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ABSTRACT Previous theoretical considerations and some
experimental data have suggested a role for DNA methylation
in the maintenance of mammalian X chromosome inactivation.
The isolation of specific X-encoded sequences makes it possible
to investigate this hypothesis directly. We have used cloned
fragments of the human hypoxanthine phosphoribosyltrans-
ferase (HPRT) gene and methylation-sensitive restriction en-
zymes to study methylation patterns in genomic DNA of indi-
viduals with different numbers of X chromosomes and in so-
matic cell hybrid lines containing human X chromosomes that
are either active or inactive or have been reactivated by treat-
ment with 5-azacytidine. The results of these analyses show
that there is hypomethylation of active X chromosomes rela-
tive to inactive X chromosomes in the 5' region of this gene. In
the middle region of the gene, however, a site that is consis-
tently undermethylated on inactive X chromosomes was identi-
fied. Taken together, the data suggest that the overall pattern
of methylation, rather than methylation of specific sites, plays
a role in the maintenance of X chromosome inactivation.

Early in mammalian embryogenesis, one of the two X chro-
mosomes in all female somatic cells is functionally inactivat-
ed (1). This leads to heterochromatinization and late replica-
tion of the inactive chromosome and failure of detectable
expression of X-encoded alleles at most, but not all, loci on
the inactive X. X inactivation is a random process in which
either the maternally or paternally derived X can be inacti-
vated; however, once established, X inactivation is geneti-
cally fixed for any given cell and its progeny (2).
The molecular mechanism resulting in this highly heritable

alteration of gene expression is not known, although there is
evidence that direct modification of DNA molecules is in-
volved. A number of years ago, it was proposed that methyl-
ation of specific cytosine residues could account for alter-
ations in the pattern of gene expression that could be trans-
mitted to cellular progeny faithfully (3, 4). Riggs (5)
suggested that such DNA methylation could theoretically ac-
count for many of the biological observations regarding X
chromosome inactivation, but no direct evidence was avail-
able to support this concept. Recently, however, the tech-
nique of DNA-mediated gene transfer has been used to show
that a hypoxanthine phosphoribosyltransferase (HPRT)
gene on an active X chromosome, but not one on an inactive
X, is competent in transferring the HPRT+ phenotype to
HPRT- recipient cells (6, 7). This functional distinction be-
tween active and inactive X chromosomes is apparently true
for cultured cells and somatic tissues but not for yolk sac
endoderm derived from mouse embryos (8). Also, it has
been shown that the potent methylation inhibitor, 5-azacyti-
dine, can reactivate HPRT and other genes on an inactive
human X chromosome in somatic cell hybrids (9, 10). After

5-azacytidine-induced reactivation, previously incompetent
HPRT genes regain their ability to function in a gene transfer
assay (10, 11). All of the above observations support the role
of methylation of cytosine residues (the only known base
modification of mammalian DNA) in the control, or more
accurately, in the maintenance of X chromosome inactiva-
tion in female somatic cells. It is likely that other factors also
play a role in the initiation and, perhaps, in the persistence of
this process as well.
We now report the use of several cloned human HPRT

probes to directly investigate methylation patterns at this lo-
cus. Using restriction enzymes that are sensitive to methyl-
ation at their recognition sites and DNA containing HPRT
sequences in various states of activity, we are able to dem-
onstrate that there is a difference in the level of methylation
around the HPRT gene on active and inactive human X chro-
mosomes.

MATERIALS AND METHOD
Cell Lines. The cell lines used were originally derived from

the fusion ofhuman fibroblasts with HPRT- mouse A9 cells.
Both 25-3 and 25-8 contain an active human X and 26RD has
an inactive X chromosome (12, 13). 26RD-le was derived
from 26RD after spontaneous reactivation of human HPRT.
All the rest were isolated after 5-azacytidine treatment of
26RD or another cell line with an inactive X (9, 12, 14). In T-
3 and T-9, none of the known enzyme gene loci from the
human X chromosome were reactivated. 26RD-la, -lb, and
-ic; III-a-24; IV-22; IV-33; 2BR-2; and 2BR-10 were selected
for reactivation of human HPRT. In addition to HPRT,
26RD-lc expressed human glucose-6-phosphate dehydro-
genase; 26RD-lb, III-a-24, and IV-33 expressed human a-
galactosidase A; and IV-22 expressed both. 2BR-2 and 2BR-
10 retained multiple copies of the X chromosome per cell
(average 3.5), suggesting partial reactivation of the human
HPRT gene (10).
DNA Isolation and Southern Blot Analysis. High molecular

weight DNA was isolated from human placenta, sperm, leu-
kocytes, and tissue culture cells according to published pro-
cedures (15-18). Restriction enzyme digestion was carried
out for 6-18 hr in a volume of 50 ,ul containing 10 ,g of DNA
and 20-30 units of enzyme. Completeness of digestion was
monitored by using marker DNA coincubated with the sam-
ples. Southern blotting and hybridization were carried out by
standard methods (19, 20) except that, when probe I was
used, heat-denatured human repetitive DNA (Cot < 40) at 40
,ug/ml was added to the hybridization mixture.

RESULTS
Methylation Near the First HPRT Exon. HPRT genomic

clones have been isolated from several human libraries by

Abbreviations: HPRT, hypoxanthine phosphoribosyltransferase;
kb, kilobase(s); bp, base pair(s).

1759

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



Proc. NatL Acad Sci. USA 81 (1984)

using human and mouse HPRT cDNA probes (unpublished
observations). Preliminary data suggest that, like the mouse
HPRT gene (21), the human gene has nine exons and spans
more than 30 kilobases (kb). The structure of the region
around the first exon, which consists of at least 90 base pairs
(bp) of 5' untranslated sequence plus coding information for
the first nine amino acids of mature HPRT, is shown in Fig.
1A. This region was contained in an originally isolated X
clone X4X5, which was later subcloned in pUC8 to give
clones pX4X5-BR1.8 and pX4X5-BP1.6 (Fig. 1A). Probe I
was a 0.5-kb Ava II/Msp I fragment of pX4X5-BR1.8 that
was relatively free of repetitive sequences. Probes II, III,
and IV were a 0.6-kb Msp I fragment, a 0.7-kb Msp I/Xho I
fragment, and a 1.1-kb Ava I fragment of pX4X5-BP1.6, re-
spectively, and are derived from the first intron. They con-
tain only single-copy sequences. All four of these probes
failed to hybridize with mouse DNA. To study the methyl-
ation level around exon I, four methylation-sensitive restric-
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hybridized with probe I (Fig. 2A), an unmethylated Msp I
site (M-1) gave a 0.67-kb fragment. The methylation status of
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FIG. 1. Restriction maps around exon I (A) and exon III (B) of the human HPRTgene. The restriction sites are numbered sequentially from
the 5' end of the map. Also indicated are the regions from which probes were isolated. (C) Methylation patterns of the restriction sites. Whether
the cell lines have been treated with 5-azacytidine and the status of expression of the HPRT gene on each of these X chromosomes are also
shown. *, No detectable cleavage; 0, no methylation; 0, variation between individuals (e.g., some samples showed no detectable cleavage
while others showed 25% cleavage); 4, 4 , methylation status is unknown in 25% and 50% of the molecules, respectively. The methylation
levels in female DNA represent only the inactive X chromosomes, assuming that the level of methylation on the active X chromosome is the
same as that in the male DNA.
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FIG. 2. Southern blot analysis of Hpa II/Pst I digestion of vari-
ous DNAs. (A) Hybridization with probe I. (B) Hybridization with
probe II. Lanes: 1, one X (leukocyte); 2, two X (leukocyte); 3, three
X (leukocyte); 4, 25-3; 5, 26RD; 6, 26RD-le (A) or 26RD-1c (B); 7,
26RD-le; 8, one X (placenta); 9, two X (placenta); 10, one X
(sperm).

sites were too close to one another to be resolved. The re-
sults are summarized in Fig. 1C.
By a similar strategy, probe II was used to assess the

methylation status of sites M-9 through M-12 (Fig. 2B). Male
leukocyte DNA gave a 0.6-kb fragment, which indicated that
both M-9,10 and M-11,12 were not methylated. (M-9 and M-
10, as well as M-11 and M-12 were too close to be distin-
guished.) The 0.9-kb fragment was very likely derived from
contamination of probe II with probe III. In addition to the
0.6-kb fragment, female leukocyte DNA has several closely
clustered bands around 1.5 kb. These bands are derived from
methylated M-11, M-12 sites and unmethylated M-10, M-9,
or M-8 sites because they were absent in digests with Hpa II
alone. Southern blots using probe III further confirmed
these interpretations. The relative intensities of the 0.6-kb
and 1.5-kb bands showed that in females with two and three
X chromosomes, 58% and 70% of the M-11,12 sites were
methylated, respectively. These results imply that M-11,12
sites are unmethylated on active X DNA and methylated on
inactive X DNA in leukocytes.
The methylation levels of Hha I sites H-1, H-2, and H-3

were studied by digesting the DNA with Hha I/Pst I and
then hybridizing with probe I and that of H-9 was studied
with probe IV (data not shown). There is no obvious correla-
tion between methylation of these Hha I sites and HPRT
activity in the DNA samples studied (Fig. 1C).

Digestion of male leukocyte DNA with Sma I/Pst I and
hybridization with probe IV gave one predominant 1.5-kb
fragment (Fig. 3A). The faint 3.3-kb fragment contributed
only 5% of the total band intensity. This indicates that the
Sma I site, S-2, is mainly unmethylated. In female leukocyte
and placental DNA, the appearance of 2.6-kb and 3.3-kb
fragments suggested that S-2 sites in these cells are partially
methylated. This was also true for DNA isolated from 26RD
and T-9, which contain inactive HPRT genes. 25-3 and IV-
22, which express HPRT, gave only the 1.5-kb fragment. It
should be pointed out that S-2 and M-10 represent the same
site. The clustering of M-8 and M-9 to M-10 made the analy-
sis of methylation levels at M-10 difficult when Hpa II/Pst I
was used.
The methylation levels of two additional sites were studied

using the restriction enzyme Ava I. As can be seen from the
recognition sequences, Ava I sites should be either Sma I
sites or Xho I sites. Using the X clones, we identified A-1 as
S-1, A-3 as S-2, and A-7 as an Xho I site. However, A-2, A-4,
A-5, and A-6 were not cleaved by either Sma I or Xho I.
When human DNA was used, A-6 was cut by Ava I, indicat-
ing that the internal cytidine is not methylated, while it again
could not be cleaved by either Sma I or Xho I. It is possible
that the activity of Sma I and Xho I, but not that ofAva I, is
affected by methylation of nucleotides other than the inter-
nal cytidine in the recognition sequence. The results of stud-
ies using Ava I/Pst I digestion and probe IV are shown in
Fig. 3B. The 1.1-kb fragment is derived from unmethylated
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FIG. 3. Southern blot analysis. (A) Digestion with Sma I/Pst I
and hybridization with probe IV. Lanes: 1, one X (leukocyte); 2,
two X (leukocyte); 3, three X (leukocyte); 4, one X (placenta); 5,
two X (placenta); 6, one X (sperm); 7, 26RD; 8, 25-3; 9, IV-22; 10,
2BR-10; 11, T-9. (B) Digestion with Ava I/Pst I and hybridization
with probe IV. Lanes: 1, one X (leukocyte); 2, two X (leukocyte); 3,
one X (placenta); 4, two X (placenta); 5, one X (sperm); 6, 2BR-2; 7,
2BR-10; 8, three X (leukocyte); 9, 25-3; 10, 25-8; 11, 26RD; 12,
26RD-la; 13, 26RD-1b.

A-6 (or A-5) and A-7 while the 2.35-kb fragment is derived
from methylated A-7. This assignment was confirmed using
Ava I alone or using Xho I/BamHI digestion (data not
shown). There is no apparent correlation between methyl-
ation at either site A-6 (or A-5) or site A-7 and HPRT activi-
ty.

Methylation Near the Third HPRT Exon. Early in our stud-
ies of methylation of the human HPRT gene, the mouse
cDNA clone pHPT4 was used as a probe (23). There is
>90% homology between human and mouse cDNA coding
sequences (24). When human leukocyte DNAs were digest-
ed with Hpa H/Rc I and blotted with 32P-labeled pHPT4
insert (Fig. 4A), there was a 2.9-kb fragment that was present
only in the female samples and whose intensity increased
with the number of X chromosomes in the cells. When Bcl I
was replaced with EcoRI, there was again a fragment (6.7
kb) that was present only in females and that showed a dos-
age effect (data not shown). In Southern blots of restriction
digests of human DNA with EcoRI, HindIII, Msp I, Bcl I, or
a combination thereof, there was always a prominent band
that constituted >50% of the total hybridization. By analyz-
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FIG. 4. Southern blot analysis around exon III of the human
HPRT gene. (A) Digestion with Hpa II/Bcl I and hybridization with
pHPT4. Lanes: 1, one X (leukocyte); 2, half amount of two X (leu-
kocyte) DNA; 3, two X (leukocyte); 4, three X (leukocyte); 5, five X
(leukocyte). (B) Digestion with Hpa II/BcM I and hybridization with
probe V. Lanes: 1, one X (leukocyte); 2, two X (leukocyte); 3, three
X (leukocyte); 4, 25-3; 5, 26RD; 6, 26RD-le.
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ing the relative intensities of the fragments and taking into
account whether a band was derived from a sequence on the
X chromosome or a presumed pseudogene sequence on an
autosome, we were able to deduce a restriction map of the
region of the human HPRT gene with the greatest sequence
homology to the mouse cDNA probe (Fig. 1B). We were also
able to conclude that the extra band in the female DNA is
derived from an Msp I site (M-3) that is methylated in males
but only partially methylated in females. Assuming that the
unmethylated M-3 site is located on inactive X chromosomes
only, we calculated that 20-40% of M-3 sites are unmethylat-
ed.

After the isolation of genomic HPRT clones, it became ap-
parent thatthe region shown in Fig. 1B contained exon III of
the gene. A X clone containing a region with the same restric-
tion map as the one deduced by Southern blotting was identi-
fied and a 0.6-kb fragment was isolated from a plasmid sub-
clone, pX300, for use as a probe (probe V) to better delineate
methylation in this area. This fragment comes from the third
intron of the human gene and does not hybridize with mouse
DNA. Hpa II/Bcl I digestion of human leukocyte DNA
again gave the 2.9-kb fragment only in female DNA (Fig.
4B). This confirmed the results obtained using pHPT4 as the
probe. Furthermore, these studies were extended to the vari-
ous hybrid cell lines, and the methylation levels of M-1, M-2,
and M-5 in addition to M-3 were evaluated.

Correlation of Methylation and Expression. The results of
our studies are summarized in Fig. 1C. For leukocyte and
placenta DNA samples containing more than one X chromo-
some, a single active X was assumed to be present and data
are presented only for the inactive chromosomes after com-
parison with the one X DNA pattern. In the sequence 5' to
exon I, an active gene is in general less methylated than an
inactive gene. We could not find any specific restriction sites
whose methylation was directly correlated with gene activi-
ty. However, the region accessible for study closest to exon
I (M-3) was still 400 bp from the presumed transcription initi-
ation site. The region immediately proximal to the gene
could not be studied because of the presence of numerous
Msp I sites and a substantial amount of repetitive sequence.
We identified two sites in the first intron (S-2 and M-11,12)

that did show a good (although not perfect) correlation be-
tween methylation of the site and gene activity. That is to
say, these sequences are unmethylated on active genes and
methylated on inactive genes. Exceptions observed are that
M-11,12 is unmethylated on the inactive X in placenta and
methylated in 26RD-le, which does express HPRT. Also, S-
2 is partially methylated in 25-8 and 2BR-2,10, which have
active HPRT genes, and in 26RD and T-3, which has an inac-
tive X. The actual status of transcription of the HPRT gene
in sperm is unclear although it is thought to be inactive. 2BR-
2 and 2BR-10 contain more than one X chromosome and are
HPRT+. It is not known whether HPRT is expressed from
one or all of the X chromosomes in these hybrids.
There is no rigidly consistent configuration of methylation

that invariably correlates with gene expression in the region
around exon III. However, site M-3, just downstream from
exon III, is relatively more methylated on active than inac-
tive X chromosomes in leukocyte DNA. This same site is
fully demethylated in hybrids 26RD, T-3, and T-9 with inac-
tive X chromosomes and is largely methylated in hybrids 25-
3 and 25-8 with active X chromosomes. All of the spontane-
ous or 5-azacytidine-induced reactivated hybrids studied are
at least partially methylated at this site with the exception of
IV-22.

DISCUSSION
We have studied methylation patterns in the vicinity of the
first and third exons of human HPRT genes on active and

inactive X chromosomes by using DNA from various human
tissues, mouse-human hybrid cells, and methylation-sensi-
tive restriction enzymes. In general, the 5' region 400-800 bp
upstream from the putative transcription start site was un-
dermethylated on active X chromosomes as compared with
inactive ones. We have identified two sites (S-2 and M-
11,12) in the first intron that specifically show good correla-
tion between methylation of the site and HPRT activity. The
S-2 site is about 150 bp from the first exon-intron junction
while M-11,12 is about 600 bp further downstream. H-9 and
A-5,6, which are located between S-2 and M-11,12, do not
show any specific methylation with regard to gene activity.
This implies that, if these sequences in the first intron are
involved in the control of HPRT activity, a long continuous
stretch of DNA need not be coordinately methylated or de-
methylated. Site A-7, which is -1.5 kb downstream from the
first exon-intron junction, also did not show any correlation
between extent of methylation and expression. In the third
intron, we identified an Msp I site that is less methylated on
inactive genes than on active genes. Whether any of these
sites are of necessity causally involved in the control of gene
activity remains to be elucidated. A significant limitation of
our method is that the restriction enzymes available detect
only a small portion of the total cytidine residues in the
genome. This analytic approach also depends on the distri-
bution of the restriction sites and the location of single-copy
restriction fragments that can be used as probes. This ren-
ders certain portions of the genome inaccessible.
Wolf and Migeon (25), using two single-copy X chromo-

some-specific DNA sequences as probes, were unable to de-
tect any differences in methylation between male and female
placental or fibroblast DNAs. However, it is not known
whether their probes contained coding sequences that under-
go X inactivation. The differences in the nature of the probes
used may account for the variance in the results of the two
studies. Wolf and Migeon felt that ubiquitous methylation
was not involved in X inactivation and that there is variation
in methylation at a given site even in clonally derived cell
lines. Our results are in agreement with both of these conclu-
sions and with cytologic observations using anti-5-methylcy-
tosine antibodies that fail to discriminate between active and
inactive X chromosomes (26).
Two other observations of interest may be derived from

our results. It is generally believed that many genes in sperm
cells are not transcriptionally active (27). It is also thought
that the single X chromosome of males of many species (in-
cluding Drosophila) undergoes X inactivation as an obliga-
tory concomitant of spermatogenesis (28, 29). Recently,
however, it has been shown that DNA from sperm of several
mammalian species is competent in a DNA-mediated HPRT
gene-transfer assay (30). Our results show that DNA from
this source is extensively demethylated in the 5' flanking and
first intron regions and relatively methylated around the
third exon including site M-3. This is a pattern of methyl-
ation consistent with that of expressed HPRT genes.
A second point of interest involves the mechanism of ac-

tion of 5-azacytidine. This drug and related cytidine ana-
logues function as potent inhibitors of cellular DNA methyl-
transferase activity but only after their incorporation into
DNA (31). It is thought that these compounds bind the meth-
ylase irreversibly and inactivate it. An unanswered issue is
whether the normal putative "maintenance" methylase acts
in a processive fashion by binding to DNA or chromatin at
fixed sites and scanning along a region of the genome acting
on suitable substrate hemimethylated sites as they are en-

countered. Of the six hybrid cell lines studied after 5-azacyti-
dine reactivation of HPRT, in four all detectable sites around
exon I were unmethylated, while 26RD-la and III-a-24 con-

tained methylated sites intermixed with unmethylated sites.
The Msp I sites associated with exon III in these cells were

1762 Genetics: Yen et aL



Proc. Natl. Acadi Sci. USA 81 (1984) 1763

either methylated or unmethylated. This indicates that 5-aza-
cytidine treatment does not invariably result in long stretch-
es of stable demethylation of DNA.
Most studies of DNA methylation and gene expression

have focused on the 5' end of functional genes and have
shown an inverse correlation between the level of methyl-
ation and the activity of a gene, although no obvious changes
were found in the case of the a(2)I chicken collagen gene
(32). More recent observations suggest that control of
expression of a variety of genes can be influenced by se-
quences 3' to a, gene (33) or by various transcriptional en-
hancers located 5', 3', or within a gene (34, 35). The effects
of DNA and chromatin conformation on gene expression
have also been studied extensively and the potential roles of
methylation on DNA-protein interaction and B-to-Z transi-
tions have been commented on (36). The results of'gene
transfer studies, 5-azacytidine-induced reactivation, and the
direct molecular analysis of HPRT methylation patterns re-
ported here support the concept of the likely importance of
the overall configuration of methylation at several sites
around structural genes in the maintenance of X chromo-
some inactivation.
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