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FREE1 Fragile Xrelated element 1

FREE2 Fragile Xrelated element 2

FXS Fragile X syndrome

FXTAS Fragile X-associated tremor/ataxia syndrome
MRNA Messengeribonucleic acid

ThefragilegX mentaketardation 1 gend-MR1)-related disordefragile X syndrome (FXS) is
the most common heritable form of cognitive impairment and the second most common
cause of comorbid autism. FXS usually results when a premutation trinucleG{dedpeat
in the B untranslated region of tHeMR1 gene (CGG 55200) expands over generations to a
full mutation allele(CGG >200). This expansion is associated with silencing oFMR1
promote via anepigenetic mechanisthat involvesDNA methylationof the CGG repeat
and the surrounding regulatory regions. DecreaS®IR1 transcription is associated with
loss of theEMRL proteinthat is needed for typical brain developmdiite past decade has
seen majoradvances in our understanding of the gemetiepigenetic processes that
underlie FXS: Here we review these advances and their implications for diagnosis and
treatment for individuals who ha¥R1-related disorders
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e Improved analysis of DNA methylation allowstterepigenetievaluation of theragile
X gene.
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e New testing techniques have unmasked interindividual variation among childhen wit
fragile X syndrome.

e New testing methods have also dete@dditionalcases ofragile X

[Main text]

Fragile X syndrome (FXS) and othdisorders related to thfeagile X mental retardation 1
gene FMR1) are caused bgxpansion of a trinucleotide CGG rep#at islocated adjacent

to theFMRL gene promotg with the normalCGG repeatange beindessthan45 repeats

FXS is the .most common singlgene cause of intellectudisability and autismaffectingl

in 3600 males.and 1 in 6000 fematemndoccurswhen theCGG repeat expasdoat least

200 repeatsa/repeat size that termed ‘full mutatiori.? The full mutation CGG expansion
triggers a series of epigenetic events tiedluce or abolish transcription of tR&MR1 gene
without altering Jits DNA sequence, in turn leading to reduced or absent production of the
fragile X mental retardatioprotein (FMRP).FMRL1 playsa central role in human cortical
development and is a key regulator of genes that have been implicated in autism spectrum
disorders’

Paradoxically, increased transcription BMR1 is associated witithe lateonset
disordersfragile X-associated tremor/ataxia syndrome (FX7}A#&d fragile X-associated
primary ovarian insufficiency. These two conditicare found primarily in individualswith
expansions obetween 55 and 200 CGG trinucleotides, ternmémutatioh Premutation
alleles do ot cause FXS, but when maternally transmitted can expahdl tmutation
Premutatiorallelesare commonaffecting betweend in 300to 1 in 800 malesandbetweenl
in 200to 1 in 370females*™® FXTAS has beeneported in 45%of premutationmales and
17% of premutationfemales over the age of 5@ars’ and fragile X-associated pimary
ovarian_insufficiencyis found in 20% ofpremutationfemales’ Thesepremutatiorspecific
presentationsshave been linked to aggregation of prdiginserexpresseEMR1 messenger

ribonuclei¢“acidmRNA), leadingto mitochondrialdysfunction anaell deatt?

THE FMRETPROMOTER AND FMRL1INTRON 1: STRUCTURE AND BIOLOGICAL
SIGNIFICANCE

Transcription ofFMRL is controlled from thd=MR1 promoter the DNA sequence located
directly upstream of the transcription start fég. 1). The FMR1 promoterwas defined
initially as a small region extendingrom 355 kase pairsupstream(5’) to 60 base pairs
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downstream(3') of the CGG expansigrcomprising theCGG repeat and thEMR1 CpG
island’® The FMR1 CpGisland contains 52 CpG dinuclides thatare methylaed in FXS,
resulting in silencing ofFMRL.* In FXS,FMR1 silencingoccursat 11 weeks of gestatioat
which time full mutation repeat expansionsigger an ‘epigenetic switch comprising
increase"DNA"methylation and modifications to histone protéms.

More recently it has become ident thatmethylation changes associated widit
mutation expansions exterimkyond the boundaries of the CpG island and the previously
definedFMR1 promote. A distinct DNA-methylation boundarpas beendentified 650to
800 nucleatides upstream of tl¥CG repeat®'* andin healthy individuals this boundary
separates'the_normally methylated DNA located upstream diNtRRL promote from the
unmethylatedFMR1 promote. In individuals with FXSfull mutationrepeatexpansionsthis
boundary is lost, allowing methylation tmove across a region calleftagile X-related
elementl (FREEJ and into theFMRL1 CpG island whereFMRL transcription start sites are
located (Fig._1). Methylation of FREElis correlated with FMRP deficit ithe blood of
individuals.with FXS.***> A similar epigenetic boundary exis8 of the FMRL promote,
located withinsiatron 1 of thEMRL1 gene and this boundary ialso lost in individualsvith
FXS, allowing.methylation to extendto intron 1 of thFMR1 geneandinto a region called
fragile Xérelatédelement FREE2.***°Methylation atFREE1, FREE2and theFMR1 CpG
islandis consistent between different tisspasdin the presence of fall mutationit leads to
decreased expression of FMEP

Thediscovery ofFREE1 and FREERas allowed the development of new diagnostic
tests that” can targethese regions using technologies such highresolution melt’
pyrosequencing; and the matrix-assisted laser desorption/ionizatiime of flight mass
spectrometnEpiTYPER systen™* These new tests are faster and less cumbersome than the
traditional diagnostic approach of methylatigensitive Southern blot analysis. In addition,
by assaying.a.mucgreaternumber of CpG sites ith higher sensitivity, these tests have
unmasked-previously unrecaged interindividual variability at single CpG resolun, in

the methylation‘signaturéetweerindividuals with FXS"**’

EPIGENETIC:SIGNATURES OF FMR1 DISORDERS AND DOWNSTREAM

EFFECTS

The tireshold above whickMR1 gene silencing occurs has traditionally been regarded as
200 CGG repeatdowever, ecent evidence suggests that mutation expansions between

200 and 400 repeats are less likely to be fully methylated and that the threshoébler st
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silencing of full mutation alleles might begreater thar00 rather tharover 200*° The
sequence of evenigherebyfull mutation expansiondead toFMR1 silencingis not well
understood, buthe process ishought to bemediated through the formation of secondary
structures of DNA and/or RNAhat occurwhen large CGG repeat tracts are present. These
secondary structureselikely to affect the equilibrium betweefactorsthat favour an active
chromatin/configurationand factors that contribute to a closgatomatin configuratioR® In
unaffectedmaleswith normalsize allelesthe CGG repeats and Cpfinhucleotides in the
promote region are unmethylated and the associated chromatin is enriched with active
chromatin markers (such as acetylatestones H3 and H4 and trimethylatestoneH3 at
lysine 4)andlow in inhibitory chromatin markers (such as trimethylated histone H3 at lysine
9). The regultingopen’ chromatin confirmation allows access of transcription factors to the
FMR1 promoter,leading to transcription oFMRL. In contrast, inindividuals affected by
FXS, DNA methylation moves into the region containing phemote andCGG repeatand
the associated chromatin adopt€@mpactecconformation that is enriched witharkers of
inactive chromatinThe result is thatranscription factorsare denied access the promote
and FMR1 transcriptiondoes not occurln addition to these epigenetic factormRNA
transcribed, from the expanded CGG repeat timdtself thought to contribute t6MR1
silencingby bifding to the complementary CGG portion of E\R1 gene*?

The dewnstream effects 6MRL silencingalsoseemto be mediated epigenetically.
FXS human pluripotent stem cells have been used to model the early stages of neurogenesis
in FXS andhaverevealedpatterns of increased or decreased methylasipecific to FXS, at
more than 1600ocations across the genofteTheseloci are enriched fomgenesthat are
associated with developmental signalling, cell migrateord neuronal maturation, and gene
networks thathave been implicated in autism spectrum dis@&déithough most of these
aberrations, ar@robalty mediatedthroughloss of FMRP, it is also possible that some are
independent. of FMRAL is now recograed that thdeMR1 locus, in addition to being home
to theFMRI'gene, accommodatssveral long nowwoding RNAs that are transcribed but not
translated=inte=proteinn FXS, transcription of everalof these, includin(ASFMRL/FMR4
(Peschansky’et &> andFMR6,%® is suppresseedpigenetically potentiallycontribuing to the
FXS phenotype. by altering expression of other genes elsewhere in the d€rgprag

In contrast tofull mutation alleles,premutationallelesare associated with increased
transcription and there is a direct relationship between the repeat numb&MREMRNA
levels? Little is known about why transcription is increased frpnemutationalleles

however, it is hypothesized thaCGG repeats in th@remutationrange alter the local
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chromatin environment to make it more accessible to transcription faotdts to factors

that inhibit gene silencin®. The clinical features of FXTAS are thought to arise primarily
from a toxic gain of function of eleted levels ofFMR1 mMRNA contained the long CGG
tract®® In addition, @idence has emerged that aberrant proteins, comprising tandemly
repeated-amino’acids, calsobe translated from expanded CGG/C@iBucleotideseven in

the absence of an AUG start coddrhis ‘repeatassociated neAUG’ translation of
potentially”toxic proteins has been associated with neuronal inclusiopatients with
FXTAS, and may contribute to the FXTAS phenotypeFinally, transcription of
ASFMRLUFMRA4.is also increased ipremutationcarriers and may contribute ppemutation

phenotypes.

EPIGENOTYPE-PHENOTYPE CORRELATIONS IN FRAGILE X -RELATED
DISORDERS
The observatiownf interindividual variabilityin methylation profiles at thEMR1 CpG island
and FREE1 and FREE2 regions patients with FXS, combined witlthe clinical
heterogeneity-among individuakgith full mutation expansionshasled to the question of
whether there_is a correlation betwefagile X epigenotype and phenotypseverity
However,in males,detecting such a correlation is challenglmerause mosif thosewith
FXS have both high methylation levels and a severe phenaygestudy sample sizes have
been small'ln onesmall and heterogeneous cohortFXS males,intellectual functioning
was found_to correlaténverselywith FMR1 CpG islandmethylation as quantified using
Southern blof® Other studies have assayed methylation within RREE2 regionin full
mutation males fand demonstrates gradient epigenotyp@henotyperelationship when
assessing phenotype using the Aberrant Behaviour Chétldisd intellectual functiorf®
however Jargerconfirmatorystudies ar@eeded

In.theory, amassociation betweddMR1 promotermethylation and phenotymshould
be easier tordetect inll mutation femalesthan infull mutation males given their broader
spectrum ofsseveritand variable patterns of-lactivation However,the results have been
inconsistent'Earlier work that analysedFMR1 CpG island methylationn full mutation
females foufidsthatit was correlatedinversely with intellectual functioing;”® however,
another studywith similar outcome measureid not detect a correlatiocfi More recent
studies that havassayed-MR1 promotermettylation at theFREE2 locus havedetected a
more convincing inverse relationship between methylation and cogmitiéml mutation

females®!32
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Epigenetic factors have also been hypothesized to play a role in the phenotypes
associated withpremutationexpansionsin females One might expect thapremutation
phenotypes woulbe more prominent in women in whom a higher proportion of cells
harbouredhe premutatioron the active X chromosomehis seens to be the case in relation
to the clinical*and radiological features BXTAS;**** however, i contrast there is no
evidence for a relationship betweskewedX-inactivation a&d fragile X-associated primary
ovarian insufficiefiey” Interestingly, inpremutationfemales FREE2methylation which is
sensitive to Xinactivation changedhas been found to be inversatgrrelatedboth with
performance onasks ofexecutivefunctior?® and with increased grey matter volunaf
cortical structures that have known roles in executive function, sutrordal andparietal

gyri.%’

MOSAICISM AND FXS
Fragile X epigenotypes have traditionally been classified into unmethylptechutation
expansions_andully or partly methylated full mutation expansions.However, these
classificatios.arecomplicated by the existence of mosaicism, defastthe presence of two
or more different cell populations within a given individual. In BXtwo main types of
mosaicism existmethylation mosaicism andpeat size mosaicism

Methylation mosaicisntlescribes the presenda an individual with gull mutation
of a population of cells that are methylatedhst FMR1 locusand a second population of
cells that_are unmethylate®atients withmethylation mosaism may exhibit a milder
phenotype than full mutation patients witbn-methylatiormosaicism theextreme example
being males with full mutation expansionsthat are completely unmethylated, and who
typically have normal intellect (but are at riskpsemutationphenotypesuch as FXTAE®
Interestindy, males withunmethylatedtull mutation are more likely to have a CGG repeat
size in the range200 to 400, consistent witlihe threshold for stable methylation dill
mutationallelesbeing greater tha00, rather tharover 200, as previously documentgd.

Femalesare, in a sense, all methylation mosaics becauseMfrd locus is sensitive
to X-inactivation, such that normal levelsEfIR1 promotermethylation are about 50%, and
females withfull mutation expansions typicalljhave methylation levels above closer to
75%394°

Repeat size mosaicism is charazed by the presence of cell populatoowith
different CGG repeat sizes, most commonly one cell population witii ahutation and

another with gremutation. Other combinationsfafl mutation premutationgrey zone (45
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54 CGGs)and normal CGG size have beenpalsported, and may not be as uncommon as
previously thought! Repeat size mosaicism is thougbtarise in most casesrom a full
mutationconception, with subsequent contraction offtilemutationto a smaller size allele

in one or morecell lineages Full mutationpremutationmosaicism has been reported to be
associatedwith"a less severe phenotgithough not consistenthgnd in addition can be
associated witpremutatiorphenotypes such as FXSE thatare not typically associated with
non-mosaicfull mutation. From a diagnostic perspective, the presenckilbimutation and
smaller CEG repeat size mosaicism can leaartossed diagnosis of FXS. The reasons for
this are twofold. First, the traditional twatep testing protocols used for Fx8tially look

for a normal CCG repeat size (usipglymerase chain reactipand only proceed to look for
an expanded' CGG repeat (using Southern blot analysis) when no normal CGG repeat is
detected. SeconderyHow-level full mutation mosaics will not be detected by Southern blot,
which will only detect full mutatios when they are present in more than 20% of tells.
Recently modifiedlong rangé polymerase chain reactidests have been developed that can
amplify CGG repeats up ttll mutation CCG repeasize and may mitigate the issue of
potentially -missed cases associated with the-dtep protocol. However, analytical
sensitivity ‘for lowlevel mosaicism is still an issue withesetests, and a firdine DNA
methylationanalysistargeting the FREE2 gion provides a more sensitive andsteffective
approacH’

EPIGENETIC APPLICATIONS IN EARLY DIAGNOSTICS AND NEWBORN

SCREENING FOR FRAGILE X

FXS is a (potential target for newborn screening, finmcipal benefits being thaimely
institution of early intervention and th@pportunity for parents to avoid having second
affected child.However a challenge to implementation has been that techniquesngtiliz
CGG sizing.are relatively costly and have pla¢entialdisadvantage of detectimgemutation
expansionghattdo not cause intellectual disability but which are associated with a risk of
late-onset ndisofders’ These disadvantages can be circumvented using an epigenetic
approach..fe feasibility of thisapproachwas demonstrated using r@akttime polymerase
chain reactiorest to screen for abnormal methylation in128 male newborn spoté The
study reportedthe prevalence ofull mutation as 1 in 5161 in the US male general
population which wassimilar to prevalence estimateeportedusingCGG sizing.Among
females known to havielll mutation thesamemethylationwas able taletect82% but was

not able to distinguisklinically affected females from ngmenetranfull mutation carriers
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More recently, FREE2 methylationtesting (usingmethylationspecific quantitative melt
analysis)has been applieguccessfully tadentify full mutation newborn blood spotBom
males and femalesdemonstratinghigh throughput, low costand the ability to predict
prognosis>®4? Larger studies are now underway to validduefeasibility of this approach
for FXS newborn screening for both sexes.

Interestingly, and of relevance to early diagnostics and newborn screstudigs
have suggestetihat FMR1 methylation patterns in blood are not fixed, but can change over
time. In females there is evidence foositiveselectionwith age in favour otdls containing
the normaEMRI allele on the active X chromosorife® In contrast, in malesletailed coss-
sectionalanalyss of FMR1 methylationsuggestshat it may increasegraduallywith age*
These findings havemportantimplications forour understanding of epigenetic moei of
FMR1 activity, and for assessing thaility of quantitative analysis &#MR1 methylation as
part of diagnostic testing, especially in FXS femalegufe studies should establish whether
these changas methylation also occur in other tissusach as the central nervous system

and whethemethylation changes over time hgwegnostic se

EPIGENETIC-BASED THERAPIES FOR FXS

The fact thatheepigenetic markshat inactivateFMR1 are potentially reversible has led to
the notion thatthey might be targeted therapeuti¢atlyhe treatment dFXS. The hope that
removal of one or more of the epigenetic marks that cBNH#eL transcriptional repression
might restore function is supported by the observation, as noted eafrlrare individuals
with unmethylatedull mutationand normal intellect® In FXS, the objective of treatment is
to remove the DNA methylation and/or histone modifications that are maintainirfgMR&
locus in a_transcriptionallynactive state. Removal of DNA methylation can be achieved
using the ‘drugs -azacytidine and -‘azadeoxycytidineBoth drugs have been used for the
treatment of myeloid leukaemia, where they elib&ir therapeutic effect by deppressing
tumour suppressor genes that have tmemcedinappropriately When applied to cell lines
from patients=withFXS, these drugs have been shown to remoM& methylation atthe
FMRL1 locussshift histone modifications towardgranscriptionally activeonfiguration, and
partly restore EMRP producticf™° Similar studies have been performed in FiX8uced
pluripotent stem cellsand treatment with 5-azacytidine has resuled in partial DNA
demethylation, histone modification, and partial transcriptional activatiofMiR1.* Yet
there areseveralproblemswith the approachthe induced epigenetic changes are transient,

with methylation returning tmormal within a month of drug withdrawHiand thesegents
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are cytotoxic, mutagenidack cell specificity, and only incorporated intoapidly dividing
cells which is not the case with neurons.

An alternative approach is to target histone modifications by inducing histone
acetylation using histone deacetylation inhibitsush ast-phenylbutyrate, sodium butyrate
and trichostatin“A; howeveuse ofhistone deacetylasehibitors alone does not result in any
reactivation of EMR1 (althoughit does have a synergistic effect when used V&th
azacytidin®**Two other widely used drugs;acetylcarnitine and valproic acid, also act as
histone deacetylators and have been considered as potential therapies in FXS. In FXS
lymphoblastoid, cells, sodium valproate has been shown to &awedest effect on histone
modifications at thé&-MR1 locus but noto affect DNA methylation oto have a significant
effect on transctriptional reactivatidhiDespite these finding#) an open label triatreatment
with valproic aéid has been observed to reduce hyperactivity and improve adaptive behaviour
in males with [FXS® Acetylcarnitine is another medication that has been shown to
deaetylate_histones at tHeMR1 locus, but not to induce DNA demethylatitimA double
blind placebecontrolled comparison of acetylcarnitine with placebamale childrenwith
FXS demonsti@d a modest reduction in hyperactivity and prosocial behavidhose with
FXS treated with acetylcarnitine, but no effect on ietlial functiorr?

Ultimately a more targeted approach is required that allows selective modulation of
FMR1 with minimal cytotoxicity.The cevelopmenbf the CRISPR/Cas9 gene editing system
has provided a valuable tool in this regard, and two approaches have shown promise. First,
CRISPR/Cas9 gene editing has been used to excise the CGG repeat expansion 4n patient
derived FXSinduced pluripotent stem d¢g] with resultant demethylation of tHeMRL1
promote and reactivation of FMRP productidh>*More recently, the Cas9 system has been
adapted to_allowargetedediting of DNA methylation without alterinthe DNA sequencé®
Using this.approal, studies in FXSnduced pluripotent stem cells have demonstrated
demethylation.oboththe FMR1 CGG expansion and tHREEL regionwith consequent de
repression=ofEMR1 chromatin, restoration of FMRP expression, and the rescue of
electrophysiologicahbnormalities in FXS neurofid

Anether approachsito use small molecules that target histone methylatian. A
present, no'such molecule has been identified=XS, butrecentand notablgrogresshas
been made using comparable approach Rrade+Willi syndrome, where researchers have
identified asmal molecule that selectively inhibits histone methylation atRhederWilli

syndrome locus on chromosome 15, restoring expressionPodderWilli syndrome-
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associated genes and improving growth and survival in a mouse moé&ehad+Willi
syndrome>*

Finally, it is notble that any therapy increasg transcription of expande&MR1
allelesmay increase the risk of FXTAS. In fadp treat FXTAS, where the pathogenesis
involves=inereased transcription 6IMR1, an opposite epigenetic approach is required
Histone deacetylase inhibitors small molecules that inhibit the acetylation of histone
proteins —provide the opportunity to repreB8R1 chromatin, restoréMRL transcription to

normal levels, and have shown promise in a fruit fly model of FXTAS.

CONCLUSION

In FXS, epansion of theFMR1 CGG repeat to dull mutation triggers a cascade of
epigenetic “eventsncluding methylation of theFMR1 promote and modification of
associated histones. Downstream effectdl@emediatedelsewhere in the genomiarough
the absence ofFMRP, and possibly by the silencing of other randing RNAs that are
normally transcribedrébm the FMRL locus. An improved understanding of these events
provides a pessible explanation for tnéerindividual variation found amonghildrenwith
FXS, and has.opened the door to the development of new epigbastid diagnostitests
that are highly sensitivepay help predict longerm prognosis, and have the potential for use
in newborn_sereening.argerscale studies are still required to fully evaluate the clinisal u
of these new tests, in particular to define epigenefyipenotype relationship&pigenetic
therapies foffragile X have produced some promising resutdt cell model systems, butea

not currently ready for in vivase.
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Figure 1. DNA"methylation and lirectional transcription at tHeMR1 promoter in males.
(@ In individuals with normaFMRL alleles with CGG repeat sizes lékan 44 repeats, the
promoter region.is flanked by thédnd 3 epigenetic boundaries. While DNA is methylated
(red circle)on either side of these boundaries, no methylation can be found withitiVRie
promoter spanning from the FREEL reg(orange) through theCpG island(CpGil, yellow),
CGG repeatpink), exon 1, and the intron 1 portion of the FREEZ2 region (blime.
associated chromatin adopts an open confirmation that allows transcriptior-tMRie
ASFMR1, andFMR4 genes. (pIn most individuals with a full mutation, both thesiid 3
epigenetic'beundaries are lost, with DNA methylation moving into the promeg®n The
associated*chromatin adopts a closed conformation around théut@&tationexpansion,
preventing transcription factor binding to transcription factor binding sites locéatad the
CpG island foMR1, and the FREEL region f&SF-MRL/FMRA4.

Figure 2. The association between epigenotype and phenotype in frag#sotiated

disorders. (aNormalFMRL alleles with CGG repeat sizetless than 44 repeats are
associated witlthe absence ogpromoter methylation and normal transcriptior-MR1 and
ASFMRLI/FMR4, which in turn regulate the expression of hundreds of genes associated with
normal neurodevelopment. (Byemutation CGG repeats (890 repeats) are not associated
with methylation.of the promotgbut lead to increased transcriptionFdiR1 mMRNA, which

is thought to lead to premutation phenotypes such as FXTA8aikk X-associated

primary ovarianinsufficiencyfRXPOI) via the mechanism of RNA toxicity. Paradoxically, in
carriers of large preutations, production of FMR1 protein is reducedanscription of
ASFMR1/FMR4 is also increaseish premutation carrierand may contribute to premutation

phenotypes. (cFull mutation CGG repeats (>200 repeats) are associated with methylation of
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the FMR1 promoter and reduced or abolistradscription oFMR1 RNA and translation of
FMR1 protein.Transcription oiASFMRL/FMR4 is also reducedvhich may contribute to the
phenotype of fragile X syndrome. (ih) rare individuals with full mutation CGG repedtse
FMR1 promote remains unmethylated, allowing transcriptior-MR1 andASFMRL/FMR4.
Similar toithe"ease with premutation CGG expansions, transcription ofekearded
repeats is/associated with increased production of Rich may lead to FXTAS and
FXPOIthrough the mechanism of RNA toxicity. Conversely, production of FMRP is
reduced. hiyfemalesthe promoter region between theabd 3 boundaries isubjectto X-
chromosome inactivatiomnd \ariability in X-inactivationand related methylation of the
promoter region has been correlated wittmutatiorrelated phenotypes in females.
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