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ABSTRACT

Thirtytwo probes for CpG islands of the distal long arm
of the human X chromosome have been identified.
From a genomic library of DNA of the hamster-human
cell hybrid X3000.1 digested with the rare cutter
restriction enzyme Eagl, 53 different human clones
have been isolated and characterized by methylation
and sequence analysis. The characteristic pattern of
DNA methylation of CpG islands at the 5’ end of genes
of the X chromosome has been used to distinguish
between Eagl sites in CpG islands versus isolated Eagl
sites. The sequence analysis has confirmed and
completed the characterization showing that
sequences at the 5’ end of known genes were among
the clones defined CpG islands and that the non-CpG
islands clones were mostly repetitive sequences with
a non-methylated or variably methylated Eagl site.
Thus, since clones corresponding to repetitive
sequences can be easily identified by sequencing, such
libraries are a very good source of CpG islands. The
methylation analysis of 28 different new probes allows
to state that demethylation of CpG islands of the active
X and methylation of those on the inactive X
chromosome are the general rule. Moreover, the
finding, in all instances, of methylation differences
between male and female DNA is in very strong support
of the notion that most genes of the distal long arm of
the X chromosome are subject to X inactivation.

INTRODUCTION

Between 50.000 and 100.000 genes may be present in the human
genome but only a few thousand have been cloned and sequenced.
The majority have been identified upon prior information on their
protein product. For a large number of genes however their
identification is based on the description of an inherited disorder
and the biochemical defect is unknown. The cloning of such genes
may be successfully achieved using approaches dependent on high
resolution genetic and physical mapping. The precise

identification of a genomic region corresponding to a gene may
in fact bring to the isolation of coding sequences by screening
for cDNAs or evolutionary conserved sequences and by analyzing
sequenced DNA for the presence of ORFs.

It is likely that large scale mapping and sequencing of the
human genome will also allow the prediction of coding regions
from the nucleotide sequence of large segments of DNA and
eventually the construction of a detailed physical map of human
genes and of human inherited disorders. However this is a
formidable task that will not be accomplished very soon, and
different methodologies to directly identify human genes and
genomic regions corresponding to genes are being tested.
Automated partial sequencing of cDNAs will generate expressed
sequence tags which may help in the identification of new genes
and of coding regions in genomic sequences (1). This simple
approach, in connection with the use of PCR and panels of
somatic cell hybrids to localize the cDNAs, will provide a high
resolution map of the genes along the chromosomes and will
identify gene regions to sequence. This is however a random
approach that does not allow the direct identification of genes
from specific portions of the genome.

Different methods have to be designed to isolate gene sequences
from specific chromosomal regions. The one we have used and
we report here is based on the use of ‘rare cutter’ restriction
enzymes to identify CpG islands. Most mammalian genes are
in fact tagged by the presence at their 5’ end of a CpG island,
unmethylated G+C and CpG rich region (2,3). Since about
30.000 CpG islands may be present in the mammalian genome,
roughly 1/2 of the genes may be recognized from the CpG island
surrounding their 5’ end. CpG islands are preferential sites of
cleavage of a class of restriction enzymes, the so called ‘rare
cutter restriction enzymes’, whose recognition sequence is CpG
rich and methylation sensitive (4). The presence of a cluster of
sites for such restriction enzymes is a very strong indication of
the presence of a CpG island and of a gene (2). We report now
that genomic libraries constructed digesting with a rare cutter
restriction enzyme DNA of human-rodent hybrids containing
specific portions of human chromosomes may be an enriched
source of CpG islands.
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We are interested in establishing a detailed physical map of
the genes of the distal long arm of the human X chromosome.
This is among the most gene dense portions of the human
genome, where many inherited disorders have been mapped (5).
Recently a physical map of a total of 12 Mb of DNA at the end
of the long arm of the human X chromosome from Xq27.2 to
the telomere has been described (6). This map establishes the
order and the orientation of most loci and genes in Xq28. YAC
clones from a library specific for the Xq24-Xq28 region have
also been isolated and large ordered YAC contigs covering most
of the distal portion of the long arm of the human X chromosome
are available (7). A detailed physical map of the genes in this
part of the human genome will be therefore immediately useful
to the isolation and sequencing of candidate genes of the many
inherited disorders mapped in the region.

As a first step in the construction of the complete gene map
of this chromosomal region a genomic library of the DNA of
the hamster human cell hybrid X3000.1, digested with the rare
cutter enzyme Eagl, was prepared (8). The hybrid carries the
Xq24-Xqter portion of the human X chromosome as the only
human DNA (9). In this paper we report the characterization of
the 53 human clones obtained to determine how many are actually
CpG islands, and, therefore, how useful may be our approach

CHARACTERIZATION OF 53 EAGI-ECORI CLONES

[meTHYLATION ANALYSIS |
|
| —
34 12
x* x*x!
D M
27 7
x! x!
M D
COSMID ANALYSIS '
5 2
x' NO RARE
M CUTTER
1 1
SEQUENCE ANALYSIS |
27 s 1 1101 1 5 1 1
[ I
NI ALU LTR NI LINES 78L NI
I |
32 21
cpG NON CpG
ISLANDS ISLANDS
(60%) (40%)

Fig. 1. Scheme of the characterization of 53 possible probes for CpG islands.
X?= active X; X'= inactive X. D: demethylation in genomic DNA; M:
methylation in genomic DNA. NI: non identified.
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Fig. 2. Methylation analysis of genomic DNA surrounding the Eagl sites. DNA
from male (XY) or female (XX) WBC was digested with the following restriction
enzymes. Panel A: EcoRI:1; EcoRI+ Mspl:2; EcoRI+Hpall:3. Panel B: EcoRI:1;
EcoRI+Mspl:2; EcoRI+ Hpall:3; EcoRI+Hhal:4. After Southern Blotting, filters
were sequentially hybridized to the probes indicated below. 2-31*, 2-68* and
2-149* are fragments prepared from cosmids and corresponding to the other side
of the Eagl site, in the original clone. Molecular weight markers are in kb. Probe
2-55 demonstrates a Mspl polymorphism, previously described (31)



to obtain region specific probes for CpG islands and to establish
a detailed map of the CpG islands of the distal long arm of the
human X chromosome.

MATERIALS AND METHODS

DNA methylation analysis

Genomic DNA was prepared from white blood cells (WBC) and
it was digested and blotted to nylon filters as previously described
(8). Probes from large clones ( more than 3 kb) were prepared
for hybridization by restriction enzyme digestion and purification
of the fragment indicated from low melting agarose gels (10).
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Clones with an insert size of 3 kb or less were prepared by PCR
from the T3 and T7 promoter region of the vector (Bluescript).
All probes still contained repetitive sequences and cold human
placenta DNA was used in the hybridization, as described (8).

Nucleotide sequence analysis

Clones were sequenced for an average of 300 bp using an
automated sequencing apparatus (EMBL, Heidelberg), from both
ends of the insert. Sequencing was performed with the dideoxy
chain termination method of Sanger using primers labelled with
a single fluorescent dye (11).

Table I.Methylation state of genomic DNA near Eagl sites

Size of restriction fragments (kb)

Methylation state

Clone Rare R.E. R.E. R.E. R.E. R.E. R.E. Xa® Xit
cutter +Eagl +Mspl* +Hpall* +Hhal*
24 - EcoRI 1.5 1.2 0.5 1 nd D M
2-5 - EcoRI 2 1.4 1.4/0.2 2 nd M M
2-6 - EcoRI 10 3.5 2/1.6 10 nd M M
2-7 + EcoRI 15 1.5 0.8 0.85/0.8 0.75/0.6 D M
2-8 - EcoRI 3 1.6 0.6 1/0.8 nd D M
2-18 + EcoRI 3.8 2 0.8 1.6 nd D M
2-19 + EcoRI 6.5 6 0.8/0.6 3.6/3 nd D M
2-20 - EcoRI 7.5 23 1.45/1.2 6 nd D M
2-22 + HindIII 23/15§ 4 0.2 1 nd D M
2-23 - EcoRI 5 35 1.8 5 nd M M
2-25 + HindIII 75 1 0.7 0.7 nd D M
2-28 - HindIII 15 2 1.45 1.45 0.95 D M
2-31 + EcoRI 6 4 0.9 2.3 2.6 D D
2-34 - EcoRI 5 1.6 2.5-03 5 nd M M
2-37 + Sacl 4 4 2-1.8 3 nd D M
2-38 + EcoRI 4 23 0.9 2/1.85 nd D M
2-39 + EcoRI 12 2 1.4 1.7 nd D M
240 + EcoRI 55 1.8 0.9/0.3 1.8/1.2 1.711.2 D D
2-46 - EcoRI 3 1.2 1.2 3 nd M M
248 - EcoRI 7 2 1.6 2 7 M M
2-53 - Xbal 2 1.25 12 2 2 M M
2-55 + EcoRI 18 2.5 1.2/0.85 2 2.5 D M
2-59 + EcoRI 4 1.5 0.6/0.2 0.6 nd D M
2-62 - EcoRI 9 1.5 0.9 1.2/0.9 1.2 D M
2-63 + EcoRI 43 2.5 1.8-0.5 2.3 2.7 D M
2-65 - EcoRI 6 3 3 3 2.8 D D
2-68 + EcoRI 5.5 4 2/1.45 3.7 4 D D
2-71 - EcoRI 4 3 3/2.5 4 nd M M
2-72 + EcoRI 10 2.1 1.4/1.2 1.7/1.4 nd D M
2-73 + EcoRI 5 3.5 1.9-0.65 2.5-1.1 nd D M
2-77 - BgllI 6 1.6 1.45 6 nd M M
2-78 + EcoRI 8 3.5 1.6/1.5 3 nd D M
2-80 + EcoRI 8 1.3 0.6/0.4 1.3 1.2 D M
2-81 + EcoRI 5 23 0.7 2.4/1.65 nd D M
2-83 + Sacl 4 35 1.5/1.1 32 nd D M
2-104 - EcoRI 8 4.5 32 4.5 4.5 D D
2-108 + Sacl 6.5 1.1 0.5-0.2 0.8-0.2 nd D M
2-110 - BglIl 33 2 1.6 1.9/1.6 nd D M
2-128 - EcoRI 20 34 1.4/1.2 9.4 nd M M
2-132 - HindIII 5 0.85 4 4 nd M M
2-136 + Bglll 35 22 0.5-0.2 1.2/0.2 nd D M
2-140 + EcoRI 15 2.8 1.65-0.2 25 nd D M
2-142 + EcoRI 10 6 1.4 6 nd D D
2-147 - EcoRI 10 14 0.7 1.2/0.9 nd D M
2-149 + EcoRI 6 3 0.9/0.6 1.9 2/1.8 D D
2-151 - EcoRI 4.8 1.4 1.1 4.8 nd M M

*: Fragment size is from digests of male DNA;
°: Methylation state of the active X chromosome in male DNA;

7 Methylation state of the inactive X chromosome in female DNA;

D: Demethylated;
M: Methylated;

§: This probe hybridizes to two different HindIII and EcoRI fragments in male DNA.
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Table II. GC conent of CPG island sequences

Clone Homologies Base pairs % G+C CpG GpC CpG/GpC
sequenced*
24 358 48 10 27 0.37
2-7 LAMP2 350 64 29 38 0.76
2-8 341 72 32 51 0.63
2-18 393 71 36 40 0.9
2-19 251 73 24 36 0.67
2-20 339 41 6 11 0.55
2-22 346 61 19 27 0.7
2-25 309 4 9 10 0.9
2-28 123 60 6 13 0.46
2-31 241 68 19 18 1
2370 372 76 48 56 0.86
2-38 312 76 54 48 1.13
2-39 G6PD 469 65 50 43 1.16
2-40 429 55 19 34 0.56
2-55 435 69 45 62 0.73
2-59 495 60 39 53 0.74
2-62 506 55 16 32 0.5
2-63 335 67 28 30 0.93
2-68 298 76 34 44 0.78
2-72 200 35 2 12 0.17
2-73 362 57 18 20 0.9
2-78 375 60 27 30 0.9
2-80 379 72 17 20 0.85
2-81 330 64 18 25 0.72
2-83 304 63 28 35 0.8
2-108 315 66 17 32 0.53
2-110 305 49 14 12 1.17
2-136 119 92 24 21 1.14
2-140 381 73 45 48 0.94
2-142 137 82 20 27 0.74
2-147 HPRT 382 53 12 22 0.55
2-149 143 82 21 21 1

* From the Eagl site

% Previously identified CpG island at the 3’end of GdX gene (21,22): the sequence from the EcoRlI site
is identical to the 3'end of the GdX gene and the size of the EagI-EcoRI insert is identical to the distance

between the GdX gene and the known CpG island.

Sequence analysis was performed with a GCG (Genetic
Computer Group, Inc.) package version 7. To search for
homology the FASTA algorithm was used (12).

RESULTS

The clones from the Eagl-EcoRI library (8) were analyzed as
outlined in Fig.1.

Methylation of genomic DNA

In vertebrates, CpG islands are unmethylated regions of DNA:
the only exception, so far, are the methylated CpG islands of
the inactive X chromosome. Southern blots of female DNA
digested with Hpall and hybridized to probes for CpG islands
of the X chromosome, in addition to bands in common with male
DNA, show higher molecular weight bands corresponding to
methylation of Hpall sites on the inactive X chromosome (13).
To determine the methylation state of the genomic DNA in the
vicinity of each Eagl site, the human clones from the Eagl-EcoRI
library were used as probes in Southern blots of genomic DNA
of male or female individuals. As it has been done previously
for 38 clones (8), the DNA was digested with EcoRI or with
a more appropriate restriction enzyme (indicated in Table I:RE),
distant no more than 1—3 kb from the EagI site, as well as with
the same RE + Mspl or Hpall or Hha. Only 8 additional clones

Table III. Sequence homologies

Clone Sequenced Identical Region of homology
from to
2-39 Eagl G6PD 5’ flanking DNA
2-147 Eagl HPRT 5’ flanking DNA
2-71 Eagl LAMP-2 5'end, first exon and
intron
2-37 EcoRI GdX 3’end

could be analyzed, since 7 did not demonstrate single bands in
genomic DNA. A total of 46 clones was studied.

Results of the hybridizations of 14 clones are in Fig.2 and a
summary of the methylation studies is in Table I. In 34 clones,
the Hpall+ RE or Hhal +RE (or both) digestions of male DNA
produced a fragment smaller than the Eagl-RE distance,
indicating demethylation of Hpall or Hhal sites in the vicinity
of the Eagl site. In 27/34 clones additional higher molecular
weight bands which could be caused by methylation of the same
and additional Hpall or Hhal sites in the vicinity of the Eagl site,
were present only in female DNA (Table I). The remaining 7
clones did not show methylation differences between male and
female DNAs with neither of the two methylation sensitive
restriction enzymes.
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A) Alu SEQUENCES

2-151 CGGCCG. . .ACA........... .-
2-5
2-34
2-48 ..
Alu CONSENSUS GGCTGGGCGTGGTGGC’I‘CACGCC-TGTMTCCCAGCAC'H‘T-GGGAGGCCGA-GGTGGTGGATCACCTGA--GGTCAGGAGTTCMGACCAGCC‘I‘GGCCMCA‘P 100
2-132 TTTT....... T. .CA..GA..... L S « B Y
2-71 TCM...CA.... CGGCCG

A, 5CAGA ,GA ,GA ,CATTGGTCATCTTTAACAAAAGCTAC
A,GA, SGA JGA ,GA ,GGAAGGAAG

.ASTA,TA,TA,TA,TA, TA, TR, CTGGTCCCATCTGGCCTTTGAGGTTT
GA, ,CA

T T A. A LA
AluC  TTGCAGTGAGCCGAGATCGCGCCACTGCACTCCAGCCTGGGCGAC-AGAGCGAGACTCCGTCTCA,,

B) LTR LIKE SEQUENCES

2-77 CGGCCG. .. ... N PN C..... AC..CAT..... TT.TG..TC...CT.C...... C..AC.....ovvvernnnnnn
HUERS-P2 GNGCCAGG‘I‘CACTGAGCTGCCGGACTCCAGGG-GMMCCATC'I‘CCC ~TTCTGGCTCCC- -CCA'I'CCACTG- -A-GAGC'I‘A‘K"I"I‘C'I‘AC‘I‘CMTMMCC’I"I‘GC 506
2-77 Covviiinnnn Go G Covvennnnnns T..... G. cees el ACLClL GT....C..G.A. STA......A.

HuERS AGTCA‘I"I'C‘I'CCABGCCCACATGTGATC‘I‘GAWC‘PTCTGGTACATCMGGCMGMACCCCAGGATACAGMAGCCCTCTGTCCTTGTGACMGGTAGAGGGTCTMC‘I’GAWM 625

2=77 ....... CA...AC..GC...A.......vvvev Al B PP G....G..C.......... CC.iivivnrnnannnnnns G...TG.CA.. .CTCATGCT. . .
HUERS CACMGCTGCC'I'O‘I'AGATOGC-MAC‘I‘AAMGAGCACCC'I‘GTMCACATGCCCACTGGAGC‘I"I‘CAGGAGC‘I‘G'I‘AMCA'I"I‘CACCCCTAGACACTGCCATGGGATTGGAG -------- CcCcC 736

2-77 .G..A.C....CA..TGCC. .T..A..G.T..... A....T. .CA
HuERS CACAGC'I‘TGCC'!‘G‘I‘CCAMTGC‘I‘CCC CcT AGAGG’M‘TGAGCAGCAGCGCACTGMGMGTGAGCCACACCCCCATCACATCCCCTGTGAGGGGMCMGGGMCC‘H‘TCC’I‘A’H‘TCMC 854

C) LINE SEQUENCES

2-33 OGGCCG. . ....C...ovvnn [ o R S P
LINE CONSENSUS GGGGGAGGGG‘I‘GCCCACCAT‘PG‘I‘CCAGGCTTGAGCAGG’I‘AMCMAGCCGCC’PGGMGCTCGAACTGGGTGGAGCCCACCACAGCTCMGGAGGC 530

233 ..ol Covinnnnnnninnn. Guvn ittt e L I« B« ¥ S S LT TS N C...A.......
LINE CTGCCTGCCTCTGTAGGCTCCACCTCTAGGGGCAGGGCACAGACAAACAAAAR- GACMCMG-ACC-CTGCA(-ACTTAMTGTCCC'I‘GTCTGACAGCTTTGAAGAGAG’PAG’I‘GGTTCTCC 646

2-33 ...... GC....GG....ovvunnnn [N R T T..CCCCCGA.C.vvvvvnnevnnenns C..G....C....G.A......ivivnne
LINE CAGCACATAGC'I‘TCAGATC‘I‘GAGAACAGGCAGACI‘GC(.‘!‘CCTCMGTGGGTCCCTGACCCCCGA ------- GTAGCCTMC‘I‘GGGAGGCATCCCCCAGTAGGG-CGGAC'PGACACC'I‘CAC 758
2-33 ..... A...TA.

LINE ATGGCTGGTACTCCTCTMGACAMACTTCCAGAGGMTGATCAGGCAGCAGCAT‘PTGCGGTTCACCMTNI‘CCACTGTTC‘I‘GCAGCCACCGCTGCTGATACCCAGGAAMCAGCATCTG 878
2-138 CGGCCG G .C A A..A A .GG. ...

LINE AGACCAMGG‘I'AGATMAACCATMAGA’I‘GGGGMGCAGAGCAGAMAACTGGACACTCTAMMTGAGAG’I‘GCC’I‘CTCCT‘PC’I‘CCMAGTMCGCAGC‘I‘CC'I‘CACCAGCMTGGA 1117
A. (o] G

2-19B CGGCCGCC..G. .C.T..vvvetvennnnnnnan AC. . ittt it it ACA.......
8L G'I'AGCTT‘I“I‘CGCAGCGTC‘I‘-CCGACCGCCGGGCGCGGTGGCGCGTGCC‘PGTAGTCCCAGCTAL TC TGAGGT T 110
ER Y 2 P S PP

A S - I S B -

78L 'I'GMCCGGCCCAGG‘I'CGGAMCGGAGCAGGTCAAMC'I‘CCCGTGCTGATCAG‘I‘AGTGGGA'I‘CGCGCC'I‘G‘I‘GMTAGCCAC‘I‘GCACTCCAGCC‘I‘GAGCMCATAGCGAGACCCCG‘I‘CTC‘I‘T 420

2-19B ..TG.ATT..TT.CTT..... ACT.TA..T.TTT...T.GC.CA.G.--.T.A.T.C.
8L TTGCCCCCCTCCCTACTTAAGGGATCTTTGTAAGTAAATAGTGTCTTTGAAGTTAAGAAGTTTGCT CTTTC . GTTCATACGTATTAAGAAACATACTAATGTGCACATTTAAAGACGAG 539

Fig. 3. Nucleotide sequence from the Eagl site of clones corresponding to repetitive sequences. A: some of the Alus are aligned with the Alu consensus sequence
(24). B: clone 2-77 is aligned to the LTR sequence HUERS.P2 (26). C: examples of Lines aligned to the Line consensus sequence (16). Underlined is an insertion
of 130 bp not present in all Lines; D: alignment of clone 2-19B to a 7SL sequence (25). In bold are the Eagl sites. The sequences have been submitted to the EMBL
Data Library. Accession numbers are: 2-151: X62354; 2-5: X62355; 2-34: X62356; 2-48: X62357; 2-132: X62358; 2-33: X62359; 2-58: X62360; 2-101: X65361;
2-106: X62362; 2-138: X62363; 2-196: X62364; 2-77: X62365.
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To study DNA methylation of the DNA identified by the
remaining 7 clones, cosmids were isolated either from a X
chromosome specific (14) or a Xq28 specific library (15): the
presence of a cluster of rare cutter restriction enzymes like Sacll,
BssHII or Nrul within 1—2 kb from the Eagl site demonstrated
the presence of a CpG island in all clones but 2 (not shown):
2-65 and 2-104 did not appear to correspond to CpG islands and
their methylation has not been studied further. From the
remaining cosmids, fragments flanking the CpG island were
prepared and used to probe the same Hpall +RE and Hhal + RE
digestions described above. In all instances we were able to show
the methylation differences between male and female DNA typical
of CpG islands of the X chromosome (probes 2-31*, 2-68* and
2-149* in Fig.2B). From this analysis we can conclude that 32
of the 46 clones analyzed have the characteristics of the CpG
islands of the human X chromosome (Fig.1).

12 clones corresponded to methylated regions of DNA (Fig.1
and Table I): none of them also corresponds to a cluster of rare
cutter enzymes (8).

Sequence analysis of the CpG islands

All the 32 clones defined as DNA fragments flanking CpG
islands, were sequenced for 300 —400 nucleotides from the Eagl
site. 30 DNAs were also sequenced from the EcoRI site. Analysis
of the G+C and CpG content of the nucleotide sequence flanking
the Eag I site revealed in most cases a G+C content greater than
60% and a CpG content close to the GpCs (Table II). The
nucleotide sequences were compared to the GeneBank (Release
68). This analysis has shown that four of the clones were identical
to known CpG islands or to the 5’end of known genes (Table
IIT). The remaining 28 clones did not show any identity to known
sequences.

Nucleotide sequence of the clones non-corresponding to CpG
islands

Also the 14 clones classified as non-CpG islands (Fig.1) were
sequenced from the Eagl site. The majority resulted to be known
repetitive sequences, containing a Eagl site: eight were Alu
sequences with a Eagl site at their 5’ end (Fig.2A), two (2-132
and 2-71) were also Alu sequences but the Eag I site was
elsewhere in the sequence (Fig.3A). Clone 2-77 was a sequence
in the middle of a viral LTR (Fig.3B).

In keeping with this finding, among the 7 clone predicted to
contain almost exclusively repetitive sequences as they did not
show hybridization to single bands in Southern Blots (Fig.1), 5
were the 5’ region of Line sequences (Fig.3C). They were all
about 3 kb in length, in agreement with the presence of a
conserved EcoRlI site in the middle of many Lines (16). Clone
2—19b was 98% identical to 7SL repetitive sequences with an
Eagl site at the 5’ end, in the same position where it is found
in the Alu sequence (Fig.3D).

Only 4 clones (2-21,2-65 2-128 and 2-104) did not correspond
to a known repetitive sequence, but did not have any of the
characteristics of a CpG island as well. Cosmids hybridizing to
2-104 have been isolated and the DNA flanking the Eagl site
on the opposite direction from 2-104 has been sequenced: it was
an Alu sequence with a Eagl site at the 5’ end (not shown). The
same may be therefore true for the remaining 3 unidentified
clones.

DISCUSSION

Clusters of rare cutter restriction enzymes have been extremely
useful to identify genes in cloned genomic DNA (17,18,19,20).
In this paper we now show that using rare cutter restriction
enzymes it is also possible to construct genomic libraries enriched
in fragments flanking genes: we have analyzed in detail a genomic
library of Eagl-EcoRI fragments of the Xq24-Xqter portion of
the human genome. We show that 60% of the Eagl clones
correspond to CpG islands. The remaining clones were almost
exclusively repetitive sequences containing the rare cutter site.
We had previously shown that the inserts of the library were
enriched in sites for rare cutter restriction enzyme (8). We have
now studied the methylation state of the genomic DNA
surrounding the Eagl site identified by our clones. The
characteristic pattern of DNA methylation of the CpG islands
at the 5’ end of genes of the human X chromosome has enabled
us to clearly distinguish between Eagl sites in a CpG island versus
isolated Eagl sites. In most cases the genomic DNA surrounding
the Eagl site was demethylated in male DNA. In females, the
pattern of DNA methylation also showed higher molecular weight
bands and was compatible with the presence of a unmethylated
allele on the active X and methylation of the allele on the inactive
X chromosome. Seven clones did not show such pattern but only
DNA demethylation. The isolation of cosmid clones and of probes
at the opposite side from Eagl has demonstrated that also in 5
of them methylation differences between male and female DNA
can be demonstrated. Thus, 32 clones have the characteristics
of CpG islands of the X chromosome.

In keeping with our definition of CpG islands is the finding
that in most cases the base composition of the DNA flanking the
Eagl site is G+C and CpG rich and that the nucleotide sequence
of four of the clones corresponds to known CpG islands (HPRT,
G6PD, and a previously described one 3’ from the GdX gene)
(21,22) or to the 5’ of known genes (LAMP2) (23). Moreover,
the remaining clones, which were defined as non-CpG islands,
were known repetitive sequences containing a Eagl site: Alu (24),
Lines (16) and other less abundant sequences: 7SL (25) and LTR
(26). In most cases they appeared methylated in leukocyte DNA.
Alu sequences and the 5’end of the Lines are known as highly
methylated CpG rich sequences (27, 28). However, the
methylation status of such DNAs must be not highly conserved
since they must be at least in part unmethylated in the X3000-1
DNA used to make the library. The X3000-1 DNA, however,
was not analyzed.

The high percentage of known repetitive sequences containing
a Eagl site found in our library can be advantageously used to
identify CpG islands. To isolate the remaining CpG islands from
this region of the genome, we are constructing new libraries using
Eagl as well as other restriction enzymes with similar
characteristics. Sequence or PCR analysis with repetitive
sequence specific primers will be the first screening step. Once
repetitive sequences flanking the rare cutter site have been
identified more than 80% of the clones will be CpG islands. It
has to be pointed out that our results also indicate that the
usefulness of such libraries mainly depends from the ratio between
CpG islands and unmethylated (or variably methylated) rare cutter
containing repetitive sequences in the DNA to be cloned. This
may be a very important parameter, since CpG islands are not
uniformly distributed along chromosomes (29, 8) and it has been
critical in the cloning of most of the CpG islands of Xq28
(Maestrini et al., in preparation).



The methylation analysis of such a large number of CpG islands
of the X chromosome definitely demonstrates that demethylation
of the active and methylation of the inactive X chromosome are
a general rule. In addition, methylation of CpG islands has been
shown to be responsible of the transcriptionally inactive state of
X chromosome genes (13). Thus, the finding, in all instances,
of methylation differences between male and female DNA is in
very strong support of the notion that most genes of the distal
long arm of the X chromosome are subject to X inactivation.
This is in contrast with the situation in the short arm or proximal
long arm where many genes remain active also on the inactive
X chromosome (30).

In conclusion we have now 28 new probes for CpG islands
of the X chromosome, mainly localized in Xq24 —25 and Xq28
(8). The precise physical mapping of these and of new gene tags
will be the next step in the construction of the complete map of
CpG islands of this chromosomal region.
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