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Abstract: Fragile X syndrome (FXS), is an X-linked inherited genetic disease. FXS is the
leading cause of inherited intellectual disability and autism in the world. Those affected are
characterized by intellectual disability, language deficit, typical facies, and macroorchidism.
Alterations in the FMRI gene have been associated with FXS. The majority of people with
this condition have an allele with an expansion of more than 200 repeats in a tract of CGGs
within the 5’ untranslated region, and this expansion is associated with a hypermethylated
state of the gene promoter. FXS has incomplete penetrance and variable expressivity.
Intellectual disability is present in 100% of males and 60% of females. Autism spectrum
disorder symptoms appear in 50% to 60% of males and 20% of females. Other characteristics
such as behavioral and physical alterations have significant variations in presentation fre-
quency. The molecular causes of the variable phenotype in FXS patients are becoming clear:
these causes are related to the FMRI gene itself and to secondary, modifying gene effects. In
FXS patients, size and methylation mosaicisms are common. Secondary to mosaicism, there
is a variation in the quantity of FMRI mRNA and the protein coded by the gene Fragile
Mental Retardation Protein (FMRP). Potential modifier genes have also been proposed, with
conflicting results. Characterizing patients according to CGG expansion, methylation status,
concentration of mRNA and FMRP, and genotypification for possible modifier genes in
a clinical setting offers an opportunity to identify predictors for treatment response evalua-
tion. When intervention strategies become available to modulate the course of the disease
they could be crucial for selecting patients and identifying the best therapeutic intervention.
The purpose of this review is to present the information available about the molecular causes
of the variability of the expression incomplete penetrance and variable expressivity in FXS
and their potential clinical applications.
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Introduction
Fragile X syndrome (FXS), OMIM # 300624, is a X-linked inherited genetic
disease classified as a triplet repeat condition. FXS is the most common cause of
inherited intellectual disability and autism in the world. It has a prevalence of 1 in
5000 men and 1 in 8000 women. Affected individuals are characterized by intel-
lectual disability, autism, language deficit, typical facies, and macroorchidism.'-
Alterations in the FMRI gene with locus Xq27.3 are causative of Fragile
X Syndrome and other disorders. This gene harbors a CGG repeat within the 5’
untranslated region and, depending on the number of repetitions, 4 types of alleles
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are defined with different clinical manifestations:* Normal
alleles, which have up to 44 CGG repeats; grey zone or
and 54
repeats; premutation (PM) alleles with between 55 and

intermediate alleles that contain between 45

200 repeats; and full mutation (FM) alleles, with more
than 200 repeats. In most cases, this is due to an expansion
of the CGG triplet from one generation to the next.*

The Fragile Mental Retardation Protein (FMRP) is
coded by the FMRI gene. The absence of FMRP expres-
sion is usually secondary to the methylation of the FMRI
gene that occurs when more than 200 CGG repeats are
present in the 5'UTR region; this can also be explained by
a point mutation in the coding region for FMRI or
a deletion that includes this gene, but these changes have
only been reported in a few cases. The absence of FMRP
is related to the classic FXS phenotype.”®

FMRP expression is slightly lower in the carriers of
a PM allele. Lower levels of FMRP are found particularly
in the upper premutation (PM) range however, they typi-
cally do not present the classic FXS syndrome phenotype.’
Furthermore, they have elevated FMRI mRNA levels
between 2 to 8 times normal levels, which also leads to
RNA toxicity. These elevated levels of mRNA are a risk
for a number of medical conditions that are not explained
by decreased FMRP.***

FMRP has roles in chromatin dynamics, RNA binding,
mRNA transport, and mRNA translation®'° and for certain
subgroups of cerebral transcripts.''

This protein is involved in the regulation of RNA
stability, subcellular transport and translation of neural
mRNAs that codify proteins involved in synapsis devel-
opment, neural plasticity and brain development.®

In addition, FMRP interacts with at least 180 proteins
expressed in the brain and connective tissue. This inter-
actome comprises known FMRP-binding proteins, includ-
ing the ribosomal proteins FXR1P, NUFIP2, Caprin-1, and
other novel FMRP-interacting candidate proteins located
in different subcellular compartments, including CAREF,
LARP1, LEO1, NOG2, G3BP1, NONO, NPMI1, SKIP,
SND1, SQSTMI1 and TRIM28. This interactome suggests
that, besides its known functions, FMRP is involved in
transcription, RNA metabolism, ribonucleoprotein stress
granule formation, translation, DNA damage response,
chromatin dynamics, cell cycle regulation, ribosome bio-
miRNA
organization.”

genesis, biogenesis and  mitochondrial

Several studies have shown that in the absence of
FMRP, a wide range of neural mRNAs are affected,

boosting neural protein synthesis, which results in dendri-
tic spine dysmorphogenesis and glutamate/GABA imbal-
ance, which in turn produce variations in neural excitation/
inhibition, phenomena that are present in FXS. Dendritic
spine dysmorphogenesis plays a role in the intellectual
deficits and behavioral problems, due to the weak synaptic
connections found in this syndrome.'*"?

Fragile X syndrome (FXS) has incomplete penetrance
and variable expressivity and biological sex is a decisive
factor of the phenotype. Full mutation of the FMRI gene
has a 100% penetrance of intellectual disability in males
and 60% in females. Other characteristics associated with
FXS Appear with varying frequencies in affected indivi-
duals. Autism spectrum disorder (ASD) symptoms appear
during early childhood in 50% to 60% of males and 20%
of females with FXS.'*!”

Physical features include elongated face, large and
prominent ears (75-78% of affected males), mandibular
prognathism (80% of adult men), hyperlaxity and macro-
orchidism (95% of adult men). Other characteristics also
vary in their frequency of presentation: seizures (23%),
strabismus (8%), and cardiac abnormalities such as abnor-
mal aortic root dimensions (18%) and mitral valve pro-
lapse (55%). In general, the female phenotype is less
severe and less specific.*'®
The variation in the phenotype of monogenic diseases

is common,19’2°

it is explained by a combination of
genetic, environmental, and lifestyle factors,”' and FXS
is not an exception.

Here, we present a review of the knowledge about the

molecular factors involved in the variable expressivity of FXS.

First Level of Categorization in FXS
Patients, The Monogenic View:
Alteration of FMRI Function

The presence of a full mutation in FMR] is associated with
the hypermethylation of a CpG island located in the pro-
moter of the FMRI gene. Methylation of DNA regions
(mDNA) is one of the main epigenetic modifications
related to transcription regulation.’? A CpG island is
located proximal to the CGG repeat tract, which is
expanded in FXS. Hypermethylation of the CpG island
generates transcriptional silencing of the FMRI gene.”
As a consequence, the Fragile Mental Retardation Protein
(FMRP), codified by the FMRI gene, is not produced**
and in turn, the absence or low expression of FMRP
causes FXS.
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CGG tract repetition expansion in the untranslated
region (UTR) of exon 1 in the FMRI gene generates
instability of that region during the replication process,
inducing size mosaicism, which is defined as the presence
of premutation and mutation alleles in several cells.?

In males with FXS caused by full mutation, the detec-
tion of FMRI mRNA levels in peripheral blood lympho-
cytes is common. This phenomenon is due to both size
mosaicism and mDNA in the CpG island and nearby
that
Furthermore, longitudinal studies in women with FXS
have shown that levels of mRNA transcribed from FMRI
decrease significantly with age.”® Complicating even more
the behavior of mDNA and FXS, it has been found that in
premutation alleles, a considerable number of cells have

regions vary between cells and tissues.”

mDNA.?’ The variation between methylation states of the
CpG island and nearby regions among different cells and
tissue of the same person is known as methylation
mosaicism.?® It is estimated that around 50% of people
with FXS have this type of mosaicism.?’ In cells where
mutated alleles are not methylated, they are transcription-
ally active and can be expressed.’® However, in these cells
there is no FMRP synthesis since mRNA with CGG
expansion greater than 200 repeats is not translated effi-

ciently in ribosomes.*'=*?

FMRP Expression

The absence or low levels of FMRP is a decisive factor
for FXS development, as several studies have aimed to
discover the relationship between protein levels and
phenotypic characteristics of the patients. Since the late
1990s, correlations between FMRP levels and the neu-
rological phenotype of FXS have been established.?*-**-*
The first studies about this topic established the standard
levels of FMRP in peripheral blood leucocytes through
immunoblotting. When comparing protein levels with the
allele type and the presence of size mosaicism, it was
demonstrated that people with the lowest FMRP levels
were males with FM. Males with size mosaicism and
females with FM had slightly higher levels of FMRP
than males with FM.****>-¢ Via multiple regression mod-
els, it was found that FMRP levels were significantly
correlated with the intelligence quotient (IQ) of the
patients in the study.’>® However, studies did not identify
the same relation between FMRP levels and behavioral
symptoms.>**” More recent evidence supports a partial
overlap between the pathogenic mechanisms that lead to
FXS and ASD.*® Lower FMRP levels have been

documented in samples of individuals with FXS and
ASD compared to patients with FXS only.zg’34 The rela-
tion between FMRP levels and IQ in males and females
with different expansions in CGG repeats was studied
recently.®® This last study has two important advantages
compared with previous studies: firstly, the use of fluor-
escence resonance energy transfer (FRET), which has
a higher sensibility when measuring protein levels, and
also FMRP levels were measured in dermal fibroblasts.
Unlike leucocytes, fibroblasts derive from the ectoderm,
the same germ layer from which nervous system cells
originate. Researchers found a strong and positive rela-
tion between FMRP levels and cognitive skills in
patients with levels below 30% of the standard levels
in controls. Interestingly, above this level, there was
a higher dependence between low FMRP levels and
low 1Q.*°

Size and Methylation Mosaicisms

In parallel with the aforementioned studies, researchers
reported the incidence of size and methylation mosaicism
in cognitive impairment severity.**** The classic defini-
tion of premutation alleles’ behavior as non-methylated
alleles, and mutated alleles as methylated or partially
methylated ones in order to categorize premutation carriers
and patients with FXS has been extended progressively to
include a detailed classification that takes into account the
existence of size and methylation mosaicisms.

Regarding size mosaicisms, different combinations
have been described, including patients with some FM
cells and other cells with PM. Indeed, patients with FM,
PM, grey zone alleles and even alleles with normal size
have been reported.*” The presence of size mosaicisms
with PM and FM alleles is related with a less severe
phenotype and a higher risk of developing fragile
X-associated tremor/ataxia syndrome (FXTAS).*

When exploring the possible relation between size
mosaicisms and the intellectual functioning of patients
with FXS disregarding sex, it was found that patients
with FM/PM had better intellectual functioning and less
maladaptive behavior, compared with FM-affected
individuals.** Interestingly, the same study found that
ASD features and maladaptive behaviors were similar
between FM-only and PM/FM mosaics within each sex,
after controlling for overall intellectual functioning.
A limitation of this study is that they used venous blood
and real time PCR and Southern blot analysis to quantify
the level of methylation.
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Recently, methylation mosaicism has been taken into
account as an important variable in phenotype traits. The
most frequent mosaicism found in males is the presence of
FM-methylated alleles and non-methylated FM and PM
alleles  (combination of size and methylation
mosaicism).”>** However, in patients with FM and not
PM mosaicisms, methylated alleles do not express
mRNA, while non-methylated alleles do. An aspect that
highlights the importance of detecting the presence of this
kind of mosaicism is the influence on phenotype severity.
Additionally, according to some case reports, the presence
of synthesized mRNA from PM and FM alleles increases
the odds of developing the FXTAS phenotype.**® The
final consequence of methylation mosaicism is the cell’s
reduced ability to express FMRI mRNA, measure mRNA
and determine if there is a relation with phenotypic traits.
When analyzing mRNA levels between males and
females, it was found that females had higher levels.
Also, in females, higher levels of FMRI mRNA were
related positively with age but not with intellectual func-
tioning and autistic features. Males with FM that express
FMRI mRNA had significantly higher ADOS calibrated
severity scores, when compared with males with fully
methylated FM. Interestingly, no differences were found
regarding intellectual functioning.*' Likewise, when con-
trasting FMRI mRNA levels and scores on the Aberrant
Behavior Checklist-Community-FXS version (ABC-CfX)
it was found that in males with FM, higher values of
FMRI mRNA were related with elevated irritability and
lower health-related quality of life scores.*” This associa-
tion was not found in males with PM/FM, suggesting that
for improved genotype/phenotype associations, it is essen-
tial to take into consideration not only sex but also size
and methylation mosaicism.

Recent investigations explored simultaneously how
FMRI mRNA levels of FMRP are related to phenotypic
alterations in males with PM and FM.** In a study com-
posed of 14 cases of patients with PM or PM and FM
mosaicism and mental illnesses such as bipolar disorder,
schizophrenia and psychosis, among others, low levels of
FMRP and increased FMRI mRNA were evident in these
patients. This combination of characteristics in patients
with FM, decreased FMRP, PM and increased FMRI
mRNA represents a dual mechanism of clinical signifi-
cance that may generate characteristics of both FXS and
FXTAS.* In a clinic-based ascertained group of patients
with FXS of both gender, a significant difference was
found between FXS with ASD and low levels of FMRP

when comparing concentrations of the protein in patients
with FXS without ASD.?’ They found that the mean full
scale IQ and adaptive skills composite scores were signif-
icantly lower in males than in females (p = 0.016 and p =
0.001, respectively, Mann—Whitney). Additionally, all
individuals with moderate or severe ID were males. Not
surprisingly, ASD was present more frequently in males
with FXS (46% vs 20% females). This association was not
found in males with PM/FM, suggesting that for improved
genotype/phenotype associations is essential to take into
consideration not only sex but size and methylation

mosaicism.?’

Other FMRI Mutations

There is a small proportion of FXS patients without expan-
sions in the CGG-repeat tract. In this group, the condition
is caused by missense or nonsense mutations,”'® or dele-
tions in FMR1."® Patients with these mutations have simi-
lar physical, cognitive and behavioral characteristics to
FXS patients. With the increasing availability of diagnos-
tic methods based on next-generation sequencing and
comparative genomic hybridization, a higher rate of diag-
nosis of mutations causing FMRI function loss is
expected. This will allow a clear delimitation of the phe-
notype caused by the loss of the protein in the absence of
CGG tract expansions.

Second Level of Categorization in
FXS Patients: Search for Modifier
Genes Affecting the Genotype

For many monogenic diseases it is known that, besides
the allelic variance, the effect of modifier genes has an
important role in incomplete penetrance and variable
expressivity. The identification of modifier genes that
affect the phenotype in monogenic diseases has many
challenges that complicate their description. A genetic
variant can modify the effect in the phenotype of another
variant in many ways, including epistasis and genetic
interactions.**~°

In studies using FXS murine models, important new
evidence was acquired in order to establish the importance
of potential modifier genes and their impact on FXS phe-
notype development. The knockout mouse model for FXS
was generated in the last decade of the XX century. Fmrl
KO mice had learning deficits, abnormal synaptic connec-
tions, seizures, hyperactivity and macroorchidism.”'>?
When describing the mouse phenotype in detail, it was
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evident that abnormal phenotypic characteristics depend,
at least in some proportion, on their genetic background.>

During the identification of modifier genes in the FXS
phenotype, a large proportion of the research has aimed
towards the susceptibility to developing certain clinical
behavioral characteristics, such as aggression, ASD and
seizures.****>? All of the studies use a similar methodo-
logical design: they arrange groups of people with or
without a specific phenotypic trait and establish the fre-
quency of specific variants in modifier gene candidates.

The possibility that Val66Met polymorphism in the
brain-derived neurotrophic factor (BDNF) gene may mod-
ulate the epilepsy phenotype in FXS patients has also been
investigated. The replacement of a methionine for a valine
in the 66™ position of the BDNF protein interferes with
normal intracellular traffic and BDNF dependent secretory
activity in cortical neurons.®® This polymorphism has been
related to cerebral anatomy alterations®' and neuropsy-
chiatric disorders.®>®* In a sample of 27 males with FXS
from Finland, it was found that all the patients with epi-
lepsy (15%) had the Met66 allele, whereas the prevalence
of this allele is 20% in the normal population. Research
suggests that the Met66 allele in BDNF interacting with
FM in FMRI may partially explain the higher incidence of
seizures in patients with FXS.® In a more recent study
with a higher number of males with FXS (77 patients), the
results were not replicated and there was no association
between seizures and Val66Met polymorphism.”® These
results show the importance of validating studies about
modifier genes in different populations.

In research about genes that affect mood and aggres-
sion, such as the serotonin transporter (5-HTTLPR), the
monoamine oxidase A (MAOA-VNTR) and COMT, con-
flicting results were found. All of those genes are involved
in regulatory pathways for different neurotransmitters, and
their variants have been associated with the development
of behavioral phenotypes in different contexts other than
FXS. In one group of 50 males with FXS, the relationship
of 5-HTTLPR and MAOA-VNTR polymorphisms with
the frequency/severity of aggressive/destructive, self-
injurious and stereotypic behaviors was studied. It was
found that the high-transcribing long (L/L) genotype in
5-HTTLPR was related with a higher frequency of aggres-
sive/destructive and stereotypic behavior, while patients
with the short (S/S) genotype had less aggression. The
MAOA-VNTR genotype had no effect on behavior.”> On
the other hand, in a study of 64 males with FXS where the
COMT gene was also included, the results of the previous

study were not replicated. There was no association
between behavioral characteristics and either 5S-HTTL PR
(serotonin) or MAOA genotypes. Nevertheless, the A/A
genotype in COMT that modifies dopamine levels was
associated with greater interest and pleasure in the envir-
onment, and with less risk of property destruction, stereo-
typed behavior and compulsive behavior.>* The authors of
the study suggest that the non-reproducibility of the results
regarding MAOA-VNTR can be explained by differences
in the prevalence of aggressive and stereotyped behavior
among the studied populations or by differences in the
measurements used to characterize each behavior.

The importance of identifying potential modifier genes
was explored in a clinical trial. The researchers investi-
gated the relation between polymorphisms in several genes
and the response of sertraline in 51 children. They found
that BDNF, MAOA, 5-HTTLPR, Cytochrome P450 2C19
and 2D6 polymorphisms had significant correlations with
treatment response.®*

Summary of the Knowledge of the
Molecular Causes Regarding the
Variable Phenotype in FXS

Currently the knowledge about molecular causes of the
variable phenotype in patients with FXS include charac-
teristics associated with the FMRI gene itself and to sec-
ondary, modifying gene effects.

Regarding FMRI, when the diagnosis is established,
the type of mutation causing FXS is identified: CGG
repeat tract expansion vs pathological variant causing
loss of function in FMRI.

When the CGG is identified, is it expected that about
half of the patients have size or methylation mosaicism or
both.>® The presence of any of those mosaicisms deter-
mines the expression or not of FMRI mRNA and FMRP.
The quantity of FMRP is directly related with 1Q.*"-%°
While the presence of size mosaicism is related with better
intellectual functioning and less maladaptive behavior,”***
elevated concentrations of FMRI mRNA in patients with
FM have been associated with a higher risk of developing
FXTAS*5:46.48
symptoms.*’

and with the severity of behavioral

The search for modifier genes affecting the phenotype
has been carried out using the candidate genes strategy.
Because high impact clinical manifestations in FXS are
related with neurologic phenotypes, the studied candidate
involved

genes are in CNS development and the
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appearance of seizures (BNDF)***"%% and associated with

mood and aggression (5-HTTLPR, MAOA-VNTR y -
COMT).>*>> Recent research has been done with small
groups of patients and there are no conclusive results
about the importance of these variants in modifier genes.

Conclusion
Scientific and clinical evidence about molecular causes of
variable expressivity in FXS is growing quickly. It is
evident that aspects of the mutation type in FMRI and
the behavior of the CGG repeat tract are relevant in the
presentation of the condition. Research about modifier
genes is still emerging. There are important limitations
such as sample size and comparability of different studies,
mainly due to smaller groups of selected patients and the
use of different tools for measuring the phenotypes.

Independent cohorts of patients with FXS across dif-
ferent continents have shown evidence that mosaicism,
FMRI mRNA or FMRP quantification are associated
with the severity of the phenotype. However, this informa-
tion cannot currently be used effectively in the integral
management of patients. When intervention strategies
become available in order to prevent the development of
FXTAS, or when certain molecules can regulate levels of
FMRP expression to measure FMR! mRNA and FMRP,
they could be crucial for selecting patients and identifying
the best therapeutic intervention.

In clinical trials there is an important window of oppor-
tunity. Identifying mosaicism, measuring transcription/
translation activity of FMRI and stratifying patients by

modifier genotypes®”®

will permit the identification of
subgroups of patients with greater potential to respond to

specific treatments.
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