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Abstract

 OBJETIVE—Almost all patients with Fragile X Syndrome (FXS) exhibit a CGG repeat 

expansion (full mutation) in the Fragile Mental Retardation 1 gene (FMR1). Here, we report five 

unrelated males with FXS harboring a somatic full mutation/deletion mosaicism.

 METHODS—Mutational profiles were only elucidated by using a combination of molecular 

approaches (CGG-based PCR, Sanger sequencing, MS-MLPA, Southern blot and mPCR).

 RESULT—Four patients exhibited small deletions encompassing the CGG repeats tract and 

flanking regions, whereas the remaining had a larger deletion comprising at least exon 1 and part 

of intron 1 of FMR1 gene. The presence of a 2–3 base pairs microhomology in proximal and distal 

non-recurrent breakpoints without scars supports the involvement of microhomology mediated 

induced repair (MMBIR) mechanism in three small deletions.

 CONCLUSION—Our data highlights the importance of using different research methods to 

elucidate atypical FXS mutational profiles, which are clinically undistinguishable and may have 

been underestimated.
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 Introduction

Fragile X syndrome [FXS, OMIM 300624] is the most common cause of intellectual 

disability (ID) and the leading monogenic cause of autism spectrum disorders, affecting 

approximately 1/5000 males and 1/6000 females [1,2]. In almost all FXS cases, the 

causative mutation is a large CGG-repeat expansion (>200 CGG repeats) in the 5′ 

untranslated region of the FMR1 gene [OMIM 309550], which triggers a cascade of 

epigenetics modifications, resulting in the deficiency or complete absence of the encoded 

product, FMRP [3]. FMRP is a selective mRNA-binding protein that regulates the 

translation of a subset of dendritic mRNAs. Its absence causes increased protein synthesis in 

postsynaptic dendritic and consequently synaptic dysregulation [4]. Besides moderate to 

severe ID, the clinical spectrum of FXS in males includes a broad spectrum of behavioral, 

cognitive, neurologic, and physical problems, whereas in females the phenotype can be 

milder, likely due to X chromosome inactivation [5].

The CGG repeats tract length is highly polymorphic and can be divided into four distinct 

FMR1 allelic categories: a) normal and generally stable alleles (6–44 CGG repeats); 

intermediate gray zone alleles slightly unstable on parental transmission (45–54 CGG 

repeats); c) premutation unstable alleles (CGG 55–200), which are at a high risk of maternal 

transgenerational expansion and (d) full mutation alleles (greater than 200 CGG repeats), 

which leads to FMR1 silencing and FXS phenotype (reviewed in [6]).

Molecular diagnosis of FXS relies on the size of the number of CGG repeats and 

methylation patterns in the FMR1, which has been historically investigated by a combination 

of both Southern Blotting (SB) analysis and polymerase chain reaction (PCR)-based 

methods [7–12]. However, point mutations, insertions or deletions at the FMR1 gene, 

although rare, have been documented and could increase the overall diagnostic yield and 

help to account for a portion of undiagnosed ID cases [13]. Here, we report on five males 

with FXS harboring a full mutation/deletion mosaicism, who were identified by a 

combination of methodologies used to analyze their FMR1 gene structure.

 Materials and Methods

 Patients

The five Brazilian unrelated males (patients 1033, 1234, 1337, 1513 and 1629) were referred 

to the Human Genetics Service at the State University of Rio de Janeiro (Rio de Janeiro, 

Brazil) for FXS investigation, due to an idiopathic history of ID. They took part from a 

cohort of 247 unrelated males aged from 4 to 22 years (x= 10.15 ± 4.77 years) referred to 

our laboratory during the last five years for FXS testing from different pediatric/neurologic 

public centers in Rio de Janeiro.

The Institutional Ethics Committee from State University of Rio de Janeiro approved the 

research protocols and written informed consent was obtained from legal guardians.

All five patients exhibited a normal karyotype and inconclusive results were found using 

conventional CGG-based polymerase chain reaction (PCR) [9] (Supplementary Figure 1). 
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Patients 1033, 1234, 1337 and 1629 showed small deletions around the CGG repeats, 

represented by faint bands visualized on a 6% polyacrylamide gel apparently below the 

normal range, whereas a weak normal-sized fragment was found for patient 1513 

(Supplementary Figure 1).

 Molecular Analysis

Methylation Specific Multiplex Ligation-Dependent Probe Amplification (MS-MLPA, 

SALSA ME029 probe mix) was performed following the manufacturer’s instructions 

[MRC-Holland, The Netherlands]. Each MS-MLPA reaction generates two products: one 

gives information about copy number variations on FMR1/AFF2 genes and the other gives 

information about FMR1/AFF2 methylation status. After MS-MLPA reaction, samples were 

submitted to capillary electrophoresis on an ABI3130 Genetic Analyzer [Thermo Fisher 

Scientifc Inc., USA] and data were analyzed with GeneMarker v.2.4.0 software 

[SoftGenetics, USA].

Southern Blot analysis (SB) with probe StB12.3 was conducted as previously described [14].

High Resolution Methylation PCR (mPCR) was performed using AmplideX FMR1 mPCR 

kit [Asuragen Inc., Austin, TX, USA] [12]. For segregation analysis, patients’ mothers were 

evaluated also by Triplet Repeat Primed-PCR (RTP-PCR) through AmplideX FMR1 PCR 

kit [Asuragen Inc.] [11].

Direct Sanger sequencing of standard CGG-based PCR amplicons [Fu et al, 1991] was 

applied to validate the small deletions and to define deletions’ breakpoints. To gain insight 

into the underlying mechanism(s) of the rearrangements, bioinformatic analysis of the 

sequences flanking the deletions’ breakpoints were performed with RepeatMasker 

Documentation program [101]. For patient 1513, attempt of fine mapping the deletion 

breakpoints was performed by iterative rounds of regular PCR and quantitative Real Time 

PCR (qPCR, primers sequences on Supplementary Table 1).

qPCR reactions were conducted on a 7500 Fast Real Time PCR System [Thermo Fisher 

Scientific Inc.] and data analysis was performed according to the ΔΔCt method, using 

PORCN gene (Xp11.23) as a normalizer.

FMR1 mRNA expression analysis was accomplished by RT-qPCR with primers on exons 

3/4 of FMR1 (forward: 5′ GAA GTT GAG GTG TAT TCC AGA GC 3′; reverse: 5′ AAC 

TCA CCC TTT ATC ATC CTC AC 3′) in four patients (1033, 1234, 1337, 1513). Total 

RNA was extracted from peripheral blood stored in RNAlater solution [Thermo Fisher 

Scientific Inc.] with RiboPure blood kit [Ambion, USA]. cDNA was generated starting from 

170 to 900 ng of total RNA using the Superscript III First-Strand Synthesis System, 

containing random hexamer primers and Superscript III reverse transcriptase [Thermo Fisher 

Scientific Inc.]. RT-qPCR reactions were conducted on a 7500 Fast Real Time PCR System 

[Thermo Fisher Scientific Inc.] and data analysis was achieved according to the ΔΔCt 

method, using GAPDH and GUSB genes as normalizers. FMRP expression was not 

accomplished due to the lack of fresh blood samples.
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 Results

After conventional FMR1 CGG-based PCR [9], patients 1033, 1234, 1337 and 1629 

presented weak suspicious bands below the normal range, indicating the presence of 

possible deletions [Supplementary Figure 1]. Neither a premutation nor a normal sized allele 

was detected in addition to the potential deleted fragments. Thus, to uncover the nature of 

the suspicious CGG-based PCR fragments and to clarify the FMR1 methylation status of the 

patients included in this study, three additional methodologies were applied for comparative/

complemental purposes. Direct Sanger sequencing of the amplicons confirmed deletions 

comprising the whole CGG repeats tract and flanking regions in these four patients (Table 1 

and Supplemental Figures 2–5). In addition, to determine if the patients harbored a single 

deletion or if they were mosaic for a full mutation, and also to resolve the low intensity of 

the CGG repeat amplification of patient 1513, we employed MS-MLPA, SB and mPCR 

analyses. All five patients exhibited abnormal methylation patterns for FMR1 promoter in 

MS-MLPA (Supplementary Figure 6). Additionally, patient 1513 displayed a deletion of 

seven consecutive probes located at exon 1 and intron 1 of the FMR1 gene, comprising at 

least 1042 bp (ChrX:147.911.906-147.912.457; UCSC Genome Browser, hg38) 

(Supplementary Figure 7), concomitantly with abnormal FMR1 methylation. As expected, 

MS-MLPA was not suitable to detect copy number variation concerning small deletions 

within the CGG repeats tract due to impossibility of probe design. These results suggest that 

the patients could have a methylated deleted allele originated from a full mutated allele 

during early embryogenesis or that they harbor a full mutation allele together with the 

deletion (somatic mosaicism). In SB and mPCR analyses, all five patients exhibited a 

methylated full mutation profile, confirming that they have full mutations. However, the 

small deleted alleles were not observed using either methodologies in any of the patients 

(1033, 1234, 1337 and 1629) (Supplementary Figures 8 and 9). TRP-PCR showed that all 

mothers are carriers of a premutation allele, with the exception of patient 1234, whose 

mother additionally exhibited a full mutation allele besides the premutation one, which was 

undetected by SB analysis (Supplementary Figure 10).

FMR1 mRNA expression analysis by RT-qPCR on patients 1033, 1234 and 1513 showed a 

very low expression of FMR1 mRNA (less/equal to 0.05), whereas patient 1337 exhibited a 

residual expression (0.18) (Supplementary Table 2). Patient 1629 was not analyzed due to 

the unavailability of the RNA sample.

To evaluate if the different mutations presented by our patients reflected in the severity of 

the clinical phenotype, we fulfilled a checklist developed for Brazilian patients concerning 

ten main clinical and behavioral FXS features [15]. Patients 1033, 1234, 1337 and 1629 

obtained scores of 7, 5, 4 and 5, respectively, whereas patient 1513 had the highest score of 8 

(Table 2, Supplementary Figure 11), revealing that this later patient with a family history of 

ID has a more severe phenotype including elongated face, large ears, hyperextensible finger 

joints, large testes, plantar crease, tactile defensiveness, poor eye contact, aggressive 

behavior and lack of words’ articulation to form sentences.

Bioinformatics inquiry of the sequences flanking the deletion breakpoints (300 bp for each 

side) showed no common repetitive elements (LINEs, SINEs and LTRs). However, a 2 or 3-
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bp microhomology sequence was identified at the junction in three of the four small 

deletions without the introduction of additional nucleotides. For patient 1513, due to the 

larger extension of the deletion, we applied iterative rounds of PCR and qPCR for fine 

mapping the deletion breakpoints. Nevertheless, all regions analyzed exhibited normal qPCR 

values, probably because of the interference of high abundance full mutation alleles, whose 

genetic structure outside the CGG repeats tract is normal, concomitantly to possible normal-

sized alleles detected by the initial CGG-based PCR [9] (Supplementary Figure 1).

 Discussion

In this study, we report five patients with FXS presenting a somatic full mutation/deletion 

mosaicism, which represents 2.02 % of our cohort versus a prevalence of 8.09 % for “pure” 

full mutation cases. Four cases represent small deletions encompassing the CGG repeats and 

flanking regions, whereas the remaining has a larger deletion comprising exon 1 and part of 

intron 1 of FMR1 gene. Mosaicism between a premutation and a full mutation is a common 

situation among males with FXS, with an estimated frequency of 12–41% [16,17]. 

Conversely, mosaicism cases involving deleted and full mutation alleles are less reported in 

FXS [18]. As corroborated by our patients, the majority of the deletions comprising the 

CGG repeat together with a full mutation or a premutation allele occurs during the 

transmission of a maternal premutation allele to the offspring (for review see [18]). After 

expansion into a full mutation allele during meiosis, a deletion can occur mitotically during 

the embryonic cell divisions, resulting in distinct subpopulations of cells carrying deletion 

and full mutation alleles. In most of the deletions involving the CGG repeats reported so far, 

the deleted alleles were unmethylated, suggesting that the deletion occurred before the 11th 

week of gestation [19–22]. However, SB methodology, that would be able to inform about 

the methylation status of the deletion, failed to detect the smallest alleles in our study likely 

due to the low abundance of these deleted alleles.

In patients exhibiting the small deletions, the deletion has left the transcription start site and 

the translation initiation codon intacts, but very low expression levels of FMR1 mRNA was 

detected. This is most likely due to the presence of low percentage of the deleted alleles or 

maybe to the loss of some regulatory element. Patient 1337 presented with residual mRNA 

expression of FMR1 gene (18%) due to his methylation mosaicism (26% unmethylated full 

mutation allele) concomitant to a possible contribution of the deleted allele. Patient 1513 

presents with a large deletion, which is similar to what has been reported in two mosaic 

individuals with FXS: (a) a mosaicism including a full mutation, a premutation and a deleted 

allele (which included 8.7 kb comprising 85 bp distal to the repeats, the entire repeat tract up 

to part of intron 1 of the FMR1 gene) [23]; (b) a mosaicism including a full mutation and a 

deletion of 486 bp involving 168 bp upstream of the CGG repeats, the entire CGG repeat 

tract and 138 bp downstream of the repeats comprising part of intron 1 [24]. The deletions in 

both reported cases affected the transcription start site and the translation start codon, 

leading to the absence of FMR1 mRNA expression. In our case (patient 1513), 3% of FMR1 
mRNA expression was observed, suggesting that the transcription of the FMR1 gene may 

not be completely compromised by the deletion (Supplementary Table 2). Nonetheless, it 

should be noted that the FMR1 mRNA profile in leucocytes may not accurately reflect the 

one present in other tissues, particularly in the brain [25,26].
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According to the checklist applied [15], the five patients scored values over the cutoff of 4, 

indicating that they are clinically undistinguishable neither from patients routinely submitted 

to FXS screening nor from confirmed typical FXS males. However, patient 1513, presenting 

with the larger size of the deletion, exhibited a more significant impairment, compatible with 

the higher clinical score (8), whereas patient 1337 presenting a methylation mosaicism 

exhibited a milder phenotype with the lower score (4).

Different mechanisms leading to deletions within the FMR1 gene have been proposed so far. 

Firstly, the Chi-like element, a sequence located approximately 70 bp from the CGG repeats 

(5′ GGTGGAGG 3′), was reported as a hotspot for deletions caused by CGG instability [19]. 

Corroborating this fact, the deletions of patients 1033, 1234, 1337 and 1629 are located 

between 8–29 bp near the CGG repeats (Figure 1 and Supplementary Figures 2–5). Besides, 

Mononen and colleagues [27] proposed that realignment between the CGG repeats tract and 

dispersed non-adjacent homologous repetitive sequences, such as the sequence 5′ 

GGCGGCGGCGG 3′, located 37 bp upstream of the proximal end of the repeat tract may 

also play a role in repeat instability leading to duplications/deletions in FMR1 gene.

In light of the recent knowledge emerging from copy number variation (CNV) formation, we 

evaluated the deletions’ breakpoints in patients 1033, 1234, 1337 and 1629 to infer the most 

likely mechanism(s) [28]. The presence of a 2–3 base pairs microhomology between the 

proximal and distal non recurrent breakpoints of three small deletions (patients 1033, 1337 

and 1629) (Supplementary Figures 7–10) supports the involvement of non-homologous end 

joining (NHEJ), fork stalling and template switching (FoSteS) or microhomology mediated 

induced repair (MMBIR) mechanisms. NHEJ usually generate small scars in breakpoints 

[29,30], which was not the case. FoSTeS, in turn, usually leads to more complex 

rearrangements, i.e., deletions concomitant with inversions, insertions concomitant with 

deletions, among others [28,31]. So, MMBIR is the most likely CNV mechanism involved in 

the small deletions cases. MMBIR repairs double strand breaks with unique ends, when 

sequences of DNA from single strands are available and share microhomology of 2–3 bp 

with the 3′ end of the single strand of the stalled fork [28]. Nevertheless, which genomic 

feature could predispose the full mutation allele to be reverted to a deletion during the early 

developmental stages in some cases but not in others remains to be elucidated. It is possible 

that such replication errors happen relatively frequently due to the described 

microhomology, but deleted alleles would only be detectable if present in high enough 

relative concentration.

In this study, we employed different methodologies to analyze the CGG repeats in the FMR1 
gene. Interestingly, conventional PCR followed by direct Sanger sequencing was the unique 

methodology able to detect the small deletions, but it masked the full mutation alleles, which 

are refractory to amplification. MS-MLPA, in turn, had the advantage of being efficient to 

evaluate CNVs along FMR1 gene besides the methylation status, but the repetitive nature of 

the CGG repeats made the detection of deleted alleles within this region difficult. SB was 

incapable of detecting low abundance alleles, such as the small deletions in the probands and 

the full mutation in the mother of patient 1234, probably because these alleles are below the 

detection threshold. Finally, mPCR was not able to detect the deletions within the CGG 

repeats tract concomitant to the full mutation alleles. However, it has been proved to be a 
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highly sensitive methodology, revealing profiles previously undetected by SB, such as the 

full mutation exhibited by the mother of patient 1234 and the methylation mosaicism for full 

mutation alleles in patient 1337 [12].

The panorama we described here demonstrates that evaluating FXS atypical mutations that 

are clinically undistinguishable is still a challenge, even in light of high throughput 

methodologies, like exome sequencing, which at present is not suitable for identifying 

trinucleotide repeat expansions having limited value in FXS detection [32,33]. Because of 

the technical limitations and the specific pitfalls of each method, they could induce potential 

misinterpretation of the genotype if used alone. In this sense, the deletions we described 

could be potentially missed by FXS testing using SB, MS-MLPA or TRP-PCR/mPCR. 

Moreover, we should take into account that the amplicon size of the FMR1 CGG-based PCR 

we used is relatively large (557 bp for a 27 CGG repeat allele). Most laboratories have used 

a first line PCR test with primers closer to the repeat region, which would not have the 

sensitivity to detect the much shorter product and further contributes to the likely 

underestimated prevalence of the deleted alleles.

Interestingly, recent advances in targeted therapies to reverse the neurobiological 

abnormalities in FXS have shown a predictive response based on the degree of FMR1 
methylation. Improvements in hallmarks symptoms of FXS were observed for FXS 

individuals with a fully methylated allele, but not for those with methylation mosaicism [34], 

so that the therapeutic response in deletion/full mutation mosaicism should be evaluated in 

future research. Besides, deletions in regions of FMR1 other than those bearing CGG repeats 

may be missed, since these regions are not routinely interrogated during FXS testing. So, the 

remaining questions reside on which is the actual prevalence of full mutation/deletion 

mosaicism in males with FXS, how to measure the percent of cells carrying the deletion in 

the brain compared to those that carry the full mutation and which is the clinical meaning 

and therapeutics implications of this kind of mosaicism. It is likely that in the near future 

knowledge on the prevalence of the non-CGG repeat FMR1 mutations will be provided by 

the advent of rapid DNA sequencing methodologies and mainly single molecule sequencing, 

which might illuminate the existence of all types of mutation in FMR1.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Issues

- Fragile X syndrome (FXS) is the most common cause of intellectual 

disability and the leading monogenic cause of autism spectrum disorders.

- The causative mutation in almost all FXS cases is a CGG-repeat expansion 

in the 5′ UTR region of the FMR1 gene, resulting in partial or complete 

epigenetic gene silencing.

- Current molecular diagnosis of FXS relies on the size of the number of 

CGG repeats and methylation patterns in the FMR1 gene.

- We describe five FXS males harboring full mutation/deletion mosaicism, 

which were identified only by combining different molecular approaches.

- Four patients exhibited small deletions encompassing the CGG repeats 

tract, whereas the remaining had a larger deletion of at least 1042 bp, all of 

them arising during the transmission of a maternal premutation allele to the 

offspring.

- Bioinformatics inquiry of the sequences flanking the breakpoints in the 

small deletions supports the involvement of microhomology mediated 

induced repair (MMBIR) mechanism.

- Mosaicism cases involving deleted and full mutation alleles are apparently 

rare and clinically undistinguishable, but they could be potentially missed 

by routine FXS testing due to technical limitations.

- Future research resides on the actual prevalence of this kind of mosaicism 

and its clinical meaning and therapeutics implications.
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Figure 1. 
Extension of the small FMR1 deletions (5′-3′) described in patients 1629 (1), 1033 (2), 1234 

(3) and 1337 (4).

Wild type sequence (NG_007529.1) with a (CGG)19 repeat tract; CGG repeat sequences are 

boxed; 1- Patient 1629; 2- Patient 1033; 3- Patient 1234; 4- Patient 1337; Chi-like sequence 

(5′ GGTGGAGG 3′) previously reported to be involved in deletions comprising CGG 

repeats [19] is indicated in bold underlined text; The homologous simple repeat sequence (5′ 

GGCGGCGGCGG 3′) proposed by Mononen and colleagues [27] to play a role in repeat 

instability leading to duplications/deletions in FXS is in italicized and underlined.
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Table 1

Genomic locations of the deletions identified in the five mosaic patients.

Patient Deletion (GRCh38/hg38) Extension (bp)

1033 147912023–147912150* 128

1234 147912043–147912135* 93

1337 147912039–147912110* 72

1513 147911695–147912736** 1042

1629 147912021–147912113* 93

*
The position of the deletions is approximated, due to the presence of microhomology of 2–3 base pairs at the breakpoints.

**
Precise extension of this deletion is unknown.
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