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Genomic levels of DNA methylation undergo widespread alterations in early embryonic development.
However, changes in embryonic methylation have proven difficult to study at the level of single-copy genes due
to the small amount of tissue available for assay. This study provides the first detailed analysis of the
methylation state of a tissue-specific gene through early development and differentiation. Using bisulfite
sequencing, we mapped the methylation profile of the tissue-specific mouse skeletal a-actin promoter at all
stages of development, from gametes to postimplantation embryos. We show that the a-actin promoter, which
is fully methylated in the sperm and essentially unmethylated in the oocyte, undergoes a general demethylation
from morula to blastocyst stages, although the blastula is not completely demethylated. Remethylation of the
a-actin promoter occurs after implantation in a stochastic pattern, with some molecules being extensively
methylated and others sparsely methylated. Moreover, we demonstrate that tissue-specific expression of the
skeletal a-actin gene in the adult mouse does not correlate with the methylation state of the promoter, as we
find a similar low level of methylation in both expressing and one of the two nonexpressing tissues tested.
However, a subset of CpG sites within the skeletal a-actin promoter are preferentially methylated in liver, a

nonexpressing tissue.

Cytosines in the vertebrate genome are commonly modified
to 5-methylcytosine, and methylation of DNA has been pro-
posed as a means of regulating gene expression (2, 22).
Genomic methylation patterns are conserved after DNA rep-
lication by the DNA methyltransferase Dnmt-1, which prefer-
entially methylates the hemimethylated substrate formed by
DNA replication (5). The establishment of normal DNA meth-
ylation is essential for development (16), and abnormalities in
the regulation of DNA methylation are frequently associated
with tumorigenesis (10) and cell aging (9).

The methylation profile of genes in the adult is stable over
many cell generations. In contrast, the methylation of the em-
bryonic genome undergoes substantial modification during mam-
malian development (18). At a whole-genome level, sperm
DNA is more highly methylated than oocyte DNA. Methyl-
ation of the maternally and paternally derived genomes de-
clines after fertilization, reaching a minimum at the blastocyst
stage of development. Subsequent to implantation, extensive
de novo methylation occurs in which the adult methylation
pattern is established. These data consist of the average meth-
ylation in the genome and may therefore reflect the methyl-
ation profile of repeated sequences or transposons, rather than
that of individual genes (37). The analysis of methylation dur-
ing development at sites lying within single-copy genes has
been limited by the difficulty of analyzing the very small
amounts of DNA present in embryonic cells. Using assays
based on methylation-sensitive restriction enzymes, the meth-
ylation states of specific restriction sites in the mouse genome
have been assayed throughout embryonic development (13,
28). For all except CpG islands, which were never methylated,
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complete removal of gametic methylation was found by the
morula stage of development, followed by de novo methylation
after implantation. To date, the embryonic methylation of a
tissue-specific gene has not been examined by bisulfite se-
quencing.

The role of methylation in the control of tissue-specific reg-
ulation in vivo for differentiated tissues is not clear. Heritable
patterns of DNA methylation have been shown to repress
transcription by blocking the binding of transcription factors
and promoting the formation of an inactive chromatin state
(14). It has been predicted that the expression of tissue-specific
genes is controlled by selective demethylation of these genes in
the tissues in which they are expressed (22), and for many
genes a correlation has been found between tissue-specific
expression and demethylation, as determined by digestion with
methylation-sensitive restriction enzymes (11, 12, 21). How-
ever, the presence of tissue-specific methylation may be coin-
cidental to or a result of gene silencing, rather than a control-
ling factor. In some studies, the area of a gene shown to be
differentially methylated between expressing and nonexpress-
ing tissues does not appear to be involved in the control of
gene expression (11). There are also many examples of genes
for which methylation does not correlate with tissue-specific
expression (4, 6, 32). Analysis of DNA methylation by bisulfite
sequencing allows the detection of methylation at a greater
number of cytosines with higher resolution than analysis with
methylation-sensitive restriction enzymes, and two recent stud-
ies have used bisulfite sequencing to analyze methylation in the
tissue-specific genes tyrosine hydroxylase (19) and galectin-1
(25) genes. In both of these studies, a correlation was found
between tissue-specific methylation and gene repression; how-
ever, the reported difference in methylation between tissues
was not striking. These studies did not examine methylation in
embryonic tissues.

We believe that a reevaluation of the methylation status of a
tissue-specific gene during development and in expressing and
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nonexpressing tissues is important, especially as techniques
which allow high-resolution methylation mapping in the early
embryo are now available (31, 34). The determination of DNA
methylation at high resolution during embryonic development
is important for understanding the widespread changes occur-
ring to genomic DNA methylation at this time. Furthermore,
the methylation state imposed following implantation repre-
sents the basal state of methylation, i.e., the state before tissue
differentiation. It is necessary to know the basal methylation
pattern in order to determine whether methylation is being
added or removed in a particular tissue. We chose to study the
skeletal a-actin gene, which is expressed only in striated mus-
cle, as the candidate tissue-specific gene. Skeletal a-actin is not
expressed in the undifferentiated preimplantation embryo (30),
and the first embryonic expression of skeletal a-actin corre-
sponds with the appearance of differentiated muscle tissue
following implantation (26). Several previous studies have in-
vestigated the possible role of DNA methylation in the control
of tissue-specific expression for skeletal a-actin. A plasmid
(a-CAT) containing 809 bp of the rat skeletal a-actin promoter
region fused to a reporter gene replicates the tissue-specific
expression of the endogenous skeletal a-actin gene (17), indi-
cating that this sequence contains all elements necessary to
direct tissue-specific expression. In vitro methylation of the
a-CAT plasmid and transfection into cultured cells results in
inhibition of expression (36). Methylation of Hhal and Hpall
sites only, representing a subset of the total CpG sites, resulted
in 10-fold-reduced expression in fibroblasts, whereas methyl-
ation of all cytosines completely inhibited expression. In myo-
blasts, Hhal and Hpall methylation of a-CAT does not inhibit
expression due to a specific demethylating activity in these
cells. Demethylation, which is directed by specific cis-acting
sequences in the a-actin promoter, is carried out in two stages,
with the formation of an intermediate hemimethylated form,
and is completed before the onset of expression (20). These
experiments suggest a mechanism whereby tissue-specific meth-
ylation and demethylation events are able to control expression
of the skeletal a-actin gene.

However, in vivo methylation analysis of the same restriction
sites in the rat skeletal a-actin promoter did not detect a
correlation between methylation and expression in several tis-
sue types (27). In all tissue types examined, restriction sites in
the promoter were unmethylated, while some sites further up-
stream and in the body of the gene were methylated. Since only
a few CpG sites in the promoter can be analyzed by restriction
enzyme analysis, it is possible that methylation of other sites
within the promoter is critical for regulation. Alternately, meth-
ylation may not regulate the expression of skeletal a-actin in
vivo, despite the in vitro evidence that methylation is capable
of a regulatory effect.

To monitor embryonic changes in methylation and deter-
mine whether there are critical sites of methylation which
correlate with tissue-specific expression, we have used bisulfite
genomic sequencing to determine the methylation state of
each of the 13 CpG sites in the mouse skeletal a-actin pro-
moter through early development and in differentiated tissue.
This is the first study in which the methylation of a tissue-
specific gene promoter has been determined in detail through-
out development and differentiation. We describe the detailed
change in the methylation profile from gametes through to
postimplantation embryos, including demethylation and de
novo methylation events. In contrast to previous studies of
methylation in the embryo, which have used methylation-sen-
sitive enzymes, we demonstrate a low level of methylation
persisting through the demethylated blastocyst stage of devel-
opment. In adult tissue, we find that the methylation of the
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skeletal a-actin promoter does not generally correlate with
expression, with both expressing and nonexpressing tissues ex-
hibiting a low level of methylation. However, we have found
tissue-specific methylation of a subset of CpG sites within the
skeletal a-actin promoter in liver, a nonexpressing tissue.

MATERIALS AND METHODS

Isolation of genomic DNA. DNA from sperm and embryos was isolated as
previously described (34). DNA from adult mice was isolated from 4-week-old
freshly killed C57BL/6J mice. Approximately 0.3 g of tissue was homogenized in
30 pl of ice-cold Tris-EDTA (pH 8.0), to which were added 12 volumes of 7 M
guanidine-HCI, 1 volume of 7.5 M ammonium acetate, 1 volume of 20% Sarko-
syl, and 1 volume of proteinase K (4 mg/ml). Lysate was incubated at 60°C for
2 h, then extracted twice with phenol-chloroform, and precipitated by the addi-
tion of 1 ml of ethanol. Precipitated DNA was washed with 70% ethanol, air
dried, and resuspended overnight at 4°C in 50 ul of Tris-EDTA (pH 8.0).

Methylation analysis. Bisulfite treatment of embryo and adult DNA was
carried out as previously described (34) and stored at —20°C until use. PCR
primers to skeletal a-actin promoter (GenBank accession no. M12347) directed
against bisulfite-treated DNA were outer primers 5'-AAGTAGTGATTTTTGG
TTTAGTATAGT (nucleotides [nt] 448 to 474) plus 5'-ACTCAATAACTTTC
TTTACTAAATCTCCAAA (nt 866 to 836) and inner primers 5'-GGGGTAG
ATAGTTGGGGATATTTTT (nt 504 to 528) plus 5'-CCTACTACTCTAACT
CTACCCTAAATA (nt 812 to 786). PCRs were carried out in a volume of 50 .l
containing 1X Perkin-Elmer PCR buffer II, 2.5 mM MgCl,, 1 uM forward and
reverse primers, 200 pM deoxynucleoside triphosphates, and 1 U of AmpliTaq
polymerase (Perkin-Elmer). PCR conditions were as described elsewhere (3)
except that annealing temperatures used were 57°C (outer primers) and 55°C
(inner primers). Primers were tested for PCR bias as previously described (35)
and found to amplify both methylated and unmethylated DNA after bisulfite
treatment (data not shown). PCR fragments were cloned into pBluescript SK
(Stratagene) and manually sequenced as described elsewhere (33).

Northern blotting and hybridization. Total RNA was isolated from 0.3 g of
adult mouse (BALB/c) tissues, using TRIzol (Gibco-BRL) as recommended by
the manufacturer. Approximately 6 pg of total RNA was electrophoresed on an
agarose-formaldehyde gel and transferred to a Hybond N* membrane (Amer-
sham) as described elsewhere (15). Skeletal a-actin was detected by using a 98-bp
PCR fragment containing the mouse skeletal a-actin exon 1, which does not
show significant homology with other actin isoforms (1). The primers used to
generate this PCR fragment were 5'-AACCTGTGCAAGGGGACAGGCG
GTC (nt 729 to 753) and 5'-CCCACCTCCACCCTACCTGCTGCT (nt 827 to
804). Probe was labeled according to the rapid protocol of the Amersham
Multiprime labeling kit. Prehybridization (2 h) and hybridization of probe (18 h)
were carried out in 6X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-2X Denhardt’s solution-0.1% sodium dodecyl sulfate (SDS) at 52°C;
posthybridization washes (at room temperature unless otherwise specified) were
with 1X SSC-0.1% SDS for 10 min, 0.2X SSC-0.1% SDS for 10 min, 0.1X
SSC-0.1% SDS for 10 min and 0.1X SSC-0.1% SDS for 10 min at 57°C. The
washed membrane was exposed to a PhosphorImager screen (Molecular Dynam-
ics) to visualize bands. An oligonucleotide probe to 18S rRNA was used to
normalize the amount of total RNA among lanes. The oligonucleotide 5'-ACG
GTATCTGATCGTCTTCGAACC (29) was end labeled with [y->>P]JdATP by
using T4 polynucleotide kinase, and hybridization was carried out as described
above at 37°C. Posthybridization washes (twice, all at room temperature) were in
2X SSC-0.1% SDS for 10 min, 1X SSC-0.1% SDS for 10 min, and 0.5X
SSC-0.1% SDS for 10 min. Bands were visualized as described above.

RESULTS

Methylation analysis of the skeletal a-actin promoter in
mouse embryos. To monitor embryonic changes in methylation
in detail throughout development, we examined a 256-bp re-
gion within the mouse «-actin promoter from gametes to
postimplantation embryos by bisulfite genomic sequencing.
The sequence of the amplified promoter region in relation to
the skeletal a-actin gene is shown in Fig. 1. This sequence
contains numerous binding sites for transcription factors, in-
cluding Sp1 and the CarG box-binding factor (CBF). In vitro
methylation of Hpall sites within this sequence was shown to
greatly reduce a-actin expression in rat fibroblasts (36).

Methylation for each stage of early development was deter-
mined by sequencing a total of 11 to 42 clones from between
two and five independent PCRs. This was done to ensure that
an accurate methylation profile was obtained, since we previ-
ously have demonstrated that when small amounts of bisulfite-

1sanb Agq 8T0Z ‘6T AInc uo /Bio wse qowy/:dny woly papeojumod


http://mcb.asm.org/

166 WARNECKE AND CLARK MoL. CELL. BIOL.

H1 H2 H3

(Aa)

0 LR L M1

B) exon > exon 2 exon 3 exond exon5 exon6 exon 7

L mm  a g aaaa

*

A 2 o
ECATATA@'J CTGGTCC_GGTCCTAGCTACCTGGGCCAGGGCAGTCCTCT??CTT;
TTTCBFTTT " R
gCTTTGG?I‘CAGTGCAGGAGACC(_I_G;GG&GG%CCCAGGCTGAGAACCAGC_C_QAAG
“CBF T
6 e

GAAGGGACTCTAGTGCC_C_GACAC@CAAATATGGECTTGGGAAGGGCAGCAACAT

7.8 9
TCTTQQGGGQG{I‘GTGGGGAGAGCTCC%GGACTATATAAAAACCTGTGCAAG

e

10 1n 12 13
GGGACAGGCGGTCACACGGACGTAAGCCTCACTTCCTACCCTCGG

FIG. 1. Mouse skeletal a-actin promoter. (A) CpG plot for mouse skeletal a-actin. Each vertical line indicates the position of a CpG dinucleotide. The shaded box
labeled “a-CAT” indicates the position of the rat a-actin promoter used by Melloul et al. (17) relative to the mouse a-actin gene; H1 to H3 indicate positions of Hpall
sites in a-CAT (two of three Hpall sites in a-CAT correspond to CpG sites 2 and 3, below). (B) Structure of the mouse skeletal a-actin gene. Relative locations of
exons 1 to 7 (black boxes) and transcription start site (arrow) are indicated according to GenBank accession no. M12347. The region amplified (nt 529 to 785) is
expanded to show sequence details. CpG sites 1 to 13 are underlined and numbered; binding sites for Spl and CBF are outlined. CpG sites homologous to Hpall sites
previously analyzed by Shani et al. (27) are indicated by asterisks.
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treated DNA are amplified, clones derived from a single PCR
may not be fully representative of the original sample (34).
Figure 2 shows the T and C tracks of a typical bisulfite se-
quencing autoradiograph; all cytosines in the sequence are
converted to thymine, leaving only 5-methylcytosine in the C
track. For each of the sequenced clones, the presence or ab-
sence of a methylated cytosine at the 13 CpG sites within the
PCR fragment was scored. An example of the methylation
recorded for clones derived from morulae and 8.5-day postim-
plantation (8.5 dpc) embryos is shown in Table 1. To aid in
presentation of the methylation data, we analyzed the data in
two ways. First, we averaged the methylation state at each CpG
site from all clones sequenced from each stage. In this analysis,
as shown in Fig. 3, the methylation level for each CpG site is
represented as the 95% confidence interval (calculated with
GraphPad Instat 2.01), since each clone sequenced represents
only a single molecule randomly sampled from the total pop-
ulation, and this random sampling is subject to statistical vari-
ation according to a binomial distribution. Second, we ana-
lyzed the data according to the number of methylated CpG
sites within each molecule in an attempt to distinguish different
methylation patterns between molecules; this is represented by
the distribution plots shown in Fig. 4. [—

A compilation of the sequencing data for all embryonic w ot
clones is shown in Fig. 3. The skeletal a-actin promoter was E
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found to be essentially fully methylated in sperm, including the
Spl sites (Fig. 3A), and unmethylated in oocyte DNA (Fig.
3B). The low level of apparent methylation for oocyte DNA
was present as a small proportion (15%) of methylated clones (A) (B) ()

on an otherwise unmethylated background, as shown by the

distribution of methylated clones (distribution plot) in Fig. 4B. FIG. 2. Typical bisulfite sequence autoradiograph of four clones from the

These methvlated clones may be the result of a low level of amplified region, showing T and C tracks only. All cytosines have been converted
o y to thymines, leaving only 5-methylcytosine in the C track. Clones shown are

contamination with n:laternal ?CHS. The average methylation of methylated at all CpG sites (A), unmethylated at all CpG sites (B), and meth-
two-cell embryos (Fig. 3C) lies between the gamete methyl- ylated at a subset of CpG sites (C).
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TABLE 1. Methylation of individual clones for morulae and 8.5-dpc embryos®
Methylation state” at CpG site: No. of
Embryo stage methylated
2 3 4 5 7 8 9 10 1 12 13 sites
Morula + + + + + + + + + + + + + 13
+ + + + + + + + + + + + + 13
+ + + + + + - + + + + + + 12
+ + + + + + - + + + + + + 12
+ - + + - + + + + + - + - 9
+ + + + + + - - + + + - - 9
+ - + + - + + + + + - + - 9
+ - + + - + + + + + - + - 9
- - + - + - - - - + + - - 4
- - + - + - - - - + + - - 4
- - + - + - - - - + + - - 4
- - + - + - - - - - - - - 2
- - - - - + - - - - - - - 1
+ - - - - - - - - - - - - 1
— — — — — — — — — — — — — 0
— — — — — — — — — — — — — 0
— — — — — — — — — — — — — 0
— — — — — — — — — — — — — 0
— — — — — — — — — — — — — 0
— — — — — — — — — — — — — 0
— — — — — — — — — — — — — 0
— — — — — — — — — — — — — 0
Total %° 41 36 55 36 41 41 23 29 36 45 36 32 18
8.5 dpc + + + + + + + - + + - + + 11
+ + - + + + + + + - - - - 8
- + + - + + + + + - - + - 8
- - + + + + - + + + - - - 7
- - + + + - - - - + + - + 6
- - - - - + + - - + - + + 5
- + - + - - + - + + - - - 5
+ + - - + - - - + - - - + 5
- + - - + - - - - + - + - 4
- - - - + + + - - - - - + 4
- - - - + + - - - + - - + 4
- - - + - + - + - + - - - 4
- - - - + + - - + - - + - 4
+ - - + + + - - - - - - - 4
- + - - - - + - - - - + - 3
- - - + + - - - - + - - - 3
+ + - - - - + - - - - - - 3
+ + - - - - - - - + - - - 3
- + - + + - - - - - - - - 3
- + - + - - - - - - - - - 2
- - - + - + - - - - - - - 2
- + - + - - - - - - - - - 2
- - - + - - - - - - - + - 2
- - - - - + - - - - - - - 1
- - - - - - - - - + - - - 1
- - - - - - - - - - - - + 1
— — — — — — — — — — — — — 0
Total % 22 44 15 48 46 41 22 15 26 41 4 26 26

“ Each line represents a single sequenced clone for this stage of development; the sequencing results for three independent PCRs have been combined for each stage.

® Scored as methylated (+) or unmethylated (—).
¢ Average level of methylation from all clones sequenced for each CpG site.

ation levels, and an examination of the distribution plot in Fig.
4C indicates a population of methylated clones and a popula-
tion of unmethylated clones, presumably derived from the pa-
ternal and maternal gametes, respectively. Clones from morula
stage embryos show a level of methylation very similar to that
of two-cell embryos, both in terms of the average level of
methylation (Fig. 3D) and in the presence of methylated and
unmethylated clones (Table 1; Fig. 4D), indicating that the
gametic methylation patterns have been largely maintained up

to this stage. Average methylation data for four-cell and eight-
cell embryos (data not shown) are consistent, with little change
in methylation between the gamete and morula stages of de-
velopment for this locus (approximately 40% average methyl-
ation). The lack of apparent demethylation from fertiliza-
tion to formation of the morula is in contrast to previous
methylation analyses of non-CpG island genes, which were
found to be completely unmethylated prior to formation of
the morula (13). We found substantial demethylation of the

1sanb Agq 8T0Z ‘6T AInc uo /Bio wse qowy/:dny woly papeojumod


http://mcb.asm.org/

168 WARNECKE AND CLARK

(A) Sperm

100
90
80
70
60
501
40+
301
20
10

0

% Methylation

LI UL L L LI
12345678910101R1B
CpG number

(C) 2-Cell embryo

100
90
80
70
60
50
40
30
20
104

0

% Methylation

LI LI L B ) LI
12345678910 110218
CpG number

(E) Blastocyst

100
90+
80
70
60 -
50
40

1L

% Methylation

0 T T T T

T LI
456789101NL21B
CpG number

T
12

MoL. CELL. BIOL.

(B) Oocyte

100 1
90
80
704
60—
50
40
30
20
10 1

0

% Methylation

CpG number

(D) Morula

100
90
80 -
70
60
50

40
30
204
10
B

% Methylation

0

,_._
o -
w
= -
tn
EN
<
]
)
=]
:_
=

CpG number

(F) 8.5 dpc embryo

100
90
80
70
60 -
50
40

30
20
10

0T T T T T T T T T
1234567891011218
CpG number

% Methylation

FIG. 3. Average methylation for CpG sites 1 to 13 compiled from sequenced clones for embryo stages sequenced. The number of clones sequenced from each stage
is indicated; error bars indicate the 95% confidence interval for binomial distribution. (A) Sperm (11 clones); (B) unfertilized oocytes (27 clones); (C) two-cell embryos
(33 clones); (D) morulae (22 clones); (E) blastocysts (42 clones); (F) 8.5-dpc embryos (27 clones).

blastocyst DNA at all sites examined (Fig. 3E); however,
there is a low (ca. 10 to 20%) level of methylation still
present, in the form of a few methylated CpG sites on most
clones sequenced. Individual clones varied in the extent of
methylation, from 0 to 80% of CpG sites (Fig. 4E). This is
again in contrast to a previous study which found no detect-
able methylation in blastocysts using methylation-sensitive
restriction enzyme digests (13). However, the low level of
methylation that we have observed in blastocysts may not be
detectable by using methylation-sensitive restriction en-
zymes. Following implantation, we found 8.5-dpc embryos

to be methylated to an average level (ca. 30 to 40%) similar
to that of preimplantation embryos (Fig. 3F), indicating that
de novo methylation has taken place following implantation.
Furthermore, clones from 8.5-dpc embryos consist of a sin-
gle population of partially methylated clones (Table 1; Fig.
4F), in contrast to the two distinct populations of essentially
methylated or unmethylated clones found in the preimplan-
tation embryos. These data are consistent with the erasure
of parental methylation differences between alleles follow-
ing implantation.

In general, the embryonic methylation patterns for the skel-

1sanb Agq 8T0Z ‘6T AInc uo /Bio wse qowy/:dny woly papeojumod


http://mcb.asm.org/

VoL. 19, 1999 METHYLATION AT THE SKELETAL o-ACTIN PROMOTER 169

(A) Sperm

100
904
80
704
60+
504
404
30
204
104

percentage of clones

01 23 45 67 89 1041 12413
number of methylated CpG

(C) 2-cell

100
90
804
704
604
504
40
30
20

percentage of clones

01 23 45 67 89 10111213
number of methylated CpG

(E) Blastocyst
100

90
804
70
60
50
40
30
20
10

0

percentage of clones

01 23 45 67 89 10111213
number of methylated CpG

(B) Oocyte

100
90
80
704
60
504
404

percentage of clones

01 23 45 67 89 10111213
number of methylated CpG

(D) Morula

100
904

percentage of clones

01 23 45 67 89 10111213
number of methylated CpG

(F) 8.5 dpc embryo
100

90
801
704
S 60

lones

oW
[ e
1 1

30

percentage of

B
(=]

10

01 23 45 67 89 10d411213
number of methylated CpG

FIG. 4. Distribution plot for clones derived from embryo samples. Clones are plotted according to the number of methylated CpG sites per clone (x axis), out of
a possible 13 sites in the amplified region, as a percentage of all clones sequenced for that stage (v axis).

etal a-actin promoter follow the genomic model of methylation
described by Monk (18) and that of individual genes described
by Kafri et al. (13). However, we did not find a decline in
methylation between fertilization and formation of the morula,
nor was the blastocyst DNA completely demethylated.

Methylation analysis of the skeletal «-actin promoter in
differentiated adult tissues. To resolve if there are critical sites
of methylation which correlate with tissue-specific expression,
we determined the methylation of the mouse skeletal a-actin
promoter in expressing and nonexpressing mouse adult tissues.
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FIG. 5. Northern blot of mouse skeletal a-actin expression. A Northern blot
of kidney (K), liver (L), skeletal muscle (M), and heart (H) total RNA from adult
mice was probed with a mouse skeletal a-actin probe (top). The same blot was
probed with an 18S RNA-specific probe (bottom) to normalize for the amount of
RNA loaded per lane.

Heart and skeletal muscle expressed skeletal a-actin, whereas
expression in liver and kidney was undetectable (Fig. 5). Shani
et al. (27) have previously examined the methylation of restric-
tion sites in the rat skeletal a-actin gene for various tissues.
The rat and mouse skeletal a-actin promoters share 85% nu-
cleotide identity (8), and the relative locations of transcription
factor binding sites and most CpG dinucleotides are identical
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FIG. 6. Average methylation of CpG sites 1 to 13 in adult tissues, shown as for Fig. 3. (A) Heart (14 clones); (B) skeletal muscle (19 clones); (C) kidney (14 clones);

(D) liver (17 clones).
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between rat and mouse sequences. The region we have studied,
as shown in Fig. 1, includes the two CpG dinucleotides (CpG
2 and 3) homologous to the rat a-actin restriction sites Hpall
(site H2) and Aval/Hpall (site H3) assayed by Shani et al. (27)
and found to be unmethylated in all tissues. Methylation of H2
and H3 has been shown to inhibit expression in vitro (36).
To establish if the expressing and nonexpressing tissues have
different methylation patterns at this region, we amplified the
skeletal a-actin promoter from bisulfite-treated adult tissues.
For heart and skeletal muscle, tissues that express a-actin, we
found an overall low level (0 to 30%) of methylation at all 13
CpG sites (Fig. 6A and B). The overall methylation level be-
tween the 13 CpG sites appears to vary, with methylation levels
being relatively low at the two Hpall sites (CpG 2 and 3) in
heart but not markedly reduced at these sites in skeletal mus-
cle. The variation in methylation levels across this region may
simply reflect the mosaicism in methylation profiles between
the individual tissues. Kidney (Fig. 6C), which does not express
a-actin, has a low level of methylation at all 13 CpG sites
similar to levels in heart and skeletal muscle, indicating that
promoter methylation is not required to repress expression of
the mouse a-actin gene in this tissue. However, in DNA from
liver, another nonexpressing tissue, we have found a higher (40
to 80%) level of methylation at a subset of CpG sites (Fig. 6D).
The elevated level of methylation in liver is present only in
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CpG sites 5 to 9, corresponding to the area —124 to —39 from
the start of transcription. CpG sites outside this area, including
the Hpall sites analyzed by Shani et al. (27), are methylated at
a low level, similar to that of heart, skeletal muscle, and kidney.
It is not clear if methylation in this localized region is impor-
tant in moderating tissue-specific expression in the liver, as
some molecules were completely unmethylated at these sites.

DISCUSSION

Genomic levels of DNA methylation undergo widespread
alterations in early embryonic development. However, changes
in embryonic methylation have proven difficult to study at the
level of single-copy genes due to the small amount of tissue
available for assay. The analysis of methylation by bisulfite
sequencing allows the detection of all cytosines in a sequence
and is sufficiently sensitive to assay embryonic samples. The
methylation analysis of a tissue-specific gene during early de-
velopment by the bisulfite sequencing technique has not pre-
viously been reported. We have determined the methylation
state of 13 CpG dinucleotides within the skeletal a-actin pro-
moter throughout embryonic development and in various adult
tissues, using bisulfite genomic sequencing.

Our results show that the overall level of embryonic meth-
ylation across the mouse skeletal a-actin promoter is generally
in accordance with the model of embryonic methylation pro-
posed by Monk (18), who showed a generalized demethylation
event prior to the blastocyst stage of development, followed by
a wave of de novo methylation after implantation. In particu-
lar, we found that the a-actin promoter was fully methylated
from the male gamete and essentially unmethylated from the
female gamete and that the two different gametic methylation
patterns appeared to persist in the early embryo until the
morula stage. In contrast, previous studies by Kafri et al. (13),
using methylation-sensitive restriction enzymes, showed a de-
cline to undetectable levels in methylation of individual CpG
sites within several genes between fertilization and the forma-
tion of the morula. Similarly, at the blastocyst stage of devel-
opment, Kafri et al. (13) did not detect any remaining meth-
ylation, whereas we found a low (ca. 10%) level of methylation
in blastocyst DNA. The difference in our results may reflect the
difference in sensitivity between bisulfite sequencing and re-
striction enzyme analysis, or they may simply indicate that not
all genes undergo demethylation at the same time during pre-
implantation development, as Kafri et al. (13) did not study the
skeletal a-actin gene. While we found the overall level of
methylation in blastocysts to be approximately 10% of CpG
sites, individual clones isolated from blastocyst DNA varied in
the degree of methylation. However, the two distinct gametic
populations observed from two-cell to morula stages were no
longer identifiable in the blastocyst. It is possible that virtually
complete demethylation occurs at a particular stage of blasto-
cyst development and that the variation in the methylation
patterns observed in the blastocyst reflects an asynchronous
mixture of early and late blastocyst stage embryos in the sam-
ples collected. After implantation, we observe an increase in
overall methylation levels across the a-actin promoter but the
methylation profile of each molecule is slightly different, re-
flecting the possible stochastic nature of de novo methylation
(24).

In light of the debate about the role of DNA methylation in
regulating tissue-specific gene expression, we have examined
the methylation state of the mouse skeletal a-actin promoter in
expressing and nonexpressing adult tissues. It has been pro-
posed (7, 22, 23) that tissue-specific genes would be methylated
within regulatory regions in nonexpressing tissues and demeth-
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ylated in expressing tissues. However, there is little evidence in
the literature of reversible promoter methylation at a develop-
mentally regulated gene (37). In vitro studies have shown that
methylation of the skeletal a-actin promoter is sufficient to inhibit
transcription (36), whereas in vivo methylation analysis in sev-
eral tissue types did not detect a correlation between methyl-
ation and expression (27). Similarly, we found an equally low
level of methylation in the two expressing tissues and in kidney,
a nonexpressing tissue. However, liver, which also does not
express skeletal a-actin, displayed a more heavily methylated
region within the promoter. This methylation was higher than
that present in the postimplantation embryo, indicating that de
novo methylation has occurred in liver upon tissue differenti-
ation. This methylated region did not contain any of the re-
striction sites used in previous studies to show inhibition of
expression, and therefore it is not possible to tell from our
experiments whether the methylation observed at the a-actin
promoter in liver is sufficient to inhibit transcription by itself,
or if methylation acts to reinforce other mechanisms. Cer-
tainly, DNA methylation is not an absolute requirement for
transcriptional repression of skeletal a-actin, since in kidney
the promoter is only sparsely methylated and the «-actin gene
is not expressed. Therefore, even though the profile of meth-
ylation of the a-actin gene promoter changes throughout de-
velopment and the methylation patterns are slightly different
between tissues, there is not an absolute correlation between
promoter methylation and tissue-specific gene expression.
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