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Medicine, Davis, California, USA ?Research Center for Neuroscience, Institute of Molecular
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Abstract

Background—Size and methylation mosaicism are a common phenomenon in Fragile X
syndrome (FXS). Here, the authors report a study on twelve fragile X males with atypical
mosaicism, seven of whom presented with autism spectrum disorder.

Methods—A combination of Southern Blot and PCR analysis was used for CGG allele sizing
and methylation. FMR1 mRNA and FMRP expression were measured by gRT-PCR and by
Homogeneous Time Resolved Fluorescence methodology, respectively.

Results—DNA analysis showed atypical size- or methylation-mosaicism with both, full mutation
and smaller (normal to premutation) alleles, as well as a combination of methylated and
unmethylated alleles. Four individuals carried a deletion of the CGG repeat and portions of the
flanking regions. The extent of methylation among the participants was reflected in the lower
FMR1 mRNA and FMRP expression levels detected in these subjects.

Conclusion—Decreased gene expression is likely the main contributor to the cognitive
impairment observed in these subjects; although the presence of a normal allele did not appear to
compensate for the presence of the full mutation, it correlated with better cognitive function in
some but not all of the reported cases emphasizing the complexity of the molecular and clinical
profile in FXS.
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INTRODUCTION

Fragile X syndrome (FXS) is the most common form of inherited intellectual disability and
the leading monogenic cause of autism spectrum disorder (ASD). Patients with FXS exhibit
mild to severe impairment of higher cognitive function and are also affected by a broad

spectrum of clinical, physical and behavioral problems. These include hyper-responsiveness
to sensory stimuli, hyperactivity, impulsive behavior, gaze aversion, anxiety and shyness ().

The most common cause of FXS is the expansion of a CGG trinucleotide repeat in the 5’
untranslated region (UTR) of the fragile X mental retardation 1 (FMRI) gene @, which
leads to DNA methylation, aberrant heterochromatinization and subsequent silencing of the
FMR1 gene. As a consequence, the encoded gene product, FMR1 protein (FMRP), is not
produced and its absence gives rise to fragile X syndrome (:4)(3, 4)(3, 4)(3, 4). The length
of the CGG repeat defines the allele classes, which, according to the American College of
Medical Genetics ) guidelines, are defined as follows: normal, for alleles with between 6
and 44 CGG repeats; intermediate/gray zone, for alleles with 45 and 54 CGG repeats;
premutation, for alleles ranging from 55 to 200 repeat and full mutation, for alleles with
more than 200 CGG repeats.

Methylation of full mutation alleles occurs early in embryonic development and may play a
role in the stability of the expanded repeats (¢ 7). The hypermethylated state of the fragile X
full mutation is found associated locally with histone deacetylation and chromatin
remodeling (®, and with transcriptional silencing of the gene ). FAMMR1 gene silencing due
to DNA methylation in the promoter is associated with hypoacetylation of histone H3 and
H4, methylation of repressive histone post-translational modifications such as lysine 9 of
histone 3 (H3K9) and lysine 27 of histone 3 (H3K27), and demethylation of lysine 4 of
histone 3 (H3K4) (8-10). A DNA methylation boundary was reported 650-800 nucleotides
upstream the CGG repeat, separating a hypermethylated region upstream of the boundary
from a downstream unmethylated FAMJRI promoter region. This boundary is generally
present in normal and unmethylated full mutation cells but is lost in individuals with FXS as
the promoter region becomes hypermethylated (11-13): however, the significance of this
boundary is not known at present. Importantly, the methylation profile of FMRI gene in
patients with FXS varies across cell types and the extend of methylation appears to correlate
with their clinical phenotypes (14-17),

The expanded CGG repeat within the FMRI gene predisposes the repeat to instability, which
can result in “size mosaicism”, operationally defined as the presence of both premutation
and full mutation repeat expansions within or across cell types (18-20), Size mosaicism
comprising both full mutation and normal-sized alleles, although uncommon, has been
described in several cases of male with FXS (19.21-27) Nolin et al. (1994) studied 61 FXS
mosaic males and found 82% of mosaic full mutation/premutation, 3% of mosaic full
mutation/normal size allele, and 1.7% of mosaic full mutation/deletion. The remaining 13%
were methylation mosaics. It has been suggested that mosaicism for the presence of a full
and a normal allele may originate during the early stages of development, preceding the
germline segregation (28), when CGG repeat size modifications of the maternally transmitted
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premutation allele can originate resulting in expansions to the full mutation as well as less
frequently in size reduction, thus, elucidating their somatic instability.

In addition to “size” mosaicism, some individuals exhibit “methylation” mosaicism, which
occurs when some cells carry methylated alleles and some cells carry unmethylated alleles
(with a CGG repeat number ranging from the premutation to the full mutation range) are
present. The degree of methylation varies within or between different tissues in the same
individual, giving rise to intra or inter-tissue mosaicism (7:29), Such unmethylated alleles
are transcriptionally active, and in many instances over expressed (39, and, therefore,
potentially translated to produce FMRP (1. However, FMRP expression levels are
negatively correlated with the CGG repeat number; and FMR1 alleles, particularly in the
upper premutation range, show decreased expression likely due to a deficit in translational
efficiency (32-34),

The spectrum of mosaicism can be further complicated by the presence of deletions in the
FMR1 gene ranging from 1 bp to several Mbp (19: 35-47)_|f the smaller deletions result in the
abrogation of the promoter region or if they affect the translational start site of FMR1, then
no FMRP is made and the individual will develop FXS. In some instances, deletions are
limited to the region between the transcription start site of FA/R1 and the translation
initiation codon and these alleles can still produce FMRI mRNA (35:37.39) syggesting that
the region encompassing the CGG repeats and the immediate surrounding sequences may
not be essential for FMR1 expression.

Here, we report on the molecular and clinical measures in twelve cases of size- and
methylation- mosaicism presenting with a clinical picture typical of FXS. Eight males had
size mosaicism for the presence of a full mutation allele and normal/intermediate alleles
(ranging from 16 to 54 CGG repeats). Of the remaining four males, two displayed size
mosaicism and two methylation mosaicism; all had deletions, ranging in size from 158 to
396 bp, encompassing the entire CGG repeat and some of the flanking regions. Seven, out of
eleven patients, approximately 63% of the total, were diagnosed with autism spectrum
disorder (ASD), which is consistent with previous findings (48).

MATERIALS AND METHODS

Subjects

Twelve males, aging from 1 to 28 years, were included in the current study; they comprise
all male patients seen clinically at our center who possess a normal allele together with an
expanded allele or a deletion involving the CGG expansion. Specimens from five age-
matched normal male controls were used for both measurement of FMR1 mRNA and FMRP
expression levels. Genomic DNA derived from a normal female and from a male with a full
mutation was used as negative and positive controls, respectively, in the Southern blot
analysis. Informed consent was obtained from all participants who were evaluated at the
Fragile X Research and Treatment Center at the UC Davis MIND Institute, Sacramento,
California. The protocol was approved by the Institutional review board and ethics
committee, at the University of California, Davis.
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Molecular measures

CGG sizing and methylation status—Genomic DNA was isolated from peripheral
blood leukocytes using standard methods (Qiagen, Valencia, CA). CGG repeat size was
determined using a combination of both Southern blot and PCR analysis as previously
described [49.50]- Southern blot was performed by digestion of 7-10 pg of genomic DNA
with the restriction enzymes Eco RI and Nru | and the fragments were separated on 0.8%
agarose gel containing Trisacetate- EDTA buffer, which did not contain ethidium bromide.
DNA was then transferred onto a nylon membrane and hybridized with the FMR1-specific
genomic probe StB12.3. Details of the method are as previously described [591- The percent
of methylation (expressing the percent of cell carrying a methylated allele) was calculated
from the Southern blot autoradiographs as described in Tassone et al [51]:

FMR1 mRNA analysis—Tot RNA was isolated from 3ml of whole blood, collected in
Tempus tubes, according to the manufacturer’s instructions (Applied Biosystems, Foster
City, CA). All quantifications of FAMMRI mRNA were performed using a 7900 Sequence
detector (Applied Biosystems, Foster City, CA) using specific primers and probes as
previously detailed in (52),

Sequencing—PCR products of the deleted allele observed in cases 9 to 12 were purified
using the MiniElute Gel Extraction Kit (Qiagen Inc., Valencia, CA) following a standard
protocol. PCR products were sequenced by direct Sanger sequencing using the BigDye®
Terminator v. 3.1 Cycle Sequencing Kit and the ABI Prism® 3730 Genetic to confirm the
presence of the small deletions and to define deletions size and breakpoints. Primers used to
amplify alleles containing the deleted region around the CGG repeat were as follows; C3
forward -primer 5 TGT TTA CAC CCG CAG CGG GCC GGG GGT TC 3", C5 forward -
primer 5" ATT TCC CAC GCC ACT GAG TG, reverse- primer F5" TGG AGG AGC TGG
TGG TGG AAG TGC GGG GCT 3’ and Free2 reverse- primer5’ AGA GGG GCT TCC
AAC AGG CCCC 3’. Primer location of the primers with respect to the CGG repeat is
shown in Figure 2.

FMRP expression—The Cishio Human FMRP assay (63ADK038PECO0) was utilized for
detection of FMRP. The assay uses HTRF (homogeneous time resolved fluorescence)
technology in which fluorescence resonance energy transfer occurs between antibody bound
donor and acceptor groups located on the same FMRP molecule via the two fluorophores-
conjugated antibodies [53]- Operation in a time-resolved fashion eliminates any background
fluorescence. The donor is labeled with europium cryptate (Eu3+-Cryptate) and the acceptor
is ‘d2.” Two separate positive controls for FMRP were included on each plate: FMRP-
positive control supplied by the assay as well as FMRP (TP322699) recombinant protein
from Origene (Rockville, MD). Negative controls included reconstitution buffer only
negative control, lysis buffer only negative control, and donor only Cryptate control, which
resulted in baseline fluorescence readings. Total protein concentration was determined using
the Thermo Fisher MicroBCA Assay (23235). For each sample, 6 and 3 g of total protein
were run for each experiment. FMRP levels were determined by comparing each sample to a
standard curve of our fiducial control sample (RPM 7666; normal lymphoblasts [ATCC
CCL114]) using 20, 10, 5, 2.5, and 1.25 pg. Protein levelswere determined in triplicate in a
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384-well format following the instructions on the assay protocol. Samples were read on the
PerkinElmer VictorX5.

Clinical Measures—Clinical measurement of participants included the domains of FSIQ,
ASD, ADHD, perseveration, tantrums, and anxiety. Cognitive testing was carried out with
standardized 1Q measures depending on participants’ age and included Mullen Scales of
Early Learning (MSEL) [54]: WASI (Weschler abbreviated Scale of Intelligence 55 wiSC-
I11 (Wechsler Intelligence Scale for Children, 3rd edition) [5¢]: Kaufman Assessment Battery
for Children, and Stanford Binet V (Stanford-Binet Intelligence Scales [SB5], Fifth Edition)
[571 as shown in Tablel. Social and communication skills of participants were measured
using Vineland Adaptive Behavior Scale [58] and Peabody Picture vocabulary test (PPVT)
[59]- ASD was assessed by the Autism Diagnostic Observation Scale (ADOS) using a
module that was developmentally appropriate [60]. ADHD was determined by clinical
assessment [61]

Fragile X diagnosis and gene expression analysis

Cognitive evaluation established that all 12 male participants were in the intellectual
disabilities (ID) range with six males having an 1Q close to borderline and five males with a
low 1Q. Seven out of eleven were diagnosed with ASD. For one patient testing of ASD was
not available (Table 1).

DNA testing of 12 male participants revealed that they were all mosaics with a percent of
cells, ranging from 57% to 94%, carrying methylated full mutation alleles. Eight probands
were size mosaics for a full methylated and a normal/intermediate unmethylated alleles, two
were size mosaics for the presence of a full methylated and of a premutation unmethylated
allele, and two were methylation mosaics for the presence of full methylated and
unmethylated alleles. Four probands with size and methylation mosaicism also exhibited an
allele with a deletion of the CGG repeat element and of portions of the flanking region
(Figure 1, case 9-12) in a percent of cells ranging from 4% to 28% (Table 1). Southern Blot
results, showing the different mutation patterns, are illustrated in Figure 1.

In order to determine the exact size and sequence of the deleted region in the proband’s
smaller allele, direct sequencing of the DNA amplicon was carried out using PCR-amplified
patient DNA patient DNA. Sequencing revealed that in all four cases, the fragment carried a
deletion in the 5"UTR, spanning the entire CGG repeat region as well part of the upstream
and downstream regions (Figure 1 and 2; cases 9-12) in a percent of cells ranging from 4%
to 28% (Table 1). Southern Blot results, showing the different mutation patterns, are
illustrated in Figure 1.

Gene expression analysis was carried out using gRT-PCR assays for the measurement of
FMRI mRNA and by HTRF analysis for the measurement of FMRP expression levels
(Table 1). As expected, most of the probands showed reduced expression of both FMR1
mMRNA and FMRP due to the presence of methylation in the majority of the cells. Among
the 12 cases, in the ones who presented with higher 1Q FMRP expression levels were not
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consistently higher than in those with lower 1Q. Only in one case (case 3) the FMRI mRNA
expression level was within the normal range 39, likely due to the presence of a normal
allele in over 40% of the cells; however, FMRP levels remained significantly lower than
controls (Table 1).

Clinical history of selected cases

Case 1—This 37 year old man was diagnosed with FXS and ASD at 2-1/2 years of age. He
has been severely affected by FXS, unable to tolerate clothes or leaving the house for the
past few years, preferring to sit on a pad in his room. He has been on many medications in
the past, including a variety of antipsychotic medications (risperidone, aripiprazole

and quetiapine), but experienced side effects with all of medications, including severe
muscle spasms, abnormal movements and/or weight gain. In particular, risperidone caused
abnormal movements, significant regression in his behavior and bedwetting. Other
medications that were marginally helpful at different times included SSRIs, SNRIs, lithium,
clonidine and lorazepam, but no medication significantly helped his ability to tolerate
clothes and move away from the pad in his room where he would play with his favorite
toys.

He made the greatest improvement in behavioral at age 31 yr when he was put on a course
of minocycline (200 mg/day). With minocycline he was able to tolerate clothes, leave the
house and he began to use an iPad. He mumbles most of the time during the day, but on
occasion he makes a clear statement; for instance, he was able to read the ingredients on a
shampoo bottle and he said "this has cucumber in it", which was true.

He has intermittent tantrums and aggression when he is agitated, particularly with a change
in his routine. When he is agitated he will perseverate on a behavior over- and- over again.
He is tactilely defensive, with poor eye contact, stereotypic movements and he is very
autistic. He likes to put books and papers into a box or basket and carry them around. He
wets his bed regularly at night.

On examination, his height was 190 cm and his weight was 88.45 kg. Because of his
agitation and pushing behavior it was not possible to get a blood pressure. HEENT
examination demonstrates a long face, his ears are prominent with some ear-cupping
bilaterally and his palate is high arched. He has scoliosis, in addition to kyphosis. His finger
joints are not hyperextensible but his feet are flat with significant pronation. He has
macroorchidism bilaterally. He did not have a tremor but he is unable to tandem walk or to
cooperate with the examination. His deep tendon reflexes (DTRs) are 1+ and symmetrical
and his Babinski reflex is negative.

He has severe autism and some cognitive strengths including limited reading ability but he
has not tolerated cognitive testing.

DNA molecular testing indicated the presence of size mosaicism (full/normal) with a normal
allele of 16 CGG repeats present in 32% of the cells; FMR1 mRNA and FMRP expression
levels were 0.59 and 0.34 (Table 1), lower than controls (mean in controls was 1.26 + 0.22
and 1.1 + 0.23, respectively).
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Case 5—Case 5 was diagnosed with FXS just prior to 2 years of age because his sibling
also had FXS. His mother’s pregnancy was normal, birth weight was 7 Ibs. 12 oz. and he did
well in the newborn period. He had mild difficulties in coordinating his suck in the first day
and was hypotonic but his developmental milestones were normal, including sitting at 6.5
months, crawling at 10 months, walking at 14 months, and saying 20 words by the age of 2.
His eye contact was excellent and he was a joyful baby with frequent smiles, although he
demonstrated separation anxiety on a daily basis. He was social and he did not present with
ASD.

At age 2 his examination showed a head circumference of 48.5 cm, his weight was 12.4 kg
and his height was 83.6 cm. HEENT exam was normal; his ear pinnae were not prominent,
his joints were hyperextensible with metacarpal phalangeal (MP) extension to 90°, his
thumbs were double-jointed, and his feet were flat.

On developmental testing at chronological age of 24 months using the Mullen Scales of
Early Learning (MSEL), his gross motor was 16 months, visual reception 18 months, fine
motor 20 months, receptive language 14 months, and expressive language 16 months, with
an overall Early Learning Composite of 66 (normal mean is 100). On the Vineland Adaptive
Behavior Scale his communication was 86, daily living skills 93, socialization 82, motor 82,
and his overall Adaptive Behavior Composite (ABC) was 83 (normal mean is 100). In
summary, Case 5 is a high functioning toddler with FXS and without ASD. His current
medications include folic acid, 5 mg a day, and fish oil, 1 teaspoon a day. A trial of sertraline
to improve overall language and development was recommended.

DNA molecular testing indicated the presence of size mosaicism (full/normal) with a normal
allele of 17 CGG repeats present in 27% of the cells (Table 1). FMR1 mRNA and FMRP
expression levels were 0.37 and 0.64, respectively (Tablel). Surprisingly, FMRP expression
levels were higher that the FMR1 mRNA levels observed in this subject. FMRP levels
decrease with increasing CGG repeat throughout the permutation range; however, if the
observed transcript levels derive completely from the normal allele, no deficit in translation
efficiency should take place. However, it has also been shown that a broad variation in
FMREP levels for any givenCGG-repeat size from the normal to the higher CGG expanded
range may exists (including sampling differences and methodology) [31,62-64].

Case 9—The proband was born after a normal pregnancy with a birth weight of 7 Ibs. 6 oz.
His developmental milestones included walking at 13 months, saying words in the first year
and phrases by 4 years of age. His early behavior included ADHD for which he was started
on stimulant medication a long acting methylphenidate at 7 years of age. The proband also
exhibited finger biting, poor eye contact, and hand flapping when excited. He did not exhibit
tantrums or aggressive behavior; rather, he was described as shy.

He was “mainstreamed” in his educational program and his overall cognitive testing at age 4
on the Kaufman Assessment Battery demonstrated a mental processing composite of 83.
Upon subsequent testing at age 12, cognitive evaluation by WASI (Weschler abbreviated
Scale of Intelligence), demonstrated a verbal 1Q (VIQ) of 70, performance 1Q (P1Q) of 70,
and full scale 1Q (FSIQ) of 67. Subsequent cognitive testing at age 14, with the WISC-III,
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demonstrated a VIQ of 64, PIQ of 59 and a FS IQ of 58. His Peabody Picture vocabulary
test at age 14 was 80 and his expressive one-word vocabulary test was 85. The mean for the
general population is 100.

Evaluation with the Autism Diagnostic Observation Scale revealed that his overall score was
in the Autism Spectrum Disorder (ASD) range. He was placed on sertaline (Zoloft) because
his anxiety interfered with his social interactions, in addition to mixed amphetamine salts
(Adderall) for ADHD.

Physical examination at age 14 revealed a head circumference in the 90t percentile for age,
height in the 50" percentile and weight in the 60™ percentile. Other characteristics included
a long face, prominent ears with ear cupping bilaterally, and a normal palate. His finger
joints were not hyperextensible, showing metacarpal phalangeal (MP) extension to 50° and
his thumbs were not double-jointed. His feet were not flat, deep tendon reflexes were 2+ and
symmetrical; and his genitalia had significant macroorchidism with a testicular volume of 50
ml.

In follow-up testing by WASI at age 18, he demonstrated a VIQ of 55, P1Q of 57 and a full
scale 1Q of 53. He was also given the Stanford Binet V, which yielded a VIQ of 46, NVIQ
(non-verbal 1Q) of 53 and FSIQ of 47. On his Vineland Adaptive Behavior Scales he scored
higher, with Communication at 80; Daily living skills, 72; Socialization, 73; and an Overall
Adaptive Behavior Composite of 73. ADOS testing at this time demonstrated a
communication score of 5, Socialization score of 8 for a total of 13, which is in the ASD
range. At this age he was placed on a trial of minocycline to assess its benefit as a targeted
treatment for FXS (62),

DNA molecular testing indicated the presence of methylationnmosaicism (methylated and
unmethylated full mutation alleles) with an allele encompassing a deletion across the CGG
repeat present in 13% of the cells (Table 1, Figure 2). The total percent of cells carrying
hypermethylated full mutation alleles was approximately 60%, FMR1 mRNA and FMRP
expression levels were 0.64 and 0.32, respectively (Tablel).

DISCUSSION

The mechanism leading to CGG instability is complex and still remains to be clarified. One
of the proposed mechanisms is a DNA polymerase slippage or slipped strand mis-pairing
(SSM) which can lead to reduction of the CGG length, either from a premutation to a
normally sized allele or the contraction of a full mutation allele to a normal or deleted sized
alleles [22,66]. This phenomenon may occur early in embryogenesis in a percentage of cells
where the presence of long stretches of CGG repeats can induce mis-pairing of newly
synthesized strand during DNA replication potentially leading to small deletions [67,68]. It
has been demonstrated that CpG methylation and SSM can facilitate the formation of
deletion events. Consequently, CpG-rich region may be prone to rearrangements, which
results in deletion that can extend into the promoter sequence upstream of the CGG repeat
[69]. Furthermore, post-zygotic deletion may result in unmethylated and normal-size alleles
as seen in individuals with FXS presenting with size and methylation mosaicism [23,70].
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Interestingly, a recent study on four mosaic males carrying both a full mutation and a normal
pure FMR1 allele suggested the presence of a risk lineage-specific FMR1 haplotype
predisposing to large contractions [70]. In this study, we report on 12 mosaic males with
FXS including 8 males with size mosaicism (for a full and a normal/ intermediate size
alleles) and 4 males who exhibit size and methylation mosaicism with alleles unmethylated
in both the premutation and full mutation range, as well as alleles carrying a deletion
spanning the CGG repeat. The presence of unmethylated normal or expanded alleles is what
likely reflects gene activity of the FMR1 gene demonstrated by the expression, even at lower
levels, of detectable FMR1 mRNA and FMRP. FMR1 mRNA expression measured by gRT-
PCR was observed in all cases although at different levels, likely been produced from
normal alleles, or the premutation alleles and/ or from the unmethylated full mutation allele
[30].

Intriguingly, FMRP levels did not significantly correlate with the FMR1 mRNA levels,
likely due to the decreased translation efficiency for longer expanded alleles [32-36]. This
was also observed in previous studies [18,33].

Among the size mosaics, 50% (case 2, 4, 7, and 8) presented with a high percentage of
methylation (>80%) accompanied by decreased FMR1 mRNA and FMRP expression levels,
which appeared to correlate with more severe phenotype including lower 1Q and ASD (Table
1). Males with lower percentage of methylation (<80%) appear to have higher cognitive
abilities, although this does not appear to be always the case suggesting that other factors are
likely to influence cognition; these observations are consistent with previous studies
[18,37,40,71].

In one of these previous studies, it was observed that of 18 individuals with FXS, including
7 size mosaics and 6 methylation mosaics, the percent of methylation of the FMR1 gene was
directly correlated with FMR1 mRNA and FMRP, in both blood and fibroblast tissues, and
was negatively correlated with FSIQ scores. Further, higher 1Q scores were found in subjects
with higher levels of FMRP. The authors suggested that FXS individuals with low
methylation and detectable FMRP levels could yield a better clinical outcome though they
exhibited elevated FMR1 mRNA levels [18]. However, individuals in our study presented
with impaired cognitive function likely due to the percent of cell carrying normal alleles,
which were not sufficient to produce adequate FMRP levels particularly when methylation
of the full mutation was present. For example, case 3 and case 7 both have very low levels of
FMRP at 0.18 but case 3 with lower percentage of methylation (57%) presented with higher
1Q (64) while case 7 with higher level of methylation (83%) had a much lower 1Q (40).
Similarly, McConkie-Rosell et al. [71] studied a fragile X family with six brothers and found
that the degree of severity of the phenotypic expression of FXS correlates with the degree of
FMR1 methylation. Additional cases of methylation mosaicism have also been reported
supporting the notion that cognitive functions negatively correlate with the methylation
status [72,73]. Case 9—-12 demonstrated higher repeat instability due to the presence of
methylated and unmethylated alleles spanning the entire CGG size range, in addition to a
deletion of the CGG repeat tract and of a variable region upstream and downstream flanking
regions (Figure 2). The role of these deletions relative to FMR1 gene activity (transcription
and translation) is not clear. For example, case 11, a size mosaic male presenting with 67%

Expert Rev Mol Diagn. Author manuscript; available in PMC 2018 April 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiraanont et al.

Page 10

of the cells methylated and a NVIQ in the low normal range, has approximately 20% of the
cells harboring an allele bearing a deleted region of 396 base pairs (the largest of the four
deletion cases here presented) upstream of the ATG start site and containing the entire CGG
tract. In contrast, case 9 presented low methylation, high expression levels of both FMRP
and FMR1 mRNA but showed lowest 1Q among the deleted group. However, how the
deletion may affect transcription is still need to be elucidated. It is possible that the binding
domain regions important for the transcription of the gene are removed in the deleted alleles
resulting in non-functional or defective alleles. It has been reported that deletion of the entire
CGG repeat region does not abolish expression [39] as long as the transcription and
translation start sites are unaffected by the deletion. These authors reported an unaffected
female who had a small deletion at the 5" end of the FMR1 gene on one of her X
chromosomes, extending from about 65 bp upstream of the CGG repeat region to about 32
bp downstream which including all CGG repeats and 97 bp of flanking sequences but both
transcription and translation start sites remained intact. Interestingly, this female had a large
deletion on the other X chromosome, which abrogated the entire FMR1 gene. However, this
X chromosome was silenced due to X-inactivation and the girl produced normal levels of
FMRP from the other allele carrying the deletion, reflecting her normal phenotype. Thus,
there has been a number of reports on deletions within the FMR1 gene; however, most of
these studies did not report FMRP levels [20,24,39-47,74]. Only two deletion cases reported
FMREP levels in mosaic males with FXS. de Graaf et al. [37] reported a male patient with
FXS who exhibited a full mutation and a small deletion in 28% of the lymphocytes. The
deletion included part of the CGG repeat and extended 30 bp 3" of the repeat but did not
seem to influence the expression of FMR1 gene as FMRP expression was observed in
approximately the same percent of cells. Han et al. [40] reported on the presence of a deleted
allele encompassing the CGG repeat region and 42 bp upstream of the repeats, with FMRP
production in 22% of lymphocytes. In our study, our four probands with the deleted allele
demonstrated lower FMRP production, ranging from 5% to 32% compared to controls,
which resulted in their cognitive impairment. In all cases, the deletion occurred in the 5’
UTR upstream of the ATG start site likely not affecting the translation of FMRP.
Interestingly, inter- and intra-tissue FMR1 gene expression differences have been shown,
particularly in mosaic individuals [18]; therefore, the FMRP expression detected in the
case’s lymphocytes of this study may be different from the expression in the brain.

In conclusion, our cases demonstrated the presence of size and methylation mosaicism in
male patients with FXS who have a normal allele in eight subjects and a deletion in four
subjects in addition to full mutation alleles. The presence of a normal allele particularly in
routine PCR or in screening studies where the presence of the additional full mutation allele
may not be easily detected by PCR can lead to a wrong diagnosis. This highlights the
importance of being cautious particularly when the clinical picture is strongly indicative of
FXS. Thus, in order to better characterize these atypical FXS mutational profiles, additional
approaches, such as more robust PCR, i.e. using the CGG repeat-targeted primer [75,76] or a
combination of different approaches as reported in Goncalves et al. [77], should be carried
out to ensure that these types of mosaics do not go underdiagnosed and potentially missed
by routine FXS testing. Genetic counseling and molecular genetic analysis are essential not
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only for the patients but also of the families for their future rehabilitation and family
planning.
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Key issues

. Atypical size- or methylation-mosaicism with both, full mutation and smaller
(normal to premutation) alleles, as well as a combination of methylated and
unmethylated alleles were observed in males with FXS.

. Half of the size mosaic males exhibited a highly methylation with reduced
FMR1 mRNA and FMRP expression levels which correlate with lower 1Q
and with the presence of ASD.

. sMosaic males with a full and a normal allele should be investigated by an
advanced PCR approach and detection rather a routine FXS testing (i.e.
conventional PCR) to ensure that a correct and precise diagnosis does not go
under-detected.
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Figure 1. Southern blot analysis of 12 cases
Southern blot analysis of genomic DNA isolated from normal control female. The normal

allele on the active X chromosome (2.8 Kb) and the normal allele on the inactive X
chromosome (5.2 Kb) are shown on the left (C1) and a positive male with a full mutation
allele is shown on the right (C2). Results in Case 1 through Case 8 show mosaicism for the
presence of full mutation alleles in addition to a normal/intermediate allele. Case 9 -12 show
the four males with size or methylation mosaicism.
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Figure 2. Sequence analysis of the FMR1 allele containing a deletion including the CGG repeat
in four subjects with FXS

Sequence analysis of the FMR1 allele containing a deletion including the CGG repeat in
four subjects with FXS. The presence of a deleted allele in four mosaic males was
demonstrated by PCR and visualized by gel electrophoresis. Sequencing analysis showed the
presence of a deletion in the 5’UTR of the FMR1 gene spanning the entire CGG repeat
region as well as part of the upstream and downstream regions. The arrow specified the
exact locations, in bp, of deletion within the FMR1 gene (L29074.1).
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