3). 

These data is consistent with the literature and demonstrate that AGG interruptions occur less 

frequently in expanded alleles of the FMR1 gene [43]. Information on CGG repeats allele size and on 

the number of AGG interruptions in carriers, is very helpful in genetic counseling in families with 

FXS. 

 

Figure  3. Number  of  the  AGG  interruptions  (in  percentage)  in  full mutation,  premutation  and 

normal alleles in a group of patients analyzed by TP‐PCR (Asuragen). 

Nevertheless,  the  method  offered  by  Asuragen  has  some  limitations.  It  does  not  allow 

assessment of  the methylation status of  the FMR1 gene, but  this disadvantage  is also present  for 

other PCR‐based methods offered by other companies (e.g., Abbott—FMR1 TP‐PCR and Sizing PCR, 

Perkin‐Elmer—FragilEase™ PCR assay, Biofactory—FastFraX FMR1 Identification Kit and FastFraX 

FMR1  Sizing  Kit).  Therefore,  the  use  of  additional  kits  to  define  methylation  status 

(Asuragen—Amplidex  FMR1  mPCR,  Biofactory—FastFraX  FMR1  Methylation  Status  Kit, 

MRC‐Holland—SALSA MLPA ME029 FMR1/AFF2) should be considered, although  this  increases 

the analysis cost. 

4. Conclusions 

Molecular  testing  for FXS  is one of  the primary  tests performed  in patients with  intellectual 

disability and delayed psychomotor development. As accessibility to genetic counselling and social 

awareness of the genetic basis of the diseases increase, there will be a need for the development of 

rapid and reliable methods for molecular testing. The application of PCR‐based methods during the 

last several years greatly accelerated the process of FXS testing and significantly lowered the age of 

the diagnosis of the FXS in Polish patients. Our over 20 years’ experience as a reference laboratory 

clearly  indicate  that  the  application  of  new molecular methods  in  FMR1  gene  analysis  greatly 

improves the effectiveness and decreases the time consumption of FXS diagnosis. 

Acknowledgments: We would  like  to  thank all  the patients and  their  families and professionals,  including 

laboratory technicians that performed DNA extraction as well as clinical geneticists and other physicians who 

referred the patients for FMR1 gene testing in our laboratory. Without their contribution the preparation of this 

Figure 3. Number of the AGG interruptions (in percentage) in full mutation, premutation and normal
alleles in a group of patients analyzed by TP-PCR (Asuragen).

These data is consistent with the literature and demonstrate that AGG interruptions occur less
frequently in expanded alleles of the FMR1 gene [43]. Information on CGG repeats allele size and on
the number of AGG interruptions in carriers, is very helpful in genetic counseling in families with FXS.

Nevertheless, the method offered by Asuragen has some limitations. It does not allow
assessment of the methylation status of the FMR1 gene, but this disadvantage is also present
for other PCR-based methods offered by other companies (e.g., Abbott—FMR1 TP-PCR and
Sizing PCR, Perkin-Elmer—FragilEase™ PCR assay, Biofactory—FastFraX FMR1 Identification
Kit and FastFraX FMR1 Sizing Kit). Therefore, the use of additional kits to define methylation
status (Asuragen—Amplidex FMR1 mPCR, Biofactory—FastFraX FMR1 Methylation Status Kit,
MRC-Holland—SALSA MLPA ME029 FMR1/AFF2) should be considered, although this increases the
analysis cost.
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4. Conclusions

Molecular testing for FXS is one of the primary tests performed in patients with intellectual
disability and delayed psychomotor development. As accessibility to genetic counselling and social
awareness of the genetic basis of the diseases increase, there will be a need for the development of
rapid and reliable methods for molecular testing. The application of PCR-based methods during the
last several years greatly accelerated the process of FXS testing and significantly lowered the age of the
diagnosis of the FXS in Polish patients. Our over 20 years’ experience as a reference laboratory clearly
indicate that the application of new molecular methods in FMR1 gene analysis greatly improves the
effectiveness and decreases the time consumption of FXS diagnosis.
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