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Background

Although the organization of the genome into topologically associating domains (TADs)
is well established, the processes that form TADs are still unclear. CTCF/cohesin loop
extrusion is emerging as a key mechanism for the formation of TADs in mammals [1]. In
contrast, genome organization in Drosophila appears to depend primarily on the parti-
tioning of chromatin state domains, whereas insulator proteins are not required for the
establishment of TADs in early Drosophila embryos [2]. Drosophila TAD borders do not
correspond to highly localized loop anchor elements, but the interaction between active
domains flanking inactive domains may lead to a loose topology based on chromatin
state domains rather than on precise loop anchor elements [3, 4]. Indeed, in Drosophila,
a strong correlation exists between 3D chromatin structure and the epigenome. This has
suggested the hypothesis that the partitioning of chromatin states between domains of
histone acetylation and methylation, in particular H3 K27 me3, might contribute to TAD
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formation [3, 5, 6]. Furthermore, high-resolution Hi-C experiments suggested that TAD
organization in Drosophila reflects the switch between active and inactive chromatin
states [7]. Super-resolution microscopy coupled to DNA labeling (3D-STORM, ORCA)
confirmed the strong correlation of TADs with epigenetic domains at a single cell level
[8-10]. Finally, H3 K27 me3 is intergenerationally transmitted in flies and the majority
of H3 K27 me3 domains can be detected before the major wave of the zygotic genome
activation (ZGA) when TADs are established [11, 12].

Altogether, these lines of evidence strongly suggest that histone modifications could
be major drivers of TAD formation in Drosophila, but this hypothesis has never been
directly tested due to an important experimental bottleneck: to directly address the
importance of a chromatin state for TAD formation and structure, it is necessary to
change this signature without globally affecting gene expression. Here we overcome this
challenge by employing two complementary perturbations using CRISPR/Cas9 genome
engineering, where we either change the epigenetic signature defining a specific Poly-
comb-associated TAD or create a new epigenetic domain and analyze its consequences
on TAD formation.

Results and discussion

The key developmental regulator gene dachshund (dac) is located within a TAD span-
ning around 180 kb. The chromatin state within this TAD is defined by the presence of
PcG proteins and the hallmark of PcG-dependent gene silencing, H3 K27 me3 (Fig. 1a).
This epigenetic signature corresponds to the previously identified Polycomb (also
defined as “blue”) chromatin state [13] and borders of the epigenetic domain correlate
with borders of the physical domain. We used CRISPR/Cas9 genome engineering to
delete the two Polycomb Response Elements (643 bp for PRE1, and 1090 bp for PRE2)

(See figure on next page.)

Fig. 1 Erasure of an epigenetic TAD signature. a Representation of the dac TAD. Hi-C score maps around the
dac gene locus in Drosophila embryos [12]. Dac TAD and neighboring TADs are indicated by a black triangle.
Below ChiP-seq tracks and RNA-seq track of late embryos are shown (modENCODE). b CUT&RUN profiles for
H3 K27 me3 in Drosophila embryos and larval imaginal leg discs from WT flies or Double PRE mutant flies.
The left panel shows the dac domain; the right panel shows a neighboring H3 K27 me3 domain (esg/sna
genes) which is unaffected by the perturbations. ¢ Hi-C score maps of a 1 Mb kb region (upper panel) or 200
kb region (lower panel) around the dac TAD in WT or Double PRE mutant imaginal leg discs. Dac domain is
indicated by a black triangle. PRE loop by a black circle. Violet bars indicate the position of PREs. Gray bars
indicate the position of the TAD boundary. Black arrows indicate the promoters of the dac and the CG5888
genes. d Insulation profile shown at 3 kb resolution along the dac 200 kb region in larval WT and Double PRE
mutant leg discs is shown as the mean value (line) + the standard deviation (shaded area) over the insulation
scores (IS) computed using 5 different values of the window parameter (w= 100, 150, 200, 250, and 300 kb,
see the "Methods” section). eP-values from the comparisons of insulation scores (IS) at the left and right TAD
border between the WT and double PRE mutant line (see the "Methods" section). The p-values resulted from
a two-sided Welch t-test between the WT condition and the double PRE mutant at the corresponding locus.
f Differential Hi-C scores maps (double PRE mutant vs. WT) of a 150 kb region of the dac gene in third instar
imaginal leg disc (see Methods). Red regions indicate higher contacts in Double PRE mutant; blue regions
indicate higher contacts in WT. Black circle indicates the position of the PRE loop. Violet bars indicate the
position of PREs. Black arrows indicate the promoters of the dac and the CG5888 genes. g Quantification of
the dac PRE loop Hi-C interaction scores in WT (n= 172) and double PRE (n = 92) mutant flies. Reported
p-values result from comparing the WT and double PRE mutant distributions using the unpaired two-sided
Wilcoxon statistical test. The number of points per boxplot (bottom) is reported (see the “Methods” section).
Boxplots show median (central line), Q1 =25 th and Q3 =75 th percentiles (box limits), and Q1 4+ 1.5 x IQR
to Q3 4+ 1.5 x IQR (wiskers), where IQR is the interquartile range
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Fig. 1 (Seelegend on previous page.)

that act as nucleation sites for PcG protein binding, which is expected to create the
epigenetic chromatin domain. The resulting line was defined as “Double PRE mutant”
[12]. As previously described, homozygous flies are viable [12]. Male flies show extra sex
comb bristles on the first tarsal segment on the first leg, which is due to the specific
overexpression of the dac gene in the second tarsal segment at the pupal stage, whereas
expression is not significantly affected at earlier developmental stages [14]. CUT&RUN
experiments in both embryos and third instar larval leg discs showed that, upon dele-
tion of both PREs, only residual levels of H3 K27 me3 can be detected at the dac gene
locus, whereas other H3 K27 me3 domains are unaffected (Fig. 1b, Additional file 1: Fig.
S1a). To analyze the effect of the loss of the PcG-associated epigenetic signature on gene
expression, we performed RNA-seq analysis in Double PRE mutant imaginal leg discs.
Surprisingly, the substantial reduction of the H3 K27 me3 repressive mark did not sig-
nificantly impact the expression of genes within or flanking the dac TAD, including dac
itself. The only exception was the CG5888 gene, which showed moderate upregulation

Page 3 of 13
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(Additional file 1: Fig. S1b). The absence of global gene activation upon PRE deletion is
consistent with two previous reports deleting PREs at the inv/en or vg gene locus [15,
16]. Noteworthy, as it is the case of the dac gene locus, deletions of the two PREs at
the vg locus did not result in gene activation, while it left residual H3 K27 me3 levels
that were similar to those found in cells where the vg gene is active [15]. Therefore, it is
unlikely that remaining low levels of repressive histone marks account for maintaining
genes repressed. The most likely explanation for these results is that essential activators
might be missing in these cells. Finally, RNA-FISH experiments revealed that activa-
tion of CG5888 only occurs in a small subset of cells of the larval leg disc (Additional
file 1: Fig. S1c). Together, these results show a clear uncoupling between the gene expres-
sion changes and the PcG epigenetic chromatin signature at the dac TAD, an impor-
tant feature which allowed us to analyze the structural consequences of PRE deletion
in the absence of transcriptional effects. We next performed Hi-C experiments of wild
type (WT) or Double PRE mutant imaginal leg discs (Fig. 1¢, Additional file 1: Fig. S1 d)
to analyze whether the loss of the epigenetic signature affects the formation and struc-
ture of the underlying TAD. Comparison of Hi-C maps and quantification of insulation
scores of the TAD borders revealed that global TAD structure and its boundaries are not
significantly affected upon changing the underlying chromatin state (Fig. 1d, e). On the
other hand, the significant reduction in H3 K27 me3 levels correlates with changes in the
intra-TAD organization, specifically the loss of PRE looping interactions, as previously
shown [12] (Fig. 1f, g). In summary, these results suggest that the epigenetic signature of
a Polycomb TAD is not the major driving force for the formation of a physical domains
and TAD boundary delimitation.

As a complementary strategy to dissect the functional link between epigenetic
domains and physical domains, we used a previously described fly line where the endog-
enous PRE1 is deleted (APRE1) [12] and created from this line another one where we
inserted the same PRE1 sequence upstream to the right dac TAD border, in the flanking
black chromatin [13] that has no Polycomb binding despite being transcriptionally inac-
tive (PRE1_UP line). Importantly, the distance of the new PRE insertion to the endog-
enous PRE2 at the dac transcription start site (dac TSS) is the same as the distance (65
kb) between the two endogenous PREs (Fig. 2a). This experimental setup allowed us to
examine whether the two PRE sequences (endogenous PRE2 and ectopic PRE1) can cre-
ate a repressive chromatin domain, as it is the case for the endogenous dac locus, and
whether this affects TAD structure or borders of the endogenous domain. At the same
time, this allowed us to assess the importance of TADs for the formation of epigenetic
domains or vice versa.

CUT&RUN experiments showed that insertion of the PRE sequence upstream to the
dac locus results in the local recruitment of the PRC1 component PH, indicating that
the PRE is functional (Fig. 2b). Notably, PcG levels at the ectopic PRE1 insertion site are
comparable to PcG levels bound to the endogenous PRE1. However, the spreading of H3
K27 me3 from the ectopically inserted PREL1 is strongly limited, resulting in a small H3
K27 me3 domain that does not exceed 10 kb (Fig. 2b). Remarkably, a similar extent of H3
K27 me3 levels is observed when we insert the PRE2 sequence in the upstream domain
(Additional file 1: Fig. S2a). Since the PRE2 sequence has stronger PRE activity in terms
of PcG binding levels and silencing activity in transgenic reporter assays compared to
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PRE1 [12], these data suggest that the reduced H3 K27 me3 spreading from the ectopi-
cally inserted PREL1 is not due to the lower affinity of PcG proteins to the PRE1 sequence.
Altogether, these results suggest that the endogenous PRE at the dac TSS and an ectopi-
cally inserted PRE in its upstream TAD do not cooperate to form a large repressive H3
K27 me3 domain, as it is the case when they are located within the same TAD.

The presence of multiple insulator binding sites between the two PREs (Additional
file 1: Fig. S2a) might interfere with the ability of the two PREs to efficiently establish a
larger epigenetic chromatin domain when located in different physical domains. How-
ever, we note that insulator binding sites do not precisely colocalize with borders of the
ectopic H3 K27 me3 domain (Fig. S2a), making it unlikely that they directly account for
the reduced spreading of H3 K27 me3 from the ectopic PRE. In addition, we previously
showed that insertion of a gypsy insulator sequence within the dac domain does not
interfere with the deposition of the H3 K27 me3 from the two PREs [14]. We therefore
favor the hypothesis that the endogenous chromosomal location of PREs imparts stabil-
ity to Polycomb domains [16], whereas PREs outside their endogenous context are less
efficient in mediating histone methylation of their surrounding chromatin [17].

To examine how TAD structure, their borders, and PRE chromatin contacts are
affected upon shifting the position of the PREs, we performed Hi-C experiments in
the line where the PRE position is shifted (PRE1_UP). Comparison of Hi-C maps
revealed that endogenous TAD structures are largely maintained upon deletion of
endogenous PRE1 (APRE1) and insertion of PRE1 in the upstream TAD (PRE1_UP)

(See figure on next page.)

Fig. 2 Shifting the PRE position to generate a new epigenetic signature. a Schematic representation of the
dac TAD and its upstream TAD in WT, APRET1 flies, and PRE1_UP flies. b CUT&RUN profiles for H3 K27 me3
and PH at the dac gene locus in WT, APRET, PRET_UP flies. PRE1, PRE2, and the upstream PRE insertion site
are indicated by gray bars. Note that In the PRET_UP line, H3 K27 me3 and PH profiles were aligned to a
custom genome in which PRE1 was removed from its endogenous location and inserted at the ectopic
site (see the "Methods” section). RNA-seq track of late embryos is shown (modENCODE). ¢ Hi-C score (see
the “Methods” section) maps of a 300 kb region at 3 kb resolution on chromosome 2L, including the dac
gene locus in WT, APRE1 and PRET_UP third instar imaginal leg disc. Violet bars indicate the positions of
the PREs. Gray bars indicate the position of the TAD boundary. Black arrows indicate gene promoters of the
dac and the CG5888.The black dashed rectangle indicates higher contact regions of chromatin marked

by H3 K27 me3. d Insulation profile shown at 3 kb resolution along the dac 200 kb region in larval WT

and APRET (top panel, green) and PRET_UP (bottom panel, light blue) mutant fly lines is shown as the
mean value (line) & the standard deviation (shaded area) over the insulation scores (IS) computed using 5
different values of the window parameter (w= 100, 150, 200, 250, and 300 kb, see the “Methods" section).
eP-values from the comparisons of insulation scores (IS) at the left and right TAD borders between the WT
and the corresponding fly line (see Methods). The p-values resulted from a two-sided Welch t-test between
the WT condition and each of the mutants at the corresponding locus. f Quantification of dac PRE loop
(left) Hi-C interaction score in WT, APRE1, and PRE1_UP mutant flies. The left panel shows quantification

of the endogenous PRE loop WT, APRET, and PRE1_UP; the right panel quantifies the PRE loop between
endogenous PRE2 and upstream PRE1. Reported p-values result from the comparisons between WT, APRET1,
and PRET_UP mutant distributions using the unpaired two-sided Wilcoxon statistical test. The number of
points per boxplot is reported. Boxplots show median (central line), Q1 =25 th and Q3 =75 th percentiles
(box limits), and Q1 4+ 1.5 x IQR to Q3 4 1.5 x IQR (whiskers), where IQR is the interquartile range. g
Differential Hi-C interaction score maps (PRET_UP mutant vs APRE1) of a 300 kb region of the dac gene in
third instar imaginal leg disc (see the “Methods” section). Red regions indicate higher contacts in PRE1_UP
mutant, blue regions indicate higher contacts in APRE1. The black circle indicates the position of the PRE
loop. Violet bars indicate the positions of the PREs. Black arrows indicate the promoters of the dac and the
(G5888 genes. The black dashed rectangle indicates higher contact regions of chromatin marked by H3 K27
me3
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Fig. 2 (See legend on previous page.)

(Fig. 2¢, Additional file 1: Fig. S2b), although a slight but significant decrease in the
insulation score between the endogenous dac TAD and the upstream TAD can be
observed upon insertion of the ectopic PRE (Fig. 2d, e).

To analyze the effect of a TAD boundary placed between two PRE anchors on
their ability to form chromatin loops, we quantified chromatin contacts between
the endogenous PRE2 (dac TSS) and the PREL1 in its endogenous and ectopic inte-
gration site in the upstream TAD in each fly line. As expected, the endogenous PRE
loop is disrupted when the PRE 1 is deleted within the dac TAD in both APRE1 and
PRE1_UP (Fig. 2f, left). On the other hand, a slight increase in chromatin contacts is
observed between the endogenous PRE2 and the PRE1 inserted in the upstream TAD
in PRE1_UP, although chromatin interactions between these genomic loci stay much
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lower than those of the endogenous PRE loop (Fig. 2f, right). This indicates that the
two PREs, when positioned in different TADs, have a significantly reduced potential
to interact with each other. The inability of the ectopic PRE to loop with the endog-
enous PRE is unlikely to be due to the absence of an extended H3 K27 me3 domain at
the ectopic gene locus. Although, endogenous PRE loops are largely limited to PREs
located within the same TAD [12, 18], not all PREs within Polycomb domains form
chromatin loops and insertion of a gypsy insulator between the two PREs at the dac
gene locus decreases PRE looping without affecting the deposition of H3 K27 me3
mark [14]. This favors the hypothesis that PRE looping is restrained by physical con-
straints like insulator binding or endogenous TAD structures, whereas the simple
presence of PREs within H3 K27 me3 marked chromatin is not sufficient to allow PRE
looping.

Interestingly, by analyzing the differential score enrichment of interactions in the
APRE1 line versus the PRE1_UP line (Fig. 2g), we observed increased interactions of the
whole dac TAD with a smaller region around the upstream PRE insertion side. These
increased contacts might reflect the high affinity for homotypic interactions between
H3 K27 me3 marked chromatin domains, which has been previously reported in flies
and mammals [19-21], resulting in the compartmentalization of repressive chromatin
domains. This, in turn, may explain the slightly reduced insulation activity of the bound-
ary region between the two TADs (Fig. 2d).

Conclusions

In conclusion, the two experimental approaches show that, although TAD structures are
tightly correlated to chromatin states in Drosophila, the epigenetic mark H3 K27 me3 is
not the major driving force for TAD formation and delimitation but contributes to TAD
compartmentalization. Conversely, physical domains impact the formation of epigenetic
domains and the interaction of PREs.

Methods

Fly work and generation of mutant flies by CRISPR/Cas9 genome engineering

All flies were raised on standard corn meal yeast extract medium at 25 °C. CRISPR/Cas9
mutant fly lines Double and APREL1 are described in [12].

Sequences of gRNAs used to create fly lines PRE1_UP and PRE2_UP are described
in Additional file 2: Table S1. Sense and antisense oligonucleotides were annealed and
phosphorylated by the T4 polynucleotide kinase (NEB#MO0201S) before being inserted
inside a pCFD3 plasmid (Addgene #49,410) previously digested by BbsI (NEB#R0539S).
To create the pHD-dsRED donor plasmid (Addgene) containing a removable (floxed)
3XP3-dsRED construct flanked by loxP sites and DNA fragments having homology to
the target regions (homology arms) serving as a template for homology-directed repair,
1.5 kb genomic DNA fragments were amplified by PCR (Additional file 2: Table S1)
and inserted into the pHD-dsRED plasmid using the GIBSON assemble (kit NEBuilder
NEB#E2621S).

The PRE1 and PRE2 sequences were PCR amplified and introduced into the donor
plasmid cut by Spel and BglII using GIBSON cloning (Additional file 2: Table S1). To
generate mutant fly lines, gRNA-containing pCFD3 and pHD-dsRED donor plasmids
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were injected into flies expressing Cas9 in the germline (vas-Cas9(X) RFP-; Bloomington
stock #55,821). Injections and dsRED screening were performed by BestGene (https://
www.thebestgene.com/). To remove the dsRED reporter construct, mutant flies were
crossed with a fly line expressing CRE recombinase (Bloomington stock #34,516).

To generate the PRE1_UP and PRE2_UP mutant line gRNAs targeting the PRE
upstream region, the corresponding donor plasmid was injected into APRE1 mutant
lines previously generated and expressing Cas9 (vas-Cas9(III)). Genotypes of mutant fly
lines were confirmed by PCR genotyping and sequencing analysis of the mutated region.

CUT&RUN
CUT&RUN experiments were performed as described by Kami Ahmad in protocilas.
io (https://dx.doi.org/https://doi.org/10.17504/protocols.io.umfeu3dn) with minor modi-
fications. 50 leg discs were dissected in Schneider medium, centrifuged for 3 min at 700
g, and washed twice with wash + buffer before the addition of Concanavalin A-coated
beads. Embryos were collected and homogenized using a glass douncer in Nuclear
extraction buffer (20 mM HEPES, 10 mM KCIl, 0.1% TritonX, 20% Glycerol), then
washed once with wash + buffer before the addition of Concanavalin A-coated beads.
MNase digestion (pAG-MNase Enzyme from Cell Signaling) was performed for 30
min on ice. After ProteinaseK digestion, DNA was recovered using SPRIselect beads
and eluted in 50ul TE. DNA libraries for sequencing were prepared using the NEBNext®
Ultra™ II DNA Library Prep Kit for Illumina. Sequencing (paired-end sequencing 150
bp, approx. 2 Gb/sample) was performed by Novogene (https://en.novogene.com/).

CUT&RUN analysis

Fastq files were aligned using Bowtie 2 (v 2.4.2) [22] with the following parameters: —
local —-very-sensitive-local —no-unal —no-mixed —no-discordant —phred33 -I 10 -X
700. The samples for WT and APRE1 were aligned to the D. melanogaster reference
genome dmé6 in https://s3.amazonaws.com/igenomes.illumina.com/ and samples for
the PRE1_UP condition were aligned to a modified genome. First, the 1.091 bp region
chr21.:16,422,435-16,423,525 including the PRE1 was removed from the dmé6 reference
genome and replaced with a string of 1091 n’s (undetermined nucleotides). Next, the
removed 1091 bp-long sequence was inserted at position chr2L:16,560,363 bp to cre-
ate the modified genome. SAM files were compressed into BAM files using samtools
(v 1.16.1) [23] and reads with low mapping quality (Phred score <30) were discarded.
Duplicate reads were removed using sambamba markdup (v 1.0.0) [24] with the follow-
ing parameters: -r —hash-table-size 500,000 —overflow-list-size 500,000. For visualiza-
tion, replicates were merged using samtools merge with default parameters and reads
per kilo base per million mapped reads (RPKM)-normalized bigWig binary files were
generated using the bamCoverage (v 3.5.5) function from deepTools2 [25] with the fol-
lowing parameters: —normalizeUsing RPKM —ignoreDuplicates -e 0 -bs 10. Two biologi-
cal replicates were used per condition and the IgG condition was used as a control for
the differential enrichment analysis in the 131 Drosophila Polycomb domains [19] per-
forming the DESeq2 method from the “DiftBind” R package (v 3.12.0) (Additional file 3:
Table S2).
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RNA-seq experiments

Third instar larval leg discs were dissected in Schneider medium on ice. Total RNA was
extracted using TRIzol reagent. RNA purification was performed using the RNA Clean
& Concentrator kit (Zymo Research, #R1015). Finally, poly-A RNA selection, library
preparation, and Illumina sequencing (20 M paired-end reads, 150nt) were performed
by Novogene (https://en.novogene.com/). All experiments were performed in triplicate.

RNA-seq processing and differential analysis

RNA-seq data quality was assessed using FastQC (v0.12.1). Stranded RNA-seq data were
mapped to the Drosophila melanogaster dm6 genome (FlyBase dmel_r6.34) using Sub-
read-align (Subread v2.0.6) with default parameters. Samtools merge was used to merge
bam files from the same sample sequenced in different lanes. (Samtools v1.16.1). Aligned
sequencing reads mapped to gene transcripts were counted using featureCounts (Sub-
read v 2.0.6) with -s 2 (reverse stranded) and default parameters. The gene transcript
annotation file was obtained from FlyBase (release 6.34). Prior to statistical analysis,
genes with fewer than 10 reads (cumulating all samples analyzed) were removed. Differ-
entially expressed genes (DEGs) were identified using the DESeq2 R package (Additional
file 4: Table S3). Genes with adjusted p-value <0.01 (using the Benjamini—Hochberg FDR
method) and |log2 FC|> 1 were considered differentially expressed. Volcano plots were
generated using the “EnhancedVolcano” R package (https://doi.org/10.18129/B9.bioc.
EnhancedVolcano). modENCODE RNA-seq data from whole embryo 14—16 h post syn-
chronization at egg laying stage (ENCSR246 JXB) was used for visualization purposes.

Hi-C

Hi-C experiments were performed using the EpiTect Hi-C Kit (Quiagene#59,971). All
Hi-C experiments were performed in two or three independent experiments using 50
3rd instar imaginal leg discs. Briefly, discs were homogenized and fixed in activated
Buffer T and 2% Formaldehyde using Tissue Masher tubes (Biomasher II (EOG-steri-
lized) 320,103 Funakoshi). Tissue was digested by adding 25 pl Collagenase I and II (40
mg/ml) for 1 h at 37 °C. Samples were centrifuged and supernatant was carefully aspi-
rated, leaving ~250 pl of solution in the tube. Then 250 pul QIAseq Beads equilibrated
to room temperature were added to bind nuclei to the beads, and all subsequent reac-
tions were performed on the beads according to the manufacturer’s protocol. Libraries
were sequenced at BGI (https://www.bgi.com/) PE 150 (approx. 400 million reads per
replicate).

Hi-C analysis

Raw data from Hi-C sequencing were processed by using the “shHiC2” pipeline.
Sequencing statistics are summarized in Additional file 5: Table S4. Valid interactions
were stored in a database using the “misha” R package (https://github.com/msauria/
misha-package). Extracting the valid interactions from the misha database, the “sha-
man” R package [https://bitbucket.org/tanaylab/shaman] has been used for comput-
ing the Hi-C expected models, Hi-C scores with parameters k=250 and k_exp =500
(Figs. 1c and 2c), and differential Hi-C interaction scores with parameters k=250 and
k_exp =250 and for each comparison down-sampling the compared datasets to have the
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same number of valid pairs in chr2L (Figs. 1f and 2g). Specifically, Hi-C scores quan-
tify the contact enrichment (positive values) or depletion (negative values) of each bin
of the map with respect to a statistical model used to evaluate the expected number of
counts. To generate this expected model, we (randomized) shuffled the observed Hi-C
contacts using a Markov Chain Monte Carlo-like approach per chromosome [26]. Shuf-
fling is done such that the marginal coverage and decay of the number of observed con-
tacts with the genomic distance are preserved, but any features of genome organization
(e.g., TADs or loops) are not. These expected maps were generated for each biological
replicate separately and contain twice the number of observed cis-contacts. Next, the
score for each contact in the observed contact matrix was calculated using the k nearest
neighbors (kNN) strategy [26]. In brief, the distributions of two-dimensional Euclidean
distances between the observed contact and its nearest k_exp neighbors in the pooled
observed and pooled expected (per cell type) data are compared, using Kolmogorov—
Smirnov D statistics to visualize positive (higher density in observed data) and negative
(lower density in observed data) enrichments. These D-scores are then used for visuali-
zation (— 100 to + 100 scale) and are referred to as Hi-C scores in the text. Accordingly,
the color scale of the Hi-C scores comprises both positive and negative values. When
computing the differential Hi-C scores maps, the reference dataset (WT in Fig. 1f and
APREL1 in Fig. 2g) was used as the expected model.

For each condition, the Hi-C interaction quantifications at the dac PRE loop (Fig. 1g,
2f) were performed by considering the Hi-C scores between two regions of 6 kb: in
Figs. 1g and 2f (left), we considered the locations of the two endogenous PREs (PRE1
in chr21.:16,419,514-16,425,515 bp and PRE2 in chr2L:16,482,929-16,488,930 bp) and
in Fig. 2f (right) we considered the locations of the endogenous PRE2 and the inser-
tion site of the relocated PRE1 (PRE2 in chr21.:16,482,929-16,488,930 bp and PRE1_UP
in chr2L:16,557,363-16,563,364 bp). Each of the comparisons of the Hi-C interaction
quantifications at the dac PRE loop was performed between the WT (control line) and
the indicated mutant line. An unpaired two-sided Wilcoxon statistical test (HO: true
median shift is equal to 0. The two variables are not normally distributed) was used to
estimate the reported p-values.

The insulation scores [27] were computed on the observed Hi-C datasets binned at
2 kb resolution with windows of 100, 150, 200, 250, and 300 kb, resulting in five values
per bin, and were stored in the misha database using an in-house R script. The mean and
standard deviation for each of the 2 kb-bins were computed and were used for the plots
in Figs. 1d and 2d. The quantification of the insulation scores (IS) at the TAD borders
was performed by applying the pair-wise statistical comparison of the five IS quantifi-
cations per 2 kb-bins. The p-values in Figs. 1e and 2e resulted from a Welch ¢-test (HO:
true difference in means is equal to 0. The variances of the samples are thought not to be
equal) between the WT condition and each of the mutant conditions at the correspond-
ing locus. Fig. S1 d and Additional file 1: Fig. S2b show the maps obtained by applying
the SCALE normalization of the command juicer tool (version 1.22.01) (Command: java
-Xmx300G -jar scripts/juicer_tools_1.22.01.jar addNorm -d -F -k SCALE) on the.hic files.
All plots of Hi-C maps, Hi-C interaction scores comparisons, insulation score (IS) pro-
files with window 100 kb, and p-values of IS comparisons were obtained with in-house R
and gnuplot scripts provided in Github (see Availability of data and materials).
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RNA-FISH
RNA FISH was performed as described in [14].

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/513059-025-03587-6.

Additional file 1. Fig S1. Data set related to Fig. 1. Fig S1a: MA plot showing the log2 fold change of H3 K27 me3

in Double PRE mutant versus WT. Fig S1b: Volcano plot showing the number of differentially expressed genes in
Double PRE mutant vs WT. Fig S1c: RNA FISH images of WT and Double PRE mutant third instar imaginal leg discs.
Fig S1 d: Normalized Hi-C contact maps of a 1Mb kb regionor 200kb regionaround the dac TAD in WT or Double PRE
mutant imaginal leg discs. Fig S2. Data set related to Fig. 2. Fig S2a: Snapshots of the H3 K27 me3 CUT&RUN profiles.
Fig S2b: Normalized Hi-C contact maps of a 300 kb region at 3kb resolution on chromosome 2L including the dac
gene locus in WT, APRET and PRET_UP third instar imaginal leg disc.

Additional file 2. Table S1. List of Primers used in the study. Table S2. Differential enrichment analysis of H3 K27
me3 in embryo and third instar larval leg imaginal disc of Double PRE mutant versus WT flies in the 131 Drosophila
Polycomb domains. Table S3. Differential expression analysis results and DESeq2 normalized counts of Double PRE
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