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Abstract: Fragile X syndrome (FXS) is usually associated with a CGG repeat expansion >200 repeats
within the FMR1 gene, known as a full mutation (FM). FM alleles produce abnormal methylation of
the FMR1 promoter with reduction or silencing of FMR1 gene expression. Furthermore, premutation
(PM: 55–199 CGGs) and full mutation alleles usually expand in size when maternally transmitted to
progeny. This study describes a PM allele carried by the mother decreasing to a normal sized allele in
a male from a dichorionic diamniotic (DCDA) twin pregnancy, with the female twin inheriting FM
(200–790 CGGs), PM (130 CGGs) and normal-sized (39 CGGs) alleles. Further evidence of instability
of the maternal PM allele was shown by a male proband (older brother) mosaic for PM (CGG 78 and
150 CGGs) and FM (200–813 CGGs), and a high level of FMR1 promoter methylation, between 50 and
70%, in multiple tissues. The fully-retracted, normal-sized allele was identified by PCR CGG sizing
in the male twin, with no evidence of a FM allele identified using Southern blot analysis in multiple
tissues collected postnatally and prenatally. Consistent with this, prenatal PCR sizing (35 CGGs)
showed inconsistent inheritance of the maternal normal allele (30 CGGs), with single-nucleotide
polymorphism (SNP) linkage analysis confirming that the abnormal FMR1 chromosome had been
inherited from the mother’s PM chromosome. Importantly, the male twin showed no significant
hypermethylation of the FMR1 promoter in all pre and postnatal tissues tested, as well as normal
levels of FMR1 mRNA in blood. In summary, this report demonstrates the first postnatal follow up of
a prenatal case in which FMR1 mRNA levels were approaching normal, with normal levels of FMR1
promoter methylation and normal CGG size in multiple pre and postnatally collected tissues.

Keywords: fragile-X syndrome; FMR1 gene; methylation; mosaicism; expansion; retraction

1. Introduction

Fragile X syndrome (FXS) is a common single gene cause of intellectual disability and co-morbid
autism with a frequency in the general population of 1 in 4000 males and 1 in 8000 females [1].
FXS is usually associated with the expansion of a CGG repeat sequence within the FMR1 promoter
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to ≥200 CGG repeats, known as a full mutation allele (FM). FM alleles are usually associated with
epigenetic changes within the FMR1 promoter that are not permissive of transcription, including
increased DNA methylation [2]. The resulting decrease in FMR1 mRNA levels and loss of the FMR1
protein (FMRP) are thought to be the primary causes of the neurodevelopmental phenotype observed
in FXS [3]. Smaller FMR1 allele classes include normal range (<45 CGGs), grey zone (45–54 CGGs)
and premutation (PM) (55–199 CGGs) alleles and have an unmethylated FMR1 promoter that is
permissive of transcription and FMRP expression. PM alleles have been primarily associated with
adult onset disorders, including Fragile X-Associated Primary Ovarian Insufficiency (FXPOI) and
Fragile X Tremor-Ataxia Syndrome (FXTAS) [4].

Importantly, PM and FM alleles usually expand in size in progeny when they are maternally
transmitted. Figures regarding the risk of expansion, based on the size of the maternal allele, are used
to counsel couples consenting for prenatal diagnosis of the condition [5,6]. Conventionally, prenatal
testing involves fetal sex determination by karyotype/FISH, followed by sizing of the FMR1 allele
either through Southern blot analysis and CGG PCR sizing or through triplet repeat primed PCR and
linkage techniques [7]. Here, we present an important case with potential implications for counselling
following FXS prenatal testing, where a complete retraction or deletion to a normal size allele was
identified in a twin pregnancy of a PM mother. This PM mother also had an older child affected with
FXS who was mosaic for both PM and FM alleles.

2. Methods

2.1. Ethics

The follow-up clinical and molecular assessments consequent to initial genetic counseling were
conducted as part of the FREE FX study, and were approved by the Royal Children’s Hospital Research
and Ethics Committee (HREC 33066 A); Approved 29 November 2016).

2.2. Sample Processing

Chorionic villus (CVS), amniotic fluid, and umbilical cord samples were collected and processed
as per standard protocols for molecular diagnostic testing at the Victorian Clinical Genetics Services
(VCGS). Venous blood samples of 3–10 mL were collected in ethylenediaminetetraacetic acid
(EDTA)-treated tubes. Two milliliter saliva samples were collected using the Oragene® DNA
Self-Collection Kit (DNA Genotek Inc., Ottawa, ON, Canada) and isolated as per the manufacturer’s
instructions. Up to four buccal epithelial cell samples were collected per participant using the
Master Amp Buccal Swab Brush Kit (Epicentre Technologies, Madison, WI, USA). Each swab was
inspected independently for blood contamination by at least two staff members at the time of sample
collection, and/or at the time of sample receipt prior to processing. Brushes that had confirmed blood
contamination were discarded. DNA was extracted from the processed prenatal and postnatal samples
using the NucleoSpin® Tissue genomic DNA extraction kit (Machery-Nagel, Duren, Germany).

2.3. CGG Sizing

First line FMR1 testing was performed on blood or saliva DNA at the VCGS. This was conducted
using a fully validated PCR amplification assay with a precision level of ±1 repeat and a limit of
detection of 170 CGG repeats in males and 130 CGG repeats in females [8]. Second line confirmatory
testing involved the identification of repeat sequences in the PM range through Southern blot analysis,
performed on samples with inconclusive 1st line PCR results due to either ‘one peak’ females or ‘no
peak’ males [9].

2.4. FMR1 Methylation Analysis

The FMR1 methylation analysis was performed using the Methylation Sensitive Quantitative Melt
Analysis (MS-QMA) and the EpiTYPER system targeting the Fragile X-Related Epigenetic Element
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2 (FREE2), as previously described [10,11]. Briefly, extracted DNA samples were transferred into
96-well plates to be treated with sodium bisulphite. Each DNA sample was bisulphite converted using
the EZ DNA Methylation-GoldTM Kit (Zymo Research, Global) in two separate reactions, with each
conversion analysed in duplicate reactions using the EpiTYPER system and MS-QMA [10,11].

2.5. FMR1 mRNA Analysis

One million peripheral blood mononuclear cells (PBMCs) were isolated per participant from
venous blood using Ficoll gradient separation, as previously described [12], with PBMC pellets
frozen at −80 ◦C in RLT buffer (Qiagen Inc., Hilden, Germany) for total RNA extraction. Total RNA
was purified using the RNeasy extraction kit, as per the manufacturer’s instructions (Qiagen Inc.,
Hilden, Germany). A NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific; Global) was
used to determine RNA concentrations in triplicate, with purity assessed using the A260/A280 ratio
(expected values between 1.8 and 2). Each RNA sample was then diluted to 5 ng/µL, with 2 µL
RNA added for complementary DNA (cDNA) synthesis, which was performed using the Multiscribe
Reverse Transcription System (Thermo Fisher Scientific; Global) (20 µL total) with 50 units/µL of the
reverse transcription enzyme. Real-time quantitative PCR (RT-PCR) was performed on a ViiA™ 7
System (Thermo Fisher Scientific; Global)) to quantify FMR1-5′, FMR1-3′ and internal control genes
(EIF4A2 and SDHA) using the relative standard curve method, as previously described [13].

3. Results

3.1. Clinical History

The patient, a 37-year-old gravida 2 para 1 woman, presented for prenatal diagnosis for FXS.
The patient was a known PM carrier (30 and 78 CGG repeats), identified following the diagnosis
of her son (proband) with FXS due to mosaicism for both PM and FM alleles. After several failed
attempts at in vitro fertilisation with FXS preimplantation genetic diagnosis, the couple achieved
a natural pregnancy. A dating scan at 7 weeks and 2 days gestation identified a dichorionic diamniotic
twin pregnancy. At 10 weeks gestation, cell-free, non-invasive prenatal testing was performed and
demonstrated: (i) a low risk for Trisomy 13, 18 and 21; and (ii) the presence of Y chromosome material
(suggesting at least 1 male fetus). CVS was successfully attempted at 12 weeks and 2 days gestation
despite obstetric complications and overlapping placentas. Using X and Y specific fluorescence in situ
hybridization (FISH) probes, 1 male and 1 female fetus were confirmed.

3.2. Initial Diagnostic Testing

Southern blot and PCR size FMR1 testing of uncultured chorionic villi DNA (trophoblasts and
mesenchymal cells) showed that Twin 1 (male fetus) had one FMR1 allele in the normal range of
35 CGG repeats and Twin 2 (female fetus) had one allele of 23 CGG repeats and one allele in the FM
range (380–1000 CGG repeats). The patient and her partner were counseled around the spectrum
of phenotypes observed among females with FXS. Following a long period of indecision concerning
a selective reduction, the couple elected to proceed with the twin pregnancy. Of concern was the
observation of the single allele of 35 repeats in Twin 1, an allele size that was inconsistent with the
maternal normal allele size of 30 CGG repeats (Figure 1).

This discrepancy may have been due to instability in the normal range or evidence of retraction of
a PM or FM present in a small proportion of cells to the normal CGG size allele. To further investigate
mosaicism for any expanded alleles in both the male and female fetuses, the uncultured chorionic
villus (uCV) was cultured (cCV) and analysed by both Southern blot and PCR sizing. The results for
Twin 1 showed the same normal sized allele (35 CGG) with no evidence of an expanded allele, and
Twin 2 had an FM allele (380–1000 CGG).
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Figure 1. Pedigree and sizing of the CGG repeat using Southern blot and PCR. (A) Pedigree of the 
studied family with squares and circles symbolising males and females, respectively. CGG size is 
indicated by numbers below each participant’s ID (determined on postnatal tissues); (B) Southern 
blot analysis of the PstI restriction sites (not methylation sensitive) using the FMR1 specific and PBS 
control probes. (C) Capillary electrophoresis sizing using standard PCR, as previously described [8]. 
NS: normal CGG size (<44 repeats); PM: premutation size (55–199 repeats); FM: full mutation (≥200 
repeats). The x and y axes in panel C represent fragment sizes of bp and fluorescence units of 
capillary electrophoresis profiles from CGG sizing by standard PCR. uCVS: uncultured chorionic 
villus sampling; Amnio: amniocyte DNA; Bl: blood DNA; cCVS: cultured chorionic villus sampling 
DNA; uCD: umbilical cord DNA; CD.BL: cord blood DNA. 

3.3. Follow-Up Prenatal Investigation 

As part of further investigations, an Illumina CytoSNP300K microarray (Illumina, Global) was 
performed on both the male proband (saliva DNA) and Twin 1 (cultured CVS DNA). A comparison 
of single-nucleotide polymorphisms (SNPs) between the X chromosomes of the affected proband 
and Twin 1 showed concordance for the majority of the X chromosome SNPs, especially in the FMR1 
region. This confirmed that Twin 1 had inherited the X chromosome with the 35 CGG repeat allele 
from the mother’s PM chromosome (Figure 2). 

Amniocentesis and fetal blood sampling were offered to the patient but declined due to the late 
gestation. A blood sample was collected from the mother of the PM female (I-1) to investigate the 
stability of this familial allele; the results demonstrated a typically-behaving smaller PM (66 CGG) 
repeat size. 

Figure 1. Pedigree and sizing of the CGG repeat using Southern blot and PCR. (A) Pedigree of the
studied family with squares and circles symbolising males and females, respectively. CGG size is
indicated by numbers below each participant’s ID (determined on postnatal tissues); (B) Southern blot
analysis of the PstI restriction sites (not methylation sensitive) using the FMR1 specific and PBS control
probes. (C) Capillary electrophoresis sizing using standard PCR, as previously described [8]. NS:
normal CGG size (<44 repeats); PM: premutation size (55–199 repeats); FM: full mutation (≥200 repeats).
The x and y axes in panel C represent fragment sizes of bp and fluorescence units of capillary
electrophoresis profiles from CGG sizing by standard PCR. uCVS: uncultured chorionic villus sampling;
Amnio: amniocyte DNA; Bl: blood DNA; cCVS: cultured chorionic villus sampling DNA; uCD:
umbilical cord DNA; CD.BL: cord blood DNA.

3.3. Follow-Up Prenatal Investigation

As part of further investigations, an Illumina CytoSNP300K microarray (Illumina, Global) was
performed on both the male proband (saliva DNA) and Twin 1 (cultured CVS DNA). A comparison of
single-nucleotide polymorphisms (SNPs) between the X chromosomes of the affected proband and
Twin 1 showed concordance for the majority of the X chromosome SNPs, especially in the FMR1 region.
This confirmed that Twin 1 had inherited the X chromosome with the 35 CGG repeat allele from the
mother’s PM chromosome (Figure 2).

Amniocentesis and fetal blood sampling were offered to the patient but declined due to the late
gestation. A blood sample was collected from the mother of the PM female (I-1) to investigate the
stability of this familial allele; the results demonstrated a typically-behaving smaller PM (66 CGG)
repeat size.
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Figure 2. Chromosome X SNPduo comparison. A SNPduo comparative analysis of Illumina core 
exome single-nucleotide polymorphism (SNP) microarray genotyping data was performed using 
samples from Twin 1 (male) and the male proband. The output analysis showed that the two male 
siblings share identical alleles (identified by State 2) for chromosome regions Xpter (p11.4) and 
Xp11.23 (qter), including the FMR1 gene. This demonstrates the inheritance of the same X 
chromosome, with the exception of a small region of recombination (identified by State 0) for 
chromosome region Xp11.4 (p11.23). 

3.4. PostNatal Investigation 

The pregnancy was complicated by preeclampsia and the twins were delivered by caesarean 
section at 35 weeks gestation. Testing was performed at birth on multiple tissue types by FMR1 
sizing PCR, Southern blot analysis, FMR1 promoter methylation analysis in multiple tissues and 
FMR1 mRNA analysis in blood (Table 1). Twin 1 showed only the 35 CGG allele in all tissues tested, 
with normal FMR1 methylation in DNA from cord blood and postnatally-collected venous blood. 
Reverse transcription real time PCR FMR1 mRNA studies (blood) showed normal levels. Twin 2 was 
inconsistent with prenatal results in that mosaicism for a FM and PM was detected on both cord 
tissue and cord blood DNA, most probably due to postzygotic retraction from the FM range. For 
comparison, FMR1 mRNA and methylation results from the older brother affected with FXS (III-1) 
and the PM mother (II-1) with normal intellectual functioning have been included in Table 1. For 
both twins, the FMR1 methylation results were normal in most tissues (consistent with prenatal 
CGG testing). However, low level methylation mosaicism was detected in the cord blood and 
uncultured CVS of the male twin (Figure 3). 

 

Figure 2. Chromosome X SNPduo comparison. A SNPduo comparative analysis of Illumina core
exome single-nucleotide polymorphism (SNP) microarray genotyping data was performed using
samples from Twin 1 (male) and the male proband. The output analysis showed that the two male
siblings share identical alleles (identified by State 2) for chromosome regions Xpter (p11.4) and Xp11.23
(qter), including the FMR1 gene. This demonstrates the inheritance of the same X chromosome, with
the exception of a small region of recombination (identified by State 0) for chromosome region Xp11.4
(p11.23).

3.4. PostNatal Investigation

The pregnancy was complicated by preeclampsia and the twins were delivered by caesarean
section at 35 weeks gestation. Testing was performed at birth on multiple tissue types by FMR1
sizing PCR, Southern blot analysis, FMR1 promoter methylation analysis in multiple tissues and
FMR1 mRNA analysis in blood (Table 1). Twin 1 showed only the 35 CGG allele in all tissues tested,
with normal FMR1 methylation in DNA from cord blood and postnatally-collected venous blood.
Reverse transcription real time PCR FMR1 mRNA studies (blood) showed normal levels. Twin 2 was
inconsistent with prenatal results in that mosaicism for a FM and PM was detected on both cord tissue
and cord blood DNA, most probably due to postzygotic retraction from the FM range. For comparison,
FMR1 mRNA and methylation results from the older brother affected with FXS (III-1) and the PM
mother (II-1) with normal intellectual functioning have been included in Table 1. For both twins,
the FMR1 methylation results were normal in most tissues (consistent with prenatal CGG testing).
However, low level methylation mosaicism was detected in the cord blood and uncultured CVS of the
male twin (Figure 3).
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Table 1. Summary of FMR1 testing performed in prenatal and postnatal tissues.

ID Sample type CGG size MS-QMA (MR) EpiTYPER (MR)
CpG10-12 FREE2 FMR1 mRNA

III-1 (older brother) Blood 78; 150–813 0.55 (<0.03; n = 23) 0.58 (<0.07; n = 17) 0.98#
III-1 (older brother) Buccal 78; 150–813 0.54 (<0.03; n = 23) 0.69 (<0.07; n = 17) -

II-1 (PM mother) Blood 30; 70 0.21 (<0.37; n = 88) - -
II-1 (PM mother) Buccal 30; 70 0.19 (<0.36; n = 26) - -
II-1 (PM mother) Saliva 30; 70 0.2 (<0.4; n = 33) - -
III-2 (male twin) Uncultured CVS 35 0.01* (<0.03; n = 7) - -
III-2 (male twin) Amnio 35 - - -
III-2 (male twin) Cord blood 35 0.01*(<0.03; n = 23) - -
III-2 (male twin) Umbilical cord 35 0.01 - -
III-2 (male twin) Blood 35 0.01 (<0.03; n = 23) - 1.16#

III-3 (female twin) Uncultured CVS 39; 380–1000 0.269 - -
III-3 (female twin) Umbilical cord 39; 130; 200–790 - 0.35 ( <0.43; n = 154)** -
III-3 (female twin) Cord blood 39; 130; 200–790 0.27 (<0.37; n = 88) 0.3 (<0.435; n = 154)** -

CGG sizes for different alleles are separated by a semicolon; abnormal results are highlighted in bold. MR: methylation ratio. The control maximum methylation values and the number
of samples tested are indicated in brackets. * indicates abnormal result from high resolution melt derivative plots presented in Figure 3. ** indicates the EpiTYPER methylation cutoff
associated with intellectual disability, as represented by a verbal IQ < 70, established as part of previous studies [14]. (-) indicates that the sample was not available for analysis. To establish
the maximum methylation values for (postnatal/prenatal) controls, male and female samples were collected (pre/postnatally) with CGG repeat sizes ranging between 13 and 44 CGGs. No
methylation control reference values were available for umbilical cord and uncultured female chorionic villus (CVS) DNA. # The FMR1 mRNA minimum and maximum values in blood
were 0.91 to 1.9 arbitrary units for males, from 30 typically-developing individuals with a CGG size in the normal range < 44 CGGs.
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placement and shape as determined using the Applied Biosystems® High resolution Melt Software (Thermo Fisher Scientific, Global). Positive and negative 
controls (A) and (D) have been included for comparison with the results for the male twin’s samples (B, C, E and F), providing details about the presence or absence 
of the abnormally methylated (M) and unmethylated (UM) FMR1 alleles. The numbers above each panel represent technical replicates. Note: for each plot X-axis 
represents melting temperature, while y-axis represents fluorescence released, with each fluorescence unit (FU) equal to 1000 units generated by the Applied 
Biosystems ® High resolution Melt Software (Thermo Fisher Scientific, Global). 

Figure 3. High resolution melt derivative plots from Methylation Sensitive Quantitative Melt Analysis (MS-QMA) analysis of Fragile X-Related Epigenetic Element 2
(FREE2) methylation in the male twin (III-2). Derivative plots in pre and postnatal tissues (A–F) represent cluster results based on similarities of melt curve placement
and shape as determined using the Applied Biosystems® High resolution Melt Software (Thermo Fisher Scientific, Global). Positive and negative controls (A) and (D)
have been included for comparison with the results for the male twin’s samples (B, C, E and F), providing details about the presence or absence of the abnormally
methylated (M) and unmethylated (UM) FMR1 alleles. The numbers above each panel represent technical replicates. Note: for each plot X-axis represents melting
temperature, while y-axis represents fluorescence released, with each fluorescence unit (FU) equal to 1000 units generated by the Applied Biosystems ® High resolution
Melt Software (Thermo Fisher Scientific, Global).
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4. Discussion

Intermediate CGG alleles have been shown to expand to FM over two generations, and PM alleles
> 55 CGG repeats have been demonstrated to expand to FM in one generation. PM alleles generally
increase in size through maternal transmission and very rarely decrease, especially back to the normal
range. Furthermore, mosaicism for PM/FM is reported to be present in 12% to 41% of all Fragile
X-affected males [15]. Retractions from FM to normal allele size have been reported to be rare by some
studies [15], but more common by others [16]. These have also been reported in the prenatal setting [17]
without postnatal follow-up. The cause of these retractions is unknown but may be due to excision
of the expanded FM or PM CGG repeat in the early postzygotic period, producing mosaic normal
size/grey zone size (GZ 45-54 CGGs)/PM/FM results with tissue variability. Most notably, Alfaro et al.
reported both expansion and contraction of a maternal PM (93 CGGs) carrier in fraternal twins in
the postnatal setting [18]. This report detailed dizygous twins where the male twin demonstrated
a FM expansion and the female twin showed a retraction of the mother’s PM allele to the GZ range
(54 CGGs).

There is one previous report of FM and GZ alleles being identified during prenatal testing in
a female fetus whose mother had one normal (37 repeats) and one PM (111–118 repeats) allele [19].
Long-range PCR performed on a DNA sample derived from amniotic fluid identified three alleles:
a normal allele with 29 CGG repeats, a GZ allele with 48 repeats and an FM allele with more than
200 repeats. Further testing identified that the GZ allele had arisen as a result of a postzygotic
retraction event in some of the cells, which was confirmed at birth in multiple tissues. There has also
been a prenatal report of mosaicism in a male fetus that demonstrated instability/retraction from FM
to PM range and placental tissue mosaicism [20]. Another study summarised 26 cases reported in the
literature regarding likely retraction and repeat size mosaicism, suggesting that this phenomenon is
not uncommon [16].

In this case, the discrepancy in the normal-sized allele difference between Twin 1 and the maternal
normal allele size (30 CGG) warranted further investigation. As noted in previous prenatal reports,
if inconsistencies in the inheritance of alleles are identified, further investigation including different
tissue types should be performed [20]. Twin 1 showed no inconsistency between different tissue types
prenatally (or postnatally) indicating there had been either instability of the normal X chromosome
allele (30 CGG) or full retraction of the PM maternal allele. The X chromosome SNP linkage comparison
with the male pro-band demonstrated that the abnormal X chromosome was inherited by Twin 1,
suggesting a retraction may have occurred. Multiple maternal tissues (blood and buccal) showed no
mosaicism for a 35 CGG allele, indicating this allele may have arisen early in embryogenesis. One
possible explanation for the mechanism could be a deletion from PM to normal (as there were no PM
or FM alleles detected in the fetus prenatally or postnatally). This is supported by a previous report
that demonstrated four FM patients with deletions of both CGG repeats and flanking FMR1 coding
sequence [21]. Another possibility could be that the mother’s PM expanded to a FM that somatically
retracted to normal size early on in embryogenesis.

Whether retraction and/or deletion occurred postzygotically in the fetus, meiotically in the
mother, or postzygotically in the mother (maternal germ line mosaicism) is uncertain. An opportunity
to test conclusively for maternal germ line mosaicism was negated by the caesarean complications.
There is also a possibility that a remote cis- or trans-acting factor influenced the DNA replication fork
at the FMR1 CGG repeat [22]; this could be examined in future studies to explain the mechanism/s
resulting in the repeat instability observed in both twins and their older brother. The etiology of the
35 CGG allele in the male twin is uncertain, despite the FMR1 mRNA levels being in the normal range.
Specifically, while FMR1 mRNA regulation may not be compromised in blood, this does not rule out
potential issues with FMRP translation in blood or other tissues, or small contractions in the flanking
sequence that may prevent FMRP from being fully functional. While sequencing of the flanking regions
to rule out small deletion/s in close proximity to the repeat was not performed (study limitation),
the microarray analysis and FREE2 methylation analysis by both MS-QMA and the EpiTYPER system
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indicated that the flanking regions located from ~80 bp downstream of the repeat within the body of
FMR1 were intact.

Interestingly, the analysis of FMR1 transcription in the PBMCs of the older PM/FM mosaic brother
also revealed an mRNA level within the normal male expression range (Table 1). This is consistent
with FREE2 methylation results by both MS-QMA and the EpiTYPER system where approximately
half of all cells had a PM or a FM allele with an unmethylated promoter, overexpressing FMR1 by at
least twice the normal level, as previously described [12], but overall, showed normal FMR1 mRNA
levels because the remaining cells had a completely methylated FMR1 promoter with no detectable
FMR1 mRNA. This postulate is consistent with another study of a PM/FM mosaic male with FXS
(harboring a retraction to normal size and microdeletion in the CGG 5’ flanking region), with normal
FMR1 mRNA levels in PBMCs [23]. In contrast to this previous report, Grasso et al. reported four
cases of complete retraction to normal range that only had CGG repeat retractions with no flanking
coding region deletions [21]. While in one case with FM and normal allele mosaicism, Grasso et al. did
demonstrate the presence of FMRP, FMR1 mRNA levels were not examined.

Although the low level CGG size mosaicism for larger alleles in the male twin was not detected in
this study, it may still be present and could be tissue-limited. The MS-QMA analysis did detect low level
methylation mosaicism in the cord blood and uncultured CVS of the male twin (Figure 3), which has
not been present in any male controls tested to date. This may either represent the presence of a FM
allele in a small proportion of cells (that cannot be detected by CGG sizing due to limited analytical
sensitivity), or maternal cell contamination where there is partial methylation due to X-inactivation.
The cognitive development of Twin 1 with age will most likely give further evidence as to when/where
this retraction has occurred, and whether Twin 1 is a non-mosaic carrier of the normal allele.

Twin 2 demonstrated retraction from the full mutation detected on uncultured and cultured CVS
to PM size alleles These PM alleles were detected postnatally and are of a different size to the mother’s
PM allele, likely produced by postzygotic retraction of the FM allele. The fact that normal methylation
in both the uCV, cCV and cord blood was detected, may indicate that in most cells, the FM alleles are
on the inactive X-chromosome, otherwise the total methylation detected by MS-QMA would have
been above the normal level.

5. Conclusions

Whilst a number of cases of contractions into the grey zone or normal range have been previously
reported [16,18,21,23], this is the first study to provide postnatal follow-up (repeat sizes, methylation
in multiple tissues and FMR1 mRNA levels in blood) of a normal sized allele in a male twin (with
a FM female sibling). Retraction to the normal CGG size in a male twin of a PM mother is an important
finding in prenatal diagnosis that should not be underestimated and may be underdiagnosed due to
testing regimes. We hypothesise that carriers of retracted normal alleles, if not detected at prenatal
diagnosis, may have normal clinical presentation with no recurrence risk. Deletion of the CGG
can, however, be associated with clinical abnormality, as demonstrated by Hwang et al. in a case
that showed mosaicism for a FM allele and a normal/PM allele with deleted flanking FMR1 coding
regions [23]. Normal alleles that are not consistent with inheritance from parental allele sizes should be
investigated by linkage for the abnormal X chromosome and investigated for the presence of normal
FMR1 mRNA and/or FMRP levels. The recurrence risk of expansion and retraction to PM or FM for
the mother may be high due to the history of three conceptions demonstrating retractions. This case is
also the second report of a twin conception [18] that has demonstrated both expansion and retraction,
suggesting a possible association between the twinning process and PM allele instability.

Author Contributions: Y.P., M.H., N.G. and M.F. clinically assessed all participants in this study and were
involved in the follow-up, including genetic counselling. D.G., D.F., L.L., S.A.V., S.C., R.O. and E.B. performed the
molecular analyses and were involved in providing results interpretation related to the clinical observations. Y.P.,
D.F. and D.G. prepared the drafts of the paper. All authors have reviewed and provided corrections and have
agreed to be co-authors on the submitted version of the paper.



Genes 2018, 9, 287 10 of 11

Acknowledgments: This work was funded by The Victorian Government’s Operational Infrastructure Support
Program, Murdoch Children’s Research Institute, Royal Children’s Hospital Foundation, Martin & E.H. Flack
Trust, Pierce Armstrong Trust, Financial Markets Foundation for Children (Australia) (FMFC; grant number:
2017-361), the National Health and Medical Research Council (NHMRC; project grant numbers: 104299 and
1103389). D.E. Godler was supported by the Next Generation Clinical Researchers Program—Career Development
Fellowship Funded by the Medical Research Future Fund (grant number 1141334).

Conflicts of Interest: David Eugeny Godler is named as an inventor on patent applications [PCT/AU2010/000169
and PCT/AU2014/000044] related to the technology described in this article. The other authors declare that they
have no competing interests.

References

1. Hagerman, R.J.; Berry-Kravis, E.; Kaufmann, W.E.; Ono, M.Y.; Tartaglia, N.; Lachiewicz, A.; Kronk, R.;
Delahunty, C.; Hessl, D.; Visootsak, J.; et al. Advances in the treatment of fragile X syndrome. Pediatrics 2009,
123, 378–390. [CrossRef] [PubMed]

2. Godler, D.E.; Tassone, F.; Loesch, D.Z.; Taylor, A.K.; Gehling, F.; Hagerman, R.J.; Burgess, T.;
Ganesamoorthy, D.; Hennerich, D.; Gordon, L.; et al. Methylation of novel markers of fragile X alleles
is inversely correlated with FMRP expression and FMR1 activation ratio. Hum. Mol. Genet. 2010, 19,
1618–1632. [CrossRef] [PubMed]

3. Maddalena, A.; Richards, C.S.; McGinniss, M.J.; Brothman, A.; Desnick, R.J.; Grier, R.E.; Hirsch, B.; Jacky, P.;
McDowell, G.A.; Popovich, B.; et al. Technical standards and guidelines for fragile X: The first of a series
of disease-specific supplements to the standards and guidelines for clinical genetics laboratories of the
American college of medical genetics. Quality assurance subcommittee of the laboratory practice committee.
Genet. Med. 2001, 3, 200–205. [PubMed]

4. Rodriguez-Revenga, L.; Madrigal, I.; Pagonabarraga, J.; Xuncla, M.; Badenas, C.; Kulisevsky, J.; Gomez, B.;
Mila, M. Penetrance of FMR1 premutation associated pathologies in fragile X syndrome families. Eur. J.
Hum. Genet. 2009, 17, 1359–1362. [CrossRef] [PubMed]

5. Jin, P.; Warren, S.T. Understanding the molecular basis of fragile X syndrome. Hum. Mol. Genet. 2000, 9,
901–908. [CrossRef] [PubMed]

6. Nolin, S.L.; Brown, W.T.; Glicksman, A.; Houck, G.E., Jr.; Gargano, A.D.; Sullivan, A.; Biancalana, V.;
Brondum-Nielsen, K.; Hjalgrim, H.; Holinski-Feder, E.; et al. Expansion of the fragile X CGG repeat in
females with premutation or intermediate alleles. Am. J. Hum. Genet. 2003, 72, 454–464. [CrossRef] [PubMed]

7. Biancalana, V.; Glaeser, D.; McQuaid, S.; Steinbach, P. EMQN best practice guidelines for the molecular
genetic testing and reporting of fragile x syndrome and other fragile X-associated disorders. Eur. J.
Hum. Genet. 2015, 23, 417–425. [CrossRef] [PubMed]

8. Khaniani, M.S.; Kalitsis, P.; Burgess, T.; Slater, H.R. An improved diagnostic PCR assay for identification of
cryptic heterozygosity for CGG triplet repeat alleles in the fragile X gene (FMR1). Mol. Cytogenet. 2008, 1, 5.
[CrossRef] [PubMed]

9. Francis, D.; Burgess, T.; Mitchell, J.; Slater, H. Identification of small FRAXA premutations. Mol. Diagn. 2000,
5, 221–225. [CrossRef] [PubMed]

10. Godler, D.E.; Slater, H.R.; Bui, Q.M.; Storey, E.; Ono, M.Y.; Gehling, F.; Inaba, Y.; Francis, D.; Hopper, J.L.;
Kinsella, G.; et al. Fragile X mental retardation 1 (FMR1) intron 1 methylation in blood predicts verbal
cognitive impairment in female carriers of expanded FMR1 alleles: Evidence from a pilot study. Clin. Chem.
2012, 58, 590–598. [CrossRef] [PubMed]

11. Inaba, Y.; Schwartz, C.E.; Bui, Q.M.; Li, X.; Skinner, C.; Field, M.; Wotton, T.; Hagerman, R.J.; Francis, D.;
Amor, D.J.; et al. Early detection of fragile X syndrome: Applications of a novel approach for improved
quantitative methylation analysis in venous blood and newborn blood spots. Clin. Chem. 2014, 60, 963–973.
[CrossRef] [PubMed]

12. Loesch, D.Z.; Godler, D.E.; Evans, A.; Bui, Q.M.; Gehling, F.; Kotschet, K.E.; Trost, N.; Storey, E.; Stimpson, P.;
Kinsella, G.; et al. Evidence for the toxicity of bidirectional transcripts and mitochondrial dysfunction in
blood associated with small CGG expansions in the FMR1 gene in patients with parkinsonism. Genet. Med.
2011, 13, 392–399. [CrossRef] [PubMed]

http://dx.doi.org/10.1542/peds.2008-0317
http://www.ncbi.nlm.nih.gov/pubmed/19117905
http://dx.doi.org/10.1093/hmg/ddq037
http://www.ncbi.nlm.nih.gov/pubmed/20118148
http://www.ncbi.nlm.nih.gov/pubmed/11388762
http://dx.doi.org/10.1038/ejhg.2009.51
http://www.ncbi.nlm.nih.gov/pubmed/19367323
http://dx.doi.org/10.1093/hmg/9.6.901
http://www.ncbi.nlm.nih.gov/pubmed/10767313
http://dx.doi.org/10.1086/367713
http://www.ncbi.nlm.nih.gov/pubmed/12529854
http://dx.doi.org/10.1038/ejhg.2014.185
http://www.ncbi.nlm.nih.gov/pubmed/25227148
http://dx.doi.org/10.1186/1755-8166-1-5
http://www.ncbi.nlm.nih.gov/pubmed/18471319
http://dx.doi.org/10.2165/00066982-200005030-00008
http://www.ncbi.nlm.nih.gov/pubmed/11070156
http://dx.doi.org/10.1373/clinchem.2011.177626
http://www.ncbi.nlm.nih.gov/pubmed/22235103
http://dx.doi.org/10.1373/clinchem.2013.217331
http://www.ncbi.nlm.nih.gov/pubmed/24778142
http://dx.doi.org/10.1097/GIM.0b013e3182064362
http://www.ncbi.nlm.nih.gov/pubmed/21270637


Genes 2018, 9, 287 11 of 11

13. Kraan, C.M.; Cornish, K.M.; Bui, Q.M.; Li, X.; Slater, H.R.; Godler, D.E. β-glucuronidase use as a single
internal control gene may confound analysis in FMR1 mRNA toxicity studies. PLoS ONE 2018, 13, e0192151.
[CrossRef] [PubMed]

14. Arpone, M.; Baker, E.K.; Bretherton, L.; Bui, M.; Li, X.; Whitaker, S.; Dissanayake, C.; Cohen, J.; Hickerton, C.;
Rogers, C.; et al. Intragenic DNA methylation in buccal epithelial cells and intellectual functioning in
a paediatric cohort of males with fragile X. Sci. Rep. 2018, 8, 3644. [CrossRef] [PubMed]

15. Nolin, S.L.; Glicksman, A.; Houck, G.E., Jr.; Brown, W.T.; Dobkin, C.S. Mosaicism in fragile X affected males.
Am. J. Med. Genet. 1994, 51, 509–512. [CrossRef] [PubMed]

16. Aliaga, S.M.; Slater, H.R.; Francis, D.; Du Sart, D.; Li, X.; Amor, D.J.; Alliende, A.M.; Santa Maria, L.;
Faundes, V.; Morales, P.; et al. Identification of males with cryptic fragile X alleles by methylation-specific
quantitative melt analysis. Clin. Chem. 2016, 62, 343–352. [CrossRef] [PubMed]

17. Manor, E.; Jabareen, A.; Magal, N.; Kofman, A.; Hagerman, R.J.; Tassone, F. Prenatal diagnosis of fragile X:
Can a full mutation allele in the FMR1 gene contract to a normal size? Front. Genet. 2017, 8, 158. [CrossRef]
[PubMed]

18. Alfaro, M.P.; Cohen, M.; Vnencak-Jones, C.L. Maternal FMR1 premutation allele expansion and contraction
in fraternal twins. Am. J. Med. Genet. A 2013, 161, 2620–2625.

19. Ferreira, S.I.; Pires, L.M.; Ferrao, J.; Sa, J.; Serra, A.; Carreira, I.M. Mosaicism for FMR1 gene full mutation and
intermediate allele in a female foetus: A postzygotic retraction event. Gene 2013, 527, 421–425. [CrossRef]
[PubMed]

20. Stark, Z.; Francis, D.; Gaffney, L.; Greenberg, J.; Hills, L.; Li, X.; Godler, D.E.; Slater, H.R. Prenatal diagnosis
of fragile X syndrome complicated by full mutation retraction. Am. J. Med. Genet. A 2015, 167, 2485–2487.
[CrossRef] [PubMed]

21. Grasso, M.; Faravelli, F.; Lo Nigro, C.; Chiurazzi, P.; Sperandeo, M.P.; Argusti, A.; Pomponi, M.G.; Lecora, M.;
Sebastio, G.F.; Perroni, L.; et al. Mosaicism for the full mutation and a microdeletion involving the CGG
repeat and flanking sequences in the FMR1 gene in eight fragile X patients. Am. J. Med. Genet. 1999, 85,
311–316. [CrossRef]

22. Gerhardt, J.; Zaninovic, N.; Zhan, Q.; Madireddy, A.; Nolin, S.L.; Ersalesi, N.; Yan, Z.; Rosenwaks, Z.;
Schildkraut, C.L. Cis-acting DNA sequence at a replication origin promotes repeat expansion to fragile X full
mutation. J. Cell Biol. 2014, 206, 599–607. [CrossRef] [PubMed]

23. Hwang, Y.T.; Aliaga, S.M.; Arpone, M.; Francis, D.; Li, X.; Chong, B.; Slater, H.R.; Rogers, C.; Bretherton, L.;
Hunter, M.; et al. Partially methylated alleles, microdeletion, and tissue mosaicism in a fragile X male with
tremor and ataxia at 30 years of age: A case report. Am. J. Med. Genet. A 2016, 170, 3327–3332. [CrossRef]
[PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0192151
http://www.ncbi.nlm.nih.gov/pubmed/29474364
http://dx.doi.org/10.1038/s41598-018-21990-x
http://www.ncbi.nlm.nih.gov/pubmed/29483611
http://dx.doi.org/10.1002/ajmg.1320510444
http://www.ncbi.nlm.nih.gov/pubmed/7943031
http://dx.doi.org/10.1373/clinchem.2015.244681
http://www.ncbi.nlm.nih.gov/pubmed/26715660
http://dx.doi.org/10.3389/fgene.2017.00158
http://www.ncbi.nlm.nih.gov/pubmed/29163631
http://dx.doi.org/10.1016/j.gene.2013.05.079
http://www.ncbi.nlm.nih.gov/pubmed/23792063
http://dx.doi.org/10.1002/ajmg.a.37163
http://www.ncbi.nlm.nih.gov/pubmed/25988754
http://dx.doi.org/10.1002/(SICI)1096-8628(19990730)85:3&lt;311::AID-AJMG24&gt;3.0.CO;2-A
http://dx.doi.org/10.1083/jcb.201404157
http://www.ncbi.nlm.nih.gov/pubmed/25179629
http://dx.doi.org/10.1002/ajmg.a.37954
http://www.ncbi.nlm.nih.gov/pubmed/27696642
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Ethics 
	Sample Processing 
	CGG Sizing 
	FMR1 Methylation Analysis 
	FMR1 mRNA Analysis 

	Results 
	Clinical History 
	Initial Diagnostic Testing 
	Follow-Up Prenatal Investigation 
	PostNatal Investigation 

	Discussion 
	Conclusions 
	References

