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Abstract: Fragile X syndrome (FXS) is mostly due to the expansion and subsequent methylation of
a polymorphic CGG repeat in the 5’ UTR of the FMR1 gene. Full mutation alleles (FM) have more
than 200 repeats and result in FMR1 gene silencing and FXS. FMs arise from maternal premutations
(PM) that have 56–200 CGGs; contractions of a maternal PM or FM are rare. Here, we describe two
unaffected boys in two independent FXS families who inherited a non-mosaic allele in the normal
and intermediate range, respectively, from their mothers who are carriers of an expanded CGG allele.
The first boy inherited a 51 CGG allele (without AGG interruptions) from his mother, who carries a
PM allele with 72 CGGs. The other boy inherited from his FM mother an unusual allele with 19 CGGs
resulting from a deletion, removing 85 bp upstream of the CGG repeat. Given that transcription of
the deleted allele was found to be preserved, we assume that the binding sites for FMR1 transcription
factors are excluded from the deletion. Such unusual cases resulting in non-mosaic reduction of
maternal CGG expansions may help to clarify the molecular mechanisms underlying the instability
of the FMR1 gene.

Keywords: FMR1 gene; fragile X syndrome; CGG instability; CGG reversion; genetic test

1. Introduction

Fragile X syndrome (FXS, OMIM #300624) is the most common monogenic cause of intellectual
disability (ID) and belongs to the Fragile X-related disorders [1], a group of genetic conditions that
includes also fragile X-associated tremor/ataxia syndrome (FXTAS, OMIM #300623) [2] and fragile
X-associated primary ovarian insufficiency (FXPOI, OMIM #311360) [3]. All these conditions are due
to the expansion of a polymorphic CGG repeat sequence located in the 5′ UTR of the FMR1 gene [4].
Depending on the size of the CGG repeat, four different classes of alleles may be defined [5]: (1)
normal alleles with 6–44 CGGs, with the most common alleles having 29–30 repeats, that are stably
transmitted to the offspring; (2) intermediate or “gray zone” alleles with 45–55 repeats, that might
be unstable, especially when AGG interruptions are absent [6–8]; (3) premutation (PM) alleles with
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56–200 CGGs, which are associated with FXTAS and FXPOI; (4) full mutation (FM) alleles with more
than 200 CGG repeats (up to 1000 and more), typically inducing local DNA hypermethylation and
FMR1 gene silencing. When a PM is maternally transmitted, it may expand to a full mutation (FM)
allele, resulting in absence of the FMRP protein and consequently in FXS.

Both expansions and contractions upon meiotic transmission and during mitotic divisions have
been described in FXS families, with expansions outnumbering contractions by 10:1 in both humans
and in PM (knock-in) mouse models [9,10]. Size instability contributes to the mosaicism frequently
seen in carriers of PM and FM alleles. PM alleles usually undergo only small expansions/contractions
when transmitted by a father and male PM carriers are not considered to be at risk of transmitting a
FM allele to their daughters [11]. Large expansions from PM to FM are apparently transmitted only
through maternal meiosis [12]. In addition to the sex of the transmitting parent, the main risk factors for
instability are: the number of repeats, the number (and position) of AGG interruptions, and maternal
age [7]. Unstable alleles probably arise from stable ones after the loss of AGG interruptions [13]. For
example, the presence of two interspersed AGGs in PM alleles of 70–90 repeats associates with a
60% risk reduction of transmitting a FM to the next generation [6]. On the other hand, contractions,
observed both after maternal and paternal transmission, do not seem to be influenced by the presence
of AGG interruptions [8]. Mismatch (MMR) and base excision (BER) repair mechanisms, as well
as slipped strand mispairing (SSM) or polymerase slippage during DNA replication, appear to be
involved in contraction, as well as in expansion events [14]. Contractions may arise from the difficulty
of DNA polymerase in progressing through the repeats under conditions where rapid cell division
is required. This may explain why FM alleles are not usually seen in the sperm of FXS males [15].
These events are frequently associated with the loss of AGG interruptions on maternal but not paternal
transmission [8]. Understanding the mechanisms and pathways that lead to contractions (or to
instability in general) is very important for devising strategies aimed at blocking further expansions.
In a proof of principle experiment, CGG repeats were removed using the CRISPR/Cas9 technique,
reactivating FMR1 transcription [16]. Unfortunately, this technology is not mature yet for in vivo
applications due to the risk of off-target effects and the difficulty of reaching target cells in the brain.

We here describe two independent FXS families in which two unaffected boys inherited a
non-mosaic FMR1 allele in the normal/gray-zone range derived from the expanded allele of their
mothers, respectively. One CGG reversion was diagnosed postnatally in a normal child, while the
second case was accidentally detected during prenatal diagnosis on chorionic villi as well as amniocytes
and confirmed after the child’s birth on blood leukocytes. These rare events, that apparently occurred
during maternal meiosis (i.e., pre-zygotically), may be challenging to interpret, particularly in the
context of a prenatal diagnosis in the absence of phenotypic information, since the presence of an
undetectable expanded allele in mosaic form cannot be excluded with certainty. A question remains
unanswered: will a contracted allele, derived from an expanded one, behave like a stable allele or
could it expand again when transmitted to the next generation?

2. Patients and Methods

2.1. Patients

Participants provided written informed consent for the molecular analysis performed in this study
as well as for sharing clinical information. The study protocol was approved by the Ethic Committee of
the Catholic University of Rome (prot. N. 9917/15 and prot.cm 10/15). Pedigrees of Family 1 and Family
2 are reported in Figures 1A and 2A, respectively, in which all family members studied by molecular
analysis are indicated. DNA was extracted using standard salting-out protocol from peripheral blood
leukocytes of individuals of both families and from chorionic villi sample (CVS) and amniocytes
obtained prenatally from individual III-2 of Family 2.
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expansion are indicated with an asterisk near the symbol. On the left side, the polymorphic markers 

(CGG, DXS548 and FRAXAC1) are reported. Note that DXS548 was not informative. (B) Capillary 

electrophoresis of the fluorescent PCR used for CGG sizing of the maternal grandfather I-1 (upper 

panel), of the mother II-1 (middle panel), and of the proband III-1 (lower panel). In each panel, the 

CGG repeat number was estimated from the size of the PCR products. The proband had an 

intermediate size allele of 51 CGGs derived from the expanded allele of his mother, without any 

Figure 1. Pedigree of Family 1 with haplotype segregation within the FMR1 locus and CGG sizing
through PCR. (A) Black square (III-2) indicates the affected FXS boy, carrier of a methylated full mutation
MFM; a dotted square and circles indicate carriers of PM. Individuals tested for the FMR1 expansion are
indicated with an asterisk near the symbol. On the left side, the polymorphic markers (CGG, DXS548
and FRAXAC1) are reported. Note that DXS548 was not informative. (B) Capillary electrophoresis of
the fluorescent PCR used for CGG sizing of the maternal grandfather I-1 (upper panel), of the mother
II-1 (middle panel), and of the proband III-1 (lower panel). In each panel, the CGG repeat number was
estimated from the size of the PCR products. The proband had an intermediate size allele of 51 CGGs
derived from the expanded allele of his mother, without any apparent sign of mosaicism. I-1 was PM
carrier of a 64 CGG repeats allele; II-1 was heterozygous for a normal allele of maternal origin and a
paternal PM of 72 repeats. Bars on the capillary electrophoresis of II-1 indicated the presence of two
canonical interspersed AGGs on her normal allele, since the expanded allele has no interruptions in I-1
as well as in III-1.
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Figure 2. Pedigree of Family 2 with haplotype segregation within the FMR1 locus and CGG sizing
through PCR. (A) Black square (III-3) indicates the affected FXS individual, carrying a MFM; grey
circles indicate FM carrier females. Individuals tested for the FMR1 expansion are indicated with an
asterisk near the symbol. On the left side, the polymorphic markers (CGG, DXS1227, DXS1073, DXS548
and FRAXAC1) are reported. Note that DXS548 and FRAXAC1 were not informative. (B) Capillary
electrophoresis of the fluorescent PCR for CGG sizing of the proband’s maternal uncle II-3 (upper
panel), of the mother II-1 (middle panel), and of the proband III-2 (lower panel). In each panel, the
CGG repeat number was estimated from the size of the PCR products. In III-2, the allele is shorter than
the normal range without signs of interspersed AGGs and no sign of mosaicism. On the other hand,
II-3 is a mosaic carrier of a small PM of 56 CGGs and a FM while II-1 was eventually found to be a
mosaic between a FM and a contracted allele similar to that inherited by her child (III-2). The proband
had the reversed allele with the 85 bp deletion followed by 19 CGGs derived from his mother. Bars on
the capillary electrophoresis of II-1 indicated the presence of two canonical interspersed AGGs on the
normal 29 CGG repeat allele.

2.2. CGG Sizing and Methylation Analysis

CGG sizing was assessed by AmplideX® PCR assay (Asuragen, Austin, TX, USA), a sensitive and
efficient amplification method [17]. This CGG Repeat Primed (RP) PCR protocol uses three primers
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and fragment sizing on a Genetic Analyzer (Thermo Fisher), allowing detection of AGG interruptions
within the FMR1 allele. PCR reagents include gene-specific and CGG primers, a polymerase mix buffer
for amplification of the CGG repeat region in the FMR1 gene and a ROX 1000 Size Ladder for sizing by
capillary electrophoresis. Amplified products were visualized by capillary electrophoresis (3500xL
Genetic Analyzer, Thermo Fisher, Waltham, MA, USA) and separated using POP-7TM polymer (Thermo
Fisher), following manufacturer’s instructions. The size of the PCR products has been converted to the
estimated number of CGG repeats using size and mobility conversion factors. The reference sequence
of the FMR1 gene used for sizing the CGG repeat is LRG_762 (identical to NG_007529.2).

Evaluation of genomic DNA methylation was performed through MS-MLPA on prenatal diagnosis
samples and peripheral blood leukocytes of III-2 (Family 2), using the specific assay for FMR1-AFF2
locus in Xq27.3 (code ME029B2), following the manufacturer’s protocol (MRC Holland).

2.3. Haplotype Analysis

Segregation study was performed on all family members indicated in Figures 1A and 2A. PCR
amplification of the polymorphic markers DXS548 (forward 5′-AGA GCT TCA CTA TGC AAT GGA
ATC and reverse 5′FAM-GTA CAT TAG AGT CAC CTG TGG TGC) and FRAXAC1 (forward 5′-GAT
CTA ATC AAC ATC TAT AGA CTT TAT T and reverse 5′VIC-AGG CTT GGA GTG CAG TGG GCA
ATC T), mapping both in Xq27.3, DXS1227 in Xq27.2 (forward 5′-AAA ACC AAG CTG TTT ACT GCT
CC and reverse 5′FAM- ACT CAT CAG ACA TAG GTG GGG AA) and DXS1073 in Xq28 (forward
5′-GGC TGA CTC CAG AGG C and reverse 5′FAM-CCG AGT TAT TAC AAA GAA GCA C) was
carried out with fluorescent primers. Alleles were resolved on capillary gel electrophoresis using an
ABI3130 sequencer and analysed with GeneMapper v4.0 (Thermo Fisher).

2.4. Sequencing Analysis

Genomic DNA from CVS and peripheral blood leukocytes of III-2 (Family 2) was amplified using
primers “c” and “f” [18], that span the CGG repeat region (LRG_762, the same of NG_007529.2).
Amplification products were sequenced in both directions with BigDye Terminator v3.1 Cycle
Sequencing kit (Life technologies, Carlsbad, CA, USA, 4336917) and separated on a 3130 Genetic
Analyzer (Life technologies).

2.5. FMR1-mRNA Quantification

Total RNA was extracted from CVS and amniocytes of III-2 (Family 2) as well as two
unaffected matched control males by standard Trizol protocol (Life biotechnologies). 500 ng of
total RNA were retro-transcribed into cDNA by SensiFAST cDNA Synthesis kit (Bioline, Memphis,
TN, USA), according to the manufacturer’s instructions. For a relative quantification of FMR1
transcript using ABI7900HT (Life technologies), the following pre-developed TaqMan® assays were
employed: FMR1 (Hs.PT.58.2579089, IDT) and GAPDH (glyceraldehyde-3-phosphate-dehydrogenase)
(Hs.PT.39a.22214836, IDT), the latter being constitutively expressed in every cell and thus used as
endogenous control. The cycle parameters were: 2 min at 50 ◦C and 10 min at 95 ◦C, followed
by 40 cycles with 15 seconds at 95 ◦C (denaturation) and 1 min at 60 ◦C (annealing/extension).
The relative quantification of target transcript vs. endogenous transcript was calculated as follows:
2−(∆Ct(FMR1))−∆Ct(GAPDH)) = 2−∆∆Ct, where ∆Ct is the difference (Ct(FMR1)–Ct(GAPDH)) and Ct is the
cycle at which the detected fluorescence overcomes the threshold.

3. Results

3.1. Family 1

The proband III-1 (Figure 1A) is a normally developing 11-year-old boy, whose mother (II-1)
and maternal aunt (II-2) are PM carriers. The aunt has a child (III-2) affected by FXS, carrier of a
methylated FM (MFM). The PM alleles derive from individual I-1, who carries a PM allele of 64 triplets
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with no AGG interruptions (Figure 1B, upper panel). He started to manifest dysarthria at 55 years
and then ataxia, leading to a diagnosis of FXTAS at the age of 66 years. The proband’s mother (II-1)
had a normal allele of 30 repeats with two interspersed AGGs and a PM of 72 CGGs without AGGs
(Figure 1B, middle panel). She developed FXPOI with menopause occurring at 37 years. Her sister
(II-2) had a normal allele of 30 CGGs and a premutated one of 68 CGGs (not shown). Unexpectedly,
individual III-1 was found to carry a gray-zone allele of 51 CGGs without AGG interruptions and no
evidence of size mosaicism in peripheral leukocytes (Figure 1B, lower panel). Segregation analysis
with CGG sizing and two polymorphic markers flanking the FMR1 locus (DXS548, not informative,
and FRAXAC1, informative) was also performed and the results are reported in Figure 1A. Comparing
the maternal grandfather I-1 with the proband and his mother, we inferred that the X chromosome of
III-1 was inherited from I-1, after undergoing contraction during maternal meiosis.

3.2. Family 2

The pedigree of Family 2 is reported in Figure 2A. The proband III-2 underwent FMR1 molecular
analysis during prenatal diagnosis. His mother (II-1) was known to be carrier of a normal allele and a
MFM allele with an expansion of 1.2–1.5 kb (approximately 430–530 CGGs), originally detected by
Southern blot (not shown). His maternal uncle II-3 is affected by FXS and carries a MFM of 1.5–2.7 kb in
size (as estimated by Southern blot, not shown), corresponding to approx. 530–930 CGGs. His maternal
aunt II-2 has a FXS diagnosis and carries an expansion in the FM range assessed elsewhere (not shown).
The expansion arose from maternal grandmother I-1, who was carrier of a PM, as referred by II-1.
During the first pregnancy of II-1, a prenatal diagnosis through CVS was performed elsewhere and
resulted in a normal female (III-1). For the second pregnancy, CVS was again chosen and performed at
13 weeks of gestation. The fetal karyotype was normal male (46,XY) and FMR1 molecular analysis was
performed by PCR and MS-MLPA to estimate the size and the methylation status. Surprisingly a single
peak corresponding to a completely unmethylated allele, smaller than the expected size, was detected,
without evidence of mosaicism. This allele was then sequenced and a deletion of 85-bp immediately
upstream the repeat, followed by 19 CGGs with no AGG interruptions was observed. Haplotype
analysis (DXS1227 and DXS1073 were informative, while DXS548 and FRAXAC1 were not informative)
confirmed that the fetus had inherited from his mother the same fragile X chromosome present in his
affected maternal uncle II-3 (Figure 2A). Finally, we performed RT-PCR analysis of the FMR1 transcript
on RNA extracted from CVS and found levels of mRNA comparable to those of matched control cells.
The same findings were further confirmed through amniocentesis at 19 weeks of gestation. The mother
completed pregnancy and the boy was born and appears to be developing normally at the age of
3 years. Recently, molecular analysis of FMR1 on peripheral blood leukocytes confirmed the results
obtained prenatally. PCR analysis of the FMR1 locus in the proband’s mother and maternal uncle
allowed a more precise estimate of the CGG number (Figure 2B). During this analysis, a small peak was
observed in II-1 corresponding to the contracted allele inherited by the proband, which could not be
detected by the initial Southern blot analysis. We could thus conclude that individual II-1 is a mosaic
between a FM allele and a contracted allele with 19 uninterrupted CGG repeats, that was passed on to
her son, while her brother II-3 is mosaic for a FM and a PM with 56 CGGs (Figure 2B). Methylation
analysis of the FMR1 locus performed in prenatal and postnatal samples of the proband is summarized
in Figure 3 and shows that the gene promoter is unmethylated in II-1. Sequence analysis indicated
that the deleted region extends from position 4975 to 5060 of FMR1 reference sequence NG_007529
and includes also part of the CGG repeat (Figure 4A). Because the DNA binding sites for the main
transcription factors were not included in the deleted region, transcription levels of the FMR1 gene
remained substantially in the normal range with lower expression levels in amniocytes compared to
CVS (Figure 4B).
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Figure 3. Graphical representations of MS-MLPA analysis at the FMR1 locus performed on Family 2
proband’s DNA during prenatal and postnatal diagnoses. Only probes of the FMR1 locus are shown.
Left panels represent the results before the digestion with methylation-sensitive HhaI enzyme, while
the right ones are those after the cut. The HhaI-sensitive probes are indicated in square brackets. In
control male (after HhaI cut) the genomic DNA methylation drops to zero due to the absence of FMR1
methylation and thus the enzyme could cut the DNA. On the contrary, in a MFM male, FMR1 probes
remained uncut due to the presence of DNA methylation. In proband III-2, FMR1 methylation levels
fall after HhaI digestion, because the FMR1 locus is unmethylated as in a normal control male. FMR1
gene was unmethylated both in prenatal (CVS and amniocytes) and in postnatal (peripheral blood
leukocytes) samples.
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Figure 4. Sequencing analysis of the FMR1 promoter region and FMR1 expression levels in proband
III-2 from Family 2. (A) The upper panel details the sequence of the FMR1 promoter region (according
to reference sequence NG_007529.2). The 85 bp deleted region (nucleotides 4975–5060) in proband III-2
is indicated in green and only 19 CGGs were visible following the deletion. Highlighted in yellow are
the sequences of the “c” and “f” primers used to sequence the proband’s genomic DNA. The ATG (first
codon) is indicated in upper case and the A (c.1), highlighted in blue, corresponds to position 5190 of
NG_007529.2. The four known footprints (IV, III, II and I) are indicated above the DNA sequence with
the transcriptional factors that bind them. The lower panel shows the electropherogram of III-2 genomic
sequence using a reverse primer (therefore CCG repeats can be observed). (B) Relative quantification
of FMR1-mRNA by RT-PCR on CVS and amniocytes of proband III-2 and matched controls (CTRL).
In CVS FMR1-mRNA was expressed at the same level of a control male, while in amniocytes FMR1
expression levels were approximately 50% lower in III-2 compared to the control. Values reported on
the y-axis represent relative transcriptional levels normalized to the control sample, arbitrarily set to 1.

4. Discussion

Reversion to normal and intermediate sizes of expanded FMR1 alleles is reported in two
independent FXS families. Two females, carriers of an expanded allele, transmitted an allele of normal
and intermediate size to their respective unaffected male offspring. CGG instability within the FMR1
locus occurs mainly from PM to FM size, while contractions from PM or FM to normal (or rarely PM)
have exceptionally been reported. Expansion and contraction can be considered two faces of the same
coin, both resulting from the instability of the CGG repeat sequence. These two apparently different
outcomes may derive from common mechanisms, such as mismatch repair, base-excision repair and
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slipped strand mispairing/polymerase slippage occurring during DNA replication or repair. The main
risk factor for instability is represented by the number of AGG interruptions, usually found every nine
or 10 CGG repeats in normal alleles [6]. Despite the fact that contraction events were reported to be
independent of AGG presence [8], in the present cases, the two reverted alleles derived from maternal
expanded CGG repeats without AGG interruptions. In other published cases of contracted alleles,
AGG interruptions were absent except for one female who inherited a 54 CGG grey zone allele by her
mother, carrier of a 93 CGG PM [19]. In a recent paper, a model for CGG instability has been refined
studying 5508 transmissions alleles from males and females [20]. Instability of the FMR1 repeat is
influenced by the size of the repeat itself, its internal structure and the sex of the transmitting parent.
In particular loss of AGG interruptions occurred exclusively during contraction events of maternal PM
alleles, as in the described cases (eight events of AGG loss in 32 maternal contractions vs. no events
of AGG loss in 68 paternal contractions). In both our probands (III-1 in Family 1 and III-2 in Family
2) and in all studied samples the contracted alleles were detected in an apparently non-mosaic state,
although we cannot exclude that allele size mosaicism may exist in other tissues. Contracted alleles
detected in FXS families in a non-mosaic state have already been reported by us, in an unaffected
boy who inherited an allele of 43 CGGs derived from a large PM (around 190 CGGs) carried by his
mother [21]. Similar reverted and non-mosaic alleles have been described in FXS families both in
unaffected females [19,22] and in unaffected males [23,24]. Contracted alleles in the range of normality
have also been detected along with expanded ones in FXS mosaic males, such as in the four affected
boys reported by Maia et al. [25], who inherited the normal allele by their FM or PM mother, or as in a
monozygous male twin, who derived the normal allele from his PM mother [26]. These latter cases are
probably due to somatic instability of the CGG expansions in the range of PM or FM, which is well
documented [27,28], while information regarding unstable normal alleles is limited [29].

In Family 1, the contracted allele of 51 CGGs found in the proband was absent in his mother, who
carried a PM of 72 repeats. This finding suggests that the CGG contraction event was de novo, likely
resulting from an intramolecular event involving the expanded tract either in the maternal germ line
or (less likely) during early embryogenesis. The regulatory regions flanking the CGG repeats were
preserved, thus allowing normal FMR1 gene activity and normal phenotype. In this family the absence
of interspersed AGGs in the expanded allele was most likely a factor contributing to the instability that
led to the reduction. The maternal grandfather had a 64 CGG repeat, which expanded to 72 repeats in
his daughter II-1 and to 68 in daughter II-2. Both PM alleles continued to show instability: in one case
a canonical expansion to MFM caused FXS in individual III-2, while in the other case a contraction
rescued individual III-1 from being affected by FXS or at risk for FXTAS.

In Family 2, the proband’s mother (II-1) was heterozygous for a normal FMR1 allele of 29 CGGs
(with two typical AGG interruptions) and for a FM allele. Our subsequent re-evaluation by PCR
discovered an atypical shorter-than-normal allele (harboring the 85 bp deletion and 19 uninterrupted
CGG repeats), which had gone undetected by Southern blotting. The expanded allele derived from
grandmother (I-1), reportedly a PM carrier. Although we could not analyze the DNA of I-1, it is
reasonable to assume that the 85 bp deletion/19 CGGs-contracted allele arose de novo in II-1 during
early embryogenesis since it represents only a very minor proportion of her leukocyte DNA. This
unusual allele passed through the maternal germ line to her unaffected son III-2. We first noted it
during prenatal diagnosis (performed on chorionic villi and amniocytes) and then confirmed after
birth in peripheral blood leukocytes. Because of its unusual size and since it had been detected
during a prenatal diagnosis in a male fetus, this allele has been analyzed for methylation status and
sequenced. No sign of methylation was detected by MS-MLPA, but an 85 bp deletion was detected
immediately upstream of the repeat region followed by 19 uninterrupted CGG triplets. A similar case
had been reported more than twenty years ago in a female who was partially hemizygous because of a
large deletion of one X chromosome which included the FMR1 locus, while the other X chromosome
had a microdeletion in the FMR1 gene including all CGG repeats and 97 bp of flanking sequences,
leaving both the transcription start site and the translation initiation site intact [30]. While in this case
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both FMR1 alleles are deleted, though to different extent, suggesting a meiotic unequal crossing-over
event, the 85-bp/19 CGG deletion identified in the mother of III-2 should derive from a post-zygotic
intramolecular rearrangement during early embryogenesis since it is found in mosaic state in both her
blood and gametes. This observation underlines once more the critical period of initial embryonic
development when the speed of mitotic divisions is likely to facilitate replication errors.

FMR1 transcription in CVS cells of proband III-2 was similar to that of a matched control male and
just slightly lower in amniocytes, possibly due to tissue variability in FMR1 gene expression (Figure 4B).
During prenatal diagnosis we could not exclude with certainty the presence of an undetected expanded
allele of the FMR1 gene, possibly in the range of a FM. Only after birth, we witnessed the normal
development of the child and confirmed in peripheral blood leukocytes the molecular results obtained
in CVS cells and amniocytes. One remaining question concerns the stability of the contracted alleles
in future generations. Given its very small size, there is no special reason to consider the 19 CGG
allele unstable through either maternal or paternal meiosis, even though it lacks AGG interruptions.
On the other hand, the 51 CGG allele of Family 1 is likely to be unstable, given the absence of
interspersed AGGs. Actually, for intermediate-size alleles such as this with 51 CGGs, transmission
of the repeat through males was found to be less stable than that through females [11]. This pattern
differs from that seen for PM alleles: paternally transmitted alleles are far more stable than maternally
transmitted alleles.

Unusual and rare cases, such those reported here, deserve special attention because they may
help to clarify the molecular mechanisms underlying the instability of the FMR1 gene.

Author Contributions: E.T. Analyzed the data, wrote and revised the paper. R.P., G.M., L.R., V.N. and M.G.P.
Performed the molecular diagnosis. M.D.M. Performed clinical evaluation of child III-2 (Family 2); M.G., G.N.,
P.C. Wrote and revised the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Telethon Foundation grant (GGP15257A) and PRIN (Prot. 201789LFKB) to
E.T., and by the Italian Association for Fragile X syndrome.

Acknowledgments: We gratefully acknowledge family members, who spontaneously supported our research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pirozzi, F.; Tabolacci, E.; Neri, G. The FRAXopathies: Definition, overview, and update. Am. J. Med. Genet. A
2011, 155, 1803–1816. [CrossRef]

2. Hagerman, R.J.; Leehey, M.; Heinrichs, W.; Tassone, F.; Wilson, R.; Hills, J.; Grigsby, J.; Gage, B.; Hagerman, P.J.
Intention tremor, parkinsonism, and generalized brain atrophy in male carriers of fragile X. Neurology 2001,
57, 127–130. [CrossRef]

3. Allingham-Hawkins, D.J.; Babul-Hirji, R.; Chitayat, D.; Holden, J.J.; Yang, K.T.; Lee, C.; Hudson, R.;
Gorwill, H.; Nolin, S.L.; Glicksman, A.; et al. Fragile X premutation is a significant risk factor for premature
ovarian failure: The international collaborative pof in fragile x study—Preliminary data. Am. J. Med. Genet.
1999, 83, 322–325. [CrossRef]

4. Verkerk, A.J.; Pieretti, M.; Sutcliffe, J.S.; Fu, Y.H.; Kuhl, D.P.; Pizzuti, A.; Reiner, O.; Richards, S.; Victoria, M.F.;
Zhang, F.P.; et al. Identification of a gene (FMR-1) containing a CGG repeat coincident with a breakpoint
cluster region exhibiting length variation in fragile X syndrome. Cell 1991, 65, 905–914. [CrossRef]

5. Tassone, F.; Iong, K.P.; Tong, T.H.; Lo, J.; Gane, L.W.; Berry-Kravis, E.; Nguyen, D.; Mu, L.Y.; Laffin, J.;
Bailey, D.B.; et al. FMR1 CGG allele size and prevalence ascertained through newborn screening in the
United States. Genome Med. 2013, 4, 100. [CrossRef]

6. Yrigollen, C.M.; Durbin-Johnson, B.; Gane, L.; Nelson, D.L.; Hagerman, R.; Hagerman, P.J.; Tassone, F.
AGG interruptions within the maternal FMR1 gene reduce the risk of offspring with fragile X syndrome.
Genet. Med. 2012, 14, 729–736. [CrossRef]

7. Yrigollen, C.M.; Martorell, L.; Durbin-Johnson, B.; Naudo, M.; Genoves, J.; Murgia, A.; Polli, R.; Zhou, L.;
Barbouth, D.; Rupchock, A.; et al. AGG interruptions and maternal age affect FMR1 CGG repeat allele
stability during transmission. J. Neurodev. Disord. 2014, 6, 24. [CrossRef]

http://dx.doi.org/10.1002/ajmg.a.34113
http://dx.doi.org/10.1212/WNL.57.1.127
http://dx.doi.org/10.1002/(SICI)1096-8628(19990402)83:4&lt;322::AID-AJMG17&gt;3.0.CO;2-B
http://dx.doi.org/10.1016/0092-8674(91)90397-H
http://dx.doi.org/10.1186/gm401
http://dx.doi.org/10.1038/gim.2012.34
http://dx.doi.org/10.1186/1866-1955-6-24


Genes 2020, 11, 248 11 of 12

8. Nolin, S.L.; Glicksman, A.; Ersalesi, N.; Dobkin, C.; Brown, W.T.; Cao, R.; Blatt, E.; Sah, S.; Latham, G.J.;
Hadd, A.G. Fragile X full mutation expansions are inhibited by one or more AGG interruptions in premutation
carriers. Genet. Med. 2015, 17, 358–364. [CrossRef]

9. Bontekoe, C.J.; Bakker, C.E.; Nieuwenhuizen, I.M.; van der Linde, H.; Lans, H.; de Lange, D.; Hirst, M.C.;
Oostra, B.A. Instability of a (CGG)98 repeat in the Fmr1 promoter. Hum. Mol. Genet. 2001, 10, 1693–1699.
[CrossRef]

10. Lokanga, R.A.; Zhao, X.N.; Usdin, K. The mismatch repair protein MSH2 is rate limiting for repeat expansion
in a fragile X premutation mouse model. Hum. Mutat. 2014, 35, 129–136. [CrossRef]

11. Sullivan, A.K.; Crawford, D.C.; Scott, E.H.; Leslie, M.L.; Sherman, S.L. Paternally transmitted FMR1 alleles
are less stable than maternally transmitted alleles in the common and intermediate size range. Am. J.
Hum. Genet. 2002, 70, 1532–1544. [CrossRef] [PubMed]

12. Oberlé, I.; Rousseau, F.; Heitz, D.; Kretz, C.; Devys, D.; Hanauer, A.; Boué, J.; Bertheas, M.F.; Mandel, J.L.
Instability of a 550-base pair DNA segment and abnormal methylation in fragile X syndrome. Science 1991,
252, 1097–1102. [CrossRef] [PubMed]

13. Chiurazzi, P.; Genuardi, M.; Kozak, L.; Giovannucci-Uzielli, M.L.; Bussani, C.; Dagna-Bricarelli, F.; Grasso, M.;
Perroni, L.; Sebastio, G.; Sperandeo, M.P.; et al. Fragile X founder chromosomes in Italy: A few initial events
and possible explanation for their heterogeneity. Am. J. Med. Genet. 1996, 64, 209–215. [CrossRef]

14. Zhao, X.N.; Usdin, K. Ups and Downs: Mechanisms of Repeat Instability in the Fragile X-Related Disorders.
Genes (Basel) 2016, 7, 70. [CrossRef]

15. Reyniers, E.; Vits, L.; De Boulle, K.; Van Roy, B.; Van Velzen, D.; de Graaff, E.; Verkerk, A.J.; Jorens, H.Z.;
Darby, J.K.; Oostra, B.; et al. The full mutation in the FMR-1 gene of male fragile X patients is absent in their
sperm. Nat. Genet. 1993, 4, 143–146. [CrossRef]

16. Park, C.Y.; Halevy, T.; Lee, D.R.; Sung, J.J.; Lee, J.S.; Yanuka, O.; Benvenisty, N.; Kim, D.W. Reversion of FMR1
methylation and silencing by editing the triplet repeats in fragile X iPSC-derived neurons. Cell Rep. 2015, 13,
234–241. [CrossRef]

17. Filipovic-Sadic, S.; Sah, S.; Chen, L.; Krosting, J.; Sekinger, E.; Zhang, W.; Hagerman, P.J.; Stenzel, T.T.;
Hadd, A.G.; Latham, G.J.; et al. A novel FMR1 PCR method for the routine detection of low abundance
expanded alleles and full mutations in fragile X syndrome. Clin. Chem. 2010, 56, 399–408. [CrossRef]

18. Fu, Y.H.; Kuhl, D.P.; Pizzuti, A.; Pieretti, M.; Sutcliffe, J.S.; Richards, S.; Verkerk, A.J.; Holden, J.J.;
Fenwick, R.G., Jr.; Warren, S.T.; et al. Variation of the CGG repeat at the fragile X site results in genetic
instability: Resolution of the Sherman paradox. Cell 1991, 67, 1047–1058. [CrossRef]

19. 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.

20. Nolin, S.L.; Glicksman, A.; Tortora, N.; Allen, E.; Macpherson, J.; Mila, M.; Vianna-Morgante, A.M.;
Sherman, S.L.; Dobkin, C.; Latham, G.J.; et al. Expansions and contractions of the FMR1 CGG repeat in 5,508
transmissions of normal, intermediate, and premutation alleles. Am. J. Med. Genet. A 2019, 179, 1148–1156.
[CrossRef]

21. Tabolacci, E.; Pomponi, M.G.; Pietrobono, R.; Chiurazzi, P.; Neri, G. A unique case of reversion to normal size
of a maternal premutation FMR1 allele in a normal boy. Eur. J. Hum. Genet. 2008, 16, 209–214. [CrossRef]

22. Gasteiger, M.; Grasbon-Frodl, E.; Neitzel, B.; Kooy, F.; Holinski-Feder, E. FMR1 gene deletion/reversion:
A pitfall of fragile X carrier testing. Genet. Test 2003, 7, 303–308. [CrossRef]

23. 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]

24. Prawer, Y.; Hunter, M.; Cronin, S.; Ling, L.; Aliaga Vera, S.; Fahey, M.; Gelfand, N.; Oertel, R.; Bartlett, E.;
Francis, D.; et al. Prenatal diagnosis of fragile x syndrome in a twin pregnancy complicated by a complete
retraction. Genes (Basel) 2018, 9, 287. [CrossRef]

25. Maia, N.; Loureiro, J.R.; Oliveira, B.; Marques, I.; Santos, R.; Jorge, P.; Martins, S. Contraction of fully
expanded FMR1 alleles to the normal range: Predisposing haplotype or rare events? J. Hum. Genet. 2017, 62,
269–275. [CrossRef]

26. Pandelache, A.; Baker, E.K.; Aliaga, S.M.; Arpone, M.; Forbes, R.; Stark, Z.; Francis, D.; Godler, D.E. Clinical
and Molecular Differences between 4-Year-Old Monozygous Male Twins Mosaic for Normal, Premutation
and Fragile X Full Mutation Alleles. Genes (Basel) 2019, 10, 279. [CrossRef]

http://dx.doi.org/10.1038/gim.2014.106
http://dx.doi.org/10.1093/hmg/10.16.1693
http://dx.doi.org/10.1002/humu.22464
http://dx.doi.org/10.1086/340846
http://www.ncbi.nlm.nih.gov/pubmed/11992259
http://dx.doi.org/10.1126/science.252.5009.1097
http://www.ncbi.nlm.nih.gov/pubmed/2031184
http://dx.doi.org/10.1002/(SICI)1096-8628(19960712)64:1&lt;209::AID-AJMG38&gt;3.0.CO;2-P
http://dx.doi.org/10.3390/genes7090070
http://dx.doi.org/10.1038/ng0693-143
http://dx.doi.org/10.1016/j.celrep.2015.08.084
http://dx.doi.org/10.1373/clinchem.2009.136101
http://dx.doi.org/10.1016/0092-8674(91)90283-5
http://dx.doi.org/10.1002/ajmg.a.61165
http://dx.doi.org/10.1038/sj.ejhg.5201949
http://dx.doi.org/10.1089/109065703322783653
http://dx.doi.org/10.3389/fgene.2017.00158
http://dx.doi.org/10.3390/genes9060287
http://dx.doi.org/10.1038/jhg.2016.122
http://dx.doi.org/10.3390/genes10040279


Genes 2020, 11, 248 12 of 12

27. Kambouris, M.; Snow, K.; Thibodeau, S.; Bluhm, D.; Green, M.; Feldman, G.L. Segregation of the fragile X
mutation from a male with a full mutation: Unusual somatic instability in the FMR-1 locus. Am. J. Med. Genet.
1996, 64, 404–407. [CrossRef]

28. Dobkin, C.S.; Nolin, S.L.; Cohen, I.; Sudhalter, V.; Bialer, M.G.; Ding, X.H.; Jenkins, E.C.; Zhong, N.;
Brown, W.T. Tissue differences in fragile X mosaics: Mosaicism in blood cells may differ greatly from skin.
Am. J. Med. Genet. 1996, 64, 296–301. [CrossRef]

29. Nolin, S.L.; Glicksman, A.; Ding, X.; Ersalesi, N.; Brown, W.T.; Sherman, S.L.; Dobkin, C. Fragile X analysis of
1112 prenatal samples from 1991 to 2010. Prenat. Diagn. 2011, 31, 925–931. [CrossRef]

30. Grønskov, K.; Hjalgrim, H.; Bjerager, M.O.; Brøndum-Nielsen, K. Deletion of all CGG repeats plus flanking
sequences in FMR1 does not abolish gene expression. Am. J. Hum. Genet. 1997, 61, 961–967. [CrossRef]

© 2020 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/10.1002/(SICI)1096-8628(19960809)64:2&lt;404::AID-AJMG34&gt;3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1096-8628(19960809)64:2&lt;296::AID-AJMG13&gt;3.0.CO;2-A
http://dx.doi.org/10.1002/pd.2815
http://dx.doi.org/10.1086/514872
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Patients and Methods 
	Patients 
	CGG Sizing and Methylation Analysis 
	Haplotype Analysis 
	Sequencing Analysis 
	FMR1-mRNA Quantification 

	Results 
	Family 1 
	Family 2 

	Discussion 
	References

