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The human ZFX, human ZFY, and mouse Zfx genes
have CpG islands near their 5’ ends. These islands are
typical in that they span about 1.5 kb, contain tran-
scription initiation sites, and encompass some 5’ un-
translated exons and introns. However, comparative
nucleotide sequencing of these human and mouse is-
lands provided evidence of evolutionary conservation
to a degree unprecedented among mammalian 5’ CpG
islands. In one stretch of 165 nucleotides containing
19 CpGs, mouse Zfx and human ZFX are identical to
each other and differ from human ZFY at only 9 nucle-
otides. In contrast, we found no evidence of homolo-
gous CpG islands in the mouse Zfy genes, whose tran-
scription is more circumscribed than that of human
ZFX, human ZFY, and mouse Zfx. Using the isoschi-
zomers Hpall and Mspl to examine a highly conserved
segment of the ZFX CpG island, we detected methyla-
tion on inactive mouse X chromosomes but not on inac-
tive human X chromosomes. These observations paral-
lel the previous findings that mouse Zfx undergoes X
inactivation while human ZFX escapes it.
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INTRODUCTION

The existence of genes common to the mammalian
X and Y chromosomes poses important evolutionary
guestions. In the past decade, investigators have dis-
covered more than a dozen genes that are common to
the X and Y chromosomes in humans or in mice. Sev-
eral of these X-Y genes are located in the pseudoau-
tosomal regions, where sequence identity between the
two chromosomes is enforced by X-Y recombination
during normal male meiosis. Other X-Y gene pairs

Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession Nos. U00241-2.

! Present address: Ludwig Institute for Cancer Research, 91 Riding
House Street, London WC1P 8BT, United Kingdom.

2To whom correspondence should be addressed. Telephone: (617)
258-5203. Fax: (617) 258-5578.

are located in strictly sex-linked regions, where X-Y
recombination does not occur (Affara et al., 1994).

ZFX and ZFY, the first X-Y genes found in the
strictly sex-linked portions of the mammalian X and Y
chromosomes (Page et al., 1987), encode proteins com-
prising an amino-terminal acidic domain, a putative
nuclear localizing signal, and a carboxy-terminal do-
main of 13 zinc fingers (Ashworth et al., 1989; Lau
and Chan, 1989; Mardon and Page, 1989; Schneider-
Gadicke et al., 1989a). By analogy to other zinc-finger
proteins, the ZFX and ZFY proteins probably bind DNA
or RNA in a sequence-specific manner. They may func-
tion as transcription activators (Mardon et al., 1990).
The biological processes in which these proteins act
are not known, although possible roles in gonadal sex
determination, Turner syndrome, and spermatogenesis
have been proposed and debated (Page et al., 1987,
1990; Burgoyne, 1989; Koopman et al., 1989, 1991;
Mardon and Page, 1989; Palmer et al., 1989; Simpson
and Page, 1991; Zambrowicz et al., 1994a).

We have previously suggested that ZFX and ZFY
began diverging from a single common ancestral gene
prior to the radiation of placental mammals, at least
60 to 80 million years ago. This proposal originated
from the observation that most if not all placental
mammals carry X-specific and Y-specific homologs of
the human ZFY gene (Page et al., 1987). Consistent
with this hypothesis, the mammalian ZFX and ZFY
genes were subsequently found to encode similar but
distinct proteins (Ashworth et al., 1989; Mardon and
Page, 1989; Schneider-Gadicke et al., 1989a; Mardon
et al., 1990; Palmer et al., 1990).

The model also predicted that the intron/exon struc-
tures of ZFX and ZFY would have much in common.
This prediction has not yet been definitively tested,
since mouse Zfx is the only gene in this family whose
structure has been comprehensively described (Luoh
and Page, 1994). However, comparison with limited
data available for mouse Zfy, human ZFX, and human
ZFY (Schneider-Gadicke et al., 1989a,b; Simpson and
Page, 1991; Shimmin et al., 1993) has revealed a num-
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ber of conserved splice sites and suggested that the
intron/exon structures of mammalian ZFX and ZFY
are very similar if not identical. The structures of the
extant mammalian ZFX and ZFY genes are probably
much like that of the ancestral gene from which they
diverged (Luoh and Page, 1994).

Only small portions of the ZFX and ZFY genes, which
span 50 to 70 kb (Schneider-Gadicke et al., 1989a,b;
Luoh and Page, 1994), have been sequenced in any
mammal. Nonetheless, analysis of the limited genomic
sequence available—and of more extensive cross-hy-
bridization data (Page et al., 1987; Schneider-Gadicke
et al., 1989b)—suggests that high similarity between
mammalian ZFX and ZFY sequences is intermittent
and restricted largely to coding exons. These findings
are consistent with ZFX and ZFY facing shared evolu-
tionary constraints operating at the level of the encoded
proteins. As a rule, ZFX/ZFY introns, untranslated
exons, and flanking sequences exhibit much less nucle-
otide similarity than their coding exons (Schneider-
Gadicke et al., 1989b; Shimmin et al., 1993), presum-
ably because shared evolutionary pressures are weaker
or less extensive in those regions.

An exception to the generally low nucleotide similar-
ity outside coding sequences has been noted within
“CpG islands” located near the 5’ ends of the human
ZFX and ZFY genes. CpG islands are unusual seg-
ments of the genome, typically about a kilobase in
length and often containing transcription initiation
sites, that have a high G + C content and in which the
dinucleotide CpG is abundant (Bird, 1986; Larsen et
al., 1992). In the bulk of the human or mouse genome,
CpGs are methylated, and such methylated CpGs are
prone to mutate to TpG or CpA, resulting in CpG loss
and underrepresentation. In CpG islands, by contrast,
CpG dinucleotides are generally not methylated and
are maintained at frequencies approximating those of
the dinucleotide GpC. Clustering of recognition sites
for the restriction endonucleases BssHII, Eagl, and
Sacll has revealed CpG islands near the 5’ ends of
both the human ZFY and ZFX genes (Page et al., 1987;
Pritchard et al., 1987; Schneider-Gadicke et al., 1989b).
More intensively studied was the CpG island of mouse
Zfx, where nucleotide sequencing demonstrated that
the island is 1.5 kb in length and has a G + C content
of 74% (Luoh and Page, 1994) (corrected). The mouse
Zfx CpG island was shown to possess promoter activity,
to contain multiple transcription initiation sites, and
to include the first two exons, both of which are un-
translated (Luoh and Page, 1994). In Southern blotting
experiments, the CpG islands of human ZFY and ZFX
were found to cross-hybridize at high stringency, indi-
cating that the nucleotide sequences of the two human
genes are similar in this 5’ region (Schneider-Gadicke
et al., 1989b).

Given that ZFY and ZFX appear to have diverged
from a single ancestral gene prior to the radiation of
placental mammals, these results implied that the nu-
cleotide sequences of the CpG islands either had been
highly conserved on both the X and the Y chromosomes
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or had converged during human evolution (e.g., by gene
conversion). Evidence for conservation rather than con-
vergence was provided by the observation that the CpG
island of human ZFY cross-hybridized at high strin-
gency to genomic DNAs of a wide range of placental
mammals. Indeed, the CpG island was one of four ap-
parently conserved segments—the other three con-
taining coding exons—whose hybridization to X- and
Y-specific restriction fragments in diverse placental
mammals established the rough outlines of the human
ZFY transcription unit (Page et al., 1987).

These results suggested that CpG islands of the ZFX
and ZFY genes display unusual degrees of intraspecies
and interspecies nucleotide similarity, and this possi-
bility motivates the present study. Rather little is
known about forces constraining or driving the evolu-
tion of mammalian CpG islands. Where CpG islands
associated with homologous genes have been compared
in two or more species, preservation of G + C-rich char-
acter and CpG content are often observed (Aissani and
Bernardi, 1991). However, apart from recognized tran-
scription factor binding sites (e.g., Zacksenhaus et al.,
1993), conservation of precise nucleotide sequence in
the noncoding portion of CpG islands is generally unre-
markable (A. Bird, Edinburgh, pers. comm., 11 Oct.
1994, confirmed by review of literature). Since the di-
vergence of the mammalian ZFY and ZFX genes from
a single ancestral gene began at least 60 million years
ago, a detailed comparison of the associated CpG is-
lands in various species should provide insight into the
constraints within which these 5’ sequences evolved.
In the present study, we compared the CpG islands of
the human and mouse genes. We uncovered conserva-
tion whose extent and degree are, to our knowledge,
unprecedented in the noncoding regions of mammalian
structural genes.

We also set out to determine whether mouse Zfx and
human ZFX, which differ markedly with respect to X
inactivation, might also differ with respect to methyla-
tion of their CpG islands. Like most genes on the mouse
X chromosome, Zfx undergoes X inactivation; it is tran-
scribed on active but not inactive X chromosomes (Ash-
worth et al., 1991; Zinn et al., 1991). In contrast, the
human ZFX gene escapes inactivation; it is transcribed
on both active and inactive X chromosomes (Schneider-
Gadicke et al., 1989b). In mice and humans, most X-
linked CpG islands are unmethylated on active X chro-
mosomes but heavily methylated on inactive X chromo-
somes (Wolf et al., 1984; Pfeifer et al., 1990; Tribioli
et al., 1992; Singer-Sam and Riggs, 1993). Indeed, on
inactive mouse X chromosomes, the CpG island of Zfx
appears to be methylated (Erickson et al., 1993). Thus,
for many X-linked CpG islands, methylation correlates
with the inactivation status of the “host” chromosome.
Given that human ZFX escapes X inactivation while
mouse Zfx does not, we set out to compare methylation
of the associated CpG islands on inactive and active X
chromosomes in the two species. We hoped to learn
whether Zfx/ZFX CpG island methylation more closely
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reflects the inactivation status of the gene or that of
the host chromosome.

MATERIALS AND METHODS

Sequencing of human ZFX and ZFY genomic DNA clones. Por-
tions of the human genomic inserts of two plasmids were sequenced.
Plasmid pDP1047 (Schneider-Gadicke et al., 1989b) contains a 5.7-kb
Hindlll fragment from the human X chromosome (phage A\BER113)
subcloned into pBluescript (Stratagene). Plasmid pDP1024 contains
a 5.2-kb Hindlll fragment from the human Y chromosome (phage
NOX107; Page et al., 1987) subcloned into pBluescript.

These human genomic DNA clones were sequenced by dideoxy-
nucleotide chain termination (Sanger et al., 1977; Chen et al., 1991)
using synthetic oligonucleotide primers and modified T7 polymerase
(Sequenase 11, United States Biochemical). To sequence a 3.5-kb por-
tion of ZFX plasmid pDP1047, plasmid subclones were constructed
by restriction digestion or by using Exolll and S1 nucleases (Heni-
koff, 1984). Sequencing templates were (1) single-stranded DNAs
rescued from pBluescript KS(—) constructs using helper phage VCS-
M13 or (2) supercoiled, double-stranded DNAs prepared by alkaline
lysis. To sequence the entirety of ZFY plasmid pDP1024, its 5.2-kb
Hindlll insert was digested at a unique Sall site to yield 3.2-kb
and 2.0-kb fragments. After subcloning into plasmid pUC119, these
fragments were sequenced using synthetic “walking” primers spaced
every 400 to 500 bp.

High G + C content made the sequencing difficult. Ambiguities
caused by compression and other artifacts were resolved using nucle-
otide analogs (e.g., 7-deaza-dGTP and dITP; United States Biochemi-
cal; Mizusawa et al., 1986), modified reaction conditions (Sanger et
al., 1977; Chen et al., 1991), or 6% polyacrylamide/8 M urea/20%
formamide gels.

Cloning of human ZFY cDNA. We previously constructed a cDNA
library (Fisher et al., 1990) using poly(A)* RNA from OXEN, a human
lymphoblastoid cell line derived from a 49,XYYYY male (Sirota et
al., 1981). This library was screened by hybridization with the insert
of plasmid pDP1207, which contains a 0.3-kb Pstl-Sall fragment
from the 5’ portion of the human ZFY genomic locus (nucleotides 6
through 314 as numbered in Fig. 2). (The insert of pDP1207 was
subcloned from phage NOX107; Page et al., 1987.) One cDNA clone
was identified in this screen, and its 1.4-kb insert was transferred
into the Notl site of Bluescript SK(+), generating plasmid pDP1297.
Partial sequencing of pDP1297 revealed that it was collinear with
but extended further 5’ than previously described ZFY cDNAs (Lau
and Chan, 1989; Palmer et al., 1990). The cDNA insert of pDP1297
appeared to be truncated at its 3’ end, probably because of internal
priming during reverse transcription.

Southern blot analysis of mouse genomic DNAs. Genomic DNAs
prepared from livers of male and female FVB/N mice were digested
with restriction endonucleases, subjected to electrophoresis in 0.8%
agarose, and transferred (Southern, 1975) to nylon membrane. A
395-bp BssHII genomic fragment (nucleotides —303 to 92 in Fig. 2)
from human ZFY was labeled with *P by random-primer synthesis
(Feinberg and Vogelstein, 1984) and hybridized overnight to the ge-
nomic DNA transfer at 47°C in 50% formamide, 5X SSC (1X SSC =
0.15 M NaCl, 15 mM Na citrate, pH 7.4), 1x Denhardt’s (0.02% Ficoll
400, 0.02% polyvinyl pyrrolidone, 0.02% bovine serum albumin), 20
mM Sodium phosphate, pH 6.6, 50 pug/ml denatured salmon sperm
DNA, 1% SDS (sodium dodecyl sulfate). Following hybridization, the
transfer membrane was washed three times for 15 min each at 65°C
in 0.1X SSC, 0.1% SDS and exposed at —80°C with X-ray film backed
with an intensifying screen for 4 days.

Methylation analysis of human and mouse genomic DNAs. One
hundred nanograms mouse or human genomic DNA was incubated
with 10 units HindlIl or Hpall or Mspl for 4 h at 37°C in buffers
recommended by the manufacturer (New England Biolabs). The di-
gested genomic DNAs were then used as template in PCR with prim-
ers (CTACCCTTCCGCATTTTCCT and GAGCTCGGAGCTGAC-
AAAAA) chosen from sequences conserved between mouse Zfx and
human ZFX and spanning, in both species, a 105-bp region con-
taining two CCGG sites. PCR using 100 ng template DNA was car-
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ried out in 20 ul of 12.5 mM Tris, pH 8.2, 50 mM KCI, 12.5 mM
NaCl, 5 mM NH,CI, 2.5 mM MgCl,, and 1 mM each of the two
primers. After heating to 100°C for 5 min, the four deoxyribonucleo-
tides (to a final concentration of 0.125 mM each) and 2 units Taq
polymerase were added. Thirty cycles of 1 min at 94°C, 1 min at
62°C, and 1 min at 72°C were followed by extension for 2 min at
72°C.

PCR products were subjected to electrophoresis in 4% NuSieve
agarose (FMC Corporation), 90 mM Tris—borate, 2 mM EDTA, 0.5
wpg/ml ethidium bromide, visualized with UV light, and transferred
to nylon membrane in preparation for Southern hybridization. The
hybridization probe was an oligonucleotide, GGTGACGTGACGTGC-
TGACG, chosen from sequence within the PCR product that was
conserved completely between mouse and human. The oligonucleo-
tide was labeled using [y-**P]ATP and T4 polynucleotide kinase and
allowed to hybridize with the filter overnight at 42°C in 6x SSC, 5%
Denhardt’'s, 0.05% Na,P,0,, 100 pg/ml tRNA, and 0.5% SDS. The
filter was then washed three times for 20 min each at 42°C in 6X
SSC, 0.1% SDS and exposed with X-ray film for 2 days.

RESULTS AND DISCUSSION

Sequencing of CpG Islands at 5" Ends of Human ZFX
and ZFY

We had previously characterized the CpG island of
mouse Zfx (Luoh and Page, 1994). To compare the 5’
CpG islands of human ZFX, human ZFY, and mouse
Zfx in detail, we sequenced a 3.5-kb portion of the hu-
man ZFX genomic locus (Fig. 1) and a 5.2-kb portion
of the human ZFY genomic locus (Fig. 2). In the se-
guenced region of ZFX, the frequency of CpG dinucleo-
tides ranges from 0/150 to 31/150 nucleotides (just as
in mouse Zfx; Fig. 3) and serves to demarcate the CpG
island. Applying an arbitrary threshold of 10 CpG dinu-
cleotides per 150 nucleotides, the human ZFX CpG is-
land measures 1.5 kb in length, almost identical in
length to the mouse Zfx CpG island. Within this 1.5-
kb CpG island of human ZFX, 76% of the nucleotides
are either G or C, and CpG and GpC dinucleotides are
comparably abundant. In ZFY, the CpG island spans
1.3 kb, and the incidence of CpGs, which ranges from
0/150 to 28/150 nucleotides, is slightly lower than that
in its human and mouse X homologs (Fig. 3). Within
this 1.3-kb CpG island, G+C content is 68%, and CpG
and GpC dinucleotides occur at similar frequencies.
[The segment sequenced was larger for ZFY than for
human ZFX and mouse Zfx; the additional ZFY mate-
rial sequenced contains a second, smaller region (cen-
tered at +1900; Fig. 3) that clears the arbitrary thresh-
old of 10 CpGs per 150 nucleotides].

In mouse Zfx, the CpG island comprises the 5’-most
portion of the transcription unit (Luoh and Page, 1994).
Similarly, human ZFX transcripts appear to have high
G+C content near their 5’ termini, and the 5’ portions
of four human ZFX cDNA clones whose sequences have
been reported (Schneider-Gadicke et al., 1989a; Palmer
et al., 1990) are identical in sequence to the human
ZFX CpG island (Fig. 1). The 5" ends of these four
cDNAs all lie within 142 nucleotides near the CpG is-
land’s midpoint. All four ZFX cDNAs employ the same
first splice donor, at nucleotide 49 (Fig. 1), although
they exhibit diverse patterns of splicing downstream
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Alu repeat
GGGAGCCTGAGGCAGGAGAATCGCTTGAACCCCGAAGGCAGAGGTTCAGTGAGCCAAGATCACGCCATTGCACTCCAGTCTGGGAGTGCAAGAAATATTAATGTGGGCACACAAGCTAT

TTCTCATTTTTTTTTATTGAAACAACATTGCTTAGTTTCATTTACCTTTCTGTGAAATGTCTTTCTGTGAAAGTCTATCACAGCCTGATGTAAT T TTTATAAACAATGAATACATGCTGT
TACTATTTTTGAAAGGAAATTTAATCGCTTGGAAAAATTCAGACTAAAGCCCCGAGAGGAAAAT TATCATCCAGTGCATGCTCAGAGATTTCTTCTTACTCTACTTTTGTTTTTCCTTTT
TGAAAGCATTTGTGATTGAGAGATGTCTGAGGGAAGGGACAAAT TGCATTCTGGGAGT TTTARAGAGT TATGTCAGGCAACTAAAATACGTGGCCTCTGTATTTARAGAGATTTCACACC
AGTATACTATTTGCTTTATAATTTTTGTGTTTCTTATTGTTTAAAAATGCCTTTAACATTTAGTGCTGTGTTAAAGGATAGCATGCCAGATTCCAGATTAATGTAAAGACTCCACTATTT
AACTTTTCCCTAGTAACTTTAAAACAGAGTTTGGGTTCCAAGTTCAGCATGGAAAGATAGCATAAACATTTAAACTAAGTAAAGTGCGAAATACACATTTTTGAAGTTGGTAAGTGCTGT
TTAATCATTTTCCCCTTCTCTCCCAAGTCTTTTGAAACT TCAAAAGGCTTGTTTAAGCAGTGTGT TTAARAAAAAAAAAATCCATACCCAATTGGGCTCCTCTCTATTAAGGAATGTGGA
AAATTCATGATTTATGAAACGATGACACCAGTCTTACATTTCACAGGCTCCCAAGCTCTGAAACACGAGTACATAGGAAAATACACAGAAAATTCCTGTTCTTTGCAACGTGCGAAACGT
TTCAAAATGCAACTTTGCTCATCTCCCTCCCCCGTACAAACTAATAAAATCAGTTTGGCTCTGACTGCTTATTTTTAAAAAGTAGACGGC CTGGTAGGTGCTCTAGGG! C
CCCCCACTCCACCCCCCTTCCCGCACACCCATTTAGACTGGCAAGCCCGTTTTCATTTTAT TTTTTTTTAAGCGAAGGCAGGGGALGECEEEGCT

CCC GCCTTCCCCCGCECLTETAGCCALT! GCAGTCEEGE! TGCCATTCCG GCTT. CA' GGACC AR
AT TTTGCTTAAGTCAAATCATATGTGGCTGCTAAGGTGCTTTCGATGCAGTTGTTTTTCCAACAATCTTTGCCGCCCCGAGTATCTGAATARAGGAAGARAAATARAGATTGAT
GGGAAAGTTTTTGCCATTCTTTTGTCCTATAGGGAAAAAAATTGCACAACACGAGAGCGGAGGAATAAAATTTTGAATCATTCGTACTCATTTATGTGGAAACAACTTTCTTGAAAACGA
TTTAAGTAGTGATCTGTTGGTGGTATTTTTTTAAATCGAGGAATAAGGGCAAGACTTTTTTATTTTCTTAT TGGAGGACAACTTAGTGTGGTGCATATTTATTGTGCATTTGCCTGTCAT
GGTATTTCGATTTTTCATTTGTGAAGTTTTAAGGCGGAGTTTCATCCCCTAACGTACTTTTTTGATTGCACACTGTGCAACTTTCTTGATAARACTCGGAGCCTACTGTTAGCGATGCACC
GTGCTAGATGCTAAGAAACATTAAAAAGGTTCTTGTAATGCAGACGGTGGCTGCAAGAAGTCTCATGTTTAGAGGTAGCTGGGGCAAGGTGAAATGCAGTAAAGTGAGAGGTACAACTAA

1561

FIG. 1.

TTACTGGGATTTCCGAGGGAAGCAAGGTTCCCATTGGAGGATCAGCGAGGGACGGGTTCCTGAAGTATTAATAGGTGGCATTTTGAGAAGGTTACCGAGGGATGGGTAGGACTT

1674

Nucleotide sequence of the 5’ portion of the human ZFX gene. This 3.5-kb portion of the human X chromosome (GenBank

Accession No. U00241; plasmid pDP1047) includes (1) an Alu repeat (underlined), (2) a CpG island (shaded), (3) the 5’ ends of four cDNA
clones (dots beneath sequence), and (4) the 3’ boundary of exon 1 (right bracket). Nucleotides are numbered according to 5’ nucleotide in
cDNAs pDP1125 and pDP1546. The numbering scheme brings human ZFX and mouse Zfx into register within a region of sequence identity;
human ZFX nucleotide 1 (as numbered here) is homologous to mouse Zfx nucleotide 1 [in Fig. 5A of Luoh and Page (1994)]. Origin of cDNA
clones: pDP1132, pDP1125, and pDP1546 correspond to cDNAs 1, 3, and 2, respectively, of Schneider-Gadicke et al. (1989a); pCD5.1 was

described by Palmer et al. (1990).

(Schneider-Gadicke et al., 1989a). It appears that in
human ZFX, as in mouse Zfx, the CpG island comprises
the 5’-most portion of the transcription unit.

For human ZFY, no evidence that the 5" CpG island
is part of the transcription unit had been reported. A
single human ZFY cDNA clone extending 5’ of the initi-
ator codon had been described (Lau and Chan, 1989),
but that cDNA’s 5’ portion did not have a remarkably
high G+C content. We identified one additional cDNA
clone that extended 5’ of the initiator codon. Partial
sequencing revealed that this clone, pDP1297, was col-
linear with previously described human ZFY cDNAs
(Lau and Chan, 1989; Palmer et al., 1990) but extended
44 nucleotides further 5’. The most 5’ portion of cDNA
pDP1297 has a high G+C content and is identical in
sequence to a portion of the ZFY CpG island (Fig. 2).
Sequence alignment with pDP1297 reveals that the 5’
terminus of the previously reported ZFY cDNA (Lau
and Chan, 1989) actually falls within the CpG island
(Fig. 2). Both cDNAs employ the same first splice donor,
at nucleotide 49 (Fig. 2). These findings collectively
demonstrate that the 5’ CpG island is part of the hu-
man ZFY transcription unit, as in human ZFX and
mouse Zfx.

Conservation of Nucleotide Sequence in CpG Island

Previous studies of evolutionary conservation of the
mammalian ZFX/ZFY CpG islands had relied exclu-
sively upon Southern blot hybridization (“ark blots”;
Page et al., 1987). Sequencing of the human ZFX and

ZFY CpG islands (Figs. 1 and 2), together with the
prior sequencing of the mouse Zfx CpG island (Luoh
and Page, 1994), provided an opportunity to explore
this conservation with greater precision.

Pairwise comparisons between the sequences of the
three genes revealed that their 5’ CpG islands are re-
markably similar (Fig. 4). For example, the mouse Zfx
CpG island is highly similar in sequence to the human
ZFX CpG island along nearly all of its 1.5-kb length
(Fig. 4A). This similarity is not a trivial corollary of the
two sequences having high G+C contents, as dot-plot
analysis reveals little similarity off the diagonal. Nei-
ther is this the result of the mouse and human X chro-
mosomes having had little time to diverge; the mouse—
human similarity is restricted to the CpG island and
does not extend to flanking sequences.

It has been suggested that gene conversion during
primate evolution accounts for much of the present-day
similarity between the coding sequences of human ZFX
and ZFY (Hayashida et al., 1992). Indeed, in most of
the coding exons (exons 5 through 9 and exon 11, the
last of these encoding the zinc-finger domain), the DNA
sequence of human ZFX is more closely related to that
of human ZFY than to that of mouse Zfx (Table 1). If
gene conversion were a major force in the evolution
of the CpG islands, then one might again expect the
greatest similarity to be exhibited by the two human
genes. Alternatively, if sequence similarities among the
ZFX/ZFY CpG islands were due primarily to simple
conservation, i.e., a low rate of fixation of mutations,
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-2844 AAGCTTTTTGAGACATTTTAGATAACATGCTTTTACATTTTGGTGTATGAATTAATTCTATACTATTGAAGTGTCTCTGTTTTC
TCAAAAACTAGTATAATCTTTTTTTGTAAATTCCTTCTTAGTGATGGGAAGTAAAATTCTTTTTTTTATTTTTCTGCTTCATCTTCTT T TGGAAARAAGATATAAAGACCTTGTACTGTGT
CTTGCTTATGCAATTGTAGCTACTTTACGCAATTGTAGCTACTTTATTAAAACCTCGATCTTTGTGAGCTGGTTAGT TACTTTCAAAGCTGAGACACATTAGCAACTGTGAACAACAGGT
ACATTTTATCAGTAATAAAAGTTTATTTGCTTTGCAGCCAGTTATTTTGTATTCACAATATACT TTTGAAATATTATCTCATCATTGTCCCTATATAAATTTTCCCTCTGTTGTGTTTCT
TTGAGAAGGTAAAAAGATGTAAATATAGTTGACTTCATCTGTAGTCATTTATAATCTTTCTTGGACTGTAATAAAGACTTTTCTTATATGACAACTAAAATTAGACCATCCTTTCCTTGT
CTCTCACCAAAAGTTAACATTATGAATGARAAGTAATGTCAARAGCTGTTTAGT TTATCTGAACTACCTCTGATCTTTCAGATTAGGAAACATCTT TT TTCCTTTATATTCCTTAGCTGT
TCTTTCTGAAGTGCTTTATATATTGGTAATTTTTATAATAATACCTAGGATT TT TGATAAGCATGTAAGTAT TAACAATAATGTTTACTTTGTTTTTTGTGTTCTGACCATGTTGCITAC

Alu repeat
AGTTGACATGAGACCCCATTCTTGACATACCATAAGGACATTAAATGAAGGCCTTTGGAAAATATTTGATTTACAGCTGTAATCCCAGTGCTTTGGGAGGCCATGGCTGTTACACTGAAC
TAGAGAGTTCAAGGCTGAGTGAGCTACGAAGGTGCCACTGCACTCCAGCCTGCGTGGCAGAGCCAGGTACCATCTCTAAAAACTTGAACGTTATCAGTATTTTGAAATTATGTTAATTAC
ATATGAAATTAGGCTAGTTTTTTTTACTGAAAAACATAATGTAAARATACTTTTCTTTCCTCAAAATACATTGTCTTAACTTGATGAAAATTTCTCAAACARGATTTTATTTATTTAAAT

Alu repeat

-1680 ACAAGATCTTGCTCTGTCATAAAGGCTGGAGTGTGGTATCACAATCATAGCCCAAACAAATGGGCTTAAGCCTCCCATAGCTGGGACTACAGGCGTGTTCCACCACACCCAGCACTTTITC
-1560 AATTTTTTTGTACAGATGGATCGCCCTATTTTCCAGGCTTGTCTCCAACTATCAGTTGAGCACAAGCTGATTTTATCTCAGCCTTCCAAAGTGTTTT! ACA TGAGCCGCCT
-1440 CTCATTTATCATTTTTGAAACAAAAGGTAACGACTTGAGAAAACAAGGTCAAACCAATGGTTTGAAAAGAGAATTCGTATCCAGCACTTAACTCTTATATCAACTATGTACCACTGGTTT
-1320 TCCTTTCGTAAAGCATTTTATGATTTTTAGGTTTCTCAGTTAAGGACAAGATGATTTCTGAGTTTTAAAAATAGGTATGCTAGARAACTGAAATACCTGGCCTCTACATTTAGAGATTAC
-1200 CGGCTCTGGCCACAGGCTGCAGTGCAGTGGCTTGATCACACTGTGCCGCCTGTATCTGCTGGCCTCAAGCGATACTCCAGCCTTGTCCTCCCARAAGCGCTCAGAGGTGAGCGACCGCGAT
-1080 AGGCATGTTTAACTTTTTAGTAGCAACTTTTAAACACAGTTTGGGTACCTAGTTTAATGGGAAATTAGAGTGCATTAAAACGTARAGTAATGAAAACGCACAATACACGTTTTTGGAGTT
-960 CATCAGTACTATCTGTTTAATCAAATGCATTTTCCTCTCAGTCTCTAAAGCCTTTTTAAACTTTAAGAGGATAAATAATTTTGTAAGAAGACAATCCCAAAACCAATTGTTAGTTTACAT
-840 TTATTAAAGGGTGTGCATAATTCATTGTTCATGAGACTACACAAAACATTTCAAGGATGCCAAAAGATGAAACACTGCCATAAAGGACACACACTAGACATTACARATCTTGGTCAARAAT
-720 ACCTACGTTAACGCAAAAAAAAAAAATCAATTGGCTCAGTAATTGATTAGGATAATCCTCCCCTCCTCTTGCCTGTACACTGTGGCAAGTCCATTTACTTTCTTTTTTTTTTTTTTTAAA
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841 ¥ JAGAGTCTACAGCCACCCGTTTCAGCAGGTGGCAATTCGGGCATCTAGGCTCACGAGAGCACATAAATTCCAGARAATTTTATTTTCCCTAATTARAGTCATTATGTGGCTGTTCG

961 GGGACCTTCGATGCGCTTATTTTTCAACCATCATTGCCTCTTCGAGGATCTGCAAAATAGAACTGGAATTTATTATGAARAAAGT TATTAGGCACTCGTCCAATAGACAGTACAGTACAAR
1081 TTATACAGCACGAGGGCAGAGGAATAAAATTTCCCCAAGGCGACTTTTCCCATTTATGTGGAAACACTTTTTTGATGAGCTGTATTTARACGAGCGAGCTTTTTTTTAGTCCGTGTACTT
1201 TTTTTGAGTAAGAGATGGAAAATAGGCAGAAGAGGTATTTTTCTTTTTGAAAGACAATTCATGCATTACTTGTAGGTTCATATACCCATGATGACATTGAGATTTTATTTGAAATTTCTT
1321 ATACAGTTTCATCTTCAAAATACTTTTGTTAGCATTTTGTACAACTTTGCTGGAAAATTGGAGCACAGTAATGTGAGCGTTGGACAGTGCTAGGTGCTAAGAAAGAT TTAARAGGCTCTT
1441 AATGCAGAACGTGACTGCAAAAAGTTTGCTGCGGGCATTTCACAGGAAGGCGAGGTTTCAGTTTGCAAAATTGGGAATCCTGAAGTAGATGGGGTTTAGCTAGGGTGAGGARTGGGAGTA
1561 GGAGAGGTCATTACAAGAATGAAATGTCTGTAGAAGATGCARATATTTACGGTTTTGCTGGAGTGGATAATATAGATAGGAAAGGGATTCAAATTTAGGCTGTAAAAAGTAGATTTTGAR
1681 ATACATTGGTGGCACACCTCAGTTTATGCTGAGCTCTGGCTGCAGCTGTTACAAAAGTTTAAAGGTTGAGAAGGATTGAGAGCTAGTATAAATTGATAAGTGTTTTCGTTACTGGATGGA
1801 TGATCAAGAAGGTAGCTGTTTTTTGGCCAGGTGCGGTGACTCACGCCTGTAATCCCACCACTTTGGGAGGCCGAAGTGCGCGGATCACCCGAGGTCAGGAGTTCGAATCCAGCTCGAGAC

Alu repeat

1921 CAGCTGGAGACCGACATAGCGAAACCCCGTCTCTACTAAAAATACAAAAAAACTAGCAAGGCATGACGGCGCGCGCCTGTAATCCCAGGTACTTTGAAGGCGGAGGTTGCAGTGAGTCGA
2041 TATCGTACCACTGCACTCCAGCCTGGGGAACAAGAGTGAGAGTCTGTCTCAAAAAAAAAAAAAAAAAAAARAGAATGTGGCTATTTTTTGAATTAGTCTCTACTAGACTGCTGCTTCGTT
2161 TTTGCATCGAAAGTTTACCAAATAATCTTTTGCTCCTATTTAAAATTGTAAGCAAAATTGTATTTACTGTGGTTGAAAATTACAAAAGTACAGGAAATCAGTTTGAGAGGTATGTTTAGA
2281 AAAGCAGTTTTCAGAAATGCAGTAGCCTTCAGGTGGCTTTATGAAACTTTGCCCTTCTTCTTGGTGAAGGTAAGCAAGCTT 2361
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FIG. 2. Nucleotide sequence of the 5’ portion of the human ZFY gene. This 5.2-kb portion of the human Y chromosome (GenBank
Accession No. U00242; plasmid pDP1024) includes (1) three Alu repeats (underlined), (2) a CpG island (shaded), (3) the 5’ ends of two
cDNA clones (dots beneath sequence), and (3) the 3’ boundary of exon 1 (right bracket). Nucleotides numbered according to the 5’ nucleotide
in cDNA pDP1297. The numbering scheme brings human ZFY into register with human ZFX and mouse Zfx; human ZFY nucleotide 1 (as
numbered here) is homologous to human ZFX nucleotide 1 (Fig. 1) and to mouse Zfx nucleotide 1 [Fig. 5A of Luoh and Page (1994)]. Origin
of cDNA clones: pDP1297, this paper; pYF-3 described by Lau and Chan (1989).

one might expect the greatest similarity to be exhibited
by the two X-linked genes, since the split between mu-
rine and human lineages appears to have occurred
after divergence of ZFX from ZFY began. The latter
expectation is borne out by our analysis: The greatest
similarity is exhibited by the mouse Zfx and human
ZFX CpG islands (Fig. 4A). In the case of mouse Zfx
and human ZFY (Fig. 4B), and also in the case of hu-
man ZFX and human ZFY (Fig. 4C), sequence similar-
ity is somewhat less extensive and less uniform, al-
though nonetheless striking in its extent, nearly 1 kb
in both instances. Again, in each pairwise comparison,
nucleotide similarity is limited to the CpG island and
does not extend to flanking sequences. Thus, dot-plot
analysis (1) reveals remarkable mouse—human and hu-
man X—human Y similarities, (2) demonstrates that
the similarities are restricted to the CpG island itself,
and (3) provides evidence that similarity has not been
created anew by gene conversion but instead has been

maintained by restricted divergence of homologs from
their common ancestor. (Of course, the present data do
not allow us to rule out small gene conversion events.
Comparative study of a Y-linked mouse homolog could
strengthen our conclusion, but such study is not possi-
ble in the case of the CpG island, as discussed below.)

Closer examination of the dot plots suggested that
the most striking sequence similarities are found in or
about the first 5’-untranslated exon (Fig. 4). This was
confirmed by direct comparison of nucleotide se-
guences, which revealed near identity among mouse
Zfx, human ZFX, and human ZFY about the transcrip-
tion initiation sites, in the first 5’-untranslated exon,
and extending downstream into the first intron (Fig.
5). Again, the two X-linked genes show the highest sim-
ilarity. Mouse Zfx and human ZFX are absolutely iden-
tical to each other and are 95% identical to human ZFY
in a 165-bp portion of the first 5’ untranslated exon
(nucleotides —136 through +29, as numbered in Fig.
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FIG. 3. CpG dinucleotide frequency in 5 portions of mouse Zfx, human ZFX, and human ZFY genes. Graphs depict number of CpGs
per 150 nucleotides immediately following indicated nucleotide. Sequences analyzed: mouse Zfx, 2.9-kb segment in Fig. 5A of Luoh and
Page (1994); human ZFX, 3.5-kb segment in Fig. 1 of this paper; human ZFY, 5.2-kb segment in Fig. 2 of this paper. Sequences aligned at
nucleotide 1, as described in Figs. 1 and 2. Outside sequenced regions of mouse Zfx and human ZFX, the x axis is shown as dashed line.

5), a region that contains 19 CpGs and a mouse Zfx
transcription initiation site. This degree of nucleotide
sequence conservation rivals or exceeds that seen in
the most conserved portions of the ZFX/ZFY coding
regions, i.e., exons 10 and 11, the latter encoding the
zinc-finger domain (Table 1).

The alignment of mouse Zfx, human ZFX, and hu-
man ZFY sequences shown in Fig. 5 also helped us
recognize two striking parallels in the structure of the
three genes’ transcripts as captured in cDNA clones.
First, all three genes employ the same (or, more
strictly, a homologous) first splice donor, at nucleotide
49. Second, for each of the three genes, at least one
cDNA clone has been obtained whose 5’ terminus is at
the same (homologous) nucleotide [position 1 as num-
bered in Figs. 1, 2, and 5; also see Fig. 5A of Luoch
and Page (1994)]. We would not be surprised if the
transcription start sites employed by human ZFX and
ZFY, which have not yet been identified, were homolo-
gous to the sites used by mouse Zfx, most of which fall
within conserved portions of the CpG island (Fig. 5 and
Luoh and Page, 1994).

Why does the 5’ CpG island of the mammalian ZFX
and ZFY genes display such extensive conservation of
nucleotide sequence? The importance of this question is
underscored by the general lack of such conservation in
the few other 5’ CpG islands whose sequence has been
determined in two or more mammalian species (e.g.,
Zacksenhaus et al., 1993; A. Bird, Edinburgh, pers.

comm., 11 Oct. 1994). In other conserved portions of ZFX
and ZFY, nucleotide sequence is maintained across evo-
lutionary time by functional constraints on the encoded
proteins (Schneider-Gadicke et al., 1989b; Mardon et al.,
1990). This explanation seems not to apply to the CpG
island, since we find no evidence that it encodes a protein
(i.e., no conserved long open reading frame). Such conser-
vation of nucleotide sequence is most uncommon in the
noncoding regions of protein-encoding mammalian
genes, and we would appreciate readers bringing other
such examples to our attention. Might the ZFX/ZFY
CpG island have duties that are broader or more de-
manding than those of most mammalian CpG islands?
If so, the conservation of precise nucleotide sequence sug-
gests to us that this CpG island functions as a poly-
nucleotide, either DNA or RNA, perhaps in transcrip-
tional or translational regulation of ZFX, ZFY, or other
genes. Perhaps this polynucleotide forms a functionally
important secondary structure, which might account for
the identical (or homologous) 5 ends found in several
mouse Zfx, human ZFX, and human ZFY cDNA clones
(at position +1; Fig. 5).

No Closely Related CpG Island on Mouse Y
Chromosome

The Y chromosomes of most placental mammals,
apart from rodents, appear to carry a single homolog
of the human ZFY gene (Page et al., 1987). In contrast,
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the mouse Y chromosome carries two homologous
genes, Zfyl and Zfy2 (Page et al., 1987; Mardon and
Page, 1989; Mitchell et al., 1989; Nagamine et al., 1989;
Simpson and Page, 1991), the result of an intrachromo-
somal duplication that occurred during rodent evolu-
tion (Mardon et al., 1989).

Sequences closely related to the CpG island of human
ZFY were previously detected on the Y chromosomes
of most placental mammals tested, but not mice (Page
et al., 1987). The negative results obtained with mice
in these earlier Southern blotting experiments could
not be interpreted with confidence, since the CpG is-
land was not well defined then, and the hybridization
probes employed were not optimal, extending well be-
yond what we now know to be the bounds of the CpG
island. We repeated these experiments using a smaller,
395-bp hybridization probe derived from the most con-
served portion of the CpG island. Under conditions
where this CpG island probe hybridized strongly to
mouse Zfx (and to X- and Y-specific restriction frag-
ments in humans; not shown), the probe detected no
other locus in the mouse genome (Fig. 6). We conclude
that there are no closely related CpG islands on the
mouse Y chromosome. This is in accord with recent
data, which suggest that the mouse Zfyl and Zfy2
genes employ TATA box rather than CpG island pro-
moters (Zambrowicz et al., 1994b).

The absence of highly conserved 5’ CpG islands adds
to the list of characteristics known to distinguish the
mouse Zfyl and Zfy2 genes from their most thoroughly
studied homologs: mouse Zfx, human ZFX, and human
ZFY. Although the mouse Zfy proteins exhibit the
usual two-domain structure—an amino-terminal
acidic half and a carboxy-terminal string of 13 zinc
fingers—their amino acid sequences differ substan-
tially from those of mouse Zfx, human ZFX, and human
ZFY. In the zinc-finger domain, for example, the mouse
Zfx protein is 99.5% identical to human ZFX, 97% iden-
tical to human ZFY, but only 80% identical to mouse
Zfyl or Zfy2 (Page et al., 1987; Ashworth et al., 1989;
Mardon and Page, 1989; Schneider-Gadicke et al.,
1989b; Mardon et al., 1990).

Perhaps of more direct relevance to the issue of 5’
CpG islands are dramatic differences in patterns of
expression. While the human ZFX and ZFY and mouse
Zfx genes seem to be ubiquitously expressed (Schnei-

FIG. 4. Pairwise comparisons of DNA sequences from 5’ portions
of mouse Zfx, human ZFY, and human ZFX genes. (A) Dot-matrix
comparison of a 3.0-kb portion of human ZFX (nucleotides —1300
through +1674 as shown in Fig. 1) with a 2.9-kb portion of mouse
Zfx (entire sequence in Fig. 5A of Luoh and Page, 1994). Analysis
(Maizel and Lenk, 1981) employed a “window” of 19 nucleotides and
“stringency” of 17. Above the x axis is a drawing of the 5’ portion of
mouse Zfx indicating the locations of a CpG island (black line), exons
1 and 2 (open boxes), and four transcription initiation sites defined
by S1 nuclease analysis (Luoh and Page, 1994). (B) Comparison of
a 3.0-kb portion of human ZFY (nucleotides —1344 through +1656
as shown in Fig. 2) with mouse Zfx. (C) Comparison of human ZFY
with human ZFX.



360

LUOH ET AL.

TABLE 1

Identity among Human ZFX, Human ZFY, and Mouse Zfx in Coding Regions

Human ZFX vs mouse Zfx

Human ZFY vs mouse Zfx Human ZFY vs human ZFX

Domain DNA Protein DNA Protein DNA Protein

Acidic (exons 5-9)? 955/1072 325/359 922/1075 303/359 981/1075 319/364
(89%) (91%) (86%) (84%) (92%) (88%)
Acidic + nuclear localization 141/141 47147 138/141 46/47 138/141 46/47
(exon 10) (100%) (100%) (98%) (98%) (98%) (98%)

Zinc finger 1104/1184 391/393 1089/1184 383/393 1124/1184 383/393
(exon 11) (93%) (99%) (92%) (97%) (95%) (97%)

Note. Nucleotide and amino acid identities counted after optimal alignment of each pair of sequences; insertions and deletions were not
considered. Sources of nucleotide and predicted amino acid sequence: human ZFX, Schneider-Gadicke et al., 1989a; mouse Zfx, Mardon et

al., 1990; human ZFY, Page et al., 1987, and Lau and Chan, 1989.
2 Exons numbered as in mouse Zfx (Luoh and Page, 1994).

der-Gadicke et al., 1989b; Mardon et al., 1990; Palmer
et al., 1990), mouse Zfyl and Zfy2 appear to be tran-
scribed only in the testes, at least in the adult (Ash-
worth et al., 1989; Mardon and Page, 1989; Nagamine
et al., 1989, 1990). (Evidence of other sites of Zfy ex-
pression in mouse embryos has been obtained by RT-
PCR, immunohistochemistry, and lacZ transgene stud-
ies; Koopman et al., 1989; Nagamine et al., 1990; Su
and Lau, 1992; Zwingman et al., 1993; Zambrowicz et
al., 1994a.) Given that mammalian genes with CpG
islands tend to be more widely expressed than those
without CpG islands (Larsen et al., 1992), perhaps it
is not surprising that the loss of the CpG island during
mouse Zfy evolution would be associated with more
circumscribed expression. Three other genes known to
be associated with a CpG island in human but not in
mouse show restricted expression in both species (Ante-
guera and Bird, 1993).

Interspecies Differences in Methylation of CpG Island
Parallel Differences in X Inactivation

Most X-linked CpG islands are unmethylated on ac-
tive X chromosomes but heavily methylated on inactive
X chromosomes (Wolf et al., 1984; Pfeifer et al., 1990;
Tribioli et al., 1992; Singer-Sam and Riggs, 1993). We
examined methylation of the mouse Zfx and human
ZFX CpG islands. Using the experimental strategy out-
lined in Fig. 7A, we assayed the methylation status of
two consecutive Hpall/Mspl (CCGG) recognition sites
in the most highly conserved portion of the CpG island.
Hpall cleaves only when the central CpG dinucleotide
is unmethylated, while Mspl cleaves the site regardless
of methylation status. Mouse and human genomic
DNAs were digested with Hpall or Mspl and used as
template in PCR reactions with primers flanking the
two CCGG sites. In principle, only methylated DNA

Mouse Zfx -296 TGTCACGGAAACTCGGGCCGCCGGAGACCCCGCCGCAGCGAGGCCACTGGGCTCCC

Human ZFX -296  ......... L

Human ZFY -283 C.Govvnennnn CA.T-..iiviiiinn A..... --TGA.T...... --AT
-240 CGGTTGCGGGGCGTGAAGGGCGCCAACCCGGGGCGTCAGCGGGACCCACCGGGCGGAGGAGGGGGCCCAGCTACCCTTCCGCATTTTCCTGGGTCTCTCTCCCCGGCGGTGACGTGACGT
=240 ....C........ G..GC...... G..A..... L O 7 . Givevinnnnennns
=232 ...ACT......... -..CC G i = CLALAC.G e A..... A it e e e e, [
~120 GCTGACGGCGGGCCCGTGCCGGGGAGCTGGGCCGCTTTTTGTCAGCTCCGAGCTCGGCCCC TCCTCéCTCCCTCCGCCCGCCCCACCAGCCGGAGCCCGGCCCAGTGCTCCAGAGAAAGG
171 T
-118 .T....iiin... e et teseaseeeaseiaaeacaiataae e A e e e s Tt ettt e e

L e e G...C....... Teevnnn

1 i T GeTevevvvennns Covivns AT..... €2 PN C.C.T...C.C....... CG...... - A.TAA....T.TGT...... G.....

1 CCGGCCTGCAGCACCCGCCACCGTCGCCGACCG- CCGCACGACCGTCCTTGAGTCCGGGGCGCCACTGCGGCCGTAGGGCCTGGTGCGCGCGCGGCGGCC TGCTCTCGGCCTGCTCGGC

120 GGCCCGCAAGGCGCCCTCCCGCGCTAGGCCGGGCGGCGTGGCGCGCGACGCCGAGCAGGCCCCG 183
1 Gt i 184
€ Covvnnnnnnn T..G.vvvnn Accivinens 184

FIG. 5. Alignment of mouse Zfx, human ZFX, and human ZFY genomic DNA sequences in a region of high similarity. Dots represent
identity to Zfx. Dashes indicate gaps in one sequence compared with another. Four transcription initiation sites in mouse Zfx (Luoh and
Page, 1994) are indicated by arrows. Right bracket indicates 3’ boundary of exon 1 in all three genes. Human ZFX and ZFY nucleotides
numbered as in Figs. 1 and 2. Mouse Zfx nucleotides numbered as in Fig. 5A of Luoh and Page (1994).
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FIG. 6. A single mouse homolog of human ZFY CpG island de-
tected by Southern blot analysis. A 395-bp BssHII fragment from a
human ZFY insert of pDP1024 was **P-labeled using random oligo-
nucleotide primers and hybridized to Southern transfer of male and
female mouse genomic DNAs digested with five different restriction
endonucleases. Sequencing and restriction mapping of mouse Zfx
genomic DNA clones (Luoh and Page, 1994) strongly suggest that
0.9-kb Pstl and 3.3-kb Hindlll fragments observed derive from Zfx.

incubated with Hpall should support subsequent PCR
amplification.

Using DNAs from mouse XY males or human XYp-
females, little or no amplification was seen after Hpall
(or Mspl) digestion (Figs. 7B and 7C). Since such cells
carry asingle, active X chromosome, this indicated that

A
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the two sites tested are unmethylated on active X chro-
mosomes in both mouse and human, as one would have
predicted. Female DNASs, which derive from cells with
one active and one inactive X chromosome, yielded
quite different results depending upon the species. As
one might have expected (especially given the results
of Erickson et al., 1993), amplification was seen after
Hpall (but not Mspl) digestion of mouse female DNA,
indicating the presence of methylated sites, presum-
ably on the inactive X chromosome. The result of great-
est interest was the lack of amplification after Hpall
digestion of human female DNA, indicating the absence
of methylated sites. Thus, for human ZFX, the CpG
island—or at least the two sites tested—are unmethyl-
ated on both active and inactive X chromosomes. We
conclude that methylation of the Zfx/ZFX CpG island
reflects the expression status of the gene rather than
the inactivation status of the host chromosome.
Nothing is known about the molecular mechanism
by which ZFX and a minority of other X-linked human
genes escape inactivation (Race and Sanger, 1975; Sha-
piro et al., 1979; Migeon et al., 1982; Goodfellow et al.,
1984; Schneider-Gadicke et al., 1989b; Brown and Wil-
lard, 1990; Fisher et al., 1990; Ellison et al., 1992;
Schiebel et al., 1993; Slim et al., 1993; Agulnik et al.,
1994). Nor is it understood why certain homologous
genes on the human and mouse X chromosomes, e.g.,
ZFX and Zfx, RPS4X and Rps4, UBE1 and Ubelx, dif-
fer with respect to inactivation (Adler et al., 1991; Ash-
worth et al., 1991; Kay et al., 1991; Zinn et al., 1991).
On both issues, speculation has centered on the genes’
promoters: might the promoters or other regulatory se-

Hpa ll Hpall
5' primer Msp| Mspl 3' primer
ﬁ _
|
hybridization probe
| | | | | 1 | | | | | |
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B -] i 2 a i ] 2
CHMEHMEHM GHUEH MG CHUWCHMCHMCHNOHME KM
108 80— - = - "

FIG. 7. Male—female and mouse—human differences in methylation of Zfx/ZFX CpG islands. Mouse and human genomic DNAs digested
with Hpall (H), Mspl (M), or HindllI (C, “control”) were used as alternate templates in PCR assay (A). Locations of Hpall/Mspl recognition
(CCGG) sites and of PCR primers and hybridization probe (all perfectly complementary to both mouse and human) are indicated; there are
no Hindlll sites between the primers. Nucleotides are numbered as in Fig. 5. (B) PCR products from three individuals of each species and
sex chromosome constitution visualized by ethidium bromide/UV staining after agarose gel electrophoresis. Human XYp- individuals lack

the ZFY gene but retain ZFX (Blagowidow et al.,
with oligonucleotide internal to PCR primers.

1989; Cantrell et al.,

1989). (C) Southern blot autoradiogram of the same gel hybridized
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guences of genes that escape X inactivation differ in
some fundamental way from those that do not (e.g.,
Lyon, 1993)? The results presented here do not resolve
these difficult questions but may help in structuring
experimental approaches to them. Let us consider two
observations. First, the 5’ portion of the mouse Zfx CpG
island displays promoter activity (Luoh and Page,
1994), and it seems likely that this would also be true
of the human ZFX CpG island. Second, the nucleotide
sequences of the mouse and human CpG islands are
remarkably similar (Figs. 4 and 5). If the mouse—hu-
man dichotomy with respect to inactivation is due to
differences in regulatory sequences, then those differ-
ences must either lie outside the CpG island or involve
rather subtle changes in sequence. Experiments by
which to validate or refute these possibilities should
now be considered.
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