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The level of genomic DNA methylation plays an important role in development and disease. In order to
establish an experimental system for the functional analysis of genome-wide hypermethylation, we overex-
pressed the mouse de novo methyltransferase Dnmt3a in Drosophila melanogaster. These flies showed severe
developmental defects that could be linked to reduced rates of cell cycle progression and irregular chromosome
condensation. In addition, hypermethylated chromosomes revealed elevated rates of histone H3-K9 methyl-
ation and a more restricted pattern of H3-S10 phosphorylation. The developmental and chromosomal defects
induced by DNA hypermethylation could be rescued by mutant alleles of the histone H3-K9 methyltransferase
gene Su(var)3-9. This mutation also resulted in a significantly decreased level of genomic DNA methylation.
Our results thus uncover the molecular consequences of genomic hypermethylation and demonstrate a mutual
interaction between DNA methylation and histone methylation.

Aberrant DNA methylation patterns are one of the most
consistent hallmarks of cancer (31). Many of the epigenetic
aberrations that occur during tumorigenesis can be related to
ectopic hypermethylation (4). While the analysis by various
experimental systems of reduced levels of DNA methylation
has helped to define the role of DNA methylation, the func-
tional consequences of DNA hypermethylation remain un-
clear. DNA methylation is catalyzed by a class of enzymes
called DNA methyltransferases (7). During early mammalian
embryogenesis, de novo methyltransferases catalyze the meth-
ylation of previously unmethylated cytosine residues. During
later stages, DNA methylation patterns are copied postrep-
licatively from the parental strand to the daughter strand
(29). This step requires a functionally specialized DNA meth-
yltransferase that has been termed the maintenance meth-
yltransferase. To date, there are four known mammalian DNA
methyltransferase genes. Dnmtl encodes an enzyme with
maintenance methyltransferase activity (8, 22), while the close-
ly related genes Dnmt3a and Dnmt3b encode de novo methyl-
transferases (26, 39, 48). The function of the fourth gene,
Dnmt2, remains enigmatic (16, 49, 65).

Disruption of DNA methyltransferase activity proved that
DNA methylation was essential for proper development of
mice (35), frogs (59), and plants (18, 54). The analysis of
corresponding DNA hypomethylation phenotypes identified a
role for DNA methylation in the regulation of gene activity
(28, 59), control of foreign DNA elements (42, 63), and ge-
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nome stability (14). Similar conclusions have been reached
from the analysis of ICF (immunodeficiency, centromeric in-
stability, facial anomalies) syndrome patients. These patients
lack the majority of DNMT3B methyltransferase activity (23,
48, 64) and show striking chromosome aberrations that have
been attributed to the demethylation and concomitant decon-
densation of pericentromeric satellite DNA (57). Together,
these results suggest that DNA methylation might influence yet
undefined aspects of higher-order chromatin structure rather
than encoding site-specific information about gene activity.

DNA methylation signals can be interpreted by methyl-
DNA binding proteins (10). These proteins act as bifunctional
molecules that specifically bind to methylated DNA and then
recruit histone deacetylase complexes to their site of binding
(46). This results in the establishment of chromatin structures
that are characterized by reduced acetylation levels at the
N-terminal tails of histones H3 and H4. Histone acetylation
and deacetylation play important roles in epigenetic gene reg-
ulation, and methyl-DNA binding proteins provide a direct
link between histone acetylation and DNA methylation.

In addition to histone acetylation, modifications such as
phosphorylation and methylation of H3 have been described.
Together, these modifications might constitute an epigenetic
histone code (30, 62). Histone phosphorylation has long been
held as a simple marker for chromosome condensation during
mitosis, but more recent results also indicate a function in
transcriptional regulation in Drosophila melanogaster (47).
Histone methylation can have roles in gene activation (60) and
repression (3, 34, 44), depending on the lysine residue being
methylated. Recent work has led to an extensive characteriza-
tion of H3-K9 methylation, which is associated with inactive
regions in the genome such as constitutive (51) and facultative
(11, 24, 50) heterochromatin. Furthermore, targeting of the
mouse Suv39h histone methyltransferase gene has shown that
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H3-K9 methylation is required for the maintenance of genome
stability. Mutant mice revealed various abnormalities in chro-
mosome condensation and segregation (51). Interestingly,
there are indications for a direct connection between H3-K9
methylation and DNA methylation. Loss of H3-K9 methyl-
ation in Neurospora crassa resulted in a dominant loss of DNA
methylation (61). Similarly, DNA methylation in Arabidopsis
thaliana has also been shown to be dependent on histone
H3-K9 methylation (27). These results reinforced the notion of
epigenetic cross talk between DNA methylation and histone
modifications (6).

D. melanogaster contains a simple DNA methylation system
that is active primarily during early embryonic development
(37). In order to analyze the functional consequences of DNA
methylation, we previously generated transgenic D. melano-
gaster strains that allow genomic hypermethylation by inducible
overexpression of the murine Dnmt3a methyltransferase (39).
This established a unique system with which to study the effects
of genomic hypermethylation and demonstrated that the in-
duction of ectopic de novo methylation resulted in develop-
mental defects by an unknown mechanism (39). We have now
determined the consequences of DNA hypermethylation at the
cytological and molecular levels. We found that developmental
defects are induced by DNA hypermethylation and are linked
to delayed cell cycle progression. In this regard, chromosome
analysis revealed a high incidence of structural abnormalities.
In addition, hypermethylated chromosomes showed wide-
spread misregulation of histone H3 methylation and phosphor-
ylation. The DNA hypermethylation-induced phenotype could
be partially rescued by mutations in the Su(var)3-9 histone H3
methyltransferase gene. Our results thus demonstrate a func-
tional interaction between DNA methylation and epigenetic
chromatin modifications in D. melanogaster.

MATERIALS AND METHODS

Construction of plasmids. We generated plasmid pUAST-D3aAc by removing
parts of the C-terminal methyltransferase domain from Dnmt3a. To this end, we
amplified the sequence encoding amino acids 520 to 656 by PCR with the primers
5'-GGAGTGTGCTTACCAGTATGACG-3' and 5'-ATCGTCTAGATTAAAT
GTAGCGGTCCACTTGG-3'. The latter primer contains a novel Xbal restric-
tion site and a stop codon. The PCR product was digested with KpnI and Xbal.
We then exchanged the 3" sequence of pUAST-Dnmt3a (39), encoding amino
acids 531 to 908, for the digested PCR product encoding amino acids 531 to 656.

Fly stocks and generation of transgenic flies. Fly stocks were maintained
under standard conditions. UAS-D3aAc strains were generated by P-element-
mediated transformation with standard procedures and a w’/?® strain as the host.
Other strains used carried UAS-Dnmt3a (39), GAL4-1032 (39), GawB(69B) (12),
Da-GAL4 (a kind gift from J. M. Dura), Su(var)3-9°° (56), and Su(var)3-9'? (a
kind gift from G. Reuter).

Antibodies. The following antibodies were used for immunofluorescence: rat
antibromodeoxyuridine (a-BrdU; Harlan Sera Laboratories, 1:2); rabbit anti-5-
methylcytosine (Megabase Research Products, 1:100); rabbit anti-H3 (Cell Sig-
naling, 1:200); rabbit anti-Cid (25) (1:200); rabbit anti-acetylated H4 (Upstate
Biotechnology, 1:200); rabbit anti-acetylated H3-K9 (Cell Signaling, 1:200); rab-
bit anti-4x-methylated H3-K9 (51) (1:2,000); and mouse anti-phosphorylated
H3-S10 (Cell Signaling, 1:50). Secondary antibodies were indocarbocyanine
(Cy3)-conjugated goat anti-rat immunoglobulin (Dianova; 1:500); Cy3-conjugat-
ed goat anti-rabbit immunoglobulin (Jackson Immuno Research, 1:500); Cy3-
conjugated goat anti-mouse immunoglobulin (Jackson Immuno Research, 1:500);
and fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin
(Jackson Immuno Research; 1:500).

Western blotting. Overexpression of transgenes was confirmed by Western
analysis of protein extracts from third-instar larvae with standard procedures.
For immunodetection, anti-Dnmt3a (a kind gift from En Li) was diluted 1:4,000,
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anti-4x-methylated H3-K9 (51) was diluted 1:10,000, and anti-H3 (Cell Signaling)
was diluted 1:1,000.

Determination of cytosine methylation levels. Genomic DNA was isolated
from larval and pupal homogenates. Standard calf thymus DNA was purchased
from Sigma. DNA samples were derivatized and analyzed by capillary electro-
phoresis as described previously (58). Samples from independent DNA prepa-
rations were measured at least three times, and the results were found to be
strictly reproducible.

BrdU incorporation assays. For in vitro incorporation assays, third-instar
larvae were rinsed in phosphate-buffered saline (PBS), and brains were dissected
in 0.7% NaCl. Whole brains were incubated in 10 mg of BrdU/PBS per ml at
25°C for 1.5 h. Brains were then fixed in 4% paraformaldehyde in PBS for 20 min
and washed in PBTx (PBS plus 0.05% Triton X-100) for 10 min. DNA was
denatured in fresh 2 M HCI for 30 min, and brains were washed for 5 min in
PBTx and incubated with the primary antibody diluted in PBS overnight at 4°C.
Brains were washed three times for 5 min each with PBTx and incubated with
secondary antibody diluted in PBS containing 0.3% bovine serum albumin for 2 h
at room temperature and washed three times for 5 min each. Nuclei were stained
for 10 min with 4',6'-diamidino-2-phenylindole (DAPI) (100 ng/ml in PBTX).
After washing for 5 min in PBTx, brains were transferred to polylysine slides
containing Mowiol. Several independent preparations were examined with a
Leica DMR microscope, and the results were found to be strictly reproducible.

For in vivo incorporation assays, third-instar larvae were fed for 1 h with 50 mg
of BrdU (Sigma) per ml in D. melanogaster instant food (Sigma). The food
contained food coloring to visualize which larvae had ingested the drug. The
brains were dissected, hypotonically swollen, fixed, and immunostained as de-
scribed previously (36). The preparations were examined with a Leica DMR
microscope.

Staining of salivary glands. Third-instar salivary glands were dissected in PBS,
permeabilized for 10 min in PBS-0.1% Triton X-100, stained with DAPI (100
ng/ml in PBS) for 10 min, and mounted in Fluoromount G (Southern Biotech-
nology).

Mitotic neuroblast chromosomes. Brains of third-instar larvae were dissected
in 1X EBR buffer (130 mM NaCl, 4.7 mM KCI, 1.9 mM CaCl,, 10 mM HEPES,
pH 6.9) and hypotonically swollen for 3 min in 0.25X EBR. Brains were then
fixed for 5 min in 4% paraformaldehyde-5% acetic acid-0.1% Triton X-100 in
0.1725X EBR on a coverslip and during this time were squashed repeatedly onto
polylysine-treated slides. Slides were frozen in liquid nitrogen, and the coverslip
was flicked off with a razor blade. Slides were subsequently washed for 2 min in
PBS, permeablized three times for 10 min each in PBTx (0.1% Triton X-100 in
PBS).

For 5-methylcytosine staining, we denatured the DNA for 30 min in 2 M HCI
at room temperature and then neutralized samples in 100 mM Tris (pH 8.5).
Samples were then blocked in PBS containing 3% bovine serum albumin for 1 h
at room temperature. Slides were then washed for 5 min in PBTx and incubated
for 16 h at 4°C with the primary antibody diluted in PBS containing 0.3% bovine
serum albumin. Slides were washed six times for 5 min each in PBTx and
incubated for 2 h at room temperature with the appropriate secondary antibody.
Slides were again washed six times for 5 min each in PBTx. Chromosomes were
stained for 10 min with DAPI (100 ng/ml in PBTx). After washing for 5 min in
PBTx, slides were mounted in Fluoromount G (Southern Biotechnology). Sev-
eral independent preparations were examined with a Leica DMR microscope,
and the results were always found to be reproducible.

RESULTS

Characterization of DNA hypermethylation-induced pheno-
type in D. melanogaster. A transgenic Drosophila system that
allows genomic hypermethylation by GAL4-inducible expres-
sion of the mouse de novo DNA methyltransferase Dnmt3a
has been described previously (39). Overexpression with sev-
eral different GALA4 drivers caused lethality and/or develop-
mental defects. This suggested a hypermethylation phenotype
that can potentially be linked to the biological function of
DNA methylation. In order to validate the connection between
the phenotype and DNA methylation, we generated a control
Dnmt3a transgene that carries a deletion of the catalytic do-
main but retains the entire N-terminal domain of Dnmt3a
(D3aAc, Fig. 1A). Due to the removal of essential catalytic
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FIG. 1. Expression of mouse DNA methyltransferase Dnmt3a in D.
melanogaster. (A) Dnmt3a constructs used for GAL4-dependent over-
expression. The conserved catalytic motifs of the C-terminal catalytic
domain are shown as black bars. NLS indicates the predicted nuclear
localization signal. The PWWP domain has been implicated in DNA
binding (52), and the ATRX domain has been implicated in histone
deacetylase interactions (19). (B) Equal expression from all transgenes
was confirmed by Western blotting. No protein was detectable in
control crosses (yw). (C) Expression of Dnmt3a transgenes with vari-
ous GALA4 lines that result in high-level and widespread transactiva-
tion. Expression of the full-length transgene caused lethality in all of
the crosses analyzed (open bars), and no phenotype could be observed
upon overexpression of the control construct (black bars). (D) Ap-
pearance of the DNA hypermethylation-induced phenotype after Da-
GAL4 transactivation. (E) Genomic cytosine methylation levels were
determined by capillary electrophoretic analysis. Dnmt3a overexpres-
sion with Da-GAL4 resulted in 1.4% cytosine methylation in early
pupae and 1.2% cytosine methylation in third-instar larvae (open
bars). Only background levels of cytosine methylation were detectable
in control pupae and larvae overexpressing the D3aAc control protein
(black bars). Normal calf thymus DNA was included as an additional
control (grey bar).

motifs, this protein has lost its ability to methylate DNA (also
see Fig. 1E and Fig. 4A). The protein from this transgene was
present at levels similar to that of transgenically overexpressed
Dnmt3a (Fig. 1B). Overexpression of Dnmt3a invariably re-
sulted in pupal lethality with the GALA lines tested (Fig. 1C).
In contrast, overexpression of the catalytically inactive control
protein did not affect fly development at any detectable rate
(Fig. 1C). This demonstrated that the phenotype is caused by
the DNA methylation activity rather than by other properties
of the Dnmt3a protein.
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In order to further characterize the hypermethylation-in-
duced phenotype, we focused on UAS-Dnmt3a induction by
Daughterless-GAL4 (Da-GAL4). This GAL4 strain results in
potent transgene activation during all stages of development
and at various tissues, including salivary glands and larval
brains (data not shown). As a consequence of Dnmt3a-induced
hypermethylation, flies died as early, undifferentiated pupae
(Fig. 1D). To determine the genomic methylation level in phe-
notypically affected pupae, we isolated genomic DNA from
pupal homogenates and determined the cytosine methylation
level by capillary electrophoresis. This revealed 1.4% genomic
cytosine methylation (Fig. 1E). The preceding developmental
stage (third-instar larvae) did not show any lethal effects from
Da-GAL4-mediated Dnmt3a overexpression. Analysis of geno-
mic DNA from these larvae revealed a slightly lower level of
cytosine methylation (Fig. 1E). Control larvae and pupae over-
expressing the catalytically inactive Dnmt3a protein showed
only background levels of DNA methylation. Consistent with
published data (20), standard calf thymus DNA revealed 5.6%
cytosine methylation (Fig. 1E). The moderate cytosine meth-
ylation level observed in phenotypically affected Drosophila
tissues is unlikely to have direct consequences on DNA struc-
ture or stability. Therefore we focused our analyses on cellular
pathways that potentially interact with DNA methylation.

Genomic hypermethylation delays cell cycle progression.
For a general characterization of the hypermethylation-in-
duced phenotype, we analyzed the cell number and the mitotic
index. Overexpression of Dnmt3a was induced by Da-GAL4,
and imaginal discs as well as larval brains were isolated from
third-instar larvae. Cells were counted from trypsinized wing
discs, and the mitotic index was determined in larval neuro-
blast preparations. This revealed a significant reduction in cell
numbers and a slightly elevated mitotic index in flies overex-
pressing Dnmt3a (Fig. 2A). These results prompted us to an-
alyze the mitotic activity in higher detail. Isolated larval brains
were incubated in a medium containing BrdU, and incorpora-
tion was visualized by immunostaining. This revealed dramat-
ically reduced amounts of BrdU staining in brains from
Dnmt3a-overexpressing flies compared to flies overexpressing
the catalytically inactive control (Fig. 2B, compare to 2C).
Thus, flies with ectopic DNA methylation showed a reduced
rate of DNA synthesis.

In order to further analyze this effect under in vivo condi-
tions, third-instar larvae were fed BrdU-containing medium
for 1 h. Larval brains were then isolated, and neuroblast prep-
arations were double stained with a BrdU-specific antibody
and with DAPI to visualize DNA. This allowed us to determine
the rate of BrdU incorporation and to distinguish between
different stages of the cell cycle. Chromosomes at interphase,
metaphase, or anaphase of the cell cycle can be easily distin-
guished by their visual appearance. Therefore, we were able to
discriminate between cells that had different prerequisites with
respect to BrdU incorporation. It was observed that the ma-
jority of interphase cells did not incorporate BrdU, indicating
that these cells were in G, phase. In contrast, cells which are in
the mitotic cycle stained positively for BrdU. This pattern
could be observed in both Dnmt3a-overexpressing flies and in
flies overexpressing the catalytically inactive control protein
(Fig. 2D). However, the fraction of labeled metaphase and
anaphase chromosomes was significantly lower in hypermethy-
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FIG. 2. Genomic hypermethylation induces a delay in cell cycle
progression. (A) Imaginal discs and brains were isolated from third-
instar larvae and used for the determination of cell numbers and the
mitotic index, respectively. White bars represent results from flies
overexpressing Dnmt3a, and black bars represent results from flies
overexpressing the catalytically inactive protein. Overexpression of
Dnmt3a caused a significant (P < 0.01, as determined by a standard ¢
test) reduction in cell numbers and also resulted in a slightly increased
mitotic index. (B) Isolated brains were cultured in vitro in the presence
of BrdU. BrdU incorporation was visualized by immunodetection.
Bars, 100 pm. Overexpression of Dnmt3a caused dramatically reduced
BrdU incorporation. (C) Overexpression of the catalytically inactive
protein had no effect on BrdU incorporation. (D) In vivo BrdU uptake
into larval neuroblasts. Larvae were fed BrdU-containing medium for
1 h, followed by preparation of brain neuroblasts. Staining with a
BrdU-specific antibody revealed reduced levels of BrdU incorporation
in hypermethylated metaphase (M) and anaphase (A) chromosomes.
Black fractions represent complete staining, grey fractions partial
staining, and white fractions no staining. Because most of the inter-
phase (I) nuclei were presumably in G, phase, only a small percentage
incorporated BrdU. The data are based on the examination of several
hundred nuclei from several independent preparations.
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FIG. 3. Ectopic de novo methylation affects polytene chromosome
structure. (A) Overexpression of Dnmt3a resulted in loss of polytene
chromosome organization in salivary glands. (B) Higher magnification
of a single nucleus. Bars, 10 wm. (C) Overexpression of the catalytically
inactive Dnmt3a protein had no effect. (D) Higher magnification of a
single nucleus. Nuclei with hypermethylated DNA frequently appeared
smaller and showed indications of DNA underreplication.

lated neuroblasts compared to controls (Fig. 2D, compare left
and right panels). These results are consistent with our in vitro
BrdU incorporation assay and indicate a delay in cell cycle
progression dependent on DNA methylation.

Genomic hypermethylation affects polytene chromosome
structure. Impaired chromatin structure can conceivably ac-
count for the observed delay of the cell cycle. To explore this
possibility, we analyzed polytene chromosomes from the sali-
vary glands of third-instar larvae. Polytene chromosomes are
generated by several rounds of DNA replication without mi-
tosis. Because of their large size and their polytenization, they
provide an excellent system with which to investigate the effect
of DNA hypermethylation on chromatin structure. We in-
duced protein expression with various GAL4 lines (including
Da-GAL4) that result in strong transactivation in salivary
glands. After dissection of third-instar larvae, we observed a
significant size reduction of salivary glands overexpressing
Dnmt3a compared to control glands overexpressing the cata-
lytically inactive Dnmt3a derivative (data not shown).

Interestingly, we were unable to obtain polytene chromo-
some preparations from glands overexpressing Dnmt3a,
whereas control glands showed polytene chromosomes of nor-
mal appearance. Therefore, we prepared whole-mount salivary
glands from Dnmt3a-overexpressing and control larvae and
stained them with DAPI. This revealed a highly unusual DNA
organization in nuclei from Dnmt3a-overexpressing glands
(Fig. 3A). While some nuclei showed rudimentary polyteniza-
tion, the chromosomes frequently appeared underreplicated
(Fig. 3A). In most cases, the DNA looked similar to interphase
nuclei with no obvious polytenization (Fig. 3B). In contrast,
nuclei from control glands overexpressing the catalytically in-
active protein showed distinct polytene chromosomes with no
detectable structural alterations (Fig. 3C and D). Therefore,
we concluded that hypermethylation of salivary gland chromo-
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control

FIG. 4. Mitotic chromosomes are methylated homogeneously and show defects in chromosome condensation. Larval neuroblast chromosome
preparations were stained with various antibodies, as indicated. Bars, 2 pm. (A) Immunodetection of 5-methylcytosine (SmC) revealed widespread
DNA methylation in Dnmt3a-overexpressing flies, while no DNA methylation was detectable in flies overexpressing the catalytically inactive
control. (B) Immunodetection of histone H3 indicated that the distribution of nucleosomes was not affected by DNA hypermethylation. (C) The
localization of the centromere identifier protein Cid was not altered by genomic hypermethylation. However, the pairwise staining pattern of the
centromere was disrupted in Dnmt3a-overexpressing flies. Note the frequent overcondensation of hypermethylated mitotic chromosomes.

somes affects their structural organization and interferes with
their polytenization.

Genomic hypermethylation results in irregular chromosome
condensation. In order to characterize structural chromosome
abnormalities in higher detail and to determine their relation-
ship to DNA methylation, we stained mitotic chromosomes
from larval neuroblasts with an antibody that specifically rec-
ognizes S-methylcytosine. Significant levels of endogenous
DNA methylation in D. melanogaster have been detected only
during embryogenesis (21, 38). Thus, a low background meth-
ylation level is expected in third-instar larvae. 5-Methylcytosine
staining of larval neuroblast preparations from transgenic fly
strains demonstrated widespread chromosome staining in
Dnmt3a-overexpressing flies (Fig. 4A). No staining was detect-
able in preparations from larval brains overexpressing the con-
trol protein (Fig. 4A). At the same time, about a third of the
methylated mitotic chromosomes revealed structural changes
(Fig. 4). No structural changes could be detected with unmeth-
ylated control chromosomes (Fig. 4, Fig. 5). Methylated chro-
mosomes were frequently overcondensed to a variable degree,
ranging from a visible compaction of chromosome arms to the
appearance of highly condensed structures (Fig. 4). In some
cases we also observed chromosome rearrangements and mis-
aligned sister chromatids (data not shown). These results dem-
onstrate a pronounced effect of DNA methylation on chromo-
some structure.

In order to investigate the basal chromatin organization of
hypermethylated chromosomes, we also stained larval neuro-
blast preparations with antibodies against structural chromatin

components. Staining with a histone H3-specific antibody re-
sulted in homogeneous labeling of mitotic chromosomes (Fig.
4B). The staining pattern of methylated chromosomes was
indistinguishable from that of unmethylated controls (Fig. 4B),
indicating a similar distribution of nucleosomes in both cases.
Similarly, the distribution of heterochromatin protein 1 did not
change upon chromosome hypermethylation (data not shown).
Staining with an antibody against the centromere-specific H3
variant Cid (25) revealed a characteristic centromeric double-
dot pattern for control chromosomes (Fig. 4C). The pairwise
alignment of signals was frequently disturbed in hypermethyl-
ated chromosomes (Fig. 4C), which is probably a consequence
of the structural chromosome changes described above. How-
ever, in all cases Cid was found strictly at the centromeres.
Taken together, our results thus suggest substantial preserva-
tion of the overall chromatin organization in hypermethylated
chromosomes.

Genomic hypermethylation influences epigenetic histone
modifications. As an alternative to gross structural chromatin
changes, we also considered the possibility of DNA methyla-
tion-induced changes in histone modifications. Therefore, we
stained mitotic chromosomes from larval neuroblasts with var-
ious antibodies against modified histone H3 and histone H4.
We first analyzed histone acetylation, a chromatin modification
that has frequently been found to be associated with DNA
methylation (46). More specifically, acetylation of histone H4
has been demonstrated to be involved in various epigenetic
phenomena (62). When we stained chromosome preparations
from larval neuroblasts with an antibody that specifically rec-
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FIG. 5. DNA hypermethylation causes changes in epigenetic histone modifications. (A) Immunodetection of acetylated histone H4 (acH4) on
chromosome preparations from larval neuroblasts. There was no detectable difference between flies expressing full-length or deleted Dnmt3a
protein. (B) Similarly, H3-K9 acetylation (acH3) was found to be very low on mitotic chromosomes and did not change upon DNA methylation.
(C) Immunodetection of K9-methylated histone H3 (mH3). Chromosomes from Dnmt3a-overexpressing flies showed a strongly increased level of
H3 methylation compared to controls. The majority of K9-methylated H3 staining was located in pericentromeric heterochromatin. (D) Phos-
phorylation of H3-S10 (pH3) was strongly reduced on chromosomes from Dnmt3a-overexpressing flies. Only the telomere-proximal regions of the
chromosome arms remained stained. Control chromosomes showed widespread and homogeneous phosphorylation of H3. Bars, 2 wm.

ognizes acetylated H4, we were unable to detect any significant
differences between methylated and unmethylated chromo-
somes (Fig. 5A). Similarly, H3-K9 acetylation levels were
rather low and appeared not to change upon chromosome
methylation (Fig. 5B). We therefore concluded that DNA hy-
permethylation has no detectable effect on the acetylation sta-
tus of histones in mitotic chromosomes.

We then sought to determine the status of histone H3-K9
methylation. This modification has been shown to be a marker
of constitutive (51) and facultative (11, 24, 50) heterochroma-
tin. When we compared hypermethylated larval neuroblast
chromosomes to unmethylated chromosomes, we observed a
strong increase in histone methylation in response to DNA
methylation. This increase was restricted to pericentromeric
regions and was observed in numerous independent prepara-
tions with two independent antibodies (tetramethyl H3 [Fig.
5C] and dimethyl H3 [data not shown]). The changes in H3
methylation did not depend on structural chromosome abnor-
malities, since they were equally observed in structurally nor-
mal chromosomes.

Histone H3 phosphorylation is primarily detectable during
metaphase and has been shown to be a marker of transcrip-
tionally active chromosome regions in D. melanogaster (47).
The level of H3-S10 phosphorylation appears to be inversely
correlated with the level of H3-K9 methylation (53). Our pre-
vious results would therefore predict a reduced level of H3
phosphorylation on hypermethylated chromosomes. Indeed,
many hypermethylated chromosomes showed an irregular
staining pattern that was frequently restricted to regions close
to the telomeres (Fig. 5D). This is in marked contrast to con-
trol chromosomes, which revealed intense and homogeneous
staining of the euchromatic arms (Fig. 5D). We therefore con-
cluded that DNA hypermethylation causes changes in histone
phosphorylation.

Rescue of DNA hypermethylation-induced defects by muta-
tions in the histone methyltransferase gene Su(var)3-9. Several
characteristics of the DNA hypermethylation phenotype in
flies are reminiscent of the cellular phenotype induced by over-
expression of the mammalian SUV39H1 H3-K9 methyltrans-
ferase (41). Therefore, we addressed the functional interaction
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FIG. 6. Rescue of DNA hypermethylation-induced phenotype by Su(var)3-9 mutations in H3-K9 methyltransferase. (A) Survival of flies was
calculated by determining their stage of developmental arrest during pupal development. Flies overexpressing Dnmt3a in a wild-type Su(var)3-9
background are shown as a grey line, and flies overexpressing Dnmt3a in a heterozygous Su(var)3-9 null mutant background are shown as a black
line. The mutant allele as such showed no detectable effect on fly development (dashed black line). For each experiment, we analyzed several
independent crosses. (B) Rescued adult flies were viable and fertile and had a normal appearance. (C) Western analysis indicated larger amounts
of methylated K9-H3 both in third-instar larvae overexpressing Dnmt3a in a wild-type background and in a heterozygous Su(var)3-9 mutant
background. See text for details. (D to F) Rescue of the polytene chromosome phenotype. Bars, 10 wm. (D) No polytene chromosomes could be
prepared from flies overexpressing Dnmt3a in a wild-type background. (E) The presence of a heterozygous mutant Su(var)3-9 allele resulted in
the appearance of polytene chromosomes that were similar to wild-type chromosomes. (F) Overexpression of the catalytically inactive Dnmt3a
protein combined with a heterozygous Su(var)3-9 mutation had no effect on polytene chromosome morphology. (G) Quantification of genomic
DNA methylation levels in rescued (Dnmt3a; Sv39/+) and nonrescued (Dnmt3a; +/+) pupae. The reduction of H3-K9 methylation in rescued flies

resulted in a significant decrease of the genomic DNA methylation level (P < 0.001, as determined by a standard ¢ test).

between DNA methylation and histone methylation by in-
ducing DNA hypermethylation in flies with a heterozygous
null mutation for the histone H3-K9 methyltransferase gene
Su(var)3-9 (56). To this end, we introduced Su(var)3-9 mutant
alleles into our UAS-Dnmt3a strains and activated transgene
expression with GAL4-1032. This revealed a partial but unam-
biguous rescue of the developmental defects compared to con-
trols with wild-type Su(var)3-9 activity (Fig. 6A).

While none of the flies overexpressing Dnmt3a in a wild-
type Su(var)3-9 background survived the pupal stage, more
than 30% of the rescued flies reached the adult stage (Fig. 6A).
These flies had a normal appearance and were viable and
fertile (Fig. 6B). Similar results were observed with two inde-
pendent Su(var)3-9 alleles and an additional, independent
Dnmt3a-overexpressing strain; homozygous Su(var)3-9 muta-
tions increased the rescue effect only marginally, which is prob-
ably due to suppression of the Su(var)3-9 phenotype by
Dnmt3a. Indeed, protein extracts from third-instar larvae over-
expressing Dnmt3a in a heterozygous mutant Su(var)3-9 back-
ground showed slightly increased amounts of K9-methylated
histone H3 (Fig. 6C). This might be due to the rescue activity
of Dnmt3a and/or an altered activity of other H3-K9 methyl-

transferases, such as E(z) and Ashl1 (5, 15, 43). Consistent with
our mitotic chromosome analysis, protein extracts from whole
third-instar larvae also showed an increased amount of K9-
methylated histone H3 in flies overexpressing Dnmt3a in a
wild-type Su(var)3-9 background (Fig. 6C, compare lane 1 and
lane 2).

Finally, we also looked for a rescue of the salivary gland
chromosome phenotype. Chromosome squashes were pre-
pared from flies overexpressing either Dnmt3a or the control
protein in a wild-type or heterozygous Su(var)3-9 mutant back-
ground. The results confirmed that no polytene chromosomes
could be prepared from larvae overexpressing Dnmt3a in a
wild-type background (Fig. 6D). In contrast, a large number of
larvae overexpressing Dnmt3a in a heterozygous Su(var)3-9
mutant background showed polytene chromosomes that were
similar to those of controls (Fig. 6E, compare to Fig. 6F). This
chromosomal rescue effect confirmed our developmental res-
cue data. In order to analyze the effect of the Su(var)3-9 mu-
tation on DNA methylation, we also prepared genomic DNA
from rescued and nonrescued pupae and determined the
global DNA methylation level by capillary electrophoretic
analysis. This analysis revealed significantly reduced methyl-
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ation level in rescued pupae (Fig. 6G). The dependence of
DNA methylation on H3-K9 methylation is consistent with
previous observations from other model organisms (27, 61),
and it can also be observed for endogenous Drosophila DNA
methylation (J. Marhold and F. Lyko, unpublished data). This
effect is probably the underlying cause for the rescue activity of
the Su(var)3-9 mutation, and this strongly suggests that the
interaction between DNA methylation and H3-K9 methylation
is mutual.

DISCUSSION

DNA hypermethylation has been frequently observed in tu-
mors and also plays a role in several other diseases. However,
attempts to generate experimental systems for ectopic DNA
methylation have been largely unsuccessful. Slight hypermeth-
ylation of the mouse genome has recently been achieved by
overexpression of the maintenance methyltransferase Dnmtl
in embryonic stem cells (9). However, transgenic mice could
not be derived due to embryonic lethality, and central aspects
of DNA methylation could not be addressed. We used a strin-
gent inducible system (12) to improve control over experimen-
tal conditions. To this end, ectopic DNA methylation was in-
duced by widespread overexpression of the mouse de novo
methyltransferase Dnmt3a. As a consequence, flies died during
the pupal stage of development. This stage might be particu-
larly sensitive to DNA hypermethylation because cells are still
actively dividing and are also subjected to differentiation pro-
cesses.

Dnmt3a overexpression resulted in a maximum cytosine
methylation level of 1.4%. Thus, the level of exogenous pupal
methylation is considerably more than the 0.4% endogenous
DNA methylation observed in D. melanogaster embryos (38).
As judged from chromosome staining, DNA methylation ap-
peared to be evenly distributed over the entire genome. There-
fore, numerous loci should have been methylated during the
majority of Drosophila development. While the effects of DNA
hypermethylation on gene expression remain to be analyzed,
our results strongly suggest an effect of DNA methylation on
higher-order chromosome structure. In addition, DNA hyper-
methylation also induced a delay in cell cycle progression. Our
observation of underreplicated polytene chromosomes in lar-
val salivary glands is also in agreement with reduced DNA
replication activity in tissues with hypermethylated genomic
DNA.

As a consequence of genome hypermethylation, we detected
frequent and consistent structural chromosome abnormalities.
The majority of structurally deviant chromosomes appeared
overcondensed, and a smaller number revealed chromosome
rearrangements and sister chromatid cohesion defects (data
not shown). Intriguingly, the overall structural changes ap-
peared similar to those seen with certain cell cycle mutants of
D. melanogaster (33, 36), which is consistent with our observa-
tion of delayed cell cycle progression. Lastly, a role of DNA
methylation in the maintenance of structural chromosome in-
tegrity can also explain some of the mutations observed in
mouse embryonic stem cells with a strongly demethylated ge-
nome (14).

The cellular pathways interacting with DNA methylation
are still poorly understood. There is, however, mounting evi-
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dence for interactions between DNA methylation and covalent
histone modifications. The first example was provided by ver-
tebrate methyl-DNA binding proteins, which target histone
deacetylases to methylated DNA (32, 45). Here, we did not
detect any significant DNA methylation-dependent histone
deacetylation in D. melanogaster. This is consistent with the
fact that the Drosophila dMBD?2/3 protein, which is associated
with histone deacetylase activity and shows extensive homolo-
gies to mammalian methyl-DNA binding proteins, is expressed
exclusively during embryogenesis (40). In addition, we limited
our analysis to histone modifications of metaphase chromo-
somes. If a major fraction of deacetylated histones fails to be
transmitted through mitosis, it would not have been detected
in our experiments. It is remarkable that both the increased
histone methylation and the more restricted phosphorylation
were readily detectable on mitotic chromosomes. Thus, they
are potentially able to act as independent epigenetic signals
that can be stably transmitted through many cell generations.
Mitotic stability has long been held as an exclusive hallmark of
DNA methylation, but there is increasing evidence that spe-
cialized chromatin configurations can be similarly effective (13,
17).

The phenotype induced by DNA hypermethylation in flies
appears strikingly similar to the defects caused by overexpres-
sion of the human SUV39H1 H3-K9 methyltransferase in cell
lines (41). These cells revealed delayed cell cycle progression
and irregular chromosome segregation and condensation, as
well as abnormal histone H3 phosphorylation. For this reason,
we addressed the possibility of a functional relationship be-
tween DNA methylation and histone methylation in D. mela-
nogaster. Indeed, it has been shown recently that DNA meth-
ylation and H3-K9 methylation interact in N. crassa and in
Arabidopsis thaliana (27, 61). Both reports concluded that DNA
methylation depends on histone H3-K9 methylation. Both re-
sults also suggested that DNA methylation acts downstream of
histone methylation.

Our results confirm a dependency of DNA methylation on
histone methylation, but they also show that histone methyl-
ation can be induced by DNA methylation. This is an impor-
tant distinction because a mutual relationship between DNA
methylation and H3-K9 methylation implies a role for histone
methylation in various stages of mammalian development and
disease that had been characterized previously only through
DNA methylation. The mechanistic basis for the induction
of H3-K9 methylation by DNA methylation is still unknown
but could conceivably involve methyl-DNA binding proteins.
Apart from the Drosophila dAMBD2/3 protein, which is associ-
ated with histone deacetylase activity (2), flies express several
other proteins with a putative methyl-DNA binding domain
(MBD) (1, 55) (data not shown). These proteins might either
directly methylate histone H3 through a SET domain (the
CG12196 gene contains both an MBD and a SET domain) or
they might recruit the Su(var)3-9 histone methyltransferase to
methylated DNA.
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