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ABSTRACT

The Fragile-X syndrome of mental vetardation is associated
with an expansion in the number of CGG repeats present in
the FMRI gene. The repeat region s within sequences
characteristic of o CpG o istand. Methylation of Cpl
dinpeleotides that are 5 to the UGG repeat has been shown
1o occur on the inactive X chromosome of normal females
and on the X chromosome of affected fragile-X males, amd
15 corrclated  with  silencing of the FMETD gene, The
methylation stidus of Cpis sites 3 to the repeat and within
the vepeat itsell has nol previsusly been reported, We have
used two methylation-sensitive restriction coeymes, Al and
FroudHT, to further characterize the methylation pattern of
the FMRT CpG oisland in normal individoals and in those
carvying fragile-X mutations. Our results indicate that: (i)
CpG dinuclestides on the 3 side of the CGG repeat are part
of the CpG island that is methylated during inactivation of
a nermal X ehromosome in females; (i) the CGG repeats are
also part of the CpG island and are extensively methylated
a i result of normal X-chromoesome inoctivation; (i) similar
to normal meales, unalTected fragile-X males with small CGiG
expansions are unmethylated in the Cpls island; for affected
males, the patterns of methylation are similar to those of @
normal, inaclive X chromoesome; (iv) in contrast to the parial
methylation observed for certain sites in lymphoeyie TINA|
complete methylation was observed in DNA from cell lines
containing either a normal inactive X chromoesome or a
Cragile-X chromnsame from an affected male, Our data are
consistent with the hypothesis that hypermethylation and
silencing of the FAMRE gene in affected fragile-X individuals
resull from the normal process of Xchromosome inactivation
and the abnormal failure to reverse it prior Lo female meiosis,

INTRODUCTION

The fragile-X syndrome, a frequent cause of inherited mental
retardation, has very unusual pamerns of inheritance and
expression [4, 40]. These patterns led to the proposal that the
syndrome results from abnormal chromeseme imprinting; the
specific mechanism postulated o lead o imprinting is the failure
1o completely reaclivale an inactive X chromosome that carries
the fragle-X mutation [22, 23]. A number of molecular
predictions of this “X-ingctivation imprinting” model have been
verified: (i) an abnormal pattern of DNA hypermethylation at
the Irapile-X locus has been observed in affected individuals (2,
T, 17, 27): (i) this abnormal patiern of hypermethylation

rusembles the methylation pattern that is established for the
norml allele at the fragle-X locus when an X chromosome is
mactivated in females [2, 17, 50]; (iii) there is silencing of gene
expression at the Mragile-X locus (FMRT pene) in most affected
males rather than production of an abnonmal gene produc [31];
iv) cellular mosaicism for the hypermethylation at the fragile-X
site is readily apparent in some alfeetsd indivicduals [27, 31, 38).
Hecent data indicating that the chromosomal region containing
e FMRI gene is ahnormally late-replicating in attected fragile-X
miales (449, 52| are consistent with o contral prechiciion of a related
moddel—that fragile sites represent cis-acting mutations leading
10 delaved DMA replication [22].

An aditional molecnlar ohservation that is accommodated but
not predicted by the X-inactivation imprinting model is that there
are two levels of instability of DNA sequences al the sile of the
fragile-X mutation [12, 20, 27, 47| There is a low level of
expansion of CGG repeats within the FMRI pene that reprisents,
or 15 & consequence of, the tragile-X mmation; we reler (o this
s the primary CGGr expansion. The primary expansion may lead
Lo whnormal imprinting by blocking réactivation of an inactivared
fragile-X chromosome, perhaps as a0 result of lie DNA
replicanion at thig site [22]. In addition to s primary CGG
cxpansion, there is @ higher level of instability that is manifested
as a large increase in the number of CGO repeats in somatic cells
of affected individuals as well as in some unaffected females.
We refer to this large increase as the secondary expansion, It
is not yet clear whether this secondiry expansion is rransmitted
through the germ ling or s bimited o somatic cells. The
relatonship berween hypermethylation and the secondary
cxpansion in affecred individuals alse needs to be examined in
more detail,

Methylation data for only a few CpG sites in e FMR! CpG
island have heen reported, and these are all 5 to the CGG repeat;
no methylation data are available for sites within the CGO repeat.
Hvpermeathylation patterns observed for alfected mnales and
normal females at two sites in the CpG island (ByyHIT and Eagl)
are comsistent with the X-inactivaton imprinting model [23], The
imprinting muxlel has, however, been challenped by Sutherland
and coauthors [45], who presented daty indicating that a Sacll
site 5 to the CGG repeat is highly methylated on the fragile-X
chromesome in lymphocytes bur not in charionic villus cells of
male fetuses likely to be affected; Uus Sacll sie s also
inefficiently methylated on the inactive X chromosome in females
[51]. In contrast, the nearby fagl site is extensively methylated
in chorionic villus #nd other tissues of such feruses [6).
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Methylation analysis of more CpG sites in the region may
therefore be useful in further molecular tests of the X-inactivation
imprinting mudel.

Extensive characterization of methylation patterns nuy also be
required to understand the relationship between methylaton and
capression of e discase. The imporance of methylation in
suppressing cxpression of the FMRET gene is sugpested by reparts
of methylation and transcriptional mosaicism o fragile-X
individuals |31]. In one case-report of fragile-X fetml material,
vells dhal backed methylation aca BssHI site contmned transcrprs
of the mwtam FME! gene [44].

We present data in this report on methylation paterns in the
CpG island of the FMRI pene using the methy labion-sensitive
restriction endonucleases Acil and FurdH 1. Recognition sites are
guite frequent for these eneyimes and wre present wl sll CpG's
within the CGG repeat. We address four questions with our
methylation amalysis of the fragile-X docus: () Are CO
dinucleotides on the 3° side of the CGG repeat of te FMRET pene
also part of the Cpli island thart 15 methylated during inactivation
ol the humen X chromosome? (1) Do O dinucleotides withim
the CGG repeat become methylated during inactivation of g
normal X chromosome? (i) Whar is the methylanon status of
expanded COG repeats and Hanking FraedHE and Aol sites within
the CpGoodsland? (ivy Do tissoe-cubore cells maintain the
methylation patterns ot the CpGoisland that are observed in
lymphocytes!

RESULTS AND DISCUSSION

Methylation sensitivity o Aed

We have used two methylation-sensitive  restriction
cndonueleases, Aol uml FredHT, o chamclerize the methylation
status of the CGG repeat and flanking regions that are within
the human FMET pene. FapdLl, with a recognition sequence of
GCNGC, is inhibited by hewi- or symmetrical methylation ar
either cytosine |14, 19]. We demonstrate here that Ao, an
unusual enzyme with a nonpalindromic recognition sequence of
CCGCIGCGGE, is also methylation-sensitive.

We wsed target scquences present in the human
phosphoglycerate kinase gene (PGRT) to exdmine e methylation
sensitivity of defl, ‘The methylation stas of Acil sites in the
promoter regions of selive and insctive PGRT genes has been
determined by genomic sequencing [28, 29]. The siles are
unmethylated on the active X and methylated on the nactive X.
DA from hvbrid cells containing either sn active or &n inactive
human X chromosome was digested with AciT and then subjecied
to PCE. Two primer sets were used (C2/D2 and G2/12). cach
amplifying across & Acil sites. Erthidium-stained PCR. products
were absenl from Acil-dipested TINA when it was derived from
an unmethylated active X chromosome, whereas the appropriale
product was present when DNA from a methylated . inaciive-X
template was digested and amplified (Fig. 1A

CCGG sites in vertebrate genomes are koown o be
predominantly methylated becauss of the general resistance of
DINA 1o Hpall as seen on ethidium bromide-stained agarose gels
[41]. Aeil, which also has a four hase-pair recognition site
containing a single CpG (GCGG), also [ails o digest hurmasn TINA
extensively, consisient with methylation at the majority of Aci
sites in the pemme (Fig, TR). Ac?l was shown 1o be active in these
reactions because extensive digestion of CpG-island scquenoes
(FMREI, POKS and reiterated sequences containing CGG repeats)
was ohserved after reprohing membranes from these gels
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Figure 1. Aci! i mwethybnon sensative. A PCR wilyses of sed sates o e Cped
Esbund of the PO gene, DINA wis ineubuted in the presencg o absence of Aol
and subsequently amplitied with oliponucleotides apecific for the §' CpGiislnd
of the IMGEY pene (0202 e G2 The ethisium-=tainel POR [y e
anbyed by agorose el electophoreis. X nepreseols o boestes o cell
berse (% UBZ-DIE) currying o noremad, active hueman X chromesome; ) wnd
repecsent pormal male and female blocd ymphocytes, respectively, Plasmid”
refers o RADA, which contains penomic sequance fom the 57 poomnter of the
Pairuein PGRT gene [ 0] The lurgese of e siee stimlurs shown ul e ledl ol
the gl i the 310 gy feagienn of o standand miatoie contuiisg &% 107 Huelll
tad b Mimed U1 Frogrsents, B Bty ltion wnslysis ot Aefl sies in genomic DN A,
Cenomic DMNA from normal mile ymphocyvies was digested with P, Aci] or
Frowslll in various combinations, s described ahove the pel lanes, anl
electrophioresad inoan aganees gel contoining slidivim brovgde, Tl s stadanls
Lzt mre gvost viscble inelude the 25, 4 6.6, 125, 1] and 7 Kb Trugments
of the X174 Haelll ard & HindIl Feagment miswre,

iFig. 38, and dara not shown). A large fraction of genomic DNA
wis digested by FrudHT becanse many of its recognition sites
do not contain CpG's and are therefore unmethylated (Fig. | B;
FruHl siies lacking Cpt are DGUWOUH, where D=A, G or
T. W=Aor T; H=4A, C ur T).

Methylation of CpG dinuclentides on the 3 side of the CGG
repeat on the normal X chromosome
Previows repors of methylation in the FMRT Cpl island focusad
on a few sites 37 o the CGG repeat [2, 17, 38, 45, 48], The
371 bp 3’ to the repeat 15 also CpG-rich and contains multiple
rare-culler siles, which are often Tandmarks for Cpis islands
(Fig. 2). Examination of the published sequence of this region
[12], reveals a base composition of 67% G + C, and a CpG
dinucleotide frequency of 11 % these values are indicative of a
Cp5 island [3]. Analysis of the region with FredHI amd Aed,
using the e 10 probe, confirmes this capectation: the region
15 generally unmethylated on the active X chromosome of either
lymphoeytes of males (Fig. 34, lanes 11-and 12; Fig. 313, lanes
2 and 4), or of hybrid cells containing an active X chromosome
(Fig. 3A, lanes 2 and 3).

In contrast, the female pattern of DMNA fragments after
digestion with P51 and either Acl or FridHT indicates signi feanl
but heterogeneous methvlation at these sites. For example, the
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Figi'e 2. Mup of the SIS CplG island, Shown are cleavage sites of Ul spevificd restriction crgymes, Indicated by vertical Tines, the CGG repeat reggion § F29)

anil Teations ol setnanie probes fmedE, fmed 10 and fmrg] 2mel 202

prominent FugdHE Pyl products ar 520 bp and 620 bp indicste
that the FardHI site at nucleotide 8RS appears 1o be > 9%0%
methyluted (Fig. 3A, lane ¥; Fig. 38, lane 9). These fragments
map to the 3 region of the Pal fragment contaning FruedHT sie
865 hecause they do not hybridize w the 5' fmr?/8 probe (data
not shown), and becanse abour 60% of their 3 termini result
from Fsrl cleavages (Fig. 3B, compare lane 10 vs. lane 9; also
note: the appearance of a 2.4 kb bad without Pal). The remaining
40% of 3" ermini are probably al FredH] site 1014, which is
11 bp 5° 1o the Psel site (Fig. 2). This resull indicates the existence
of cellular mosaicisim al the 1014 site in which 60% of the cells
are methylated an this site in one chromosome, presumably the
inactive X chromosome. The 390 bp FreedHl fragment is
probably derived lrom the active X chromosome that i
unmethylated at sites 475 and 863, as it s common 1o both male
and female DNA (Fip, 3A, lanes Y and 12; Fig. 3R, lanes 4,
5, @ und 10}, 'The relative amounts of the 520 bp and 620 bp
fragments indicate o methylatien mosacisn in whicls ahow 409
af the lymphocytes are methylated at Fuedlll site 475, Similar
results were ohtained from two other female lymphocyte DNAs.
Because these sites appear (0 be completely unmethylated in DNA
frvm males, we conclude that it is the inactive X chromosome
el normal fermales thar contains the hypermethylusted sites at the
CpG island, This conclusion is supported by analysis of the
pattern of methylation on the inactive X chromosome ol a hyhrid
cell line, 1o be discussed below.

DINA digestion data are also consistent with partial methylation
of the Aeil sites in this region of normal female X chromusmmes
when they become inactivated. These sites are not methylated
in DNA from males or in DNA from tissue culure cells
containing an active human X chromosome. The 520— 600 hp
bands observed In the Pal/AciT double digast of DNA from thres
normal females (Fig. 3A, lane 8: dara not shown), appear o
reflect complete methyvlation in somwe cells of 411 4efl sites in the
region 3 do the CGG repeat. The proporticn of DNA in this
region of the gel, compured with shorer. female-specific DNA
frapments. suggests that abouwt 23% of the inactive X
chromosomes in a normal female have complete methylation of
at least 7 Acl siles in this repion (sites 549 through 284),
represented by the 520 bp and 600 by fragments. This conclusion
is supported by the diminished amount of 520—600 bp fragments,
anl the appearance of large fragments (aboul 6 kh), when Aeil
alone Is used Lo digest fermale DNA (Fig. 3B, lane 8).

Analysis of the region 53/ 1 the CGG repeat with the far7/28
probe vielded similar results (data not shown). Perl/FredHl
digestion ol male DNA resulted in small fragments that were

upparently derived from unmethylated FradHT sites 139 and 257,
Diigestion of female DNA pave several additional bands greater
than 290 bp in size, including a strong 370 bp band, The 370
bp band was not present after dipests with only  FrudHI,
Therefore, the inactive X allele appears o he predominantly
miethylated at sites 139 5nd 257, and 15 probably also nwtliy e
ar sies 324 and 339, Digestion of normal male DNA indicates
that Aeil sites in the region are winncthylaled (no bands greater
than 150 bp detected; the largest fragment expected if TINA in
this region were completely unmethylated ar Aeil sites is 45 bp).
Cellular mosaicism for methylation st these sites on the inactive
X chromosome of females is indicated by the Psel/ Acil fragments
ranging in size from 240 bp 1o 370 bp,

Cellular mosalcism with respeet (o methylation has also been
indicated for another CpG island on the inactive, human X
chromosome, that of the PGKY! gene. Genomic segueneing and
methylation-sensitive restriction enzyme analysis of this gene
nhicated that 25% of Cpd sites (n the 3° CpG islund are partially
methylated in lymphocytes [16, 30]. Ax previously noted for the
PGEY gene [300], the sites of partial methylation in the FAR!
gene contain the rinuclendide sequence GUG, The unmethylated
state of the trinucleotide appears Lo require additional determinants
i flanking sequences, such as a very high GC content [30],
because the GCG motil also appears in sites that are fully
merhvlated 1o both genes.

We conclwde that many Cpl dinucleotides in the 570 hp 3°
t the CGG repear of the PMRS gene show partial o complete
methylation resulling from X chromosome inactivation in a
female. In addition, we have shserved o Narl site 37 to the QGG
repeal (site 821 that 15 about 50% methylated (daia not showwn),
The extent of methylation at thess 3' sites lies within the range
observed for CpG-containing sites 3" io the CGG repeat. Other
sites that have been examined 5' to the repeal on the inactive
A chromaosome inelude BesHIT (sites 141, 14Y9 and 151) and Euel
{site 115), which are over %0% methylated [2, 38, 48]; the nearby
Sacll site 204 is only aboul 20% methylated [45]. Regions both
3" and 5' 1o the CGG repeat are thus part of & Cpd island within
which partial o complete methylation is correlated with X-
chromosome inactivation.

Methylation within the CGG repeat of 4 normal FMRI allele

Acil anid FrsdH1 recognition sites are present al every monomer
of the CGG repeat. To analyze restriction frapments from this
region, il wis necessary o use probes flanking the CGG repeat
because CGG repeals were found to be reiterated in the genome
{tlata not shown). The normal inactive-X alleles in lymphocytes
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Figure X Mothylution amlysis of COCF sites i o] aod motest FMES alleles by Souibicen by brdieaion, A, Anulysis ol rrcthlution ul il wnd FrudEl e
within the Pl frgment of the FARD Cposland. Pl digests were compared 1o FirlAcil or Pl Faudil] double-digests in adjacent lanes for each Indivldual or
cell lng, as described on the wop of each lane. Numerals above the symbola idemify apecific individuals or cell lines. Xi reprevents o hamster = human cell Hne ¢X8-0T2)
careying o normw] nctive horman X chromaosorme, Ko represents o hybebd eell Tie (Y 162000 eareying a nonial, octive Tk 8 cluomosonie; T aod € nepresenl
pspinl e wod Tevde Wood Tymplocytes, respectively, B aod € sepaesen Bymphocyies ol males and lemales, respectively, who uee unotleaied lraghle-X eurriens)
B ol @ pepresenl lymphovyiey of sllecied fragile-X males und lemales, respectively except for 3681, which represents a lymiphoblasiid el lne derived from
e Irenphocyles of mdividual 991, Membrunes were probed with rsdiofsbeled Imed 10, Familiol relatlonships inclede: carvéer female 937 (lane 200 15 the mother
of alfected male Y41 (lane 163 amd aunt (o affected male 1037 (lane 18); male carrier -5 (lane 22) 15 the father of carvier females -6 and (-7 (hnes 24 and 240,
|':.l.|1|:1.'.1i'n.'.|‘r'_|-. carrier 1-6 1y the mnther of affectad female 111-2 and affected male 101-3 (Lines 28 aml W, pesprectivelyd; affected Gaionbe 12 G the sl ol alfecled
inide I L e 360, coirser W07 s e anollees of affecied mole TS (hoee 39 amld sormed pule 104 (lese 32} Siees for selected bunds, indicaed oo e bely siwde
ul the legure, were culeuluted from standards (oX 174 Heelll and b Hindll fregments) wihose migrauen (= indicated on the Aght side of the Regure, The Y border
of the COO repen = 571 bouee pairs from the 3° Parl site. The gize of the 0LA2 kb Fuedl 110P0] frapment observed in noomal female DMA wis confimed by compurison
with the Internal Lhol/fal fropment s 0.56 kb (data not shown), According o sequence data [ 12], the (.52 kh Pust HUE Pl frapment shanld acinily e 01,55 kb
in aive. Appeogriate controds were perfoomed o encire et thene had bes comnplete dipestion with AcT sl FradHL (see Methods aod Materids section), B SepdHL
analysis of muianl FAMRT allebes und fother amlyss of Acd wsd FradHE sites, Symbaobs and dther illustrutons wen: e desenibed in AL FmstHL or el digesitiony
wiere pertormied an e presence or gbsenee of Mol Faint bends presen near the U125 kb smndand reprosent Acll-Acl (lanes 2, 3, 7 and B) or Fotll=Fedll]
(lames 4, 5, % and 1 cleavapge products denved from & normial male and a pomal feauale, These bands dre absent in digests of TINA from affected frapile-X males

(lames 11 =155

are sufficiently methylated a1 the two FrudHL sites 3 1o the CGG
repeat (sites 475 and BAS) to determine, using the fmrS/ 10 probe,
whelhier or not there is methylation of the CGG repeat. After
digestion with Fsrl and fawdHL a 390 bp fragment derived from
cleavages at unmethylated FodHI sites 475 and 865 is observed
that is alzo seen in male [INA apd is assumed 1o be derived from
FMET alleles on the active X chromosome (Fig, 3A, lane 9
Fig. 3B, lane 9). A number of fragments greater than 390 bp
are also observed that must comiain methylated FredHI sites and
are probably derived (rom the insctive X chromosome. A 620
bp band is observed in an amount corresponding 1o about 40%
of inactive-X TINA. This fragment contains at least s large portion
of the CGOG repeat because cleavage at the 3 border of the repeat
would result ina 570 bp Pl FrudHI fragiment. Therefore, about
50 bp of the CGG repeat must be extensively methylated and
contained within the G20 bp fragment. The size of the 620 bp
FrndHEPuil frapment was confirmed by comparison with an
internal Xhol/Pstl fragment at 560 bp (data not shown).
Additional evidence for extensive methylation of the CGG
repeal innormal inactive-X alleles is oblained from observations
of minor bands at about | kb in Pal/FasdHI double digests of
[ernale lymphocyle DNA (Fig. 3A, lane 9 and Fig. 3B, lane 91,
All FmedHI sites between the Fal sites at nucleotides & and 10235,
with the possible excepnion of either site 139 or 865, must be

methylated in such fragments. (The possible exclusion (rom
mcthylution of sites 139 or 863 s Indicated by the somewhat faster
mebility of the approximately 1 kb band in the Psel/ Pl L dipest
compared with that of the PaT Iragment} T thos appears it
in a small fracnon of normal female lymphocytes, estimaled by
densitomietry to be shoul 15% for the female whose DNA s
represented in Figure 3, methylation of the CGO repeat on the
inactive-X chromaosome is so extensive that no FruedHT cleavape
oceurs within the repest or Qanking regions.

The recognition ssquence of FrendHL spans two potentially
methylatable cyosines, (GOCNGC, or GOGGC:GOCGT for du
repuath; 2 mentioned  previously, boeth cytosines must be
unmethylated for FredHT digestion W ocewr [14, 19], Therefore,
the 620 bp and | kb FredHL Psrl tragments must be methylated
ar least at every other CpG within their CGG repeats, Topether,
the 620 b and | kb bands represent 48, 48 amd 46% of e inactve-
N FMR] fragments in three nomal females whose DMA has been
analyzed. Extensive methylation of the CGG repeat may also cxist
on the Tracive X chromosome in the rommining cells, but such
nethylation would have escaped our detection because methylation
of e 37 Manking FaedHI sites s necessary for our assay o be
informanve. Extensive methylation of the (GG repeat in a nomal
imactive-X allele may alss be infermed mom resulls with a
hurman > hamster hylwid cell live. In this apalysis, complete



methylation of the CGG repeat is indicated by the resistance of the
Byl frapment o digestion by Acil, which should independently
recognize each CpG of the repeat (Fip. 3A, lane 5).

With an assay based on complete enzymatic digestion. the
assessment of methylation within the CGG repeat canmol be done
for the acrive X chromosome becanse of the lack of methylation
i the 5" and 3" fanking repions, Partial Aol digests of normal
male DNA, however, indicate that the CGG repeal region is
predominantly or completely unmethviated on the active. normal
X chromosome (duls nol shown).

We conclude that methylation of CpG dinecletides in the CGG
repeat of normal FMES alleles 15 simalar 1o that of CUpls sites
within most of the known CpG islands on the human X
cheomosomwe: they are extensively methylated when on mactive
X chromosomes in female cells, and poorly methylaed when
o oactivie X chromosomes,

Methylation of the CGG repeat and flonking FradHI and Acil
sites in o mulant MR alleles

The pattern of methylation observed Tor fragile-X males carrying
the pricmry (shorty CGG expansion resembles that of normal
males; there is no significant methyletion at the Aol sites Bt
are 3° 1o the CGO repeat (compare lanes 23 with lanes 11 and
33, Fip. 3a) Swmilarly,  Acil/Pel dipests  from  several
heterozygous females carrying a fragile-X allele with a prinwry
expansion resemble those of normal temales (compare lanes 21,
25, und 27 with lunc §, Fig. 3A, and lane 7, Fig. 38). This result
indicates that the state of the mutation in which there is o small
expansion of the CGG repeat is nol associated with o mujor
merease in methylabon of the Aeil sites 3 to the CGO repeat
Pyl il which is normally asseciated with X chromosome
inactivation,

farl digestion of DNA from affected males reveals large
Crapganeets it we lerm seeondary expansions of the CGG repear
(Fig. 3). The Acil ond FnedHl digestion patterns indicate
extensive methylation in the 3' region of the CpG 1sland. These
patterns resemble those derived from the inactive X chromosome
ol normal females, More extensive methylation of some Acil and
FrndHI sites, however, s inferred 1o exist for the affeeted males
compared with the normal inactive-X allele of females. For
cxumple, in the Psil/Acil double dipests of 1INA from affected
males, up to six prominent bands between 300 bp and 600 bp
are observed, Bands of these sizes are also obzerved from DNA
of nonnal females, bul the distribution of (rapments inthis siece
range is shifted 10 the smaller frapments for normal females
(compare lanss 8 with 17 and 19, Fig. 3). Similarly, FrudHL Pel
double digesis result in bands at 520 and 620 bp for DNA from
both affected males and normal fernales. Affected male DNA,
however, also exhibits larger fragments in the range of 620 bp
uy the size of the sl fracment (Fig. 3b, lane 14} This result
indicates Uit somwe of the cells from alfected males have more
extensive methylation at sites 3' to the CGG repeat than does
DA fiom the mactive X chromosome of nonmal femaies
fcompare lanes Y and 14, Fig. 3B).

Amlysis of the region 3° to the CGG repeat with probe far?/8
provides conclusions similar o the 3' analysis. Like normal
active-X alleles, the murant allele with a primary expansion was
winethylated; DNA rom affected males was methylatesd inoa
pattern similar to that of the inactive X but with some bands of
inereased size indicative of more extensive methylation (data not
shown). For example, strong 390 bp Prl/FimedHI bands were
ohserved in affected males, indicating methylation of Fredl] sies
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5" 1o the CGG repeat (sites 139, 257, 324, 339, 343, 366). Most
aftected males also gave prominent Psil/deid bands at 390 bp,
indicating that many of the 19 Acil sites 5 the CGG repeat
are methylated in a large fraction of lymphocytes.

Complete methylatuon of the Al and FredHI sites in the CpG
island. including those present in virally every CGG repeat,
vz also be inferred for DINA from some cells of attfected males,
Fsil fragments from some of these individuals show litle or no
decrease in size after double-digestion with Acdl (compare lanes
3R and 35, Fig. 3A), The Acil-resistant fragments represent up
to about 30% of the fragments hybridizing o the fmed/ 10 probe
(Fig. 3A. lanes 40 and 41 illustrate 52% Acl-resistant (ragienls;
lanes 34 amd 35 illustrate less than 10%), Individuals who exhibit
the largest Pl fragments, and whao thas appear o have the largest
secoidary eapansion of CGO repeats, have the largest proportion
ot their cells with fully methyloted Aedl sites within e Pl
Irgmment, This correlation is strengthened by the observation that
fully methyluted Tragements From alfMocted individuals with el
size-mosaicism appear o be derived from the Jargest of the
multiple Psl fragments (a densitometric comparison of lanes 38
and 39 in Fig, 3A reveals that aboul 755 of the larpest band
15 resistant to Acil and 15 therefore extensively methyloed),
Extensive methylation across the CGG repeul is also observal
for TINA from females carrving an allele with a secomdary
expansion, Pl lragments from such an individual (123 were
heterogeneous in size when derived  from e (ragile-X
chromosome: anly the larger fragments showed extensive
methylation throughout the Pl Teapment, including the CGG
repeat (Fig. 3A, lanes 28 and 29),

We conclude that the state of a fragile-X allele such as that
present in affected males 15 characterized by a hypermethylation
pattern resembling  that  present on normal  inactive X
chromosome, but is augmented in the frequency of melhylmion
Al ceriain sites,

Stahility of methylation patterns in DINA of tissue culture cells

Our himited  data for tissue-culture DNA andicate  that
unmethylaed FuedHI and Aeil sites of the 3' region of the FUR!
gene from the getive X chromosome are maintained in tissue-
culture cells (Fig. 3A, lanes 1—3). In conlrast, palterns ol
meihylation augmented relatve to those observed in female
Ivmphocytes wene present in a hybrid cell line containing a normal
inactive X chromosome (Fig. 3A. lanes 4—G), amd in a
lymphoblastoid cell line from an affected male (ig, 3A, lanes
13—15). In the latter case, we dircelly compared Hssue culture
I3 A with blood lymphocyte DN A from the same affected male,
His lymphocyte DNA (Fig. 34, lanes 16 and 17 showed
markedly less mathylaton than did DNA from an established line
of lymphoblastoid cells (Fig. 34, lanes |3 and 14); the
lymphocyte pattern of methylation resembled that of an inactive
X chromosome in normal females, whereas the tissue culture
DMA indicared that most cells had virually complete methylation
of Acil and FudHl sites in the Pl fragment, including those
in the CGG repeal. Essentially complete methylation at FredHL
sites was also observed in DNA from three other lymphoblastoid
cell lines derived (rom affected frapile-X males (data not shown),
FnpdHUFsrl digeston patterns of DNA from two lymphoblasioid
cell mes denved from normal females were also examined. The
Iymphoblastoid fragment patterns were similar e the Tymiphoeyte
pattarns of normal fernales that were described earlier except that
methylation appearcd to be augmented on the inactive X
chromosome (data not shown), The magority of mothylated
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fragmemts from Ivmphoblastoid DNA swere 620 bp or greater
antl the completely methylated hand cormesponded o ahour 30%
of the inactive-X fragments for each of the two cell lines.

These data are consistent with an augmentation of methylation
during passage of bssue colture cells st the Cploasland of both
normal ond muotant FMRT alleles. The increased methylation
could have occurred either by de nove methylation or by a loss
ol cellular mesaicism that oceurred as o result of clonsl cutgrowth
al the lymphohlastoid cell ine and cloning of the hybrid cell line
Analogous results have been reported Tor the CpG island of the
PGRT gene, inowhich partial methylation of the inactive X allele
wis  ohserved n lvmphocytes  while essentially  complete
methylation was observed in o hybrid cell Tine [16, 307, Other
Cpli islands are also known o have increased methylation mn
cells maintained moeulture [1, 18] The sugmented patierns of
FMRD methylation seen for tissue-culture cells and  for
Bymiphoeytes of affected individuals as compared e patterns for
normal female Ivmphocytes may occur by similar mechanisms,
perhips by o spreading of methylation [46]

Concluding remarks

Chur dat supprt the Tolloaing answers s the questions peesed
in the inwodaction,

(1) Cpls dinucleotides on the 3' side of the OGO repeat are
part of the Cpls island of the FMAT gene that is methylated during
inactivadion of a normal X chromesome in females,

(i) The CGG repeut, also included within the CpG island,
contains Cpli dinucleotides that become extensively methylated
in i larpe fraction of cells during insctivation of @ normal X
chromoesome.

(1ii) The fMRE Cploslands of fragile-X carmers with primary
expansions resemble that of a normal, sctive X chromosome in
that the tested Acil and FagdHL sies were unmethylated. For
ahleles with secondary cxpansions, Uw Aal ood FadHE digestion
patterns have features in common with those observed for 2
normal inactive-X allele, Some potentially merthylated sies are,
lwrwever, methylated at a higher frequency in DNA from alleles
with secondary expansions compared with inactive-X DINA trom
nowrmial or primary expansion alleles, In particular, the proportion
of cells in which all AciT sites are methylated in the Psil fragnient,
including those in every CGG repeal. is inereased inocells that
contain the largest number of CGO repeats.

(iv) The unmethylated state of testable Acil and FrudH] sites
in the CpG island of the FME! gene from the normal active-X
chromosome was maintained in tssue culture. However, in
eomtrast 10 the purtial methylation observed in lymphoeyte DINA,
methylation was essentially complete in tssue-culmre lines
containing either a pormal inactive X chromosome or a fragile-
X chromosome.

Owir results are therefore consistent with the hypothesis that
the patierns of FMRI methylation cbserved for alleles from
affected individuals and for normal inactive-X alleles have a
common origin, 48 predicted by the X-insetivation imprinting
model [23]. The origin of persistent methylation observed in
affected mdividuals is likely to be a consequence of a patern
originating in X-inactivation tather than in the mutation itselfl
The fragile-X mutation, characterized by the primary CGG
expansion, is neither necessary nor sufficient for exiensive
methylation of the Cpls island of the FMRYS gene. Mutant fragile-
X alleles can he transmiited for several penerations withoul
expression of the phenotype and without methylation of Cp( sites
adjacent 1o the CGG repeat |27, 38|, We demonstrate here that

a large fraction of normal vmphocytes containg extensively
methylatod OG0 repeats and fanking FoodHT sites on the inactive
X chromosome; complere methylation of deil sites was also
ohscrved moa normal FMES allele that had been maintained in
tissite culture cells on an ipactive X chromosome.

It i= likely that hypermethylation of the Cpi island of the SRS
gene 15 suflicient w lead Lo transeriptional repression [13, 31
33, 441 Ttis not known, however, whether the methylated state
is the primary imprinfing signal, or whether it is a2 consequence
of another mprinting mechanism such as o swileh Teome carly
to Bt rephication [35]. Fvidence presented for primary imprinting
fuctors other than methylation  include  observations of X-
chromosome inactivanon ot the HPRT gene in early mouse
embryos prior to methylation [24] and of the absenee of
methylation in the inactive PGKT gene and other X linked CpG
islands in human oogomia [26, 42|, Analysis of PR methylation
i the hurmn germ Line wall be important e understanding e
mechanism by which the imprinted state of the fragile X mutation
i5 transmitted by femules,

More detaled examinaton of fetal DNA by methods we have
desenbed should help o determine the patterns of methylation
establishment and their developrenal progression i both noroal
and fragile-X mdividuals, The evaluation of tragile-X status with
respect o methylation shoold be more conelusive with ihe assays
described here compared with assays relving on only one or two
sites [45, 51), Examination of only a few sies may be misleading
because of parmal and mosaic patterns of DNA methylaton.

Recause extensive methylaiion of the CpGoisland of the FMR]
pene can occur o the inactive-X chromosomes oy both norinal
and mugant alleles with primary éxpansions, it 15 reasonable to
sk whether or not an shnormal persistence of hypermethylation
in embryoblasts could lead o the secondary expansion of CGG
repeats. Methylanon of cytosine (s known 1o increase the strength
of GO base pairing [5] and could induce abnoemal events that
lead 1o the secondary expansion during replication or repair of
the CGG repeat. Divect tests of this possibility will be necessary
o distinguish it from an alternarive view that the expanded CGG
repeats lead directly o enhanced methylation [27, 51]. Merhylasa
activiry, for example, is markedly greater toward substrates with
unusual DMNA strucires such as those containing an unpaired
or mismatched T in the Opdi recognition sequence [43]. Such
substrates might arise in the expanded CGG repeat from single
stranded loopouts [37] or from other wnuswal structures indueed
by the high GU content of the region, Methylation could also
have resulted from an oogonial-specific monitoring system that
marks abponmal sequences for ineetive chromatin formation [8].
Although we cannot rule out this alternative view, our resules
indicate that factors other thun Xe-chromosome inactivation are
not necessary to explain the patterns of hypermethylation observed
tor the FMRE! pene in affected individuals,

MATERIALS AMD METHODS
Priohes

Plasmid pE3. 1, containing the 57 regon of the hurman #0AE S gene, way ubtaned
frem Dr. David Melzson, Instiee for Molecular Genetics, Davlor College of
Medicine, Gel-punified 1 kb Pol frapments were uzed ax a template for PCR
profes promlpction The foellowimne oligemicleontices sene usead as prinsers; FMRETY
(5T AGAAA PG TTOL3 L FMEE (5 - IGAAACGAAACTHIA

GCTGAG-3"), FMRY . (3"-CAGUGCTGAAGAGAAUDATG-3"), FMRIU
P -CTOCTCCACAACTACCCAC-Y), FMRIU.2Z (5 -TTCACTTCCOGTOC-
AGGGCCOOCT-3, and FPMRILZ (53-TCAGCCCTOCTAGCGCOCGOG-
ACHT-3 OGO6 = an oligonueclentide used th probe penomic OG0 repeats
3 A OGO G AT 3 POR was perfonene] inoon Ericomp walen-



conled thermocycler. Fre fian 778 amd e 10 synthesss, 100 ol resetions contained
ArnpliTag resctivn bufler (Perkin-Elmer Cems), 0.2 mM exch desoynocientile
Iriphosphude, 0.2 M cach primer {FTMRT and FMRES ar FMED el FRME10,
about 20 premplate DNA and 3 units of Tig ereyme. Initsl denaturaton vas
fror 5 min a1 5%, followed by 27 eycles of 1 mnoar 935, 1 minar $5°, 2 min
at T i o Tl extenedon wt 727 for 7 min, The reaction mizsture used fin
el 20212 synlliesss was 10 mM Iris/HCL, pH 8.9, 40 mM Mall, 1.5 mM
MuCly, 0.1 mM each depxynoclectide trphraphate, 0.25 aM e primes
CEMRIU.Z and FMRIL. 25 001% pelating abeot 20 e templute DA end 1053
DMS0, The reaction mistre wis demitored (or 7 oun 2o 99 gnd held o B0
until arddition of 3 wils ol Tuy eneyme, atier which 26 cveles of | min a7 95°

A0 sl P2V amdd A0 sce ut TT Y weere performed, with a 7 min Tl estensmon
ul 77E. PCR-peneeuted probes were purified by agiriee gel electrophonssis. The
prohes were radiolheled waly SPAdCTR usimg the mndem bexsnuclootide
priing methes] [11] or by POR [39] OG0 woy end-lebeled using 2P -ATP
anel pobyiuelestike bomse [2a)

Cell coloure

Stankar| growali condiiens e cultured cells have heen deariled |15, 36], X567
it i bt resastint burman = hameter bybod cell e that conming o buman
atctive A chromesome [9, 10, 15 Y 160211053 15 0 human = hameter iy bail
cell e conbislning on oclive humen X chromosome. The Iympldloastisd vell
e W6R 1 wins aheriveed Trom o fragile-X male (991 aned wan penerously prosided
Iy Bae, WO T, Bacsn, Diepuetment of Humin Genetics, Mew Yok Stile Distiute
fiow Basic Kesewreh i Developmenal Diabilite,

PNA iy sis

EMA o donated Blosd Bermphicytes and colinnad cells were saolaied g deseribed
L1, 32]. DNA ramplos from individuals 937, 941 ond 1037 were provided by
M W T, Beown, DINA conventrtions werg determined by funrescent dye
Bl 2]

Dagestion of genomis 1WA with Al {New Figlusd Bislids) smbor Pal (BRL)
wi carried aun in the somw rection bulfer (30 mM TristHCL pll B, 50 mM
Mutl, 10 mM MeCl, 000 mpdmd BEA, | oM IFUTL | mM spermadane, % units
cach emeyme, 3 e BNA) 03T ovenughl. Digeston with Frac L iNew Englusd
Tirlales) or SewdHE uod Pl was corried oue-similary in 20 mb Tris acetale
[rH 8 S0 mM potssium acetate, 10 mM maghesivim acelale, |omM DT,
U unitg of cuch enzyme, and 3 pp TNA Oiler digestion conditions were s
described [16], MTHiestead suiples were concentrated by ethanal precipitation in
M paiesene ol 7 g yeusl IRNA und 1.9 M ammonivm acetate, Wasdied pelies
werd dowd and disselved in 10wl aof elecrrogilivnegic simple baller [16).
Electrephoresis was perfnmmed on 2% aganse or 75 sorvlemde gels in 89 mbd
Trs-borule, pH 8.3, 25 mM EDTA,

Agiroge pels were transferred o nylun membrunes (Bio-Rad Zemprobe) under
alkaline conditions essenbally as deseribed [24). Nagve DNA frapments were
elechiopleteully trunsierred from polyscrylamide pels to nylon et
Ll und denamured a8 deseribed [16, 3] Hylwidiztions with FCR-gencrsiad
probes were carried out at A7 G0 g by brdustion oven (Kobbins Scicanfic) under
conditiong similac o ose previously described |34]. Filiers were washed
stbizssively for 13 min each in: 22 55C | 0.1 % SD8 ar 4250, N5 =880, (1%
S5 et 63705 U5 %580, 0.1% 508 at 65°0; and 0.1 %880, 0.1% SD% a1 3¢
Far e fmrdig probe, the last wash was in (22880 instessd of 0 %950
Hybridization with COGE was carried mif af 5537 iy 52850, 20 mM NaH. PO,
PIL7, 7% SDS, 10 Thenhadt's, 0.1 mydml densmured ssimon wetis DNAL Fibers
were wasled 1 3x58C, 5% BDE ar 357 and thres fimes in 12880, 1% SDS
at ol for 15 mun cach,

Lompleweness of Aol or FruedHID digestion was monilored by reprobing
mermbranes with RRLE, g paobe for the PGAS promor 18], asdior OG04
and/or fime L 2002 2. Depsatomnetry of zutoradiograms was performed on &
Chick Scan Jr. wpparaws (Helens Laboratories). Fragment joleusies s
compured directly becanse 1) the bands compred ae of smdar suze end should
taaisler o the gel w the membrane with similar efficiencie: and 1) the fnormens
are complemmentary i essentially the ssme segions of the probe end should nbridize
with similar efficiencies These wssumptions e supporied by the finding that
forr Tymphocyte OMA [rom three normal females, the rafo of intensine of the
390 bp band, assigned 1o the active-X allele, to the s of isesiies ol brger,
methvlaced bands, assizned 16 the innctive X chirmwsome, 15 closg o the vaise
el S0°% expected for X-chrormusome msctivation. Compotcr-generated ressiction
s wede derived from published scquences |12, 20] using SE, & ssquence
wnulysis program from Incellipenetics. Restriction-enzyme sifes ure demidnd
accnrding ne e nuvleobde pesition 3° o e cleavage site within the Pal fagmen
condwning the CGG repeat, here numbered 6 i 1028 The sepuesce of e Pl
tragment iz included i the data cepoited by Fu amd coworkers (120,

Fier testing the methylalion sasialy of Aeil by PR, DNA wae dipseed as
alwve, the caseyroe way heat ingctivated 88 677 for 15 min, and 03 gg TINA
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wis wand divectly oo PUK nescnon, The conditdons uzed were: 10 mb Tris/HE,
pH 2.9, 20 mA MaCl, 1.5 mM MpCl, 0.2 mM of each denxyimicleolile
Iripheephate. 1 M of cach primee. 3 units Tag pelynemss, The reaclion mixlure
was denaturzd for 5 min at 957, afler which 25 cyeles of 1 min ac 935, 2 min
&1 667 and 3 min af 70 were perfommed, [ellowed by a 7 min (nal exténsion
at 6% The primer pars wsed weore 2002 and G2, The sequences of e
prumTs mnd the regions of the PGET gene that they amplify Tuve been published
proviousiy [J0],

The waz of mathylation sesilive restricuon endonuckzases 1o determine natterms
of eytrmine nesllydobun o well-deseribed, Our applicatinm of this ety
te the Cpdr istand of fhe FART gene introduccs no additional variables, excop!
prossibly ther presenoe of g very large region of OGO repeats in aboorowl alleles.
Under normal digestion conditians, the uosual OO repeat upparentdy does not
w affect endonuclease cleavage in e tegon ollwer than through Cp methylation
tecaise i} nnmethy el ulleles with sccondary cxpansions have been repritad
T B clempvend by methylation-sensitive enzymes [45]. 1) mathyladion: bsenstve
endonuclcases anc nod inbhibited by the secondary QO eaprsion (Fxl, Pmll,
Bl 11, and Avall for example (200), i) severil Aol and sk sites ane clenved
inn DNA from affecte) mude lymphocyees bat not in derived Lymphohlastail coll
lines (Fig. 3A: comtpure B4 with 36865 ucnd 1v) that mothylation is responsible
fior inbibition of Acel ol FardHL digestion w evident when comparing, the digestion
pratlerms ol o normal active-X allele present inoa Dybiid cell e 08 1622110
extensive digestion) with those of a ol nactive X ullele wlso present in o
h}hl"ﬂ'l cell [XR-6T2, n.'LIIII|I||'IF|:|.' uhithigesled ),
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