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Abstract

Fragile X (FRAXA) syndrome and fragile XE (FRAXE) syndrome are caused by the expansion of a trinucleotide
repeat in the FMR1 and FMR2 genes, respectively. Currently, there are several methods available for fragile X syndrome
screening in a large population, however these methods require relatively expensive equipment and have limitations in some
laboratory settings. This study developed a multiplex PCR of triplet repeats in FMR1 and FMR2 genes using standard PCR
instruments. The new multiplex PCR method was tested in known samples with variable repeat sizes of FMR1 and FMR2 genes
to validate the technique and was then applied to prospective index male samples. All the multiplex PCR results matched well
results from standard methods. We propose a single-tube multiplex PCR technique, which is very reliable for rapid screening
FMRI and FMR?2 normal and expanded alleles in males for a large cohort study, and can be used in limited-resource settings.
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1. Introduction

Fragile X syndrome (FXS) is the most common
cause of X-linked intellectual disability (ID). The two forms
of fragile X syndrome, fragile X syndrome (FRAXA) and
fragile XE syndrome (FRAXE), are caused by trinucleotide
repeat expansion of CGG and CCG repeats at the 5'
untranslated region of the FMR/ and FMR2 genes,
respectively. Although these syndromes may be linked by the
common mechanism of trinucleotide repeat expansion, they
are different in prevalence and in molecular basis of the
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syndrome. The FRAXA syndrome is the most common form
of familial ID with an incidence of 1 in 4,000 males and 1 in
8,000 females (Bailey et al., 2017; Crawford, Acufia, &
Sherman, 2001; Hill, Archibald, Cohen, & Metcalfe, 2010;
Turner, Webb, Wake & Robinson, 1996), while the ID
associated with the FRAXE syndrome is a rare syndrome with
an incidence of ~1 in 50,000 Caucasian males, which is
approximately 14-fold less than the incidence of FRAXA
syndrome (Brown, 1996; Knight et al., 1996). The molecular
basis of FRAXA and FRAXE was elucidated by isolation of
the CGG repeats of FMR1 and CCG repeats of FMR2 at the
5’untranslated regions (UTR) of these genes. The CGG
repeats in FMR1 can be classified into four categories: normal
(5-44 CGG repeats), intermediate or grey zone (45-54 CGG
repeats), premutation (55-200 CGG repeats) and full mutation
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(>200 CGG repeats) (Monaghan, Lyon & Spector, 2013).
Individuals with FMR2 are classified as having normal alleles
(6-25 CCG repeats) or full mutation alleles (>200 CCG
repeats). The FXS is caused by full mutation of either CGG or
CCG repeats and subsequent methylation of the FMR1 and
FMR2 genes (Gecz, 2000; Knight et al., 1993). Furthermore,
premutation (55-200 CGG repeats) of the FMR1 gene is
associated with an increased risk of developing fragile X-
associated tremor/ataxia syndrome (FXTAS, OMIM 300623)
and fragile X-associated primary ovarian insufficiency
(FXPOI, OMIM 311360).

There are several techniques available for screening
and diagnosis of FXS. Cytogenetic analysis was the original
method for diagnosis of FXS, and was performed in low folate
media and folate inhibitor such as trimethoprim, thymidine
and FUdR as a fragile X inducer, which is then used to detect
fragile sites on chromosome X (Sutherland, 1979; Sutherland,
Baker, & Fratini, 1985). However, this technique is
inadequate for carrier detection and cannot distinguish
FRAXE fragile sites from FRAXA fragile sites, which are
both located at Xg27.3-928 (Knight et al., 1996). Cytogenetic
analysis is no longer used because it is less sensitive and more
costly than molecular genetic testing and the method is
replaced by combination of PCR and Southern blot analysis of
FMR1 mutations, which can differentiate between FRAXE
and FRAXA. Conventional PCR can determine CGG repeat
size ranging from the normal throughout small premutation
allele, but larger expansions are refractory to PCR
amplification due to their large amplicon sizes and high GC
contents (Monaghan et al., 2013). For Southern blot analysis,
this technique can determine large expansion and methylation
status; however, it is a costly and time-consuming procedure,
requires a large amount of DNA, and provides inexact CGG
sizing. Other methods for FMR1 testing are also currently
used, such as methylation-specific PCR (MS-PCR)
(Weinhéusel & Haas, 2001; Zhou et al., 2006), methylation-
melting-curve PCR (Elias et al., 2011; Teo, Rajan-Babu, Law,
Lee, & Chong, 2013), and triplet-primed PCR (TP-PCR)
(Chen et al., 2010; Tassone, Pan, Amiri, Taylor, & Hagerman,
2008; Zhou et al., 2006) and TP-PCR with melt curve analysis
(TP-PCR MCA) (Tan, Lian, Faradz, Winarni, & Chong,
2018); however, these methods have limitations, such as
requirement of an expensive automatic system and relatively
moderate to high costs.

To attempt to overcome the limited-resource-setting
mismatch with the available methods for detecting FRAXA
and FRAXE, we developed an alternative multiplex PCR
method using triplet repeats in the FMR1 and FMR2 genes.
The benefits of using multiplex PCR to screen FXS in a large
population are that this method is easy to perform, and no
expensive equipment is required, which makes it suitable for

low income countries.
2. Materials and Methods

2.1 Subjects

A total of 101 Thai male patients with intellectual
disability of unknown cause were recruited from the
Rajanagarindra Institute of Child Development in Chiangmai,
Thailand, with ages ranging from 1 to 15 years at the time of
recruitment. Out of the 101 male patients who enrolled in this
study, 98 patients were previously evaluated using a five-item
clinical checklist for FXS, including family history, long and
narrow face, prominent and large ears, attention
deficit/hyperactivity, and testicular volume (Limprasert et al.,
2000). For the development of single-tube multiplex PCR, we
selected males with variable FMRI CGG repeat sizes
depending on the available DNA samples including normal
(29, 30, 36, 43, 44 CGG), intermediate (47, 52 CGQG),
premutation (90 CGG), and full mutation, to validate the
technique. Although, we aim to use the developed technique
to screen male cases, we also selected females with normal
and premutation of the FMR1 and FMR2 to test our technique
in this step.

The study was approved by the Institutional Ethics
Committee of the Faculty of Medicine, Prince of Songkla
University Thailand (SUB.EC 47/364-007 and 49/364-010)
and informed consent was obtained from the parent or parents
of the enrolled children.

2.2 Development of single-tube multiplex PCR of
FMR1, FMR2 and SRY genes

DNA was extracted from whole blood samples
using the standard phenol-chloroform method (Green &
Sambrook, 2012) with some slight modifications of
centrification steps. Multiplex PCR was performed to amplify
the FMR1, FMR2 and SRY genes in a final reaction volume of
20 ul. SRY gene was used as an internal control for sex
identification. The PCR reaction includes 1X IMMOLASE™
buffer (Bioline), 100 ng genomic DNA, 1.5 mM MgClz, 200
uM each of dATP, dCTP, and dTTP, 100 uM of dGTP, 100
uM 7-deaza dGTP, 2.2 M betaine, 0.25 uM of SRY forward
primer and SRY reverse primer (Cui, Warnes, Jeffrey, &
Matthews, 1994), 0.25 uM of FRAXE forward primer and
FRAXE reverse primer (Knight et al., 1993), 0.5 uM of
FRAXA forward primer and FRAXA reverse primer (Chong,
Eichler, Nelson, & Hughes, 1994), and 1U of IMMOLASE™
DNA polymerase (Bioline). The primer sequences used in the
study are shown in Table 1. The PCR reactions were carried
out beginning with an initial hot start at 95°C for 10 minutes,

Table 1. Primers for the multiplex PCR used in the study
Gene Primer Primer sequence Amplified fragment References
length (bp)

SRY Forward  5-CAT GAA CGC ATT CAT CGT GTG GTC-3’ 254 Cui etal.,
(Internal control) Reverse ~ 5’-CTG CGG GAA GCA AAC TGC AATTCT T-3’ 1994
FRAXE Forward  5’-AAG CGG CAG TGG CAC TGG GC-3’ 385 Knight et al.,
(FMR2) Reverse  5°-CGC CCC CTG TGA GTG TGT AAG TGT GTG ATG-3’ 1993
FRAXA Forward  5-CAG CGT TGA TCA CGT GAC GTG GTT TCA GTG-3’ 430 Chong et al.,
(FMR1) Reverse  5°-GAT GGG GCC TGC CCT AGA GCC AAG TAC-3’ 1994
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followed by 30 cycles of denaturation at 95°C for 1 minute,
annealing at 64°C for 20 seconds, and extension at 72°C for
20 seconds, with a final extension of 72°C for 10 minutes.
Subsequently, the PCR products were separated on 2.5%
agarose gel and visualized through ethidium bromide staining
under a UV transilluminator.

To validate the results from the developed multiplex
PCR, we used conventional fluorescent PCR, MS-PCR
(Charalsawadi, Sripo, & Limprasert, 2005) and/or Southern
blot analysis described elsewhere. Briefly, for Southern blot
analysis, 7-10 pg of genomic DNA was digested with EcoRI
and Eagl restriction enzymes. Digested genomic DNA was
separated on 0.8% agarose gel containing Tris-acetate-EDTA
buffer and then transferred to membrane. The membrane was
then hybridized with a FMRI-specific genomic probe
(StB12.3), which was used to detect 5' UTR of FMR/ gene
(Limprasert, Ruangdaraganon, Sura, Vasiknanonte, &
Jinorose, 1999).

2.3 Fluorescent multiplex PCR

The primers of developed multiplex PCR in this
study can also be used for fluorescent PCR. Primers used for
fluorescent multiplex PCR were labeled with different dye
colors dependent on PCR product size. Fluorescent multiplex
PCR was performed to amplify the FMR1, FMR2 and SRY
genes in a final reaction volume of 10 pl. SRY gene was used
as an internal control. The PCR reaction mixes contain 1X
IMMOLASE™ buffer (Bioline), 25 ng genomic DNA, 1.5
mM MgClz, 200 uM each of dATP, dCTP, dTTP and 7-deaza
dGTP, 2.2 M betaine, 0.4 uM of SRY forward 5’FAM-labeled
primer and SRY reverse primer, 0.4 uM of FRAXE forward
5’FAM-labeled primer and FRAXE reverse primer, 0.2 uM of
FRAXA forward 5°VIC-labeled primer and FRAXA reverse
primer, and 1U of IMMOLASE™ DNA polymerase
(Bioline). The PCR reactions were carried out beginning with
an initial hot start at 95°C for 10 minutes, followed by 35
cycles of denaturation at 95°C for 1 minute, annealing at 64°C
for 1 minute, and extension at 72°C for 1 minute, with a final
extension of 72°C for 10 minutes. One microliter of the PCR
products was added to 10.7 pl Hi-Di formamide and 0.3 pl
GeneScan 500 Liz Size standard after heating at 95°C for 2
minutes, and the mixtures were applied using ABI 3500
Genetic Analyzer (Applied Biosystems). Electropherograms
were analyzed using GeneMapper v5.0 software (Applied
Biosystems).

3. Results

3.1 Development of single-tube multiplex PCR of
FMR1, FMR2 and SRY genes

For the best amplification of the FMR1, FMR2 and
SRY genes in the multiplex PCR reactions, all important
factors including the various PCR enhancers (DMSO, BSA or
betaine), annealing temperature, ratios of the FMR1, FMR2
and SRY primer concentrations and several commercial Taq
DNA polymerases were optimized. We found that the
IMMOLASE™ DNA polymerase was the best enzyme for
PCR amplification with non-specific amplicons, and betaine at
22 M was the optimum concentration enhancer for
performing multiplex PCR at a 64°C annealing temperature

with a primer ratio of FMR1, FMR2 and SRY of 2:1:1. The
expected PCR products for normal sample CGG or CCG
repeats in the FMR1 and FMR2 genes were 355-502 bp (5-54
CGG repeats) and 303-385 bp (3-30 CCG repeats),
respectively. The PCR product of the SRY gene used as an
internal control was 254 bp. The normal female and FMR2
carrier female showed both FMR1 and FMR2 heterozygous
alleles, but absence of the SRY gene. The normal males
showed both FMR1 and FMR2 hemizygous alleles and always
showed the PCR product of SRY gene as an internal control.
Of note, when a sample revealed the absence of FMR1 or
FMR2 alleles of multiplex PCR indicating positive FXS
results and presence of SRY allele in males as an internal
control.

To prove the efficiency of the developed method,
the optimized multiplex PCR conditions were tested in known
samples with variable repeat sizes of the FMR/ and FMR2
gene. The maximum number of CGG repeats of FMR/ that
can be amplified by multiplex PCR in available known DNA
samples was 52 repeats. Samples with high-range premutation
or full mutation allele of FMRI and FMR2 were not amplified
by this method (Figure 1), thus the subsequent workup by
standard methods including MS-PCR and/or Southern blot
analysis was further processed for confirmation of FXS. The
results of developed multiplex PCR of all tested samples were
consistent with conventional fluorescent PCR, MS-PCR
and/or Southern blot analysis.

For fluorescent multiplex PCR, the primer sets of
multiplex PCR were labelled with fluorescent dyes and
applied for fluorescent PCR as shown in Figure 2. The
labelled PCR products for normal sample CGG or CCG
repeats in the FMR1 and FMR2 genes were approximately
346-493 bp (5-54 CGG repeats) and 289-370 bp (3-30 CCG
repeats), respectively. The labelled PCR product of the SRY
gene used as an internal control in case of negative
amplification of the FMR1 and FMR2 genes was
approximately 248 bp. Note that sizes of the fluorescent PCR
products did not match exactly because a size standard was
used to extrapolate the base-pair sizes of the sample product
peaks. The mobility of labeled fragments was affected by the
sequence  composition, the  fluorescent label, and
electrophoresis conditions.

3.2 Validation of the developed multiplex PCR

After PCR was performed under optimal conditions
in selected known samples to validate the accuracy of this
technique, we further tested this method under the same
conditions by screening prospective samples from 101 males
with ID of unknown FXS status. The results showed 93
samples with normal repeats of FMR1 (93/101 samples) and
101 samples with normal repeats of FMR2 (101/101 samples).
Samples with no FMR1 allele amplification by our developed
method were further analyzed by MS-PCR and Southern blot
analysis, which detected eight males (8/101, 7.9%) with full
mutation of the FMR1 gene. All the multiplex PCR results
matched well the results from conventional PCR, MS-PCR
and/or Southern blot analysis. Thus, the sensitivity and
specificity of the developed multiplex PCR for screening
FMRI normal and expanded alleles in available samples were
100%. However, no expanded FMR?2 alleles were detected in
this study. The workflow of the study is shown in Figure 3.
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Figure 1. Results of single-tube multiplex PCR for the FMR1, FMR2 and SRY genes. (a) Normal female (lane 2: 29,29 CGG FMR] alleles and
17,18 CCG FMR? alleles; lane 3: 27,28 CGG FMRI alleles and 21,22 CCG FMR? alleles) and FMR2 intermediate female (lane 4:
31,31 CGG FMRI alleles and 30,31 CCG FMR? alleles). Normal males (lane 5: 29 CGG FMR! allele and 18 CCG FMR? allele; lane
6: 36 CGG FMRI allele and 20 CCG FMR? alleles). Males with FMR1 full mutation (lane 7) and FMR2 full mutation (lane 8 and 9)
(b) Multiplex PCR in males with focusing on variable repeats of FMRI. Lane 1: 100 bp marker; Lane 2-6: normal male (lane 2: 29
CGG FMRI allele and 18 CCG FMR? allele; lane 3: 30 CGG FMRI allele and 18 CCG FMR?2 allele; lane 4: 36 CGG FMRI allele
and 20 CCG FMR? allele; lane 5: 43 CGG FMRI allele and 18 CCG FMR? allele; lane 6: 44 CGG FMR] allele and 18 CCG FMR2
allele); Lane 7-8: FMRI intermediate males (lane 7: 47 CGG FMR! allele and 23 CCG FMR?2 allele; lane 8: 52 CGG FMRI allele and
19 CCG FMR? allele); Lane 9: FMRI premutation male (90 CGG FMRI allele and 24 CCG FMR? allele); Lane 10: FMRI full
mutation male (>200 FMRI CGG repeats and 18 CCG FMR? allele); Lane 11: no template DNA. Note that the positive and carrier
DNA samples of FMR2 used in this study were provided by Professor Dr. Jozef Gecz.
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Figure 2. Fragment analysis result of fluorescent multiplex PCR for the FMR1, FMR2 and SRY genes from male and female samples. @ A
normal male shows the peaks of 248 bp SRY, 10 CCG repeats of FMR2 upper panel) and 30 CGG FMRL alleles (dower panel). oy A
male with FMR2 mutation shows the peaks of 248 bp SRY allele without FMR2 upper panel) and 20 CGG FMR1 allele (lower panel).
(© A normal female shows the peaks of 10, 11 CCG FMR2 alleles without SRY allele upper panel) and 29, 36 CGG FMRL1 alleles
(lower panel). Note that sizes of the fluorescent PCR products do not match exactly because different dye labels are used with PCR
product and internal size standard thus impacting their relative mobilities.
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Figure 3. Schematic diagram of the study design

4, Discussion

In the present study, we developed a single-tube
multiplex PCR, which is a rapid and cost-effective alternative
for fragile X and fragile XE syndromes screening in males.
This developed method has given an impetus to distinguish
male with normal allele from expanded allele (premutation or
full mutation) in large-scale or population-based high risk
screening. The gold-standard methods for the FXS diagnosis
use a combination of conventional PCR and Southern blot
analysis, but this combined method is not suitable for large-
scale screening because it is a costly and time-consuming
procedure that requires large amount of template DNA.
Nowadays, there are several alternative PCR-based
approaches that have been developed for fragile X syndrome
(FRAXA) screening (Hantash et al., 2010; Lyon et al., 2010;
Rajan-Babu, Law, Yoon, Lee, & Chong, 2015; Strom et al.,
2007; Tan et al., 2018; Tassone et al., 2008; Teo, Law, Lee, &
Chong, 2012). Most of these methods require the use of
expensive equipment and high technology instrumentation,
especially a capillary electrophoresis instrument, and have
only focused on detecting FMRI CGG repeat expansion.
However, a recent study demonstrated that the low-cost PCR
was able to amplify FMR1 alleles with large CGG repeats, but
the procedure was complex and time-consuming, especially in
the restriction enzyme digestion step (Hayward, Zhou,
Kumari, & Usdin, 2016). For fragile XE syndrome, molecular
diagnostic techniques still use conventional PCR and
fluorescent PCR, and new methods for fragile XE syndrome
diagnosis have not been developed for a long time (Barros
Santos & Gongalves Pimentel, 2003; Hecimovi¢, Tarnik,
Bari¢, Cakarun, & Paveli¢, 2002; Katikala et al., 2011;
Murray et al., 1996; Santos, Costa Lima, & Pimentel, 2001).
To overcome these limitations, we have developed the single-
tube multiplex PCR for rapid screening of FXS in both the
FMR1 and FMR2 genes. This method is rapid and able to flag
the presence of normal and expanded alleles, and it only
requires basic equipment including a conventional thermal
cycler and a gel documentation system, which are available in
most laboratories.

The single-tube multiplex PCR method identified all
male samples with normal repeats of FMR! and FMR2,
corresponding to conventional fluorescent PCR. Because the
multiplex PCR method was unable to distinguish between
male with premutation and male with full mutation allele that
were not amplified by PCR: samples with no allele
amplification by this method indicate expanded alleles
(premutation or full mutation) were further analyzed by MS-
PCR and Southern blot analysis. The frequency of FXS in
Thai males with ID of unknown cause in this study was 7.9%,
which is similar to the frequency of FXS in Thai males with
developmental delay (DD) of unknown cause reported in a
previous study (Limprasert et al., 1999), and is also similar to
previous studies in patients with DD and ID in other
populations including Southeast and South Asian populations
(Ali et al., 2017; Chowdhury et al., 2006; Fatima et al., 2014;
Sharma, Gupta, & Thelma, 2001; Winarni, Utari, Mundhofir,
Mundhofir, & Faradz, 2013). This study found no expansion
of a CCG repeat in the FMR2 detected by multiplex PCR,
which is similar to the frequencies of FRAXE syndrome
reported in previous studies conducted in several populations.
The full mutation of the FMR2 was estimated to have a rate of
0.14% (3/2,184) in male patients with DD and suspicion of
FXS (Brown, 1996), and another study reported the frequency
of full mutations in FMR2 patients to be 0.55% (1/182) in
males from Spanish special schools (Mila et al., 1997).
However, the full mutation of FMR2 has not been reported in
Thailand. The frequency of FMR2 has been reported to be
much less than FMR1 (~14-fold) (Knight et al., 1996), so it is
not surprising that no expansion of CCG repeats in FMR2 was
found in this study. For the distribution of CCG repeats in
FMR?2, the most frequent alleles in the Thai population were
in the normal range including 14, 15 and 18 CCG repeats
(Richards et al., 1996), however these data may not represent
the actual number of CCG repeats because of technical
limitations at that time. Moreover, the high number of CCG
repeats in FMR2 overlap with the low number of CGG repeats
in FMR1, they are very rare because they are both very
uncommon alleles (< 1%). Due to the limited sample size in
this study, further studies with larger sample count using this
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new multiplex PCR are required to verify the prevalence of
FMR1 and FMR2 full mutations in Thailand. Because the
CCG repeat expansion in FMR2 is considered rare, the
primary benefit of the developed PCR in this study is in the
screening for FMRI mutation. However, we recommend for
use the single-tube multiplex PCR method developed in this
study in initial population screening, because it was able to
amplify both FMR1 and FMR2 genes cost-effectively.

Based on our observation, the multiplex PCR cannot
distinguish a homozygote normal female from a full mutation
female because both cases show only one PCR product band
of FMRI and FMR?2 genes each. This problem is due to
preferential amplification of the smaller sized allele, allowing
false negative result for an affected female, thus this approach
is not suitable for female FXS screening. However, the
majority of FXS cases are males, thus this limitation is not a
major problem in FXS screening. Of note, because of
limitations of available male samples with variable repeats,
we cannot evaluate the performance in individuals with low
premutation range from 55 to 89 CGG repeats of FMRI or
with premutation of FMR2. Another limitation is that the
mosaic normal/premutation and the mosaic normal/full
mutation are misdiagnosed as normal, because only the
normal allele could be detected in this PCR. However, mosaic
patients are apparently rare and might not be a significant
cause of error in large population screenings.

The developed multiplex PCR is used as a
qualitative assessment method for rapid screening of repeat
status, and it is not designed for repeat Sizing, especially of
premutation or full-mutation alleles; thus, all samples with no
allele amplification by this method should be subjected to
methylation status and CGG repeat sizing for verification of
expansion status using standard methods. Comparison of our
multiplex PCR with other methods commonly used for testing
FXS is shown in Table 2. The multiplex PCR method
developed in this study is suitable for large-scale screening of
expanded alleles of both FMRI and FMR2 genes in males,
especially in developing countries that lack advanced
molecular facilities, because the method can be performed
with standard laboratory equipment. Although other assays
exist that can be used for FMR/ screening in a cost-effective
manner, the usefulness of the developed method lies in its
ability to simultaneously screen for expansions in both FMR/
and FMR2 genes. Moreover, this method may be used for

Table 2.

FXS screening with a small amount of DNA from blood spots
cards when more validation is required, and the primer sets
used in this study can also be applied for fluorescent PCR.

5. Conclusions

The proposed method of using multiplex PCR of
triplet repeats in the FMR1 and FMR2 genes can be useful as
an alternative assay for rapid screening of male patients
suspected of having FXS in both the FMR1 and FMR2 genes.
The ability to screen for both FMR1 and FMR2 mutations
simultaneously in patients with ID and DD is a useful saving
both time and resources. This method is easy to interpret and
implement in clinical investigations by laboratories with
limited equipment. The developed technique has the
advantages of allowing to screen a large number of samples at
a low cost and with less time consumption than the standard
methods, and it is suitable for low-income countries. As an
additional benefit, in places where there is no problem with
diagnostic facilities, the primers labelled with fluorescent tags
for multiplex PCR could be convenient for use with
fluorescent PCR.
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