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Scope of this thesis

This thesis reports on my last 5 years of research on two different aspects of the fragile X
syndrome of mental retardation, namely the haplotypes assoctated with fragile X full mutations
and the mechanisms of transcriptional inactivation of the expanded alleles. The experiments
were carried out both in the Department of Clinical Genetics at the Erasmus University
(Rotterdam) and in the Institute of Medical Genetics at the Catholic University (Rome) with the

supervision of both Prof Ben A. Qostra and Prof. Giovanni Neri.

Chapter | starts with a review article on the genetics of mental retardation, followed by a recent
update of the catalogue of the X-linked forms of mental retardation (XLMR). The last section of

the Introduction summarizes our current understanding of the fragile X syndrome.

Chapter 2.1 presents an Editorial on the significance of founder effects observed in the fragile X
syndrome, The experiments described in Chapter 2.2 led to the identification of fragile X
founder chromosomes in Italy, three of which account for over 70% of the total. These results
support the notion that only few mutational events generated the unstable “protomutations™
which could eventually develop into a “premutation”, then becoming “full” fragile X mutations
over a relatively long (historical) period of time. Haplotypes of a sub-Saharan African
population were also determined, although no fragile X samples were available, to get an idea of
the genetic background at the fragile X locus in Africa (Chapter 2.3). This small group of
people living in Cameroun displays an extensive genetic diversity when compared to any other

European population tested.

Chapter 3 presents the results of the other line of research concentrating on the reactivation of
the inactive FA{R/ gene in lympheblastoid cell lines harbouring a full mutation by treating them
with 5-azadeoxycytidine (a compound capable of inducing passive DNA demethylation),
histone hyperacetylating drugs, or a combination of both. Recent results on the analysis of the

methylation status of the FAZR1 promoter before and after 5-azadC treatments are also presented.

The general discussion in Chapter 4 recapitulates the two main lines of research presented in this
thesis and underlines the (many)} uncertainties remaining in our present understanding of the

molecular pathogenesis of the fragile X syndrome, speculating on future research challenges.
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1.1

Genetics of mental retardation

Adapted from
Chiurazzi P, Qostra BA (2000) Genetics of mental retardation. Curr Op Pediatr 12: 529-535






1.1 — Genefics of mental retardation

Aim of this review is to present the latest advances in the identification of genetic
determinants of intellectual deficiency. Mental retardation (MR) is often associated with
other neurologic symptoms, metabolic disorders or malformation syndromes. The purpose
of the review is to subdivide the large field of MR into categories that may help
professionals in making a diagnosis. Nonspecific MR can also segregate in families and the
mapping and cloning of corresponding mutant genes will eventually advance our
understanding of nermal and abnormal brain functioning. Several genes responsible for
nonspecific X-linked mental retardation have been identified in the last 12-24 menths and
are being intensively investigated. This will hopefully lead to possibilities of either genetic
or pharmacologica! therapy.

Definition

Mental retardation (MR) can be defined as a failure to develop cognitive abilities and achieve an
intelligence level that would be appropriate for the age group. In most cases this will cause a
deficit in the “adaptive behavior” of the subject. Intellectual functioning must be significantly
below average, i.e. the IQ should be about 70 or fower in patients who can take an IQ test.
Conventionally, MR is subdivided into mild (IQ between 50 and 70), moderate (IQ between 35
and 50), severe (IQ between 20 and 35) and profound (IQ below 20). The *“adaptive”
functioning of the patient (i.e. his or her social abilities) is sometimes relatively good and may
mask the extent of the general intellectual functioning. On the contrary, an autistic behavior can
make a formal IQ testing impossible and could lead to an underestimation of the real intelligence

of some patients.

Prevalence and etiology

About 2-3% of the total population is reported to be functioning two standard deviations below
the mean IQ of the general population i.e. below 70. Mild MR (IQ between 50 and 70) is most
frequent (up to 80-85 % of all MR) and is often associated with lower socioeconomic status,
whereas the more severe forms occur in all social groups and in families of all educational
levels. These estimates can vary a lot between different countries; for example in Finland and
Sweden the frequency of MR is reported to be approximately 0.5 % [1,2]. This is because
malnutrition is probably the most common cause of mild MR worldwide, in conjunction with
sociocultural deprivation and other health probiems related to poverty. In fact, malnutrition in a

pregnant woman may affect fetal brain development, resulting in mental retardation. Even
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polygenic predisposition to a low IQ can be counteracted by growing up in a rich and
stimulating environment. A recent report on the effects of environmental neurotexicanis on the
developing brain helps to appreciate how much exposure of pregnant women to a polluted
environment will impact on the IQ of the baby [3]. More severe forms of MR (IQ <50} are
generally associated with other manifestations (either neurologic or not) and their frequency
cannot be easily reduced. Generally, the more severe the MR, the more likely it is: 1) that MR
will be associated with other manifestations and 2) that a precise etiologic diagnosis will be
made. Table 1 briefly summarizes the frequency estimates and the possible causes of MR of

various severity.

Table 1 - Frequency estimates, presentation and possible causes of mental retardation

Relative Absolute

frequency frequency Presentation  Genefic factors Environmental factors
Mild §5% 0.2-2% often familiat pelygenic {maternal) malnutrition
(IQ>50) “predisposition” placental insufficiency

sociocultural deprivation
maternal PKU
Moderate 10% pollutants and chemicals
(1Q2>35) monogenic alcohol, nicotine, drugs
both familial inheritance prematurity
Severe 3% 0.3-0.4% and sporadic;  (mostly recessive fetal infections (CMV,
Q=200 often associated  or X linked) rubella, toxoplasmosis)
to other anomalies

Profound 1% chromosomal peri- and postnatal trauma
(1Q<20) abnormalities vascular accidents, asphyxia

Genetic causes of MR and pathogenesis

Development of a functional brain depends on precise sequence of proliferative, migratory and
maturational events. A careful genetic control is required to induce the formation of the neural
tube, which later forms the three wvesicles of prosencephalon, mesencephalon and
thombencephalon in its rostral extremity. Then the lateral ventricles will bud from the
prosencephalon and will eventually support the formation of cerebral hemispheres with its 6-
layered neocortex, the specialised tissue few millimeters-thick where sensations are interpreted,
memories checked, emotions integrated and actions planned ie. the place where our
{un)conscious thinking goes on. Any interference with the development or functioning of the
neocortex (i.e. positioning, viability and connectivity of cortical neurons) is likely to cause MR

and/or possibly epilepsy. Cortical neurons are actually formed and proliferate in the
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periventricular region from where they migrate to the surface of the cerebral hemispheres. Even
if cortical neusons have reached their place and are normally connected, they can be damaged by
toxic compounds accumulating in metabolic disorders (toxic neuro-degeneration). Finally, it is
possible that neurons reach their right place and are viable but their cross-talk is not working
properly, either because of reduced number of mature synaptic connections or because of
inefficient synaptic transmission. This appears to be the case of many nonspecific MR forms
like those due to mutant X-linked genes involved in the control of the cytoskeleton and neurite
outgrowth or in synaptic vesicle cycling (reviewed by Chelly [4]). Synapses are formed at a
very rapid rate during the early months of life achieving maximum density between six and
twelve months after birth, They decrease afier that due to a sort of natural selection ("pruning"),
which appears to spare synapses that are frequently used. This process is probably defective in
patients with the fragile X syndrome [5], which is the second most common cause of genetic
MR after Down syndrome, Early experiences are thus vital to the retention of synapses and
even in the case of MR of unknown causes (possibly with the exception of the
neurodegenerative forms), the best improvement is obtained when early stimulation programs
are instated. Table 2 presents a schematic list of genetic defects that can cause MR, while Table
3 attempts a classification of the clinical presentation of the various MR conditions, correlated

with their pathophysiology.

Table 2 — Genetic causes of mental retardation

Chremosome aneusomies
trisomy 21 {Down syndrome)
aneusomses of the X chrorosome (e.g. Turner, Klinefelter, tetra/pentasomy X)

Partial chromosomal aberrations
partial trisomies (¢.g. 4p, 9p)
deletions (e.g. 5p- fori du chat, 4p- /Wolf-Hirschorn)
translocations

Subchromosomal abnormalities
contiguous gene syndromes
cryptic (subtelorneric) translocations

Monogenic disorders
autosomal recesstve (familial)
autosomal derninant (mainly sporadic)
X-linked
mitochondrial disorders

Polygenic predisposition
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Table 3 — Clinical classification and pathogenesis of genetic mental retardation

Muliiple congenital anomalies (MCA) syndromes

facial dysmorphisms, multiple malformations abnormal connections ?
craniosynostoses, microcephaly cramal constriction, brain hypoplasia

Central nervoeus system (CNS) malformations

schizencephaly, porencephaly brain clefts

holoprosencephaly, agenesis of corpus callosum, abnormal prosencephalon development
hydrocephaius

neurcnal migration defects, lissencephaly malpositioning of cortical neurons
neoplasms (tuberous sclerosis) compression {rom benign neoplasms

Neuromuscular disorders

Muscular dystrophies abnormal connections ?
Epilepsy excessive convulsions 7
Metabaolic disorders

Salla disease

peroxisomal disorders neurctoxicity and degeneration
ceroid lipofuscinoses

mitochondrial defects

Isolated/nonspecific MR

MRX conditions abnormal connectivity and plasticity

Examples are given for the different classes of genetic MR under the headings in boldface.

Chromesome abnormalities

The most common chromosome abnormality in live newborns is trisomy 21 (Dewn syndrome)
which is invariably associated with MR. The (almost} complete sequence of chromosome 21 is
now known [6] but still much effort will be needed to understand what is the effect of the many
genes present in 3 instead of 2 copies. Chromosomal aneusomies cause a gene dosage difference
for large number of genes and the phenotypic effect is pleiotropic, therefore they always cause
syndromes of multiple congenital anomalies (MCA) and MR, However, some genes probably
play a major role in determining the phenotype. In the case of the 5p- (cri-du-chat) syndrome,
the breakpoints in patients with Sp terminal deletions were characterized with respect to the
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severity of MR and the physical location of the delta-catenin gene. A strong correfation was
found between the hemizygous loss of delta-catenin and severe MR [7].

Subchromosomal deletions (undetectable by standard cytogenetic analysis) still involve a few
genes and cause “contiguous gene” syndromes, as moncsomy 1p36 [8], which include MR,
Tentler et al. [9] described one such microdeletion on the long arm of chromosome 19 causing
MR, skeletal malformations and anemia,

These small deletions are easily seen with fluorescent in situ hybridization (FISH). Petrij et al.
[10] describe a reliable FISH method to look for deletions of the CBP gene localized in 16p13.3,
whose haploinsufficiency cause the Rubinstein-Taybi syndrome.

{Cryptic) Translocations

Translocations can produce less devastating effects than chromosome aneusomies, when they
are “balanced” i.e. there is no net loss or gain of genetic material. However, the breakpoint can
interrupt an important gene and cause a phenotypic effect.

In some cases only MR will be observed as reported by Villard et al. [11] and Gecz et al. {12},
who describe 2 inversions of the X chromosome with a breakpoint in Xql3.1 and one
X:autosome balanced translocation interrupting the glutamate receptor 3 (GRIA3) gene in Xqg24.
This latter gene is an attractive candidate for causing nonspecific MR, but no point mutations
have been found yet in the coding region.

Complex translocations can involve numerous chromosomes as in the case of a child with mild
MR, short stature and microcephaly where 4 chromosomes are rearranged with 9 breakpoints
{13].

Combining FISH and DNA analysis of polymorphic markers, a new interesting class of
translocations has been recently identified: cryptic subtelomeric translocations. Apparently the
gene-rich euchromatic portions close to the end (telomere) of many chromosomes contain
homelogous sequences that allow translocations of similar length [14-16].

These cryptic translocations are often transmitted in an unbalanced way le. with loss or
duplication of a small subtelomeric portion, mimicking autosomal recessive inheritance, as in a
family with MR and alpha-thalassemia [17] which turned out to have a cryptic translocation
between the telomeres of 3q ard 16p.

Knight et al. [15] tested 284 and 182 children with unexplained moderate-severe MR and mild
MR, respectively, and found subtle chromosomal abnormalities in 7.4% in the children with

moderate to severe MR, and in 0.5% in the chiidren with mild retardation. They suggest that,

17
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once recognizable syndromes have been excluded, subtelomeric abnormalities are the

commonest cause of undiagnosed moderate-severe MR

Monogenic disorders

Mutations in single genes can cause a variety of clinical conditions associated with MR or MR
atone. While chromosomal unbalances determine complex syndromes, monogenic disorders can
present themselves in any of the forms described in Table 3. As far as inheritance pattern is
concerned, autosomal dominant (AD) forms are often sporadic if reproductive fitness 1s reduced,
but a family with AD cerebellar ataxia and mild MR was described [18}.

Autosomal recessive (AR) transmission is often observed in the case of metabolic disorders
where loss of function of both allefes must occur to reduce enzyme levels enough to cause a
disease.

X-linked MR (XLMR) families have been extensively studied over the last 30 years, partly
because of the greater ease of genetic mapping on the X chromosome but also because of the
high frequency of XLMR (reviewed by Neri & Chiurazzi [19]). In fact, hemizygous males have
no possibility of compensating deleterious mutations present on their X chromosome, and
therefore an excess of males with MR has often been reported (see Herbst & Miller [26]).

An XLMR Database is available on the Internet (http://ximr.interfree.ithome. htm) and lists over
200 entries, 31 of which correspond to cloned genes mutated in either specific (MRXS) or
nonspecific (MRX) mental retardation conditions. Figure 1 depicts the localization of presently
cloned XLMR genes.

(Polygenic) predisposition

A challenging aspect of research on the genetic determinants of MR will be to understand the
contribution of genes causing mild MR i.e. genes that interfere slightly with cortical functioning.
An example of such predisposing genes is represented by the KCNQ2 and KCNQO3 genes
encoding for voltage-dependent potassium channels which were found mutated in families with
benign neonatal and infantile seizures, respectively [21-22]. Missense mutations probably alter
partially the channel properties, influencing the threshold for seizures in cartier individuals.
Closer collaboration between neuroscientists and molecular geneticists will be necessary to
evaluate such subtle differences in intellectual abilities and to correlate individual

neuropsychological profiles with genetic variants that are not abviously pathologic.
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Figure 1 - Map of the X chromosome (G banding) with localization of cloned genes responsible
for specific (MRXS, to the left) and nonspecific (MRX, to the right) MR transmitted in an X-
linked fashion.
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Mulitiple congenital anomalies (MCA)/MR syndremes

Facial dysmorphism is almost always present in MCA/MR syndromes and suggests a global
alteration of the developmental program. When single genes are responsible for a syndrome they
will often code for regulatory proteins necessary to control transcription of other genes or signal
transduction cascades.

Craniosynostoses are not necessarily associated with MR, but a recent report by Gripp et al. [23]
signals MR in the Saethre-Chotzen syndrome with large deletions of the TWIST gene. Two
genes for primary microcephaly and mild MR have been mapped to chromosome 934 and
19q13. In these cases neuroimaging shows a small but structurally normal cerebral cortex [24~
25); s likely that the head is smaller because the underlying brain grew less. Relatively rare
conditions have been observed again; the AD blepharo-naso-facial syndrome [26] and the AR
neonatal progeroid {Wiedemann-Rautenstrauch} syndrome [27], both of them associated with
moderate MR. A possibly X-linked variant of spondylo-epimetaphyseal dysplasia with severe
MR has been reported for the first time [28]. Finally, one locus for the more common Bardet-
Biedl syndrome (MR, atypical retinitis pigmentosa, obesity, polydactily) has been further
delimitated in 11q13 [29], while the neuropsychological profile of the Cohen syndrome (facial
dysmorphisms, MR, myopia, granulocytopenia) has been evaluated [30].

Central nervous system (CNS) malformations

CNS malformations are sometimes associated with facial dysmorphisms, but can also be
phenotypically unremarkable. Hydrocephalus due to stenosis of the aqueduct of Sylvius is often
due to mutations in the X-linked gene LICAM that encodes a protein of the immunoglobulin
superfamily involved in neuron-neuron contact. A recent review on the spectrum and detection
rate of L/CAM mutations was published [32]. Defects of newronal migration occur when
postmitotic neurons trying to reach the cortex from the inner periventrivular region are arrested
at some stage. Lissencephaly ('smooth brain'} results from migrational arrest of virtually all
cortical neurons short of their normal destination and causes profound MR and seizures. One
such gene, LIS!, is located on 17p13. In 1998 a second gene {DCX) was cloned on the X
chromosome [33-34]. Mutations of DCX cause an X-linked dominant form of classic
lissencephaly with severe MR and epilepsy in males and subcortical laminar heterotopia
(SCLH), associated with milder MR and epilepsy in carrier females. In women about half of the
neurons reach the cortex while another half (due to random X-inactivation) stop beneath,

generating an image of “double cortex” (DC). The DCX gene is expressed in migrating neurons

20
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and probably directs migration by regulating the organisation and stability of microtubules.
Defects in another X-linked gene, filamin 1, completely prevent migration of cortical neurons
causing bilateral periventricular neuronal heterotopia (BPNH) in females [36]. This condition is

almost always lethal in males.

Neuromuscular disorders

MR is often associated with other neuromuscular manifestations when neurons other than
cortical ones are also defective. Epilepsy is caused by an abnormal firing of cortical neurons
and can be genetically determined. When seizures are frequent and uncontroiled, especially
during the first months of life, they may result in cognitive deterioration, We mention a study
describing a family with AD nocturnal frontal lobe epilepsy and mild MR {37] and another
suggesting that also uncontrolled partial seizures may cause MR [38]. Another family with the
X-linked West syndrome of infantile spasms and mild MR has been described in Norway [39].
Epilepsy and progressive MR are associated in neurodegenerative metabolic disorders as in the
case of ceroid lipofuscinoses. The latest cloned gene is CLNS [40], whose mutations cause
accumulation of autofluorescent lipopigment.

Ataxia, spastic paraplegia and athetosis associated with MR indicate involvement of cerebellum,
upper motor neurons and basal panglia, respectively. Rett syndrome is a severe X-linked
condition, mostly lethal in males, characterised by progressive loss of acquired intellectual
abilities, ataxia, spastic paraparesis and seizures, Mutations in the MeCP?2 gene have been found
in Rett patients [41]. Muscular dystrophies are not always associated with MR, though one-third
of patients with Duchenne muscular dystrophy have mild to moderate MR. Mehler [42]
reviewed the role of brain dystrophin, which is expressed in the neuronal soma and dendrites
and seems to modulate synaptic integrity, plasticity and signal integration. Finally,
mitochondrial disorders always cause neurologic involvement {abnormal tone, seizures,
extrapyramidal movements, autonomic dysfunction). Nissenkorn et al. [43] reviewed the charts
of 37 children and found that over 50% had MR at the onset and less than 20% had myopathy.

Metabolic disorders

Metabolic disorders are recessively inherited and are caused by deficits of enzymes that lead to
accurnulation of certain substrates and depletion of their products. Intracellular storage of
abnormal levels of unprocessed macromolecules (e.g. glycogen, complex lipids), the release of

excessive amounts of small metabolites {e.g. ammonia groups) or the impairment of cellular
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energy production produce dramatic effects particularly on neurons, causing lethargy, vomiting,
seizures and hypotonia. A new gene, SLCI745 was found mutated in patients with a rare
Finnish sialic acid storage disorder {Salla disease), characterised by hypotonia, cerebellar ataxia
and MR; visceromegaly and coarse features are present in infantile cases and the gene encodes a
lysosomal protein {44]. Mutations in the dolichol phosphate mannose synthase (DPMI) have
been found in subclass le of the congenital disorder of glycosylation (CDG-Ie), a metabolic
deficiency of glycoprotein biosynthesis with severe MR [45]. Finally, in 1998 mutations in the
delta-7-reductase gene formally linked cholesterol biogenesis with the Smith-Lemli-Opitz (SLO)
syndrome [46-47]. This is probably the only metabolic disorder which causes a defect of
morphogenesis {craniofacial anomalies, polydactyly and urogenital malformations). In fact, the
coarse facial features and visceromegaly found e.g. in storage disorders are only secondary
deformation events. As discussed in a review [48], the severity depends on the low values of
blood cholesterol that have a direct impact on all cellular systems, though malformations may be
due to lack of covalent addition of cholesterol to Sonic hedgehog (Shh) signaling protein
involved in patterning of the ventral forebrain and limb buds. Encouraging reports on the
extremely beneficial results of oral supplementation therapy in SLO patients [49] remind us of
the next challenging task: using our knowledge to devise effective therapies.

Isolated/nonspecific MR

If cortical neurcns have reached the right place during development and are viable, it does not
mean that the synaptic connections will be made in the right number or will mature and function
in the right way. In this case it is plausible that “isolated” or nonspecific MR will be observed.
Chelly reviewed the role of the first four genes involved in the pathogenesis of nonspecific X-
linked MR (MRX), namely FMR2, OPHNI, GDI and PAK3 [4]. The last 3 of these genes code
for proteins involved in the control of the cytoskeleton and neurite outgrowth or in synaptic
vesicle cycling. Two more MRX genes have been identified, namely ILIRAPL {50] and
TM4SF2 [51). The first encodes a protein homologous to interleukin-1 receptor accessory
proteins (IL1RAP), and its high level of expression in the hippocampal memory systemn suggests
arole in the physiologic processes underlying memory and learning abilities. The second gene,
TM4SF2, is highly expressed in the cerebral cortex and hippocampus. It encodes a member of
the tetraspanin family, found in molecular complexes that include beta-1 integrins, and may
have a role in the control of neurite outgrowth. It is interesting to note that in both cases the

chromosomal localization was not obtained by linkage analysis of a large pedigree with MR, but
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thanks to the observation of patients with a microdeletion and an X;autosome translocation,
respectively. This underlines the importance of investigating even sporadic patients with

cytogenetic anomalies that provide valuable positional information.

Conclusion

Many genes involved in mental retardation have been mapped and cloned in recent years, The
almost complete sequencing of the human genome will be of great help in identifying and
cloning of new genes involved in mental retardation. The next challenge will be the unraveling

of the actual molecular pathways leading to mental retardation.
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This is the sixth edition of the catalogue of X-linked mental retardation (XLMR) genes, i.e. X-
linked genes whose malunctioning causes mental retardation. The cloning era is not yet
concluded, actually much remains to be done to account for the 202 XLMR conditions listed
in this update. Many of these may eveniuwally prove to be due to mutations in the same gene
but the present number of 33 cloned genes falls surely short of the actual total count. It is
now clear that even small families or individual patients with cytogenetic rearrangements can
be instrumental in pinning down the remaining genes, DNA chip technology will hopefully
allow (re)screening large numbers of patients for mutations in candidate genes or testing the
expression levels of many candidate genes in informative families. Stowly, our knowledge of
the structure and functioning of the proteins encoded by these genes is beginning to cast
some light on the biological pathways required for the normal development of intelligence.
Correlations between the molecular defects and the phenotypic manifestations are also being
established. In order to facilitate the exchange of existing information and to allow its timely
update, we prepared the first edition of the XLMR database (available at
http.//xlmr.interfree ivhome.htm) and invite all colleagues, expert in the field, to comtribute

with their experience.

Intraduction

Mental retardation (MR) can be defined as a failure to develop cognitive abilities and achieve a
level of intelligence that would be appropriate for the age group. In most cases MR causes a deficit
in the “adaptive behavior”. A percentage of the general population, variably cstimated between 0.5
% and 2 %, is reported to be functioning two standard deviations below the average (i.e. to have an
IQ of less than 70). Genetic determinants underlie many of these conditions' and an excess of
affected males has often been reported””, especially in the mild-to-moderate MR range (IQ between
70 and 35). This phenomenon was eventually interpreted as due to X-linked mutations, whose
effects become more apparent in the hemizygous males who cannot compensate for deleterious
mutations present on their X chromosome™. Herbst and Miller estimated the frequency of X-
linked mental retardation (XLMR) at 1.8/1000 males in British Columbia’. Recently the
prevalence of the fragile X syndrome, probably the commonest of XLMR conditions, has been
reestimated at 1/4000 males at most® and may represent up to 15-20 % of the total XLMR. Neri et
al” prepared the first XLMR update in 1990 and tried to include all X-linked forms of mental
retardation in their listing, which steadily grew to the total number of 179 entries in the previous
update®. This XLMR update 2000 now lists 202 conditions subdivided in different nosological
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classes that will be illustrated in the next section.

Information sources and classification of XLMR conditions

The information sources employed to compile this listing have been many and diverse. First of all,
we have regularly scanned the published literature i.e. articles in scientific journals and abstracts
presented at the American Society of Human Genetics, the European Society of Human Genetics
and the biannual International Workshop on Fragile X and XLMR. The On-line Mendelian
Inheritance in Man (OMIM) catalogue was often checked and provided valuable information and
references {(available at hitp://www.ncbi.nim.nih.gov/ominy). For approximately 560 entries listed
in the OMIM catalogue, MR is mentioned in the clinical synopsis and 90 (16%) of these are X-
linked (as per June 30, 2000). Lastly, some inclusions and exclusions were suggested to us by many
colleagues, whose advice was exiremely helpful. Tt is inevitable that some items may have been
missed or erroneously included in this listing. Any suggestions or corrections will be gratefully
accepted and it is now possible to do so in real time by contributing to the on-line XI. MR database.
We excluded small pedigrees with uncertain X-linkage (e.g. a mother with two affected sons), but
such “uncertain” families may still be extremely valuable for genetic studies and couid be included
in a dedicated section of the on-line XLMR database. Two affected half-brothers or an affected
nephew and uncle have been considered sufficient proof of X linkage.

in the nosology of XLMR, a major distinction has been made between “nonspecific” and
“specific” or “syndromal” conditions. According to the HUGQO Nomenclature Committee
(http://www.gene. ucl.ac. uk/nomenclature/), the former are indicated by the acronym MRX and
the latter by the acronym MRXS, where “S” stands for “syndromal”. The terms “‘syndromal”
and “specific” are currently used interchangeably to indicate conditions that are clinically
recognizable because of a specific pattern of physical, neurological, or metabolic abnormalities®.
A dedicated survey of MRXS conditions, corapiled by some of the Authors of this Update
2000, is presently in press’. Sometimes MRX numbers were assigned to pedigrees that were
eventually described as “syndromal” and this has created some confusion. The MRX
designation is actually intended for families whose only consistent clinical manifestation is X-
linked MR. MRXS conditions have been somewhat arbitrarily subdivided into four classes:
malformation syndromes (Table 1), neuromuscular disorders (Table 2), metabolic (Table 3) and
dominant (Table 4) conditions. By “malformation syndrome” we intend a condition
characterized by MR and multiple congenital anomalies, A “neuromuscular disorder” is one

with a major involvement of the nervous system and/or muscles. “Metabolic” conditions are
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considered separately because their pathophysiology is known and due to the abnormal
functioning of specific enzymes. “Dominant” conditions have besn set apart because of their
peculiar inheritance, with near absence of affected males (males die before birth, with the
notable exception of one form with epilepsy and MR restricted to females) and presence of
affected females. The distinction between specific and nonspecific conditions should intuttively
have a molecular correlate. Actually, one can speculate that MRXS genes code for proteins with
a broad range of molecular targets (e.g. transcriptional regulators such as XNP/ATR-X or
protein kinases such as RSK2), while most of the MRX genes now cloned seem to produce
proteins with more limited and specific tasks'®'! (e.g. regulating the shuttling of synaptic
vesicles or modulating the establishment of synaptic contacts between neurons). This
hypothesis will need further experimental support, also to explain such discrepancies as
observed for the RSK2 gene mutated in the Coffin-Lowry syndrome and in the nonspecific
MRX19 family'?, or for the MeCP2 gene responsible for the Rett syndrome but also mutated in
a small MRX family".

Listing and Maps

In tables 1-4, which list the specific conditions, the name, the OMIM number or reference and a
brief description are provided for every entry, while the gene localization and the name of the
gene are obviously indicated only where available. Table 1 contains several additions of

syndromes described in the last two years.

Table 1 — Malformation syndromes

MM No, Name Lotus Gene Description

*305400 Aarskog-Scott Xpli.2l FGDY Hypertelorism, short stature, downslanting palpebral
fissurcs, anteveried nostrils, shawl scrotum, joint hyperlaxity

304200 Akessan Cutin vertiols gyrata, thyroid aplasia

#301040 ATR-X Xql3 NHZXNP  Microcephaly, “'ooarse™ face, genital and skeletal anomalies,

*300032 alpba-thalzssemia.  Et includes Juberg-Marsidi (H309590),
Carpenter-Wadri **, Holmes-Gazg ™, a family with
apastic diplegia " and possibly ™ Smith-Fineman-Myers

(@09580)

*301900 Borjeson-Forssman-Lehmann  Xq26-927 Obesity, hypogonadism, round face, nerrow palpebral
fisaures, epilepsy

301950 Branchial arch Short statare, downstanting cyes, lowset cars, webbed neck,
highly arched plate

308830 Canty' Meerocephaly, dwarfism, keratosis follicularis

*309620 Christian Xq27-q28 Skeletal dysplasia, VI nerve palsy

*300243 Christianson Xq23-q21.3 Profound MR, mutism despite normal hearing, eraniofacial
dysmorphism, grand-mal cpilepsy, ophthalmoplcgia,
ceorebellar atrophy

309490 Chudley-Lowry Short stature, obesity, small genitalia

#303600 Coffin-Lowry Np22.2-p22.1 RSK2 “Coarse” face, drumatick phalanges, skelelal nnomalies.

300075 It includes MRX19 ©
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#305000
*305450

*309550
301390
*302000

300064
307010

*309800

*309520

*309605
*302350
*300000

*311300
*309510
*304340

300055
*309610

300004

*309500
308200
314320
312840

#312870
309580
309383

*309470
309480
*314320

*314500

311450
308400
*109545

*309585

Dyskerstosis congenita

FG

Fragile X
Graham

Hereditary bullous dysfunclion

Hyde-Forster
Hydrocephalus

with ¢&rebellar agenesis

Lenz

Lujan-Fryns

Miles MRXS4
MNance-Heran
Opitz G/BBB

Co-palato-digitat
Portington /MRXS1
Pettigrew MRXSS

PPM-X
Pricto MRXS2

Proud

Renpenning MRXSE
Rud

Say-Mayer

Schimke

Simpson-Golabi-Behmel

Smith-Fineman-Myers

Snyder-Robinson

Sutherland MRXS3
Tranchjaerg 1

VACTERL with hydrocephalus

Van den Bosch

W syndrome
Warkany
Wilson

Wilsen /MRXS6
Abidi #

Ahmed MRXSTY
Aldred

Armfictd ®
Atkin-Flaitz %

Baraitser ¥

Xq28 DECI

00126

Xq12421.3

Xq273 FMRI

Xq27.3q28

Xq27-g28

Xpkl.2q23

Xp22.21

-p22.13

Xp22 Mt
Xq27-q28
Xp22.2-p22.1
Xq26-g27.1

Xq28
Xp2l.1-pll3

Xpll.d-plL2

Xp22

Xq26 GPC3
300037

Xp22.2-p21.2

Xpll.3-q12

Xpl1-Xq27)

Xp21.1-q22
Xqgl2q21

Xpll.3-g22

Xq28

Skin pigmentation, nail dystrophy, Icukapiakia of oral
MUcosa

Mecrocephaly, agenesis of corpus callosum, gastrointestinal
snomalies, deafivess

Macrecephaly, long face and cars, macroorohidism

Anophthalmes, ankyloblepharon, orbital underdevelopment

Short stature, microcephaly, slopesia, bullous dystrophy,
hypogenitalism
Craniofacial anomalics with plagiocephaly, flattened ocoiput

Hydrocephalus, corebellar agenesia, ab of Magendic
andd Luschka’s foramina
Mictophithalmia, thumb and skeletal lics, uragenital

snd wardiovasoular anomalies.

1t includes Slber et al.

Marfonoid habitus, triangular face, narrow palate,
hypernasal voice

Microeephalus, asymmetric face, hypogonadism, joint
hypermobility, 10 digital arches

Calgract, microcomea, conc-shaped incisors,
supemumerary tecth

Hypertelorism, midline abrormalitics, heant defects,
hypespadias

Short stature, hearing loss, cleft palate, characteristic frce
>ysarthrin, dystonic hand movements, ataxia, seizures
Long *“coarse™ face, hydrocephalus, hypotonia, spasticity,
alaxia, seizures, iron lation in basal ganglia, Dandy-
Walker aromaly

Paychesis, pyramidal signs, macroorchidism

Peculiar face, dental anomalies, sacral dimple, joint
dysplasia, cpilepsy

Microcephaly, agenesis of corpus callosum, arthrogryposis,
renal dysplasia, hypospadias

Mierocephaly, short atature

Tchehyosis, epilepsy, oystagmus, hypogonsdism
‘[rigonocophaly, short stajure

Early onset choreoathetosis with later spastioity,
microcephaly, growth failure, external ophthalmoplegia,
variable denfiness

Mucrosomia, “coarse” face, polydactyly, exira nipples,
beart defects

Peculiar face, microcephaly, short stature, scizures
Macrocephaly, long thin face, high narrow/cleft palate,
asthenic body build, scoliosis

Micrecephaly, short statere, small tostes, spastic diplegia
Epilepsy, psoriasis

Verlebral, anal, tracheo-csophagesl, renal and radial dofects,
hydrocephalus

Cheroidercmia, scrokeralosis verruwoiformis, anhydroesis,
skeletal deformitics

Characleristic face, clefling, subluxed elbow, campiodactily

ntramterine growth retardation, microcephaly

Aphasin, growth failure, brachycephaly, large mouth with
thick lips, seizures, frequent infections
Obasity, gynccomastia, 1apering fingers, emational lability

Short stoture, small head, sloping forehead, hearing loss
Qbesity, hypogonsdisen, lapered fingers

Relinitis pigmecniosa, microcephaly

Mucroeephaly, glaucoma, cleR palate, scizures, short stature,
small hands and foct

Mugcrocephaly. “coarse™ face, short stature, macroorchidism

Macroeephaby, lerge ears, broad nasak tip, thick lower lip,
teeth anomalics, obesity, macroorchidism
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Brzustowicz
Carpenter *
Chudley ™
Golabi-Ito-Halt **
Hall

Hagel
Hockey
Hemfray *
JTohnson *
Kang ™

Lubs ¥
MEHMO **
Oosterwijk *
Portcous **
Reish *

Seemanova
Shashi ©

Shrimpton/MRXS9
Siderius-Hamel *

Sklower-Brooks *
Stevenson ¥

Stocco dos Santos

Stol}

Tariverdian *

Tumer ™

Vasquez
Vitale ¥
Vies®

Wittwer *

Young-Fughes *

Xp22
Xq23-q24

Xq21.2-23

Nql2-q21

Hq28
Xp22.13-
p21.1
(Mpll.4-q29
excluded
MplL.4-ql3

Xq26-q27

Xql2-21.31
Xpll.3-q21.3

Xqi2q21.2

Xp2k.2q13

Nq24

carly kethe], multiple congenital anomalics, hydropa fetalis,
Simpson-Golabi-Behnel like

Congenital hip dislocation. mi phaly, hypertelorism and
dysmorphic facial featurcs, short neck and steraum
Prognathism, synophrys, hirsulism. scizurcs, abnormal gait
and weakneas

Shorl stoture, triangular face. epicanthic folds,
microccphaly, briltlc hair

Cleft lip/palate, facial dysmorphism, inguinal bernia, digital
defccls

Congenital heart defect, clefl palate, shost stature, facial
anomalics

Precocious pubcerty, progressive IQ deterioration (mild to
moderale)

Conrse facial featurcs, epilepsy, progressive joint
coniractures

Macroeephaly, macroorchidism, midface bypoplusia,
triangular face

Microcephaly, dysgencais of cotpus call,, hydroccphalus,
spasticily, shorl broad hands, facizl anomalics
Hypericlorism, short nose, scizurcs, hearing loss, eurly
demise, cardiomegaly af awtopsy

Epilepsy, hypogonadism and hypogenitalism, microcephaly,
obesity

AJsynphalangism of hands and foet, hearing loss, verrueosis
and hypertrichosis, immunodcficiency

Short stature, high-pitched voice, high forchesd, receding
hatrline

Muliiple congenital anomalics, growth retardation,
ectodermal dysplasia

Microccphaly, microphthalmia, growth reterdation

Coarse freial featurcs. puffy eyelids, abesity. large cars and
tesles
Miercesphaly, variahly short steture

Cleft lip and palate, broad nesal tip, targe hands

Poculiar face, growth retardation, optic atrophy, apastic
diplegia, atrophic hydrocephatus

Hypotonia, arcilexis, tapered finger, arches increased, genu
valgum

Short stature, hip luxation, precosions puberty

Short stature, prominent forchead, hypericloriam, broad
nasal tip, antevericd nares
Acrontegaly, CNS anomnlies, macroorchidism

Macroccphaly, heterozygole expression

Hypogonadism, gynecomastia, short stature, abesity

Short stature, brachydactyly, nammaw downsfanied palpebral
fissures, Jarge bulbous nosc, macrosiomin

Corpus esllosum agenesia, spastic quadriparesis, irregular
lining of lateral ventriples

Square face, high brosd forchead, fronta] bassing.
hyperteforism, downslanting palpebsal fise.. antcverted neres
Short stature, obesity, hypogonadism

The presence of a second Simpson-Golabi-Behmel locus in Xp22 should be noted", as it

underscores the possibility of genetic heterogeneity of clinically similar/identical conditions. On

the other hand, a clear example of clinical variability is represented by the ATR-X syndrome,

Mutations in the XNP gene have now been found in at least four other conditions, namely
Juberg-Marsidi (#309590), Carpenter-Waziri'’, Holmes-Gang'®, a family with spastic diplegia,

microcephaly and short stature'’. An XNP mutation was also found in a family reported as

Smith-Fineman-Myers'®, though a separate entry for this latter condition is still included in
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Table 1. In this case “lumping” of clinically distinguishable conditions has been possible after
the gene cloning and rescreening of patients belonging to families with either a resembling
phenotype or linkage to the same chromosomal interval. Until mutational screening allows
more lumping, we are convinced that the wisest approach 15 “splitting”, i.e. considering as
different any similar but not quite identical condiions, until proven otherwise. Linkage
exclusion is sometimes very useful for splitting two conditions segregating 1n two small families
that will not reach the threshold of LOD score significance. In Table 2, another example of
lumping 15 offered by the spectrum of L{CAM mutations histed under HSAS (#307000), but the
most exireme example of clinical heterogeneity is presently represented by the RSK2 mutations
causing either the Coffin-Lowry syndrome or a nonspecific MRX'% 1t is instructive to note that
the Zollino syndrome of pachygyria and MR'®, which was present in the update 1998, has been

excluded from this update because it was found to be due to a eryptic subtelomeric translocation.

Table 2 - Neuromuscular disorders

MIM Ne. Name Locus Gene Description

309600 Allan-Hemndon-Dudlcy Xplla-422 Severe hypotonia, joinl contractures, muscular atrophy

*302500 Apak Spinovercbelter ataxin, nystagmus, dysarthria

301835 Arls Xq21.33-q24 Early death, hypotonts, ataxia, deafncss, loss of vision,
cecurvent infections

301840 Ataxiz-dementia Alsxia, pyramidal tract signs, aduli-onsct dementia

312890 Baar-Gabricl Athetotic spastic paraplegia

309660 Bergia Cardiomyopathy (lethat), scaputoperoneal muscular
dystrophy, myopia

*3102801 CMTX2 Np22.3-1 Motor-sensory neuropathy, formerly listed as lonasescu
{Family 1}

*310490 Cowshock-Fishbeck Xq24q26.1 Molor-sensory neurepathy and deafness
It is posalbly allelic to CMTX3 [4302802]

*310200 Thich n lar dystrophy  Xp21.3-1 DMD Pseudchypertrofic muscular dystrophy

309560 Fitzsimmons Spastic paraplegin, pes cavus, palmoplantar hyperkeratosis

4312920 Goldblatt Xql3-qz2l.1 Complicated spastic paraplegia with nystagmus and optic
atyophy

*300555 Gustavson Xq25-426 Onplic alraphy, hearing loss, epilepsy, apasticity, restricted
joint mability, carly death

#307000 FHISAS Xq28 LICAM  Hydrocephalus with stenosis of the squeduct of Silviua,

308840 It Includes spastic paraplegia [ [#312900] and MASA

[#303350]

*304100 Munkus-Kaplan Partial agenesis of corpus callosum, scizures

*304700 Mohr-Trancbjacrg Kg22 DpP Heartng loss, visnal impairment, ataxia, spastic paraplegia
It includes Jensen {#3111506}

€310600 Norriz Xpll.3 NDP Blindness, hearing loss

*#311050 OPA-2 Xpll.4- Optic atrophy, abnormal reflexes, dysarthria, remor

plLzl

311400 Pajne & Scemanova Spastio diplegia, myoclonic scizures, cerebellar hypoplasia

*312080 Pelizaeus-Merzbacher  Xq21.33-q22 PLP Spasticily, cerebellar alaxia, parkinsonism,
It includes spastic paraplegia I [¥312920]

308850 Plott Laryngeal ebductor paralysis

2300220 Reyniera™MRYS16 Xp22.1-q21.3 Chorcoathetosis, dysarthria, psychosis

301790 Sohmidley Hypolonie, ataxia, scnsorineural deafness, optic atrophy,
carly demise
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£300067

311510
*308350
*3143580

SCLH/XLIS

Waisman-[.axava
West
Wicaoker-WolfT

Arena 57

Berry-Kravis (XLAG)Y

Bertini *

Cabezas
Claes®

Fried
Garcin ©

Hamet BCT»
SPGT

Tranchjaerg 11 %
NMRE Y

Xq22.3q23 DCX
*E00121
Xq27.2-qter

Xp2l.3-p22.1
Xpl13-q13

Xp22.3
XqZ2.3-025
Xp22
Xpliqld
Xpll3q213

Xql1.2923

Xp2l.1-p1L.4

Subcortical Inminer | pia in females, li phaly
and epilepsy in males

Parkinsonism, scizurcs, apparert basal ganglia degeneration
Infantilc spasms, hypsarrythraia, carly death

Conlractures, distal muscular atraphy, dyspraxia of ocular

and facial musojes

Spastic paraplegia, ataxin, titubation, iron deposits in basol

panglia

Lisscocophaly with frontak pachygiria and posterior agyria,
gencsis of corpus call, (z] epilepsy and

hypotonia, hypothermia, ambiguous genitalia

Alaxin, hypotoniz, reaurrent infeclions

Short stature, small festes, musale wasling, tremor

Slowly progressive spastic pamplegin, maxiilary hypoplasia,
facial hypotonia

Hydrocephaly, spastic diplegis, caleification of basal ganglia
Loarning difficutty, epilepsy, intermittent aggressive
behaviour

Blindness, convulsiens, hypomyclination, spasticity, early
death

Quadriplegia, motor aphasin, reduced vision, dysfurction of
bowel and bladder

Dyspratia, aloxin, seizurcs, pes equinovarus,
macroorchidism

Generalized tonic-clonic and monic scizures, moderate MR,
noftual clectromyography aed nerve conduction

Table 3 lists metabolic conditions whose genes have almost all been cloned, while Table 4

summarizes the information on eight X-linked dominant disorders; genes for three of these were

recently cloned. Only one of these conditions, EFMR (*300088), is not lethal in males: actually

it affects exclusively females and it has been hypothesized that the responsible gene may have a

homologue on the Y chromosome.

Table 3 - Metabolic conditions

MIM No.
*00100

*300122

*307030
*309900

*308000
*309000
*309850

#300400

*311250
*312000

*311800
¥312170

Name
Adrenolenkodystrophy

MRGH

Hyperplyocrolemin
Hunter discase
Lesch-Nyhan

Lowe

MAO-A deficienoy

Menkes

OTC deficiency
Penhypopituilarism
PGK1 deficicney

Pyravate DH complex
Ela subunit deficicnoy

Eocus Genre
Xq28 ALD
Xq2d-q27.3
Xp21.3 GK1
Xq28 s
Xq26 HPRT
Xq25-q26.1 OCRLL
Xpll3 MAOA
Xqi3 ATPTA
*300011
Xp2l.1 oTC
Xq25-26
Nq21.1 PGK1
Xp22.1 PDHAL
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Dencription

Spastio quadrfgarcsis, impaired vision, ataxia,
dementia

Isolaled GH deficienay, short stature, small

sclln turgica, overlap with *312000 7

Glyceroluria, poor growth, ¢sotropis, ostcaporasis
“Coarsc” face, dysostosis multiplex, dwarfism,
hepatosplenomegsly, heart involvement

Cercbral palsy, chorcoathctosis, sef-distructive biting
Hydroptthalmia, oataracl. vitomin (D-rosistant rickets
Aggresaive behoviour, disturbance in monoaming
Metabolizm

Growth rotardation, peeuliar hair, foonl cerebral &
erebellar degencration. It includes occipital horn
syndrome or catis laxa [#304150]
Hyperammoncmia

Combived deficicncy of pituilary hormones,

overiap with *300123 7

Myoglobinuriz, ¢pilepsy, hemolytic ancmia

Lactic acidosis, nlaxis
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Table 4 - Dominant conditions

MIM No. Name Lecus Gene Description

*304050 Aijcardi Xp22 Agenesis of corpus callosum,chorioretinapathy,
microphthalmia, seizurcs

#300049 BPNE Xqz8 FLNT Epilepsy, periventricular nodular heterotopin, mild

*300017  hypoplesia of corpus callesum and/or cerebellum in females;
syndactyly and severe MR in rare affecied males

*30008% EFMR Xq21.3-q22.2 MR and epilepsy in fomalcs only, males spared
*303600 Goltz Focal dermal hypoplasia, short missing digits,
polysyndactyly, microphthalmia
14308310 Incontinentia pigmenti  Xq28 NEMO Incantinentia pigmenti, incomplete dentition,
Type 1 *300248  retinal abnermalitics
*300801 MIDAS Xp22 Microphthalmis, dermal aplasia, sclerocornea
*311200 QFD} Xp22.2-3 Midline clefling of face, 1ongue nodules, syndactyly
#312750 Retl Xq28 AMeCP2 Atnxig, aulism, dementin
*3G0005

A brief note should be made here to remember that a skewed X inactivation is often observed in
carrier females of these dominant mutations. One may hypothesize that cells which inactivate
the normal allele die preferentially during embryogenesis or divide less than those with the
normatl allele on the active X chromosome. Sometimes skewage of X-inactivation is observed
also in female carrers of conditions which are not lethal in males (such as ATR-X). However, in
many cases there is random X-iactivation, probably because no selection occurs during early
development, and female carriers may have different degrees of involvement depending on the
fraction of mutant alleles on the active X chromosome. In heterozygous females two distinct
cell populations will exist side by side, as nicely demonstrated, for instance, by the formation of

a “double cortex” in female carriers of the XLIS (#300067) mutant gene (Table 2).

Table 5 - MRX cloned genes

MEM No. Name Locus Gene Encludes Excludes

*309548 FRAXE Hq28 FMR2

*300104 RABGDIA Xq28 GDIT MRX41 & 48 MRX3,25,28 & 16

300127 Oligophrenin-1 Xql2 OPHN?I MRX60 MRXH4 & 52

*300142 p2t Aot Kinase 3 Xq22 PAK3 MRX30 & 47

*300206 1.1 Rec ace. Protein Xp22.b-p21.3 ILIRAPL MRX34 (deletion at MRX2, 36, 43, 54
DXS1218)

300096 ‘Tetraspanin Xplld TAASE2 MRXI15 & 55

*300267 aPIX Xq26 ARHGEF6 MRX46

For reasons of space table 5 lists only the cloned MRX genes; the complete listing of MRX
conditions with their localization can be retrieved from the on-line XLMR database. Several of
these genes encode proteins involved in the control of the cytoskeleton and neurite outgrowth or

in synaptic vesicle cycling'®, i.e. proteins that have a specific and limited task in the functioning
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of the central nervous system™ and will not disturb development nor impair cell viability. Table
6 has the total counts.

Table 6 - XLMR Genes: Total counts

Tatal Mapped Cloned
Malformations syndromes 79 34 7
Neuromuscular disorders 37 18 6
Metabolic conditions 12 2 10
Dominant conditions g8 4 3
Total MRXS 136 58 26
MRX 66 59 7
Total entries 202 117 33

A total of 202 conditions (136 MRXS and 66 MRX) have been included in the update (October
19, 2000). The genes of 117 of these (58 MRXS and 59 MRX) have been regionally mapped and
33 (26 MRXS and 7 MRX) cloned. Figures 1 and 2 depict the cloned/mapped MRXS and MRX

genes, respectively.

The on-line XLMR database
To integrate the published XLMR update we designed a simple on-line catalogue, the XLMR
database, which is now available on the Internet at hitp://xlmr. interfree.ithome htm.

This is obviously no substitute for information deriving from journals, books, expert systems
and clinical experience, but it could become a useful tool if most of the fellow researchers will
help to improve it and to keep it updated. Potentially, it offers a number of advantages over any
published document: it can be updated as frequently as needed and there is much more space for
additional information that may never be published. Presently, the on-line catalogue contains an
expanded version of Tables 1-6 of this update (extra colums are available and the OMIM
numbers and references are hyperlinked). A colour-coded version of Figures | and 2 is also
available and we plan to hyperlink the conditions mentioned there with the corresponding
Tables. An individual record for every condition would be highly desirable, possibly with more
information on the cloned genes (with a link to Locuslink of NCBYI, at least). Also thanks to the
space available, the complete linkage data might be attached and information on all tested loci

(and not only recombinant ones) could be compared between overlapping conditions.
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Figure 1 - Ideogram of the X chromosome {G-banding) with the localization of the 26 cloned
(arrows) and 58 mapped (bars) MRXS genes.
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Figure 2 - Ideogram of the X chromosome (G-banding) with the localization of the 7 cloned MRX
genes (arrows) and of the 59 mapped MRX families (bars). The extra cloned gene indicated is
RSK2, which is also depicted in Figure 1 and most often mutated in the Coffin-Lowry syndrome
(Table 1).
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Negative linkage data, which are not easily publishable but still very relevant and useful, may be
stored. Eventually, images could be attached to the card describing each specific XLMR
condition. Finally, a listing of available DNA from small families or individual cases with
cytogenetic rearrangements in the various laboratories researching on XILMR may be envisaged,
which would certainly boost the opportunity for collaboration. In brief, this informat Web site could
become a “meeting point” for the XLMR community.

Future research

Although the primary sequence of the human genome will soon be completed, the cloning era is far
from being concluded and much “sequence mining” and “traditional” cloning remains to be done to
account for the 202 XIMR conditions listed in this update. Many of these may eventually prove to
be due to mutations in the same gene but the present number of 33 cloned XLMR genes falls
definitely short of the actual one. Unexpectedly, mutations in already cloned genes were not found
to account for mental retardation in families mapping to the same narrow intervals where these
genes are located. Therefore, new strategies will have to be designed to exploit even small families
and individual patients for the identification of new XLMR genes. Some recent observations are
encouraging. We now appreciate the value that even small families or individual patients with
cytogenetic rearrangements can have in helping to pin down the remaining genes. For example, the
MRX genes [LIRAPL and TA4SF2 were identified thanks to the observation of patients with a
microdeletion and an X;autosome translocation, respeciively, and confirmatory mutations were
found in small families that could not reach a linkage significance. DNA chip technology will
hopefully allow (re)screening of large number of patient DNAs for mutations in several candidate
genes at the same time as well as testing the expression of these genes in informative families.
Finally, the next challenge awaiting us will be the unraveling of the structure and function of the
proteins encoded by the XLMR genes. This will be a daunting task belonging to the new era of
“proteomics” but will surely lead us to a better understanding of the biological pathways required

for the normal development of intelligence.
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The fragile X syndrome is probably the mest frequent form of inherited mental
retardation. It is almost atways caused by the expansion of a (CGG), sequence in the
promoter region of the FMRI gene. The expanded sequence becomes almost invariably
methylated and the gene is silenced. The resuiting lack of the FMR1 protein (FMRP)

causes the clinical phenotype.

The fragile X syndrome [Kooy et al., 2000] is the prototype of a growing list of disorders known
to be caused by the so-called “dynamic mutations™, resulting from the instability and expansion
of trinucleotide repeats [Djian, 1998]. In the case of the fragile X syndrome the mutant gene
FMRI is located at Xq27.3 and contains a repeated CGG triplet in its 5’ untranslated region
[Verkerk et al., 1991]. Patients with fragile X syndrome harbour an expanded (>200 repeats) and
abnormally methylated CGG sequence that cannot be transcribed into mRNA, causing a lack of
FMRP. The syndrome derives its name from a fragile site on the X chromosome, FRAXA,
which was first observed by Lubs [1969] in four mentally retarded males and three obligate
carrier females of the same family. FRAX A was later shown to colocalize with the CGG repeat
in Xq27.3. The expression of the fragile X site is best induced when cells are cuitured with low
folate concentration and either fluorodeoxyuridine or an excess of thymidine 1s added [Jacky et
al., 1991]. The fragile site is usually expressed in 30 to 50% of the cells examined. However, a
lower expression is not unusual and in fact it can be sometimes as low as 4 or 3%, especially in
carrier females. It appears as a decondensed chromatin gap between Xq28 and the rest of the X
chromosome which sometimes can be actually broken; indeed it has been shown that DNA
teplication is delayed well after the S phase in the region containing the expanded CGG repeat and
could be incomplete at mitosis, thus determining the chromosomal “fragility” [Hansen et al., 1993].
The first large family with mental retardation and macroorchidism in males transmitted in an X-
linked fashion, and later confirmed to have fragile X syndrome, has been described over 50 years
ago by Martin and Bell [1943] and their names have been often used as eponym for the syndrome,

Clinical phenotype

The clinical phenotype of the fragile X syndrome can be quite variable. In typical cases there is
tall stature and relative macrocephaly, long and narrow face with prominent forehead and
mandible, and midface hypoplasia with hypoteloric, sunken eyes. The ears are large and the
palate is highly arched. Testes are generally large with volumes up to 100 ml. Generalized

muscular hypotonia is a virtually constant finding and is usually accompanied by joint laxity.
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These latter findings might be caused by an underlying connective tissue dysplasia, which could
also be responsible for the frequently observed mitral valve prolapse. Mental retardation is
usually of moderate degree and the behaviour tends to be introverted, with poor eye contact and
avoidance of new and unexpected situations. In extreme cases this behaviour can be described as
autistic. The phenotype is usually more subtie in newboms and children, where facial traits tend to
be less pronounced and macroorchidism is less obvious. Increased birthweight and generalized
congenital hypotonia may be the only significant findings. Autistic behaviour, hyperactivity and
attention deficit have been described in children. Seizures may aiso occur during infancy and a
characteristic EEG pattern has been reported, which is characterized by trains of medium-high
voltage spikes, discharging from the temporal regions during sleep [Sanfilippo et al, 1986;
Musumeci et al., 1999]. Epileptic seizures, if present, generally disappear before puberty and
appear to respond well to treatment, Brain MRI of patients shows overall volume conservation
of brain tissue with a diminished white-to-gray matter ratio and relatively enlarged caudate
nucleus and hippocampus, while cerebrospinal fluid 1s increased especially in the lateral
ventricles [Reiss et al., 1994; Reiss et al., 1995]. The fourth ventricle is also enlarged in
correspondence to a smaller posterior cerebellar vermis [Reiss et al., 1991a; Reiss et al., 1991b].
Among non typical cases of the syndrome, a subgroup was identified which, because of cobesity
and short stature, bore some resemblance to the Prader-Willi syndrome [de Vries et al., 19931
Although this is nothing more than a superficial similarity, it is a good reminder of the pitfalls of
a purely clinical diagnosis and justifies the view that every mentally retarded person should be
tested for fragile X syndrome, in absence of another reasonable diagnosis. The affected females,
who represent about one third of all females carrying a full mutation, usually do not demonstrate a
characteristic physical phenotype. They are mildly retarded and may present only a leaming
disability, with a shy and introverted personality.

Gene structure and protein isoforms

The FMRI gene structure has been determined in detail, and this revealed that the seventeen
exons of the gene are embedded in 38 kb of genomic sequence in Xq27.3 [Eichler et al., 1993].
The polymorphic CGG repeat is located in the 5' untransiated region of exon 1 and is included in
all FAMR! transcripts [Verkerk et al.,, 1993]. FAJR! was shown o be ubiquitously transcribed
during murine and human embryogenesis [Hinds et al,, 1993] with the highest level of
expression in differentiated neurons of the hippocampus and of basal ganglia [Abitbol et al,,

1993], while in adult mice Fmr! is mainly expressed in neurons and in spermatogonia. FMR1
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protein (FMRP) has been detected in synapses, in dendritic spines and soma of rat neurons, but
not in their nucleus or axon, and active FMRP production has been demonstrated near synapses
in response to neurotransmitter activation [Weiler et al., 1997). It is probable that FMRP action
is required for normal maturation of synaptic connections, which indeed appear immature and
are reduced in number in fragile X brains [Hinton et al., 1991], though neurons are neither lost
nor degenerating.

The 4.4 kb full length mRNA can code for a protein with a maximum length of 632 amino acids
and an apparent molecular mass of 70-80 kDa [Verheij et al., 1993; Devys et al., 1993} and
although twenty different transcripts might be produced by alternative splicing [Verkerk et al.,
1993; Ashley et al., 1993a), only 4-5 of them and their comresponding protein products are
actually detected in various tissues [Verheij et al., 1995]. Isoform 7 (I80O7), which lacks only the
21 amino acids of exon 12, represents the most prominent of all the FMRI proteins and
corresponds to the highest band on Western blotting with an approximate molecular mass of 80
kDa {Sittler et al., 1996]. Two KH domains (KH1 and KH2) and one RGG box, common fo
several RNA-binding proteins, have been identified in exons 8, 10 and 15, respectively [Siomi et
al., 1993; Ashley et al., 1993b]. Tt was shown that FMRP could bind synthetic RNAs in vitro,
and the importance of KH domains was underscored by the description of a severely retarded
fragile X patient with a point mutation (Tle304Asn) in the KH2 domain iDe Boulle et al., 1993}
that strongly impaired the RNA binding activity of FMRP [Siomi et al., 1994], abolishing the
binding to polyribosomes [Feng et al. 1997]. It seems that FMRP binds mRNAs and
participates in mRNP (ribonucleoprotein) particle formation [Corbin et al., 1997; Feng et al,,
1997, but is also found associated with the 60S large ribosomal subunit {Khandjian et al., 1996;
Tamanini et al, 1996; Siomi et al., 1996], either directly {binding the rRNA with its KH
domains and RGG box) or indirectly (via other ribosomal proteins [Siomi et al., 1996]). ISO7 is
localized in the cytoplasm [Verheij et al, 1993; Devys et al., 1993} and actually wild-type
FMRP has been detected at the electron microscopical level associated with ribosomes attached
to the endoplasmatic reticulum and free in the cytoplasm, but also some molecules are present in
the nucleoli where the ribosomal precursor particles are assembled [Willemsen et al., 1996a].
Studies with defetion constructs suggested that the N-terminus of the protein encoded by exons
1-5, is able to direct FMRP to the nucleus. A nuclear export signal (NES) is encoded by exon 14
[Sittler et al., 1996] and was shown to act as the NES of the HIV-1 Rev regulatory protein
[Fridell et ai., 1996], suggesting that FMRP shutties between cytoplasm and nuclevs [Tamanini
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et al., 1999a]. Anyhow, it is possible that only a minor fraction of wild-type FMRP is actually

entering the nucleus, while most of it could be active directly in the cytoplasm.

The serendipitous discovery of a fragile X related protein, FXR1P [Siomi et al., 1995], led to the
search of other FXR proteins possibly interacting with FMRP or complementing its functions.
FXR2P was identified with the yeast two-hybrid system [Zhang et al., 1995] and can bind
FXR1P. Both FXRPs and FMRP are highly homologous in the N-terminal portion including the
KH domains, the RGG box and the first half of exon 14 (the ribosome binding site coinciding
with the NES) {Zhang et al., 1995] and their genes probably evolved from a common ancestral
one. An FXRI1P isoform is highly expressed in skeletal muscle and postmeiotic spérmatids, and
absent in differentiated neurons and in spermatogonta [Coy et al., 1995]. More information on
the differential expression of FMR1, FXR]1 and FXR2 proteins in human brain and testis has
been reported by Tamanint et al. [1997].

All three proteins can interact with each other and form hetero- as well as homodimers in vitro
[Zhang et al, 1995]. FMRP-FXR2P complexes in vilro are formed by the interaction of the
respective coiled-coil domains encoded by exon 7 [Siomi et al., 1996] and could be functionally
relevant. Finally, gel filiration experiments showed that FMRP s part of a macromolecular
complex with an apparent molecular weight of over 6060 kDa, which is reduced to a 100-300
kDa complex with RNAse treatment or medium salt conditions, while the FMR1 monomer is
freed only with high salt concentrations [Tamanini et al., 1996].

It is possible that monomers of FMRP, FXR2P and/or other proteins associate to constitute the
100-300 kDa complex, though recent data suggest that these complexes are mainly formed by
homo-multimers [Tamanini et al., 1999b). However, the formation of the >600 kDa complex
seems to require the constitution of a ribonucieoprotein complex with mRNAs and at least three
novel FMRP-interacting proteins: NUFIP [Bardoni et al., 1999], CYFIP1 and CYFIP2 [Schenck
etal., 2001].

In conclusion, FMR1 protein is an RNA-binding protein associated with polyribosomes, not
essential for cell survival and expressed in actively dividing cells and growth-arrested neurons
alike, probably required for optimal transiation of a subset of mRNAs in cells with a high
synthetic activity. Very recently it has been proposed that FMRP may act as a negative
regulator of translation [Laggerbauer et al., 2001],
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Trinucleotide amplification

In the vast majority of cases (>95%) the fragile X syndrome is caused by a unique type of
"dynamic” mutation due to the expansion and hypermethylation of a potentially unstable CGG
trinucleotide repeat in the 5' untransiated region (UTR) of the FMRI gene. Abnormal
amplification of trinucleotide repeats in transcribed sequences has been shown to be responsible
for an increasing number of genetic disorders [Djian, 1998]. However, both the mechanisms of
repeat amplification and the timing of expansion of "dynamic" mutations are still poorly
understood.

It is useful to make a first distinction between expanded repeats that lie inside the coding
sequence of a gene (and are translated into amino acids) and repeats which reside in introns or in
the 5" or 3' UTR [for review see Cummings and Zoghbi, 2000].

In many neurodegenerative disorders (Huntington disease, DRPLA and several spinocerebellar
ataxias), an expanded CAG tract in the coding region of the gene leads to the production of
proteins with a variable polyglutamine tract which is somehow toxic to the cells already when
the number of glutamines doubles (up to 100 repeats from the 10-20 of the normal range). Some
selection mechanism may eliminate cells with larger expansions (>200 repeats).

On the contrary, if the repeat is transcribed but not translated, the number of triplets can be as
high as 1000 or more. This is the case in the fragile X syndrome (CGG repeat in the 5° UTR of
the FMRI gene), myotonic dystrophy (CTG repeat in the 3° UTR of the DMPK gene) and in
Friedreich ataxia (a GAA repeat in the first intron of the FRDA gene). Recently, a
pentanucleotide repeat ATTCT has been found in intron 9 of the SCA410 gene, which also is
hyperexpanded in patients with spinocerebellar ataxia linked to chromosome 22 [Matsuura et al.,
2000].

In the case of fragile X, as in every “dynamic” mutation, we generally observe a multistep
process of expansion that takes place over many generations. As illustrated in Table 1, three
classes of alleles are observed in the FMRI gene according to the length of the CGG repeat;
wild-type alleles (approx. 5-50 repeats, mostly 29-30), “premutations” {(approx. 50-200 repeats)
and “full mutations” (200-1000 repeats and more). A fourth class of alleles, largely overlapping
with the wild-type in size (approx. 40-55 repeats) and called by many ‘gray zone’ alleles, have
been listed in Table 1 as “protomutations”. Protomutations are only slightly unstable over many
generations and never expand to full mutation. They are transmitted silently across generations,
sometimes increasing (or decreasing) of just few repeats, creating a ‘pool’ of at-risk alleles in

the population that must not, but can eventually become premutations.
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“Premutations” are often found in carrier mothers of affected fragile X boys, who themselves
harbour a “full” mutation. Carrier mothers may have a full mutation and be clinically normal or
slightly affected, depending on the random X-inactivation [Willemsen et al., 20001, Both female
and male premutation carriers are normal, although higher levels of FMR! mRNA {up to 2-3
more times) have been detected in their cells [Tassone et al, 2000a}, possibly because the
mutated mRNA is translated less efficiently. However, premutations above 70 CGG repeais are
very unstable and have a high risk of expansion to full mutation when transmitted by a fernale
[Heitz et al, 1992]. Therefore, in a family with several carrier women, a sudden 'burst' of fragile
X children is eventually observed: this variable penetrance of the fragile X syndrome - the so-
calied “Sherman paradox’ - is explained by the sequential and progressive nature of “dynamic”
mutations [Fu et al., 19911

Table 1 ~ Types of fragile X alleles

approximate relative molecular clinicat
size (CGGs) (in)stability phenotype phenatype
Wild-type 5-50 stable normal individuals
Protomutation +40-35  slightly unstable over many normal individuals
(gray zong) generations, only rare expansion

to premutation range

Premutation  50-200 relatively stable in somatic celis; tocreased mRNA normal carriers,
unstable when transmitted to next levels possibly premature menopause
generation, but never expands to full
mutation when transmitted by a male

Full mutation >200up somatically unstable (mosaicism)  promoter methylation fragile X males
10 1000-  and unstable when transmitted no mRNA slightly affected or
though affected males only transmit 1o FMRI protein normal carmier females

premutations (only premutated sperm)

It is likely that different amplification mechanisms cause the initial limited and progressive
lengthening of the repeat (transforming a wild-type into a proto- and then premutation aflele)
and the subsequent massive expansion which transforms a premutation into a full mutation. Full
mutations thus appear to be generated by a multistep process requiring the sequential action of
different mechanisms [Morton and Macpherson,1992; Kolehmainen 1994; Richards and
Sutherland, 1994; Chiurazzi et al.,1996). In fact, no direct conversion of a wild-type to a full
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mutation allele has ever been observed in fragile X families; all mothers of affected individuals

were found to be carriers of either a pre- or a full mutation.

Initial instability and founder effects

The initial events leading to the instability of a wild-type FMRI allele are apparently much rarer
than those determining the final transition from premutation to full mutation [Chiurazzi et al.,
1996]. Slipped-strand mispairing, an intrastrand process occurring during DNA replication
{Levinson and Gutman,1987, Schloetterer and Tautz,1992] or possibly repair [Sinden, 2001], is
assumed to be one of the mechanisms leading to the initial expansion of trinucleotide
“microsatellite” sequences. In vifro replication studies of expanded CTG and CGG repeats
demonstrated that DNA polymerase pauses after copying 29-31 pure repeat units [Kang et al.,
1995a]. This is likely to allow the formation of secondary structures on the nascent (lagging)
strand, including unimolecular hairpins [Darlow and Leach, 1998], which could results in more
substantial (up to 10 CGGs or so) increases in repeat length [Wells, 1996} if not correctly
excised.

On the contrary, if hairpins should be formed on the template strand and incorrectly excised by
the repair machinery, a smaller allele would result [Hirst and White, 1998]. Initially a gradual
accumulation of one or few repeats per generation is thought to occur, depending on the total
length of the CGG repeat, but also on the repeat configuration [Hirst et al, 1995]. In fact,
sequencing analysis of wild-type FMRI alleles revealed that the CGG repeat stretch is
commonly interrupted by AGG triplets, often two, occurring every 9-10 CGGs [Eichler et al,
1994, Hirst et al, 1994; Snow et al., 1994; Zhong et al., 1995, Kunst et al., 1996], which
apparenily have a stabilizing effect by preventing replication slippage {tHeale and Petes, 1995;
Weisman-Shomer et al., 2000]. Loss or lack of the most distal 3' [Kunst and Warren,1994;
Eichler et al., 1994; Eichler et al, 1995; Eichler et al, 1996} or proximal 5' [Crawford et
al.,2000a; Crawford et al., 2000b] AGG interruption and subsequent purity (>24 CGGs) of either
end of the CGG array is an important determinant of the CGG repeat instability, However,
slippage of an entire AGG(CGG)g tract caused a 10-unit increase of a normal aflele with 2 AGG
interruptions has also been reported [Macpherson et al.,1995].

In vitro studies using constructs introduced in bacteria {Kang et al.,1995b; Shimizu et al, 1996;
Hirst and White, 1998] showed that size changes (mostly reductions) occurred in an orientation-
dependent fashion.
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Using yeast as eukaryotic model, White et al. [1999] were able to observe also substantial
expansions (+40/+50 CGGs), again depending on the orientation: in fact they observed that it is
always the CGG (not the CCG) strand which has the highest propensity for expansion (as a
displaced Okazaki fragment) and coniraction (as a lagging-strand template). White et al. [1999]
also pinpointed one of the possible trans-acting factors that influence repeat (in)stability:
RAD27 (homologue to human FEN/) is necessary for the correct processing of Okazaki
fragments and its absence strongly increased array instability. Interestingly, White et al. [1999]
did not observe any increase in the frequency of large expansion events when studying various
CGG arrays in mihl, msh2, msi3, and msh6 mutant backgrounds. In fact, it has been
surprisingly concluded that repeat instability requires mismatch repair proteins [Manley et al.,
1999; Kovitun and McMurray, 2001].

In vivo instability of normal [Crawford et al., 2000c] and premutated [Nolin et al.,1999] FMR!
alleles has been monitored by either small pool or single cell PCR on sperm and lymphocytes.
Reductions (-10 to -20) and amplifications (+10 to + 20) have been found to have a similar
frequency in normal males, both in sperm and biood at the respective rates of approximately 2
and 5 x 107 of detectable variants [Crawford et al., 2000c]. In the case of premutated males a
much higher instability was observed: more than 80% of the alieles were unstable with a striking
predominance of expansions (+10 to +30) over contractions [Nolin et al,, 1999]. Momet et al.
[1996] studied a male carrying a 55 CGG repeat allele, a ‘gray zone® or protomutation allele
(Table 1), and found again more variability in sperm than in blood and a more than double rate
of contractions (up to -30) compared to expansions {up to +10) with a frequency of approx. 20 x
10 and 8 x 10®.  This observation underscores the concept that only very few unstable
protomutation alleles will not revert to wild-type size but reach instead the premutation size,
thus committing to becoming full mutations. These rare protomutations will be linked to a
limited number of ancestral haplotypes. These haplotypes define the fragile X founder
chromosomes observed in different world populations [Chiurazzi et al, 1996] despite the

relatively high prevalence and fow fitness of affected individuals (see Chapter 2).

Transition from pre- to full mutations

The dramatic expansion - the “big jump” - that transforms a premutation into a full mutation
must be caused by mechanisms different from those considered in the previous paragraph. It is
possible that when a so-called “expansion threshold” (about 70 pure CGGs) is reached [Eichler
et al, 1994], multiple hairpins and/or stem-and-loop structures form on the nascent lagging
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strand, because Okazaki fragments comprised exclusively of CGG repeats may slip at both ends
[Richards and Sutherland, 1994]. Such structures would be extremely unstable and, afier
inappropriate repair, may result in a variety of expanded full mutations frequently accompanied
by contracted or even deleted alleles. In fact, fragile X patients are often mosaics for full
mutations of different sizes, for full mutations and premutations {Chiurazzi et al., 1994a], or
alleles of normal size [van den Quweland et al., 1994] or deletions of the entire CGG stretch and
part of its flanking sequences [de Graaff et al., 1995; Mila et al, 1996; Garcia-Arocena et al.
2000].

We now must address the question of timing: when (and where) does the pre- to fuil expansion
take place? Let us consider a first scenario: the “big jump” is limited to gametogenesis and it
cannot happen during embryogenesis, though a zygotic full mutation will increase and reduce its
size during development (somatic mosaicism), also producing cell lineages with either a
premutation, a wild-type allele or even a deletion [Chiurazzi et al., 1994]. In the second scenario
the zygote harbours a premutation and the “big jump” is made during early embryogenesis: in
this case we must explain why premutations transmitted from a carrier male to his daughters
never expand to full mutations. In fact, until now, all daughters of carrier males are premutation
carriers, somefimes with a smaller atiele compared to their father [Rousseau et al.,1991]. This is
explained by the observation that sperm of male premutation carriers, as well as that of fragile X
patients [Reyniers et al.,1993], harbour only premutations. Thus, according to the first scenario,
premutations never expand during embryogenesis, sperm only contains premutations and
obviously all daughters of carrier (and even affected) males will be premutated [Willems et al.,
1992; Smeets et al., 1995].

Otherwise, if pre- to full expansion happens postzygotically (second scenario), some kind of
imprinting mechanism should tag maternal premutations only as likely candidates for expansion,
Malter et al. [1997] presented evidence of a selection process going or during spermatogenesis:
full mutation alleles can be detected in oocytes and in fetal spermatogonia, but only
premutations seem to survive in testes at a later stage. Such selection cannot be due to the lack
of the FMR1 protein, because Fmrl knockout mice (see below) are normally fertile [Bakker et
al., 1994]. This observation again supports the first scenario, in which the pre- to fult expansion
is probably limited to gametogenesis and postzygotical instability generates mosaicism in the
full mutation range, often accompanied by reductions in the premutation (or even normal) range
[Chrurazzi et al,1994a]. Large contractions of expanded repeats in sperm have also been

reported in Friedreich ataxia {Pianese et al, 1997] and myotonic dystrophy [Ashizawa et al.,
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1994], supporting the hypothesis of Nolin et al. [1999] that long repeat expansions are generally
unstable over numerous mitotic divisions and tend to a dramatic size reduction. In fact, oogonia
undergo only few division (approx. 20) before fertilization, while spermatogonia may divide
hundreds of times before giving rise to mature sperm cells. Contraction during spermatogenesis
also argues against a major contribution of mitotic events to the “big jump™, though replication
slippage is likely to have an important role in the initial expansion (see previous paragraph). In
this light, great attention should be paid to recent evidence, obtained from animal models for
Huntington and myotonic dystrophy, indicating that repeat instability oceurs to a greater depree
in cells that do not divide [Kovtun and McMurray, 2001; Sezntec et al., 2000; Fortune et al.,
2000], thus in the absence of DNA replication [Sinden, 2001]. Erroneous repair could therefore
be responsible for dramatic expansions such as that reported by Kennedy and Shelbourne [2000}
in the striatum of a Huntington murine model. Double strand break repair by gene conversion
with several round of unwinding and re-invasion between sister chromatids has been put forward
as a possible mechanism of replication-independent expansion [Richard and Paques, 2000].
Finally, sex of the offspring also influences the degree of CGG instability [Loesch et al., 1995],
as it appears that repeat expansion is enhanced in mother-to-son transmissions compared with

mother-to-daughter transmissions.

Inactivation of full mutations

Data of Malter et al. [1997] on a female 13-week fragile X fetus indicated that full mutations
were unmethylated in oocytes, though they were completely methylated in all somatic tissues.
Thus, inactivation and methylation of the FMR! promoter appear to take place after fertilization
during early embryogenesis. The only (partial) exception to the rule occurs in chorionic villi, in
which inactivation of full mutations is observed in spite of a (relative) hypomethylation of the
FMRI promoter [Carola Bontekoe, PhD thesis]. This suggests that cytosine methylation is
simply one link in the chain of events leading to inactivation, though an important one.
However, in somatic tissues all cytosine residues in the repeat itself and in the upstream CpG
island become completely methylated as if they were on the inactive X chromosome [Stoeger et
al., 1997; Luo et al., 1993; Hornstra et al., 1993; Hansen et al., 1992].

It 1s possible that the abnormal structures formed by the full mutation [Darlow and Leach, 1998;
Mitas, 1997; Gacy et al., 1995] or even trinucleotide repeat binding proteins [Richards et al,,
1993; Deissler et al., 1996] would atiract de novo DNA methyltransferases, that eventually
methylate the whole CpG island in the effort of stopping the expansion of the CGG repeat
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[Bestor and Tycko, 1996; Kho et al., 1998]. The unfortunate side effects are the transcriptional
silencing of the FAMRI gene [Pieretti et al,1991] and the consequent absence of its protein
[Verheij et al.,1993], that causes mental retardation.

How does methylation lead to transcriptional inactivation? A first pathway is an indirect one:
methylcytosine binding proteins such as MeCP2 and/or other MBDs [Hendrich and Bird, 1998]
are involved in recruiting multiprotein complexes to methyl CpG-enriched regions in the
genome to repress transcription.  Again cytosine methylation emerges as a tag for potentially
dangerous (unstable) DNA sequences [Bestor and Tycko, 1996). Several histone deacetylases
belong to the multiprotein complex assembled by methylcytosine binding proteins, which
remove critical acetyl groups from histone H3 and H4 tails causing a local compaction of
chromatin and preventing access of transcription factors [Razin, 1998). Such a locally inactive
chromatin state is most likely responsible for both the transcriptional silencing [Pieretti et al.,
1991; Sutcliffe et al, 1992; Hwu et al.,, 1993] and the delayed replication timing of the FMRI
gene harbouring a full mutation [Hansen et al,1993; Hansen et al.,1996; Samadashwily et
al.,1997], which supposedly causes the fragile site [Laird et al.,1987].

However, a second more direct effect of methylation consists of preventing binding of some
transcription factors, even when chromatin is locally open: Kumari and Usdin {2601] further
characterized the FMRJ promoter and the transcription factors that physiologically interact with
it, showing that when the action of a.-Pal/Nrf-1 is inhibited by methylation of its binding site, 70%
of the promoter activity is lost. Therefore, in a direct or indirect way, CpG methylation is one of

the most important factors determining transcriptional repression of local chromatin domains.

The key role of cytosine methylation is well appreciated when one considers that we obtained in
vitro reactivation of FMR! expression after inducing DNA demethylation with 5-aza-2-
deoxycytidine (5-azadC) in fragile X lymphoblastoid cells (Chapter 3.1 - Chiurazzi et al.
{1998]). In the following set of experiments (Chapter 3.2 - Chiurazzi et al.{1999]), we observed
8 strong synergistic effect of 5-azadC and histone hyperacetylating drugs, such as sodium- and
4-phenyl-butyrate, in reactivating the fully mutated FMRJ gene. These results support the
hypothesis of a sequential cascade of events (first CpG island methylation, then histone
deacetylation) acting as synergistic layers for the silencing of genes, although DNA methylation
is dominant over histone deacetylation [Cameron et al., 1999]. In fact, histone hyperacetylating
drugs alone, in the presence of methylation, were almost not capable of reactivating the fully

mutated FMR! gene [Chiurazzi et al, 1999]. Chapter 3.3 reports on the analysis of the
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methylation status of every CpG site in the FMR/ promoter of fragile X cell lines before and
after various treatments with 5-azadC for different time periods. Our results suggest that the
larger the full mutation, the longer it takes to achieve demethylation of the upstream CpG island.
Various reports on rare intellectually normal [Rousseau et al.,1994; Smeets et al.,1995; de Vries
et al.,1996] or minimally affected [McConkie-Rosell et al.,1993; Hagerman et al.,1994; Wang et
al.,1996] males with an unmethylated full mutation confirm that the abnormally amplified CGG
tract per se can still be transcribed and translated. Although FMRI mRNA levels seem to be
even more elevated than in premutation casriers [Tassone et al., 2000b] in an effort to
compensate the less efficient translation [Feng et al,1995), these rare male carriers with
unmethylated full mutations are often intelfectually normal. This means that enough, though
less, FMRI1 protein is made in their cells. Of course, somatic mosaicism is commonplace in
fragile X patients and undetected premutation alleles instead of unmethylated full mutations may
be present in the brain: to answer this question careful postmorter studies on the brains of such
individuals should be done. Only one such study has been reported [Taylor et al,, 1999] and
confirmed by immunocytochemistry the presence of the FMRI protein in regions of the brain
with the unmethylated mutation, while it was absent only in the parietal lobe where the full
mutation was methylated.

In closing this paragraph, it is interesting to remember that the FMR2 gene, located less than a
megabase distally in Xq28 [Knight et al., 1993], also becomes inactivated in the same way,
leading to a less specific and milder form of mental retardation. This gene is unrelated to FMRI,
but also contains a CCG repeat in its 5° CpG island and is associated with the folate-sensitive
fragile site FRAXE. Other CGG tracts have been identified which can undergo expansion and
hypermethylation and are associated with fragile sites: FRAXF [Parrish et al., 1994], FRA16A
[Nancarrow et al., 1994} and FRA11B {Jones et al.,1995]. However, all these repeats reside in
untranscribed regions of the genome and have not been associated with any genetic disorder

when “fully” expanded and hypermethylated.

Animal models

A transgenic mouse with a fusion gene consisting of a £.coli beta-galactosidase reporter gene
(lacZ) linked to the FMR/ promoter region was established by Hergersberg et al. [1995]. The
fusion gene showed an expression pattern closely resembling the endogenous one, indicating
that the 2.8 kb frapment 5' of the CGG repeat, at the start of the FMR/ gene, contains most cis-

acting elements regulating its transcription.
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Fmrl knockout mice have been generated by homologous recombination of a targeting vector
interrupting exon 5 in embryonic stem (ES) celis [Bakker et al., 1994]. It is important to note
that no reduced fertility of mutants of either sex has been observed and heterozygous females
had normal litter size with the expected distribution of offspring with the mutant aliele. Thus,
Finrl is not necessary for spermatogenesis or oogenesis in mice, nor for normal embryonic
development or postnatal viability. These observations are in accordance with our knowledge of
human fragile X syndrome, although the discovery that sperm of affected males with only a full
mutation in blood contains exclusively a premutation suggested that FAZRI expression may be
useful in male spermatogenesis [Reyniers et al,, 1993]. In fact FMRI is actively transcribed in
the continuously dividing spermatogonia [Devys et al., 1993] and, in mosaic individuals with a
premutation, full mutation alleles are likely to be counterselected. Fmrl expression is also high
in both murine fetal testes and ovary [Bachner et al., 1993] while it declines in adult gonads
though it disappears only in mature ovary,

Fmrl knockout mice show no overt anatomical or histological abnormalities but do have
macroorchidism and exhibit hyperactivity and learning deficits [Bakker et al., 1994; Bakker et
al., 2000]. Apparently an increased Sertoli cell proliferation during testicular development is
responsible for the macroorchidism, though this increase does not appear to be the result of
major changes in FSH signal transduction in knockout mice [Slegtenhorst-Eegdeman et al,
1998]. Fxr2 knockout mice have also been realized [Bontekoe et al., 2001a] and show a
behavioural phenotype overlapping in part with the Finrd knockout. Fxr? knockout embryos do
not survive [H. Siomi, personal communication], and therefore a new generation of conditional
Fxrl knockout mice is being developed.

On the Fimrl knockout background, transgenic copies of FMR! (minigenes, cosmids and even
YACs) have been introduced in the attempt of “rescuing” the abnormat phenotype. Peier et al.
[2000] used an YAC containing the entire human FMRI gene as transgene and obtained mice
expressing protein at a higher level (10 to 15 times) in a cell- and tissue-specific manner,
Macro-orchidism was absent in these mice indicating functional rescue by the human protein,
but behavioural abnormalities suggest that overexpression of the FMR1 protein may be just as
deleterious as its absence.

Finaily, in order to construct a model suited to study the CGG instability, a transgenic mouse
with an 81-repeat array was first realized: the array seems stable both somatically and upon
transmission [Bontekoe et al., 1997], though it contained 2 interruptions. Very recently, a

knock-in mouse was obtained with a pure 98 CGG repeat inserted through homologous
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recombination at the murine Fmri locus: this model does show a limited instability (plus or
minus few repeats) [Bontekoe et al., 2001b].

Mutations other than CGG expansion

The identification of mutations other than the expansion of the CGG repeat, although in a
minority of patients, has also been important in confirming that fragile X syndrome is a single
gene disorder. Thus, point mutations [De Boulle et al., 1993; Lugenbeel et al, 1995] or small
intragenic deletions [Meijer et al., 1994; Hart et al, 1995] ruled out the possibility that the
abnormal hypermethylation, associated with the full mutation, might not be restricted to the
FMR1 promoter but could affect the expression of other genes in that chromosomal region. The
deletion described by Meijer et al. [1994], was transmiited by a male to his daughter, thus
ndirectly confirming that FMRP is not necessary for male fertility (although it is highly
expressed in spermatogonia). Several larger deletions, even encompassing the entire FAMRI gene
[Tarleton et al, 1993], have also been reported. A review of the deletion cases has been
published by Harmond et al. [1997] along with the description of an additional patient. Careful
analysis of small deletions limited to the promoter region helped defining the essential
regulatory sequences governing FMR/ transcription [Gronskov et al, 1997}, Finally, we note
that some rare patients with all the phenotypic manifestations of the fragile X syndrome show no
detectable alteration of the FAMRI gene, which is apparently not involved in the pathogenesis of
their condition [Chiurazzi et al., 1994b}. Considering the interactions between FMRP and the
FXR proteins, all present in neurons, it may be possible that these fragile X patients have a
mutation in either the FXR/ or FXR2 gene.

Diagnosis and prevalence

Molecular diagnosis of the CGG amplification, which constitutes >95% of the fragile X
mutations, is available since the cloning of the FMR/! gene in 1991, and fundamentally relies on
Southern blotting and hybridization of probes specific for the promoter region, while PCR is
employed to accurately determine the length of the CGG repeat tract up to the premutation
range. It is possible to perform a modified PCR across the CGG repeat but, given the low
product yield for full mutations, blotting of the products and hybridization with a (CGG)n probe
[Brown et al,1993] is still required. Perkin-Elmer Biosystems has marketed a fragile X size
polymorphism assay kit that can easily detect the size of normal and premutated alleles with an

ABI sequencer, but its reliability for sizing full mutations remains questionable.
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Screening for full and large premutations should thus cormbine both PCR and Southern blotting,
possibly using a pooling/reanalysis strategy as in Rousseau et al. [1995]. Cytogenetic testing can
still be considered when looking for full mutations in males, although positive cases should be
checked with DNA analysis and may lead to the identification of few FRAXE individuals
[Knight et al.,1993].

A rapid method based on antibody detection of the FMR. protein in cells of biood smears has
been described and validated by Willemsen et al. [1995], and is useful when screening affected
males [Willemsen et al.,1997a]. Furthermore, the protein test has also been optimized for hair
roots [Willemsen et al., 1999], thus avoiding the need for blood drawing and also allowing the
analysis of the hair bulb cells which are of ectodermal origin and possibly less subject to
selection effects in mosaic individuals than when blood cells are used (of mesedermal origin).
Prenatal diagnosis on ammiocytes still depends on the availability of sufficient DNA to perform
a Southern blotting, after double digestion including a methylation-sensitive enzyme (usually
Eagl or BssHII), while the sex of the fetus can be determined with a standard karyotype or by Y-
specific PCR analysis. The methylation-sensitive enzyme is not necessary on CVS material
because methylation is almost always absent in chorionic villi. False positives, due to sub-
optimal amplification, and false negatives, due to the possible presence of ‘contracted’ alleles in

the wild-type range, can both occur when performing PCR alone on a sample from a male fetus,

Furthermore, only direct DNA analysis after digestion with methylation-sensitive enzyme can
demonstrate the actual methylation status of the FMR/ CpG island, especially in the presence of
a full mutation. Given the occurrence of unmethylated full mutations in unaffected transmitting
males [Rousseau et al.,1994; Smeets et al.,1995; de Vries et al ,1996] and the evidence that in
extraembryonic tissues, such as chorionic willi, a full mutation may Temain largely
undermethylated until 10-11 weeks of gestation [Sutcliffe et al ,1992; Devys et al ,1992; Luo et
al,1993; Suzumori et al,1993; fida et al.,1994; Castellvi-Bel et al,1995], CVS might not
display the hypermethylation already present in the embryonic tissues and may need
confirmation with amniocentesis, Detection of the FMR1 protein is also possible in amniocytes
[Willemsen et al.,1997b] and chorionic villi [Willemsen et al.,1996b], but given the statistical
interpretation of the results required and, if villi are tested, the possibility of false negative
results due to the possible hypomethylation of the CpG island, the role of a protein test can only
be viewed as confirmatory of the DNA analysis.
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Though the fragile X syndrome is still believed to account for the majority of XLMR cases, it
seems that its prevalence is not as high as initially estimated. A recent re-evaluation of the same
population which yielded the much quoted figure of 1:1300 males [Webb et ai.,1986] led to the
conclusicn that 1:4000 males is probably a more realistic figure [Tumner et al.,1996]. This
apparent discrepancy can be explained by the use in the re-study of molecular diagnostic tools,
which are more accurate and specific than the cytogenetic test previously available. A survey in
the Netherlands sugpested the even lower figure of 1:6000 males [de Vries et al., 1997]. No
general population screening has been done on unselected population samples as newborns, but
surveys have concentrated on children with mental retardation or learning disabilities or
institutionalized patients. Some data on the prevalence of healthy female carriers have been
provided by a French-Canadian study which, screening 10,624 unselected women with the
reliable molecular test, found 41 (1:259) carriers of FMR/ premutated alleles with 55-101 CGG
repeats fRousseau et al ,1995)]. Further similar studies are needed to establish whether this
unexpectedly high prevalence of premutation carriers is unique to the specific population studied
or it applies to other populations as well, as it seems more likely [Sherman et al.,1995].
Evidence that expansion to full mutation upon transmission from a premutated mother is more
likely in male than female fetuses has been provided by Loesch and co-workers [Loesch et
al,1995] and may explain a relative lack of premutated males in the peneral population
[Rousseau et al.,1996]. Large population studies on unselected series of newborns would be
useful to settle the question of the true prevalence of affected (fully mutated) and normal
transmitting (premutated) males, and of full mutation and premutation carrier females.

Though very few fragile X cases have been reported without amplification of the CGG repeat
and with either point mutations or deletions in other parts of the FMRI gene [Gronskov et
al.,1998], it is worth considering that the prevalence of these “non-dynamic” mutations might be
underestimated because most molecular diagnostic strategies only check the status of the CGG

repeat and its flanking sequences.

Treatment

Useful guidelines for health supervision of fragile X children have been published by the
American Academy of Pediatrics [1996] and include advice for both physical and behavioural
components of the syndrome. After confirmation of the diagnosis with the molecular test and
appropriate genetic counselling to the parents for subsequent pregnancies, a series of medical

examinations can be envisaged depending on the age of the child. Development during the first
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year of life may be normal, though hypotonia and irritability may be apparent, but in early
childhood it is important to have an ophtatmologic examination {strabismus, myopia), to
perform an echocardiogram if a murmur or click is present (mitral valve prolapse) and to check
for orthopedic problems (flat feet, scoliosis and loose joints). Inguinal hernia should also be
excluded. History for seizures or staring episodes should be reviewed and electroencephalogram
can be obtained if appropriate, though antiepileptic medication after a single seizure is not
advisable, given the self-limiting course of epileptic manifestations in adolescence [Musumeci et
al.,1999]. It is also important to check for hyperactive behaviour (head banging, hand biting,
etc.) and severe attention deficit, which are a major concern in the school age and can be treated
aiso pharmacologically [Hagerman,1997).

Presently, a large trial on the efficacy of L-acetylcamitine in diminishing hyperactive behaviour
and improving attention span is underway, following the pilot study of Torrioli et al. [1999].
However, socialization and school integration, possibly within a mainstream program with
individual support, are extremely important to help overcome the relative shyness. A visual
presentation of information is preferred in order to maximize attention. Sport and regular
physical activity (e.g. swimming) are important for counteracting the hypotonic posture and
improve motor coordination. Macroorchidism becomes apparent in late childhood and is not a
sign of precocious puberty. Speech, language and occupational therapy should be goal-oriented
and heip the adolescent and young adults to attain as much autonomy as possible. Support from
family organizations is extremely important especially for the parents and sibs, because it eases
the sense of isolation and helplessness that often follows diagnosis. Treatments specifically
aimed at recovering the function of the FMR/ gene have been attempted with folic acid because
of its action on the cytogenetic expression of fragile site, and although a few reports indicated
some effect on the behaviour [Wells and Madison,1986; Gillberg et al.,1986; Hagerman et
al.,1986], others did not confirm these observations [Froster-Iskenius et al.,1986; Madison et
al.,1986; Webb et al.,1990]. It appears that, folate supplementation, although reducing the levels

of cytogenetic expression of the fragile site, is not able to reactivate the FMR/ gene.
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Founder effect in the fragile X syndrome

Adapted from

Chiurazzi P, Macpherson J, Sherman S, Neri G (1996) Significance of linkage disequilibrium
between the fragile X locus and its flanking markers. Am J Med Genet 64: 203-208.






2.1 - Founder effect in Fragile X

The identification of several microsatellite markers flanking the FRAXA locus [Richards
et al.,, 1991a; Richards et al., 1991b; Riggins et al.,, 1992] has been instrumental in the
positional cloning of the FAMRI gene. These markers can still be valuable in family studies,
e.g, as additional evidence in prenatai diagnosis.

Additionally, they were employed to verify the presence of any significant gametic
disequilibrium between the fragile X mutation and seme haplotypes, although the high
mutation rate predicted from the early segregation studies [Sherman et al., 1985] implied
that new mutants would arise on almost every chromosomal background. Thus, the
discovery of linkage disequilibrium encompassing the fragile X locus had been somewhat
surprising. Qur aim is to review the available evidence of such gametic association and to

underline their implications for the mutational mechanism.

1) Fragile X-asseciated haplotypes

Tables I and IT summarize the allelic frequency at two of the most investigated loci, DXS548
and FRAXACI, in various fragile X and control populations, mainly of European descent
[Richards et al., 1992; Hirst et al., 1993; Jacobs et al., 1993; Buyle et al., 1993: Oudet et al,,
1993a; Haataja et al,, 1994; Malmgren et al., 1994; Macpherson et al, 1994; Zhong et al.,
1994a; Chiurazzi et al.,, 1996a] and of Asiatic origin [Richards et al., 1994a). In all cases it is
apparent that, although fragile X patients can display several haplotypes, only a few of them
account for almost 70-80% of the total, with a distribution significantly different from that of the
controls. Moreover, isolated populations like the Finns [Oudet el al., 1993b: Haataja et al,, 1994;
Zhong et al., 1996] and Swedes [Malmgren et al., 1994] show an even more pronounced effect
with one single dominant haplotype shared by the majority of patients. We can also note that the
main fragile X haplotypes are common to the different European nations and seem distributed
along geographical gradients. For example, the FRAXACI-A/DXS548-2 haplotype, which s
prevalent in Italy, and the FRAXAC1-D/DXS548-6 haplotype, prevalent in the UK, are almost
equally frequent in France. Preliminary studies have also investigated the haplotypes of normal
Chinese [Zhong et al., 1994b] and black Africans [Chiurazzi et al., 1996b]. In accordance with
genome-wide microsatellite surveys [Deka et al, 1995], Africans show the highest
heterozygosity and mean allele number, possibly suggesting that they have had the longest
evolutionary history, while Asiatic populations have the least genetic diversity and lack the
European founder haplotype FRAXAC1-A/DXS548-2.
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Table 1 - Allele distribution at locus DXS8548 in different fragile X and control populations. Frequencies
are given in order to facilitate comparison, while absolute sumbers of chromosomes tested arc indicated
in the first column. Allele numbers are as in Macpherson et al.{1994].
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Table 11 - Allele distribution at locus FRAXAC! in different fragile X and control populations.
Frequencies are given in order to facilitate compartson, while absoluie numbers of chromosomes tested
are indicated in the first column. Allele names and numbers are as in Richards et al.[1992], while
numbers are as in Macpherson et al.[1994].
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2) CGG repeat structure

Recent surveys [Kunst and Warren, 1994; Hirst et al., 1994; Eichler et al., 1994; Snow et al.,
1994; Zhong et al., 1995; Rousseau et ai., 1995; Eichler et al., 1996] have focused on the normal
control population and looked ai the correlation between haplotypes and CGG length and
internal structure. The presence and position of intercalating AGGs seem to be a major
determinant of the triplet repeat stability [Hirst, 1995]. In controls, it was shown that one
principal fragile X haplotype (FRAXACI1-A/DXS548-2 or 2-1-3 of Eichler et al. [1996]) is
associated with longer than average arrays which have a variable 3" uninterrupted tract while
retaining the two most 5' AGG interruptions (e.g. S9A9Ax, where x>20), and seem to constitute a
pool of more unstable triplets. The 8-generation family reported by Smits et al.[1993] with
DX8548-2 allele in five probands may be an example of this instability. On the other hand, the
other most prevalent fragile X haplotypes (FRAXAC!-D/DXS548-6 or 6-4-4 and 6-4-5 of
Eichler et al.[1996]) are not associated with repeats of longer total size in the control population,
but they either lack the second AGG interruption (e.g. 9422 or 9A26) or have a slightly larger
middle CGG tract (e.g. AL1AS or 9A12A9). In this case a more rapid transition to the
premutation (8-to-Z, according to the Morton and Macpherson [1992]) appears to take place,
possibly after the loss of the second stabilizing AGG.

3) Gamefic association and multi-step mutational pathways

It is evident that a correct interpretation of linkage disequilibrium and CGG structure data
depends on the understanding of the mutational mechanisms responsible for the instability of the
FMRI CGG repeat. Almost two thirds of the fragile X full mutations can be found associated to
few (4-5) haplotypes: this is surprising, given the estimate of the overall mutation rate of 0.8 x
10™. This rate of mutation from the normal stable to abnormal unstable state is based on the
recently re-evaluated prevalence of affected males (1/4000, Turner et al.[1996]) and the
assumption of equilibrium. Such an estimate appears too high for founder chromosomes to be
detectable after several penerations. As correctly pointed out by Chakravarti [1992) and
Kolehmainen [1994)], it is difficult to reconcile this high frequency of new mutations with the
suggestion that most fragile X mutations arose on a simall number of chromosomes. Actually,
hundreds of "founder” alleles per million meioses generated at random would have produced a
fragile X haplotype distribution almost identical to that of the controls. A better explanation
would be that of a preferential occurrence of mutations “on particular chromosomal
backgrounds” [Koiehmatnen, 1994].
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2.1 - Founder effect in Fragile X

The far-reaching hypothesis of a multi-step mutational pathway (Fig. la), leading to the
constitution of pools of “intermediate” alleles (e.g. N, S, Z, L and possibly other alleles) with a
distinct identity and connected by different mechanisms, each operating at its peculiar rate, was
formalized by Morton and Macpherson [1992) and then incorporated in ali other models
[Kolehmainen, 1994; Morris et al., 1995a and b; Ashley and Sherman, 1995].

“wild-type”
alleles

N pool . RN
p i S pOOI ‘] l' Z Fragﬂe X
) ;rpool o
-1-3 haplotype Pt of 7o alleles
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] . .,

single-step
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Fig. 1a - Multiple mulstional pathways leading from the "wild-type" alleles (N pool) to the fragile X alleles
(L pool). Single-step events (traditional mutations as deletions and point mutations) lead to non-full
mutation (non-L) fragile X, while muiti-step processes lead to the more prevalent full mutations (1.
pool). The S and Z intermediate pools are also indicated.

A useful analogy can be drawn with a biochemical pathway (Fig. 1b) and we shall note that the
absolute number of alleles transferred from one to the next pool is the same "at equilibrium" (i.e.
at steady flow), but the relative frequency of transition is different because the size of the

originating pool is different.

Fig. 1b - One multi-step mutational pathway represented as a chain of biochemical reactions, each one
comresponding to a different mechanism with its peculiar transition rates. Note that reverse reactions
have almost undetectable rates and the pathway is in a state of constant forvard flow (i.e. the
biochemical steady-state equivalent to the mutation-selection "equilibrium").
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The analogy also readily explains that the 8 "pool” is larger than the Z "pool” because the S-to-Z
transition rate is lower than the Z-to-L rate (infact Z alieles are readily converted into L alleles).
Thus, the different size of the poois of the intermediate "products” (ie their particular
prevalence in the population) make up for the differences between the individual transitional
rates between one pool and the other. This allows the coexistence of low-frequency initial
events (accounting for the gametic association) and the prevalence of fragile X. One way to
reconcile the relatively high mutation rate and the observation of haplotype association is also
to consider several different mutational pathways (Fig. 1a). For example, one pathway could
include the loss of an AGG which is probably due to a point mutation. This point mutation may
only occur at a rate of 10° to 107, therefore it may be associated with a few founder
chromosomes. Another pathway may be replication slippage leading to an increase of perfect
repeats (e.g. on 2-1-3 chromosomes as suggested by Eichler et al [1996]). Thus, although the
overall mutation rate of 0.8%10™ is too high to result in founder effects, some steps of each
underlying pathway should occur at much lower rates and can be expected to be associated with
specific backgrounds. Genetic drift of the neutral S alleles would play a large roie in creating
"reservoir” pools. Eventually, other mechanisms {e.g. Okazaki fragment slippage at both ends)
may account for the fransition to larger premutations or full mutations [Richards and
Sutherland, 1994] at a much faster rate, estimated between 1¥107 and almost 0.8 per generation,

at least when the Z allele 15 transmitted from the mother.

4) Origin of fragile X chromosomes

As shown in Fig. la, the fragile X prevalence of i in 4000 males is probably an endpoint
obtained from different "pathways”. A small percentage of non-L (non-full mutation) fragile X
alleles are due to traditional single-step mechanisms (e.g. deletions or point mutations} which
are necessarily short lived and not preferentially associated with any haplotype.

Roughly two thirds of the full mutation (L) fragile X chromosomes are in linkage disequilibrium
with specific haplotypes for the reasens discussed above. A single ancestral chromosome with
haplotype 2-1-3, associated with a 9A9Ax triplet array, might account for 15-25 % of the fragile
X chromosomes. The N-to-S transition event in this case may have been the growth by few units
of the 3' CGG tract by slipped-strand muspair mutation mechanism [Levinson and Gutman,
1987, Weber and Wong, 1993, Di Rienzo et al, 1994], additionally constrained by the
conservation of the first two AGGs. Altematively, it may have been a 29-t0-39 "jump"” (from
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9A9%A9 to 9A9ASA9 like in Macpherson ot al.[1995]) followed by the loss of an AGG
(9A9AOAS to 9AIAIY).

In the case of haplotypes 6-4-4 and 6-4-5 the N-to-S event is probably a particular "symmetric"
interspersion pattern (9AxA9, with x>10), as suggested by Eichler et al.[1996]. This might
predispose to the rapid loss of the second AGG (the S-to-Z transition of this pathway) and we
note that no longer-than-average CGG alleles are associated with these haplotypes in the controf
population (which contains both N and S alleles, while Z and L alleles can be distinguished from
their size). Actually, this may be because the S-to-Z transition rate on this pathway is higher
than that on the 2-1-3 haplotype pathway and does not allow the formation of a large detectable
"pool” of S intermediates (Fig. 1a).

We must note that some low-frequency haplotypes are likely to derive from these few "major”
fragile X-associated haplotypes by recombination andfor mutation at the microsatellite
themselves. In fact, during the several generations after the initial mutation, the relatively more
mutable marker microsatellites may transforrn a "major" haplotype into a set of apparently
"new" ones, clustered next to it [Chiurazzi et al., 1996a]; this could also partially account for the
high heterozygosity observed in Fragile X samples. The analysis of the less informative but
more stable single nucleotide polymorphisms FMRa and FMRb [Kunst and Warren, 1994]
might be appropriate in resolving this particular issue.

A lJocal instability mechanism has been suggested by Zhong et al.[1994a) to explain linkage
disequilibrium: here the initial amplification steps at the CGG repeat would predispose the
flanking markers to instability, but this should happen in a "directional" way (possibly in the
sense of a size increase), otherwise no preferential association would be detected. Anyhow, at
this time, no such mechanism has been identified.

The remaining third of fragile X full mutations is not showing any significant linkage
disequilibrium: these mutations are mainly associated with less frequent haplotypes, which may
be recent mutations that did not yet attain high frequencies, or sometimes with unique "rare"
haplotypes, not observed on any control chromosome [Macpherson et al., 1994]. 1t is possible
that some external factor, perhaps a mutation at a DNA repair locus, gives rise to simultaneous
instability in FMR1 and its flanking loci. If this happened in an individual homozygous for an
instability mutation [Brown et al., 1996], an unpredicted “rare" haplotype would be stabilized
in the heterozygous offspring. As yet, no "mutator” phenotype has ever been observed "in vivo"
or "in vitro" in fragile X families (normal life span, no specific familial cancers), although

exceptional pedigrees might, by coincidence, happen to show a genome-wide instability. Such 2
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family was described by Zhong et al [1993], where 3 FRAXAC2 mutations were observed, one
of which was significantly not on the fragile X chromosome [Richards et al., 1994b; Mornet et
ak, 1994; Zhong et al., 1994¢c]. Surveys on isolated normal populations [Eichler and Nelson,
1996; Chiurazzi et al., 1996b; Kunst et al., 1996} indicate that the FMR! triplet array attained its
average size before the spread of Homo sapiens, thus making gross differences in fragile X
prevalence among the various ethnic groups unlikely. Nevertheless, the particular AGG
interspersion pattern in small and isolated populations, like some Native Americans {Kunst et
al., 1996], might indeed stabilize the CGG triplet over hundreds of generations. Other
population surveys investigating the size and purity of the FMR1 triplet arrays will be needed to
refine our understanding of the first amplification steps, also bearing in mind the possibility of
size reductions {Vits et al., 1994; Chiurazz et al,, 1994], and to understand the relative roles of
hairpin formation and replication slippage on the leading and/or lagging strand. Extended family

analysis will be necessary to clarify the behaviour of "gray zone" alleles.

5) Note on complex microsatellites and on nomenclature

Detection of linkage disequilibrium can be less efficient when inadvertently using a complex
marker microsatellite 1.e. a marker including more simple repeats in the same amplification
product; in this case afleles cannot be upequivocally distinguished by their size and exact typing
would require laborious sequencing, like in the case of FRAXAC2 whose complex structure
(GTxC(TA)¥{T)z has been elucidated by Zhong et al[1993]. A much less polymorphic
secondary sequence might be also present in the DXXS8548 PCR product [Chiurazzi et al., 1996a
and b] but in this case it was possible to realize a new 5' primer that dissects the primary CA
repeats and allows a straightforward PCR size typing [Chiurazzi et al.,, 1996a]. The involvement
of many independent research groups has created discrepancies in nomenclature for the
microsatellite alleles. An attempt to draw together the various systems currently in use was
reported by Macpherson et al [1994] in their Table 1. Systems based on absolute size of PCR
products should be avoided as they suffer from the variability of DNA migration at
electrophoresis and become confusing when new primers are used to amplify the same
sequencer. On the other hand, systems based on arbitrary letter or number codes, which can be
standardized by circulating reference DNAs, are easier to employ although they do not refer to
any actual sequence information. In theory, systems based on the number of repeats would be
most satisfying and possibly a two-digit format with a reference point 00 for zero repeats could

allocate both even and odd microsatellite alleles. Such a format would be easy to convert to for
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future publications, given only access to some original sequence information and the availability
of a standard set of reference DNAs which could be circulated between the faboratories. In the
absence of any consensus the increasing body of data may eventually become impossible to

collate and compare.
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2.2 - Founder chromosomes in Italy

A total of 137 fragile X and 235 control chromosomes from varieus regions of Italy were
haplotyped by analizing two mneighbouring marcker microsatellites, FRAXAC1 and
DXS8548. The number of CGG repeats at ihe 5' end of the FMRI1 gene was also assessed in
141 control chromosomes and correlated with their hapletypes. Significant linkage
disequilibrium between some "major" haplotypes and fragile X was observed, while other
"minor"” haplotypes may have originated by subsequent mutation at the marker
microsatellite loci and/or recombination between them, Recent evidence suggests that the
initial mechanism leading to CGG instability might consist of rare (16™") CGG repeat
slippage events and/or loss of a stabilizing AGG via A-to-C transversion. Also, the
apparently high variety of fragile X chromosomes may be partly due to ¢the relatively high

mutation rate (10™5

) of the micresatellite markers used in haplotyping.

Our fragile X sample showed a higher than expected heterozygosity when compared to the
control sample and we suggest that this might be explained by the chance eccurrence of
the few founding events on different chromosomes, irrespective of their actual frequency in
the population. Alternatively, a local mechanism could enhance the microsatellite mutation
rate only on fragile X chromosomes, or fragile X mutations might occur more frequently

on certain background haplotypes.

Short tandem repeats (STRs), or microsatellites, are polymorphic head-to-tail arrangements of
DNA sequences up to about 6 bp [Weber and Wong, 1993]. They are extremely diffused in the
human genome and are almost evenly distributed between coding and uncoding regions [Tautz
and Renz, 1984], thus becoming useful in establishing high density linkage maps [Weissenbach
et al., 1992; Gyapay et al., 1994]. They appear to be 5 to 10 times more frequent than it would
be expected by chance [Tautz et al., 1986], possibly as a consequence of a slipped-strand
mispairing mechanism {Levinson and Gutman, 1987] particularly active in eukaryotic genomes
[Charlesworth et al, 1994]. This mechanism has been shown to operate both in vitro
[Schloetterer and Tautz, 1992, Hauge and Litt, 1993] and in vivo with mean mutation rates
estimated at 10™ to almost 10 per locus per gamete per generation, although the frequency of
slippage seems to be higher in the male compared to the female germiine [Weissenbach et al.,
1992; Weber and Wong, 1993]. Mutation rates of tetranucleotide repeats 4 times higher than that
of dinucleotide repeats has been reported [Mahtani and Willard, 1993; Weber and Wong, 1993].
Trinucleotide repeats can be tolerated also inside transcribed and translated sequences without

affecting the reading frame but their potential instability can result in gene malfunction if
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excessive amplification occurs [Kuhl and Caskey, 1993]. This is the case of the fragile X
syndrome and several neurodegenerative disorders [Willems, 1994]. Although "mautator" genes,
like MSH2, have been identified that can affect the overall genomic slippage rate by altering the
efficiency of the mismatch repair systems [Kunkel, 1993}, all presently identified "dynamic
mutations” seem to be local phenomena, apparently determined by the particular structure of
their trinucleotide repeat. Considering the expectedly high mutation rate of the CGG repeat at
the 5' untransiated region of the FMR1 gene, whose amplification is responsible for most cases
of fragile X syndrome, the finding of a linkage disequilibrium between the mutation and certain
haplotypes defined by flanking microsatellite markers was unpredicted [Richards et al., 1992;
Oudet et al., 1993a and b; Buyle et al., 1993; Hirst et al., 1993; Jacobs et al., 1993; Macpherson
et al., 1994; Malmgren et al., 1994; Montagnon et al., 1994; Zhong et al., 1994a]. A founder
effect suggests a lengthy multistep process leading to the pathogenetic amplification with
different transition rates between each mutational stage, In order to search for the existence of
founder chromosomes in ltaly, 137 unrelated fragile X and 235 control chromosomes were
haplotyped with two neighbouring microsatellite markers, DXS548 and FRAXACI, and the
CGG repeat number was assessed in 141 of the control chromosomes to check for the possible

existence of a correlation between total repeat length and "at risk" haplotypes.

Patients and Methods

DNA aliquots of 137 unrelated fragile X male patients were collected at four genetic centers
{Rome, Genua, Naples and Florence) thus providing a representative sample of most Italian
regions. DNA from [41 healthy males and 47 healthy females was also coliected from the same
centers and constituted owr pool of 235 control chromosomes. The microsatellites employed for
haplotyping were FRAXACI [Richards et al., 1991} and DXS$548 [Riggins et al., 1992] which
are focated 7 kb and 150 kb, respectively, proximal to the CGG repeat at the 5' end of the FMR1
gene. A duplex PCR proiocol has been developed to allow simultaneous amplification in a
single reaction. Thirty cycles ($4°C/1min - 55°C/lmin - 72°C/1min) were performed in a hot
bonnet Peltier effect thermal cycler and reactions were carried out in 10 pl with 200 ng genomic
DNA, 0.3 units of Taq polymerase, 1.5 mM MgCly, 10% DMSO, 0.2 mM each dNTP, except
dCTP which was 2 uM, 0.1 pl of alipha-**P-dCTP (3000 Ci/ml), 10 pmoles of each FRAXACI
[Zhong et al, 1993] and DX8548 [Verkerk et al, 1991] primer. Primer sequences were
respectively: FRAXACI-F (GAT CTA ATC AAC ATC TAT AGA CTT TAT T),
FRAXACI-R (GAT GAG AGT CAC TTG AAG CTG G), DXS548-F (GTA CAT TAG AGT
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CAC CTG TGG TGC) and DXS548-R (AGA GCT TCA CTA TGC AAT GGA ATC). A new
forward DXS548 primer (GAA TAG TCT CTG GGG TGG ATC TC) has been designed which
produces a shorter PCR product including only the main GT repeat (see Results). The DNA of
the 141 control males was also amplified with primers "c" and "f" [Fu et al,,1991] to assess the
CGG repeat number with 200 ng genomic DNA, 0.65 units of Taq polymerase, 2.0 mM MgCl,,
10% DMSO, 0.2 mM each dNTP, except dGTP which was 0.05 mM, 0.15 mM 7-deaza-dGTP,
0.13 pl of alpha-*P-dCTP (3000 Ci/ml) and 2 pmoles of each primer. Thirty cycles were again
used in a two-step PCR (94°C/45sec - 68°C/2min30sec). A 10 pl aliquot of stop solution {95%
formamide and dyes) was added to each tube, PCR products were denatured for 10min at 95°C
and 4 pl were loaded on a 6% polyacrylamide/ 7M urea denaturing gel. Samples were run at 70
watts for 2 to 4 hours depending on the size of the amplified products (approximately 200 and
150 bp for the duplex PCR and 300 bp for the 30 CGG repeat allele). Gels were dried without
fixation and exposed for 12 to 48 hrs at -80°C with intensifying screens. Reference DNAs were
consistently re-loaded at the sides and in the middle of every gel to rule out gel distortion
artifacts and samples were always run a second time in increasing size order to cross-check their
relative size. Some samples were reamplified if they failed to give any signal the first time or if
they showed ambiguous bands. CGG repeat size was evaluated next to an M13 sequence
assuming the thickest band to be the original product, as 2-3 faster shadow bands were always
present [Hauge and Litt, 1993]. FRAXAC] alleles were named with letters (A to F) as in
Richards et al. [1992] and DXS548 alleles were named as in MacPherson et al, [1994], although
the exact size of allele 8 calculated by sequencing (187 bp with 16 GT repeats) did not
correspond to that (192 bp) quoted by Riggins et al. [1992] and Oudet et al. [1993a]. The
chi-square test with Yate's correction is well suited to analyze the results and has been employed
to detect significant differences between the fragile X and control samples. Heterozygosity and

its variance were estimated using formulas [8.4] and [8.12] described in Nei [1987).

Results

FRAXACI and DXS548 allele distributions in both fragile X subjects and controls are shown in
Fig. la and b, respectively. As in all previous studies on Caucasian populations, the most
frequent alleles in the controls are FRAXACI-C [Richards et af., 1992: Hirst et al., 1993; Jacobs
et al., 1993; Macpherson et al., 1994; Zhong et al., 1994a] and DXS548-7 [Oudet et al.,, 1993a
and b; Buyle et al., 1993; Malmgren et al., 1994; Montagnon et al., 1994; Macpherson et al.,
1994; Zhong et al.,1994a]. The frequency of both alleles decreases significantly in the fragile X
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population (chi-square 29.8 and 68.5 respectively, p<0.001), matched by an increase in the
frequency of other alleles, expecially FRAXACI-A (chi-square 41.2, p<0.001) and DXS548-2
{chi-square 374, p<0.001). These values demonstrate the existence of a significant linkage
disequilibrium  between the fragile X mutation and some alleles of the neighbouring
microsatellites,

x2= 2938
162

a AXx B CH D E F

T %

Figure 1 - a) allele distribution at FRAXACI locus of 137 fragile X chromosomes (black bars) and
235 controls (gray bars): b) allele distribution at DXS548 locus of 123 fragile X chromosomes and 213
controls. Absolute chromosome numbers are reported on the top of every bar. Statistically significant
differences are indicated by asterisks next to the allele symbol and chi-square values are written on the
top of corresponding bars.
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DXS548 intermediate allele 6.5, observed only once, positions itself between alleles 6 and 7.
PCR has been repeated several times and the product was also run with an automatic sequencer
to confirm the intermediate size of this allele. Examining the DXS548 sequence [S.T. Warren,
unpublished] approximately 50 bp proximal to the GT repeat, we could notice a (C)sG(C)y
sequence whose longer poly-C tract might be slightly polymorphic [Weber, 1990]. In fact, when
we directly sequenced three clones of a DXS548-8 allele we found a (C)4G(C)1o motif: this 1 bp
insertion/deletion polymorphism could account for these intermediate alleles, although its rare
occurence in European populations does not blur the information obtained with the original
primers. Anyhow, more of these intermediate alleles have been abserved in a normal black
African population (Chiurazzi et al., 1996), therefore a new forward DXS548 primer has been
designed which gives a shorter (120 bp) product including only the main GT repeat.

Fig. 2 represents the FRAXAC1-DXS548 haplotypes in decreasing order of frequency in the

control population, and the corresponding frequencies found in the fragile X sample.

HikG % 15
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Figure 2 - Haplotype distribution of 125 fragile X chromosomes (black bars) and 202 controls {gray
bars) presented in decreasing order of frequency in the normal control population, Absolute
chromosome numbers are reported next to every bar. Statistically significant differences are indicated by
writing chi-square values aside the corresponding bars.
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Again as in previous studies, haplotype C-7 is by far the most common among the controls,
while in the fragile X sample its significant decrease (chi-square 55.7, p<0.001) is mainly
compensated for by the rise of haplotype A-2 {chi-square 35.2, p<0.001). Also clearly increased
in the patients’ population are haplotypes C-3 (chi-square 15.8, p<0.001) and D-6 {chi square 6,
p<0.015), while few other haplotypes give a minor contribution to the fragile X pool.

A comparison with the data of Macpherson et al. [1994] and, relatively to DX8548 only, with
those of Oudet et al. {1993a,b], Buyle et al. {1993] and Malmgren et al. [1994] suggests a
striking similarity of fragile X haplotypes distribution, with a South-to-North gradient noted for
haplotypes A-2 and D-6, the latter being more prevalent in Scandinavia and Britain, while the
former is dominant in Italy and Southern Europe. Actually, A-2 was also observed in 2 out of 3

patients from Iran and in one Singhalese boy that were referred to us [Chiurazzi, unpublished].
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Figure 3 - CGG repeat number distribution of 141 male controls, subdivided according to haplotype.

The CGG repeat distribution of our control population, subdivided according to haplotype, is
shown in Fig.3 in order to venfy if the total repeat length is a major factor in determining a
higher instability of some haplotypes. The few control chromosornes with haplotype A-2 have
mdeed a higher mean CGG repeat number, as also found by Kunst and Warren [1994].
However, this is not the case for D-6 and the other haplotypes that are more prevalent among the
fragile X population, underlining the role of factors other than total repeat length in causing
triplet instabikity.

Fig.4 presents the fragile X and control haplotype distribution as a two-dimensional array of the
DXS8548 and FRAXACI alleles. Its simple inspection allows two important observations: 1) the
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relatively large number of different fragile X haplotypes, although 4 of them (A-2, C-7, D-6 and
C-3), that we shall designate major haplotypes, make up for 70% of the total; 2) the higher
heterozygosity (86%+1.6%) of the fragile X sample compared to that of controls (57.4%+3.9%),
which is not unexpected if we consider that the fragile X chromosomes are more evenly
distributed over the 4 major haplotypes (A-2,24%; (*-7,20.8%; D-6,16.8% and C-3, 8.8%), while
the control distribution has a single dominant peak {C-7,64%).

FraX 1 2 3 4 5 6 6.5 7 8 9 Total
wi
4,80* 24* 0.8 0.8 3.2 33.6
A 1.49 2.48 0.5 1.49 5.94
0.8 0.8
B 1.98 1.98
3.2 8.8* 0.8 1.6 208 3.6 40.8
C 1.49 0.99 345 63.86% | 198 0.3 74.26
1.6 16.8* | 0.8 4.0 23.2
D 0.5 743 9.9* 17.82
0.8 0.8
E
0.8 0.8
F
5.6 28.8 9.6 1.6 19.2 08 28.8 5.6 100
Total | 142 | 396 1.49 | 13.37 7723 | 198 05 100

Figure 4 - Haplotype distribution of 125 fragile X chromosomes (bold type) and 202 controls (wt)
presented as a bidimensional array. FRAXAC! alleles correspond to rows and DXS348 alleles to
columns. Frequencies rather than numbers are given in order to facilitate comparison and statistically
significant differences are indicated by asterisks. Haplotype expected heterozigosity ( + standard error)
was estimated for the fragile X (86%:+1.6%) and for the contro! samples (57.4%-+3.9%).

Discussion

The study of fragile X population genetics has great relevance to test the various hypotheses
made on the nature of the "dynamic" mutational mechanism affecting the FMR| gene. In fact,
the first evidence of linkage disequilibrium between FMR1 mutations and flanking marker loci
prompted Morton and Macpherson [1992] to propose a multistep model with the frequency of
transition increasing from one mutational stage to the next (N-to-§ < §-to-Z < Z-to-L). This
basic propetty is common to other models [Kolehmainen, 1994; Ashley and Sherman, 1994] and
allows a few protomutations to generate a relatively high number of full mutations [Chakravarti,

1992]. Thus, founder chromosomes can be identified, although the strongly reduced fitness of
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the affected males would imply many new mutations on almost every chromosomal background
[Sherman et al., 1985} if a single-step mutational mechanism is assumed.

A complex mechanism also emerges from recent observations on slipped-strand mispairing and
hairpin formation, delineating a double-stage scenario. A first phase of low-grade instability
would include the eventual loss of stabilizing imperfections as intercalated AGGs [Kunst and
Warren, 1994; Eichler et al., 1994; Hirst et al., 1994, Snow et al., 1994; Zhong et al., 1995] and
slippage of a few or, more rarely, even 10 repeat units [Macpherson et al., 1995]. Such a
complex stepwise mutational mechanism {SMM), possibly common to all microsatellites, would
allow both expansions and reductions to occur even in discrete “jumps” and seems to fit better
the experimental data [Di Rienzo et al., 1994, Deka et al, 1995; Watkins et al., 1995]. The
determinant factors for this initial instability would be both the CGG repeat internal structure
and its length,as also suggested by our data presented in Fig.3. Then, a second phase of more
pronounced instability, leading to larger expansions, would be possible only for microsatellite
wiih specific repeat sequences because, above a certain lenpth threshold, formation of stable
hairpin structures is favoured [Gacy et al., 1993] and, in the case of CGG repeats, hairpins
would facilitate and be further stabilized by cytosine methylation [Fry and Loeb, 1994}
Moreover, homogenous Okazaki fragments composed almost exclusively of repeats would be
even more prone to mispairing and hairpin formation [Richards and Sutherland, 1994]; while the
location and distance of the closest origin of replication might favour expansion over deletion
events [Kang et al., 1995] and account for the amplification polarity [Kunst and Warren, 1994].
Kolehmainen [1994] correctly pointed out that an estimate of 2 x 10™ for the initial transition
rate {wild-type to protomutation) would result in fco many founder alleles to accept the
suggestion that all fragile X mutations originated on a small number of founder chromosomes.
We suggest that the above mentioned mechanistic evidence is compatible with a downward
revision of the estimate of the initial (N-to-S) transifion rate to values comparable to those of
most point mutations (10%7), as in the case of the A-to-C transversion leading to the loss of a
stabilizing AGG [Eichler et al., 1994]. Furthermore, the striking similarity among Caucasian
fragile X haplotypes, the South-North gradient of haplotype A-2 possibly originated on an
ancient Indoeuropean chromosome, and the analysis of fragile X pedigrees extending over
several penerations [Smits et al., 1993), all argue in favour of an extremely long history of
fragile X mutations. Indeed, recent studies on a black African population [Chiurazzi et al,
1996] and on primates {Deelen et al., 1994; Rubinsztein et al., 1993; Zhong et al., 1995] show
that the CGG repeat at the 5' end of the FMR1 gene is evolutionarily conserved and already
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attamned the mean size of 30 repeats with stabilizing AGGs in the primates. Of course, some
founder chromosomes, as D-6, could be of more recent origin and may have not yet contributed
fully to the pool of fragile X patients yet [Kunst and Warren, 1994; Mandel, 1994]. Based on the
above evidence, we may now assume a muliistep mutational mechanism with initial transition

rate of 1097

and reinterpretate the first of the observations derived from Fig.4. The relative
large number of differens fragile X haplotypes can be reconciled with a strong linkage
disequilibriurn; in fact only the major haplotypes {A-2, C-7, D-6, C-3 and possibly A-1 and C-8)
probably reflect a mutational event and represent the original founder chromosomes, while the
other fragile X haplotypes may have originated from the major ones via slippage at one or both

flanking markers, given the relatively higher (107

)} mutation rate of microsatellites [Weber and
Wong, 1993]. In less frequent cases, recombination between microsatellite markers might have
created a minor haplotype, one such case possibly being haplotype A-7 that could originate from
a crossing-over between a founder A-2 and a common control C-7 haplotype. In fact, the only
two A-7 control chromosomes have a high CGG repeat number, as it is the case for most A-2
chromosomes from which they would be derived. The identification and use of less
polymorphic markers (e.g. RFLPs) in the FMR1 gene will be crucial for the future assessment of
this problem.

The second observation we made from Fig.4 was that of the higher heterozygosity (86%+1.6%)
of the fragile X sample compared to that of controls (57.4%+3.9%). This is not an obvious
finding because in the absence of a founder effect, when new mutations are frequent, the
haplotype distributions of patients and controls would be almost identical, while in presence of a
strong founder effect the majority of mutations would be expected to occur on a more limited
haplotype background. However, the observed high heterozygosity could still be compatible
with few founding events if they occured on different and distant haplotypes, irrespective of
their relative frequency in the control population. Of course, it would have been more likely for
the founding chromosomes to cluster on and around the common control C-7 haplotype, but
fragile X mutations during history might have generated more dispersed clusters of major and
nunor founder chremosomes by chance. This "casual” hypothesis has the advantage of not
implying any particular mechanism linking the stability of the FMR1 CGG repeat with that of its
neighbouring marker loci, but in alternative, as suggested by Morris et al, [1995], we have to
consider three other possible models accounting for the association of some haplotypes with the
fragile X mutations. In the “concurrent” model another factor, perhaps a mutation at a DNA

repair locus, causes a simultaneous instability of the fragile X locus and of its flanking markers.
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Although there has been no observation of increased microsatellite instability at other genomic
loci in most fragile X families, this could be the case of a minority of families, possibly
including that with multiple FRAXAC2 mutations reported by Zhong et al. [1993]. The
"causal" model supposes that some haplotypes might predispose to mutation the FMR]1 CGG
repeat, but this would imply the presence of yet another cis-element acting on the triplet while
it seems that length and purity of the CGG repeat itseif are the main determinants of its stability.
Finally, the "consequent" model sugpgests that the fragile X mutation might enhance the
neighbouring microsatellite mutation rate [Zhong et al, 1994a and ¢, Mornet et al, 1994;
Richards et al., 1994b; Zhong et al., 1995], and this deserves careful verification although it
would tend to reduce any linkage disequilibrium by definition and there is no clear evidence of a
plausible mechanism. However, a thorough analysis of larper sets of data from Asiatic
populations might prove helpful, considering that Japanese [Richards et al., 1994a] and possibly
Chinese populations [Zhong et al., 1994b] are less heterogenous than European ones and present
very similar fragile X and control haplotype distributions; this should allow an easier
verification of the possible existence of an increased mutability of flanking markers on fragile X

chromosomes.
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2.3 - African FMRI haplotypes

We report on the allele distributions in a normal black African population at twe
microsatellite loci neighbouring the FRAXA locus and at the CGG repeat in the 5' end of
the FMRI gene, which causes the fragile X syndrome. The CGG repeat distribution was
found to be similar to that of other ethmic groups, as well as to that of non-human
primates, possibly predicfing a comparable prevalence of fragile X in Africa.

Significant linkage disequilibrium has been observed between fragile X mutations and
alteles of the DXS548 and FRAXAC1 loci in European and Asian populations, and some
founder chromesomes may be extremely old, Those associated with FRAXACI-A and
DXS548-2 alleles are not present in the Asian fragile X samples. We searched for these
alleles and their frequency in the well defined Bamileke pepulation of Cameroon. All
previously deseribed alleles and some new ones were found in this sample, supporting the
hypothesis of their pre-existance and subsequent loss in Asian popufations, Finally, the
heterozygosity of the Bamileke sample was significantly higher at both marker loci and
comparable to that of Europeans at the CGG repeat, confirming the notion that genetic
diversity is greater in Africans than in other groups and supporting the view that evolution

of medern man started in Africa.

Only few reports have dealt with fragile X in sub-Saharan Africa [Sutherland and Hecht, 1985;
Venter et al., 1981; Howard-Peebles and Stoddard, 1980} and, although the prevalence
estimate in whites of European origin has been recently lowered to approximately 1 in
4000 males [Turner et al., 1996}, fragile X syndrome seems either to be less frequent or to
have been underascertained in African populations. Watkins et al. [1995] surveyed five
trinucleotide repeat loci other than fragile X and suggested that the presence of alleles at the
upper end of the normal range might correlate with an increased prevalence of the
corresponding diseases, as m the case of dentato-rubro-pallido-juysian atrophy (DRPLA) in
the Japanese population. Thus, we determined the allele distribution of the CGG repeat at the §'
end of the FMRI gene in a normal sample from the Bamileke population of Cameroon, in
order to test if a possible lack of larger sized alleles might explain a low incidence of fragile
X in Affica, as it was proposed by Goldman et al. (1994] in the case of myotonic dystrophy.
We also tested this population with flanking markers FRAXACI and DXS548, to verify
whether alleles FRAXACI-A and DXS548-2, which are frequently found on European FMR1
founder chromosomes [Chiurazzi et al, 1996; Macpherson et al., 1994], are present in

Affica. These alleles are completely missing in the Japanese and Chinese patients populations
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fRichards et al., 1994; Arinami et al,, 1993; Zhong et al., 1994] and we hypothesize their
preexistence in Africa, their subsequent spread to Indoeuropeans and loss in the Asian

populations.

Sample and Methods

Our sub-Saharan African sample is comprised of 85 independent chromosomes derived from
9 male and 38 female unrelated Bamileke individuals. Bamilekes are considered the major
ethnic group of Cameroon, accounting for 11% of the country population {Spedini and Destro-
Bisol, 1988]. An additional 8 male Bororo and & male Sanga individuals from the Central
Affican Republic were also tested. Bororos, considered the most unadmixed group of the
larger Fulbe population, are nomadic shepherds, while the Sanpa people derive their name
from the river on which they base their subsistence. According to Greenberg [1980], the
languages spoken by these populations belong to the same linguistic philum (Niger-Kordofan),
although the linguistic family and group shared by Bamilekes and Sangas (Bantoid-Bantu)
differ from those of Bororos (West Atlantic-Fulfulde).

The microsatellites studied were FRAXACI [Richards et al., 1991] and DXS548 [Riggins et al.,
1992] which are located 7 kb and 150 kb, respectively, proximal to the CGG repeat at the §'
end of the FMR1 gene. A duplex PCR protocol has been developed to allow simultaneous
amplification in a single reaction [Chiurazzi et al., 1996]. Primers "¢" and "f* [Fu et al, 1991]
were employed to assess the CGG repeat number with 200 ng genomic DNA, 0.65 units of
Taq polymerase, 2.0 mM MgCl, 10% DMSO, 0.2 mM each dNTP, except dGTP which was
0.05 mM, 0.15 mM 7-deaza-dGTP, 0.13 ul of alpha-"P-dCTP (3000 Ci/ml) and 2 pmoles of
each primer. Thirty cycles were again used in a two-step PCR (94°C/45" - 68°C /27307).
Samples were run at 70 watts for 2 to 4 hours depending on the size of the amplified
products (approximately 200 and 150 bp for the duplex PCR and 300 bp for the 30 CGG
repeat allele). Gels were dried without fixation and exposed for 12 to 48 hrs at -80°C with
intensifying screens. Reference DNAs were consistently re-loaded at the sides and in the
middle of every gel to rule out gel distortion artifacts and samples were reamplified if they
failed to give any signal the first time or if they showed ambiguous bands, CGG repeat size
was evaluated next to an M3 sequence assuming the thickest band to be the original product,
as 2-3 faster shadow bands were always present. FRAXACI alleles were named with letters
{A to F) as in Richards et al. [1992] and DXS548 alleles were named as in MacPherson et al,
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[1994]. Heterozygosity and ils variance were estimated for all three ethnic groups using
formulas [8.4] and [8.12] described in Nei [1987].

Results

Because of the low number of Sanga and Bororo individuals tested, only data from the
Bamileke sample have been thoroughly analyzed and are presented in Fig.1 and Table 1. Ttalian
[Chiurazzi et al., 1996} and Chinese [Zhong et al., 1994] conirol groups are also displayed to
provide comparison with Caucasian and Asian populations, respectively.

Fig. 1 represents the allele distribution at the CGG repeat of the FMRI gene and clearly shows
that the African distribution has two modes, with a substantial proportion of alleles at 30 repeats
(27%) and at 29 repeats (27%), coinciding with the European and Asian modes, respectively.
A minor peak is present at 22 repeats (7%) and the range spans from allele 22 to 41 (Italian
range, 18-47, Chinese range, 21-45), while 15.3% of the sample is above 31 repeats (24.1% in
Italians; 19.5% in Chinese).

50% +
%+
0% P
" 0 1

Figure 1 — CGG repeat number distribution at the FMR/ locus of 85 unrelated normal chromosomes
from the Bamileke ethnic group of Cameroon (black bars). Absolute numbers are noted on top of every
bar. For comparison, a European [Chiurazzi ct al., 1996} and an Asian [Zhong ot al., 1994| control
populations are also represented by the white and shaded bars, respectively.

Fig. 2 and 3 show the distributions of FRAXAC! and DXS548 alleles, which are rather spread
out in the African population.

At the FRAXACI locus, again the Bamileke chromosomes are almost equally distributed
between the European mode (allele C, 53.6%) and the Asian one (allele D, 37.8%) and the
range comprises alleles A to F, this latter being described before only in one fragile X patient
from Southern Italy [Chiurazzi et al., 1996].
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Figure 2 — Allcle distribution at the FRAXAC]I locus of 82 unrefated normal chromosomes from the
Bamileke ethnic group of Cameroon (black bars). Absolute numbers are noted on each bar, European

[Chiurazzi et al., 1996] and Asian [Zhong et al., 1994] control populations are also represented by the
white and shaded bars, respectively.

At the DXS548 locus one can notice rare alleles too as DXS548-3 (11%), which we found in
almost 9% of our fragile X patients but not in controls [Chiurazzi et al., 1996], and DXS548-0
that we observed in a Sanga male, which has never been reported before. As we previously
noted [Chiurazzi et al., 1996], intermediate-size alleles 1.5, 3.5 and 5.5 (1, 4 and 3 cases,

respectively) could be due to a 1-bp insertion/deletion polymorphism within a variable
(C)4G(C)1 1 sequence, approx. 50 bp upstream from the GT repeat.

Ti %

%
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Figure 3 — Aliele distribution at the DX5548 locus of 82 unrelated normal chromosomes from the
Bamileke ethnic group of Cameroon (black bars). Absolute numbers are noted on each bar. European

[Chiurazzi et al., 1996] and Asian [Zhong et al., 1994] control populations are also represented by the
whitc and shaded bars, respectively.
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Table T compares the expected heterozygosities at every locus, demonstrating that the
Bamilekes have the highest pene diversity at both marker loci FRAXACH and DXS548, while
the estimated value intervals (% standard error) of the Bamilekes and Italians extensively

overlap at the FMR] CGG repeat locus,

Bamileke Italians Chinese
FMRI-CGG 0.8164:0.021 0.832 £0.027 0.706 +£0.033
(85) (141) (123)
FRAXACI 0.573+£0.032 0.467 +0.031 0.419+0.026
(82) (231) {206)
DXS8548 0.679 + 0,050 0.405+0.039 0.327 +0.039
(32) (211) (206)

Table 1 — Expected heterozygosity valucs, Heterozygosity + standard error at the three analyzed loci
were caloulated for the Bamileke ethnic group of Cameroon [present study], the ltalian control sample
that we recently reported [Chiurazzi et al., 1996 and the Chinese studied by Zhong et al. [1994]. Total
chromosonie numbers are indicated in brackets.

Finally, we will also note that DXS548 intermediate-size alleles are more frequent in
Bamilekes (9.7%) than in Italians, where they can be considered extremely rare (I out of 215,
Le. <0.5%); thus we may assume that Africans show an increased heterozygosity also at the
(CHUG(C)11 contained in the DXS548 PCR product. Therefore, we are currently investigating
the variability of this other polymorphic element by using a different $' primer. This will help to

exploit the full informative potential of the main GT repeat without blurring effects.

Discussion

Surveys of allele distribution at various microsatellite loci in different human populations and
groups of non-human primates have helped to elucidate their mutational mechanism, while at
the same time shedding some light on the evolutionary history of our species [Cavalli-Sforza,
1991; Cavalli-Sforza and Piazza, 1993]. A complex stepwise mutational mechanism {SMM),
allowing both expansion and reduction to occur mainly by single bp slippage but also in
discrete "jumps", seems to fit best the experimental data [Di Rienzo et al., 1994; Deka et al.,
1995] accounting for the multimodal distributions often observed at several loci [Mandel,
1994]. If constant mutation rates and no selective constraints are assumed for microsatellite

variation, gene diversity can be correlated with time efapsed since foundation, although a small
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effective population size could reduce the observed variability [Paabe, 1995]. We observed the
highest heterozygosity in the ethnically well defined Bamilekes (Table I}, despite the larger
size of the two non-African samples and their presumably greater extent of recent admixture.
This observation is consistent with other evidence based on PCR analysis of mini- and
microsatellite loci m various human pepulations [Bowcock et al.,, 1994; Destro-Bisol et al.,
1994; Deka et al., 1995]). Although the evolutionary significance of a greater genetic diversity is
controversial [Rogers and Jorde, 1995], our data might support the hypothesis of a
monocentric origin of modern man, migrating out of Africa [Gibbons, 1995].

The substantially similar distribution of Bamileke, Italian and Chinese alleles at the FMR1 CGG
repeat locus (Fig. 1a), with the highest observed Aftican aliele at 41 repeais (vs. 47 in Italians
and 45 in Chinese), would suggest a detectable prevalence of the fragile X syndrome in
Africa. On the other hand, Rubinsztein et al. {1995] have proposed the existence of a general
trend toward size increase of microsatellite repeats during evolution, based on comparison
between human and primate samples, and indeed the lack of high-normal range alleles at the
CAG repeat of the myotonin locus might explain why the prevalence of myotonic distrophy in
Africa appears low [Goldman et al, 1994; Watkins et al., 1995]. Deelen et al, [1994] first
reported CGG counting at the FMR1 locus in an african green monkey that showed two
alleles of 26 and 31 repeats, while Zhong et al. [1995] tested 8 chimpanzees and 6 orangutans,
finding a mean repeat length of 34 and 30 repeats respectively and also confirming the
presence of intercalated AGGs. Actually, the same data of Rubinsztein et al. [1995]
demonstrate a complete overlap of human FMR1 CGG allele distribution with that of gorillas,
orangutans and baboons, while their sample of 19 chimpanzees showed an even higher mean
length. So it seems more likely to assume that microsatellite sizes fluctuate during evolution
in balance between expansion and reduction trends, and the FMR1 CGG repeat 1tself seems
to have reached its present size already before the other primates diverged from the human

lineage.

As further proof, we should consider that our African sample included two previously
undescribed alleles, one being the smallest (FRAXACI-F) at its locus and the other being the
largest (DXS548-0); gene diversity in Africans is then increased both in the sense of increasing
and decreasing size. From Fig. 1b and ¢ we verify the presence in the Bamilekes of both
alleles FRAXACE-A and DXS548-2 (Fig. ib and ¢), which are frequently associated on fragile

X chromosomes in Caucasians while they are almost absent in the Far East Asians. They
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were also found in two Iranian and one Singhalese patients that were referred to us
[Chiurazzi et al, 1996] Thus we speculate that Indoeuropean fragile X A-2
chromosomes could derive from an ancient African founder while they might have been lost in

Asian populations, possibly because of a "bottleneck" effect.
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Reactivation of the inactive FMRI gene






3.1

In vitro reactivation of the FMRI gene

Adapied from

Chiurazzi P, Pomponi MG, Willemsen R, Oostra BA, Neri G (1998) In vitro reactivation of the
FMRI gene involved in fragile X syndrome, Hum Mol Genet 7: 109-113.






3.1 Reactivation of FMR1

Fragile X syndrome is the most frequent cause of heritable mental retardation. Mest
patients have a mutation in the 5° untranslated region of the FMRI gene, consisting of the
amplification of a polymorphic (CGG), repeat sequence, and cytogeneticaily express the
folate-sensitive fragile site FRAXA in Xq27.3. Fragile X patients harbeur an expanded
sequence with more than 200 CGG repeats (full mutation), accompanied by methylation of
most cytosines of the sequence itself and of the upstream CpG island. This abunormal
hypermethylation of the promoter suppresses gene transcription, resulting in the absence
of the FMR1 protein. Rare individuals of normal intelligence were shown to carry a
completely or partiaily unmethylated full mutation and to express the FMR1 protein.
Given this observation and knewing that the open reading frame of the mutated FMRI
gene is intact, we decided to investizate whether its activity could be restored in vitro by
inducing DNA demethylation with 5-azadeoxycytidine (5-azadC) in fragile X patients’
lymphoblastoid cells. We report that treatment with S-azadC causes reactivation of fully
mutated FAMRI genes with 300 to 800 repeats, as shown by the restoration of specific
mRNA and protein production. This effect correlates with the extent of promoter
demethylation, determined by restriction analysis with methylation-sensitive enzymes.
These results confirm the critical role of the FMR! promoter hypermethylation in the
pathogenesis of the fragile X syndrome, provide additional explanation for ¢the normal 1Q
of the rare males with unmethylated full mutations and pave the way to future attempis at

pharmacologically restoring mutant FMRI gene activity in vive.

Fragile X syndrome is the most frequent cause of heritable mental retardation’. Over 95 % of
patients have a mutation in exon 1 of the FMRI gene, consisting of the amplification of a
{CGG). sequence’. This sequence, which is polymorphic in the normal population with a mean
copy number of 30 CGGs, is transcribed but not translated®. 1t becomes meiotically and
mitotically unstable in premutation carriers with 50 to 200 CGG repeats. Patients with fragile X
syndrome have an expansion of more than 200 repeats (full mutation), accompanied by
methylation of most cytosines of the CGG stretch and of the upstream CpG island™. It has been
suggested that the abnormal hypermethylation of the FMRI promoter suppresses gene
transcription, resulting in absence of specific mRNA and protein®'®, in spite of the fact that the
open reading frame of the gene is intact. The observation of rare individuals of normal
imntelligence, carrying a completely or partially unmethylated full mutation and expressing the

FMRI1 protein''"’, also supports this hypothesis. However, since patients are often mosaics
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harbouring several amplified alleles of different lengths, as well as premutations which are still
transcriptionally active, genotype-phenotype correlations in vive are of limited use.

Therefore we decided to try to restore the activity of the FMRI gene in vifro by inducing DNA
demethylation with S-azadeoxycytidine (5-azadC) in lymphoblastoid cell lines established from
fragile X patients with a “pure” full mutation, which did not have any detectable level of FAMR/
mRNA and proteiti expression.

Results

Lymphoblastoid cell lines from 5 male fragile X patients and 2 male controls were used in the
experiments. The size of the amplification in the patients’ cell lines ranged frorh 300 to 800
CGG repeats. Both peripheral lymphocytes and EBV-transformed lymphoblasts of control
individuals abundantly express FMR1 protein, while the patients’ cell lines did not produce any
detectable amounts of either specific mRNA or protein, with the partial exception of patient 5 as
discussed below. All cell lines were cultured in duplicate as described in the Methods and one
aliquot was treated with 5-azadC for 7 days while tissve culture medium was added as mock
treatment to the other aliquot. Cell counts at the end of each experiment indicated that cell

viability was not significantly different in treated and untreated cell lines.

FMR1 gene expression

The effect of 5-azadC on transcription was tested by RT-PCR (Fig.1) using primers 4924-4925
for FMRI (145 bp product) and, as an internal control, primers 243-244 for the housekeeping
HPRT gene (370 bp product). No FMR/! product is seen in lanes 2,4,6,8 and 10, corresponding
to the untreated patients® samples (patients 1 to 3), while the specific band is clearly present in
lanes 3,5,7,9 and 11 that contain samples of the same patients treated with 5-azadC. Some
FMRI! mRNA is actually detectable in the untreated sample from patient 5 (lane 10), in whom
DNA methylation analysis showed that the full mutation was partially demethylated (data not
shown). In the untreated and treated control males’ cells the FAMR} gene is fully expressed
(tanes 12 and 13) and the 5-azad( treatment does not appear to affect the FMRI/HPRT ratio. A
modified radioactive RT-PCR protocol with reduced number of cycles allowed semi-
quantitation of the FMR/ transcripts detectable in the treated patients’ lines (Fig.2), which range
from 10 to over 50% of the normal mean value, as evaluated by densitometric analysis of the

auforadiograms.
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1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 1. RT-PCR products (32 cyeles) of FMR/ (Jower band, 145 bp) and HPRT (upper band, 370
bp) from all patients” cell lines with and without 5-azadC treatment. Fragments were separated on a 1.2%
agarose gel and stained with ethidium bromide. Samples corresponding to untreated cell lines of patients
1 to 5 are shown in lanes 2,4,6,8 and 10, while treated samples were loaded next, in lanes 3,5,7.9 and 11,
Samples of a control male are shown in lanes 12 (untreated) and 13 (weated). A i-kb molecular weight
marker was loaded in lane 1,

Figure 2. Radioactive RT-PCR products (21 cycles) of FMRJ and HPRT from two patients’ cell lines
with and without 5-azadC treatment. Samples corresponding to untreated cell lines of patients 1 and 3
and of one control male are shown in lanes 1.3 and 3, respectively, while treated samples of patients 1
and 3 were loaded in lanes 2 and 4.
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CpG island demethylation

DNA methylation analysis using methylation-sensitive enzymes showed loss of the usual
hypermethylation of patients’ full mutations. A representative experiment is shown in Fig.3 for
patients 3 and 4, who harbour full mutations of 700 and 500 CGG repeats, respectively. Partial
demethylation of the Ssil (equivalent to Sacll) site of the FMRI promoter is clearly
present in 5-azadC treated cells (lanes 4 and 6), while hypermethylation is complete in the
corresponding untreated samples (lanes 3 and 3). Again, there was no evidence of any

premutation or normal sized fragments after treatment.

Figure 3. Southern blot of genomic DNA of treated and untreated patient and control cell lines. Lane 1:
normal control digested with Hindlll only; lane 2: same sample digested with Hindlil and Ssil
(isoschizomer of Sacll). Samples in all other lanes were digested with both Hindlll and SstIl. Untreated
samples of patients 3 and 4 arc loaded in lanes 3 and 3, showing only methylated bands of 700 and 500
repeats, respectively. The corresponding treated samples are loaded in lanes 4 and 6, showing the
appearance of demethylated bands. The promoter-specific probe Ox1.9 was used for detection.

Methylation analysis was also performed with the enzymes Fagl and BssHII (data not shown).
However, these enzymes were not as effective as Ss#ll, suggesting an uneven distribution of the
demethylated sites across the FMR{! CpG island. It is worth noting that expression of the FMR
gene has also been demonstrated in a tumor harbouring a large premutation with both Fagl and

BssHII sites completely methylated'®. Thus it seems that the methylation density of the 5> CpG
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island as a whole may be more important than the methylation of specific sites in determining

the transcriptional status of the FA4RJ gene.

Protein expression

Reappearance of the FMR1 protein in the cytoplasm of the treated patients’ cell lines was
demonstrated by immunocytochemistry, as shown in Fig. 4. Cells from an untreated patient
show no specific fuchsin red staining because no protein is recognized by the specific mouse
monoclonal antibody (Fig.4b), as opposed to cells from a normal control (Fig.4a), whose
cytoplasm stains positive. After 5-azadC treatment a proportion of patients’ cells show
specific staining (Fig. 4c), though sometimes of reduced intensity. The number of cells

expressing FMR protein is in line with the observed level of promoter demethylation.

a — confrol male b — untreated patient ¢ — treated patient

N

Figure 4. Immunocytochemistry of cytospins prepared from treated and untreated cell lines (for the
colors, please refer to the original paper). a, control male, b, Patient 3 without treatment. ¢, Patient 3
after 5-azadC treatment.

Discussion

We have shown that mutant FMRI genes with expansions of 300-800 CGG riplet repeats are
able to resume transcription after 5-azadC treatment (Fig. 1 and 2), concomitant with
demethylation of the promoter (Fig. 3). The efficiency of transcription appears to correlate with
the degree of demethylation, as also indirectly suggested by previous studies in which the
activity of a recombinant construct containing the FMR/ promoter was inhibited by

hypermethylation® ',

The extent of promoter demethylation attained in our experiments is
probably related to the fraction of cycling cells which incorporated 5-azadC in culture. Thus, it

appears that the amount of specific FMR mRNA produced by the cells depends on the degree
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of demethylation of the promoter, while the amplification itself does not seem to block
transcription of hypomethylated alleles. Similar effects of both 5-azadC and 5-azacytidine (5-
azaC} have been reported on the transcriptional reactivation of several genes, like PGK1 and
HPRT'**, which are also normally silenced by the hypermethylation of their respective 3’

CpG 1slands on the inactive X chromosome.

Moreover, we showed that mutant FMRI transcripts with up to 800 CGGs can be translated into
protein (Fig.4), while it had been suggested that, above a threshold of 280 triplets, translation of
abnormal mRNAs is completely abolished because of stalling of the repeated sequence on the
small ribosomal subunit™.  In other words, we provide direct evidence that hypermethylation of
the FMR! promoter and not amplification of the CGG repeat is the major determinant in
abolishing FMR1 protein production. The difference between our results and those of Feng er
al®, who tested fibroblast-like cell lines, could be due to different cell specificity in the
expression of the FMR protein. Qur experiments are in line with the observations of Smeets er
al'' on lymphoblastoid cell lines of two normal males with unmethylated full mutation and we
were able to induce a comparable situation with a DNA demethylation protocol. Thus, even if
the abnormal length of the amplified FMR/ mRNA is likely to diminish somewhat the
traslational efficiency, fragile X full mutations can still be transcribed and translated when the
promoter of the gene is demethylated. Reduced levels of the protein appear to be sufficient to

prevent mental retardation in the few males with unmethylated full mutations'’.

In perspective, we think that our experiments pave the way to future attempts at
pharmacologically restoring gene activity in the fragile X patients. End-stage patients with
P-thalassemia were treated with intravenous azacytidine, which was able to boost gamma globin
expression up to therapeutic levels”. While long term treatment with such agents may have
serious adverse effects, use of safer DNA demethylating drugs, after in vitre testing for efficacy
and lack of toxicity, may represent a not so remote therapeutic possibility for fragile X patients.
Eventually, one might even consider the possibility of a preventive treatment. In fact, there is
evidence that methylation of fully mutated /AR/ gene takes place only during a short time
period before week 10 of fetal development’. If this early methylation event could be either
prevented or reversed, it might be expected that the gene will stay demethylated during further
development and after birth,
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Materials and Methods

Cell calture and DNA demethylating treatment.

EBV-transformed lymphoblastoid cell lines were established from blood samples of fragile X patients
and normal controls using the procedure of Neitzel™. Cells were grown in RPMI1640 medium with 10%
fetal calf serum and penicillin/ streptomycin at 37°C, in 5% CO, atmosphere.  Cells were counted and
seeded at the initial concentration of 3x10° /ml and synchronized with two 8-hour blocks of 1| mM
thymidine (Sigma) spaced by a 10-hour interval. After each thymidine block the cells were centrifuged
and resuspended in fresh medium, Treatment with the DNA demethylating agent 5-azadeoxycytidine (5-
azadC, Sigma, 0.5-1 uM) was started afier the first thymidine block. Total cell culture volume was
tripted by the end of the treatment {from 20 to 60 ml) and fresh 5-azadC was added every 24-48 hours, to
keep its concentration constant. A control flask for cach cell line was also grown without addition of 5-

azadC. At day 7 cell concentration was measured and both treated and untreated coltures were recovered
and subdivided.

RT-PCR analysis.

Total RNA was extracted with the single-step acid phenol method™. ¢DNA synthesis was carried out
with 200 Units of MoMLV-RT (Gibco/BRL) incubating 5 pg  of total RNA and 1.2 pg of random
hexamers (Pharmacia) at 37° C for 60-90 min. Expression of specific mRNA was determined by RT-
PCR using primers 4925-4924 located in exons 3 and 4 of the FMR/ gene®. As intemnal control of
amplification we employed primers 244-243 of the HPRT gene which is constitutively expressed in ail
cells®. 32 PCR cycles (94° 1’- 55° 1*- 72° 27) werc employed to detect the amplification products with
ethidium bromide after separation on a 1.2% agarose gel. Cycle number was lowered to 21 when o"2P
dCTP was added and PCR products were separated on a denaturing 6% polyacrylamide gel (7M ureg),
Densitometric analysis of the autoradiographic film was carried out with the NIH Image software
(version 1.61).

DNA methylation analysis.

Genomic DNA was extracled according to a routine salt-chloroform protocol®. Southern blots were
prepared digesting 10 pg genomic DNA with 24 Units of methylation-sensitive enzyme Ssfl
(Gibco/BRL), an isoschizomer of Sacll, and 50 Units of Hindlll (MBI/Fermentas), incubated overnight
at 37° C in the Hindlll buffer. Samples were run on a 0.8% agarose gel and blotted on Hybond N+ nylon
membrane (Amersham}. DNA methylation status of the FMR/ promoter was evaluated by hybridization
of probe Ox1.9 *". Filters were hybridized overnight at 65°C in 0.5 M sodium phosphate/ 7% SDS buffer
and subsequently washed for 30 min with SSC 2x/SD$ 0.1% at room temperature and for 10 min with
SSC 0.5x/S8DS 0.1% at 65°C, then exposed for 3-7 days at -80°C to Kodak Ektamat G films with
intensifying screens.

Protein immunocytechemistry,

Cytospins of treated and untreated cell suspensions were prepared on microscope stides and the presence
of the FMR1 protein was tested with a previously described antibody test” that employs the specific
mouse monoclonal antibody Al (Euromedex). Cells were fixed for 10 min with a drop of 4%
paraformaldehyde and permeabilized with 100% methano! for 20 min. Slides were then washed in 0.1 M
PBS+ {0.15% glycing, 0.3% BSA} and incubated 1 hour at room temperature with 1:200 mouse
monoclonal antibody. After washing and another }-hour incubation with 1:200 biotinylated goal anti-
mouse immunoglobulins, a final 45 min incubation followed, with 1:100 streptavidin-biotinylated
alkaline phosphatase (StreptABComplex/alkaline phosphatase, DAK(Q). Revelation was obtaincd with
the New Fuchsin substrate-chromogen system (DAKQ) for 15-30 min after extensive washing with 0.1
TRIS. Nuclei were counterstained with Gill’s haematoxylin and slides mounted.
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3.2 - Synergy in FMRI reactivation

Most fragile X syndrome patients have an expansion of a (CGG), sequence with more than
200 repeats (full mutation) in the FMR! genme, responsible for this condition.
Hypermethylation of the expanded repeat and of the FMRI prometer is almost always
present and apparently suppresses transcription, resulting in the absence of the FMR1
protein. We recently showed that transeriptional reactivation of FMRI full mutations can
be achieved by inducing DNA demethylation with 5-azadeoxycytidine. The level of histone
acetylation is anether important factor in regulating gene expression, therefore we treated
lymphoblasteid cell lines of nonmosaic full mutation patients with three drugs capable of
inducing histone hyperacetylation. We observed a consistent, although modest,
reactivation of the FMR/ gene with 4-phenylbutyrate, sodium butyrate and trichostatin A,
as shown by RT-PCR. However, we report that combining these drugs with 5-azadC
resulés in a 2- to 5-fold increase of FAMIRI mRNA levels obtained with 5-azadC alone, thus
showing a marked synergistic effect of histone hyperacetylation and DNA, demethylation in
the reactivation of FMRI full mutations.

Fragile X syndrome is a common cause of inherited mental retardation with minor physical
manifestations, due to mutations in the FAMR/ gene located in Xq27.3 (1). Most patients have a
mutation in the 5” untranslated region of this gene, consisting of an expanded (CGG), sequence
with more than 200 repeats (full mutation). Hypermethylation of most cytosines in the CGG
repeat and in the upstream CpG island is observed and this correlates with gene silencing and
absence of the FMR1 protein.

Rare individuals of normal intefligence were shown to carry a completely or partially
unmethylated full mutation and to express the FMR1 protein (2-4). This clearly shows that the
absence of the FMRI protein is the cause of the disease. Given this observation and knowing
that the open reading frame of the FMR/ gene is intact in patients with a full mutation, we
investigated whether the gene’s activity could be restored in virro by inducing DNA
demethylation with 5-azadeoxycytidine (5-azadC) in fragile X lymphoblastoid cell lines. In fact,
we found that transcriptional reactivation of FMRI full mutations and restoration of protein
production can be achieved with 5-azadC treatment (5).

It was recently shown that DNA methylation can cause transcriptional silencing of genes
through local deacetylation of histonic proteins (6-8). Actually, transcriptionally active
chromatin appears to contain more acetylated core histones than tightly packaged

heterochromatin (9-11) and treatment with inhibitors of histone deacetylases can increase gene
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expression (12). We had previously shown that these drugs inhibit the ¢ytogenetic expression of
the fragile site FRAXA in cultured lymphocytes of patients (13).

Therefore we decided to test whether treatment with histone hyperacetylating drugs could also
lead to transcriptional reactivation of the FAMR7 gene in lymphoblastoid cell lines of fragile X
patients. Since fragile X patients are often mosaics harbouring several amplified alleles of
different lengths, as well as premutations which are still transcriptionally active, we made sure
to work with cell lines harbouring only fully expanded alleles. We have used 4-phenylbutyrate
(4-PBA) and sodium butyrate (BA), which are reversible inhibitors of histone deacetylases
{HDACs) active at millimolar concentrations (14), and trichostatin A (TSA) which is also a
reversible HDAC inhibitor already at micromolar concentration (15,16). We also extended our
initial observation on 5-azadC by employing different concentrations of the drug, for variable
periods of time. Most importantly, we tested if the combined treatment with 5-azadC and

hyperacetylating drugs would result in a synergistic or simply additive effect.

Results

Lymphoblastoid cell lines were established from peripheral blood lymphocytes of several male
fragile X patients and the size of the {CGG), expansion was determined by Southern blot
analysis after restriction with HindIIl and Eagl (data not shown). Only cell lines harbouring a
full mutation {i.e. with more than 200 CGG repeats) and without constitutive FMR/ expression
were used in these experiments. More precisely, cell line E3 contains approx. 270-370 CGG
repeats, line E4 contains 370-520 repeats, while lines E6 and E7 have between 590 and 710
CGG repeats. All the full mutations were completely methylated at the Eagl site tested with the
Southern blot.  Reverse transcription (RT)-PCR, employmg primers for FMRI mRNA and
HPRT mRNA as internal control, was performed in order to confirm the silencing of the FMR{
gene in the patients’ untreated cell lines.

Lymphoblasts were cultured and treated as described below with either a histone deacetylase
inhibitor alone or in combination with the demethylating agent 5-azadC. After RNA exiraction,
its concentration was measured and the same amount was used in an optimized semiquantitative
RT-PCR assay to estimate the relative abundance of the FMRI and HPRT transcripts. It shouid
be immediately noted that, although the same amount of total RNA was employed in each RT
reaction, the absolute RNA yield and the number of harvested cells decreased with increasing
concentrations of the drugs used in the treatment. This effect on cell viability was much more
pronounced with TSA (up to 90-95 % decrease) than with either BA or 4-PBA, depending on
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the drug concentration (data not shown). Only a slight decrease was observed with 5-azadC
alone (up to 50 %), as previously reported (5). A typical result obtained after performing a
radicactive RT-PCR is presented in Figure 1. The 195-base pair (bp) band corresponding to the
FMRI mRNA 1s visible in the normal (male) control line (lane 11) and in the treated patients’
cell lines (lanes 2-5 and 7-10) but not in the untreated ones (lanes 1 and 6). The 386-bp band
specific for the IPRT transcript serves as an internal control for the quantification of input
RNA. After densitometric analysis the results were normalized for the intensity of the HPRT
band and ratios were calculated in order to express the FMR/ reactivation as a fraction of FMR/
mRNA in the control cell line.

patient £3 patient £6 W

HFPRT
{386 bp)

FMRI
(195 bp)

1 2 3 4 8 & 7 8 9 10 11

Fig. 1 — Typical RT-PCR experiment illustrating the results of a combined ireatment with 5-azadC and 4-
FBA. The upper band (386 bp) corresponds to the transcript of the HPRT housckeeping genc used as
internal control. The lower band (195 bp) is specific for the FAZR/ mRNA and is absent in both patients’
untreated cell lines (lanes I and 6). "U" stands for "untreated"; "0.2" or "1.0" means treated with cither
0.2 or 1.0 pM of 3-azadC; "0.2+" or "1.0+" means treated with either 0.2 or 1.0 uM of 5-azadC and 3
mM 4-PBA. "WT" indicales the lane of the normal control sample.

A modest but consistent reactivation of the FAR/ gene was obtained by treating the cell lines
for 48 hours with various concentrations of 4-PBA (Fig. 2a) and TSA (Fig. 2b) in the millimolar
and micromolar range, respectively. Sitnilar results were obtained when the same cell lines were
treated with BA in place of 4-PBA (data not shown). 4-PBA was effective at and above SmM
concentration, while TSA-induced reactivation peaked at 300-500 nM and decreased above 1
MM, possibly because of its adverse effect on cell viability. As noted above, the number of cells
harvested sharply decreased after treatments with HDAC inhibitors, which are known to have
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powerful growth-arresting effects (17,18). Therefore we repeated the treatment with 4-PBA over
a 48 or 96-hour peried, but washing the cells free of the drug for either 4 or 8 hours every day.
Although the FAMR! to HPRT ratio did not change, we observed an increase in cell number and

_viability (data not shown).
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Fig. 2 — Relative levels of FMR! reactivation after treatment with various concentrations of 4-PBA (a),
TSA (b) or 3~azadC (c). A single dose of 4-PBA and TSA was added for 48 hours, while a daily dose of
5-azadC was added for 72 hours before cell harvesting. Open circles and diamonds correspond to the cell
lines of patient E4 and E3, respectively. Reactivation levels are indicated as percentage of wild-type
expression. The experiments were replicated with minimal differences for each cell line.

Figure 2c¢ illusirates the results of a similar experiment performed over a 72-hour inferval with
different concentrations of 5-azadC alone, which shows that 5-azadC has a much greater effect
(sometimes up to 10-fold) on FMRI expression, compared to the small reactivation obtained
with HDAC inhibitors. It is also clear that the effect becomes apparent above 200 nM and

reaches a platean above 2uM concentration. Furthermore, a different reactivation response was
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observed between the two patients’ cell lines employed in this experiment, which suggests that
some full mutations may be reactivated more easily than others.

In order to estimate an optimal incubation time for the drugs’ action, the same cell lines were
treated with either 4-PBA or 5-azadC for variable time intervals comprised between 12 hours
and 8 days (Fig.3).
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Fig. 3 — Relative levels of FMR/ reactivation afier treatment with 5 mM 4-PBA (a) and 1 uM (open
symbols) or 0.2 uM (filled symbols) 5-azadC (b} for 12, 24, 48, 96 and 192 hours, respectively. Circles
and diamonds correspond to the cell lines of patient E4 and E3, respectively. 4-PBA was added every 48
hours and 5-azadC daily, while cell culture medium was changed every 48 hours. Reactivation levels are
indicated as percentage of wild-type expression. The experiments were replicated with minimal
differences for each cell hine.

With 4-PBA treatment (5 mM), adding the drug every 48 hours after the medium had been
refreshed, the FMRI to HPRT' ratio started to increase afier 24 hours and tended to plateau
during the last 4 days (Fig. 3a). The effect of the daily addition of 5-azadC was tested at 1 uM
or 0.2 uM concentration (Fig. 3b). 5-azadC at | pM had again a much stronger effect than 4-
PBA (5 mM) and the FMRI to HPRT ratio clearly increased after 48 hours up to the end of the
treatment. The lower concentration (0.2 pM) was suboptimal at all time points.

Combined treatments with 5-azadC and HDAC inhibitors were then performed in order to test

whether the respective effects would be simply additive or possibly synergistic. 5-azadC was
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added daily for a total of 72 hours at two concentrations (0.2 and 1 uM) with the aim of
facilitating the detection of any synergy of treatment when using the suboptimal dose of 0.2 pM.
Optimal concentrations of 4-PBA (5 mM), BA (5 mM)} and TSA (0.3 uM) were then added for
the last 24 hours to one culture while another received just a mock treatment (with adequate
volumes of PBS or DMSO). Figure 1 visually depicts the resulis for two of the cell lines
carresponding to patient E3 and E6 treated with 5-azadC and 4-PBA. The complete results of

the combined treatments are presented in graphical form in Figure 4.
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Fig. 4 — Relative levels of FAJR! reactivation afler combined treatment with 5-azadC (0.2 or 1.0 uM) for
a total of 72 hours and 4-PBA or BA (5 mM) for the last 24 hours. Open bars correspond to cell cullures
treated with 5-azadC alone, while filled bars represent the cell lines which received the combined
treatment, The cell line name and the secondary drug employed (4-PBA or BA) are indicated in boldface
beneath the 5-azadC concentration (0.2 or 1 pM). Reactivation levels are indicated as percentage of wild-
type expression.

1t is readily appreciated that a synergistic increase (2- to 5-fold) in the levels of FAR!
reactivation is obtained when 4-PBA or BA are added. There is again some variation in the fevel
of FMRI reactivation between the different cell lines treated with either 5-azadC alone (open
bars) or in combination with the deacetylase inhibitors (filled bars); nevertheless the effect of the
combined treatment with 4-PBA and BA is always more than additive. Although TSA did
slightly reactivate the FA/R{ gene when used alone (Fig. 2b), 1t is not clear if the FMR/ to
HPRT ratio increased when TSA was added for the last 24 hours to the 5-azadC treated cells
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(data not shown). In fact, the extremely low yield of total RNA from the cell cultures treated
with TSA did not allow to perform a sufficiently reliable RT-PCR.

Discussion

Though it was known for long time that cytosine methylation in the promoter region of genes
often correlates with their transecriptional silencing, it is not clear if just the binding of
transcription: factors is affected by this epigenetic modification or if first the chromatin structure
is altered and then transcription is inhibited (19). Although the first possibility was not
excluded, it was recently reported that binding of proteins such as MeCP2 to methylated DNA
can recruit a multiprotein complex including HDDACs which determines an increased packaging
of chromatin (6-8). Therefore it appears that DNA methylation is effectively modifying the
local chromatin structure and consequently reducing the potential access of transcription factors
to gene promoter regions (20,213,

The amino terminat tails of histones H4, H3 and H2B extend beyond the nucleosomal core (22)
and acetylation of lysine K5, K8, K12 and K16 of histone H4, which neutralizes its positive
charge, possibly weakens the interaction with DNA and destabilizes internucleosomal binding,
thereby facilitating the unfolding of chromatin fibers and the access of the transcriptional
machinery (10). HDACs remove precisely those acetyl groups which are added by specific
histone acetyitransferases (HATS) to the lysine residues in the amino termini of core histones H3
and H4. Antibodies against specific acetylation sites in histone H4 have been used to show that
potentially active euchromatin can be modified at all acetylabie lysines, whereas H4 is
hypoacetylated in heterochromatin (23,24).

It is worth remembering that the action of HATs and HDACs is directly modulated by a variety
of transcriptional activators or repressors interacting in multiprotein complexes, including the
Mad-Max heterodimers and members of the nuclear receptor superfamily (11,18,25). DNA
methylation seems to be but one of the many triggers of local histone deacetylation and
chromatin inactivation; in fact a selective distribution of acetylated histones is also observed in
organisms such as yeast (26) and Drosophila (27), both of which tack DNA methylation.

As far as the FMRI gene is concemed, we have shown that DNA hypermethylation of its
promoter associated to a large (CGG). expansion (full mutation) is actually causing the
transcriptional silencing of the gene, because demethylation with 5-azadC can reactivate its
expression (5). We have now extended our previous observations on the effects of 5-azadC and

found that concentrations between 1 pM and 10 uM are most effective, although the extent of
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FMRI reactivation is quite variable in different patients™ cell lines (Fig. 2c). It is obvious that
the reactivation obtained by 5-azadC is only partial and we showed, by immunocytochemistry,
that it correlates with the proportion of cells (10-20 %) actually reexpressing the protein (5). In
fact, although individual reactivated cells have almost normal levels of FMRI protein, many
cells do not respond to the treatment either because of a low efficiency of 5-azadC incorporation
and subsequent passive DNA demethylation or because of the toxicity of the drug (above 10
nM), which causes the formation of DNA adducts by irreversibly binding to the catalytic core of
DNA methyltransferases (28). k is tempting to speculate that the difference between individual
cell lines in FMRI reactivation levels after 5-azadC treatment may correlate with the extent of
their promoter hypermethylation. To elucidate this point further investigations such as those of
Stoeger e/ al. (29), assessing the methylation of individual Cp@G sites in the FMRI promoter
before and after various drug treatments, will be required. A schematic representation of the
chromatin modification possibly caused by the FAMR/ promoter hypermethylation is shown in
Figure 5, which adapts for the fragile X locus the model recently proposed by several groups (6-
8).

Aces] mroups

DNasel hypersensitive site

VT

- YA
Histone Hails FMR! CGUGs
e mpicr

313 nen chrowmatin liher

Fig. 5~ Schematic representation of the chromatin structure at the MR/ promoter. Upper panel - In
the normal situation the active gene has an open chromatin with spaced nuclecsomes and acetylated
histone tails. The promoter is free of nucicosomes and the DNasel hypersensitive site is shown. Middle
panel - When the CGG repeat is expanded (shaded in gray), it becomes hypermethylated and then the
binding of MeCP2 and the recruitment of a multiprotein histong deacetylating complex rapidly leads to a
more packaged and less accessible chromatin structure (lower panel), causing the inactivation of the
MR/ gene. DNA hypermethylation could also lead to chromatin inactivation without directly affecting
hisione acetylation, possibly through a chromatin remodelling complex (CRC) interacting with the
adaptor protein mSin3 A, with MeCP2 (open arrowheads) or yet other proteins binding methylated DNA.
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It is clear from the diagram that inhibition of HDACs should allow the unfolding of the
chromatinic fiber and the repositioning of nucleosomes, possibly determining the reappearance
of the DNasel hypersensitive site, which is normally present in the promoter region (30). In fact,
we have observed reactivation of FAR] expression after treatment with 4-PBA, BA and TSA
alone, although at levels less than 2 % of those observed in normal cells (Fig. 2a and 2b), This
effect is presumably due to a global hyperacetylation of histones H4 and H3 that may increase
the transcription of several genes, including the fully mutated FMR!. Coffee et @/ (31)
confirmed that the 5’ region of the FMR/ gene is associated with acetylated histones H3 and H4
in cells from normal individuals, but acetylation is reduced in cetls from fragile X patients.
Treatment of fragile X lymphoblasts with 5-azadC resulted in reassociation of acetylated
histones H3 and H4 with the FAMR! promoter and transcriptional reactivation. However
treatment with TSA (0.3 pM for 24 hours), which led to almost complete acetylation of histone
Hé4, but little acetylation of histone H3, did not cause any reactivation of FA/R! expression (31).
Different experimental and cefl culture conditions may explain why we were able to detect
FMR{ reactivation after TSA treatment, although the extreme antiproliferative effect of TSA in
particular may severely interfere with FMRJ expression, as discussed below.

There could be several explanations for the modest level of FAMR/ reactivation by HDAC
inhibitors, the first one being the persistence of DNA methylation which triggers the chromatin
remodeling cascade shown in Fig. 5. Whereas treatment with 5-azadC actually prevents the
assembly of the multisubunit repressor complex, HDAC inhibitors are blocking the chromatin
inactivating machinery at a later step. This possibility is in line with the results of Cameron ef af.
(32) who have combined 5-azadC and TSA treatment in cancer cell lines with aberrant promoter
hypermethylation of some tumour-suppressor genes and concluded that DNA methylation is
dominant over histone acetylation in determining the silencing at those loci.

Secondly, 4-PBA, BA and especially TSA arrest the cell cycle at multiple points (17,33,34) and
induce cell differentiation (35), while FMR/ expression is increased in dividing cells {36} with
the notable exception of neurons. Therefore, the potential FMR/ reactivation may be contrasted
by the growth-arresting properties of these drugs. In fact, it appears that a pulsed treatment with
4-PBA is more effective in our in vitro model (data not shown) and also ir vivo, when boosting
the levels of gamma globin chain expression (37).

Finally, it now seems likely that chromatin structure and nucleosome positioning can be
modified by several redundant chromatin remodeling complexes (38), some of which do not

affect histone acetylation and harbour a SWI2/SNF2 ATPase family protein (39). If the
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promoter hypermethylation could increase chromatin packaging and cause FMR/ gene silencing
without directly acting on histone acetylation (21,40,41), as indicated by the open arrows in Fig.
5, then the HDAC inhibitors would only partially relieve the silencing effects of DNA
methylation.

The time curve experiment illustrated in Fig. 3 demonstrates that a continued treatment over
several days can increase the effect of 5-azadC, possibly by allowing a more complete DNA
demethylation. This result retrospectively supports our previous choice for a 7-day treatment
with 5-azadC (5) and suggests that a passive demethylation process is taking place in the treated
cells. On the other hand, 4-PBA action is apparent already after 24 hours, while in the last 96
hours the growth arrest induced by the treatment may contrast the FMR/ reactivation, as
discussed above. TSA has been shown by others (32) to be active already within 6 hours from
its addition and its antiproliferative effect is apparent after 12 hours,

The combined effect of the 5-azadC and 4-PBA or BA treatment is clearly synergistic and not
simply additive (Fig.4). The fact that the effects of the DNA demethylating and histone
hyperacetylating treatments reinforce each other confirms that DNA methylation and histone
deacetylation occur in sequence in the same pathway which leads to the silencing of the fully
mutated FMR/J gene. It is worth pointing out that the extent of FAMR/! reactivation seems to
correlate with the size of the full mutation, in fact cell lines E6 and E7 harbour approx. 600 to
700 CGG repeats and respond less to the treatments than lines E3 (270-370 repeats) and E4
(370-530 repeats). Indeed, a larger CGG expansion will also contain more methylated cytosines
triggering the local inactivation of chromatin and a longer time might be required to achieve a
thorough demethylation with the 5-azadC treatment.

Our results are also in agreement with the recent observation of a synergistic interaction of 5-
azadC and TSA in regulating the re-expression of silenced tumor-suppressor genes (32).
Although we were not able to unequivocally prove that TSA can also reinforce the reactivation
of the FMR/I gene induced by 5-azadC, it is possible that exposing the cell cultures for shorter
umes (less than 24 hours) to this potent drug may eventually uncover its synergic effect.
However, McCaffrey er al. (42) have also noted that TSA was less effective than arginine-
butyrate in increasing the expression of the gamma globin gene in vitro, probably because of its
pronounced cytotoxic effect. In fact TSA does not appear to be a suitable drug for in vivo
applications because of its extremely strong side effects which confine its use to in vitro

experiments.
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On the other hand, both BA and 4-PBA have been used in vivo to boost gamma globin
expressiont in patients with either sickle cell disease or beta thalassemia (37,43). 4-PBA, which
15 a new FDA approved drug, was also employed to increase the expression of the variant AF508
CFTR protein in patients with cystic fibrosis (44) and was effective in reactivating an analog of
the ALD gene in KO mice {453).

The synergistic effect of 5-azadC and 4-PBA or BA suggests the possibility of using lower
dosages of both drugs in order to obtain appreciable FMR/ reactivation levels also in vivo, 5-
azadC has already been employed ir vive (46), again in order to increase the expression of
gamma globin gene expression in beta thalassemia patients, although its potential mutagenic
effect limits the duration of a therapeutic application. It remains to be established if afer a
short term treatment with 5-azadC leading to partial demethylation and reactivation of the FA/RJ
gene, the patients’ full mutation can remain stably active as it happens for the rare cases of
normal males with an unmethylated full mutation (3), or if the abnormal (CGQG), expansion
would inevitably cause remethylation of the promoter and gene silencing, Further in vitro
investigations will hopefully indicate whether a long term treatment with histone
hyperacetylating drugs as 4-PBA, may help not only in obtaining the initial FMR/ reactivation

but also in maintaining such an active status.

Materials and Methods

Cell culture and stock solutions

Lymphoblastoid cell lines were established by Epstein-Barr virus (EBV) transformation from peripheral
blood lymphocyies of male fragile X patients and normal male controls. Cells were grown in RPMI1640
medium with 10% fetal calf serum and penicillin/streplomyein at 37°C, in closed flasks without CO..
Sodium butyrate (BA, Sigma) and 4-phenylbutyric acid (4-PBA, Fluka) were resusperded in stenle
water to a coneentration of 500 mM and stored at -80°C in aliquots. Trichostatin A (TSA, Sigma) was
resuspended in DMSO to a concentration of 10 mM and stored at -20°C in small aliquots and a working
solution of 1mM was prepared just before use. Finally, a 10 mM stock solution of 3-azadeoxycytidine
{5-azadC, Sigma) was prepared in sterile water and stored at -80°C in aliquots.

Treatments with histone hyperacetylating drugs

Cells were counted, split and seeded at the initial concentration of 2.5-3x10° cells/m! in a tolaf volume of
10 mi per flask. A single dose of cither 4-PBA, BA or TSA was added to the flasks and was thoroughly
resuspended. A control flask for each patient cell linc was left untreated or reccived a mock (reatment
with a comparable volume of DMSO in the case of the TSA weatment. Celis were harvested after 48
hours and the RNA extracted. When a tinte curve was performed for 4-PBA, the optimal concentration of
the drug (5 mM) was added to the cells and RNA was extracted from a treated flask at cach time point
(12, 24, 48, 96 and 192 hours, respectively). Cells were washed and resuspended in fresh medium with
the appropriate drug concentration every 48 hours.
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Treatments with DNA demethylating drug

Cells were counted, split and seeded at the initial concentration of 2.5-3x10% cells/ml in a total volume of
10 ml per flask. A daily dose of 5-azadC was added to the flasks and was thoroughly resuspended, while
a conirol flask was left untreated. Cells were harvested afler 72 howrs of treatment when various
micromelar concentrations were tested, while the time curve was performed by adding ! pM of 3-azadC
every day and extracting the RNA at the same time points used with 4-PBA, The medium was changed
every 48 hours.

Combined treatments

Cells were counted and seeded as described above. 5-azadC (200 nM or 1 uM) was added daily for 72
hours, while an optimal dose of cither 4-PBA (3 mM), BA (5 mM) or TSA (300 nM) was added during
the last 24 hours. Confrol cultures were grown with either 5-azadC alone or without any treatment for
the total duration of the experiment. After 72 hours, RNA was exiracted from all flasks at the same time,

RT-PCR analysis

Total RNA was extracted with the single-step acid phenol method, using RNAzol B (Tel-Test, Inc.).
cDNA synthesis was carried out at 37° C for 120 min in 2 total volume of 40 ul with 180 Units of
MoMLV-RT and its buffer (Gibco-BRL), 1 mM DTT, 10 units of RNase inhibitor (Promega), 0.8 mM
cach dNTP, and preincubating 5 pg of total RNA with 0.6 pg of random hexamers (Pharmacia) at 65° C
for 10 min. Expression of FMR/ specific mRNA was determined by RT-PCR using primers K9 (GTA
TGG TAC CAT TTG TTT TTG TG, exon 3) and K6 (CAT CAT CAG TCA CAT AGC TTT TTT C,
exon 4) that yield a 195 bp product. As internal control for the amplification and to normalize the
quantity of input RNA, we employed primers 244 (AAT TAT GGA CAG GAC TGA ACG TC, exon 2
and 3} and 243 (CGT GGG TCC TTT TCA CCA GCA AG, exon 7} of the housekeeping gene HFPRT,
which yield a 386 bp product. Test reactions were initiaily performed with 18, 2] and 24 cycles and also
with variable amounts of input cDNA from a control cell line to ensurc that the PCR reaction would be
still in the linear range (data not shown). 24 cycles of amplification were further employed (94° 1°- 55°
1°- 72° 2*} in a total volume of 10 pl with | mM MgCly, 250 uM each ANTP, 0.5 mM spermidine, 0.75
Units Taq polymerase (Gibco-BRL), 0.1 pl of «-P dCTP (Amersham-Pharmacia, 10 mCi/m}) and 0.7
pl of cDNA. A large excess of primers (3 picomoles each) was added to the reaction in order to maintain
it in the exponential phase at 24 cycles. PCR products were separated on a denaturing 6%
polyacrylamide gel with 7 M urea run at 70 Watts for 2 hours on 2 S2 apparatus (BRL). The gel was
fixed with 10 % methanol/ 10% acetic actd solution, dried for at least 40 minutes at 30°C with a vacuum
pump and exposed to autoradiographic {ilms (Fuji New RX) for a vadable time interval of 3 hours to 6
days, in order to have several exposures to scan for densitometric analysis.

Densitometric analysis

Autoradiographic films were scanned at high resolution (300 dpi) and densitometric analysis was carried
out with the Windows version of the NIH Image software available from Scion Corporation (version
Beta 3b, July 1998). Band intensity of the FMR/ transcript was normalized to the intensity of the HPRY
signal in order to account for differences in input RNA or RT-PCR efficiency. Ratios between the
intensity of the FAZR /-specific signals in the treated and conirol cell lines were then calculated in order to
express the reactivation levels as a fraction of the wild-type expression.
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3.3 — FMR1 promoter (de)methylation

in fragile X syndrome, hypermethyiation of an expanded CGG repeat and the FMRI
promoter leads to tramscriptional silencing of the gene. Demethylation of the FAMRI
promoter by treatment with S-azadeoxycytidine results in reactivation of the gene. We
employed bisulphite sequencing to detect the methylation status of individual CpG sites in
the promoter of the FAMRI gene. The entire promoter region upsiream of the CGG repeat
was tested in lymphoblastoid cell lines of fragile X males with full mutations of different
sizes, before and after DNA demethyliating treatment with 5-azadeoxycytidine.

The demethylation dynamics was explered by testing the same cell line at various time
points and we observed that individual clones are either completely demethylated or not,
with few relevant exceptions. Alse, it appears that the FMRI promoter is demethylated
more rapidly when the adjacent CGG expansion (full mutation) is relatively smaller. We
have indirect evidence that the full mutation itself remains at least partially methylated in
many clones with a demethylated promoter. This may explain the apparent discrepancy
between the extent of prometer demethylation and the levels of FMRI! transcriptional

reactivation obtained with 5-azadeoxycytidine.

The highly polymorphic CGG trinucleotide repeat which is located in the 5° untransiated region
(UTR) of the fragile X mental retardation gene FMRI, is associated with the disease phenotype
when the allele carries more than 2000 triplets (full mutation) [Verkerk et al., 1991; Fu et al,
1991]. The abnormally expanded CGG repeat of fragile X chromosomes is almost invariably
transcriptionally silent [Pieretti et al, 1991] and its inactive state has been correlated with the
abnormal methylation of the CpG sites of the expanded repeat and — more importantly — of the
upstream promoter region of the FMR/ gene [Hansen et al., 1992; Sutcliffe et al, 1992]. Rare
individuals of normal intelligence were shown to carry a completely or partially unmethylated
full mutation and to express the FMRI protein (FMRP), clearly indicating that the absence of
FMRP is the cause of the disease [Hagerman et al., 1994; Smeets et al., 1995]. We sought to
reactivate the fully mutated FAMR/ gene in vitro by demethylating the DNA of lymphobiastoid
cell lines established from fragile X males [Chiurazzi et al., 1998). Treatment with micromolar
concentrations of 5-aza-2-deoxycytidine (5-azadC) for 7 days allowed reprise of transcriptional
activity, as judged by RT-PCR, and also FMRI protein could be observed in a proportion of
cells by immunocytochemistry [Chiurazzi et al,, 1998]. DNA demethylation of the FMRI
promoter was assayed by Southem blotting after digestion with the methylation-sensitive

restriction enzymes Eagl, BssHIl and Sacll, and only with Sacll we could confirm that a partial
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Chapter 3 — Transcriptional reactivation

.demethylation had occurred. Furthermore, the total amount of FMR!/ mRNA (estimated by
semiquantitative RT-PCR) did not exceed 20% of wild-type levels, and the percentage of cells
expressing FMRP was even lower [Chiurazzi et al, 1998]. It seemed that only a proportion of
the cells responded to the treatment, demethylating the FAMR/ promoter and resuming
transcription. Te confirm this hypothesis we needed a technique that allowed testing the
methylation status of individual cells. More recently, experiments were carried out to potentiate
5-azadC-induced reactivation with the addition of the histone hyperacetylating drugs sodium
butyrate (BA} and 4-phenylbutyrate (4-PBA) and we observed a strong synergistic effect of
these compounds [Chiurazzi et al., 1999}, thus confirming that CpG cytosine methylation and
histone deacetylation cooperate in silencing chromatinic domains [Cameron et al., 1999; Razin,
1998). In that set of experiments, it was also noted that cell lines harbouring a shorter CGG
expansion (stiil in the full mutation range e.g. between 250 and 400 repeats) could be reactivated
more strongly than those with larger full mutations (above 600 repeats) and it was hypothesized
that it may be more difficult to demethylate the FAR/ promoter in the presence of longer CGG
repeat tracts. In order to test if only a proportion or the majority of treated cells undergo DNA
demethylation and whether the extent of demethylation is related to the length of the CGG
expansion, we set up a bisulphite-sequencing protocol similar to that of Stoeger et al.[1997], but
with a new reverse primer that allowed testing of an extra 200 bp. After treating fragile X cell
lines with | pM 5-azadC for different periods of time, we harvested cells and modified the
extracted DINA with sodium bisulphite, as described by Panagopoulos et al. [1999]. More than
10 independent PCR amplifications were then performed with primers specific for the
bisulphite-modified upper strand of the FMR! promoter, in a fashion similar to Stoeger et al.
[1997]. After cloning the pooled PCR products and sequencing of several clones in both
directions we were able to reconstruct the “epigenotype” of individual cells for the whole FAMR/
promoter, mcluding all the in vivo footprints first reported by Schwemmle et al. [1997] and the
transcription start site until the CGG repeat.

Results

The entire FMR! promoter region is illustrated in Figure 1 from position —~ 641 to + 79, relative
to the A of the first codon ATG (base numbering corresponding to Genbank sequence 129074 is
given between square brackets in the text). The start of transcription (- 264 [13698]) and the
beginning of intron 1 (+52 [14013]) are indicated below the sequence, while the CGG repeat lies
in the 5° UTR roughly 140 bp after the transcription start site and 70 bp before the first ATG.
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1F

13321 ceaanccaaa coanaccaga coagacaces ooloCC@CRE aatcecapag aggergancl
SacH

2F 1
13381 gggataaceg gatgeattig, atticccacg ceactgagtg eacel clgen paa alg 2 gig

23 4 s 6

13441 tictggeeet cgegaggeag tggacctgt cactgeeet! cagecticet geectecdace
Nrul

78 9 10 111213 4 15 16 17
13501 aagecrgege acgecegpee Lgrgeglotg totttegace cggeacce cggeeg gttece
Eagl

IV (a-PAL) 11X (Sp1)
1819 202122 23 24

13561 ageage@ugC af gogegiac teccapacen ott gaagava gufX &I Ouo cogagagect
BssHI{ BssHIT 3R

H (Spl-like) 1 (USF1&2)
2526 27 28 29 30
13621 gagetegegy Sogodgopas cagegtigat CACgigary gatitcagrg titacacerg
Sacli

31 32 33 34 35 36 37

13681 cagegggecg ppggitc  goc cteagleagg cgeleagete Sgitteggtt leacttocgg
mRNA

38 39 40 41 42 4344 3546 47 48 49 50
13741 tggaggpecy cotetgageg gad gelggge Cpatggugag CELRREcRec gglpgigaly

3 52
13801 gaggegergg taccagpgeg calgiggeag g [cag ogp vgp CEE CPp €OE CBE CEE VRS C
5-aR
13861 gg agg cog ¢gg cop CEg CgE opy cgg g cgp cloggect cgagogeecg cageecacet

13921 ctrggogerg geeteccgac gelagoagga ctgaagagaa g ATG gag gag ctg gt gtp g
exon 1...
13981 an gtg cgg gge tec aal gge got lic tac aag Flacttgg ctotagggea ggeeceatct
intron 1...

Figure 1 — Promoter region of the FAMR! gene (sequence numbering from GenBank L29074). Primers
emploved by us and others in bisulphite-PCR are indicated above or below the sequence for Forward (1-
F, 2-F) or reverse (3-R, 5-aR), respectively. Individual CpG sites between primers 2-F and 3-aR are
numbered from 1 to 52. Restriction sites of methylation sensitive enzymes Sacll, Nrul, Fagl and BssHI
arc indicated below the sequencs, as well as the start of transcription (nRNA), translation (ATG) and of
intror 1. The CGG repeat is within square brackets, downstream of primer 5-aR. The four footprints
reported by Schwemmle et al. [1997] and Drouin ct al. [1997] are highlighted in italics on the sequence
with their putative binding transeription factors indicated in brackets [Kumari and Usdin, 2001 ].
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Primers employed by us and by Stoeger et al.[1997] are underlined in the corresponding
positions (1-F, 2-F, 3-R and 5-aR) and their sequences, specific for the bisulphite-medified
upper strand, are reported in the Materials and Methods. We employed a semi-nested PCR
protocol with a first round of amplification using primers 1-F and 5-aR, followed by a second
round using primers 2-F and 5-aR, which gives a final PCR product of 413 bp that was cloned
and eventually sequenced in both directions.

As indicated in Figure 1, this PCR product contains 52 potentially methylated CpG sites
spanning the four /n vivo footprints (I to IV) reported by Schwemmle et al, [1997], as well as the
recognition sites of the Nrul, Eagl, BssHII and Sacll restriction enzymes, commonly employed
to assay the methylation status of the FMRI promoter. It is worth pointing out that Stoeger et al.
{1997} could analyze only the first 22 CpG sites, comprised within primers 2-F and 3-R, that
span the £agl (CpG 16-17) as well as the two BssHII sites (CpG 18-19 and 20-21). The two
BssHH sites overlap with footprint IV, which corresponds to the a-PAL/NRF] protein binding
site, The binding of o-PAL transcription factor has been recently shown to contribute to at least
50% of the total MR promoter activity [Kumari and Usdin, 2001]. The rest of the activity
appears to be driven by the binding of transcription factors USF1 and USF2 to footprint I,
coinciding with an E-box sequence (sometimes referred te as the ¢-MYC binding site) {Kumari
and Usdin, 2001]. On the contrary, binding of Sp1 to recognition sequences in footprint I and
IT does not seem to contribute in a relevant manner to FMR/ transcription. Again, primers
employed by Stoeger et al. [1997] did not allow testing this portion of promoter sequence
including footprints HL II and I. When the DNA of a normal male was tested afier bisulphite
conversion, all the cylosines were deaminated into uracyl and showed up as thymines in the
sequence (data not shown), confirming the efficiency of our bisuiphite transformation protocol
as well as the observation of Stoeger et al.[1997] that the CpG island spanning the FAMIR{
promoter is not methylated on the active X chromosome.

Figures 2, 3 and 4 illustrate the results of our bisulphite sequencing experiments on three cell
lines from different fragile X boys with approximately 250 (line E3), 500 (line S1) and between
330 and 700 (line 85) CGG repeats, respectively. On top of each diagram three black bars mark
positions 19-21, 23 and 28 that correspond to CpG sites included in footpring IV, TiI and I {from
left to right). RNA was also extracted at the same time points and RT-PCR performed in order to
verify the transcriptional status of FMRJ. RT-PCR results are indicated in brackets next to each
experiment diagram. Figure 2a shows the sequences of nine clones from the untreated line E3

{approx. 250 CGG repeats), which indicate the almost complete methylation of the FAMR/J
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3.3 — FMRI1 promoter (de)methylation

d) E3 after 5 weeks of suspending the 5-azadC treatment {negative RT-PCR).

Figure 2 — FMRI promoter region of line E3 (full mutation of approx. 250 CGGs). Every line
corresponds to bisulphite sequencing of an individual clone. From lefi to right, black or gray positions
correspond to the 52 methylated or unmethylated CpG sites, respeciively. Sites 19-21, 23 and 28 are
marked by a black bar on the top of the diagram and are included in footprints IV, 111 and |, respectively.
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Figure 3 — FMR! promoter region of line 51 (Full mutation of approx. 500 CGGs). Every line
corresponds to bisulphite sequencing of an individual clone, From left to right, black or gray positions
correspond to the 52 methylated or unmethylated CpG sites, respectively. Sites 19-21, 23 and 28 are
marked by a black bar on the top of the diagram and are included in footprints IV, Il and §, respectively.

promoter with the notable exception of position 28, that is unmethylated in all but one clone.
RT-PCR was negative before S-azadC treatment. After 3 days of 1 pM 5-azadC treatment (Fig.
2b), RT-PCR became positive and almost all 52 CpGs tested were now unmethylated in haif of
the clones (6 out of 12), with the partial exception of position 20, Surprisingly, in the rest of the
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otherwise methylated clones, positions 27-29 as well as positions 36 and 38 were also
unmethylated. After 8 days of 1 uM 5-azadC treatment (Fig. 2c), an even larger proportion (13
out of 17) clones were unmethylated, again with the above mentioned exceptions of position 20
(relattvely methylated) and positions 27-29, 36 and 38 (relatively unmethylated). 5-azadC
treatment was stopped after day 8, but we continued to grow the cells and to collect RNA (and
DNA) every week until the RT-PCR became negative again after 5 weeks. Figure 2d illustrates
the FMRI promoter methylation status at that time point: 3 out of 11 clones were unmethylated,
the other 8 being almost completely methylated again with the exception of positions 27-29.
Figure 3a shows that, with the exception of one clone, also the FMR! promoter of line S1
{approx. 500 CGGs) was methylated before 5-azadC treatment (again positions 27-29 being
relatively unmethylated). After 3 days of | UM 5-azadC treatment (Fig. 3b), RT-PCR was
positive but, in contrast to what we observed with line E3 (x 250 CGGs), only 2 out 14 clones
were demethylated. Positions 27-29, as well as 36 and 38, again were the exception. After 8
days of 5-azadC treatment (Fig. 3c), all but one clone were demethylated (only position 20 was
still methylated in 5 out of 17 clones). Figure 4a illustrates five methylated clones of cell line S5
(between 330 and 700 CGG repeats) before treatment, RT-PCR was negative, although CpG
sites 27-29 are unmethylated. After 8 days of 5-azadC (Fig. 4b), 15 out of 21 clones were almost
completely demethylated (with the exception of position 20 in two clones). The other 6 clones
remained methylated with the ‘usual’ exception of CpG sites 27-29 and 38.

In order to test the methylation status of the CGG repeat itself at the various time points, we
could not perform bisulphite sequencing across the full mutation, therefore we had to go back to
Southern blotting after digestion with Psil and methylation-sensitive enzymes McrBC or
FnudHI (data not shown). As probe we employed the 562 bp Xhol-Psil fragment of the FMR/
promoter, located immediately downstream of the CGG repeat. McrBC endonuclease cleaves
DNA containing two half-sites (G/A)"C with a methylated cytosine, separated by 40-80 base
pairs, and will not act upon unmethylated DNA. Therefore, McrBC will cut the Psi fragments
containing a methylated full mutation and will not cut normal unmethylated samples (see
Burman et al. [1999]). After the various 5-azadC treatments, we observed that McrBC continues
to cleave the DNA, indicating that the CGG repeat is still at least partially methylated in many
cells. The same indication was obtained when using FnudHI in place of McrBC (data not
shown). FFnudHI cleaves only unmethylated DNA and serves as complementary test to McrBC
(see Hansen et al. [1992]). Uniike bisulphite sequencing, digestion with methylation-sensitive

enzymes and Southern blotting cannot provide information on individual cells: however, we
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b) S5 after § days of treatment with | pM 3-azadC (RT-PCR positive).

Figure 4 — FAMR! promoter region of line S5 (full mutation with multiple bands of approx. 330-700
CGGs). Every line corresponds to bisulphite sequencing of an individual clone. From left to right, black
or gray positions correspond to the 52 methylated or unmethylated CpG sites, respectively. Sites 19-21,
23 and 28 are marked by a biack bar on the top of the diagram and are included in footprints IV, Il and 1,
respectively.

deduce from our observations that the CGG expansion is still partly methylated in many cells
with a demethylated promoter. This may explain the apparent discrepancy between the large
extent of promoter demethylation detected e.g. after 8 days of 5-azadC treatment, and the

relatively lower levels of FMRI transcriptional reactivation.

Discussion

The structural features of the FMR/! promoter — high GC content, presence of numerous Spl
sites, lack of a TATA box — are typical of an housekeeping gene [Drouin et al, 1997], as
confirmed by the ubiquitous distribution of FMR1 protein in most adult and fetal tissues [Devys
et al., 1993; Khandjian et al., 1995]. Genomic footprint analysis of the FMR/I promoter revealed

four sites of protein-DNA interaction [Schwemmle et al., 1997, Drouin et al, 1997], where
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different transcription factors bind {see Figure 1). The footprints are usually absent in fragile X
males, as the FAMR/ gene is inactive.

Kumari and Usdin [2001] were able to show that in murine brain «-PAL/NRF1 binds footprint
IV (CpG sites 18-22), while USF] and USF2 (but not c-MYC, nor CREB}) bind footprint I (CpG
site 28). Footprints I and I, corresponding to GC-boxes of Sp1 (CpG site 23) and Spl-like
type (no CpG sites), are probably bound by Sp3 (but not Spl) in lymphoid cells and contribute
less to the activity of the FMR/ promoter [Kumari and Usdin, 2001]. In transient transfection
experiments conducted in rat PC12 cells, constructs with a mutation in either the a-PAL or the
E-box site had just 20% of promoter activity left, while constructs with both mutated sites had
no residual activity at all. Constructs with a mutation in the GC-box of footprint 111 and II had
55% and 80% residual promoter activity, respectively {Kumari and Usdin, 2001].

The abnormal methylation of the CGG( repeat and of the upstream promoter was soon associated
with silencing of the FMR/ gene in fragile X patients [Oberle’ et al., 1991; Pieretti et al, 1991;
Sutcliffe et al., 1992), as well as on the inactive X chromosome in normal females [Hansen et
al., 1992]. Transfection of reporter constructs confirmed that methylation abolishes the activity
of the FMR! promoter [Hwu et al, 1993; Sandberg and Schalling, 1997]. Furthermore, we
demonstrated in vitro the possibility of reactivating methylated fragile X mutations after a
demethyiating treatment with 5-azadC [Chiurazzi et al., 1998]. 5-azadC is incorporated in DNA
and becomes covalently bound with the maintenance DNA methyltransferase (DNMT1) as this
enzyme tries to methylate the trivalent nitrogen in position 5 of the pyrimidine ring [Juttermann
et al, 1994]. DNMT1 molecules are irreversibly blocked as adducts on the DNA [Jackson-
Grusby et al., 1997}, thus allowing passive demethylation to take place as cells divide. We also
showed that addition of histone hyperacetylating drugs strongly potentiates the effect of 5-azadC
in reactivating the FMR! gene {Chiurazzi et al., 1999], as it happens for several cancer genes
{Cameron et al., 1999]. Our results support the notion that DNA methylation leads to histone
deacetylation [Coffee et al., 1999] and chromatin silencing, via binding of methylcytosine
binding proteins such as MeCP2 and recruiting of a multiprotein complex [Razin, 1998].
However, histone hyperacetylating drugs alone had almost no effect, indicating that methylation
must be silencing the FMRI gene also in alternative ways. In fact, Kumari and Usdin {2001]
proved that methylation of CpG sites 18-20 (Fig. 1) reduces binding of «-PAL to 45%, while
methylation of CpG site 28 in the E-box reduces binding of USF! and USF2 by about 20% (to
80%). Therefore, we now have evidence that the fully mutated FMR/ gene is silenced in at least

two ways: 1) by indirectly causing a local chromatin modification that reduces the access of the
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transcriptional machinery to the promoter region; 2} by direct interference with the binding of
transcription factors.

De novo methylation of fragile X full mutations is probably established during early
embryogenesis [Malter et al., 1997], possibly in an effort to stabilize the expanded CGQG repeat
that acts like a parasitic sequence element from a genomic perspective [Bestor and Tycko,
1996]. Rare individuals with an unmethylated full mutation that presumably escaped the de nove
methylation have been described [Smeets et al., 1995; de Vries et al, 1996]. They have no
global impairment of DNA methylation [Burman et al,, 1999] and are intellectually normal or
‘high functioning” males. Schwemmle [1999] confirmed the presence of footprints in one such
individual, suggesting normal transcription. In fact, it seems that the unmethylated CGG
expansion does not impede transcription per se, neither in the premutation [Tassone et al.,
2000a] nor in the full mutation range [Tassone et al., 2000b]. Actually, it seems that FMRI
mRNA levels are directly correlated with the size of the CGG expansion in the effort of
compensating a relative translational deficiency [Feng et al, 1995; Kenneson et al, 2001].
Enough FMR1 protein must be anyhow produced to account for the normal intellect of males
with unmethylated full mutations.

With the present series of experiments we intended to refine our understanding of the
reactivation process by analyzing the methylation status of each individual CpG site in the
FMRI promoter before and after 5-azadC treatment. We opiimized a technique of bisulphite
sequencing similar to that of Stoeger et al. [1997] and of Genc et al. {2000], though we used
different primer sets allowing detection of more than 400 bp of sequence immediately upstream
of the CGG repeat (Figure 1), including all four footprints of transcription factors. Figures 2a, 3a
and 4a show that the various fragile X cell lines tested had an almost completely methylated
promoter without any treatment. A relevant exception are Cp@G sites 27, 28 and 29, that overlap
with footprint T and are often unmethylated. We propose that this reflects a continued binding of
transcription factors USF1 and USF2, that are relatively unaffected by methylation anyhow
[Kumari and Usdin, 2001] and seem to have still access to their recognition sequence, though
they are unable to drive transcription alone. Furthermore, we also suggest that the methylation of
the expanded CGG repeat and the binding of proteins such as the p20 CGGBP described by
Muller-Hartmann et al. [2000] or MeCP2 itself, may be very important in determining the
transcriptional status of the FAMR/ gene, However, under other circumstances e.g. in the case of

a lung tumor with a premutation described by de Graaif et al. [1995], abundant FMRP was
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produced and although the promoter seemed partly methylated, the premutation itself may well
have been unmethylated.

After 3 days of 5-azadC treatment (Fig. 2b and 3b) we can observe that a proportion of clones
(i.e. of cells) have a completely demethylated promoter, while others are still methylated though
positions 27-29 are now almost always demethylated too. Therefore, 5-azadC does not induce a
partial or random demethylation of just some CpG sites, but a sequential and thorough
demethylation of the entire promoter, explaining why we observed a clear reappearance of
FMRP in a proportion of cells with immunocytochemistry [Chiurazzi et al., 1998]. Comparing
the proportion of demethylated clones between cell fines E3 and St (Fig. 2b and 3b) - with
approx. 250 and 500 CGG repeats, respectively - we confirm our previous suggestion that cell
lines with a longer full mutation are more resistant to 5-azadC induced demethylation [Chiurazzi
et al., 1999],

After 8 days of 5-azadC treatment (Fig. 2c, 3¢ and 4b) a large proportion (70% to 90%) of the
clones are demethylated, though position 20 is often still methylated and may thus prevent o-
PAL from binding footprint IV, reducing transcriptional efficiency of more than half [Kumari
and Usdin, 2001}. We previously reported FAR/ mRNA levels of approx. 20-25% relative to a
wild-type cell line after 8 days of 1 WM 5-azadC treatment [Chiurazzi et al., 1999]. Taking into
account the observations of Tassone et al. {2000b}, that unmethylated full mutations are actually
being transcribed at even 5- to 8-fold levels relative to normal cells, we have to suspect that
actually only 5% of our treated cells were actually reactivated. This fits well with the limited
number of cells positive for FMRP that we observed [Chiurazzi et al., 1998], but leaves us with
the problem of explaining the discrepancy between the exceeding number of clones with a
demethylated promoter illustrated in Fig, 2¢, 3¢ and 4h and the lower numbes of reactivated
cells, as judged by mRNA and protein levels. Considering our experiments with McrBC and
FruaHL, we propose that a targe proportion of the cells with a demethylated promoter still
harbour a methylated CGG repeat that somehow still makes transcription very difficult, though
it may allow transcription factors binding. Footprinting, quantitative RT-PCR and RNA-FISH
studies (this latter allowing the study of individual cells) may help to settle this issue.

However, we now suspect that our demethylating protocol does not reproduce a situation similar
to that of males with an unmethylated full mutation. In fact, most of our cells may succeed 1n
demethylating the upstream promoter, while the expanded CGG repeat itself may ‘resist’
demethylation by attracting the few DNMT1 molecules still active in the nucleus.
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Finally, we must consider the methylation status of line E3 after 5 weeks without 5-azadC (Fig.
2d) when the RT-PCR became again negative. Although most of the clones are methylated again
(with the exception of positions 27-29), 3 out of 11 are still completely demethylated. We
suggest that in these clones the CGG repeat may be methylated and — as stated above —
effectively suppress transcription. The reactivated clones may have been remethylated by a de
novo methyltransferase, starting from the CGG repeat and eventually spreading to the promoter.
However, there is no evidence that de novo methyltransferases are expressed in adult cells after
embryogenesis and we suspect that many of the reactivated cells eventually died by apoptosis
because of the many DNMT1-DNA adducts in the first 2-3 weeks afier suspending 5-azadC

treatment.

In conclusion, a complex picture emerges from our present study: CGG expansion triggers
methylation, that dynamically represses transcription by directly interfering with the binding of
some transcription factors or indirectly modifying chromatin structure, though probably not

causing a dramatic chromatin compaction — with the possible exception of the CGG repeat itself.

Materials and Methods

Cell culture and stock selution

Lymphoblastoid cell lines were established by Epstein-Barr virus (EBV) transformation from peripheral
blood lymphocytes of male fragile X patients and normal male controls. Cells were grown in RPMI1640
medium with 10% fetal calf serum and penicillin/streptomycin at 37°C with 5% CO..

A 10 mM stock solution of S5-azadeoxycytidine (5-azadC, Sigma) was prepared in sterile water and stored
at -80°C in aliquots.

Treatments with DNA demethylating drug

Cells were counted, split and seeded at the initial concentration of 2.5-3x10° celis/ml in a total volume of
30 mi per flask. Immediately before use, 3 pl of the 10 mM 5-azadC stock solution was thawed and
added daily to the flasks and thoroughly resuspended (final concentration 1 pM), while a control flask
was left untreated. Cells were harvested after 3 and 8 days from the start of treatment. In the case of line
E3, cells were grown for a further 3 weeks after discontinuing 5-azadC treatment and pellets were
prepared every week. Cell pellets for DNA and RNA exiraction were prepared after every harvesting.
The medium was changed every 48 hours.

RT-PCR analysis

Total RNA was exiracted with the single-step acid phenol method, using RNAzot B (Tel-Test, Inc.).
cDNA synthesis was carried out at 37° C for 120 min in a total volume of 40 pl with 180 Units of
MoMLV-RT and its buffer (Gibco-BRL), 1 mM DTT, 10 units of RNase inhibitor {(Promega), 0.8 mM
cach dANTP, and preincubating 3 pg of total RNA with 0.6 pg of random hexamers (Pharmacia) at 65° C
for 10 min. Expression of FMR/ specific mRNA was determined by RT-PCR using primers K9 (GTA
TGG TAC CAT TTG TTT TTG TG, exon 3) and K6 (CAT CAT CAG TCA CAT AGC TTT TTT C,
exon 4) that yield a 195 bp product. As internal control for the amplification, we employed primers 244
{AAT TAT GGA CAG GAC TGA ACG TC, exon 2 and 3) and 243 (CGT GGG TCC TTT TCA CCA
GCA AG, exon 7) of the housekeeping gene HPRY, which yield a 386 bp product. PCR products were
separated on a 1.2 % agarose gel and detected with ethidium browmide under UV illumination.
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Bisulphite treatment

A sodium bisulphitc 5M solution (pH 5) was prepared dissolving 9.5 grams of powder in 12 ml of
distilled water, 3.5 mi NaOH 2N and 2.5 ml hydrochinane 1M. Afier bringing to pH 5 with NaOH, water
is added to the final volume of 20 ml. 5 pg of genomic DNA are diluted in 50 ul of water, denatured at
95°C 10 min, then ingubated 30 min al 37°C with 1.5 ul of NaQH 10N (final conc. 0.3N). Then 310 pl of
sodium bisulphite M are added, 2.5 pl of hydrochinone 0.1M and 136 pl of water (final vol. 500 ul).

A layer of mincral oil is added and the mixturc incubates overnight at 55°C. The bisulphite treatment will
deaminate only unmethylated cytosines into uracil, therefore discriminating them from the methylated
ones which resist deamination. The day after DNA is purified with Promega columns, again denatured
with NaOH 0.3N for 15 min at 37°C, precipitated with ammonium acelate pH 7 {final conc. 3M) and 4
volumes of cold ethanol. After 30 min at -80°C, the sample is centrifuged and the pellet washed with
70% cthanol and resuspended in 50 p of water,

PCR amplification, cloning and sequencing

0.1 pl out of 50pl bisulphite treated DNA are added to cach PCR reaction, 12 independent reactions of 25
ul were sct up in paraltlel from each sample to minimize the effects of eventual PCR artifacts. 30 cycles
(30 sec 95°C - 30 sec 63°C - 30 sec 72°C) of PCR were made with 10% DMSO, 200 uM dNTPs, 1 umt
of Taq polymerase, 2.5 mM MgCls, and 1 1l of 10 uM stock of primers 1F - 37 GGA ATT TTA GAG
AGG TC/TG AAT TGG G 3 and 5aR - 5° CAC ACC CCC TAA CAA C 3,

One microliter of the first reaction is then used o start a seminested PCR with 35 cycles (30 sec 93°C -
30 sec 60°C — 1 min 72°C), without DMSQ, with 3 mM MgCl,, and 1 11 of 10 pM stock of primers 2F -
57 GTT ATT GAG TGT ATT TTT GTA GAA ATG GG 3° and 5aR - 5° CAC ACC CCC TAA CAA C
3", All 12 reactions of each sample were then pooled, partly evaporated, separated on a .2 % agarose
gel, and the bands recovered with the GIBCO-BRL Concert Rapid Gel exiraction system (1 1456-019).
Then the PCR products were ligated with the TOPO TA cloning kit by Invitrogen (K460001), bacterial
cells included in the kit transformed and plated. After overnight incubation and growth, colonies were
picked and sventually minipreps done with GIBCQ-BRL Concert rapid plasmid miniprep system (11453~
016). A first PCR screen with primers 2F and 3aR, PCR products cleaned on spin columns and 3 to 5
ulout of 30 were used for the sequencing reaction. We used the Amersham-Pharmacia Thermosequenase
Dye Terminator kit (US79765) with primers M13F and M13R of the TOPO TA vector, and sequenced on
an ABI 373 machine.
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Chapter 4 - Discussion

4.1 - Origin of fragile X mutations

The three papers of Chapter 2 report on our methodological and experimental efforts in the
characterization of fragile X chromosomes. Since 1992, when Richards et al. [1992] first
reported on the detection of founder chromosomes in fragile X syndrome, it was confirmed that
unstable repeats behave in a non-Mendelian fashion. Fragile X syndrome does not affect the life
span of patients, but it drastically reduces their chances of reproduction, thus leading to a low
fitness indeed. Since the prevalence of fragile X is relatively high (1:4000 to 1:6000 males
[Turner et al., 1996; de Vries et al., 1997]), one would expect a high mutation rate in order to
maintain that prevalence in spite of the continuous loss of fragile X chromosomes through
affected males. We could have expected to find new mutations on almost every haplotype
background found in the normal population: however, the data showed us that most fragile X
mutations are linked to only 3 to 4 haplotypes. Understanding how this could be, meant
speculating on the multistep nature of the fragile X mutational mechanism. Fu et al. 11991},
shortly after the cloning of the FMRI gene, suggested that the unstable nature of the mutation
could account for the so-called Sherman paradox of increasing penetrance: in fragile X
pedigrees there was a clear increase in the number of affected children from carrier mothers in
subsequent generations.

It was realized that the gradual lengthening of the CGG array in the premutation range also
increased the risk of ‘transition’ to the pathological full mutation. What had not been
immediately appreciated was that the initial events of destabilization of a wild-type allele were
relatively rare, definitely more rare than the subsequent steps (see Fig, 1b, Chapter 2.1).

A multistep mutational pathway is characteristic of all trinucleotide repeat disorders [Curnmings
& Zoghbi, 2000] and can be pictured like a snowball coming down the mountains: first it is light
and rolls very slowly (10°-107), as it becomes heavier it gains in speed, becoming faster and
faster (10'-10). The average transition rate of the whole process - in the case of fragile X
syndrome ~ is approx. 10™, accounting for the relatively high prevalence of fragile X [{Chiurazzi
etal, 1996a). The rare initial destabilization events will happen on just a few chromosomes and
this will result in few haplotypes (those of the original founder chromosomes) being associated
with a much larger final number of affected patients (see Chapter 2.2). Also intrinsic in the
bypothesis of the muitistep pathway is the presence of “pools’ or ‘reservoirs’ of ‘protomutations’
(i.e. already destabilized at-risk alleles, but not yet premutations) in the normal population from
which more unstable chromosomes can originate. Size of the CGG array alone 1s not a good

predictor of future instability, but when the presence and position of AGG nterruptions is taken
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mto account (imperfections generally stabilizing the array [Hirst et al.,1999]), a better guess can
be made [Eichler et al., 1994].

‘We tested over 130 independent fragile X chromosomes from people living in different parts of
Italy [Chiurazzi et al., 1996b] and found that only three DXS548-FRAXACI “major’ haplotypes
(2-A, 7-C and 6-D) are associated with 60% of fragile X chromosomes (Fig. 2, Chapter 2.2).
These same “major’ haplotypes are found 1n different proportions in all fragile X populations of
European descent tested to date, with approx. 20-30% of haplotype 7-C and then either more 2~
A in Mediterranean people (including two Iranian and one Singhalese patients) and Western
Europe, or more 6-D in Scandinavia and Central Europe [Chiurazzi et al., 1996a]. In the ltalian
fragile X population, another 26% of patienis’ chromosomes are associated with 5 ‘minor’
haplotypes (3-C, 8-C, 1-A, 7-D, 7-A, 2-C). The distribution of control alleles is very different
with over 70% of the normal chromosomes concentrated with haplotype 7-C and another 20%
with three minor haplotypes (7-D, 6-D, 6-C).

We also tested the CGG repeat length in 141 control males and found an association between
alleles with more than 36 CGGs and haplotype 2-A (the most common fragile X founder
chromosome in Italy as well as in Southern Spain {Yolanda de Diego, pers. comm.]), while most
normal chromosomes with haplotype 6-D had between 30 and 35 CGGs (Fig. 3, Chapter 2.2).
Our observation is in line with the proposal made by Eichier et al. [1996] on the existence of at
least two major mutational pathways leading to destabilization of the FMR ! array: 1) a slow but
continuous increase in size in a ‘pool” of protomutations linked to chromosome 2-A (or 7-A); 2)
anear average size of CGG arrays in the ‘reservoirs’ of 6-D) and 7-C protomutations that expand
more abruptly or ‘leap-frog’ wise {Macpherson et al., 1995], sometimes after losing an AGG
mterruption.

Let us now briefly consider why fragile X haplotypes are more numerous than those found on
wild-type chromosomes i.e. how can we interpret the higher heterozygosity of fragile X vs.
wild-type associated haplotypes. First of all, the three “major” fragile X haplotypes described in
Europeans originated on chromosomes also present in the control population: 7-C being the
most frequent normal haplotype, 6-D and 2-A being third and fifth most common (Fig.2,
Chapter 2.2): most of the heterozyposity excess is due to the presence of the 2-A haplotype,
which is absent, for example, in Asian (normal and fragile X) populations. Three protomutations
probably just arose on these ‘major’ founder chromosomes by chance and not in recent times,
because they can be found in all European ethnic groups (the more isolated Finns have almost

only the 6-D haplotype [Haataja et al.,, 1994] and the Basques may have no founder fragile X
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chromosome at all [Arrieta et al., 1999]). Furthermore, some of the ‘minor’ haplotypes may
actually derive from the major ones because of subsequent recombination between markers (e.g.
7-A may come from 2Z-A recombined with a 7-C common normal haplotype) or be due to
mutation at the microsatellite marker itself (e.g. [-A may derive from 2-A because of a mutation
in DX8548). However, it is also possible that some ‘rare’ haplotypes (absent in the normal
population and only associated with fragile X chromosomes) may reflect a moment of
‘concurrent’ instability of both the CGG repeat and microsatellite markers [Morris et al., 1995],
due to a defect in DNA mismatch repair that caused the initial destabilization of the CGG array
and generated the unusual ‘rare’ haplotype. With the next generation, however, the “mutator”
phenotype would disappear in the heterozygous offspring and would not be detectable in the
fragile X patients with that ‘rare’ haplotype. It's also worth noting that some of the rare fragile
X haplotypes may originate from very small population “pools’ and may be lost over time, either
because of genetic drift or because protomutations do not always increase in length but can also
decrease and revert to the normal range.

In Chapter 2.3 we reported on the distribution of DXS548-FRAXACI-CGG haplotypes at the
FMRI locus in a sample of 85 normal chromosomes from the Bamileke ethnic group of
Cameroon [Chiurazzi et al,, 1996¢] and compared them with European (ftalian) and Asian
(Chinese) control populations. Africans display a strikingly higher heterozygosity at all tested
loci, in spite of the relatively small size of the sample, with a higher number of alleles
(including many DXS8548 “odd’ alleles) and a more ‘spread out’ distribution than either sample
from Burope or Asia (Fig. 1, Chapter 2.3). This observation is compatible with a monocentric
origin of modern man, migrating out of Africa [Gibbons, 1995] and is explained by the longer
evolutionary history of our species in the African continent. On the contrary, Asian populations
are the least variable of all world populations (e.g. only alleles 4-8 and C-D are found at the
DXS548 and- FRAXACI loci, respectively). Crawford et al. [2000] reported on a large cohort
of 63 Affican American fragile X patienis compared with 102 Caucasian fragile X
chromosomes, thus characterizing the first significant sample of African fragile X patients.
They also confirm our observation of a higher heterozygosity i.e. genetic diversity of African
peoples and found haplotypes 7-C (7-3), 2-A (2-3) and 6-D (6-4) associated with fragile X in the
14%, 5% and 5% of cases, respectively. However, the major African fragile X haplotype is 4-4-
5 (ie. 4-D), which is not found in patients of European descent, but from which European

haplotype 6-D (6-4) may have derived. In conclusion, data from Crawford et al. [2000] support
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our initial hypothesis that some fragile X chromosomes may have come with men all the way
out of Africa.

As more and more groups reported haplotype data at the fragile X locus using different systems
to name alleles, we wrote a note on nomenclature [Chiurazzi et al., 1999a] in order to try to
invite different authors to test a few reference DNA samples and submit the results together with
their own naming of the haplotypes to a Web server that will make available these comparison
tables. We hope that in this way, without limiting the Authors’ choice as to the method they
prefer to use to define alleles, it will be easier to compare the results from different studies. In
the future it is likely that more studies with single-nucleotide polymorphisms (SNPs) will
integrate the older ones that have been made with the more informative but more mutable
microsatellites [Mathews et al., 2001].

Concluding this overview on the mutational history of fragile X syndrome, it is important to
underline that founder effects — due to the multistep nature of the trinucleotide repeat disorder -
have been documented also e.g. in Friedreich’s Ataxia [Labuda et al,, 2000] and Myotonic
Dystrophy [Goldman et al., 1996]. Both these latter disorders are due to extreme expansions {up
to 1000 units) of 2 GAA and a CTG repeat outside the coding region of the affected gene. In the
CAG repeat-polyglutamine disorders like Huntington disease (HD), Kennedy disease (SBMA),
and the various forms of spinocerebellar ataxias (SCA), the pathological expansion never
exceeds the range of a fragile X premutation {probably thanks to a selection mechanism that
prevents excessive expansions inside a coding region). In these conditions the mutational
pathway is shorter than in fragile X (or e.g Friedreich’s Ataxia), however a founder effect
(though possibly less pronounced) has been reported for HD [Dode et al., 1993; Barron et al,
1994] and e.g. SCAZ [Saleem et al., 2000},
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4.2 — Inactivation and reactivation ef fragile X full mutations

Several generations after the initial destabilization, progressively or abruptly, some
protomutations will emerge from the ‘gray zone’ of atrisk allele pools and become
premutations. The two- to six-fold increase in size (relative to wild type range) is not enough to
cause pathology, though the FAJRI mRNA leveis are increased {Tassone et al., 2000a; Kenneson
et al,, 2001], probably in order to compensate for their reduced translational efficiency [Feng et
al., 1995]. When, possibly through different mechanisms (slippage of entire Okazaki fragments
during replication, erroneous DNA repair or abnormal intrastrand recombination), the
premutation expands to full mutation, this latter is inactivated and methylation of the CGG
repeat and of the upstream CpG island is detected. It is difficult to know if methylation is the
first event in inactivation of a full mutation, but it is surely a necessary step for transcriptional
repression. In fact, we were able to in vitro reactivate the fully mutated FMR/ gene by treating
patients’ cell lines with 5-azadeoxycytidine (5-azadC, see Chapter 3.1) and effectively poisoning
the maintenance DNA methyltransferase (DNMT1). As shown, not only is the mRNA re-
expressed, but a proportion of cells also show positive immunostaining for FMRP after 5-azadC
treatment [Chiurazzi et al., 1998},

What is the normal function of CpG methylation and why does the FMR/ full mutation become
abnormally methylated ? Normally, methylation of dispersed CpG sites across the genome is
thought to be performed by de novo DNA methyltransferase enzymes (at least DNMT3a and/or
DNMT3b [Bestor, 2000]) during pregastrulation in the embryo proper [Razin and Shemer,
1995]. CpG methylation seems to reduce the background transcriptional ‘noise’ of transposons,
of endogenous retroviruses and in general of the many ‘parasitic’ DNA sequences that litter the
genome of vertebrates and are capable of transcription [Bestor and Tycko, 1996: Walsh and
Bestor, 1999]. In a paradoxical way, so called “CpG islands” — regions with a high density of
CpG sites mainly coincident with promoters of housekeeping genes and origins of replication —
are always devoid of methylation. This is probably because of the continuous presence of
binding proteins (e.g. transcription factors) that protect them from the activity of de novo
DNMTs. The unmethylated state of cytosines actually allowed the evelutionary conservation of
CpG islands, because methylated cytosines frequently undergo spontaneous deamination to
thymine and produce G-T mismatches. Although enzymes for repairing G-T mismatches exist
(e.g. MBD4/MED]1 [Bellacosa, 2001]), such mismatches are not always efficiently repaired,
thus causing C-to-T point mutations and leading to genome-wide loss of CpG sites with the

exception of the unmethylated CpG islands.
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The expanded CGG repeat of fragile X full mutations represents a ‘parasitic’ element from a
genomic perspective and is methylation - possibly triggered by abnormal secondary structures
formed by the CGG expansion [Darlow and Leach, 1998] and somehow spreading to the
adjacent promoter and CpG island — is likely to contribute to its stabilization [Woehrle et al,,
1996; Woehrle et al., 1998; Woehrle et al., 2001]. The F&/R/{ full mutation is net the only CGG
repeat that becomes methylated after expansion: the other folate-sensitive fragile sites FRAXE
[Knight et al., 1993], FRAXF [Parrish et al, 1994}, FRAI6A [Nancarrow et al, 1994] and
possibly FRA11B [Jones et al,, 1995] also behave in a similar way and coincide with regions of
delayed DNA replication [Hansen et al., 1993].

Is CpG methylation the only way to repress transcription on a local chromatin domain?

Actuaily, methylation alone can directly inhibit the binding of transcription factors [Kumari and
Usdin, 2001], but it has also been shown to act by recruiting multiprotein complexes containing,
among others, histone deacetylases [Razin, 1998]. Histonic protein modifications include not
only {de)acetyiation but also (de)phosphorylation and (de)methylation, and they somehow affect
the chromatin siructure in such a way that genes can be turned off and on [Berger, 2000]. Some
organisms such as S cerevisioe and C. elegans don’t methylate their DNA at all, and in
Drosophila methylation probably occurs during early embryonic development only [Lyko et al.,
2000). However, when methylation 1s present, it is dominant over histone deacetylation, as it
was shown for several antioncogenes [Cameron et al, 1999] as well as for the FMR/! full
mutation [Chiurazzi et al, 1999]. Histone hyperacetylating drugs alone cannot reactivate
transcription, as we also reported in Chapter 3.2, but they strongly synergize with the effect of 5-
azadC 1.e. after demethylation is obtained, histone hyperacetylation further increases the levels
of transcription in a geometric fashion (see Fig. 4, Chapter 3.2). However, in the case of genes
without a CpG island, histone hyperacetylating drugs can substantially increase the expression
level, as it was shown also in vive for the gamma-globin gene in sickle-cell disease [Atweh et
al., 1999] and in a mouse madel of spinal muscular atrophy (SMA) [Chang et al., 2001].

Qur studies on FMRI promoter demethylation dynamics after 5-azadC treatment (Chapter 3.3)
show that a sequential and thorough demethylation of the entire promoter takes place in a
propottion of cells; however, some CpG sites can become (or sometimes already are)
demethyfated before reactivation of gene transcription (e.g. sites 27-29 spanning the E-box in
footprint I). As the USF1 and USF2 transcription factors can bind their recognition sequence in
the FMR{ promoter even if CpG site 28 is methylated [Kumari and Usdin, 2001}, it’s likely that
they allow ifs passive demethylation by protecting it from maintenance methylation by DNMT1
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{Chiurazzi et al., 1999]. We suspect that the dynamics of 5-azadC induced demethylation are
not reciprocai to those of the initial de nove methylation: this latter probably starts from the
expanded CGG repeat and extends into the 5° promoter, while 5-azadC frequently achieves a
thorough promoter demethylation although we have indirect evidence that the CGG repeat
remains often — at least partly — methylated (experiments with McrBS and Frudi).

We had previously observed that the FMR/ reactivation levels achieved with 5-azadC are
inversely correlated with the size of the CG( expansion [Chiurazzi et al, 1999]. Also, in
Chapter 3.3 we found promoter demethylation afier 3 days of 5-azadC treatment in a lower
proportion of cells when the full mutation was larger (compare Fig. 3b with Fig. 2b). However,
after 8 days of treatment, the majority of cells eventually seem to have a demethylated promoter.
Therefore we propose that, even when the FMRJ promoter is completely demethylated,
transcription is still not possible, when the CGG repeat is still substantiaily methylated.
Conversely, transcription should be possible if the promoter is methylated but the CGG repeat is
not (as it may have been in the unique case of a lung tumor with a premutation and a parily
methylated promoter, reported by de Graaff et al. [1995]). In conclusion, it appears that the
inactive FMRI promoter is not as inaccessible as we previously thought, because at least some
transcription factors can still bind to it and in some cases drive transcription in a few cells, as
suggested by Tassone et al. [2001]. These latter results are interesting because they show that in
peripheral blood leukocytes of fragile X patients with an (apparently) methylated full mutation, a
variable amount of FMR/ mRNA can be detected. In most cases mRNA levels are below 10%
of wild-type, corresponding to 1-2% of total cells transcribing (unmethylated full mutations also
have 5- to 10-fold higher mRNA levels [Tassone et al., 2000b]), though in few cases up to 10%
of the cells may be transcribing. However, we suspect that the Nrul enzymatic assay - that
Tassone et al. [2001] used to verify the complete methylation of the FAMR/{ promoter - may not
be sensitive enough (it tests only CpG sites 2 and 3, Fig.l of Chapter 3.3). A bisulphite
sequencing analysis, such as the one we describe in Chapter 3.3, may have uncovered a partial

promoter demethylation in a proportion of cells.
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4.3 - Future challenges in fragile X research

Ten years ago the FAJR/ gene was cloned and an unprecedented mutational mechanism due to
the instability of triplet repeats was discovered {Verkerk et al., 1991]. In 2001, still several
questions are waiting for answers: 1) What are the exact mechanisms that allow the initial small-
scale instability over many generations and when are they active? 2) What (different)
mechanisms can make a premutation expand so dramatically to a full mutation in just one
generation? 3) When and in which cells is the pre- to full transition taking place? 4) How and
when does the full mutation become methylated? And if we succeed in managing to demethylate
it, will it remethylate in somatic ceils?

Partial answers to these questions have been given, but much experimental work rematns to be
done, With respect to the mechanisms of small-scale instability, replication slippage has been
often proposed as explanation [Richards and Sutherland, 1994] and may depend both on the
length and AGG interspersion pattern of the CGG array [Nolin et al., 1999]. However, recent
evidence from murine models of neurcdegenerative disease transgenic for CAG repeat arrays
showed that repeat variation can occur in the absence of DNA replication [Sinden, 2001} in non-
dividing cells, in connection with DNA repair {maybe transcription-coupled repair). A murine
knock-in model with a pure 98 CGG repeat in the Fmr{ gene has been also recently obtained
showing repeat instability [Bontekoe et al., 2001) and this model will be instrumental to these
investigations. No such large expansion from pre- to full mutation has been, however, observed
in murine models to date, and the mechanisms involved in these dramatic amplification are
likely to be different from those responsible for the small-scale instability. Formation of large
hairpin structures on newly synthesized Okazaki fragments may favor large expansions: White
et al. {1999] showed that in yeast a 10-fold increase of expansions in a transgenic CGG array
resulted from suppression of RAD27, the yeast homologue of the FENI nuclease, which has the
ability to remove the 5° flap of Okazaki fragments. Another interesting possibility is that repair
after a doubie strand break leads to successive rounds of abnormal unwinding and re-invasion of
the donor sequence by the newly synthesized strand, allowing DNA synthesis to proceed more
than once within the repeats [Richard and Paques, 2000]. If repair by gene conversion needed
the homologue copy on the other X chromosome, this could also explain why only female
carriers of a premutation can have children with a full mutation and male premutation carriers
have only premutated daughters. Another explanation to this sex-bias was suggested by Maiter
et al. [1997]: the pre- to full transition may take place only in the germ line, but a selection

mechanism only active during male gametogenesis would eliminate spermatogonia with CGG
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arrays larger than a premutation [Reyniers et al,, 1993]. During embryogenesis then, only
variation in the full mutation range and eventually reductions to the pre- or wild-type size range
would occur [Chiurazzi et al., 19941,

Knowing exactly when and why the full mutation does become methylated, could be also
relevant for finding ways to interfere with this process and to prevent it. Further studies such as
that of Burman et al. [1999] on the rare normal males with unmethylated full mutations might
help to understand if de rovo methylation of the full mutation can actually take place only in a
restricted time window during early embryonic development [Schwemmle, 1999]. Careful post-
mortem examinations of such individuals will also cenfirm whether or not a premutation aliele
was ‘hiding’ in their brain, thus explaining their normal functioning.

We also need more information about the DNA methylation and demethylation machinery: one
maintenance (DNMT1) and two de novo methyltranferases (DNMT3A and B) have been
characterized [Bestor, 2000], but we siill are not sure whether de novo methylation is absent in
adult somatic cells. This last information is critical in attempts to demethylate a full mutation: no
remethylation should occur in order for a treatment to be effective. Woehrle et al. {2001]
provided evidence that the somatic murine cell line A9 does not have the potential to
remethylate an unmethylated full mutation.

An active DNA demethylase enzyme exists that works as repair methylcytosine glycosylase;
however, it is still not clear whether another demethylase activity exists that can cleave out only
the methyl group from the pyrimidine ring [Wolffe et al, 1999]. Harnessing the potential of
such a demethylase could allow us to reactivate the full mutation also in quiescent cells.

Finally, when considering a pharmacological treatment based on DNA demethylation, the
impact of such a treatment on the rest of the genome must be considered. Other genes would
probably not be affected as cytosine methylation normally does not affect CpG islands [Walsh
and Bestor, 1999], but we might worry about diminishing the transcriptional silencing of
parasitic sequence elements (transposons and endogenous retroviruses).

Reactivation of the endogenous fully mutated gene remains an attractive altermative to gene
therapy based on the addition of a fully functional copy of the FMR/ gene to brain neurons.
However, supplementing in vitro produced FMRP to patients might become feasible if a peptide
tag was added following a strategy such as that reported by Schwarze et al. {1999].

Of course, much information is still needed about the celtular and physiologic role of the FMR1
protein: knowing how its deficiency causes e.g. dendritic spine immaturity [Hinton et al, 1991,

Weiler et al., 1997; Irwin et al,, 2001] could give us clues about alternative treatments that may
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compensate FMRP absence, For example, psychopharmacology is likely scon to provide
physicians with powerful drugs for counteracting the absence of FMRP: a double-blind chinical
trial on more than 100 fragile X boys is testing the efficacy of acetyl-L-carnitine in diminishing
hyperactive behaviour and increasing attention span [Torriolt et al., 1999] and very promising
compounds (AMPAkines) — that stimulate glutamatergic receptors involved in hippocampal
LTP response and memory [Aral et at., 2000, Lauterborn et al., 2000] — are presently being tested
in Alzheimer disease and could be also useful in treating fragile X mental deficit.

A final note should be made on screening for fragile X: a recent study from Isragl [Toledano-
Athadef et al., 2001] reports on offering the fragile X test to pregnant women or to women of
reproductive age. While cautioning against screening during pregnancy is warranted [Nert and
Chiurazzi, 2000], neonatal screening, when accompanted by adequate genetic and psychological
counselling, would not only provide reliable data on the prevalence of fragile X, but — most

importantly — it will give the parental couple the option of early intervention for their child.
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Summary

The fragile X syndrome represents the most common inherited cause of mental retardation
worldwide. Fragile X belongs to a large group of more than 200 mental retardation conditions
caused by mutations in X-linked genes (XLMR), that have a collective frequency of up to 1 in
1000 males. Fragile X syndrome is also unique because it was the first genetic condition caused
— in the overwhelming majority of cases — by the expansion of an unstable CGG repeat,
becoming the prototype of a growing list of inherited disorders due to the instability of
trinuclectide repeats.

Ten years after the cloning of the FMR! gene involved in fragile X syndrome, we still don’t
know all the molecular players that allow the destabilization of the CGG repeat located close to
the gene’s CpG island. However, the finding of a founder effect in fragile X syndrome indicates
that only few of the unstable repeats eventually reached the pathological range, while many of
the potentially unstable CGG arrays are hidden in the upper limit of the normal range thus
escaping detection. It also points to the multistep nature of the fragile X mutational history: a
fragile X ‘full’ mautation is not created abruptly at a certain point of time — as it is the case of all
traditional types of mutations - but requires passage through many generations before
manifesting itself, thus allowing the constitution of ‘pools’ of at-risk alleles in the nommal
population. The long ‘evolution’ of fragile X mutations — normal alleles that are gradually
transformed into full mutations — bears some resemblance to tumorigenesis. The first line of
research illustrated in this Thesis focuses on this early phase of the natural history of fragile X;
narnely, founder effects and haplotypes at the FMR locus.

The second line of research was aimed at understanding what happens affer the fragile X
mutation has reached a pathological size. What we showed with our ‘reactivation’ experiments
is that the size of the CGG expansion per se does not cause the silencing of the FMR/ gene: it’s
the methylation that is added to the expansion that leads to the transcriptional block. Also a few
individuals with normal intellect (or slight impairment) and an unmethylated full mutation have
been observed in some fragile X families, confirming that the presence or absence of tiny
chemical groups modifying the DNA can determine the activity of the FMR/ gene. Thus, by
studying the ‘reactivation’ of fragile X full mutations, we try to learn more about their
‘inactivation’ and ~ hopefully — about possible ways of preventing or ‘reverting” their
inactivation in fragile X children.
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Samenvatting

Het fragiele X syndroom is wereldwijd de meest voorkomende erfelijke vorm van mentale
retardatie. Het behoort tot een groep van meer dan 200 vormen van mentale retardatie
veroorzaakt door mutaties in X gebonden genen (XLMR), hetgeen bij | op 1000 mannen
voorkomt. Het fragiele X syndroom is uniek, omdat het de eerste erfelgke ziekte was
veroorzaakt door - in de meeste pevallen- een verlenging van een instabiele CGG repeat,
waardoor het prototype is geworden van een groeiende lijst van erfelijke ziekten veroorzaakt
door instabiliteit van trinucleotide repeats. Tien jaar na het kloneren van het FAR/ gen
betrokken bij het fragiele X syndroom, weten we nog steeds niet alle moleculaire spelers die van
belang zijn bij de destabilisatie van de CGG repeat dichtbij het CpG island van het gen. Het
vinden van een founder effect in het fragiele X syndroom impliceert dat slechts enkele van de
instabiele repeats uiteindelijk de pathologische lengte bereiken, terwijl vele van de potentieel
instabiele CGG repeats zich in het bovenste gebied van de normale allelen bevinden, waardoor
ze niet gedetecteerd worden. Verder wijst het naar een meerstaps proces van de fragiele X
mutatie geschiedenis; een fragicle X ‘volledige’ mutatie ontstaat niet abrupt op een bepaald
tydstip, -wat wel geldt voor alle traditionele type mutaties- maar vereist passage door vele
generaties voordat deze zich manifesteert. Ten gevolge hiervan treedt er constitutie op van
‘pools’ van risico allelen in de normale populatie. De lange “evolutie’ van fragiele X mutaties -
normale allelen die langzaam stapsgewijs transformeren naar volledige mutaties- vertoont
overeenkomsten met tumorgenese. De eerste lijn van onderzoek in dit proefschrift richt zich op
de vroege fase van de natuurlijke herkomst van het fragiele X syndroom; namelijk, founder
effects en haplotypes van het FMR1 locus.

De tweede lijn van onderzoek was er op gericht te begrijpen wat er gebeurt wanneer de fragiele
X mutatie de pathologische grootte heeft bereikt. De reactivatie experimenten tonen aan dat de
lengte van de CGG repeat op zich niet bepaalt of er inactivatic van FMRI optreedt; de
methylering die wordt toegevoegd aan de repeat verlenging is bepalend voor het blokkeren van
de transcriptie. De beschrijving van enkele individuen met een normaal (of licht verlaagd) 1Q en
een ongemethyleerde volledige mutatie bevestigt dat de aan- of afwezigheid van kleine
chemische groepen die het DNA modificeren, de activiteit van het FAJRJ gen kunnen bepalen.
Op deze manier, door het bestuderen van de ‘reactivatie’ van fragiele X volledige mutaties,
proberen we meer te weten te komen over de inactivatie en hopelijk over mogelijkheden tot

preventie of omkeerbaarheid van deze inactivatie in fragiele X kinderen.
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-DANKWOORD

Al you need is love. The Beatles {among others...}

In het begin was ‘JOE HOU... T even received a T-shirt with that printed on sorrounded by
many kisses (Coleta’s) and the signatures of all you friends. September 1994 was my first
time in Rotterdam and in The Netherlands: what a great time! 1 was in the same laboratory
where 3 years earlier the FAMRI gene had been cloned. 1t all started as a short visit to update
my expertise in the Fragile X field and it became just the first of many times: twice two
months in 1996 and finally two years from 1998 until 2000.

Beste Ben, zonder jou was dit helemaal onmogelijk: van harte bedankt! You gave me a book on
Rotterdam the first time and suggested to come again to check the “everchanging” skyline:
well, I did that! Since the very start you believed in me; 1 hope that after the “promeotie” we
can start thinking about science again... is there space for me in the toilet to do some
experiments? En nooit meer te laat | Wij moeten ook naar Hotel New York voor een lekker
dinertje met Hennie. . .,

And now “Grazie” Professor Neri (Giovanni): thank you for taking me to the 1991 Workshop in
Strasbourg even before graduation. Thank you for sending me to Rotterdam and helping in any
possible way. “Grazie” for your continuous support and friendship: you have been (and are)
my true teacher, providing guidance and mspiration. Grazie anche ad Enrica per essere qui
oggi!

Piet “Rotterdam™ has been helped by many in the Department of Clinical Genetics, but one
special person must be thanked now: Professor Hans Galjaard. Duizend mal bedankt,
Professor! I was not only your guest in Westzeedijk for more than a time, but you always
found time to invite me out for dinner or to a concert: that made me feel very special. You
have a pift to make everyone feel at ease and I will never forget your generosity and the drinks
prepared by your lovely wife at your place locking at the garden.

En nu, my two original paranymphen Cathy Bakker (my real and only Dutch teacher !} and Carola
Bontekoe (you came with flowers at Schiphol 1): you both gave me much scientificalty (if I can
clone constructs it’s because of you, Cathy!) and not only.... I will never forget missing my
plane to Amsterdam when Carola married Andre: 1 arrived with the next flisht, just in time to
dance with the bride (eh, Caroltje?t) at de Pelgrim, where my party should take place.
Unfortunately Cathy had to stop her activity a bit in advance of her term for delivery and had to
delegate her role to another paranymph, but she knows that for me it will just be as if I have three

paranymphs: I'll keep the fingers crossed for you, heve Cathy ... ik weet dat je zal jouw best
doen !

Esther de Graaff is back in town and she has been my angel since 1994: lieve E¥*, you have
always been there for me, you answered all my questions and also organized a “borrel” in
1996 to celebrate my specialty in Genetics (and I still have the bear with the papillon!)..... and
finally you accepted without hesitating to be my paranymph in place of Cathy: Bedankt E* |
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Alle de beste collegas van het fragiel X ploeg wil ik bedanken: Ingeborg (ik zou je ook altijd
missen, Ingebortje), Marijke (sweet sequencing lady), Serieta (great Indian dancer who also
taught me the hot PCR for CGGs), Rob Willemsen (godfather of FMRP
immunocytochemistry). And the “fragile X friends of 1998-2000: Surya, Nan and Yolanda
{viva Espana, viva1).

Querida Yolanda: remember the many times on the bike, at the cinema, at the mensa or
preparing dinners, on Sundays with your “paella” and many other friends (Bianca, Aida y
Gustavo, Fermin y Maria)... unica y preciosa es tu amistad! Unforgettable was the surprise
party when [ left in March 2000: everybody was there and we had such a good time!
GRACIAS {=

Let me now thank the neighbours: Peter Heutink en Patrizia (Dear Piet & Pat... please greet the
cat!l), Burcu (what a nice evening with Gerard at your place!), Jeltje (often there laughing on
Saturdays and Sundays!), Henk (master of biocomputing and great “italian” singer!), Leon
(Testers, the skating & biking Master... “Bedankt voor de Bloemen uit Nederfand!™), Guido
{lieve Guido, always calm and smiling), Herma, Esther. ..

Going further in the corridor you enter the “kingdom of DNA diagnostics” where I want to pay
special thanks to Dicky (Sint!) en Ans (cat lover!), Wout (we won the Labdag competition
together!), Robert (skating, dancing or coming to Rome, always a true friend!), Lida (“don’t
touch, I'm Dutch!™), Carola (de mooiste fragiel X blots ik heb gezien!).

Now let me say BEDANKT aan the Eiwit-Lab... Beste Andre (Floogeveen), jij bent een vriend
geworden en wij hebben zo veel over FMRP en Western blot gespreken, always smiling and
Jjoking, a real “SMILE” person: Grazie! Leontine (blue eyes) and {mijn lieve) Debby: if I can
do Western blots it’s thanks to you and I think of you every time [ do one! Violetta Stoyanova,
success met bisulphite: pero” che bello Keukenhof con tutti quet fiorit Elly en Marjon: keep
smiling and helping prepare fantastic borrels! E ora Filippo: Lord of the FMR and FXR
proteins, feariess cell culturer, hippocampus expert, crazy italian from the North, luckily
married to Alex and happy father of Mattia (good football player) and Noa (black hair like her
father)... ti mancano solo le rose! Coleta (Verhei)): jij bent ook een bijzonder vriend geweest:
I still have your kisses on the T-shirt and remember your chocolate mousse in front of the
video watching “The meaning of Life” and... you and E* doing the dishes after the famous
dinner in the library of Westzeedijk! Annemieke (Verkerk): welcome back to Rotterdam on
the “other” side and good luck with the next cloning!

Arnold, the crazy night worker that jumped on the containers at 3 o’clock at night and always
told me he would finish in “een wurtje”: you gave me an example of passion for science and
your work! En Adrie {welcome back!), Franz & Grazia (the ‘metabolic’ couplet), en Mark,
the red-haired Welshman painter with a gift for science who introduced me to fluorescent
microscopy: Bedankt!

As we are there, let me thank Cookie + Bert, rulers of the dark FISH reign, and Roberi-Jan
Galjaard {my bench neighbour for a while) en Frans Loos (you saved me once when I was
sick, remember?).

Thanks to all secretaries of one side and the other: Jeanette you deserve a special mention: you
always helped me {(much for the PhD) and always smiled and were so “lief”.... harstikke
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bedankt ook aan Cilesta (hemelkindje!)... and finally thanks to Peter (van Vuuren} en Jeroen
who always helped me with the computers |

T will now take the Lift down to the 7" floor and greet Melle (magic lady of orders!), Tom de
Vries en Co. (how many slides?... and chats over wine and Mediterranean cousine, ¢h?). Just
before getting out I want to say thanks to all the “portieren” (we always had a chat and a smile,
expecially when I came in late at night or during the weekend: niets is onmogelijk, Paul!),
Gabriela Bos (the smile of ABN AMRO) en de medewerkers van de Mensa (we met every day
at luch time!). Ik ben nu op Dr. Melewaterplein bij de fietsstalling. ... Who's there ? Simona
(la ginecologa) and Fabiola (Ia cardiologa, soon PhD!), two ialian friends in Rotterdam like
me: let’s go biking!

In the evening I went back home: once very far (Mw. Vermeulen and her dogs!) but since 1998
very close... Gerard (en Nelly), without you my Duich experience would have been very
boring: no talks on philosophy and sociology until 2 am, no special soup on Saturday evening,
no rides to the swimming pool, no lunch at the “Groene Passage”, no chats on
kultuurverschillende, no walks with-your dog Bunkie (=), less bier at the Wester Paviljoen, no
good music, no trips to Papendrecht en Dordrecht: van harte “Bedankt™ grote broer Gerard ...
ik weet dat je bent altijd daar.

Another very special “brother” I have in Holland (when he is not in Belgium or somewhere
else)... Peter “Joker” van der Spek Crazy, smily, quick, friendly, helping, always joking,
caring, Peter escapes all classifications... maybe it’s because of his mother (Hallo en altijd
bedankt voor je gastvriendschap, Mw. V.d. Spek!), anyhow “Joker’ is a special friend who
always motivated me: BEDANKT Peter (also for not forgetting my birthday this year!!).. It
all started with SMT3 by chance, where will we go now ??

On Sunday moming I had an appointment: kwart voor 11 in het Paradijskerk! Climbing the
stairs and ringing the church bells (“suonare i campanelli”) was a privilege I will never forget.
Wouter Blaquiere, onze organist en koor dirigent, merci! How music can speak to the
heart..... Bedankt Albert (en Petra !) voor jullie vriendschap, Zondag was echt een vrolijke
dag met jullie! Kees, thanks for the many invitations to your beautiful house near the Park:
your wife always offered me nice food and you made me feet at home when I was in
Rotterdam: bedankt! Wannecke, many thanks for your hospitality and dinner: Daniela still
remembers making the bath to your little Pablo that night... last but not least, Padre Eric, onze
pastor: van harte bedankt!

The experimental part of this PhD was partly done at the Institute of Medical Genetics, Catholic
University, Rome, so let me thank the coworkers who put so much passion in this research and
always encouraged me: the “FRAXA girls” Maria Grazia (the boss!), Roberta (i primers per il
bisulfito!) and Elisabetta (¢ Carlo??) plus Tlaria Zito (who got her PhD this year too). Many
colleagues supported me with their comments, thoughts and friendship: Christina (“Pietro,
avrel un cDNA da farti vedere....”), Maurizio (Advance Australia fair 1), Manuela (Manuuu ),
Oana (Moana sei unica !), Eugenio (Good luck in Utah, Gege’), Fiorella “little flower’, Danilo,
Accursio, Donatetla e Teresa, Francesca e Daniela, Jolanda, Lucia, Luciana ¢ Angela (dulgcis in
fundo). Everyone of you made my life in the Lab in Roma unique: GRAZIE. Special thanks to
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Stellingen behorende bij het proefschrift

Origin and reactivation of the fragite X gene

1

A "dynamic" mutation is a muitistep process taking place over many generations,
invalving both expansions and contractions of repeated DNA sequences.
This thesis

11

The fragile X mutations associated with the most frequent founder chromosomes
originated thousands of years ago.
This thesis

Hi

The initial events leading to the instability of a wild-type FMR/ allele are rare
compared to those determining the final transition from prerutation to full mutation.
This thesis

v
Repeat instability may occur to a greater degree in non-dividing cells.
Sinden (2001) Nature 411:757-758
Kovtun and McMurray (2001) Nat Genet 27:407-411
v
A long expanded CGG repeat can be seen as a “parasitic’ element
that becomes neutralized by cytosine methylation.
This thesis
V1
CpG methylation is the most important factor determining

transcriptional repression of the FA/R/ gene.
This thesis

VI

Epigenetic phenomena orchestrate the DNA genetic music.
Pennisi (2001) Science 293:1064-1067



Vil

Histone hyperacetylating drug sodium butyrate has been successfully used
to induce expression of the fetal globin gene in patients with sickle cell disease.
Atweh et al. (1999} Blood 93:1790-1797

IX

The notion of permanence of our bodies is largely an illusion . We are a mosaic
of organs and tissues, some of which are continuously deconstructing and renewing.
Jean Claude Ameisen, La sculpture du vivant. Le suicide cellulaire
ou la mort creatrice. 1999 Ed. du Seuil

X

New neurons are probably produced even in the adult brain
and activation of neuronal stem cells might restore brain function.
Kempermann et al. (2000) Prog Brain Res 127:35-48

X1

The fruit of silence is prayer, the fruit of prayer is faith, the fruit of faith is love,
the fruit of love is service, the fruit of service is peace.
Mother Theresa

Pietro Chiurazzi

Rotterdam, 24 october 2001
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