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Genomic methylation patterns of mammals can vary among individuals and are subject to dynamic changes
during development. In order to gain a better understanding of this variation, we have analyzed patterns of
cytosine methylation within a 200 bp region at the CpG island of the human FMR1 gene from leukocyte DNA. FMR1
is normally methylated during inactivation of the X chromosome in females and it is also methylated and
inactivated upon expansion of CGG repeats in fragile-X syndrome. Patterns of methylation (epigenotypes) were
determined by the sequencing of bisulfite-treated alleles from normal males and females and alleles from a family

of five brothers who are methylation mosaics and are affected to various degrees by the fragile-X syndrome. Our

data indicate that: (i) methylation of individual CpG cytosines is strikingly variable in hypermethylated
epigenotypes obtained from a single individual, suggesting that maintenance of cytosine methylation is a
dynamic process; (ii) methylation of non-CpG cytosines in the region studied may occur but is rare; (iii)
mosaicism of methylation in the analyzed fragile-X males is remarkably similar to that found for the active X and
inactive X alleles in normal females, suggesting that the methylation mosaicism of some fragile-X males reflects
similar on and off states of FMR1 expression that exist in normal females; (iv) hypermethylation is slightly more
pronounced on fragile-X alleles than on normal inactive X alleles of females; (v) the general dichotomy of hypo-
and hypermethylated alleles persisted over the 5 year period that separated samplings of the fragile-X males; (vi)
methylation variability was most pronounced at a consensus binding sequence for the a-PAL transcription factor,
a sequence that may play a role in regulating expression of FMR1.

INTRODUCTION followed by an extensive wave dé novomethylation prior to
gastrulation,6). Reduced levels of methyltransferase activity in
The DNA sequence of an individual human is generally found tmice result in an embryonic lethal phenotype and this result
be invariant throughout development and life, with the exceptiomdicates that an intact DNA modification system plays a vital
of somatic mutations and rearrangements at the immunoglobuliole in mammals ). Aberrant methylation patterns and their
loci in a minority of cells. With most current sequencing methods;lonal propagation in cell lineages are correlated with certain
however, only the four major bases in DNA are detected. A fiftkonditions in humans, such as the Prader-Willi, Angelman and
base, 5-methylcytosine (5-MeC), is present in the DNA sequenéeagile-X syndromes314).
of many organisms, including humans. It is usually found in the Methylation of DNA is believed to be involved in establishing
symmetrical sequence 5-MeCpG. Like the primary nucleotidand maintaining a particular state of gene expression during
sequence, the overall methylation blueprint can differ amondevelopment, a model originally proposed in 1975-(7). A
individuals and is inherited in Mendelian fashi@h Gtability of  role for cytosine methylation has been convincingly established
methylation is apparent in the propagation of clonal patterns thfair promoter elements, in which it mediates transcriptional
maintain the inactive X chromosome in its silenced state igilencing and gene repression (reviewetn The promoters of
somatic cells of female mammals (reviewe@-i). [60% of genes in the human genome coincide with dense clusters
Other aspects of DNA methylation are more dynamic. Foof potential methylation sites and these CpG islands remain
example, fluctuations in cytosine methylation occur during earlunmethylated throughout developmeib®,20). Methylation of
development of the mouse, where genome-wide demethylationGpG islands, however, does octuvivo at genes where haploid
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Figure 1.CpG island of the humafiMR1gene. CpG sites and their distribution within 1.5 kb of then8l of the gene are indicated as small vertical lines on the
upper plot. The recognition sites for restriction enzyReds Ead andBsdHIl, which are frequently used to assess the size of the repeat and the methylation status
of the promoter, are shown, as is the presumed RNA transcription start site (arrow) inferred from the pbRITENA (accession no. X69962), and the CGG
repeat. The 1030 bp region between theRaitsites is 66% GC-rich and contains equal amounts of CpG and GpC dinucleotides (distribution of GpC dinucleotides
not shown). The gray bar in the lower part of the figure is a magnification of a 200 bp region that was analyzed by sefhisoffitegtreated, PCR-amplified
genomic DNA. The DNA sequence is the upper strand o ihB1 promoter and corresponds to bases 2327—-2466 of the published genomic DNA sequence
(accession no. X61378). The 22 CpG sites are numbered and their relative positions are indicated as white boxes on Tiveogpaliriomic elements and

the recognition sites for methylation-sensitive restriction enzyfagsandBsdHll are also indicated

dosage and long-term repression of an allele is critical for normalWe used bisulfite-treated, PCR-amplified genomic DNA to
development of an organism (for reviews 8&22). analyze the methylation status within the promoter region of

FMR1is an example of an X-linked gene that is normallyFMR1 Examination of DNA from normal females and from
regulated by methylation of the promoter during X inactivatiorfragile-X individuals enabled us to address the following
in somatic cells of female&1,23-25). Methylation at th& MR1  questions about the nature iof vivo cytosine methylation in
promoter is also found if a CGG triplet repeat, located in thBumans: (i) how variable are methylation patterns in leukocytes
5-untranslated region, expands to more th&®0 repeats of an individual?; (i) is methylation of non-CpG cytosines a
(13,24-26). This leads to gene silencing and insufficientprominent feature in this CpG island?; (iii) how is mosaicism of
synthesis oFMR1 protein, which is the predominant cause ofmethylation within a population of cells manifested on single
fragile-X syndrome, a common form of inherited mentalDNA molecules?; (iv) does cytosine methylation on a normal,
retardation 27). Males and females are affected with cognitivenactive X chromosome differ from the pattern on a fragile-X
function ranging from severe mental retardation to only mil¢hromosome?; (v) are methylation patterns maintained over
learning disabilities 38-32). Many mildly affected individuals time?; (vi) does the methylation status of a particular CpG site or
show mosaic methylation at tA¥R1promoter and thus provide sites within this promoter region indicate a salient role in gene
an example of epigenetic mosaicism in mammals. regulation?

The FMR1 promoter and first exon are embedded within a
typical CpG island that spand kb of DNA (33; Fig. 1). We ESULTS
analyzed a 200 bp sequence from this region that includes the
rec_ognition sites for the restriction enzyniesy and BsdHll, Region analyzed and sequencing approach
which are commonly used to clinically assess promoter
methylation status. Patterns of cytosine methylation in peripherghe 200 bp sequence whose methylation profile is described here
leukocyte DNAs were analyzed for normal and fragile-Xcontains 22 CpG dinucleotides and 45 non-CpG cytosines (Fig.
individuals, including five fragile-X males from a family 1). Sodium bisulfite catalyzes the conversion of cytosine to uracil
originally described by Browret al. (34). The family is residues in single-stranded DNA, whereas methylated cytosines
remarkable in that the five brothers inheriting the fragile-Xremain unreactive under these conditions. The specificity of this
chromosome are affected to varying degrees ranging from onfgaction is remarkably high, as will be apparent in the
mild cognitive deficits to complete expression of the clinicabresentation of data from females, where both hyper- and
phenotypedl). In a previous study the degre¢-MR1promoter hypomethylated alleles are normally present in the same cell.
methylation was assessed in this fragile-X family by the ability ofjpon PCR amplification of the genomic region of interest the
a methylation-sensitive restriction enzynigéad, to digest converted uracil residues are replicated as thymines instead of
leukocyte DNA. The percentage of DNA unmethylated at thisytosines §5,36). A remaining cytosine in the sequence of the
Ead site correlated well with cognitive ability3{). The use of PCR product therefore indicates that this site was methylated on
methylation-sensitive restriction enzymes, however, is limited bjhe template DNA. We cloned and sequenced individual PCR
the small number of potential methylation sites that can kgroducts from the coding strand; because methylation is usually
analyzed and the relatively large amounts of DNA that arsymmetrical at CpG dinucleotide37(38), we interpret our data
required. Development of a sensitive bisulfite-based techniqas representing methylation patterns of individual alleles. Each
now permits more complete analysis of methylation patterns afiethylation pattern thus represents the epigenetic profile of an
single DNA molecules3,36). allele in one cell, or an ‘epigenotype’.
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hypermethylated (defined a=16 sites modified) alleles is
consistent with the partial methylation detected by restriction
! k2 digestion; methylation mosaicism, therefore, represents
markedly bimodal epigenetic patterns arising from different cells.
i [ [ | | Individuals 11-3 and 1I-2 were also identified as methylation

| ‘ ‘ ‘ i ' mosaics, but only small proportions of their DNAs were found to

be methylated at thEagd site; both brothers were originally
I Iz I3 -4 -5 -5 considered to have a non-penetrant phenotype, although they

0 7 120 (5] iz 5 (73 have substantially different IQ scorég) 11-2 has a full scale IQ
score of 120, compared with 92 for II-3 (Fig). Only
hypomethylated alleles were isolated from DNA samples of

Figure 2. Pedigree of the fragile-X family. DNAs from a fragile-X carrier individual Il-2, whereas one hypermethylated allele was detected
mother (1-2) and from her six sons (II-1-11-6) were analyzed. Five of the sonsin each blood sample of individual 11-3 (FIg).

inherited the fragile-X syndrome chromosome (l1-1, 11-2, 11-3, 1I-5 and 11-6) and

one of them inherited a normal X chromosome (ll-4). The degree of

methylation at theEad site, the sizes of thEMR1 CGG repeat and the  Methylation patterns of female DNA

cognitive function of the six brothers have been analyzed (31); a summary of

these results is presented here. The full scale IQ determined by the Wechslgig determine methylation patterns of norfaIR1 alleles from

Adult Intelligence Scale—Revised is listed below each of the six sons. Th‘“active and inactive X chromosomes we examined DNA from two
approximate degree of methylation at thad site was determined by %

Q finding of a mixture of hypo- (defined &6 sites modified) and
L

densitometric analysis on genomic DNA and is indicated here by gray shadin er_nales (L2 and L7) who are not related to the fragile-X family
in the boxes of the pedigree tree. Individual II-1, affected, variable repeat size(Fig. 4). In addition, DNA was analyzed from the mother (I-2) of
[45% of total DNA methylated &ag; individual II-2, non-penetrant, variable  the six brothers (Figl). I-2 has one normal X chromosome and

repeat size,[B% _Ofbltma' DNA-“g;fth¥'at9d| SEEQ; "r‘]diIVidléaLE”jx one X with an expanded CGG repeat in the pre-mutation range
non-penetrant, variable repeat sizB% of total methylate ag, H ‘ f gt H

individual II-4, normalFMR1 allele, 0% total DNA methylated &ad; ([55 repeats) and is referred to as a ‘carrier’; she !S.nOt affected
individual 1I-5, affected, 100% of total DNA methylatedEstg; individual by the fragile-X syndrome and does not exhibit aberrant
11-6, affected, variable repeat sizéi5% of total DNA methylated &ag. methylation of thé=ad site in theFMR1 promoter 81).

The general patterns of methylation among these three females
are similar to those expected for a mixture of hypermethylated
inactive and hypomethylated active allelg)( No significant
differences were apparent for the alleles from the pre-mutation
female 1-2 compared with the normal females, although more

DNA from six brothers of a fragile-X family was used to analyzeepigenotypes of this and neighboring regions are needed to test
methylation patterns of normal and fragile-X alleles in maleg@nd extend this result. Surprisingly, all four samples of female
(Fig. 2). We determined 180 epigenotypes from these sifdNA, including the two samples from I-2, yielded hypo-
brothers, representing for each brother 15 epigenotypes from edBRthylated alleles more frequently than expected by chance (Fig.
of two samples collected 5 years apart. Male I1-4 inherited 4)- Overall, 18 hypermethylated and presumably inactive alleles,
normal X chromosome and was shown to have a Comp|ete@0 hypomethylated and presumably active alleles and four alleles
unmethylatedEad site atFMR1, as expected for a CpG island of Of intermediate methylation status were observed {fifpue to
an X chromosomal locus in malég). DNA from individual [I-4 X chromosome inactivatiofi50% of normal and pre-mutation
can thus be used to assess the methylation status for norrf@ilfale  DNA is digested at thé"MR1 promoter by
transcriptionally activéeMR1 alleles in males30). Our results Methylation-sensitive restriction enzymes!,g3,40). The bias
confirm that this region of thEMR1 CpG island is markedly towards recovering unmethylated alleles likely occurred during
hypomethylated in normal male DNA. Twenty seven of 30 alielethe amplification or cloning procedures.
were unmethylated at all sites, two alleles were methylated at one
site each (sites 19 and 22) and one allele was methylated at thf@@nparison of normal X and fragile-X alleles
sites (sites 19, 21 and 22; F8). Similar hypomethylation was
observed for epigenotypes of a normal male, unrelated to tihdost hypermethylated alleles were not methylated at all 22 CpG
fragile-X family (data not shown). sites (Figb). This was significantly more pronounc&t0.001,
Individual 11-5, who has a full scale IQ of 58, is the mostt-test) on normal, inactive X chromosomes from females, where
affected of the brothers, manifesting numerous clinical symptontg/permethylated alleles have an average oft209 ¢2 SE)
of fragile-X syndrome. Th&ad site from his DNA appears to unmodified CpG sites. In contrast, hypermethylated alleles from
be completely methylated by restriction digestion analyidis (  fragile-X chromosomes in males are found to have a mean of only
We find that methylation patterns of individual alleles from thisl.1 £+ 0.4 unmethylated CpG sites (Fi§sand 6). Complete
male indeed indicate that tRdR1 promoter is predominately methylation of all 22 CpGs occurred in 32% of hypermethylated
hypermethylated in most of his leukocytes (Bg.However, a alleles from the five fragile-X brothers, but only in 17% of the
completely unmethylated allele was also detected from each mbrmal, inactive X alleles. Fewer than 1% (1/150) of the fragile-X
his blood samples (clones 1986-9 and 1991-8) and these are likalleles from the five males had intermediate levels of methylation
to be transcriptionally active alleles. (defined as=7 and<15 sites modified), whereas 5% (4/82) of
The other four brothers are less affected by the fragile-Xlleles derived from females had intermediate methylation levels.
syndrome. DNAs of individuals 1I-1 and 11-6 have been showThus both the completeness of methylation of hypermethylated
previously to be¥5% methylated at thEag site (31). Our  alleles and the frequency of alleles with intermediate methylation

Normal and aberrant methylation patterns in males
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Figure 3. Epigenotypes of the six brothers (II-1-11-6) were determined &Nt promoter. For each individual 15 alleles were sequenced from a 1986 DNA sample
and 15 alleles from a 1991 DNA sample. The relative position of a CpG site and its methylation status is indicated mhiéh@nenethylated) or a black

(methylated) box on the DNA strand (gray bar); ellipses indicate incomplete sequence information for a particular sitel ¢tafieisl are numbered on the left side

of the gray bar.
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status differed between fragile-X and normal alleles, with the
L2 fragile-X alleles exhibiting higher levels of methylation.

The hypomethylated alleles from normal female DNA and
from DNA of the six males of the fragile-X family did not differ
noticeably in their methylation states. Most hypomethylated
alleles were completely devoid of 5-MeC; the frequency of
single-site  methylation was[110-fold lower than for
hypomethylated alleles with no methylation (F&). A small
subset of hypomethylated alleles had two to six unconverted C
residues at particular CpG sites that may represent rare cytosine
methylation in active alleles (for example sites 19 and 226Fig.

Eagl BssH!l BssHIl
=% P

Specificity of conversion of cytosine and resistance of
methylated cytosine to conversion

Sequencing provided complete information for all 22 CpG sites
on 246 of the 262 epigenotypes, representing 5412 CpG
cytosines. Complete information for all 45 non-CpG cytosines
L7 was obtained for 188 epigenotypes, representing 8460 non-CpG

cytosines. This data set permits accurate estimation of the
specificity of the bisulfite reaction in terms of the efficiency of
conversion of non-methylated cytosines to uracil and the degree
of protection from conversion by methylation.

Non-CpG cytosines are expected to be rarely methylated and
thus provide a good estimate of the efficiency of conversion:
99.4% of the non-CpG cytosines were converted in female DNA
samples, irrespective of whether the alleles were hyper- or
hypomethylated at CpG sites; conversion of non-CpG cytosines
in DNA samples from the males of the fragile-X family was
99.6% efficient. Does the remaining 0.6 and 0.4% protection
represent bona fide methylation of non-CpG cytosines?
Inheritance of cytosine methylation at non-CpG sites, especially
CpNpG trinucleotides in mammalian cells, has been reported
previously ¢1). We therefore examined the location of the 43
events of unconverted non-CpG cytosines. These were found at
highest frequency (16/43) to be at trinucleotidgeNET, in
particular at the @ApT (9/43) positioned immediately & CpG
site 19 in a palindromic sequence. Resistance to conversion of this
cytosine was most pronounced on hypomethylated alleles of
males (5/9) in which one or more of the flanking CpG sites (sites
18-22) was also methylated. In addition, two hypermethylated
male alleles and two intermediately methylated alleles (one
12 Ragl  Bostll Besil female and one male) had this cytosine protected. Non-CpG
cytosine protection was also detected on 14 CpNpG
trinucleotides. Eleven of these cytosines were positioned at CCG
triplets, with four being at the CCG identified by CpG site 10
[here referred to as C(CpG)-10], three at C(CpG)-7, two at
C(CpG)-11, one at C(CpG)-5 and one at C(CpG)-6. The rest of
the unconverted non-CpG cytosines occurred at CpNpC (12/43)
and CpNpA (1/43) trinucleotides sites.

Eagl BesH)lBash
21

12

1415 1617 819 20(22

Figure 4. Epigenotypes of three females were determined at~WMR1
promoter. Individuals L2 and L7 have normal CGG repeats and are not related
to the fragile-X family. Individual I-2 is a fragile-X carrier and the mother of
the six brothers (see also legend to Fig. 2). Individual alleles are represented as
gray bars and are numbered on the left side. The relative position of a CpG site
and its methylation status are indicated by either a white (unmethylated) or a
black (methylated) box on the DNA strand (gray bar). Ellipses indicate
incomplete sequence information for a particular site. Twenty two epigenotypes
were analyzed for DNA of female L2, 30 for L7 DNA and 15 each for 1986 and
1991 DNA samples of female I-2.
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®w Epigenotypes from makes 11-1, 112, 11-3, 1i-4, 115, and II-6 Methylation status of individual CpG sites

i f f ks L2, L7, d -2 epr s . . . .
o Epigenohypes from femabs o The apparent specificity of the bisulfite reaction under appropri-

ate conditions, as described above, together with the large number

100 of alleles analyzed, permits analysis of the frequencies of
methylation of individual sites. The incomplete methylation of
g most hypermethylated alleles allows us to determine which
80, particular CpG sites have unusual frequencies of methylation in
comparison with the general methylation status. This frequency
70 varies from site to site for both fragile-X and inactive X alleles
&g o] (Fig. 6). Among the hypermethylated fragile-X and inactive X
z ] alleles, representing 65 epigenotypes, the highest degree of
@ o modification was observed at sites 8 and 13, which were always
S methylated (Fig6). In contrast, site 18 had the lowest frequency
5 40 of methylation on both inactive X and fragile-X hypermethylated
EN alleles (0.45 and 0.8 respectively, compared with averages of 0.87
i and 0.95 for these two allele classes). This cytosine marks the
00 4 5'-end of a 14 bp palindromic DNA sequence (Ejgontaining
CpG sites that, as mentioned above, are occasionally methylated
104 on hypomethylated alleles from males (fg.
ol Sites 2—4 in female hypermethylated alleles are also unusually
,,,,,,,,,,,,,,,,,,,,,,, low in their frequency of methylation, averaging 0.72 (BjgA

palindrome spans the first two of these sites, each of which was
methylation events per epigenotype found to be methylated in three hypomethylated male and two
hypomethylated female alleles.

Figure 5. Frequency of CpG methylation on individual alleles. The occurrence Stability of bimodal methylation patterns over time
of methylation events on individual alleles is plotted against the percentage of

alleles where complete information for all 22 CpG sites was obtained. CpGThe inactive state of X chromosomes is stable and inherited in a

cytosine methylation events (1021) detected on 167 alleles of the six brother ; ot
(filled squares) are compared with methylation events (401) detected on 7? lonal fashion to dathter cells after DNA repllcatlm)(

informative alleles from females L2, L7 and I-2 (gray circles). methylation patterns are thought to be similarly inherited because
of the properties of the maintenance methyltransfefa@ag).
We thus looked for evidence of stable methylation patterns for
CpG sites within the hypermethylated alleles derived from an
individual. DNAs from the six brothers were isolated in both 1986
DNA from normal females and fragile-X mosaic malesand 1991, thus providing the opportunity to determine if cytosine
provides an especially useful control to monitor the specificity ofmnethylation patterns change in lymphocytes of affected individ-
the chemical conversion of cytosine at CpG sites because tfigls over a 5 year period. The marked bimodal methylation status
reactivity can be examined for both hypo- and hypermethylatest alleles was maintained over these years in all of the DNA
alleles in the same DNA sample. Examination of theamples. The same distributions of hypo- and hypermethylated
hypermethylated alleles permits an estimate of the minimumileles were observed for both sets of samples from individuals
degree of protection from bisulfite conversion conferred byi-2, [1-3 and 11-5 (Fig.3). The 1991 DNA samples from II-1 and
cytosine methylation. As described above, we inferred an averages have higher proportions of hypomethylated alleles compared
methylation of 95% (20.9/22) of the CpGs in hypermethylategiith the 1986 samples (Fi§). The decrease in the fraction of
alleles of fragile-X males. Sites 7-17 exhibited an even greataypermethylated clones is marginally significant for 11-6 and for
degree of protection from bisulfite in both male (97%) and femalg-6 and I1-1 taken together, using a one-tajédest P < 0.05).
(96%) alleles (Fig6). For male DNA eight sites were always More epigenotypes would need to be characterized to assess the
protected in the 47 hypermethylated alleles analyzed. With ajignificance of this finding.
average methylation probability of 0.95, finding even two sites
always protected in 47 epigenotypes would be signifidart (
0.01); the likelihood of finding eight sites uniformly protected in
47 clones is even smalléP € 4 x 109). Thus the degree of As mentioned above, the broad methylation patterns of hypo- or
protection conferred by methylation in our assays is at least 99%permethylation were maintained over a 5 year period. Most
and may be >99%; the latter figure is the more accurate one if,lagpermethylated alleles, however, were characterized by unique
seems likely, some sites in the region studied are methylated mamedification patterns that did not indicate strict clonal propaga-
frequently than others. tion of detailed methylation patterns. In only one case did we
The hypomethylated alleles from females L2, L7 and I|-®dbserve an identical, detailed pattern in which the same three sites
provide an estimate of the efficiency of conversion ofacked methylation (1986-6 and 1991-9 from individual II-5; Fig.
unmethylated CpG cytosines. Only eight of 1232 CpG cytosing. Several examples of completely methylated alleles from an
remained unconverted, indicating that the efficiency oindividual were observed (for example 1986-2, 1986-6 and
conversion was >99.3%, an estimate that is similar to that reach@B1-10 from individual 1I-1; Fig3), but complete methylation
above for non-CpG cytosines. patterns provide less sensitivity to address questions of clonality

Infrequent clonality of detailed methylation patterns
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W hypemethylated epigenotypes from 6 brothers (47)
O hypomethylated epigenotypes from 6 brothers (119)
@ hypemethylated epigenotypes from females (18)
O hypomethylated epigenotypes from females (56)

100

904
801
704
60

50

40

% Methylation

20

1 23 4 5 6 78 9 10 111213 14 15 16 17 1819 202122
palindrome palindrome

Sites

Figure 6. The degree of CpG cytosine methylation is site specific aEMiR1 promoter. The percentage of methylation for individual CpG sites is shown for
hypermethylated allelez16 sites methylated) of females and fragile-X males (filled circles and squares) and for hypomethylatesbaditdssfethylated) from
females and the six brothers (empty circles and squares).

than do partially methylated alleles. Thus only a small subset pfotein, compared with a variable fraction of cells in a mosaic
the hypermethylated epigenotypes characterized are compatibbale in whichFMR1 alleles are active.
with a model of strict clonal propagation of methylation patterns. Of the 262 epigenotypes that we characterized, only five (2%)
showed intermediate levels of methylation, which we defined as
DISCUSSION methylation of between seven (32%) and 15 (68%) of the 22 CpG
) i i sites. With random methylation of these 22 sites 41% of
We analyzedn vivo methylation patterns at the resolution of ¢igenotypes would be expected to fall within this range. The
individual DNA molecules, using the CpG islandFfdiR1as &  methyiation states &MR1thus appear to be binary, reflecting an

model to study epigenetic heterogeneity in humans. Our findingsy;anetic control that leads to largely stable active or stable
underline the complexity of epigenetic variations within 3nactive loci

mammalian specied,3). Some of these variations may affect

the phenotype of an individual, as exemplified by the mosaicism

of methylation in the fragile-X family described here. The

description of cytosine methylation and its variations is thus of ) ) ]
interest for a better understanding of epigenetic control of humafability of bimodality over time
phenotype and the rules that govern the propagation of methyla-

tion patterns. The proportion of hypermethylatdeMR1 alleles in fragile-X
. L _ ) individuals did not change dramatically over a 5 year period. This
Bimodal distribution of methylation density result is consistent with long-term silencing BFMR1 and,

The methylation patterns of tR&R1promoter in cells of normal  therefore, may be similar to the stable inactivation of genes on the
females and of mosaic fragile-X individuals are markedyormal, inactive X chromosome. The reduced frequency of
bimodal in being either hypo- or hypermethylated. From previoudypermethylated alleles that may have occurred in the leukocyte
studies on methylation and transcript levels in cells from norma&lopulation during the 5 year period between DNA sampling of
and fragile-X males we may correlate these hypo- and hypemales Il-1 and 1I-6 may have arisen from mild selection against
methylated patterns with active and inactive allek®). (For methylated-MR1 alleles. The limited number of clones exam-
fragile-X individuals the proportion of hypermethylated alleles isned and the observed bias towards recovering unmethylated
correlated with the degree of mental retardation. Within this 20gjones, however, preclude strong quantitative arguments on
bp region of theFMR1 promoter the qualitative aspects of selection for these males. Selection has been reported against cells
methylation mosaicism in fragile-X males are remarkably similawith inactivated expandedrMR1 alleles on the active X

to that in normal females, except that normal females maintain ahromosome during female adulthodd)(and against expanded
activeFMR1allele in each cell, leading to normal levelEbfR1  FMR1CGG repeats during male germ cell developmést (
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Microvariation within the broad patterns of bimodal in hypermethylated alleles these sites are generally methylated at
methylation: considerations of clonality and a lower frequency than other sites in leukocyte DNA. The use of
methyltransferase processivity BsdHll could therefore overestimate the proportion of

. ) unmethylated alleles in a fragile-X patient.
Complete methylation of all CpGs, which was observed on only

a subset of hypermethylated alleles, is consistent with a proc
sive enzymatic activity of the maintenance methyltransferas
whereby every potential CpG site becomes modified. Th

majority of hypermethylated alleles, however, have complexyt the 22 CpGs analyzed on tRMIR1 promoter, sites 18-22
seemingly random methylation patterns that are best describedasibited the most intriguing variations, with sites 18 and 19
concerted. Among the clones from each patient the patterns Wefgng  methylated less frequently than average on hyper-
markedly dlve'rse (F|g§ and4). This variability was only seen methylated normal female and fragile-X alleles (F&).

at CpG cytosine sﬂes_and was there_fore not induced _by P e-specific variations in methylation have also been observed in
errors during the ampllflca_tlon an.d cloning propedure of b'_smf'tehypermethylated CpG islands of the phosphoglycerate kinase
treated DNA. We found little evidence for faithful clonality of (PGK1) and the hypoxanthine phosphorybosyltransferase
specific methylation patterns and conclude that detaileio  1pRT) genes§3,54). The CpGs of Sp1 binding sites are almost
methylation patterns are not inherited in an entirely fa'thfuf:ompletely devoid of methylation on an otherwise

manner during the process of DNA replication, suggesting thg{ nermethylatetiPRTpromoter 64). Binding elements for the
the maintenance methyltransferase has low fidelity. Heterogesg

; CES 1 transcription factor protect CpG islands from methylation
eous methylation patterns have also been observed in tlss&*%d may attract factors for removal of methylated cytosines

culture ¢6-48), in tumor tissue49) and in filamentous fungi (4555 56). Although the sequence around sites 18-22 of the
(50,51), all of which are experimental systems where mainterg\r1 promoter does not correspond to an Sp1 binding element,
ance of particular epigenotypes was expected to be stable. Qiise sjtes are part of the 14 bp palindromic DNA sequence
analysis at the resolution of individual DNA molecules froms:_cGCGCATGCGCGC 3 A database search revealed that
human leukocytes supports the finding that broad variability gf,ig sequence has high similarity with AL binding element

methylation patterns is typical for hypermethylated alleles of § TocGcATGCGCA-3 (57). a-PAL is a palindrome binding

given cell population47). transcription factor with strong sequence similarity to ewg, a
protein that directs the expression of neuronal and flight muscle
genes irDrosophilaembryos $8,59). We speculate that-PAL
or a related transcription factor binds to the DNA sequence
containing sites 18-22 and influences expressidaMiR1 In

The degree to which individual CpGs are methylated igeneral, detailed methylation patterns may idertifyacting
hypermethylated alleles depends on the site and the nature of YA promoter elements that are likely to functiarvivo
allele. Most CpG sites have a lower degree of methylation on

normal, inactive X alleles when compared with fragile-X allelessytosine methylation at non-CpG sites and rare CpG

(Fig. 6). For normal inactive X alleles both ends of the regionyethylation events on hypomethylated alleles: do they
analyzed showed reduced methylation compared with the centfgfiect in vivo events?

portion between sites 7 and 17. Fragile-X hypermethylated alleles
mirrored this pattern for the central and right end regions. Site 18terpretation of rare non-conversion events is a general concern
is the clearest example of a site-dependent difference when the bisulfite genomic sequencing technique is applied
methylation frequency, as it has the lowest degree of methylatiti@cause not all cytosine residues are deaminated with the same
on both sets of hypermethylated alleles. In contrast, sites 8 anddfficiency during the chemical conversidgst). Even with our
were always methylated on both inactive X and fragile-X alleledarge data set we cannot easily distinguish inefficient bisulfite
The overall higher degree of methylation on fragile-X alleles magonversion at a particular site from occasianatlivo cytosine
indicate a more pronounced stimulatiordefnovomethylation  methylation. CpG sites 19 and 21, for example, had conversion
activity, triggered by an expanded CGG repeat and a regionates of 92.5% and 96.2% on hypomethylated male alleles,
change in the DNA structure. The difference in the degree @bmpared with an average conversion rate of 99.5% @Fig.
hypermethylation confirms an earlier study where densitometrithese two sites were frequently converted on hypermethylated
analysis of DNA blots indicated that certain restriction sites aralleles however, indicating that they are not particularly resistant
methylated at a somewhat higher frequency in DNA from allele® the chemical reaction. As mentioned, CpG sites 18—22 are part
with large CGG repeat expansions compared with normabf a palindromic DNA element that has the potential to form a
inactive X @4). cruciform structure. The potential of this element to form a
These site-specific differences in methylation frequencies mayairpin structure may lower the conversion efficiency, as the
influence some aspects of the diagnosis of individuals tested feodium bisulfite conversion procedure relies on single-stranded
fragile-X syndrome. The restriction enzyiBag, widely usedto  DNA. Alternatively, the occasional CpG non-conversion events
assess methylation statudfIR1(40), includes sites 16 and 17 on otherwise hypomethylated alleles may reflétt vivo
in its recognition sequence. We find that these sites accuratehethylation. Cytosines in cruciform DNA structures such as
reflect the methylation status of an allele, thus validating the usleose at sites 19 and 21 can be methyldéedovdy the human
of this enzyme. In contrast, restriction enzy@sdHll, which is  methyltransferase at efficiencies close to that of methylation of
occasionally used to assess the methylation stétn52, hemimethylated DNAQ); this process presumably occims
includes sites 18 and 19 in its recognition sequence. We find thavo as well asn vitro.

otential transcription factor binding site that
iifluences methylation

Clinical significance of occasional lack of methylation
at sites on hypermethylated alleles
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Similar ambiguity exists for the occasional failure of chemical (iii) the bimodal nature of methylation of tRéMR1 promoter
conversion of non-CpG cytosines, estimated to occur at an overalmosaic fragile-X males is remarkably similar to that found for
frequency of 0.5%. We observed an especially higlhe active X and inactive X alleles in normal females, suggesting
non-conversion rate of 5% for the non-CpG cytosine embedddidat the methylation mosaicism of some fragile-X males reflects
within the 14 nt palindromic sequence spanning sites 18-22. Thiee same on and off statedMR 1expression that exist in normal
other two protected non-CpG cytosines were foundp@@pG  females;
sites 7 and 10, which are not within a palindrome. (iv) subtle differences distinguish the populations of

These sites are good candidates for non-CpG cytosines that arethylated normal alleles from the populations of methylated
occasionally methylateth vivo in mammalian cells4(l). The expanded alleles, thus verifying previous observations that the
very low frequency of these non-CpG methylation eventSGG expansion in fragile-X individuals can augment the degree
however, indicates that this kind of methylation may not have af methylation above that observed for normal X inactivation;
strong biological function at tHeMR1 promoter in leukocytes. (v) the general pattern of bimodality in methylation of
individual alleles persisted over a 5 year period that separated
samplings of five fragile-X males; strict clonality, which would
be indicated by the persistence of specific epigenotypes over this

The epigenetic variations reported here provide insight into tHeeriod, was rare; o

rules that govern the propagation of methylation patterns. During(Vi) methylation variability was most pronounced at a
certain phases of development a genomic locus may acquire @fsensus binding sequence for transcription factBAL, a
‘archetype’ status for methylation; this status represents one $gduence that we propose has a role in regulating expression of
two pronounced bimodalities, hypo- or hypermethylated, and EMR1

inherited by daughter cells in a clonal and stable fashion.

However, methylation of individual CpG sites within such anMIATERIALS AND METHODS

archetype is not strictly clonal and can differ among alleles. The

methylation status of an individual CpG site is thus influenced

the methylation fate of the genomic region and also by specifigenomic DNAs from the fragile-X family were isolated from

DNA sequences, such as thePAL consensus region in the paripheral blood samples as described by McConkie-Reisll
FMR1 promoter. o _ 31). The 1986 DNA samples were used to determine the
The mechanisms that give rise to these properties of DN rcentage of cytosine methylation at tBed site in the
methylation are not well understood. Silva and White proposegicconkie-Roselkt al study after double digestion wiliecRI
that the frequency of modification of a certain CpG site depen%dEag and subsequent hybridization with probe StB1213.
on cis- andtrans-acting factors that modulate the activity of theT e following data ofFMR1 CGG repeats from males of the
maintenance methyltransferase in a concerted and tissue-spe iyile-X family are taken from table 2 of the McConkie-Rosell
fashion €9). Steric hindrance of transcription factors bound tq,; 5 study 81): 11-1 is mosaic with unmethylated alleles[d6
DNA may lower the activity of the maintenance 5,4 300 repeats and methylated alleleSBE0 repeats; I1-2 is
methyltransferasel0,47), as could be the case for CpG site 1_8 Omosaic with unmethylated alleles ranging betw&kso and 200
the FMR1 promoter. It has been proposed that enzymatic Qgpeats and methylated allele&b70 repeats; II-3 is mosaic with
ribozymatic demethylation of CpG islands occuns Vivo — nmethylated alleles ranging betwéei®0 and 270 repeats and
(47,60,61), which may involve promoter binding proteins that yethylated alleles dfL70 repeats; Il-4 has a normal allele with
attract an othgmis_e non-_spe_zc_ific der_nethylase, leading to redu repeats; II-5 is mosaic with methylated alleles ranging
levels of modification at individual site¢ {48,55,56). betweeri1130 and 670 repeats; 1I-6 is mosaic with unmethylated
In these two models of factors that either inhibit theyeles ranging between 170 and 200 repeats and methylated
methyltransferase or attract a demethylase to a hypermethylatg@eS of 200 and 530 repeats; I-2 has a normal allele @
promoter, methylation would be lost over time if the maintenance g repeats and an allele with an expanded repeat in the
methyltransferase were strictly copying patterns of hemigre_muytation rangéB5 repeats). Leukocyte DNAs from females
methylated DNA. Low levels ofle novomethylation are | 5 anq| 7 were isolated following a standard phenol/chloroform
consequently required to maintain the hypermethylated state d3raction method. L2 has two alleles with normal CGG repeats
dynamic balance with loss of methylation, as suggested by Pfeﬁ@fgg repeats), as determined by double digestion of DNA with
et al (47). The mammalian methyltransferase has indeed beght Rr| and Eag and subsequent hybridization with probe

Mechanisms of methylation propagation

demonstrated to haveda novomethylation activity §3). StB12.3 (data not shown). L7 has two alleles with normal CGG
repeats [(R9 repeats), as determined by amplification of the
Concluding remarks FMR1CGG repeat by PCR (data not shown).

Our observations on methylation of #dR1locus in leukocytes  gq4ium bisulfite conversion
indicate that:

(i) the variability in epigenotypes from cells of each individualwWith a few minor modifications, the bisulfite conversion of
is striking, suggesting that methylation patterns in both fragile-)enomic DNA was carried out following the protocol developed
and normal individuals are dynamic rather than completelgnd described by Clarket al (36). Approximately 10 ng
stable; unsheared, genomic DNA angug yeast tRNA (carrier nucleic

(i) methylation of non-CpG cytosines in the region studiedhcid) were denatured by adding freshly prepared NaOH to a final
may occur but is rare, makirig vivo methylation difficult to  concentration of 0.3 M in a 30 reaction volume and incubated
distinguish from inefficient bisulfite conversion at these sites; at 42C for 30 min. Increasing the stringency of the denaturing
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conditions (42C/30 min instead of 3TC/15 min) improved the isolated (QlAprep; Qiagen) and sequenced using either the
conversion rate of non-CpG cytosines. The more stringei@equenase version 2.0 DNA sequencing kit (US Biochemials) or
denaturing conditions are perhaps necessary becausklRE the ABI PRISM dye terminator cycle sequencing ready reaction
promoter sequence has a high GC content (66% GC-rich) akill (Perkin Elmer). Sequence analysis was performed with
therefore an overall high&¥,. Fresh solutions of 3.8 M sodium computer programs of the Wisconsin Package, V.8.1-Unix
bisulfite (S-8890; Sigma), adjusted to pH 5 with NaOH, and 2Q0Genetics Computer Group, Madison, WI) and SIGNAL SCAN
mM hydroquinone (H-9003; Sigma) were prepared by gentlé54). DNA samples from the fragile-X family were coded and the
mixing at 37C. Final concentrations of 3.4 M sodium bisulfite epigenotypes matched with the individuals only after the bisulfite
and 1 mM hydroquinone were added to the denatured DNA tocanversion and cloning had been performed.

final volume of 10Qul. The DNA was gently mixed in this sodium
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