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Abstract

Polycomb group (PcG) proteins bind and regulate hundreds of genes. Previous evidence has suggested that long-range
chromatin interactions may contribute to the regulation of PcG target genes. Here, we adapted the Chromosome
Conformation Capture on Chip (4C) assay to systematically map chromosomal interactions in Drosophila melanogaster larval
brain tissue. Our results demonstrate that PcG target genes interact extensively with each other in nuclear space. These
interactions are highly specific for PcG target genes, because non-target genes with either low or high expression show
distinct interactions. Notably, interactions are mostly limited to genes on the same chromosome arm, and we demonstrate
that a topological rather than a sequence-based mechanism is responsible for this constraint. Our results demonstrate that
many interactions among PcG target genes exist and that these interactions are guided by overall chromosome
architecture.
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Introduction

Polycomb group (PcG) proteins are evolutionary conserved and

important epigenetic regulators that bind and modify chromatin.

They repress transcription of Homeotic genes [1] and many other

key regulators of development [2–6]. As such, PcG proteins

control morphogenesis, cellular differentiation, proliferation, and

cancer development [7]. PcG proteins are thought to mediate gene

silencing by changing the structure of chromatin, but the exact

molecular mechanisms are not yet fully understood.

In D. melanogaster, biochemical studies have indicated that PcG

proteins exist in at least three multiprotein complexes [reviewed in:

[1]]. First, the Pleiohomeotic Repressive Complex binds directly to

DNA sequences. In addition, there are two Polycomb Repressive

Complexes (PRC1 and PRC2) that bind indirectly to DNA via

protein-protein interactions. PRC2 includes the histone methyl

transferase E(Z), which deposits the characteristic lysine 27 trimethyl

mark at histone H3 (H3K27me3). In turn, the chromodomain of

Polycomb (PC), one of the components of PRC1, binds to this mark.

Recent genome-wide mapping studies revealed that PC and

H3K27me3 tend to form large contiguous chromatin domains,

which sometimes span more than 100 kb in size covering multiple

genes [5,6,8,9]. These domains have been named Polycomb

domains (PcDs). Other PRC1 components (PSC, and PH) and

E(Z) bind as specific local enrichments within PcDs [5,9]. Some of

these local enrichments coincide with well-known cis-regulatory

sequences, called Polycomb Response Elements (PREs). PREs are

essential for PcG-mediated gene silencing and thought to be initial

recruitment sites for PcG proteins [1].

There are some indications that PcG proteins can be involved in

long-range chromatin interactions in nuclear space. First, in D.

melanogaster, some PREs interact over long distances with gene

promoter and termination sequences, which is essential for PcG-

mediated silencing [10,11]. Likewise, PcG proteins mediate the

formation of a complex multi-loop chromatin structure around the

silenced mammalian GATA4 locus [12]. Second, two PcDs, the two fly

Homeotic gene clusters (Antennapedia complex – ANT-C and Bithorax

complex – BX-C) were found to co-localize in nuclei of certain tissues

[13,14]. This interaction is intriguing, because the Homeotic genes are

separated by 10 Mbp. Similarly, in mammalian cells, long-range

chromatin interactions were shown to be mediated by EZH2 protein

(an E(z) homolog) [15]. Third, PcG proteins accumulate as

microscopically visible foci in the nuclear space [14,16–19], suggesting

that PcG-bound chromatin is concentrated in nuclear compartments.

These observations raise the question whether long-range

chromatin interactions among PcDs are a general phenomenon.

However, a systematic survey to address this question is still

lacking. Therefore, we decided to map the genome-wide

interactions of 4 established PcG target genes. We adapted the

Chromosome Conformation Capture on Chip (4C) assay [20] to

generate genome-wide maps of PcD interactions in D. melanogaster

larval brain tissue. Our results indicate that PcDs extensively and

specifically interact with each other, yet these interactions are

topologically constrained by the overall chromosome architecture.
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Results

Experimental design
We applied Chromosome Conformation Capture on Chip (4C)

to map long-range chromatin interactions among PcDs on a

genome-wide scale [20]. We initially focused on the Abdominal-B

(Abd-B) and Antennapedia (Antp) genes, because they are part of the

Bithorax (BX-C) and Antennapedia (ANT-C) complexes, which

were found to interact in nuclear space by microscopy [13,14].

Importantly, these interactions occur more frequently when these

Homeotic genes are silenced [14]. We therefore used central brain

tissue from 3rd instar larvae, in which both Antp and Abd-B are

repressed by PcG proteins (Figure S1) [21]. In addition, when we

mapped Polycomb (PC) binding and H3K27me3 levels in central

brain tissue (Text S1 and Table S1), we observed that both genes

reside in chromatin domains with high levels of PC and

H3K27me3 (Figure S2A, S2B). Hence, we expected Abd-B and

Antp to interact in nuclear space of central brain cells.

The available 4C assay requires large numbers of cells due to a

relatively low efficiency in detecting long-range interactions [22].

To accommodate this requirement, we dissected and pooled

central brain hemispheres from 40 larvae. However, this still did

not yield enough material for subsequent microarray analyses

(data not shown). To overcome this, we implemented a

modification of the 4C protocol in which the 4C PCR products

are further amplified in a linear fashion using a T7 RNA

amplification procedure [23]. Finally, we fluorescently labeled the

amplified products with dye and hybridized them to a specially

designed microarray, which covers approximately 92% of the non-

repetitive fly genome. In this way, we could identify all fragments

that are in close contact with a chosen locus in larval brain cells.

Detection and visualization of long-range chromatin
interactions

We used recently developed [24] and novel computational tools

to detect and visualize long-range chromatin interactions. Here,

we briefly describe the technical aspects of these tools using 4C

assay results obtained with the Abd-B promoter region (hereafter:

Abd-B) as bait.

In a typical 4C experiment, reliable interactions can only be

detected as genomic clusters of multiple restriction fragments with

increased signals [22]. Such clusters can be identified using a sliding

window filter that improves the signal/noise ratio by integrating

signals from neighboring probes [20]. Indeed, after applying a

running median filter (window size = 51 probes) we observed

genomic clusters with increased ratios on the right arm of

chromosome 3 (3R, Figure 1A). Disadvantages of this method are

that it is difficult to address the statistical significance of these

interactions and the choice of window size is arbitrary, limiting the

identification of interacting regions to a certain size range. We used

instead a multi-scale algorithm that evaluates statistical significance

at all possible window sizes [24]. The results are visualized in so-

called domainograms (Figure 1B) in which statistically significantly

interacting regions are depicted in red, while non-interacting regions

are black. This approach implements both unbiased statistics and

detection of interactions at multiple scales. While domainograms are

a powerful means to visualize statistically significant interactions at

all scales, they do not identify the exact boundaries of interacting

regions. For this purpose we used an adapted version (see Materials

and Methods) of a dynamic programming algorithm [24], which

identifies the statistically most probable discrete interaction domains

(DIDs). DIDs represent the center of gravity of a long-range

chromatin interaction (Figure 1B). We note that DIDs are an

oversimplification of the 4C interaction maps, but are nevertheless

useful for subsequent computational analyses.

Finally, in 4C assays the strongest signals are found centered

around the chromosomal position of the bait, because interaction

frequencies are inversely proportional to the distance (in base pairs)

between physically linked DNA sequences [20,25]. Indeed, we

observed a broad region of interacting sequences surrounding Abd-

B, which spans several megabases and includes a large proportion of

all DIDs (Figure 1B). It seems likely that many of these interactions

are caused by linear proximity rather than by spatial proximity as a

result of higher-order chromatin folding. Because our aim was to

identify interactions caused by higher-order chromatin folding, we

modeled the linear proximity effect by fitting a monotonously

declining smoothing curve to the data (Figure 1A). After subtraction

of this background model from the interaction data, the number of

interactions close to the bait has been dramatically reduced, while

long-range interactions are still detectable (Figure 1C).

Homeotic genes prefer to interact with other PcDs
To capture long-range contacts using Abd-B as bait, we

hybridized two biological replicates of amplified PCR products to

our custom microarray. The domainogram of the combined data

revealed that neither chromosome 3L nor any other chromosome

showed significant enrichments, whereas chromosome 3R holds all

17 DIDs (Figure 2B, and Table S2). Importantly, three centromere

proximal DIDs overlapped with ANT-C, which is in line with the

previously reported microscopic data [13,14].

Next, we wanted to know how many DIDs overlap with

Polycomb domains (PcD) and H3K27me3 domains (K27D). For

this purpose, we overlaid the Abd-B DIDs with either the PcD or

K27D maps from central brain tissue (Figure 2B, and Table S1).

We observed that 88 and 94% of the DIDs overlap with PcDs and

K27Ds, respectively, which is significantly more than may be

expected by random chance (Figure 3A, 3B, and Table S2). Thus,

our data provides evidence that Abd-B has a preference to interact

with other PcDs. In total, we identified 25 PcDs that are in contact

with the Abd-B promoter, including ANT-C, grain (grn), homothorax

(hth), lbl/lbe, and Ptx1 (Table S1).

Author Summary

The folding of chromosomes inside the cell nucleus is a
fascinating yet poorly understood topological problem. It
is thought that certain genomic loci that are distant in the
linear genome may come together in nuclear space by
folding of the chromosome fiber. Previously, such a long-
range interaction was found in Drosophila for two genomic
loci that are known to be bound by the Polycomb
Repressive Complex. Because hundreds of genes are
known to be bound by Polycomb proteins, we asked
whether such long-range contacts are more common. To
address this, we optimized the Chromosome Conforma-
tion Capture on Chip (4C) technology for use in small
tissue samples. Using this technique in dissected larval
brains, we found that indeed Polycomb target genes
interact frequently with each other, even when they are
separated by megabases of sequence. However, these
long-range interactions occur almost exclusively on the
same chromosome arm. By using a rearranged chromo-
some in which segments are swapped between two arms,
we demonstrate that not DNA sequence but chromosome
architecture imposes this restriction. Taken together, our
data demonstrate that Polycomb target genes extensively
interact in nuclear space, but only when they are located
on the same chromosome arm.

Polycomb Domains Interact in Nuclear Space
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We performed a reciprocal experiment, using the Antp P1

promoter as bait (hereafter: Antp; Figure 2A, Figure S2). We aimed

to: (1) confirm the interaction between BX-C and ANT-C; and (2)

assess whether this bait also prefers to interact with other PcDs.

Indeed, a highly significant proportion of all DIDs overlap with

PcDs and K27Ds (Figure 3A, 3B, Table S2), including an

interaction with the BX-C (,12.5–13.0 Mbp, Figure 2C). Finally,

we identified 26 PcDs that are in close contact with Antp, of which

16 also interact with Abd-B (Table S1).

As for Abd-B, most interactions take place within chromosome

3R, which contains the Antp bait sequence. However, we found

one interaction with a PcD located on chromosome 4, demon-

strating that interactions between two different chromosomes can

occur, albeit with low frequency.

Thus, we confirmed the previously reported long-range

interaction between the Homeotic gene clusters [13,14], validating

the specificity of our 4C assay. Importantly, we observed that the

majority of other interacting regions overlap with PcDs, indicating

that Abd-B and Antp both interact extensively with other PcDs.

Non-Homeotic PcG targets prefer to interact with other
PcDs

Next, we asked whether non-Homeotic PcG target genes also

prefer to contact other PcDs. We performed experiments using

Ptx1 and trachealess (trh) as baits. The results are comparable to

those obtained with Abd-B and Antp. First, most interactions are

again mostly restricted to the chromosome arm that contains the

bait (Figure 2D, 2E; Figure S2). Second, the observed overlap

between DIDs and PcDs/K27Ds is highly signficant (Figure 3A,

3B). Altogether, we conclude that Ptx1 and trh, like the Homeotic

genes, preferentially interact with other PcDs.

Non-PcG target loci lack preference for PcDs
While the vast majority of all DIDs of the four PcG target

genes coincide with PcDs, a small subset lacks PcDs, suggesting

that PcG-target genes can sometimes interact with other

chromatin types. In mammalian cells, it has been found that

the genome spatially segregates into open/active and closed/

inactive compartments [20,26]. Therefore, we tested the

possibility that our largely inactive PcDs can interact with other

inactive genome regions and together make an inactive nuclear

compartment.

We first generated microarray expression profiles of brain tissue

to assess the transcriptional activity of genes in DIDs. We did not

observe any gene expression differences when we compared genes

located inside DIDs to genes from other parts of the chromosome

arm (Figure S3). This suggests that low transcriptional activity in

DIDs cannot simply account for the observed long-range

interactions. We note however that the resolution of 4C may be

rather low, because most DIDs are large genomic regions (average

size = 170 Kbp), and contain many genes (on average 22) that

vary greatly in expression level.

Figure 1. Detection and visualization of long-range chromatin interactions. (A) Genomic clusters of multiple restriction fragments with
increased 4C signals were identified using a sliding window filter on the normalized data (running median, window = 51 probes; grey bars) along
chromosome 3R. We applied a ‘‘background filter’’ to correct for interactions that are a consequence of short nucleotide distance to the bait
sequence (green curve). After filtering the normalized data, clusters of restriction fragments that exceed the curve (running median, window = 51
probes; red bars) represent long-range chromatin interactions. X-axis indicates the chromosomal position (in Mbp), while log2-transformed 4C signals
are shown on the y-axes. Position of Abd-B is blue dashed line.(B) Domainograms visualize long-range chromatin contacts detected using normalized
data obtained with the Abd-B promoter as bait (red arrowhead). X-axis indicates the chromosomal position (in Mbp), while the window size of the
domainogram algorithm is shown on the y-axis. Interactions are plotted using a color scale with black for non-significant and red for highly significant
(scale bar). Only window size #200 probes (corresponding to 840 Kbp on average) are shown. We used a dynamic programming algorithm to
identify non-overlapping Discrete Interaction Domains (DIDs, black rectangles bottom). (C) Domainogram of Abd-B data after applying the
‘‘background filter.’’ Plotted as in B. Note, centromeric sequences (CEN) are not drawn to scale.
doi:10.1371/journal.pgen.1001343.g001

Polycomb Domains Interact in Nuclear Space
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Next, we determined interactions using bait sequences contain-

ing lowly expressed genes, namely Wnt inhibitor of Dorsal (wntD) and

CG5107. The mRNA expression levels of wntD and CG5107 are

equally low as the Antp and Abd-B genes (Figure 3C), but they are

not part of PcDs (Figure 4A).

The interaction maps of neither the wntD nor the CG5107 gene

show enrichment for PcDs (Figure 4B, 4C). Less than 15% of all DIDs

coincide with PcDs (Figure 3A, 3B, Table S2), which is 1.5 to 2-fold

less than an overlap based on random chance. These results indicate

that interactions between PcG target genes cannot be attributed to

general interactions between transcriptionally inactive loci.

We also observed that actively transcribed genes do not favor

interactions with PcDs. For this purpose, we used the highly

expressed Calreticulin (Crc) and RNA polymerase II 140 kD subunit

(RpII140) genes as bait (Figure 3C), which are not PcG-targets

(Figure 4A). Again, we observed that only a small, non-significant

Figure 2. Long-range interactions of PcG target genes. (A) Chromatin profile of third chromosome representing Polycomb binding (blue) and
H3K27me3 levels (green) as detected in 3rd instar larval central brain cells. Below graphs, the blue and green rectangles show Pc (PcD) and H3K27me3 (K27D)
domains, respectively. X-axes indicate the chromosomal position (in Mbp), while the fold-change (either PC-Dam over Dam or H3K27me3 over IgG) is shown
on the y-axes. Positions of the 4 PcG target baits are indicated (red). (B–E) We mapped long-range chromatin interactions using four different PcG-targets as
bait, namely: Abdominal-B (Abd-B) promoter (B), Antennapedia (Antp) P1 promoter (C), Ptx1 (D), and trachealess (trh - E). Plots are described in Figure 1B. Notably,
the majority of all DIDs (red boxes) coincide with either PcDs (blue boxes) and/or K27Ds (green boxes), and a minority (grey boxes) contacts other sequences.
doi:10.1371/journal.pgen.1001343.g002

Polycomb Domains Interact in Nuclear Space
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fraction of DIDs match with PcDs (Figure 3A and 3B, Figure 5D

and 5E, and Table S2).

Taken together, our data strongly indicates that long-range

interactions of the four PcG-target genes are highly specific with a

strong preference for other PcG target loci.

Large PcDs interact more often
When we further characterized interacting PcDs we

observed two distinctive features. First, interacting PcDs

encompass significantly larger genomic regions than non-

interacting PcDs (Figure 5; Table S3). Second, we overlaid

our PcD map with a computational prediction of PRE

sequences [27] and observed that interacting PcDs contain

significantly more predicted PRE sequences than non-inter-

acting PcDs (Table S3). In contrast, we observed no differences

for gene density, repetitive DNA sequences, and non-coding

evolutionary conserved sequences (Table S3). These results

suggest that, at least for our 4 PcG baits in larval brain,

increased size and presence of PREs may contribute to the

frequency of interaction between two PcDs.

Figure 3. PcG targets interact specifically with PcDs and K27Ds. (A) Proportion of DIDs (y-axis) that overlap with PcDs is shown (observed -
grey bars) and compared to an overlap based after random permutation (expected – white bars). Random sampling was repeated 1000-times and the
bars show the average random overlap, while the error-bars show the standard deviation. Significance levels were determined using Pearson’s chi-
square (x2) goodness of fit test and are indicated. Bait names are given (x-axis). (B) Proportion of DIDs that overlap with K27Ds. Plot details are
descirbed in A. (C) mRNA expression levels of all baits as detected in 3rd instar larval central brain cells are shown in violin plots. Violin plots are a
combination of box plots and smoothed histograms. Median values are indicated by white dot, lower and upper quartiles by black rectangle, and
sample minima/maxima by black line. Smoothed histograms of the four PcG-target baits are depicted in light grey, lowly expressed non-target genes
in white and highly expressed genes in dark grey. Data represents four replicate microarray experiments. Genes were probed multiple times in each
experiment, giving 48 (Antp), 32 (Abd-B), and 16 (all other genes) data points. Notably, Ptx1 is higher expressed than the three other PcG targets,
because it is expressed in a subset of larval brain cells (Figure S6, Text S1).
doi:10.1371/journal.pgen.1001343.g003

Polycomb Domains Interact in Nuclear Space
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Long-range interactions are predominantly limited to a
single chromosome arm

We noticed that long-range interactions of all our baits

predominantly occur within the same adult chromosome arm

(Table S2). For example, Abd-B only interacts with sequences on

chromosome 3R (Figure 6A). However, we also identified rare

cases of interactions between loci on different chromosome arms.

For instance, the Ptx1 locus (chromosome 3R) interacts with a

discrete region on the X, and Antp with a PcD on chromosome 4

(Table S2). The highly expressed Crc (chromosome 3R) gene

interacts with two regions on chromosome 3L and one on

chromosome 4, indicating that not only PcG targets can interact

with other chromosome arms. Finally, the trh gene (chromosome

3L) shows the highest frequency of interactions with other

chromosome arms (Figure 6A), although this only represents

19% of all DIDs (i.e. 6 out of 31).

We observed that between 81 and 100% of all interactions for

all eight bait sequences occur within a single chromosome arm

(Figure 6B). When we combined all data, we observed that on

average 95% of all interactions (n = 201) are limited to a single

Figure 4. Non-target genes interact with other sequences than PcG target genes. (A) Position of four 4C baits that are not PcG target genes
(red), plotted as in Figure 2A. (B–E) Long-range chromatin interactions for Wnt inhibitor of Dorsal (wntD - B), CG5107 (C), Calreticulin (Crc - D), and RNA
polymerase II 140 kD subunit (RpII140 - E). Plots are as in Figure 1B and Figure 2.
doi:10.1371/journal.pgen.1001343.g004

Polycomb Domains Interact in Nuclear Space
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chromosome arm (Figure 6B). Thus, interactions within a

chromosome arm are prevalent and contacts between sequences

on different chromosome arms are rare.

Interactions are constrained by chromosome architecture
What mechanism limits interactions to a single chromosome

arm? To date, it is well established that chromatin contacts can

occur between cis-acting DNA elements [28]. It is possible that

long-range chromatin interactions are driven by high-affinity

interacting DNA elements, which are confined to a single

chromosome arm. Alternatively, it is possible that interactions

are topologically constrained by overall chromosome architecture,

for example because each chromosome arm is a spatially confined

unit.

We tested these two models by analyzing PcD interactions using

fly strain In(3LR)sep that carries a chromosomal inversion [29].

This inversion (Figure 7A) rearranges the centromere-proximal

,5.8 Mbp of chromosome 3R to the left arm [29]. This region

contains 17 PcDs, including the ANT-C and grn. The other PcDs

on 3R, including those annotated as hth, BX-C, lbl/lbe, and Ptx1,

remain on the right arm. In addition, approximately 17 Mbp of

chromosome 3L, including 43 PcDs, is moved to the right arm.

For clarity, we will refer to the wild-type left and right arms as

3LWT and 3RWT, and to the inverted arms as 3LIN and 3RIN,

respectively. We reasoned that if long-range contacts are only

possible within the same arm, then on the inverted chromosome

interactions across the inversion breakpoints, such as between BX-

C and ANT-C, will be abolished and new interactions may be

formed. On the other hand, if interactions depend solely on local

cis-regulatory DNA sequences then they will not be affected by the

inversion.

To discriminate between these possibilities, we first mapped the

long-range chromatin contacts in central brain nuclei of homozy-

gous In(3LR)sep larvae using Abd-B as bait. For the domainograms

(Figure 7B), we plotted the chromosomal position of probes identical

to wild type, which facilitates direct comparison to wild type data

(Figure 2B). Remarkably, all significantly enriched regions are

located on 3RIN (Figure 7B, Figure 8A, and Table S4),

demonstrating that long-range contacts are again limited to a single

chromosome arm. Specifically, among PcDs that remained to the

right of the centromere we observed contacts that we previously

identified in wild type cells, including hth, lbl/lbe, and Ptx1 (Table S4,

and Figure 7B). In contrast, all interactions on the inverted

5.8 Mbp, including ANT-C, were abolished. Instead, new contacts

occur on the 17 Mbp that is inverted from chromosome 3LWT to

3RIN (Figure 7B), including PcG targets dorsocross (doc) genes and

Iroquois-complex (IRO-C; araucan, caupolican, and mirror).

We observed similar results when we mapped interactions using

Antp as bait. Several interactions that occur on 3RWT, such as with

BX-C, hth, and lbl/lbe are lost on 3RIN and many new contacts are

found on 3LIN (Figure 7C, Table S4). Interactions are mostly

limited to 3LIN, and only 2 out of 18 DIDs occur with sequences

on chromosome 4 (Figure 8A, Table S4). Similar to wild type, we

observed that ,95% of all Abd-B and Antp interactions (n = 37)

occur within a single chromosome arm (Figure 8A).

Next, we tested whether the dramatically changed interactions

affect expression of genes on the In(3LR)sep chromosome. In a

series of microarray expression profiling experiments we could not

Figure 5. Large PcDs interact more often than small PcDs. (A) Strip charts show size differences between PcDs that interact with at least one
of the 4 PcG baits (closed circles) and PcDs that do not interact (open circles). (B) Similar to a, but now for K27Ds. The x-axes indicate domain size in
Kbp (log10 scale), and each dot represents a single domain on chromosome 3. Perpendicular bars are median values and p-values were calculated
using a two-sided non-parametric Mann-Whitney U test.
doi:10.1371/journal.pgen.1001343.g005

Polycomb Domains Interact in Nuclear Space
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detect significant changes relative to wild type gene expression,

when we compared genes residing on either 3LIN, 3RIN, or other

chromosome arms (Figure S4). We additionally performed genetic

experiments to test whether gene expression is altered on the

In(3LR)sep chromosome. Sex combs reduced (Scr) expression levels in

larval imaginal discs correlate strongly with the number of sex

comb teeth on adult male 1st thoracic legs [30,31]. We further

sensitized Scr expression by crossing either the wild type or

In(3LR)sep chromosome to several Scr-mutant alleles. As expected,

we observed approximately 6 to 7 sex comb teeth per leg on

average for the Scr/3RWT (functional Scr allele on wild type

chromosome 3R) heterozygous animals (Figure S4) [31]. We

observed similar numbers on Scr/3LIN flies, which carry the

functional Scr allele on inverted chromosome (Figure S4). Taken

together, our experiments failed to detect altered gene expression

on the In(3LR)sep chromosome.

We further examined the interactions on the In(3LR)sep

chromosome, and observed that, like on the wild type chromo-

some, Abd-B and Antp prefer to contact other PcDs. We observed

PcD-specific interactions for 4 out of 6 new Abd-B contacts on the

17 Mbp that rearranged from 3LWT to 3RIN (Figure 7B, left). In

addition, Antp showed 7 PcD-specific interactions out of 10 new

Figure 6. Long-range interactions predominantly occur within a single chromosome arm. (A) Domainograms show two illustrative
examples of genome-wide interaction maps using either Abd-B (top) or trh (bottom) as bait. Plots are described in Figure 1B and Figure 2. Note, the
small repeat-rich chromosome 4 is not shown. (B) Bar plots depict fraction of interactions within bait containing chromosome arm (black) and
interactions with other chromosome arms (white). Bait names are indicated (x-axis) as well as absolute number of interactions (top). Across eight data
sets we identified 201 interactions (all), of which ,95% are limited to a single chromosome arm, which also contains the bait sequence, and only 5%
occurs between sequences on two chromosome arms.
doi:10.1371/journal.pgen.1001343.g006

Polycomb Domains Interact in Nuclear Space
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contacts with sequences that originate from 3LWT and are now on

3LIN (Figure 7C, left). All together, a highly significant fraction

(70% for Antp and 74% for Abd-B) of all DIDs coincide with PcDs

(Figure 8B) and K27Ds (data not shown).

In summary, we conclude that on the In(3LR)sep chromosome

Abd-B and Antp preferentially contact PcDs that are located on the

same chromosome arm, demonstrating that interactions are

constrained by the overall chromosome architecture.

Figure 7. Interactions are constrained by chromosome architecture. (A) A schematic overview of the wild type and inverted chromosome 3.
The wild type strain used in this study (w1118) is shown on top. Dashed lines indicate the annotated positions of the break points (BK1 and BK2)
present in the inverted chromosome of In(3LR)sep (bottom). Sequences on the inverted left arm 3LIN are red and 3RIN blue. Positions of the baits are
indicated. (B–C) Domainograms show interactions of Abd-B (B) and Antp (C) on the inverted third chromosome. Note that all domainograms are
plotted in the wild type orientation, which allows direct comparison with wild type data (Figure 2B, 2C). The colors on the x-axes indicate location on
inverted chromosome (red = 3LIN; blue = 3RIN). Exact positions of the break points are highlighted by dashed vertical lines. Rest of plot details are
described in Figure 1B and Figure 2.
doi:10.1371/journal.pgen.1001343.g007

Figure 8. On the inverted third chromosome Homeotic genes preferentially contact PcDs located on the same chromosome arm. (A)
Bar plots show quantification of interactions within single chromosome arm and between two chromosome arms in brain tissue from In(3LR)sep
larvae. Plot is described in Figure 6B. Like on the wild type third chromosome (Figure 6B), on the inverted third chromosome 95% of all interactions
are intrachromosomal and only 5% is interchromosomal. (B) Proportion of DIDs that overlap with PcDs. Plot is described in Figure 3A.
doi:10.1371/journal.pgen.1001343.g008

Polycomb Domains Interact in Nuclear Space

PLoS Genetics | www.plosgenetics.org 9 March 2011 | Volume 7 | Issue 3 | e1001343



Discussion

We successfully adapted the 4C method to systematically map

long-range chromatin contacts with limited material from a single

fly tissue. With this method, we detect interactions between the

ANT-C and BX-C in central brain. This observation is in good

agreement with earlier microscopic reports [13,14], underscoring

the strength of our method. Importantly, we further demonstrate

that not only the two Homeotic gene clusters, but also many other

PcG target genes interact, suggesting that long-range chromatin

contacts between PcDs are common in central brain tissue. The

control fragments (wntD, CG5107, Crc, and RpII140), which do not

reside in PcDs, have interactions that are distinct from PcDs,

emphasizing the specificity of our findings.

PcG targets show a strong preference for interaction with other

PcG targets, suggesting that PcG proteins help to establish these

interactions. This is in line with earlier in vivo and in vitro results that

indicated that PcG proteins can keep certain DNA sequences

together [10,11,14,15,32]. However, interactions among PcG

target genes are constrained by overall chromosome architecture,

because our data demonstrate that loci need to be on the same

chromosome arm for efficient interaction

Interpretation of the 4C data
DIDs range in size from 6 to 600 kb, with an average of

,170 kb. Thus, we find highly local strong enrichments as well as

moderate enrichments over larger regions, which may reflect

different types of long-range interactions. We emphasize that

interactions as detected by 4C technically represent events of

molecular proximity of DNA sequences, and not necessarily

physical binding. Based on the current data it is therefore not

possible to identify within the DIDs sequence elements that may

mediate direct contact with other DIDs. It is conceivable that

contacts between PcDs may occur at any position within the PcDs;

if PcG protein complexes have an intrinsic propensity to

aggregate, as has been observed in vitro [33], then large PcDs

may have a higher chance of interacting with each other due to

their larger ‘sticky’ surface area.

The 4C method is a cell population based assay that only detects

the most frequent interactions in the population. Previous 4C

studies in mammalian cells suggested an extensive network of long-

range interactions [20]. Our data also suggests an extensive network

among interacting PcDs. However, microscopic studies in mam-

malian cells revealed that specific long-range interactions occur only

in a small proportion of the cells [20]. Likewise, only a proportion of

D. melanogaster cells show contacts between the two Homeotic clusters

[13,14]. Therefore, 4C data have to be carefully interpreted,

because the identified interactions are in part stochastic and do not

all occur simultaneously [20]. As a consequence, we do not know

how many PcDs interact in a single cell, but we do know the most

common interactions in the population of larval brain cells.

Chromosome arm territories
Interphase chromosomes in most eukaryotes occupy distinct

‘‘territories’’ inside the nucleus, with only a limited degree of

intermingling [34,35]. Although some studies have reported

interactions between some loci that are on two different

chromosomes (interchromosomal) [reviewed in: [28]], unbiased

4C mapping in mouse tissues has indicated that interactions within

the same chromosome (intrachromosomal) occur much more

frequently than between different chromosomes [20]. In addition,

a recent genome-wide map of chromatin interactions in human

cells showed that intrachromosomal interactions occur with higher

frequency than interchromosomal contacts [26]. Our data are in

agreement with these observations, and show that most interac-

tions are even limited to single chromosome arms, at least in D.

melanogaster larval brain. Since our experiments indicate that a

topological mechanism prevents interactions between the two

arms of a chromosome, we propose that each arm (rather than the

chromosome as a whole) forms a distinct territory. This is

consistent with early microscopy studies of chromosome architec-

ture in D. melanogaster, which suggested that chromosome arms are

units of spatial organization [36–38].

What topological mechanism may limit contacts between the

two chromosome arms? About ,16 Mbp of pericentric hetero-

chromatin are located in between the two euchromatic arms of

chromosome 3 [39]. This heterochromatin region could act as a

long spacer and prevent efficient interactions between DNA

fragments that are located on either chromosome arm. However,

our data show that interactions within one arm can span even

longer distances, such as between Ptx1 and grn (,22.7 Mbp).

Another explanation may be that the pericentric regions of all

chromosomes assemble into a nuclear compartment, called

chromocenter [40]. This large structure could physically obstruct

interactions between chromosome arms.

Previous reports have demonstrated that certain PcG-bound

PREs can pair in trans (i.e. when they are located on different

chromosomes). First, a Fab7 PRE-element integrated on the X

chromosome (Fab-X) was often found in close spatial proximity to

the endogenous Fab-7 in the BX-C (chromosome 3R) [41],

although this phenomenon appears to be tissue-specific and

dependent on the transgene integration site [13]. Second, a

microscopy assay based on Lac repressor/operator recognition

showed that the Mcp PRE-element is able to pair with copies of

that same element inserted at remote sites in the genome either in

cis (i.e. when they are located on the same chromosome) or in trans

[42]. Our 4C experiments also identified cases of trans interactions

between endogenous loci, although they occur with low frequency

(approximately 5% occurs in trans; Figure 6B).

Although rare, such interactions between loci on different

chromosome arms are of interest, because they indicate that the

topological constraints imposed by chromosome architecture can

in principle be overcome. In mammalian cells, there is evidence

that the relative position of a gene locus within its chromosome

territory (CT) influences its ability to form either cis- or trans-

interactions. Peripheral regions of mammalian CTs intermingle

their chromatin [43], which may allow for interactions between

chromosomes. Indeed, more trans contacts are identified by 4C

using a bait that often resides in the CT periphery compared to a

bait located in the interior of a CT [20]. Likewise, activation of the

HoxB gene cluster during differentiation coincides with relocation

away from its CT interior [34], and the active HoxB1 gene more

frequently contacts sequences on other chromosomes compared to

the inactive gene [44]. In line with this, we observed a varying

degree of trans interactions among eight bait sequences, suggesting

distinct capacities to contact chromatin on other chromosomes.

The trh gene has the strongest capacity to contact other

chromosome arms. Interestingly, trh is located within 500 Kbp

of the telomere of chromosome 3L, and 5 out of 6 contacts in trans

occur within 500 Kbp of other telomeres (Figure 6A, and Table

S2). Thus, interactions between chromosome arms may be

possible if loci are favorably positioned on the edge of

chromosome (arm) territories, which could be the case for

telomeric sequences in larval brain cells.

Relevance for gene regulation
The experiments with strain In(3LR)sep showed dramatic

changes in interactions, such as loss of contacts between the
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Homeotic gene clusters and gain of contacts with other PcDs.

Despite these changed interactions, we did not find convincing

evidence for global gene expression alterations on the In(3LR)sep

chromosome. This raises the question: how relevant are long-

range chromatin contacts between PcG-target genes for regulation

of expression?

The lack of detectable expression changes may indicate that

long-range interactions have only quantitatively subtle effect on

the regulation of gene expression. Nevertheless, such subtle effects

on gene expression could be very important for long-term viability

and species survival. In(3LR)sep animals do suffer from an overall

reduced viability during several stages of development (data not

shown), which may indicate a generally reduced fitness, possibly

due to an dimly altered regulation of gene expression.

Alternatively, PcG gene regulation may not be affected in strain

In(3LR)sep, because Abd-B and Antp, although they no longer

interact with each other, still prefer to interact with other PcDs

(Figure 8B), suggesting that it is not relevant which PcDs interact.

In such a model, the complement of all interactions contributes to

PcG-mediated gene silencing in a population of cells.

Finally, it is interesting to note that over ,100 million years of

evolution of the Drosophila genus, exchange of genes between

chromosome arms has been rare despite extensive rearrangements

within each arm [45,46]. Chromosome arm territories ensure that

genes within a single arm are relatively close compared to genes on

other arms, which may have resulted in an increased chance of

rearrangements within one arm. Alternatively, the importance of

long-range interactions among sets of genes, which are topolog-

ically limited to the same arm, may have contributed to the

selective pressure that has led to this remarkable conservation of

the gene complement of each chromosome arm.

Materials and Methods

Fly stocks and handling
Flies were raised at 25uC on standard cornmeal/molasses/agar

medium. The wild type (w1118), In(3LR)sep (In(3LR)sep, vvlsep, kniri-1,

pp), Scr1 (Scr1 pp cu1/TM3, Sb1 Ser1), and Scr4 (pb1 Scr4 red1 e1/TM3,

Sb1) stocks were obtained from the Bloomington stock center

(Bloomington, USA). Transgenic DamID stocks, M{UAS-

Pc::Dam}ZH51C/CyO, P{Dfd-EYFP} and M{UAS-Dam}ZH51C/

CyO, were made by the BestGene corporation, using the phiC31-

integrase system (see below). For detecting Scr gene expression we

crossed wild type and In(3LR)sep to Scr1 and Scr4 and selected male

adult offspring that lacked the Sb1 phenotypic marker from the

balancer chromosome.

4C in larval brain
We adapted a previously described 4C protocol [20] for D.

melanogaster larval central brain tissue. For each experiment we

dissected and pooled 40 pairs of central brain hemispheres. With

gentle forceps manipulation we quickly removed the central

nervous system from each larva, while leaving the mouth hook and

imaginal discs attached, and placed it in PBS on ice. After 40

dissections, we replaced the PBS with 2% formaldehyde in PBS

and fixed the samples for 15 minutes at room temperature while

tumbling. The reaction was quenched for 5 minutes by adding

125 mM glycin final concentration, followed by three quick

washes with cold PBS. Next, we removed the mouth hook,

imaginal discs, and ventral nerve cord with gentle forceps

manipulation. The remaining central brain hemispheres were

placed into ice cold cell lysis buffer (10 mM Tris – pH 8.0; 10 mM

NaCl; 0.2% Nonidet P40; 1x Complete protease inhibitors –

Roche) and the tissue and cells were disrupted by repetitively

pipeting up and down several times to isolate nuclei. Finally, the

nuclei were centrifuged for 15 minutes with 2700 g at 4uC and

supernatant was removed afterwards.

On this nuclei pellet, we applied the 3C procedure as described

[47], yielding ligation products between EcoRI fragments. We used

the original 4C protocol to obtain circularized DNA templates for

the 4C PCR [20], and either DpnII or NlaIII as frequently cutting

restriction enzymes.

We supplemented our reverse 4C PCR primers with a T7

promoter sequence overhang (Table S5). 4C PCR reactions were

performed directly on the circularized 4C templates using Taq

polymerase (Invitrogen) and conditions were as follows: 94uC for

2 min; 30 cycles of 94uC for 15 s, 60uC for 1 min and 72uC for

1 min; and a final elongation step of 72uC for 5 min. We purified

the PCR products using the Qiaquick PCR purification kit

(Qiagen).

We further amplified the 4C PCR products in a strictly linear

fashion using a T7 RNA amplification step. For this we used the

Superscript RNA amplification system (Invitrogen) according to

the manufacturer’s guidelines. As a reference, we digested genomic

DNA from w1118 third instar larvae with DpnII. To each restriction

end, we added adaptors containing the T7 promoter sequence by

means of ligation. We amplified 1 mg of this DNA using the

Superscript RNA amplification system.

The 4C and reference samples were differentially labeled with

the ULS system (Kreatech), using Cy3 and Cy5 dyes (Amersham).

For each biological replicate we used opposite dye orientations to

correct for dye bias, we used the average signal of the replicates as

output. For all microarray experiments we used the same reference

sample. Microarray probes were designed in close proximity to

EcoRI restriction sites across the fly genome. These probes were

used on custom designed tiling microarrays (Agilent Technologies).

DNA Adenine methyltransferase IDentification (DamID)
and Chromatin Immunoprecipitation (ChIP) on chip

We cloned either Pc::Dam or Dam open reading frames from

our previous transfection plasmids (Tolhuis et al. 2006) into the

pUAST-attB vector (gift from Konrad Basler, Zurich, Switzer-

land). Plasmid integrity was verified using sequencing. The

BestGene corporation used these vectors to create transgenic flies

with the PhiC31-integrase system [48]. Vectors were injected into

embryos of strain M{3xP3-RFP.attP’}ZH-51C (with M{vas-

int.Dm}ZH-2A), which contains the attP-landing site at cytoge-

netic location 51C. Transgenic strains were balanced over either

CyO, P{Dfd-EYFP}2 or CyO. Importantly, the DamID assay

depends on very low expression levels to avoid mistargeting

[49,50]. We achieved this by depending solely on leaky expression

of the uninduced pUAST promoter in the absence of a Gal4

driver. For a single DamID experiment, we used 10 M{UAS-

Pc::Dam}ZH51C/CyO, P{Dfd-EYFP}2 central brains from 3rd

instar larvae, and as reference sample for the microarray we used

10 brain from M{UAS-Dam}ZH51C/CyO.

For the ChIP-chip we used the Red ChIP kit (Diagenode)

according the manufacturers guidelines. We used the following

antibodies, anti-H3K27me3 (Upstate 07-449), and anti-IgG (non-

specific control; Abcam ab17890). We used central brains from 50

3rd instar larvae (w1118) in a single ChIP experiment.

Amplification of DamID and ChIP isolated DNA fragments and

microarray analysis were performed as described [6,51] using

custom oligonucleotide tiling arrays (NimbleGen Systems).

Discrete domains of either Pc or H3K27me3 enrichment were

calculated using the same dynamic algorithm to extract DIDs from

the 4C data (see below). A validation of the data is described in the

Text S1 and Figure S2.
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Gene expression profiling
For a single microarray experiment, we isolated 20 central brains

from 3rd instar larvae for both w1118 (i.e. wild type) and In(3LR)sep

fly strains. Tissue samples from each fly strain were collected in 1 ml

TriZol (Invitrogen) reagent, and total RNA was isolated according

to the manufacturer’s protocol. For each fly strain we collected 4

independent RNA isolates. We amplified 1 mg of total RNA of each

isolate using the Superscript RNA amplification system (Invitrogen).

We labeled 1 mg of amplified RNA with the ULS system (Kreatech),

using either Cy3 or Cy5 dyes (Amersham). We paired independent

aRNA samples from w1118 (i.e. wild type) and In(3LR)sep fly strains

and performed dual channel microarray hybridizations, including

technical replicates (i.e. dye swaps). Our microarrays contain a 15k

INDAC oligomer set that probes 93% of all protein coding genes in

the D.melanogaster genome.

We used the LIMMA package (R package for statistical

computing; http://www.r-project.org) to obtain loess normalized

log2-transformed In(3LR)sep over w1118 ratios. In addition, we

determined log2-transformed signal intensities from all w1118

channels to obtain wild type expression data.

Data processing
Each independent replicate 4C experiment was normalized

using a loess algorithm (R package for statistical computing;

http://www.r-project.org). For each bait two replicates were

combined and analyzed.

We designed a ‘‘background filter’’ to correct for interactions that

are a consequence of short nucleotide distance to the bait sequence.

We only applied this filter to data that comes from the bait containing

chromosome (e.g. chromosome 3R for Abd-B), because we consider

other chromosome arms to be independent entities. First, we ranked

data based on distance of the probe to the bait sequence (Figure S5).

Next, we applied a loess algorithm to this ranked data (for each probe

in the data a quadratic polynomial is fitted using a subset of the data),

yielding smoothened representation of the data as a loess curve. The

curve shows high values for probes located at short physical distance

from the bait and gradually decreases as physical distance increases.

As such, the loess curve represents a hypothetical linear conformation

of the chromosome. Any long-range interaction will be detectable as

a region with 4C signals that exceed the loess curve in that same

position. To obtain these regions we subtracted the loess curve from

the normalized 4C signals. Importantly, the degree of smoothening

in a loess algorithm is determined by the smoothening parameter

alpha (a), which determines the size of the subset of the data that is

used to fit each local polynomial. We arbitrarily chose an a of 2,

because it yields the most gradual degree of smoothening (Figure S5).

However, we also tested smaller a values, which all gave similar

results (Table S6), indicating that our results are independent of the

parameters that we used.

We used this corrected data as input for the domainogram and

DID detection algorithms [24]. Originally, the DID algorithm

discretizes the domainograms into a set of multi-layered and partially

overlapping discrete domains of enrichment, referred to as BRICKs

[24]. However, we extracted only the DID with the smallest window

size of each set of partially overlapping discrete domains, because this

will represent the center of gravity of a long-range chromatin

interaction. Stringency of the DID algorithm is provided by the user

defined bias factor c [24]. We empirically determined determined c,

such that no DIDs were identified in randomly permutated data.

To test the significance of overlap between DIDs and PcDs, we

randomly permuted the DIDs’ coordinates across the bait

containing chromosome a thousand times, while maintaining

their size aspects. We used Pearson’s chi-square (x2) goodness of fit

test to evaluate the difference between the observed coincidence of

DIDs and PcDs/K27Ds and the expected/random coincidence

(average of 1000 random shufflings).

To test whether interacting PcDs have distinctive genomic

features, we divided all PcDs from the third chromosome into two

categories: 1) interacting with at least one of our 4 PcG baits (Abd-

B, Antp, Ptx1, trh); and 2) non-interacting with our baits. We used

the non-parametric Mann-Whitney U test to test for significant

differences between the two groups.

We analyzed the following genomic features (based on the April

2004 release of the UCSC genome browser): size of domains, PRE

sequences frequency, gene density, repetitive DNA sequences

frequency and non-coding conserved sequences frequency. Our

data demonstrated that interacting PcDs are significantly larger. In

order to avoid size bias, we corrected the frequencies of PREs,

genes, and non-coding conserved sequences by calculating the

feature frequencies per 1 Kbp domain.

All further statistical analyses were performed using the R

package for statistical computing (http://www.r-project.org);

scripts are available upon request.

We deposited all our microarray data sets (4C, DamID, ChIP-

chip, and gene expression profiles) to the GEO website under

accession number: GSE26694 (http://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc = GSE26694).

Supporting Information

Figure S1 PcG proteins repress expression of Homeotic genes in

central brain tissue. (A–B) In wild type larvae, Antp antibody stains

nuclei in the ventral nerve cord (VNC) cells, while it is absent from

the central brain cells (CB). (C–D) Reduction of the PcG protein

PH by RNA interference results in detection of Antp in subsets of

central brain cells. (E–F) In wild type larvae, Abd-B antibody only

stains nuclei of cells in the most posterior compartment of ventral

nerve cord (arrow). (G–H) Reduction of the PcG protein PH by

RNA interference results in detection of Abd-B in a subset of in

central brain cells. Left panels show projections of consecutive

confocal sections through the CNS recorded at 4 mm intervals.

Right panels depict a single confocal section through the right

central brain. Scale bar is 50 mm. Anterior is always up. Images

are false colored for better contrast.

Found at: doi:10.1371/journal.pgen.1001343.s001 (3.80 MB TIF)

Figure S2 Validation of PC binding and H3K27me3 chromatin

maps in central brain tissue. (A–D) Chromatin maps of specific

gene loci: Bithorax complex (A), Antennapedia complex (B), Ptx1

locus (C), and trachealess (trh) locus (D). Polycomb binding (top) and

H3K27me3 levels (middle) are highly similar in these loci, yielding

approximately the same boundaries for PcDs (blue) and K27Ds

(green). Gene positions are given at the bottom, with target genes

highlighted in cyan, while nontargets are grey. Some gene symbols

are indicated, and the gene that contains the bait sequence is

highlighted in bold. Scale bar is 50 Kbp. (E) On a genome-wide

scale, a large proportion of all PcDs and K27Ds co-occur/

(partially) overlap in central brain tissue (observed), such overlap is

not seen in a random overlap (expected). Random overlap was

based on 1000 random permutations of domain positions, while

maintaining their size aspects. Expected is the average random

overlap after 1000 samplings, error bars indicate standard

deviation. (F–G). The borders of all domains were aligned (relative

position = 0) and the average H3K27me3 levels (F, green line) or

PC binding (G, blue line) is plotted. Positions outside domains are

indicated by negative values, and positive values are inside

domains (x-axes). The y-axes represent average fold-change in

signal. (F) Inside PcDs (blue area) the H3K27me3 levels are ,2

fold higher than outside (white area). (G) Likewise, Pc binding is
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,2-fold increased inside K27Ds (green area). (H). Violin plots

show distribution of PcD (blue, top) and K27D (green, bottom)

sizes (x-axis). Median sizes are indicated. (I). Distribution of gene

content in PcDs. Number of genes inside a PcD are given on the x-

axis and the total fraction of PcDs with a specific number of genes

is on the y-axis. More than 60% of all PcDs contains more than 2

genes. (J). Violin plots show distributions of mRNA signal

intensities (y-axis) of PC (blue), and H3K27me3 (green) targets,

and nontarget genes (grey). mRNA signal intensities of PC and

H3K27me3 targets are slightly reduced. P-values were calculated

using a two-sided non-parametric Mann-Whitney U test.

Found at: doi:10.1371/journal.pgen.1001343.s002 (7.73 MB TIF)

Figure S3 mRNA expression levels of interacting genes on

chromosome 3. Violin plots show distributions of mRNA signal

intensities (y-axis) of genes that interact with PcG baits (Abd-B,

Antp, Ptx1, and/or trh; blue), low expressed genes (wntD and/or

CG5107; green), and high expressed genes (Crc and/or RpII140;

red). The remainder genes that do not interact are shown in grey.

Median values and population sizes (N) are indicated.

Found at: doi:10.1371/journal.pgen.1001343.s003 (0.28 MB JPG)

Figure S4 Gene expression is not detectably changed on

In(3LR)sep chromosome. (A) Violin plots show distribution of gene

expression changes (log2-transformed ratios of In(3LR)sep over wild

type) of genes annotated to 3LIN (red), 3RIN (blue), or other

chromosome arms (grey). Median values and population sizes (N)

are indicated. (B) Histograms show frequency distributions of

number of sex combs per 1st thoracic leg (x-axes) for crosses between

wild type and mutant Sex combs reduced alleles (Scr; green) and crosses

between In(3LR)sep and mutant Scr alleles (red). We examined Scr1

(left panel) and Scr4 (right panel) alleles. Total number of counted

legs per group is indicated (n). P-values were calculated using a two-

sided non-parametric Mann-Whitney U test.

Found at: doi:10.1371/journal.pgen.1001343.s004 (0.43 MB JPG)

Figure S5 Background filter. (A) Background filter applied to

chromosome 3R using illustrative data, Abd-B (left) and Ptx1 (right).

Bait sequence is positioned to the left of each graph (blue dashed

line). All other sequences are plotted according to their physical

distance to the bait sequence (x-axis). Data is plotted as log2-

transformed 4C signals (y-axis) after applying a running median

with a window of 50 probes (grey bars). The background filters

(green lines) are highest closest to the bait sequence and gradually

decrease as linear distance increases. As such, the filters represent a

hypothetical linear conformation of the chromosome without any

long-range chromatin interactions. For this filters a smoothening

parameter (a) of 2 was used. (B) The smoothening parameter (a)

affects the shape of the background filter. Abd-B 4C signal intensities

(y-axis) after applying a running median with a window of 50 probes

(grey bars) are plotted against chromosomal probe positions (x-axis).

The position of the bait sequence is indicated (blue dashed line).

Colored lines are background filters with different a values (red:

a= 0.25; blue: a= 0.5; yellow: a= 1; and green: a= 1). The lower

the a value the more tightly the line follows the original data. Higher

a values show a more gradual slope.

Found at: doi:10.1371/journal.pgen.1001343.s005 (1.11 MB JPG)

Figure S6 Expression of Ptx1 in larval central nervous system.

Ptx1 positive cells are found both in the central brain and ventral

nerve cord (VNC). In the VNC Ptx1 is expressed in a segmental

manner (right panel) that was also observed at embryonic stages

[52]. In central brain (middle panel), a subset of all cells express

Ptx1, while the majority does not.

Found at: doi:10.1371/journal.pgen.1001343.s006 (1.88 MB TIF)

Table S1 Genomic coordinates of PcDs and K27Ds in larval

brain tissue, including gene annotation and long-range chromatin

interactions.

Found at: doi:10.1371/journal.pgen.1001343.s007 (0.19 MB

XLS)

Table S2 Genomic coordinates of DIDs in wild type larval brain

tissue, including gene annotation and PcD/K27D specific

interactions.

Found at: doi:10.1371/journal.pgen.1001343.s008 (0.07 MB

XLS)

Table S3 Comparison of genomic features between interacting

and non-interacting PcDs.

Found at: doi:10.1371/journal.pgen.1001343.s009 (0.02 MB

XLS)

Table S4 Genomic coordinates of DIDs in In(3LR)sep larval

brain tissue, including gene annotation and PcD/K27D specific

interactions.

Found at: doi:10.1371/journal.pgen.1001343.s010 (0.03 MB

XLS)

Table S5 Description of bait sequences used in this study,

including 4C PCR primer sequences.

Found at: doi:10.1371/journal.pgen.1001343.s011 (0.01 MB

XLS)

Table S6 Comparison of background filters with various levels

of smoothening parameter (a) to test effects on overlap between

DIDs and PcDs/K27Ds.

Found at: doi:10.1371/journal.pgen.1001343.s012 (0.03 MB

XLS)

Text S1 Additional information on PC and H3K27me3 maps in

larval brain tissue.

Found at: doi:10.1371/journal.pgen.1001343.s013 (0.08 MB

DOC)
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