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Assessment of efficacy of prenatal genetic diagnosis
for fragile X syndrome using nested PCR
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Abstract. Fragile X syndrome (FXS) is the most common
inherited cause of intellectual disability and the leading mono-
genic cause of autism spectrum disorder. It has previously
been demonstrated that prenatal genetic diagnosis is efficient
for the diagnosis of FXS. The present study investigated the
diagnostic effects of nested polymerase chain reaction (PCR)
for fragile X mental retardation 1 (FMR1) and expanded CGG
repeats. It was demonstrated that the nested PCR assay rapidly
measured the multi-copies of the FMRI gene in individual
samples. The nested PCR assay detected normal CGG repeat
lengths and expanded CGG repeat lengths with a low occur-
rence of false positives. In addition, the nested PCR assay
resulted in increased sensitivity and specificity for patients
with FXS. Furthermore, the nested PCR assay identified the
mutation and generated conclusive cases for FXS, indicating
that this assay is beneficial for the diagnosis of FXS patients.
In conclusion, these outcomes indicate that nested PCR assay
is a reliable and easier method for diagnosis of FXS, which
may be used for the diagnosis of FXS patients.

Introduction

Fragile X syndrome (FXS) is one of the most common mono-
genic diseases that can lead to autism spectrum disorder and
intellectual disability (1). Genetic diagnosis shows that FXS is
an X-linked genetic disorder that is characterized by behav-
ioral problems and specific physical dysmorphisms (2). Child
patients with FXS have ritualistic behaviors and social deficits
and study has provided for early recognition and diagnosis for
the children patients (3). Previous study indicated that FXS
included the clinical manifestations, such as language delay,
intellectual dysfunction, behavioral and social problems, and
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other physical malformations (4). In recent years, although
various medical treatments have been applied for patients with
FXS, a spectrum of medical problems are commonly expe-
rienced by people with FXS, such as otitis media, seizures,
and gastrointestinal problems (5). Therefore, the efficacy of
prenatal genetic diagnosis for FXS plays essential role for
prenatal diseases testing.

Currently, FXS is regarded as a monogenic disease caused by
expansion of a trinucleotide repeat in the 5' untranslated region of
the fragile X mental retardation 1 (FMRI) gene (6). The FMRI
gene is a microsatellite locus that contains <55 CGG repeats in
its 5"-untranslated region on Xg27.3 (7). Bioinformatics has indi-
cated that CGG repeat (>200 CGG repeats) in its 5'-untranslated
region is associated with fragile X tremor and ataxia syndrome
(FXTAS) by silencing FMRI gene and resulting in FXS (8.,9).
The abnormal CGG expansion results in methylation and tran-
scriptional silencing of the FMR1 gene, which subsequently leads
to a reduction or loss of fragile X mental retardation 1 protein
(FMRP) (10). Additionally, previous study has indicated that
methylation of the FMRI gene exon 1/intron 1 boundary posi-
tioned fragile X related epigenetic element 2 (FREE2) affects
X-chromosome inactivation (XCI) in FXS full mutation (11).

In recent years, antenatal diagnosis of FXS plays essen-
tial role in prevention of FXS (12-14). Study has found that
single-tube polymerase chain reaction (PCR) panel of highly
polymorphic markers is an efficient method for preimplanta-
tion genetic diagnosis of FXS (15). Interestingly, nested PCR
presents higher specificity than traditional PCR using two sets
of primers (16). However, the diagnostic sensitivity of tradi-
tional PCR is not enough for FXS patients for the reason that it
can be only detect the smaller pre-mutation gene (17). Notably,
nested PCR can be used to diagnose Preimplantation genetic
diagnosis for FXS, which has indicated that amplification effi-
ciency was > or =96% for the FMR1 CGG-repeat region and
5-10% for the polymorphic markers (18). Although Southern
blot analysis is the gold-standard method for the molecular
diagnosis of FXS, low resolution and complex technology is
not suitable for mass screening for FXS patients (19).

Currently, gene detection using PCR is essential for patients
with suspicious FXS, which could give a good birth and good
care (20). In this study, we evaluated the diagnostic efficacy
of nested PCR for patient with suspicious FXS. Our results
provide a reliable method for diagnosis of the FMRI mutation
and CGG repeat lengths using nested PCR.
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Materials and methods

Ethical statement. This study was performed in Jiaxing
Maternity and Child Health Care Hospital (Jiaxing, China
from May 2015 to December 2016. This study was carried
out with approval by the Ethics Committee of Jiaxing
Maternity and Child Health Care Hospital. All patients and
healthy individuals provided written informed consent before
their participation. The use of their blood samples were also
approved with written informed consent of participators.

DNA samples. A total number of 32 female patients with FXS
and 32 healthy female donors were recruited for gene expres-
sion analysis. The mean age was 28.4 (range, 23.2-36.4) and
28.8 (range, 22.6-35.8) years old in patients with FXS and
healthy female donors, respectively. Genomic DNA samples
from female FXS carriers and healthy female donors were
analyzed in this study. Assays were performed with 32 genomic
DNA samples of known FMRI mutation (12, 18, 52, and 110
repeats) and 32 genomic DNA samples of healthy individuals.
All cell line DNA templates were purchased from the Coriell
Cell Repositories (Coriell Institute for Medical Research,
Camden, NJ, USA) with critical diagnostic cutoffs. DNA was
extracted using the EasyXpress Viral Nucleic Acid Release
kit from Express Biotech International, Inc. (Thurmont, MD,
USA). DNA was prepared for PCR products from with a
master mix from Asuragen containing GC-rich AMP buffer,
FMRI primers, and GC-rich polymerase mix.

Nested PCR. The CGG repeat-containing ssDNAs were
analyzed using Cy3-labeled [5'-Cy3-CCGCCGCCG
CCGCCG-3'; (CCG)s] repeat probes and a Cy5-labeled
probe (5'-Cy5-CATCTTCTCTTCAGCCCTGCTAGCGCC
GGGAGC-3'; Integrated DNA Technologies, Coralville, TA,
USA). The samples were heated to 95°C and then cycled
100 times above and below the Tm of the repeat probe to opti-
mize binding in 100 mM NaCl, 25 mM Tris-Cl, pH 8.0. PCR
procedures were performed as follows: Denaturation step at
94°C for 5 min; 40 cycles of denaturation at 94°C for 30 sec;
annealing at 56°C for 30 sec; extension at 72°C for 45 sec, with
a final extension at 72°C for 5 min; 4°C soak. For nested PCR,
following the same cycling procedures defined in traditional
PCR. Nested PCR was used to amplify different DNA copy
number to increase the sensitivity of PCR fragment detection.

Analysis of dried blood spots. Peripheral blood (5 ml) was
collected from female FXS carriers and healthy female donors
using blood collection tube (Qiagen, Hilden, Germany). To
examine FMRI gene, we spiked 1.5 ug genomic DNA and
spiked blood samples were settled onto 3MM Whatman filter
paper and were dried for 12 h at 25°C. DNA was extracted
described in DNA samples and then eluted in 200 pl of the
supplied buffer. Both the normal and nested PCR assays were
performed to analyze FMRI mutation.

Capillary electrophoresis. All samples were analyzed by
capillary electrophoresis described previously (21). Conditions
for traditional PCR and nested PCR for subsequent capillary
electrophoresis were identical to those for CCG repeat. Assays
were performed by 5' dTP-PCR reaction used 0.15 mmol/I
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7-deaza-dGTP, 0.05 mmol/l of dGTP, SYBR-Green I, 5' and
3' flanking primers, end-labeled with 6-carboxyfluorescein and
3" dTP-PCR primers, and thermocycling was performed on the
GeneAmp PCR System 9700 (Applied Biosystems; Thermo
Fisher Scientific, Inc., Waltham, MA, USA). Electropherograms
were analyzed with GeneMapper software (version 4.0; Applied
Biosystems; Thermo Fisher Scientific, Inc.).

DNA sequencing. PCR-amplified FMR1 productions were puri-
fied by a QIAquick PCR Purification kit (no. 28104; Qiagen).
Concentration of PCR productions was calculated using
NanoDrop spectrophotometer. DNA sequencing reactions
were completed with 2 to 5 ng of purified PCR products using
BigDye Terminator v3.1 Cycle Sequencing kits (Applied).

Statistical analysis. All data were analyzed by Statistical
Package for the Social Sciences (SPSS 19.0; IBM Corp.,
Armonk, NY, USA). ROC curve analysis was determined by
the accuracy of the temperature cutoffs, classifies samples
and expansion negative in the blinded validation study. The
distributions of the measured CGG repeat values were fit with
two Gaussian functions to determine the average values and
the relative fractions of the repeat populations.

Results

Comparison of nested PCR and PCR in diagnosis of FXS. We
first compared the efficacy of nested PCR and traditional PCR
in diagnosis of FXS. We showed patients with FXS showed
lowed FMRI gene expression compared to healthy indi-
viduals (Fig. 1A). As shown in Fig. 1B and C, nested PCR was
different with PCR for samples, which could diagnose patients
with FXS. Results demonstrated that nested PCR presented
more sensitivity than PCR in diagnosing of FXS (Fig. 1D).
These results show that nested PCR is a potential method for
diagnosis of FXS patients.

Analysis of CGG repeat length based on nested PCR. To
validate the efficacy of nested PCR, we tested DNA target
strands spanning the normal and gray-zone and analyzed CGG
repeat sequences. We depicted that representative nested PCR
combined immobilized probe-bound targets with CGG repeat
lengths of 12, 18, 52, and 110 (Fig. 2A). As shown in Fig. 2B,
nested PCR combined immobilized probe-bound targets with
CGG predominantly exhibited a complete loss of fluorescence
in FXS patients compared to healthy individuals. As shown
in Fig. 2C, target CGG repeat length is positively associated
with the average number of probes bound using nested PCR.
These results indicate that CGG repeat length can be detected
based on nested PCR.

Direct physical length measurement of CGG repeats. We
next analyzed direct physical length measurement of CGG
repeats after nested PCR analysis. As shown in Fig. 3A, the
immobilized DNA of FXS patients was elongated and oriented
in the electric field. We found that DNA from FXS patients
presented longer distance compared to DNA from healthy
individuals (Fig. 3B). We observed that the averaged measured
lengths (bp) of the molecules in FXS patients were increased
with the number of base pairs compared to DNA from healthy
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Figure 1. Comparison of nested PCR and PCR in diagnosis of FXS. (A) Patients with FXS shows lowed FMR1 gene expression compared to healthy indi-
viduals. (B and C) The efficacy of traditional PCR (B) and nested PCR (C) for diagnose patients with FXS. (D) Nested PCR presents more sensitive than PCR
in diagnosing of FXS. PCR, polymerase chain reaction; FXS, fragile X syndrome; FMR1, fragile X mental retardation 1. “P<0.01 as indicated.
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Figure 2. Analysis of CGG repeat length. (A) Nested PCR analyzes CGG repeat lengths of 12, 18, 52, and 110 for patients with FXS. (B) Nested PCR exhibits a
complete loss of fluorescence in FXS patients compared to healthy individuals. (C) Target CGG repeat length is positively associated with the average number
of probes bound. PCR, polymerase chain reaction; FXS, fragile X syndrome. “P<0.01 as indicated.

individuals (Fig. 3C). These results indicate that the shortening
of the average length relative to the expected length between
FXS patients and healthy individuals may result from incom-
plete elongation by the electric field and length heterogeneities
due to nested PCR of the repeat region.

Blinded validation study. To evaluate the efficacy of nested
PCR assay for discriminating between FXS patients and
healthy individuals, we conducted a blinded validation study in
32 previously genotyped clinical FXS samples and 32 healthy
individuals' clinical samples. As shown in Fig. 4A, nested
PCR clearly identified FXS. We also showed nested PCR
also specified healthy individuals' samples (Fig. 4B). These
results suggest that nested PCR assay is an efficient method
for diagnosis of FXS patients.

Detection from spiked blood spots. We finally confirmed the
efficacy of nested PCR assay using spiked blood spots. We
showed that all DNA from spiked and control unspiked blood
spots were correctly screened as positive or negative for an
expansion mutation when we used the baseline temperature
cutoffs of 85°C for the nested PCR (Fig. 5A). We showed that
there was no positive call from the blood spot sample spiked
in healthy individuals (Fig. 5B). These results confirm the
accuracy of nested PCR for diagnosis of FXS patients.

Discussion
The full FMRI mutation is associated with the progression of

FXS (22,23). Previous studies has indicated that quantification of
the number of (CGG), repeats in the 5' untranslated region of the
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Figure 3. Direct physical length measurement of CGG repeats. (A) Immobilized DNA of FXS patients are elongated and oriented in the electric field. (B) FXS
patients presents longer distance compared to DNA from healthy individuals. (C) The averaged measured lengths (bp) of the molecules in FXS patients is
increased with the number of base pairs compared to DNA from healthy individuals. FXS, fragile X syndrome.
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Figure 4. Blinded validation study. (A) Nested PCR clearly identifies patients with FXS. (B) Nested PCR specifies healthy individuals' samples. PCR, poly-
merase chain reaction; FXS, fragile X syndrome.

FMRI gene plays decisive role in fragile X molecular diagnostic  assay for fragile X diagnosis is a potential approach to detect and
testing (24,25). The current study has suggested that nested PCR  determine the methylation states of FMRI gene. In this study,
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Figure 5. Detection from spiked blood spots. (A) Nested PCR screens expansion mutation of FMRI gene. (B) Nested PCR screens no positive call from the
blood spot sample spiked in healthy individuals. PCR, polymerase chain reaction; FMRI, fragile X mental retardation 1.

we validated the molecular genetic diagnosis of nested PCR for
patients suspected of FXS. We reported that nested PCR assay
could efficiently diagnose the patients with FXS. Our results
suggest that nested PCR is a potential method for diagnosis of
FXS patients, which could detect CGG repeat length.
Currently, PCR has been wildly used to detect various
human diseases, such as Alzheimer's disease and human
kidney diseases (26,27). Previous study has indicated that a
single-tube tetradecaplex PCR panel of highly polymorphic
markers can act as a genetic diagnosis of FXS (15). In this
study, we indicated that nested PCR is an efficient method
in diagnosis of FXS patients, which is more efficient than
single-tube tetradecaplex PCR panel. Our data suggested
that nested PCR could analyze the CGG repeat length, which
further confirm the diagnosis of FXS. Rajan-Babu ez al have
found that closed-tube triplet-primed PCR and amplicon melt
peak analysis is a simplified strategy for rapid screening of
FXS (17). Additionally, FMR1 PCR technology can accurately
categorize the spectrum of low abundance expanded alleles
and full mutations based on infer homozygosis in clinical
samples (28). In this study, we found that direct physical
length measurement of CGG repeats can be measured using
our nested PCR method, which can be used to different
abundance expanded alleles and full mutations in diagnosis
of FXS. Malcov et al have indicated that nested PCR could
detect the CGG-repeat region arrange from 55 to 200 (18). We
reported that our nested PCR can detect CGG repeat more than
200 CGG repeats. However, there are some disadvantages of
nested PCR, including tedious processes and a higher risk of

cross-contamination in the PCR reaction. Notably, nested PCR
presents higher sensitivity and specificity than traditional PCR
in diagnosing of FXS.

DNA from blood cells is used in molecular tests to detect
the fragile X mutation, which is characterized by an unstable
expansion of a CGG repeat in the FMRI gene (29). Chow et al
have identified the efficacy of feasibility of blood spot PCR in
large-scale screening of FXS in southern Taiwan and results
demonstrated that a simple PCR combined with blood spot
sampling is effective and feasible for large-scale screening of
newborn boys for fragile X carrier status (30). In this study,
spiked blood spots were conducted to identify the diagnostic
results of nested PCR. We reported that results detected by
nested PCR for diagnosis of FXS patients was consistent with
detection from spiked blood spots.

In conclusion, our results provided detailed diagnostic data
that may have particular application for FXS clinical diagnosis.
Findings indicate that the nested PCR technology is more
efficient for FXS diagnosis compared to traditional PCR. As a
result, the capabilities of the nested PCR may provide an easy
and fast method, which could support PCR-based higher CGG
repeat numbers of FMR] in a blinded validation study. However,
more study should be performed in large number populations.
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