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Letter

Genome-wide HPI binding in Drosophila:
Developmental plasticity and genomic

targeting signals

Elzo de Wit, Frauke Greil, and Bas van Steensel’
Netherlands Cancer Institute, 1066 CX Amsterdam, The Netherlands

Heterochromatin protein 1 (HPI) is a major component of heterochromatin. It was reported to bind to a large
number of genes and to many, but not all, transposable elements (TEs). The genomic signals responsible for
targeting of HPI have remained elusive. Here, we use whole-genome and computational approaches to identify
genomic features that are predictive of HPI binding in Drosophila melanogaster. We show that genes in repeat-dense
regions are more likely to be bound by HPI, particularly in pericentric chromosomal regions. We also demonstrate
that TEs are only bound by HPI if they are flanked by other repeats, suggesting a cooperative mechanism of binding.
Genome-wide DamID mapping of HPI in larvae and adult flies reveals that repeat-flanked genes typically bind HPI
throughout development, whereas repeat-free genes display developmentally dynamic HPI association. Furthermore,
computational analysis shows that HPI preferentially binds to transcribed regions of long genes. Finally, we detect
low but significant amounts of HPI along the entire X chromosome in male, but not female, flies, suggesting a link
between HPI and the dosage compensation complex. These results provide insights into the mechanisms of HPI
targeting in the natural genomic context.

[Supplemental material is available online at www.genome.org. The following individuals kindly provided reagents,

samples, or unpublished information as indicated in the paper: C. Moorman, R. Liihrmann and ]. Delrow.]

Heterochromatin was originally defined cytologically as chromo-
somal regions that remain condensed throughout the cell cycle
(Heitz 1928). By this morphological definition, heterochromatic
DNA contains large amounts of repetitive sequences and rela-
tively few genes. Reporter genes inserted within or near hetero-
chromatic regions are typically silenced, which has led to the
notion that heterochromatin forms a specialized chromatin
structure that represses transcription (for review, see Weiler and
Wakimoto 1995; Richards and Elgin 2002). Paradoxically, peri-
centric regions in Drosophila harbor a number of essential genes
(e.g., light [It] and rolled [rl]), which require a heterochromatic
environment for their proper expression (Wakimoto and Hearn
1990; Lu et al. 2000). It is unclear why different genes may re-
spond differently to a heterochromatic environment.
Heterochromatin Protein 1 (HP1) is one of the best-studied
components of heterochromatin. HP1 is a small protein contain-
ing a chromodomain and a chromoshadow domain. The chro-
modomain binds to methylated lysine at position 9 in the tail of
histone H3 (H3K9me) (Bannister et al. 2001; Lachner et al. 2001;
Jacobs and Khorasanizadeh 2002; Nielsen et al. 2002). One of the
histone methyltransferases responsible for this methylation is
Su(var)3-9 (Czermin et al. 2001; Lachner et al. 2001; Nakayama
et al. 2001; Schotta et al. 2002). In Drosophila, Su(var)3-9 can also
interact directly with HP1 (Schotta et al. 2002). This set of mo-
lecular events may constitute a positive feedback loop that en-
sures the stability of heterochromatin and could facilitate spread-
ing of heterochromatin in cis from a nucleation site (Jenuwein
2001; Richards and Elgin 2002). Although this model may ex-
plain the maintenance of heterochromatin, it does not identify
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the signals that direct the initiation of its formation. In other
words, the mechanisms by which heterochromatin proteins are
targeted to specific loci in the genome are poorly understood.

Targeting of HP1 may in part be mediated by sequence-
specific DNA binding factors or other chromatin-associated pro-
teins. Several transcriptional regulators have been reported to
interact with HP1 and direct it to promoters or other elements
(Matsuda et al. 2001; Nielsen et al. 2001; Verdel et al. 2004).
Repetitive sequences also appear to play a prominent role in het-
erochromatin formation. This was originally suggested by the
observation that heterochromatic chromosomal regions typi-
cally contain a large variety of repetitive sequences. Furthermore,
multiple insertions or local duplication of a transgene in a eu-
chromatic environment, causing the formation of a tandem or
inverted repeat array, can lead to variegated expression of this
transgene, which is a hallmark of heterochromatic silencing
(Dorer and Henikoff 1994; Sabl and Henikoff 1996). Staining of
polytene chromosomes revealed that HP1 binds to arrays of P-
element insertions (Fanti et al. 1998). These and other observa-
tions have led to the hypothesis that heterochromatin is formed
at repeats irrespective of the DNA sequence (for review, see Heni-
koftf 1998).

Interestingly, the establishment of heterochromatin by at
least some repeats appears to involve the RNA interference
(RNAi) machinery. In Schizosaccharomyces pombe, it has been
shown that the homologs of HP1 and Su(var)3-9 (Swi6p and
Clrdp, respectively) are recruited to centromeric repeats and that
this recruitment depends on the RNAi pathway (Volpe et al.
2002). Deletion of components of the RNAi pathway in Dro-
sophila also alleviated silencing of a heterochromatic reporter
and caused changes in the chromosomal distribution of HP1 (Pal-
Bhadra et al. 2004). It is thought that small interfering RNA
(siRNA) molecules may direct heterochromatin proteins to the
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heterochromatin formation. § 34

Previously we reported genome- o
wide binding maps for HP1 and Su- ©
(var)3-9 in Drosophila Kc167 cells (Greil = .I-I. e
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of the probed transposable element (TE)
sequences. This suggested that an un-
known characteristic of TEs determines
whether they are bound by HP1 or not.
In summary, the genomic signals by
which HP1 finds its natural set of target
genes and TEs in Drosophila have re-
mained largely elusive.

Here, we used computational analy-
ses and genome-wide mapping experi-
ments in Drosophila to uncover genomic
features that are linked to the targeting of HP1. First, we show
that genes in repeat-dense regions are more likely to be bound by
HP1, particularly in pericentric chromosomal regions. Genome-
wide mapping experiments in larvae and adult flies reveal that
HP1 binding in repeat-rich regions is stable throughout fly de-
velopment, whereas HP1 binding in repeat-free regions is devel-
opmentally dynamic. Second, we report surprising evidence that
HP1 preferentially associates with long genes. Third, we show
that HP1 binds along most of the X chromosome in male but not
female flies, suggesting a link with the male-specific dosage com-
pensation system. Thus, we have identified three genomic signals
that are likely to contribute to the recruitment of HP1 to its
natural target genes.
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Figure 1.

Results

Flanking repeats predict HPI binding to pericentric but not to
non-pericentric genes

Repeats might nucleate the formation of heterochromatin,
which could then spread in cis to cover neighboring genes. We
first took a bioinformatics approach to investigate whether this
model could account for the previously observed HP1 binding to
single-copy genes. We used the reported genomic map of HP1
binding (Greil et al. 2003), which was obtained using the DamID
technique (van Steensel and Henikoff 2000; van Steensel et al.
2001). This data set, together with the nearly complete sequence
of the Drosophila genome, provided a strong basis for statistical
analysis of the role of repeats in HP1 targeting to genes in their
natural context.

To ensure an unbiased analysis, we broadly defined repeats
as all non-unique sequences in the fly genome, irrespective of
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Binding of HP1 and Su(var)3-9 to genes in pericentric regions is correlated with flanking
repeats. (A-D) Histograms of the distributions in FRI,,,, for single-copy target genes (black bars) and
non-target genes (gray bars) of HP1 (A-C) and dMax (D). (A) All probed genes on the arms and in the
pericentric regions; (B) genes on the chromosome arms only, i.e., non-pericentric genes; (C) pericentric
genes only. Pvalues in A-D were calculated using the Wilcoxon rank-sum test. () The t values for linear
regression of HP1 binding vs. FRI for windows at various distances from the probe; corresponding P
values are printed above each bar. (F) A detailed view of the pericentric region of chromosome 2L, with
HP1 binding (solid line, log, ratio) and the FRl,q,, (dashed line) plotted for all probes in this region.

their copy number, distribution, or orientation. We identified
these repeats by aligning the genome of D. melanogaster to itself,
using BLAST (Altschul et al. 1990). For each probed gene, we then
determined the fraction of repeat sequence within the probed
sequence and the flanking sequence (see Methods for more de-
tails). We will refer to this measure as Flanking Repeat Index
(FRI). The FRI value can theoretically range from O (exclusively
unique sequences) to 1 (exclusively non-unique sequences). Ini-
tially, we chose 20 kb of flanking regions on either side of the
probe, which is about twice the distance over which repeats can
affect gene expression in fission yeast (Schramke and Allshire
2003).

We found that HP1 target genes are located much more
frequently in repetitive regions than non-target genes are (Fig.
1A): 51% of all HP1 target genes have FRI,,,, values >0.1 (i.e.,
more than 10% of the sequence flanking the probes is non-
unique sequence), whereas for non-targets this fraction is only
14%. This suggests that about half of the targets of HP1 might be
explained by a relatively high density of repetitive sequences in
their proximity.

We tested whether this association between HP1 binding
and density of flanking repeats is similar in pericentric and non-
pericentric chromosomal regions. For this purpose, we defined
pericentric regions as the most centromere-proximal 1 Mb of the
sequenced part of each chromosome arm (Greil et al. 2003). Sur-
prisingly, in non-pericentric regions this association between
HP1 binding and flanking repeats is virtually absent (Fig. 1B):
Here, only 19% of the target genes have an FRI,,, value >0.1.
This is not significantly different from the non-pericentric genes
that do not bind HP1 (13%). Conversely, the vast majority of
probed non-pericentric genes with FRI,,, >0.1 (680/697) do not
bind HP1. However, we did identify a locus on the left arm of
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Figure 2. HP1 binding detected by genomic tiling arrays. Data from a tiling array with 60 nt probes every 100 bp (40-bp spacing). (A) HP1 binding
in a region surrounding the ck gene. (B) HP1 binding to the rf locus in the pericentric region of chromosome 2. Black bars represent probes that are
unique in the genome; gray bars represent probes that gave multiple BLAST results in the fly genome. The height of the bars represents the log, ratio
of HP1-binding (Dam-HP1 over Dam-only). The data has been normalized to the median of the log, ratios of the probes in the 50-kb ck region.

chromosome 2 that is highly suggestive of repeat-associated
binding. In cytogenic region 25D (within the predicted gene
CG31916) are four arrays of tandem repeats, to which HP1 is
bound (see Supplemental Fig. S1). Thus, although exceptions oc-
cur, in non-pericentric regions, flanking repeats do not appear to
play a major role in HP1 binding to genes.

This strongly contrasts with the situation in pericentric re-
gions, where 86% of the HP1 target genes have an FRL,,, value
>0.1, as opposed to 37% of the non-target genes (Fig. 1C). This
trend is illustrated by the pericentric region of chromosome 2L
(Fig. 1F), where two regions of high repeat density are interrupted
by a repeat-poor region; this pattern of repeat density closely
correlates with HP1 binding. As a control, we also carried out this
analysis for genome-wide binding data of the transcription factor
dMax (Orian et al. 2003). We find that dMax has no preference
for genes flanked by repeats, indicating that this phenomenon is
specific for HP1 (Fig. 1D). In summary, these results suggest that
the majority of HP1 binding to genes in pericentric regions can
be explained by the presence of repeats in the flanking regions,
whereas in non-pericentric regions most of the HP1 binding oc-
curs irrespective of the presence of repeats.

To estimate the distance over which repeats might contrib-
ute to HP1 binding in pericentric regions, we calculated FRI val-
ues for windows of 5 kb at various distances from each probed
locus. Subsequent linear regression analysis revealed that repeats
within 5 kb show the strongest correlation with HP1 binding
(Fig. 1E). In windows between 5 and 20 kb, correlations are still
highly significant, but beyond 20 kb we find that repeat density
has no predictive power for HP1 binding. Thus, in pericentric
regions, repeats may positively affect HP1 binding to genes over
a range of ~20 kb, but we could not detect effects over longer
distances.

Detailed mapping of HPI binding in the pericentric gene rolled

To study the binding of HP1 to repeat-dense regions in more
detail we designed a genomic tiling array covering the gene rolled.
This gene is located in pericentric heterochromatin and was pre-
viously shown to depend on a heterochromatic environment for
its correct expression (Eberl et al. 1993). Consistent with our
hypothesis that repeats are involved in HP1 recruitment to peri-
centric genes, rolled contains large numbers of repeats (mostly
TEs). Within the entire ~50-kb gene we chose 60-mer oligo-
nucleotides separated by intervals of 40 bp. For comparison, we
selected a 50-kb region surrounding the ck gene, which is located
on the arm of chromosome 2L. Previous mapping in this region
had shown that HP1 binds to the ck gene but not to most of the
surrounding regions (Greil et al. 2003; Sun et al. 2003). Indeed,
this observation was confirmed by our new high-resolution oli-
gonucleotide array (Fig. 2A), although HP1 binding appears to
extend from the ck gene into the neighboring Su(H) gene. This
difference may be explained by slightly different cell culture con-
ditions or by a higher sensitivity obtained with the new array.
Strikingly, binding of HP1 to the rolled gene was very strong
(Fig. 2B) and encompassed essentially the entire gene. HP1 bind-
ing was as prominent in unique sequences as in repeat sequences
embedded within this gene. We conclude that there is ubiquitous
binding of HP1 to the transcribed part of the rolled gene.

TEs located in repetitive regions are more likely to be bound
by HPI

Next, we investigated the association of HP1 with TEs. Our pre-
vious DamlID study had revealed that HP1 binds to about half of
85 TE probes that were present on our microarray (Greil et al.
2003). To identify the signals that determine HP1 binding to TEs,
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Figure 3. HP1 binding to transposable elements is dependent on flanking repeats. (A) HP1 binding to TEs as a function of the FRl,q,,. HP1 binding
and FRI,q,, for cDNAs on the array that contain sequences homologous to any of the consensus TE sequences (Kaminker et al. 2002) are plotted here.
The dotted line shows the linear trendline through the data (Spearman rank correlation p = 0.62, P< 2.2 X 10~ '¢). (B) Detection of HP1 binding by
DamlID and duplex PCR performed on two copies of the same transposable element (7360), both located on chromosome 2R, and the pericentric gene
It, a known target of HP1 (Greil et al. 2003). See Methods for a detailed description of the assay. The top bands correspond to the tested sequence, the
bottom bands correspond to ade3, which does not bind HP1 (van Steensel and Henikoff 2000) and serves as an internal standard. (C) Quantitation of
the HP1 status. Band intensities were quantified and normalized to the internal standard ade3. Average log, ratios between Dam:HP1 and Dam reference
were calculated for the two transposon copies (n = 5 and n = 6, respectively) and It (n = 5). Difference between 7360(}747 and 1360{}835 is significant

(P < 0.005, Student'’s t-test).

we performed a detailed computational analysis of these data.
We found no association between HP1 binding and general fea-
tures such as TE class, length, or copy number (data not shown).

Next, we investigated the link between HP1 binding levels
and repeats surrounding the TEs. The reported HP1 binding data
for TEs were obtained by hybridizations with probes that cannot
discriminate between individual TE copies in the genome (Greil
et al. 2003) and thus represent the average binding across all
copies of each TE. Accordingly, we calculated the average FRI,,
across all copies of a given TE. Strikingly, we found a strong
correlation between the average HP1 binding and the average
FRI,0, of TEs (Fig. 3A). Thus, flanking repeats are a strong pre-
dictor of HP1 association with TEs.

From this it can be hypothesized that for a given TE not all
copies have the same degree of HP1 binding; rather, the presence
or absence of flanking repeats may determine HP1 binding to a
given TE insertion. We tested this hypothesis by measuring HP1
binding at individual copies of the 1360/hoppel transposon (Ka-
minker et al. 2002). We compared two non-pericentric copies of
1360 on chromosome 2R: 1360{}747, which is in cytological re-
gion 42B1-42B2 (roughly 1.5 Mb from the proposed heterochro-
matin-euchromatin boundary) (Myster et al. 2004) and flanked
by many repeats, and 1360{}835 which is located in region 51F11
and has a low FRIL,, (Fig. 3B). To detect HP1 binding at these
individual TE copies, we used DamID combined with a semi-
quantitative PCR assay (Greil et al. 2003). To ensure that only the
TE at the desired location was probed, we selected one primer
within the transposon and the second primer in the unique se-
quence flanking the transposon. The results (Fig. 3, B and C)
show that the level of HP1 binding is clearly much higher for the
1360 insertion in repeat-dense DNA than for the copy that is in
a repeat-poor region. The level of HP1 binding for 1360{}747 is
almost as high as in the classical HP1 target gene It (Hearn et al.
1991; Greil et al. 2003), whereas HP1 binding at 1360{}835 was
essentially as low as in the non-target gene ade3. These results
strongly support our computational prediction that not all copies
of a given TE are bound by HP1 but that instead the binding of
HP1 to TEs is largely dependent on flanking repeats.

HPI binds preferentially to long genes

Because repeats can only explain binding of HP1 to ~50% of its
target genes, we reasoned that one or more other signals must
exist that are responsible for HP1 recruitment. We therefore
searched for other genomic features that correlate with HP1 bind-
ing. While inspecting HP1 target genes, we noticed that they
often are very long. Indeed, statistical analysis revealed that tar-
gets of HP1 showed a clear bias towards longer genes (Fig. 4A).
This bias was found both in pericentric and non-pericentric re-
gions (P=7.8 X 10 ¢ and P=3.6 X 10" °, respectively). Multi-
variate regression revealed that gene length adjusted for repeat
density still shows significant association with HP1 binding (data
not shown), indicating that the recruitment of HP1 cannot sim-
ply be explained by TEs or other repeats in the introns of long
genes. We considered the possibility that long genes more often
overlap with other genes in the antisense orientation (e.g., in the
introns of long genes), which could lead to the formation of
double-stranded RNA and subsequent RNAi-mediated HP1 re-
cruitment. However, we found that HP1 has no detectable pref-
erence for overlapping genes (data not shown). The unexpected
bias of HP1 binding for longer genes, irrespective of chromo-
somal location, suggests a distinct targeting mechanism, in ad-
dition to the repeat-associated recruitment.

This result also sheds additional light on the link between
repeats and HP1 binding to genes. Although Figure 2B clearly
shows that binding of HP1 occurs within the rolled gene, it was
formally possible that at many genes in repeat-dense regions HP1
in fact only binds to repeats located just outside the transcription
units, and that DamlID signals detected by the gene probes are
due to the limited resolution of the DamID method, caused by
cis-spreading of targeted dam methylation over 2-3 kb (van
Steensel and Henikoff 2000). However, we reasoned that in this
scenario, binding of HP1 would be more efficiently detected with
cDNA probes representing short genes (e.g, <2 kb) compared with
long genes (e.g., >10 kb), because the majority of probed se-
quence in long genes would lie outside the spreading range of
targeted methylation. Indeed, target genes of dMax (a transcrip-
tion factor that preferentially binds to promoter regions) (Gran-
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microarray.

dori et al. 2000) show a clear bias for short genes (Fig. 4B). The
fact that the detected HP1 binding is biased towards long genes
argues that HP1 must bind to transcribed regions rather than to
flanking repeats only.

Developmental plasticity of HPI binding

Next, we asked whether the HP1 binding pattern is the same for
all cell types or dynamic during development. We used DamID to
generate genome-wide maps of HP1 in female third instar larvae
and in male and female adult flies. To verify specific targeting of
the Dam-fused HP1 we first performed immunofluorescence mi-
croscopy of methyl-adenine (™°A) in polytene chromosomes of
larvae expressing Dam-HP1 (Supplemental Fig. S2). These experi-
ments revealed specific methylation of regions where HP1 is
known to bind, such as pericentric regions and chromosome 4
(Fanti et al. 2003). Thus, Dam-HP1 binds and methylates native
HP1 targets in vivo. For larvae and both adult sexes we then
performed DamlID on four separate individuals each. cDNA mi-
croarrays were used for detection of the targeted methylation
patterns (for details, see Methods). Comparison of the replicates
indicates that DamlID in whole animals is highly reproducible,
with average pairwise correlations between individual experi-
ments ranging from 0.8 to 0.9.

The general properties of the larval and adult HP1 binding
data are similar to those in Kc cells (Greil et al. 2003). First, HP1
is frequently associated with TEs. In larvae, 50 out of 85 TEs are
bound by HP1; in adults, 63 of the TEs are bound by HP1. Second,
we observe a strong enrichment of target genes on chromosome
4 (larvae: 38/48, adult: 46/48). Third, HP1 is frequently associated
with pericentric genes (Supplemental Fig. S3). Fourth, similar to
Kc cells, there is an association between genes bound by HP1 in
whole animals and the FRI,,, (data not shown). Thus, HP1 shows
globally similar binding patterns in Kc cells, larvae, and adults.

There are, however, also marked differences. In addition to
the significant overlap between the HP1 target genes, there are
also many genes for which HP1 binding could only be detected
in one developmental stage or sex (Fig. SA). For example, ~44%
of HP1 targets in male adults were not detected as targets in
female adults. Similarly, differences were observed between lar-
vae and adults. This indicates that the HP1 binding pattern is
subject to considerable developmental regulation.

Stable HPI binding is associated with repetitive DNA

Because repeats serve as a potential HP1 recruitment signal, we
investigated their association with HP1 binding in the various

developmental stages. In Figure 5B, HP1 binding in male adult
flies is plotted against HP1 binding in Kc cells. Two populations
of HP1 target genes can be identified: invariant targets, which are
bound by HP1 in both Kc cells and in adults, and dynamic tar-
gets, which are bound by HP1 in either Kc cells or adult flies, but
not in both. Strikingly, the invariant target genes are generally
located in repeat-dense regions, whereas the majority of dynamic
targets are not flanked by repeats. This difference is illustrated by
regression lines through the repeat-rich and repeat-free targets,
which have an almost perpendicular slope (Fig. SB). The distri-
bution of the FRI,,, for the dynamic and invariant target genes
is shown in Figure 5C. The vast majority (72%) of the dynami-
cally bound genes have an FRI,,, less than 0.05, whereas for the
invariant target genes this is only 17%. Thus, invariant binding
by HP1 is associated with repeats, whereas dynamic binding of
HP1 occurs independent of repeats.

Kc cells are genotypically different from the fly line that we
used for whole-animal DamlID. To test whether the differences in
the repeat make-up that might exist between these two geno-
types could account for the observations, we performed the same
comparative analysis for the HP1 binding data from larvae and
adults (Fig. SD) and data from male and female adults (Fig. SE),
which all have the same genetic background. In both compari-
sons, we observe an enrichment for genes with a higher FRI,,
among the invariant targets compared with the dynamic targets.
In conclusion, these results show that developmentally stable
HP1 target genes are generally located in repeat-dense regions,
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Figure 5. Repetitive regions are associated with developmentally stable
HP1 binding. (A) Venn diagram showing the number of overlapping and
non-overlapping HP1 target genes in adult males, adult females, and
female larvae. (B) Scatterplot of the binding log, ratios of HP1 in whole
adult flies versus HP1 binding in Kc cells. Colored circles indicate targets
of HP1 either in adult flies or in Kc cells or in both. Blue circles indicate
cDNAs that have an FRIl,q,, < 0.05, red circles are cDNAs that have an
FRI, o > 0.05. The broken lines are the regression lines through the blue
and red data points. (C) The distributions of the FRI,,, for the genes that
are bound by HP1 in both Kc cells and male adult flies (red) and for the
genes that are bound by HP1 in either Kc cells or male adult flies, but not
in both (blue). (D) The distributions of the FRI,,, for the genes that are
bound by HP1 in both female larvae and in male adult flies (red) and for
the genes that are bound by HP1 in either female larvae or male adult flies
(blue). (E) The distributions of the FRI,,, for the genes that are bound by
HP1 in both male and female adult flies (red) and for the genes that are
bound by HP1 in either male or female adult flies, but not in both (blue).
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whereas developmentally dynamic HP1 targets occur mostly in
repeat-free regions.

HPI is preferentially recruited to the male X chromosome

When we compared the binding levels of HP1 in male adults on
the various chromosomes we made a striking observation. Along
the entire X chromosome in male adults, HP1 binding is moder-
ately elevated compared with HP1 binding in the autosomes,
with the exception of chromosome 4 (Fig. 6A and data not
shown). This increased binding is statistically highly significant
(P < 2.2 X 10~'% Wilcoxon rank-sum test) and appears to be due
to a general shift in the “baseline” of HP1 binding rather than to
strong binding to a subset of genes on the X chromosome. This
phenomenon was observed in four independent experiments.
PCR with Y-chromosome specific primers confirmed that all flies
in this set were male (data not shown). Interestingly, in adult
females no such X-specific enrichment could be detected (Fig.
6B). Thus, these results reveal a surprising male-specific recruit-
ment of HP1 to most of the X chromosome.

HPI binding and gene expression

Finally, we investigated the global link between HP1 binding and
gene expression during development. Comparison of our HP1
binding profiles with a recently published developmental expres-
sion database (Stolc et al. 2004) reveals that in all three develop-
mental stages, genes bound by HP1 show a lower level of expres-
sion than genes not bound by HP1 (Supplemental Fig. S4). Al-
though the differences in expression are less than twofold on
average, they are statistically highly significant. Note that these
analyses are based on HP1 binding and gene expression profiles
that are derived from whole animals. Thus, variations between
tissues may occlude stronger links between HP1 binding and
gene expression. However, a similarly modest link was previously
observed in Kc cells (Greil et al. 2003), which form a homoge-
neous cell population. Therefore, we suggest that HP1 is prima-
rily involved in fine tuning of gene expression.

Discussion

We have performed a series of whole-genome mapping experi-
ments and computational analyses to identify the genomic sig-
nals that are involved in the recruitment of HP1 to its natural
targets. We found evidence for three genomic features that are
associated with HP1 binding. First, in pericentric regions, HP1
preferentially binds to genes in repeat-dense regions. This bind-

relative frequency >
0.0 05 10 15 2.0 25

0.0

-1.0 -05 0.0 05 1.0 15
HP1 binding

-1.0 -0.5 0.0 05 1.0 1.5
HP1 binding

Figure 6. HP1 binding is enriched at the male X chromosomes. Distri-
bution of the HP1 binding levels of all probed genes on the X chromo-
some (solid line) and on chromosome 2L (dashed line) in adult males (A)
and adult females (B).

ing is generally stable throughout development and between
sexes. Second, HP1 binding shows a bias for long genes, both in
pericentric regions and on the chromosome arms. Most genes on
the chromosome arms show a strong degree of developmental
regulation of HP1 binding. Third, we find a surprising association
of HP1 with the male but not the female X chromosome. These
results suggest that there are several different mechanisms of HP1
recruitment.

The correlation of HP1 binding with repeat density is re-
stricted to pericentric regions and could only be detected for
repeats located within ~20 kb from the genes. On the chromo-
some arms, however, we did not find a general association be-
tween HP1 target genes and repeats. With only a few exceptions,
most non-pericentric genes flanked by repeats lack detectable
levels of HP1. This is in agreement with the observation that a
tandem array of a reporter gene is more strongly silenced when it
is integrated close to pericentric heterochromatin (Dorer and
Henikoff 1994). Photobleaching experiments in mouse cells also
indicate that HP1 is more stably associated with pericentric re-
gions than with non-pericentric regions (Cheutin et al. 2003;
Festenstein et al. 2003). It is possible that the centromere itself
somehow contributes to an environment that supports HP1
binding. Alternatively, the preference for pericentric regions may
be explained by cooperative interactions between heterochroma-
tin complexes. In this model, the high overall density of repeats
in pericentric regions would facilitate this cooperative binding.
Some non-pericentric repeats may also recruit HP1, provided that
the local repeat concentration is high enough to sustain coop-
erative binding of HP1-complexes. Examples of this include the
gene CG31916 (Supplemental Fig. 1), which contains long
stretches of repeats, region 42AB (Fig. 2B-C) and the bw” locus,
in which ~1 Mb of satellite repeat sequence is integrated (Platero
et al. 1998).

It has been reported that in fission yeast a single TE-derived
LTR is able to bind HP1 and control the expression of neighbor-
ing genes (Schramke and Allshire 2003). In contrast, our data
indicate that in Drosophila a TE by itself (either of the LTR or
non-LTR type) cannot serve as a nucleation site for heterochro-
matin. Instead, a TE must be flanked by other repeats to bind
HP1, suggesting that cooperative interactions are required for
stable HP1 binding. The 1360 transposable element in Drosophila
was proposed to be a nucleation site for heterochromatin forma-
tion on the fourth chromosome (Sun et al. 2004). Our results
suggest that this can indeed be the case in repeat-rich regions
(such as the fourth chromosome) but not in repeat-poor regions.

We provide evidence that developmentally stable recruit-
ment of HP1 is linked to repeats, whereas developmentally dy-
namic HP1 binding occurs primarily in repeat-free genomic re-
gions. One putative repeat-independent signal for HP1 recruit-
ment is related to gene length: HP1 target genes are significantly
longer than non-target genes. Our results also strongly argue that
HP1 interacts with transcribed parts of many of its target genes.
The reason for the preference of HP1 for long genes remains
speculative. In Arabidopsis thaliana, DNA methylation has been
proposed to mediate repression of cryptic promoters within tran-
scribed regions (Tran et al. 2005). DNA methylation in Drosophila
appears to be limited to the early embryo stage (Lyko et al. 2000),
suggesting that a different mechanism may be needed for the
repression of cryptic promoters. We suggest that HP1 may be part
of this alternative mechanism. Cryptic promoters, if oriented in
the antisense direction, could cause the formation of double-
stranded RNA and RNAi-mediated recruitment of HP1, creating a
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negative feedback loop that could help to repress cryptic promot-
ers. By chance, cryptic promoters may occur more frequently in
long genes than in short genes, which would explain the prefer-
ence of HP1 for long genes.

Another striking feature of HP1 that we discovered is its
preference for the X chromosome in males. It is possible that this
reflects precocious condensation of the X chromosome during
spermatogenesis (Lifschytz and Lindsley 1972), which could in-
volve HP1. However, germ cells in meiotic prophase make up
only a small fraction of the entire fly body, and it is questionable
whether HP1 binding in these cells would be detectable in whole-
fly DamID experiments. Alternatively, heterochromatin proteins
such as HP1 may have a role in the X chromosome in male
somatic cells. This is supported by the observation that mild
overexpression of the heterochromatin protein Su(var)3-7 causes
male-specific hypercompaction of the X chromosome in salivary
gland polytene chromosomes (Delattre et al. 2004). Interestingly,
transcription of genes on the Drosophila male X chromosome is
increased twofold to compensate for the fact that males have
only one copy of this chromosome. This is mediated by the dos-
age compensation complex (DCC), a protein complex that is spe-
cifically associated with most parts of the X chromosome in
males only (Akhtar 2003; Gilfillan et al. 2004). The simultaneous
binding of both activating (DCC) and repressive protein com-
plexes (HP1) to the male X chromosome would be paradoxical.
Possibly, HP1 and the DCC might together be involved in a bal-
ancing act to achieve precise twofold elevation of gene expres-
sion on the male X chromosome. Further experiments are
needed to elucidate the role of heterochromatin proteins on the
male X chromosome.

Methods

DamlID data and genome annotations

Statistical analyses were performed in the R language (http://
www.r-project.org). For all computational analyses we used pub-
lished DamID data sets (Greil et al. 2003; Orian et al. 2003; van
Steensel et al. 2003). The definition of target gene was adopted
from these analyses. We used the release 3 sequence of the D.
melanogaster genome (Celniker et al. 2002). Annotation data for
gene length was extracted from release 3.1 annotation files from
the Berkeley Drosophila Genome Project (BDGP) ftp://
flybase.net/genomes/Drosophila_melanogaster/dmel_
RELEASE3-1/GFF/whole_genome_annotation_dmel_
RELEASE3-1.GFF.gz. We defined pericentric regions as the proxi-
mal 1 MB of each chromosome arm and the sequences that are
annotated as 2h, 3h, Xh, Yh, and U. The remainder of the ge-
nome was defined as non-pericentric. The results in Figure 1 were
essentially the same if we defined pericentric regions as the proxi-
mal 0.8 MB of each chromosome arm (data not shown).

TE classification, length, and copy number within the
sequenced parts of the genome were taken from Kaminker
et al. (2002), supplemented with data from http://www.
ensembl.org. For the results in Figure 2A we did BLAST align-
ments of the consensus sequences of all TEs (Kaminker et al.
2002) (http://www.fruitfly.org/p_disrupt/datasets/NATURAL_
TRANSPOSABLE_ELEMENTS.fa) to the genome (including 2h,
3h, Xh, Yh, and U) to determine the location of the TEs and
TE-derived sequences.

Absolute mRNA levels were taken from Stolc et al. (2004).
This data set contains probes for every predicted exon in the
genome. For every gene we calculated the average log, expression
of its exons, to make it compatible with our data set.

Flanking repeat index

To calculate the FRI, we first identified all non-unique sequences
(repeats) in the genome, by performing a BLAST search with the
D. melanogaster genome against itself, using MegaBLAST v2.2.5
(NCBI) (Zhang et al. 2000) (minimum alignment length: 28 nt;
minimum identity: 78.86%). Next, we also BLASTed the cDNA
sequences represented on the microarray against the fly genome.
For every BLAST alignment of a given cDNA the fraction of re-
peats in the alignment and in a window (e.g., 20 kb) 5" and 3’ of
the alignment was determined. A weighted average of these frac-
tions was calculated for the cDNA, using the length of each
aligned segment as a weighing factor. Choosing different cut-offs
for the minimal repeat length (50 nt and 200 nt) did not signifi-
cantly alter our results (data not shown).

Whole-animal DamlID: Plasmid construction, germline
transformation, and DamID

The EcoRI/Xbal fragment encoding the Dam-myc_tag-HP1 fu-
sion protein was excised from pDamM-HP1 (van Steensel and
Henikoff 2000) and cloned into pUAST (Brand and Perrimon
1993), resulting into pUDamM-HP1. This vector was microin-
jected together with transposase plasmid p25.7wcA2-3 into w'!!8
embryos as described (Spradling and Rubin 1982). Survivors were
crossed to w''!® flies, and transformants were identified in the
progeny by eye pigmentation.

For the DamID experiments, Dam-only expressing flies (line
Me4) (Wines et al. 1996) and Dam-HP1 flies were crossed to bw”
sp flies. Of the heterozygous progeny, third instar larvae and flies
(<24 h after eclosion) were collected and frozen at —80°C. Ge-
nomic DNA was isolated by grinding individual flies in 100 pl of
10 mM Tris-HCI, 10 mM EDTA, 100 mM NacCl, 0.5% SDS, fol-
lowed by incubation for 2 hours at 65°C and subsequent phenol/
chloroform/i-amylalcohol extraction. DNA was recovered by
ethanol precipitation, dried briefly, and used in the PCR-based
DamlID protocol as described (Greil et al. 2003). In each micro-
array hybridization, the experimental sample consisted of ampli-
fied DNA from a single Dam-HP1 larva or fly, and the reference
sample consisted of pooled amplified DNA from four separately
processed sex-matched Dam-only flies or larvae. In each case,
four Dam-HP1 animals were analyzed, with two hybridizations
in Cy3/CyS dye orientation and two in Cy5/Cy3 dye orientation
to avoid dye bias. cDNA microarrays have been described (Greil
et al. 2003).

DamID of HPI on tiling arrays

For DamID mapping of HP1 binding to the rl and ck loci, Kc167
cells were cultured in Shields and Sang M3 insect medium,
supplemented with 2.5 g/L bacto-peptone, 1 g/L yeast extract,
and 5% heat-inactivated fetal calf serum. Cells were transfected
with Dam-HP1 or Dam-only by electroporation. After 24 h, ge-
nomic DNA was isolated using Qiagen DNeasy tissue kit and
processed for DamlID as described (Greil et al. 2003). Samples
were hybridized to custom 60-mer oligonucleotide arrays
(NimbleGen Systems of Iceland, LLC).

Duplex PCR

To monitor the amount of HP1-targeted methylation in specific
regions of the genome, we performed duplex PCR on methylated
DNA samples, as described (Greil et al. 2003). We used the ade3
gene as an internal standard for the duplex PCR, because this
gene is not bound by HP1. As input for our PCR, we use pre-
amplified methylated DNA obtained from cells expressing either
Dam-HP1 or Dam alone (Greil et al. 2003). We used 1.5-2.2 ng of
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DNA as starting material for the duplex PCR. A detailed protocol
is available on request. We used 1360{}747 forward primer:
TTCTCGCATGGTGCCAATTGAT, reverse primer: CGCGAAGTT
GTGTGGTTTAAGAGTTG; 1360{}835 forward primer: CCAAAG
CACGAATTAAATGAGTATGTTAAG, reverse primer: TCATCTT
GCGGCGTGTAAA; It forward primer TTCCCAAAGGACTTTGT
CATTGCCT; reverse primer: TAAGCCACACCCCAATAAA
TCGGCT; ade3 forward primer TGGTATGAACTACAAATTAGC
TACCACCACGA; and reverse primer TGCTTATGCAATTTC
TAAGAATAACCATGCAA.
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