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Mammalian genomes employ heritable cytosine methylation in
the long-term silencing of retrotransposons and genes subject to
genomic imprinting and X chromosome inactivation. Little is
known of the mechanisms that direct cytosine methylation to
specific sequences. Here we show that DNA methyltransferase
3-like (Dnmt3L (ref. 1)) is expressed in testes during a brief
perinatal period in the non-dividing precursors of spermatogo-
nial stem cells at a stage where retrotransposons undergo de novo
methylation. Deletion of the Dnmt3L gene prevented the de novo
methylation of both long-terminal-repeat (LTR) and non-LTR
retrotransposons, which were transcribed at high levels in sper-
matogonia and spermatocytes. Loss of Dnmt3L from early germ
cells also caused meiotic failure in spermatocytes, which do not
express Dnmt3L. Whereas dispersed repeated sequences were

demethylated in mutant germ cells, tandem repeats in pericentric
regions were methylated normally. This result indicates that the
Dnmt3L protein might have a function in the de novo methyl-
ation of dispersed repeated sequences in a premeiotic genome
scanning process that occurs in male germ cells at about the time
of birth.

Lifelong gene silencing is imposed on target sequences by de novo
methylation in germ cells and early embryos. The only factors
known to be involved in the establishment of methylation patterns
in germ cells are Dnmt3A (ref. 2) and Dnmt3L, a protein that lacks
the catalytic motifs that characterize the DNA cytosine-5-methyl-
transferases but is related to the active DNA methyltransferases
Dnmt3A and Dnmt3B in framework regions1. Deletion of Dnmt3L
does not prevent oogenesis, but the heterozygous offspring of
homozygous mutant females die before mid-gestation as a result
of biallelic expression of imprinted genes normally methylated and
silenced on the allele of maternal origin3. Male mice that lack
Dnmt3L are viable but sterile, with a complete absence of germ
cells in adult males3.

As shown in Fig. 1, expression of Dnmt3L is first seen in non-
dividing prospermatogonia after 12.5 days post coitus (d.p.c.) and is
highest at about the time of birth; expression declines rapidly after
birth and is extinguished by 6 days post partum (d.p.p.), when most
prospermatogonia have differentiated into dividing spermatogonial
stem cells. Other data show that the decline in Dnmt3L expression
over this period is more than 200-fold4. Dnmt3L shows striking
sexual dimorphism in expression patterns; it is present in females
only in growing oocytes, which are arrested in the diplotene stage of
meiosis I, but in males it is restricted to diploid prospermatogonia,
which differentiate into spermatogonia and undergo many mitotic
divisions before entry into meiosis.

The germ cell population of testes lacking Dnmt3L was normal at
birth, but only spermatogonia and leptotene and zygotene sperma-
tocytes were seen in testes of young adult males; progressive loss of
spermatogonia caused complete azoospermia in older mutant
animals. Examination of meiotic chromosome spreads stained
with antibodies against synaptonemal complex proteins 1 and 3
(Scp1 and Scp3 (ref. 5)) showed widespread nonhomologous
synapsis with branching and anastomosing arrays of synaptonemal
complex proteins in most leptotene and zygotene spermatocytes
(compare control in Fig. 2a to mutant in Fig. 2b). Some leptotene
spermatocytes had complexes of synaptonemal proteins in the form
of interlocked rings and other highly abnormal structures (Fig. 2c, d).
All spermatocytes showed asynapsis or abnormal synapsis, and
none progressed to the full pachytene stage, as assessed by the

Figure 1 Expression of Dnmt3L in perinatal male germ cells. Dnmt3L transcription

was revealed by staining whole testes for b-galactosidase in animals heterozygous for

the deletion–b-geo insertion allele of Dnmt3L described in ref. 3. a, Lack of Dnmt3L

expression in testes (black arrows) at 12.5 d.p.c. b, High-level expression of Dnmt3L

in germ cells at 2 d.p.p.; the b-galactosidase staining visible in the seminiferous

tubules was confirmed to be in prospermatogonia by examination of sectioned

specimens. c, Loss of Dnmt3L expression in germ cells in seminiferous tubules of 6

d.p.p. testis.
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lack of pachytene-specific histone H1t and of sex bodies after
staining with antibodies against histone g-H2AX (data not
shown). The meiotic abnormalities do not indicate a role for
Dnmt3L during normal chromosome synapsis, because the protein
is not expressed in meiotic cells, and at the end of the reproductive
life span normal meiotic male germ cells can be more than 2 years
distant from exposure to Dnmt3L.

The loss of post-zygotene spermatocytes from Dnmt3L-deficient
males is likely to arise through the activation of an apoptotic
checkpoint triggered before pachynema by non-synapsed chromo-
somal regions6, but the death of spermatogonia in adult males
implies that a heritable epigenetic defect is incurred in the perinatal
prospermatogonia while under Dnmt3L deprivation and is trans-
mitted by mitotic inheritance during the division of spermatogonia.
To test for DNA methylation abnormalities that might underlie the
heritable defect, germ cells were isolated from dissociated testes by
fluorescence-activated cell sorting after labelling with antibodies
against germ cell nuclear antigen-1 (GCNA1 (ref. 7)), and DNA was
purified and tested for resistance to the methylation-sensitive
restriction endonuclease HpaII. As shown in Fig. 3a, DNA of
mutant germ cells was less methylated than DNA from wild-type
germ cells or mutant somatic cells from testis. The DNA blot
hybridization of Fig. 3b shows that the promoter regions of LINE-
1 retrotransposons were largely demethylated, as were LTR
sequences of retrotransposons of the intracisternal A particle
(IAP) class (Fig. 3c). These findings are consistent with the overall
demethylation shown in Fig. 3a, because retrotransposons and their
remnants contain the large majority of the 5-methylcytosine present

in the mammalian genome8. These data show that dispersed repeats
within the euchromatic compartment of the genome require
Dnmt3L for methylation, but the pericentric tandem repeat DNAs
known as major and minor satellites are not dependent on Dnmt3L

Figure 2 Meiotic catastrophe in spermatocytes derived from Dnmt3L-deficient

prospermatogonia. a, Normal meiotic synapsis in wild-type spermatocytes. Note the

formation of complete linear synaptonemal complexes except for the XY chromosome

pair, in which synapsis is restricted to the pseudoautosomal regions. b, Branching and

anastomosing synaptonemal complexes in Dnmt3L-deficient spermatocytes. Nearly all

the chromosomal regions are unpaired or engaged in non-homologous synapsis; a single

apparently normal synaptonemal complex is indicated by the white arrowhead.

c, d, Formation of highly aberrant complexes of synaptonemal proteins in the form of

interlocked rings (c) and complex three-dimensional structures (d) in Dnmt3L mutant

spermatocytes. Similar staining patterns were seen after labelling with antibodies against

Scp3 or a combination of Scp1 and Scp3 antibodies. Meiotic spreads were prepared as

described22. Synaptonemal complex proteins are stained in green in a and b, and in red in

c and d.

Figure 3 Abnormal genome methylation in Dnmt3L-deficient male germ cells. Germ cells

from 17 d.p.p. testes were purified by fluorescence-activated cell sorting after being

stained for GCNA1. DNA was digested with the methylation-sensitive restriction

endonuclease HpaII before DNA blot analysis with the indicated probes. Lanes headed M

contained DNA that had been cleaved with MspI, a methylation-insensitive isoschizomer

of HpaII. Soma, somatic cells from testis. a, Demethylation of mutant germ-cell genomes

revealed by staining DNA with ethidium bromide; arrowheads at the bottom indicate

wild-type and Dnmt3L mutant germ cells. b, c, Demethylation of the promoter region of

A-type LINE-1 elements (b) and of LTR sequences of IAP elements (c) in the absence of

Dnmt3L. d, e, Equal methylation of minor (d) and major (e) satellites in Dnmt3L-deficient

germ cells; satellite DNA in normal male germ cells is not fully methylated23,24. The gel

shown in awas blotted to nylon and the blot was stripped and reprobed to provide the data

for b–e. f, Dnmt3L-independent methylation of the intergenic differentially methylated

region of the Dlk1–Gtl2-imprinted cluster. g, Partial demethylation of the H19

differentially methylated region in Dnmt3L-deficient male germ cells. The DNA blot

hybridization at the left shows partial demethylation at HpaII sites between 2766 and

23,994 bases 5
0
of the H19 start site. The bisulphite genomic sequencing data at the

right show partial demethylation of CpG sites within the region23,486 to23,908 base

pairs 5
0
of the H19 start site that contains a CTCF-binding site. A total of 39 bisulphite-

converted DNA molecules were sequenced for the control and 45 for the Dnmt3L mutant.

The 5
0
LTR IAP probe was as described13, and the LINE-1 5

0
untranslated-region probe

was a PCR product that spanned the promoter region of a type A LINE-1 element from

nucleotides 515–1,628 in GenBank accession no. M13002. The Dlk1–Gtl2 DMR probe

covered positions 82,879–83,729 in GenBank accession no. AG320506. The H19 DMR

probe spanned the 5
0
region from position 2766 to 23,994 upstream of the H19

transcription start site in GenBank accession no. M19619. The major satellite probe was

from plasmid pMR196 (ref. 25), and minor satellite probe was an end-labelled

oligonucleotide of sequence 5
0
-AACAGTGTATATCAATGAGTTACAATGAG-3

0
.
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and their methylation status was equivalent in wild-type and
mutant germ cells (Fig. 3d, e). This indicates the independent
regulation of de novo methylation of dispersed and tandem
repeated sequences. Figure 3f shows that the intergenic imprint-
ing control region (the differentially methylated region (DMR))
of the Dlk1–Gtl2-imprinted cluster9 was not detectably demethy-
lated in Dnmt3L-deficient germ cells, and there was only partial
(about 50%) demethylation of the DMR of the H19 gene10,11

(Fig. 3g). This is in contrast to the phenotype of Dnmt3L-
deficient females, in which meiosis and the methylation of
repeated sequences are normal and obvious methylation defects
are limited to single-copy sequences associated with maternally
imprinted genes3.

The host defence hypothesis8,12 predicts that demethylation will
reactivate retrotransposons in germ cells, as occurs in somatic cells
whose genomes have become partly demethylated as a result of
mutations in the Dnmt1 gene13. RNA blot hybridization of RNA
from whole testis showed that transcripts of IAP (reviewed in ref. 14)
and LINE-1 (reviewed in ref. 15) retrotransposons were present in
Dnmt3L mutant testes but undetectable in wild-type testes (Fig. 4a).
Full-length transcripts of ID1 IAP elements (5.4 kilobases) and A-
type LINE-1 elements (about 7 kilobases), which are active retro-
transposons, were present at high concentrations. In situ RNA
hybridization revealed that IAP and LINE-1 retrotransposon tran-
scripts were present at high concentrations only in mutant germ
cells as early as 2 d.p.p., when the first spermatogonia begin to
divide, and were present in all mutant spermatogonia and sperma-
tocytes (Fig. 4b). Reactivation of retrotransposons in demethylated
germ-cell genomes confirmed that cytosine methylation has an
essential role in the suppression of retrotransposons in the mam-
malian germ line8,12. Figure 4b also shows that the partial demethy-
lation observed at the DMR of H19 (Fig. 3) was not sufficient to
reactivate this imprinted gene in germ cells, and expression of H19
was confined to peritubular myoid cells in both mutant and control
specimens. A more pronounced demethylation of H19 in Dnmt3L-
deficient male germ cells at earlier stages than those tested here was
reported recently16.

The methylation defect in Dnmt3L-deficient germ cells is not due
to a general defect in the de novo methylation of repeated sequences,
as shown by the normal methylation of the tandem repeats
of satellite DNA (which are largely free of retrotransposons);
the defect is instead seen specifically at retrotransposons, which
are interspersed repeated sequences. A major difference between
populations of tandem and interspersed repeats is the abundance of
homology–heterology boundaries in the latter; these boundaries
have been proposed to be marks by which retrotransposons could be
identified by the host17. Under this model, Dnmt3L is involved in a
premeiotic genome scan that is proposed to occur in prosper-
matogonia within a brief perinatal period that establishes the
lifelong silencing of retrotransposons. Silencing is proposed to
involve heritable cytosine methylation mediated by the Dnmt3L-
dependent recruitment and activation of Dnmt3A (refs 2, 18) and
other silencing factors at homology–heterology boundaries. As the
genome is scanned against itself, the frequency of contacts between
dispersed repeats will follow first-order kinetics and will therefore
increase as the second power of copy number. The premeiotic
genome scan proposed here differs from a meiotic homology search
in that the former identifies non-allelic repeats whereas the latter
aligns homologous chromosomes. The postulated premeiotic gen-
ome scan is likely to occur without double-strand breaks or the
invasion of duplex DNA by free DNA ends and is not therefore
directly comparable to current models for homology search in
meiosis. The most similar phenomena might be repeat-induced
point mutation (RIP) in Neurospora crassa19, in which interactions
between repeated sequences cause their mutual methylation and
silencing. As in retrotransposon and imprinted gene methylation in
mouse prospermatogonia, RIP occurs in the sexual cycle before the
start of meiosis and is not known to share mechanisms with meiotic
recombination.

Dnmt3L is required for normal male meiosis but is not expressed
in spermatocytes, and the heritable defect in Dnmt3L-deficient male
germ cells is likely to arise from a failure to establish methylation
patterns on dispersed repeated sequences in perinatal prosper-
matogonia. The non-homologous synapsis that characterizes
1meiotic prophase in Dnmt3L-deficient spermatocytes could have
several sources: it might result from a perturbation of gene
expression, from illegitimate interactions between dispersed
repeated sequences that were unmasked by demethylation20, from
single-strand or double-strand breaks produced during replicative
retrotransposition or from an increased number of double-strand

Figure 4 Transcriptional reactivation of retrotransposons in Dnmt3L-deficient germ cells.

a, High-level expression of retrotransposons in Dnmt3L-deficient testis by RNA blot

hybridization assay. Both LINE-1 and IAP transcripts are present at high concentrations in

Dnmt3L mutant testis (third lane), whereas somatic cells of Dnmt1 n/n embryos at 9.5

d.p.c. (second lane from right) reactivate only IAP elements9. The predominant IAP

subtype is the active ID1 type at 5.4 kilobases (ref. 13). At 18 months, testes contain no

detectable germ cells and there are no detectable retrotransposon transcripts (lane 5).

b, Specific expression of LINE-1 and IAP transcripts in Dnmt3L-deficient germ cells. In situ

hybridization against mutant (top row) and wild-type (bottom row) sections of testes from

mice at 2 d.p.p. showed expression of high concentrations of LINE-1 and IAP transcripts in

prospermatogonia. Further analysis showed expression of LINE-1 and IAP transposons in

dividing spermatogonia and spermatocytes as well. The imprinted H19 gene was

expressed at similar levels in mutant and control testes only in peritubular myoid cells,

which confirms that the partial demethylation shown in Fig. 3g was not sufficient to

reactivate H19 expression in Dnmt3Lmutant germ cells. Probes in both a and bwere as in

the DNA blot hybridization of Fig. 3.
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breaks induced at ectopic transcription units21 activated by
demethylation.

The data presented here show that Dnmt3L is required for
heritable silencing of retrotransposons in male germ cells. Tempor-
ary deprivation of Dnmt3L through drug-induced conditional
alleles of the Dnmt3L gene might allow the controlled mobilization
of endogenous retrotransposons without meiotic catastrophe and
could form the basis of a system of retrotransposon insertional
mutagenesis that would be useful in forward genetic screens in the
mouse. A
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DNA-binding transcriptional regulators interpret the genome’s
regulatory code by binding to specific sequences to induce or
repress gene expression1. Comparative genomics has recently
been used to identify potential cis-regulatory sequences within
the yeast genome on the basis of phylogenetic conservation2–6,
but this information alone does not reveal if or when transcrip-
tional regulators occupy these binding sites. We have constructed
an initial map of yeast’s transcriptional regulatory code by
identifying the sequence elements that are bound by regulators
under various conditions and that are conserved among
Saccharomyces species. The organization of regulatory ele-
ments in promoters and the environment-dependent use of
these elements by regulators are discussed. We find that environ-
ment-specific use of regulatory elements predicts mechanistic
models for the function of a large population of yeast’s transcrip-
tional regulators.

We used genome-wide location analysis7–10 to determine the
genomic occupancy of 203 DNA-binding transcriptional regulators
in rich media conditions and, for 84 of these regulators, in at least 1
of 12 other environmental conditions (Supplementary Table 1,
Supplementary Fig. 1; http://web.wi.mit.edu/young/regulatory_
code). These 203 proteins are likely to include nearly all of the
DNA-binding transcriptional regulators encoded in the yeast gen-
ome. Regulators were selected for profiling in an additional
environment if they were essential for growth in that environment
or if there was other evidence implicating them in the regulation of
gene expression in that environment. The genome-wide location
data identified 11,000 unique interactions between regulators and
promoter regions at high confidence (P # 0.001).

To identify the cis-regulatory sequences that are likely to serve as
recognition sites for transcriptional regulators, we merged infor-
mation from genome-wide location data, phylogenetically con-
served sequences, and prior knowledge (Fig. 1a). We used six
motif discovery methods11–13 to discover 68,279 DNA sequence
motifs for the 147 regulators that bound more than ten probes
(Supplementary Methods, Supplementary Fig. 2). From these
motifs we derived the most likely specificity for each regulator
through clustering and stringent statistical tests. This motif dis-
covery process identified highly significant (P # 0.001) motifs for
each of 116 regulators. We determined a single high-confidence
motif for 65 of these regulators by using additional criteria includ-
ing the requirement for conservation across three of four related
yeast species. Examples of discovered and rediscovered motifs are
depicted in Fig. 1b, and comparisons of the discovered motifs with
those described previously are shown in Supplementary Table 2.
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