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Methylation patterns of the mammalian genome are
thought to be crucial for development. The precise
mechanisms designating specific genomic loci for meth-
ylation are not known. Targeted deletion of Lsh results
in perinatal lethality with a rather normal development.
We report here, however, that Lsh−/− mice show substan-
tial loss of methylation throughout the genome. The hy-
pomethylated loci comprise repetitive elements and
single copy genes. This suggests that global genomic
methylation is not absolutely required for normal em-
bryogenesis. Based on the similarity of Lsh to other SNF2
chromatin remodeling proteins, it suggests that alter-
ation of chromatin affects global methylation patterns in
mice.
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Methylation of cytosine residues in the genome is
thought to be crucial for normal development in mam-
mals as well as plants, frogs, and fish. DNA methylation
is involved in the regulation of a diverse range of biologi-
cal processes such as genomic imprinting and X-chromo-
some inactivation (for reviews, see Yeivin and Razin
1993; Razin and Shemer 1995; Robertson and Jones
2000). Establishment of genomic methylation patterns
in mammals is a highly orchestrated process, with al-
most complete erasure during early embryogenesis and a
resetting of the pattern subsequent to implantation. In
general, genes are relatively unmethylated in expressing
tissues and methylated in nonexpressing tissues leading
to the hypothesis that methylation controls tissue spe-
cific gene expression. Alternatively, genomic methyl-
ation may primarily protect against the expression of
parasitic sequences (Walsh and Bestor 1999). Deletion of
DNA methyltransferase in Xenopus leads to abnormal
development of the embryo (Stancheva and Meehan
2000; Stancheva et al. 2001). Reports on mice that are
deficient in DNA methyltransferases support also a role
for methylation in development as these mice die early
during embryogenesis (Li et al. 1992; Lei et al. 1996;
Okano et al. 1999).

Lsh (lymphoid specific helicase) belongs to the family

of SNF2/helicases. SNF2-like proteins are frequently in-
volved in chromatin remodeling (Jarvis et al. 1996). Lsh
shows a preferential lymphoid expression pattern in
adult mice and has been shown to be important for nor-
mal lymphoid development (Geiman et al. 1998; Geiman
and Muegge 2000). However, a low expression of Lsh has
been found in multiple embryonal tissues suggesting a
broader role for Lsh in development (Geiman et al. 2001).
SNF2-containing protein complexes can alter nucleo-
somal structure in vitro (Peterson and Workman 2000)
and recombinant SNF2 homologs on their own can cause
nucleosomal sliding along DNA (Hamiche et al. 1999;
Langst et al. 1999). This in vitro activity of SNF2 family
members is held responsible for altering chromatin ac-
cessibility in vivo. A recent study identified the gene
Ddm1 (decrease in DNA methylation), another SNF2
family member, as a modulator of genomic methylation
in Arabidopsis thaliana (Jeddeloh et al. 1999). The meth-
ylation system in plants appears to be highly conserved
although homologs for the chromomethylases have not
been identified in mammals, possibly because mammals
primarily maintain CG methylation instead of methyl-
ation at CNG sites (Lindroth et al. 2001). This latter
Ddm1 study suggests a relationship between regulation
of chromatin structure and genomic methylation in
plants. Because Ddm1 shares about 50% identity with
Lsh over the region containing the helicase domains (Jed-
deloh et al. 1999), we studied the effect of Lsh on geno-
mic methylation patterns in mice.

Results and Discussion

To determine whether Lsh has an effect on DNA meth-
ylation we examined genomic DNA derived from Lsh−/−

mice (Geiman and Muegge 2000; Geiman et al. 2001) for
their methylation status at multiple repetitive se-
quences that are highly methylated. The minor satellite
sequences (50,000–100,000 copies) are located around
centromeres. Analysis of genomic DNA from fibroblasts,
brain, liver, intestine, heart and lung, and the whole
body (Fig. 1A,B) as well as thymus (K. Dennis, T.M. Gei-
man, and K. Muegge, unpubl.) showed increased digest-
ibility with HpaII, a methylation-sensitive enzyme. The
pattern of the HpaII digest was comparable with the
MspI digest (a methylation-insensitive isoschizomer)
suggesting a substantial loss of methyl groups at the mi-
nor satellite sequence in the absence of Lsh. The defect
in methylation was detectable in newborn tissue (Fig.
1B) as well as fetal tissue (Fig. 1A) as early as day 13.5 of
gestation (the earliest time point we have examined).

To analyze whether hypomethylation is a widespread
phenomenon in the genome, other methylated se-
quences with high copy number were examined. The
major satellite sequence, with 700,000 copies in centro-
meric regions, also showed substantial hypomethylation
in DNA isolated from fetal brain tissue of Lsh-deleted
animals (Fig. 2) as well as from MEF cultures or body
tissue of newborn mice (K. Dennis and K. Muegge, un-
publ.). Sequences of the intracisternal A-particle retrovi-
rus (IAP) (1000–2000 copies) are heavily methylated in
littermate controls but not in Lsh-deleted animals. Line
1, another retroviral element (50,000–100,000 copies),
Sine B1, the murine homolog of human Alu repeats, as
well as examination of telomeric sequences showed sub-
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stantial hypomethylation in the absence of Lsh (Fig. 2).
Moreover, comparison of HpaII and MspI digests of DNA
from Lsh-deficient tissue appear almost indistinguish-
able suggesting substantial loss of methylation at the
examined sites.

To determine whether Lsh deficiency selectively leads
to hypomethylation of repetitive elements or also effects
single copy sequences a number of specific genomic loci
were examined. The genes for �-Globin and Pgk-2 (phos-
phoglycerate kinase) are highly methylated single copy
genes with a tissue-specific expression pattern. Pgk-1,
another highly methylated gene, is located on the
X-chromosome. The methylation sensitive sites exam-
ined were located either 5� of the gene (Pgk-1), within the
exon (Pgk-2), or 3� of the gene (Globin) and did not con-

tain any known repetitive sequences (Singer-Sam et al.
1990; Kafri et al. 1992; Tada et al. 1997). All three exam-
ined loci revealed a substantial loss of methylation in
newborn tissue as well as embryonic tissue from Lsh−/−

mice (Fig. 3A–C). In addition, the upstream region of the
H19 gene was examined comprising the imprinting con-
trol region with all four CTCF (CCCTC-binding factor)
binding sites (Bell and Felsenfeld 1999). This region
showed substantial hypomethylation in Lsh−/− mice (Fig.
3D). In contrast the Igf2r gene showed no difference in
methylation between Lsh−/− tissue and wild-type tissue
(K. Dennis and K. Muegge, unpubl.). These results dem-
onstrate that loss of the Lsh gene effects methylation of
repetitive elements and single-copy sequences including
the imprinted region of the H19 gene.

A global defect in methylation was visualized using
ethidium bromide stain. Genomic DNA derived from
thymus and MEF (Fig. 4A) as well as brain (K. Dennis and
K. Muegge, unpubl.) of Lsh-deficient mice was highly
digestible with the methylation-sensitive enzyme HpaII.
To quantify the extent of hypomethylation, genomic
DNA from Lsh−/− mice was tested in vitro for its ability
to accept methyl groups and compared with littermates
using the SssI methyltransferase. Genomic DNA derived
from embryonic liver and body as well as newborn brain
of Lsh-deleted mice accepted two to three times more
methylation than controls (Fig. 4B). Assuming an aver-
age methylation level of 60%–70% in control samples,
this difference would suggest a genome-wide methyl-
ation level of only 13%–32% in genomic DNA from Lsh-
deleted mice. In addition, genomic DNA from newborn
brain was digested with MspI, radiolabeled at 5� ends,
and degraded to single deoxynucleoside monophos-
phates. Cytosine as well as methyl-cytosine was sepa-

Figure 2. Hypomethylation of repetitive sequences in Lsh−/− mice.
Southern analysis for repetitive sequences. Genomic DNA derived
from Lsh−/− or littermate controls was digested with MaeII and
probed for major satellite sequences, or digested with HpaII and
MspI (M) and probed for IAP, Sine B1, Line 1, or telomeric sequences.

Figure 1. Hypomethylation of minor satellite sequences in Lsh−/−

mice. (A) Southern analysis of genomic DNA derived at day 13.5 of
gestation. DNA was digested with HpaII or MspI, blotted, and
probed for minor satellite sequences using MR150. (B) Southern
analysis of genomic DNA derived from newborn mice within 24 h
after birth. Whole body comprises every tissue with the exception of
the examined internal organs. DNA was digested with HpaII or
MspI, blotted, and probed for minor satellite sequences using
MR150.

Figure 3. Hypomethylation of single copy sequences in Lsh−/−

mice. (A) Southern analysis of the �-Globin gene. Genomic DNA
was derived from newborn mice or embryos at day 13.5 gestation.
DNA was digested with BamHI with or without the methylation
sensitive restriction enzyme HhaI, blotted, and probed for �-Globin.
(B) Southern analysis of the Pgk-2 gene. (C) Southern analysis of the
Pgk-1 gene. (D) Southern analysis of the H19 upstream imprinted
region.
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rated by thin-layer chromatography and the resulting
spots were quantified by PhosporImager. The control di-
gest using HpaII did not show a spot for methylated cy-
tosine indicating that the assay is highly specific.
Whereas wild-type controls showed that about 57% of
their genome was methylated, the Lsh-deleted mice
show only 34% methylation at CCGG sites (Fig. 4C).
Thus, loss of the Lsh gene resulted in a substantial loss of
methylation throughout the genome.

We hypothesize that Lsh protein may participate in
the process of de novo or maintenance DNA methyl-
ation rather than simply altering the level of DNA meth-
yltransferase mRNA and protein for several reasons: (1)
mRNA levels for DNA methyltransferases were compa-
rable between Lsh-deficient samples and control samples
in embryonic bodies (Fig. 5A), embryonic liver, or MEF
cultures (T. Fan and K. Muegge, unpubl.). (2) The level of
Dnmt1 protein (whose targeted deletion results in a
similar degree of genomic hypomethylation) is indistin-
guishable between Lsh−/− tissue and controls (Fig. 5B).
Similarly, the amounts of Dnmt3a and Dnmt3b proteins

were equally expressed in Lsh-deficient tissue and con-
trol sample (Fig. 5B). (3) Methyltransferase activity as
measured from nuclear extracts from Lsh-deficient tis-
sue was not significantly altered in comparison with
control tissue (Fig. 5C). This also has been reported for
mutants of the Ddm1 gene in A. thaliana (Jeddeloh et al.
1999) sharing a high similarity with Lsh. (4) The biologi-
cal phenotype of Lsh−/− mice is very distinct from that
reported for either Dnmt1- or Dnmt3a/b-deficient em-
bryos (Li et al. 1992; Okano et al. 1999; Geiman et al.
2001).

A global effect on methylation of the genome has thus
far only been reported for embryos deficient in DNA
methyltransferase. Dnmt1 N is a targeted Dnmt1 allele
that leads to a 95% reduction of the Dnmt1 protein.
Mutant embryos develop to day 10.5 and show 30% re-
duction of genome methylation levels (Li et al. 1992).
The S and C alleles of Dnmt1 are more severe and lead to
an arrest in embryonic development around day 8.5 with
an almost undetectable genomic methylation level. In
contrast, conditional mutants that lack Dnmt1 from day
12 of gestation in neuroblasts die shortly after birth from
respiratory stress without any obvious defects in the
brain structure (Fan et al. 2001). The methyltransferases
Dnmt3a and Dnmt3b are thought to be involved in de
novo methylation. Dnmt3a−/− mice look normal at birth
and die runted by 4 wk of age with no apparent change in
global methylation levels (Okano et al. 1999). Dnmt3b−/−

could not be recovered at birth and showed developmen-

Figure 5. Expression of DNA methyltransferases and measurement
of Mtase activity in Lsh−/− mice. (A) RT–PCR analysis. Total RNA of
embryonic body (2 wild type, 1 heterozygote, and 3 knockout) de-
rived from day 17.5 gestation was reverse transcribed and subjected
to real-time PCR analysis for measurement of Dnmt1, Dnmt3a, or
Dnmt3b or Gapdh transcripts as control. (CT) Cycle threshold,
cycle number at which each PCR reaction reaches a predetermined
fluorescence threshold, set within the linear range of all reactions.
(B) Western analysis. Cellular extracts derived from fetal brain tis-
sue were analyzed using specific antiserum against murine Dnmt1,
Dnmt3a (Imgenex), Dnmt3b (Affinity Bioreagents), �-Actin (Sigma),
or PCNA (Santa Cruz) as control. A similar result was obtained
using lysates derived from embryonic body of day 17.5 gestation. (C)
Mtase activity. Cellular extracts were prepared from indicated tis-
sues and examined in vitro for their ability to transfer radio-labeled
methyl-groups onto synthetic template poly[d(I–C)]·poly[d(I–C)] (Li
et al. 1992). Embryonic bodies are from day 13.5 gestation.

Figure 4. Global hypomethylation in Lsh−/− mice. (A) Genomic
DNA from embryonal fibroblasts (MEF) or adult thymus from ra-
diation chimeras (Geiman and Muegge 2000) was digested with the
methylation-sensitive enzyme HpaII and the nonsensitive enzyme
MspI, subjected to agarose gel electrophoresis, and visualized by
ethidium bromide stain. (B) Methyl acceptance assay. Equal
amounts of genomic DNA derived from day 13.5 embryonic body,
embryonic liver, or from newborn brain were methylated in vitro by
SssI CG methylase using radiolabeled S-adenosyl-methionine as do-
nor. This approach allows determination of the amount of unmeth-
ylated CG sites in the genome and serves as an indirect measure-
ment of genomic methylation levels. The amount of incorporated
radiolabeled methyl groups on cytosines per microgram of DNA was
measured in Lsh deleted samples and control littermates as de-
scribed previously (Antoun et al. 2000). (C) Direct measurement
of methyl-cytosine in genomic DNA. Equal amounts of genomic
DNA derived from brain samples of Lsh−/− mice and littermate con-
trols were digested with MspI, radiolabeled at the 5�-ends, and di-
gested with nuclease P1 to generate 5�-deoxymononucleotides. Cy-
tosine and methyl-cytosine were separated by thin layer chromatog-
raphy (Cedar et al. 1979) and quantified using PhosphorImager
analysis. The ratio of methyl-cytosine to total cytosine indicates the
level of methylation at all CCGG sites. HpaII digests should not
generate methyl-cytosine spots and serve as controls, indicating the
specificity of the assay.
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tal abnormalities from day 9.5 on (Okano et al. 1999).
Loss of Dnmt3b does not affect global methylation pat-
terns but instead leads to hypomethylation of certain
classes of sequences such as minor satellite sequences.
Double mutants deficient in Dnmt3a and Dnmt3b show
abnormalities from day 8.5 on and die before day 11.5.
Double deficient mutants show substantial losses of
methylation in retroviral sequences, and major and mi-
nor satellite repeats (Okano et al. 1999), although less
severely than reported here for Lsh−/− mice (Figs. 1 and 2,
cf. HpaII digests with MspI digests; Li et al. 1992; Okano
et al. 1999). The defects in genomic methylation, as re-
ported previously, lead to early arrest during embryogen-
esis. This is in contrast with the phenotype reported for
Lsh-deficient mice (Geiman and Muegge 2000; Geiman
et al. 2001): Lsh−/− mice can develop until term and die
shortly after birth. Lsh−/− mice show reduced lymphoid
numbers, renal lesions with signs of necrosis, and a 20%
weight reduction at birth. However, otherwise they ap-
pear grossly normal by morphologic and histologic crite-
ria despite their global methylation defect. Thus, normal
methylation patterns of the genome are not absolutely
required for murine development until birth. To date it
remains unclear which loci in the genome require meth-
ylation for survival of the organism.

Based on its presumed chromatin remodeling activity
we speculate that Lsh may regulate chromatin accessi-
bilty for DNA methyltransferases. Because Lsh protein
expression correlates with S-phase of the cell cycle (Gei-
man and Muegge 2000) Lsh may facilitate access of DNA
methyltransferases to hemimethylated sites after repli-
cation occurs and thus co-operate to maintain methyl-
ation patterns. Alternatively, the presence of Lsh may
protect against demethylase activities (Weiss et al. 1996;
Ramchandani et al. 1999). Overall, Lsh−/− mice provide a
valuable model in mammals for examining the relation-
ship between chromatin remodeling and methylation.

Recent studies contributed much to our understanding
of how DNA methylation can regulate chromatin acces-
sibility (Nan et al. 1998; Ng et al. 1999; Wade et al. 1999).
The deficiency in genomic methylation in Lsh−/− mice
suggests that the reverse is also true, that chromatin
structure can have an impact on genomic methylation
levels. In further support, it has recently been observed
that ATRX, another protein with SNF2 similarity, can
alter methylation patterns (Gibbons et al. 2000); how-
ever, in contrast to Lsh the effect is not global, but at
distinct genomic sites (ribosomal 18s locus or an Y-spe-
cific satellite) and furthermore not only hypomethyl-
ation but also hypermethylation has been reported.

Aberrant methylation patterns have been suspected to
promote tumorigenesis (Jones and Gonzalgo 1997; Baylin
and Herman 2000) to be involved in the process of aging
(Issa 2000) or to be causative for inherited diseases such
as the ICF syndrome (Okano et al. 1999; Xu et al. 1999).
The observed defect in global methylation in Lsh−/− mice
will be a helpful tool to increase our understanding of the
mechanism and consequences of specific genomic meth-
ylation patterns in disease.

Materials and methods
Southern analysis
Genomic DNA was prepared from the indicated tissues, digested, sepa-
rated by electrophoresis on 1% agarose gels, and transferred by blotting
on Nytran plus membranes (Schleicher& Schuell). Membranes were hy-

bridized overnight at 42°C in hybridization buffer (Amersham) with 32P-
labeled probes and washed twice in 2×SSC/0.1%SDS at 65°C or 42°C for
30 min and twice in 0.2×SSC/0.1%SDS at 65°C or 42°C for 30 min. The
following oligonucleotide probes were used for detection of repetitive
sequences: Major satellite (60-mer GenBank accession no. X06899, base
pair 1–60), Line1 (60-mer accession no. D84391, base pair 5670–5729),
Sine B1 (27-mer accession no. AC002121, base pair 13464–13490), telo-
meric probe [42-mer, 5�-(TTAGGG) × 7-3�]. The minor satellite probe
was a 66-mer oligonucleotide 5�-GACTGAAAAACACATTCGTTG
GAAACGGGATTTGTAGAACAGTGTATATCAATGAGTTACAATG
AG-3� as described elsewhere (Tada et al. 1997). The IAP probe was 299
bp long and derived by PCR reaction as described below. The detection of
the methylation sensitive sites and maps for the �-globin, Pgk-2, and
Pgk-1 genes have been described elsewhere (Singer-Sam et al. 1990; Kafri
et al. 1992; Tada et al. 1997). Examination of the 5� region of the H19 gene
(including a map of the region) has been described (Tada et al. 1997). The
3.8-kb SacI fragment used as a probe was amplified by PCR reaction as
described below. The probe comprises the imprinting control region with
all four CTCF-binding sites and examines eight distinct HhaI sites.

RT–PCR analysis
For detection of mRNA for DNA methyltransferases 2 µg of total RNA
was reversed transcribed. Real-time PCR was perfomed in the ABI PRISM
7900 Sequence Detection System (Applied Biosystems) using SYBR
Green I as a double-strand DNA-specific binding dye and continuous
fluorescence monitoring. Each reaction contained 100 ng of cDNA tem-
plate and primers at a concentration of 400 nM in a final volume of 25 µL
in SYBR Green PCR Master Mix (Applied Biosystems) containing Am-
pliTaq Gold. PCR was initiated with one cycle 50°C for 2 min and one
cycle 94°C for 10 min followed by 40 cycles: 94°C for 30 sec, 60°C for 30
sec, 72°C for 45 sec. Cycle threshold, the cycle number at which each
PCR reaction reaches a predetermined fluorescence threshold, was set
within the linear range of all reactions. Melting curve analysis of ampli-
fication products was performed at the end of each PCR. As an additional
control, PCR products were separated by electrophoresis and detected by
hybridization with an internal oligonucleotide probe. The following oli-
gonucleotides were used as primers: dnmt1 (GenBank accession no.
X14805: sense base pair 310–330, antisense base pair 681–701), dnmt3a
(accession no. AF068625: sense base pair 363–382, antisense base pair
759–779), dnmt3b (accession no. AF068628: sense base pair 305–328,
antisense base pair 818–838).

Quantitative measurement of global methylation
Measurement of methylated cytosine at CCGG sites was determined as
described previously (Cedar et al. 1979; Li et al. 1992). Purified genomic
DNA was digested with HpaII or MspI, treated with alkaline phosphatase
and radiolabeled with [�-32P] at the 5�-termini using polynucleotide ki-
nase. Phenol–chloroform-purified DNA was digested with nuclease P1
and the 5�-deoxymononucleotides were separated by thin-layer chroma-
tography on cellulose plates. The radioactivity over methyl-cytosine and
cytosine was scanned by PhosphorImager analysis. The ratio was formed
between methyl-cytosine versus total cytosine indicating the percentage
of methylation at CCGG sites in the genome. HpaII was used as control
digest indicating the specificity of the assay; as HpaII does not recognize
methylated CCGG sites and only cleaves unmethylated sites the HpaII
digest should only generate cytosine and not methyl-cytosine spots. The
methyl acceptor assay was performed as described previously (Antoun et
al. 2000). Purified genomic DNA (200 ng) was incubated for 4 h at 37°C
with 4 units of M.SssI CpG methylase, 3 µCi [methyl-3H]S-adenosyl
L-methionine, and 1.5 µM nonradioactive AdoMet. After termination the
mixture was spotted on Whatman glass filters washed with 5% trichlo-
roacetic acid, followed by 70% ethanol and the incorporated radioactivity
was quantified by liquid scintillation counting.

Mtase activity
Measurement of DNA methyltransferase activity was performed as de-
scribed previously (Li et al. 1992). Protein extract (20 µg) was added to 5
µCi of [methyl-3H]S-adenosyl L-methionine and 4 µg of poly[d(I–C)]–
poly[d(I–C)]. After incubation for 2 h at 37°C, followed by phenol–chlo-
roform extraction the nucleic acids in the aqueous phase were denatured,
neutralized, and precipitated and the radioactivity that was incorporated
into DNA was quantified by scintillation counting.
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