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Abstract

Topologically Associating Domains (TADs) have been suggested to facilitate and constrain enhancer-promoter interactions. However, the role of
TAD boundaries in effectively restricting these interactions remains unclear. Here, we show that a significant proportion of enhancer—promoter
interactions are established across TAD boundaries in Drosophila embryos, but that developmental genes are strikingly enriched in intra- but not
inter-TAD interactions. We pursued this observation using the twist locus, a master regulator of mesoderm development, and systematically
relocated one of its enhancers to various genomic locations. While this developmental gene can establish inte~TAD interactions with its enhancer,
the functionality of these interactions remains limited, highlighting the existence of topological constraints. Furthermore, contrary to intra-
TAD interactions, the formation of inteTAD enhancer-promoter interactions is not solely driven by genomic distance, with distal interactions
sometimes favored over proximal ones. These observations suggest that other general mechanisms must exist to establish and maintain specific

enhancer-promoter interactions across large distances.
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Introduction

Enhancers are short non-coding genomic elements that play
a crucial role in regulating precise spatial and temporal gene
expression patterns (1). They do so by acting as platforms
for transcription factors and activating the transcription of
their target gene(s) through the formation of an enhancer—
promoter (E-P) chromatin loop. Eukaryotic genomes typi-
cally contain over a hundred thousand enhancers interspersed
between genes, with enhancers sometimes skipping multiple
nearby promoters to regulate the expression of a gene located
at a large genomic distance (2,3). It is thus essential for en-
hancers to specifically target and regulate the expression of
the correct gene while avoiding the inappropriate expression
of neighboring genes. How E-P interaction specificity is es-
tablished within such a complex 3D genome is a long-standing
question. Several factors, such as the sequence of the core pro-

moter and the presence of insulator or tethering elements have
been suggested to contribute to this process (4).

In recent years, there has been growing evidence that
genome topology also plays a crucial role in guiding E-P in-
teraction specificity. Indeed, regulatory domains tend to co-
incide with regions of increased three-dimensional proximity
named Topologically Associating Domains (TADs) (5-9). Be-
cause E-P interactions are enriched within TADs, it is gener-
ally admitted that TAD boundaries are involved in insulating
these domains. As a consequence, deletion or rearrangements
of TAD boundaries result in the mis-regulation of gene expres-
sion due to either loss or hijacking of regulatory elements (10—
17). Overall, this suggests that TADs act as functional regula-
tory units that favor the formation of specific E-P interactions
while restricting interactions with regulatory elements located
in adjacent TADs (18,19).
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However, conflicting observations question the ability of
TAD boundaries to properly insulate E-P interactions and
their role in gene expression regulation (20). Notably, in some
cases, gene expression is resilient to chromosomal rearrange-
ments affecting TAD boundaries (21-24). Moreover, depleting
the complexes responsible for TAD boundary formation com-
pletely abolishes TAD structures, yet only mildly affects gene
expression (25-28). A possible explanation for this apparent
discrepancy is that E-P interactions can, to some extent, be
established across TAD boundaries, as a result of yet unchar-
acterized mechanisms. Several observations support this pos-
sibility. Up to a third of all long-range promoter interactions
identified by Promoter Capture Hi-C (PCHi-C) in mice and
humans are established across TAD boundaries (29,30). Al-
though the nature of these interactions and the elements in-
volved have not been studied in detail, promoter-interacting
regions were found to be enriched in histone marks associ-
ated with active enhancers, active promoters, and transcribed
regions, highly suggestive of non-coding regulatory elements
(29). Moreover, these interactions are rewired during devel-
opment, another indicator of their dynamic regulatory nature.
Similarly, a Micro-C analysis performed in mouse ES cells re-
ported that over 20% of E-P contacts are established across
TAD boundaries (31).

While these results suggest that inter-TAD E-P interactions
are not a rare event, the functionality of these interactions (i.e.
their ability to drive gene expression) has not yet been estab-
lished. Indeed, in many cases, E-P interactions are observed
in tissues or during stages when the corresponding gene is not
transcribed (32-34). Moreover, the existence of long-range
inter-TAD E~P interactions contrasts with recent studies quan-
tifying the effect of E-P promoter distance on gene expression
which show that increasing the E-P genomic distance within a
TAD decreases transcriptional activity (35-38). Overall, these
studies clearly show the existence, within the boundaries of a
single TAD, of a correlation between transcriptional activity
and distance, with the transcriptional output decreasing with
increasing E-P distance and dropping to zero when crossing a
TAD boundary (38). These observations, therefore, raise im-
portant questions about the contribution of inter-TAD E-P
interactions to gene expression.

To gain greater insight into the importance of these long-
range E-P interactions, we performed a detailed analysis of
inter-TAD E-P interactions in Drosophila embryos. Micro-C
data revealed that a substantial percentage of E-P interactions
are established across TAD boundaries. Strikingly, the genes
overlapping intra-TAD loop anchors are enriched for devel-
opmental functions, while inter-TAD genes failed to show
such enrichment. This led us to question the ability of de-
velopmental genes to establish functional inter-TAD interac-
tions with their enhancers. To investigate this, we used as a
model the fwist locus in Drosophila embryos, a master reg-
ulator of mesoderm development, and placed one of its en-
hancers (hereafter called E3) at various ectopic locations. Us-
ing circular chromatin conformation capture coupled with
next-generation sequencing (4C-seq), Micro-C and DNA-
Fluorescent Iz Situ Hybridization (FISH) we determined the
ability of the E3 enhancer to interact with the #wist promoter
when placed at large genomic distances across the boundary
of a TAD. The functional outcome of these interactions was
determined by analyzing the activity of fwist and the devel-
opment of the embryonic somatic musculature, a mesoderm-
derived tissue, in the absence of the endogenous E3 enhancer.
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Overall, our results revealed that interactions between the
twist promoter and E3 can be established across TAD bound-
aries and even across chromosomes, and that these interac-
tions can be functional. These long-range inter-TAD interac-
tions are established in a distance-independent but context-
dependent manner, with distal locations sometimes favored
over proximal ones.

Materials and methods

Analysis of genome-wide inter-TAD
enhancer-promoter loops

We analyzed Micro-C data obtained from nuclear cycle 14
Drosophila melanogaster embryos based on two recently pub-
lished datasets (34,39). The data were processed as described
below (section ‘Micro-C in Drosophila embryos’) to generate
contact matrices. Given the high concordance between biolog-
ical replicates within each dataset, we merged them to create
high-coverage contact matrices. Significant Interaction Peak
caller (SIP, v1.6.2) (40) was used to identify interactions from
the contact matrices at various resolutions (500 bp, 1 kb, 2.5
kb, 5 kb, 10 kb, 15 kb and 20 kb), with the following param-
eters: norm = KR, Gaussian filter = 3, minimum filter = 2,
maximum filter = 2, matrix size = 2000, diagonal size = 5, res-
olution corresponding to the matrix resolution used in bp, %
of saturated pixels = 0.01, threshold = 2,000, number of ze-
ros = 6, false discovery rate = 0.03, is Drosophila = false. For
the contact matrices from Batut et al. (39) of 15 kb and 20 kb
resolution, we set Gaussian filter = 1.5 and threshold = 1,500
to enhance the detection of loops in those matrices.

Next, we applied several filters to the identified loops.
Loops located in the centromeric regions of the Drosophila
genome (corresponding to the following dmé coordi-
nates >22,170,000 for chr2l, <5,650,000 for chr2R,
>22,900,000 for chr3L, <4,200,000 for chr3R) were re-
moved due to low read coverage and mapping issues in those
regions. The cooltools (version 0.5.4, (41)) coverage function
was then used to calculate the coverage of Micro-C data at
2kb resolution. Loops falling within 5 kb of regions with
coverage <1000 for the Ing-Simmons et al. (34) dataset and
<3,500 for the Batut et al. (39) dataset were also excluded.
After these filtering steps, data from all resolutions were com-
bined, and duplicated loops were removed, to retain only the
one from the highest resolution for further analysis.

TAD boundaries were identified from all Micro-C data
at a resolution of 20 kb using the hicFindTADs tool of
HiCExplorer v2.2.1.1 (42) with default parameters (except
delta = 0.05) to avoid considering nested or sub-TADs. Inter-
TAD chromatin loops were then identified by examining how
many TAD boundaries were crossed by the filtered chro-
matin interactions. The insulation score was computed by the
hicFindTADs tool and used to assess the insulation strength
of the TAD boundaries that are (un)crossed by loops. We used
publicly available ChIP-Seq data of insulators proteins known
to bind to Drosophila TAD boundaries and call peaks with
MACS2 (version 2.2.6), with a cut-off determined by the —
cutoff-analysis argument and visual inspection of the data.
The (un)crossed TAD boundaries were then analyzed to check
if they fell within 300 bp of an insulator peak.

To identify enhancer—promoter interactions, we obtained
enhancer data from the CRM Activity Database, a manu-
ally annotated list of cis-regulatory modules active during
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embryonic stages (43). Promoters were defined as regions —
300 bp to +50 bp of the transcription start site (TSS) of a gene.
We overlapped the anchors of each chromatin loop with these
databases to check if they fell within 300 bp of an enhancer
or a promoter, and referred to this set as ‘all-possible-E-P’ in-
teractions. To obtain a list containing exclusively enhancer—
promoter (E-P) interactions (referred to as ‘only-E-P’), we ex-
cluded from the ‘all-possible-E-P’ set all chromatin loop an-
chors that could overlap multiple promoters and enhancers (as
these loops could potentially be cases of promoter—promoter
and enhancer-enhancer interactions).

The list of enhancers and promoters involved in interactions
was then compared to documented expression patterns from
FlyBase FB2022_06 (44), modENCODE mRNA-Sequencing
(45), Berkeley Drosophila Genome Project (46,47), REDFly
(48) and characterization of the Vienna Tile library (49).
The ‘all-possible-E-P” interactions were categorized into two
groups: ‘Data on E and P expression,’” consisting of interac-
tions involving genes with known expression patterns during
embryonic stages, and ‘No data, containing interactions in-
volving genes with no available data on their expression or
those that are inactive at embryonic stages. We further ana-
lyzed the interacting genes and enhancers in the ‘Data on E
and P expression’ group for temporal and spatial overlap in
their expression.

Finally, we conducted a Gene Ontology (GO) enrichment
analysis using HOMER v4.11 (50) on the promoters common
to the two datasets (34,39) at inter-TAD and intra-TAD inter-
actions, using default parameters. The expression levels of all
promoters involved in inter-TAD and intra-TAD interactions
were evaluated using RPKM values at 0-24 h after egg-lay
(sum of RPKM at 0-2 h, 2—4 h and so on) from modENCODE
RNA-Sequencing (45).

Plasmid construction and transgenic fly generation

All plasmids were constructed using standard cloning meth-
ods with New England Biolabs restriction enzymes and T4
DNA ligase (New England Biolabs) or with the NEBuilder
HiFi DNA Assembly kit (New England Biolabs). All con-
structs were verified by sequencing.

Unless specified otherwise, ‘wild-type’ fly lines used in this
study refer to the yw y[1] w[1118] line (BDSC_6598). All fly
lines were raised on standard food at 25°C.

To create ectopic E3 insertion lines, we used two strate-
gies: First, we took advantage of the popular MiMIC (Minos
Mediated Integration Cassette) system (51), which consists of
a Minos transposon carrying a yellow* dominant body-color
marker and a gene-trap cassette flanked by two inverted ®C31
integrase attP sites. This cassette can be efficiently replaced
by another cassette containing the DNA sequence of inter-
est flanked by two inverted ®C31 integrase at¢B sites using
RMCE. This insertion event can be conveniently identified by
the loss of body pigmentation in adult flies (corresponding to
the replacement of the yellow* marker by the sequence of in-
terest). We used this strategy to generate five different fly lines
where the 1089 bp-long E3 enhancer was inserted at different
locations. While such MiMIC fly lines are readily available to
create insertions at thousands of sites, we had to use a sec-
ond strategy to specifically insert the E3 enhancer in the same
TAD as twist (line E3(+7.5 kb)), a region where no MiMIC fly
line is available. In this second strategy, we first used CRISPR-
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Cas9 mediated HDR to create a fly line where a ®C31 inte-
grase attP site is integrated at the desired location. This site
was then used to insert the E3 sequence from a donor vector
containing a ®C31 integrase attB site.

For the ectopic integration of enhancer E3 +7.5 kb away from
the #wist promoter (to obtain line E3 (+7.5 kb))

The pHD-dsRed-aitP vector (Addgene #51019 (52)) was
used to introduce an a#tP docking site at position +7.5 kb.
Homology arms (~1 kb each) surrounding the insertion
site were amplified from genomic DNA of the w([1118];
PBac{y[+mDint2]=vas-Cas9)VK00027 (BDSC_51324 (53))
fly line. The gRNA was designed using the flyCRIPSR
target finder (52) (sequence of the gRNA: GTCGAAT-
GTCGGGCATATCTT) and cloned in the pU6-Bbsl-
chiRNA vector (Addgene #45946 (54)) following the
flyCRISPR  recommendations (https:/flycrispr.org/). The
vectors were co-injected in-house in embryos of the w([1118];
PBac{y[+mDint2]=vas-Cas9}VK00027 fly line. The resulting
transgenic line was first crossed to a Cre recombinase-
expressing line (BDSC_766) to delete the dsRed marker
cassette. The E3 sequence was then inserted at position +7.5
kb (line E3(+7.5 kb)) by co-injecting the p3xP3-EGFP.vas-
int.NLS vector (Addgene #60948 (55)) and the pattB
vector (DGRC #1420 (56)) containing the E3 sequence
(2R:23049440-23050529) amplified from genomic DNA of
the yw y[1] w[1118] fly line and cloned using the Kpnl and
Xhol restriction sites.

For the ectopic integration of enhancer E3 -1.6 Mb, 181 kb,
+39 kb, and +51 kb away from the fwist promoter and on
chromosome 3L (to obtain line E3(-1.6 Mb), E3(-181 kb),
E3(+39 kb), E3(+51 kb) and E3(chr3L))

The E3 sequence (2R:23049440-23050529) was amplified
from genomic DNA of the y[1] w([1118] fly line, except for
the E3(+51kb) line where the E3 sequence was amplified from
the y[1] w[*]; Mify[+mDint2]=MICJMI01218 (BDSC_55415
(51)) fly line. The PCR product was cloned into the pBS-
KS-attB1-2-PT-SA-SD-0-2xTY1-VS5 vector (Addgene #61255
(55)) using HindIIl and Xbal restriction sites. The resulting
vector and p3xP3-EGFP.vas-int.NLS were injected in-house
through ®C31-mediated recombination(57) in embryos of the
following ‘MiMIC’ fly lines (51):

~y[1] wl*]; Mify[+mDint2]=MICIMI04814
(BDSC_38170) to obtain line E3(-1.6 Mb)

~ 1] w[*]; Mify[+mDint2]=MIC}MI01218
(BDSC_554135) to obtain line E3(-181 kb)

- y[1] wl*]; Mify[+mDint2]=MIC}MI11229
(BDSC_55593) to obtain line E3(+39 kb)

- y[1] wl*]; Mify[+mDint2]=MICJMI02100
(BDSC_32829) to obtain line E3(+51 kb)

~ 1) w[*]; Mify[+mDint2]=MIC}MI10934
(BDSC_55560) to obtain line E3(chr3L)

For the deletion of the endogenous enhancer E3 in the
w[1118]; PBac{y[£mDint2]=vas-Cas9}VK00027, E3(-1.6
Mb), E3(+7.5 kb), E3(+39 kb) and E3(+51 kb) fly lines (to
obtain line #widE3 ;twidE3, E3(-1.6 Mb); twidE3, E3(+7.5 kb)
and twidF3, E3(+51 kb))

Two ®C31 integrase attP landing sites were inserted into the
pHD-dsRed vector (DGRC #1360 (52)) using either a BsiWI
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restriction site or an Agel and a Spel restriction site. The re-
sulting vector was used to delete the endogenous E3 sequence
(2R:23049262-23050567). Homology arms (~1 kb each)
surrounding the deletion site were amplified from genomic
DNA of the w[1118]; PBac{y[+mDint2]=vas-Cas9}VK00027
fly line. gRNAs were designed using the flyCRIPSR tar-
get finder (52) and cloned in the pUG6-Bbsl-chiRNA
vector (Addgene #45946 (54)) following the flyCRISPR
recommendations (https:/flycrispr.org/). Sequence of the
gRNAs:

- GAAATCAAAGACTTGTATAC and GGGG
AAAAATATCTTTGCAG for line w(1118];
PBac{y[+mDint2]=vas-Cas9}VK00027 and E3(+7.5 kb)

- GAAATCAAAGACTTGTATGC and GGGGAAAAAT
ATCTTTGAAG for line E3(-1.6 Mb) and E3(+39 kb)

- GAAATCAAAGACTTGTATAC and GGGGGGAAAT
ATCTTTGAAG for line E3(+51 kb)

The vectors were co-injected in-house (except for twi®E3,

E3(+7.5 kb) which was generated by the FlyORF Injection
Service) in embryos of the following fly lines:

- w[1118]; PBac{y[+mDint2]=vas-Cas9}VK00027 (to ob-
tain line fidF3)

- E3(-1.6 Mb) to obtain line twi®F3, E3(-1.6 Mb)

- E3(+7.5 kb) to obtain line twi®F3, E3(+7.5 kb)

- E3(+39 kb) to obtain line twi?F3, E3(+39 kb)

- E3(+51 kb) to obtain line twi4F3, E3(+51kb)

Note: The E3(-181 kb) line lays very few embryos
which made it impossible to obtain the twif3, E3(-181
kb) line. The E3(-1.6 Mb), E3(+7.5 kb), E3(+39 kb) and
E3(+51 kb) fly lines were first crossed with the w[1118];
PBac{y[+mDint2]|=vas-Cas9}VK00027 line to express Cas9
in the germline.

For the deletion of the endogenous enhancer E3 in the
E3(chr3L) fly line (to obtain line #wi4F3, E3(chr3L))

The deletion of the endogenous E3 sequence in the line where
E3 was ectopically inserted on chromosome 3L was obtained
by crossing the E3(chr3L) fly line with the t0i4F3 fly line.

The final coordinates (dmé6) of all insertion sites are as
follows:

- line E3(~1.6 Mb): 2R:21,381,841
- line E3(-181 kb): 2R:22,865,023
- line E3(+7.5 kb): 2R:23,053,901
- line E3(+39 kb): 2R:23,084,945
- line E3(+51 kb): 2R:23,097,536
- line E3(chr3L): 31:6,820,484

For transgenic reporter assays

To assess the enhancer activity of the E1, E2 and E3 en-
hancers, these enhancers were cloned upstream of the minimal
twist promoter (chr2R:23046216-23046481) driving a mGF-
Pmut2 reporter gene (58) (codon-optimized for Drosophila)
in the pBID vector backbone (Addgene #35190). The coordi-
nates of the cloned regions are as follows: enhancer E1: chr2R:
23,044,478-23,045,403, enhancer E2: chr2R:23,045,827-
23,046,215, enhancer E3: chr2R: 23,049,440-23,050,529.
All constructs were injected in-house through ®C31-mediated
recombination (57) into the nos-¢C31\int.NLS; attP40 line
(59). Stably integrated transgenic lines were balanced, and ho-
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mozygous lines were used for immunostaining and smiFISH
to examine GFP expression.

Embryo collections

Freshly hatched adults of the appropriate genotype were
placed in embryo collection vials with standard apple cap
plates. Drosophila embryos were collected on apple juice
agar plates at 25°C at the appropriate time-point (after 3
pre-lays of 1 h for stage-specific collections), dechorionated
using 50% bleach, and washed alternately with water and
PBS + 0.1% Triton X-100. The embryos used for RT-qPCR
were directly transferred to RA1 buffer supplemented with 2-
Mercaptoethanol provided by the NucleoSpin RNA kit (for
RNA purification, Macherey-Nagel) and stored at -80°C.
The embryos used for 4C-Seq were covalently crosslinked
in 1.8% formaldehyde for 15 min at room temperature and
stored at -80°C. The embryos used for Micro-C were cova-
lently crosslinked in 1.8 % formaldehyde for 15 min, quenched
for 5 min with 2M Tris-HCI pH7.5, then crosslinked again
with 3 mM DSG for 45min and stored at —-80°C. The em-
bryos used for 3D DNA FISH were covalently crosslinked
in 4% formaldehyde for 25 min and stored at -20°C in
methanol. The embryos used for immunostaining were cova-
lently crosslinked in 6% formaldehyde for 30 min and stored
at —=20°C in methanol. The embryos used for smiFISH were
covalently crosslinked in 8% formaldehyde for 45 min and
stored at —20°C in methanol.

4C-seq in Drosophila embryos
Experimental protocol

Nuclear extraction was carried out as described previously
(33). About 100-1000 embryos were used for each 4C tem-
plate preparation using Mbol and Nlalll (New England Bio-
labs) as the first and second restriction enzymes, respectively.
4C templates were amplified from 320 ng of 4C template us-
ing the following primers:

- Twil_FW: TACGTGCACCAAAAGTTTCTT Twil_RV:
AAAATGGTCGTCAAAGCGC, corresponding to a
viewpoint located upstream for the #wist promoter
(chr2R:23,044,043-23,044,500; referred to as view-
point Twil)

- Twi2_FW: GGCAACAATCCGAGTGGC Twi2_RV:
GTACTCCGAGGGCAGTGG corresponding to a view-
point located within the twist gene (chr2R:23,046,575-
23,046,906; referred to as viewpoint Twi2)

An additional 1-8 nucleotides ‘shift’ sequence was added
at the beginning of the primers, to allow optimal base-pair
diversity at the beginning of the read after multiplexing.

The PCR product was purified using SPRIselect beads
(Beckman Coulter) and 100 ng of each PCR product was used
to generate the final libraries using the NEBNext Ultra Il DNA
Library Prep Kit for Illumina (New England Biolabs). The li-
braries were indexed for multiplexing using NEBNext multi-
plex oligos kit for Illumina (New England Biolabs). A total of
54 libraries were generated, with two independent biological
replicates for each sample. The libraries were multiplexed and
sequenced on a NextSeq500 sequencer (Illumina) using 75-bp
paired-end reads (at the IGFL sequencing facility), yielding a
total of at least 10 million reads per sample.
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Data analysis

The quality of the 4C-seq data was confirmed using the
FastQC software (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc). Adapter sequences were trimmed us-
ing TrimGalore (https://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/), and the 5 shift sequence and the
primer sequence were trimmed up to the location of the
first restriction site (the restriction enzyme cutting site was
kept) using Cutadapt version 2.10 (60). As sequencing was
performed in paired-end mode, the fastq files correspond-
ing to each pair were merged into a single fastq file. The
trimmed reads were then aligned either to the dmé6 reference
genome or to a custom genome, generated using the reform
Python tool (https://github.com/gencorefacility/reform). The
percentage of reads mapping to the dmé genome is provided
in Supplementary Table S1. Custom genomes consist of the
Drosophila melanogaster reference genome (dmé6) where the
endogenous E3 enhancer sequence has been deleted and re-
introduced at the appropriate location, with the appropri-
ate sequence (Supplementary Figure S1). Six different custom
genomes were thus created for each insertion site. Alignment
was performed using Bowtie version 1.2.2 (61). As the read
length is relatively long, it is possible to obtain reads that result
from multiple ligation events between different regions of the
genomes. As such reads will not map efficiently to the genome,
unmapped reads were retrieved and scanned from the 5’ side
for the presence of the first, then of the second restriction site,
and trimmed after this location. As a consequence, the reads
typically start with the sequence of the first restriction enzyme
and have either the sequence of the first or the second restric-
tion site at their 3’ end. These trimmed reads were remapped
as previously described and both alignments were merged. The
libraries were then normalized by scaling using the read-per-
million method and transformed into coverage bedgraph files.
4C-seq data were plotted using pyGenomeTracks version 3.8
(62,63). Reads mapping to the ectopic version of E3 were
differentiated from those mapping to the endogenous E3 us-
ing single nucleotide variants (highlighted by a red asterisk in
Supplementary Figure S1). This was used to compute the per-
centage of reads mapping to the ectopic version of E3, out of
all reads mapping to some version of E3 (‘ectopic E3’). For
visualization purposes, the signal displayed over the ectopic
E3 regions in 4C interaction maps corresponds to a down-
sampling of the overall E3 reads to fit the percentage of ectopic
reads. The ‘strength’ of the ectopic E3 signal was estimated by
calculating the ratio of reads overlapping the ~2 kb ectopic E3
region over the total number of reads in a 10 kb region around
the insertion site (‘E3 strength’). Similarly, we computed the
‘background’ ratio for reads of a central ~2 kb region over a
surrounding 10 kb region, by taking the average ratio over six
10 kb sliding windows to cover a 12kb region upstream and
downstream of the ectopic E3 site. Each biological replicate
was analyzed independently, and the statistics were averaged
across the replicates.

Micro-C in Drosophila embryos
Experimental protocol

Micro-C libraries were generated based on a previously es-
tablished protocol (64), with appropriate modifications for
Drosophila embryos.

Nuclear extraction was carried out as described previously
(33) using cold MB#1 buffer (50 mM NaCl, 10 mM Tris—
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HCI pH 7.5, 5 mM MgCl,, 1 mM CaCl,, freshly added
0.2% NP-40 and 1x PIC) to resuspend the embryos and
Dounce homogenization. Nuclei from each replicate were
first used for a test Micrococcal Nuclease (MNase, Worthing-
ton Biochemical) titration: Nuclei corresponding to 600 ng
of chromatin were digested with 45 U of MNase, and then
checked for a yield of 300 ng of chromatin with a 90%
mononucleosome/10% dinucleosome ratio (64). If required,
the original 600 ng of chromatin was adjusted to obtain an
appropriate yield.

Following these tests, for each replicate, seven parallel re-
actions of MNase were set up with the appropriate amount of
chromatin and taken forward for end-chewing, end-labeling,
and proximity ligation (64). After reverse cross-linking, 150
200 ng of the obtained chromatin was size-selected for ligated
mononucleosomes (250-400 bp) on a 3.5% NuSieve agarose
gel. The size-selected chromatin was then pulled down with 25
ul of streptavidin beads, and taken forward for library prepa-
ration using the NEBNext Ultra II DNA Library Prep Kit for
[llumina (New England Biolabs). A total of four libraries were
generated, with two independent biological replicates for each
sample. The libraries were sequenced on a NovaSeq sequencer
(llumina) using 150 bp paired-end reads, yielding at least 100
million reads per sample.

Data analysis

The quality of the Micro-C data was confirmed using
the FastQC software (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc). Adaptor sequences were trimmed us-
ing TrimGalore (https://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/). The paired-end files were then
aligned to the dmé reference genome or a custom genome
using the Burrows-Wheeler Alignment (BWA) — maximal
exact matches (MEM) tool v7.17-4 (65) (http://bio-bwa.
sourceforge.net/bwa.shtml#12). The pairtools v0.3.0 (https:
/lgithub.com/open2c/pairtools) pipeline was used to detect lig-
ation junctions and quality control the paired sequences: pair-
tools parse was used to detect the ligation events, pairtools
sort was used to block sort the reads, pairtools dedup was
used to remove pairs that are PCR duplicates of each other.
Pairtools split was then used to generate a Pairs file. Genome-
wide contact matrices were generated both using pairix (https:
/lgithub.com/4dn-dcic/pairix) and cooler (66). HiCExplorer
v2.2.1.1 (42) was used to detect and remove genomic regions
with low signal or with high noise, and to implicitly address bi-
ases in the data by normalizing the matrices using the Knight-
Ruiz balancing algorithm. The resultant matrices were merged
and used to detect TAD boundaries and compute the insula-
tion score using HiCExplorer. The insulation score and the
directionality index were also calculated using FAN-C 0.9.23
(67). A/B compartments were detected using the eigenvector
command in Juicer (68).

Two-colour 3D DNA FISH (fluorescent in situ
hybridization)

3D DNA FISH was performed as previously described (69).
Five probe sets were designed, mapping to regions of genomic
DNA directly adjacent to the twist promoter and the different
insertion sites:

- chr2R: 23,040,112-23,051,659 for the fwist promoter
- chr2R: 21,376,545-21,386,746 for the —1.6 Mb inser-

tion site
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- chr2R: 22,860,007-22,870,484 for the —181 kb inser-
tion site

- chr2R:23,093,753-23,101,622 for the +51 kb insertion
site

- chr3L: 6,816,164-6,824,775 for the chr3L insertion site

Each probe set was composed of six 1.2-1.5 kb-long PCR
products, which were labeled using the FISH Tag DNA Mul-
ticolor kit (Alexa Fluor 488 dye for the fwist promoter and
Alexa Fluor 555 dye for the ectopic insertion sites) (Life Tech-
nologies). Mesodermal cells were stained using an anti-Twist
antibody (anti-Rabbit polyclonal antibody generated by the
Ghavi-Helm lab with assistance from the Protein Sciences Fa-
cility of the Lyon SFR Biosciences). Embryos were mounted in
ProLong Gold antifade reagent with DAPI (Life Technologies)
and imaged on a Leica SP8 confocal microscope using a 40 x
glycerol objective. For each embryo, several Z-stacks were ac-
quired (section thickness of 0.361 um) and processed using
the Lightning Deconvolution software (Leica). A minimum of
350 nuclei from 3 to 4 independent embryos were analyzed
and the relative distances between FISH signals were mea-
sured using the Imaris software (Bitplane). A non-parametric
two-sample Kolmogorov—Smirnov test was used to verify if
the distance distributions were significantly different between
samples. Two probes were considered co-localized when the
distance between the centers of FISH signal was <0.25 um.

Immunostaining

Immunostaining was performed as previously described (70).
The following primary antibodies were used: rabbit anti-Twist
(1:200, generated by the Ghavi-Helm lab with assistance from
the Protein Sciences Facility of the Lyon SFR Biosciences)
and rat anti-TM1 (1:200, Developmental Studies Hybridoma
Bank). Secondary antibodies were conjugated with Alexa 488
and Alexa 555 (Invitrogen). Confocal images were acquired
using a Leica SP8 confocal microscope and processed using
the Leica Application Suite X (LAS X) 3D Visualization and
Adobe Photoshop CS6 software.

smiFISH

smiFISH was performed as previously described (71). Briefly,
fixed embryos were incubated overnight at 37°C in hybridiza-
tion buffer containing 320 nM of smiFISH probes. Embryos
were washed and immunostained with the appropriate an-
tibody. Probes against GFP and twist were designed as pre-
viously described (71). The X FLAP sequence was 5" and 3’
end-labeled with Quasar 570. The embryos were mounted in
ProLong Gold antifade reagent with DAPI (Life Technologies)
and imaged on a Leica SP8 confocal microscope using a 20x
objective. The images were processed using the Adobe Photo-
shop CS6 software.

Viability tests

Embryo viability was established by scoring the hatching rate
of embryos into first instar larvae. Freshly hatched adult flies
of the appropriate genotype were placed in embryo collection
vials with standard apple cap plates and acclimatized at 25°C
for 2 days prior to the experiments. After 3 pre-lays of 1 hour,
eggs were collected for 2 h at 25°C and rinsed with water. For
each genotype, at least 50 embryos were transferred on a fresh
plate and incubated at 25°C. The number of hatched larvae
and unhatched embryos was counted 24 h later. Two inde-
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pendent experiments were performed for each genotype. The
percentage of viability was calculated by dividing the number
of hatched larvae by the total number of embryos.

Reverse transcription quantitative polymerase
chain reaction (RT-qPCR)

RNA extraction was performed by grinding the embryos with
a pestle, followed by RNA purification using the Nucleospin
RNA kit (for RNA purification, Macherey-Nagel). Reverse
transcription of the RNA was performed using the RevertAid
First Strand ¢cDNA Synthesis Kit (Thermo Fisher Scientific)
with random primers. qQPCR was performed for three inde-
pendent biological replicates using the following primers:

- RpL32:  ATGCTAAGCTGTCGCACAAATG  and
GTTCGATCCGTAACCGATGT

- twi: CCTCAAACTGGCCACAAGATAC and GCCA-
CACCCCGAACAGATAA

- 12)k09913: AAAGGATCCCAGGTGGTGG  and

GACATCTGCAGCATGATCTCG

- Fib: CCAGGTAGAGAACCTTCGAGC and CTC-
CGTTGAGACCAATGGC

- CG9877: CATCTTCTCGACTTTCTATCCG and TG-
GCTACGGTGGCTTTAG

- CG9876: GTGGGTGTGGCATATTGG and CCA-
GAGTTCAGGTCTGGTTTC

AC; values were computed using C; (gene of interest) —
C; (RpL32). AAC; were computed using AC; (E3(ectopic)) -
AC; (corresponding MiMIC control). The 2744t values were
used as the fold change (FC) values. A two-tailed paired ¢-test
was performed to assess the significance of AC, for each gene
in the E3(ectopic) line compared to the corresponding MiMIC
control.

Results

A substantial fraction of enhancer-promoter
interactions are established across TAD boundaries

Chromosome conformation capture and high-resolution
imaging studies have clearly demonstrated that while chro-
matin interactions are enriched within TADs, an impor-
tant fraction of these interactions also occur across TAD
boundaries (29,30,72,73). Moreover, recent analyses of high-
resolution contact maps obtained in mammalian cells in com-
bination with chromatin state analysis suggest that inter-TAD
interactions can be established between putative enhancers
and promoters (29,31).

To better characterize the significance of such inter-TAD
E-P interactions in gene expression, we extended this anal-
ysis to the Drosophila genome. We reanalyzed two recently
published Micro-C datasets from early Drosophila embryos
(nuclear cycle 14) (34,39) and overlapped the identified chro-
matin interactions with the locations of promoters and vali-
dated enhancers (Supplementary Table S2). Consistent with
previous reports, we found that an average of 17% of the
identified interactions occur across TAD boundaries. Among
these inter-TAD interactions, 33% are established between
a promoter and a validated enhancer. However, as the an-
chors of chromatin loops vary in size (from 500 bp to 20 kb),
each anchor might encompass multiple enhancer and pro-
moter sequences. As a consequence, some of the identified E~
P interactions could in fact represent promoter—promoter or


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1183#supplementary-data
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enhancer-enhancer interactions. Having excluded promoter—
promoter and enhancer-enhancer loops, our analysis reveals
that 17% of inter-TAD interactions occur exclusively between
a promoter and a validated enhancer (referred to as ‘only
E-P; Figure 1A). This percentage is likely an underestimate
as the activity of a vast majority of enhancers remains un-
known. A significant proportion of the inter-TAD interac-
tions (61%) and inter-TAD enhancer-promoter interactions
(64%) extend across more than one TAD boundary (Figure
1B, Supplementary Figure S2A). Moreover, the median dis-
tance for inter-TAD interactions is 720kb (with a maximum
of 6.2 Mb) and 830 kb for inter-TAD E-P interactions (with
a maximum of 3.9Mb), indicating that these interactions are
spanning longer ranges compared to characterized regulatory
units within a TAD (Supplementary Figure S2B).

To better characterize these inter-TAD interactions, we first
ruled out the possibility that they could be caused by the pres-
ence of a weaker boundary. For this purpose, we computed
the insulation score from both Micro-C datasets and used it
as a proxy for the strength of a TAD boundary. We did not
observe any significant difference in the insulation score be-
tween the boundaries that are crossed by an interaction and
those that are not (Figure 1C). In Drosophila, TAD bound-
aries are associated with a combination of various insulator
proteins, including BEAF-32, CP190, CTCF, mod(mdg4) and
su(Hw) (74). We characterized the binding of these proteins
to boundaries that are crossed by an interaction and to those
that are not. We observed no significant difference in binding,
and in some cases, even noticed a significantly higher binding
at the crossed boundaries (Supplementary Figure S2C). Taken
together, these results indicate that the ability for an interac-
tion to cross a TAD boundary is not due to a lack of insulation
or the absence of insulator proteins at the boundary.

We next asked whether the genes involved in inter-TAD in-
teractions were functionally different from those involved in
intra-TAD interactions. GO term enrichment analysis revealed
that intra-TAD interactions are significantly enriched in genes
involved in developmental processes and transcription regula-
tion (Figure 1D and Supplementary Table S3). A large propor-
tion of these genes are expressed during embryogenesis (58%
have an RPKM value higher than §; Supplementary Figure
S2D). In contrast, genes involved in inter-TAD interactions
tend to have a general signaling or metabolic function (Fig-
ure 1D and Supplementary Table S3) and are less likely to be
expressed in the embryo (36% have an RPKM value higher
than §; Supplementary Figure S2D). To establish the relevance
of these inter-TAD E-P interactions for gene expression, we
manually examined the spatio-temporal activity (from embry-
onic #n situ hybridization and RNA sequencing experiments)
of all enhancers and genes overlapping an inter-TAD loop an-
chor. Unfortunately, embryonic spatio-temporal information
about the activity of the gene was available for only 29% of
all inter-TAD E-P pairs, as a large proportion of these genes
are not expressed in the embryos. Nevertheless, out of these
informative E-P pairs, 58% showed a spatio-temporal over-
lap in their expression pattern (while 37% showed no overlap
and 5% were dubious) (Supplementary Table S4).

In summary, we observe that, as in mammals, a signifi-
cant fraction of Drosophila E-P interactions are established
across TAD boundaries. Strikingly, there is a high overlap in
the spatio-temporal activity of these inter-TAD E-P pairs sug-
gesting that inter-TAD E-P interactions may have a functional
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role. However, the genes involved in intra- versus inter-TAD
interactions are involved in different processes, with a marked
enrichment of intra-TAD interactions for developmental genes
and transcription factors.

The E3 enhancer of twist is required during
embryonic muscle development

The observation that developmental genes and transcription
factors are markedly enriched only in the set of intra-TAD in-
teractions questions their ability to engage in functional long-
range inter-TAD interactions. To establish whether develop-
mental genes could function across TAD boundaries, we ge-
netically engineered various fly lines where a given develop-
mental enhancer was placed at increasingly large distances
from its endogenous promoter, including relocation to other
TADs. We then determined the conditions under which func-
tional E-P interactions were established. To efficiently ana-
lyze the effect of distance on gene expression, we searched
for a well-characterized developmental gene whose activity is
easily tractable during embryogenesis and whose expression
is regulated by a tissue-specific enhancer. We, therefore, fo-
cused on the Drosophilatwist (twi) gene, which codes for a
highly conserved transcription factor acting as a master reg-
ulator of mesoderm development and promoting epithelial-
mesenchymal transition in normal and metastatic cells (75).
twist is strongly expressed from the onset of zygotic transcrip-
tion in the ventral region of the embryo corresponding to the
mesoderm anlage and starts to decline after germ band elon-
gation (76). twist mutants are recessive lethal due to abnor-
mal gastrulation characterized by the absence of mesoderm
derivatives (77). During early embryogenesis, the expression
of the twist gene is regulated by three known enhancers: an up-
stream distal enhancer (DE), an upstream proximal enhancer
(PE) (78), and a downstream distal enhancer (79). For sim-
plicity, we will hereafter refer to these enhancers as E1, E2 and
E3, respectively (Figure 2A). Previous reports suggested that
these regulatory regions might be active in overlapping cell
types during the early stages of embryogenesis (49,80,81). To
characterize the activity of these regulatory elements in detail,
we generated reporter constructs for each of these elements
and analyzed reporter gene expression in transgenic flies. Our
analysis revealed that all three regulatory elements are active
until stage 10. However, by stage 11, E3 is the only active
enhancer controlling fwist expression in the thoracic and ab-
dominal regions (Figure 2B and Supplementary Figure S3A,
B). In line with these results, deletion of the endogenous E3
enhancer (twi“F3) causes a recessive lethal phenotype at em-
bryonic stages. This is associated with a strong reduction in
twist expression at stage 11 and to severe defects in the embry-
onic somatic musculature of z20i“F3 mutant embryos (Figure
2C, D, Supplementary Figure S3C, D).

We next verified that the endogenous E3 enhancer inter-
acts with the fwist promoter. The fwist gene and its three en-
hancers are located within the same TAD, close to its bound-
ary (Supplementary Figure S4), and in an open chromatin re-
gion marked by active histone modifications (Supplementary
Figure S4 and S5). The E3 enhancer is located approximately 3
kb downstream of the twist promoter (Supplementary Figure
S5). To visualize chromatin interactions at such short dis-
tances, we significantly improved our 4C-Seq (circular chro-
mosome conformation capture) protocol and applied it to
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Figure 1. A substantial fraction of enhancer-promoter interactions are established across TAD boundaries. (A) Barplots showing the percentage of
inter-TAD loops (17 %, purple) and of interTAD enhancer-promoter (E-P) loops (all possible E-P 33%, only E-P 17%, blue). Barplot showing the
percentage of interTAD E-P interactions with data on the activity of the enhancer and the promoter (29%, green). Barplot with the percentage of
inte-TAD E-P interactions showing an overlap in expression pattern (58%, lime green). (B) Barplot showing the percentage of interactions crossing one
or more TAD boundaries. (C) Heatmap and histogram profile of insulation scores spanning a 300kb window for uncrossed (grey) or crossed (purple) TAD
boundaries. Color map shows strong insulation in red and weak insulation in blue. (D) Gene Ontology (GO) term enrichment analysis for the genes
involved in an intra- or inte~TAD interaction based on Micro-C data from (39) and (34). Bar charts showing the — log10 of the p-value of selected GO
terms for biological process and molecular function, calculated using a hypergeometric test by HOMER (50). InterTAD interactions: purple; intra-TAD
interactions: grey. All numbers and percentages represent values after combining loops from the two datasets (34,39) and removing the duplicates.

wild-type Drosophila embryos at 5-8 h after egg-lay (stage
10-11) using a viewpoint anchored within the twist gene.
We observed an interaction between the twist promoter and
a region overlapping the E3 enhancer, confirming that the
endogenous E3 enhancer interacts with the twist promoter
during early embryogenesis (Figure 2E and Supplementary
Figure S5).

Taken together, these results show that during stage 11,
twist activity is specifically regulated by E3 and that the E3
enhancer forms a chromatin loop with the twist promoter.
The deletion of this enhancer causes severe defects in meso-
derm development, eventually resulting in embryonic lethal-
ity. Therefore, the twist locus, and in particular the activa-
tion of twist by the E3 enhancer, provides an easily tractable
model to determine the outcome of changes in E-P inter-
actions on gene expression and to explore the functional-
ity of inter-TAD E-P interactions involving a developmental
gene.

Relocating the E3 enhancer to different genomic
positions

To determine if E3 could establish an interaction with the twi
promoter that spans across TAD boundaries, we performed
extensive genomic engineering of the twist locus by inserting
an ectopic E3 enhancer in different TADs, at various linear
distances from the twist promoter (ranging from 7.5 kb to
1.6 Mb and on another chromosome; Figure 3A), generating
a total of six different fly lines. To distinguish it from the en-
dogenous E3 in genomic experiments, the ectopic enhancer
contained several naturally-occurring single-nucleotide vari-
ants (Supplementary Figure S1). In all cases, the fly lines
were homozygous viable. The insertion sites were selected
based on their distance to the twist promoter and their lo-
cation with respect to TADs, chromatin domains, and A/B
compartments (Supplementary Figure S6 and S7). To mini-
mize deleterious effects, we avoided regions containing anno-
tated genes and regulatory sequences (annotated in the REDfly
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Figure 2. The E3 enhancer activates the expression of twist during embryogenesis. (A) The twist E3 enhancer is located in an open chromatin region as
defined by DNase-seq signal in wild-type embryos at stage 11 (83). (B) Immunostaining with the o-Twist antibody (red) and expression (smiFISH) driven
by its E3 enhancer (GFP, green) at stage 5 (top) and 11 (bottom). Scale bars: 50 um. (C) Schematic representation of the twist locus and of the twi4&3
deletion. (D) Immunostaining with the o-Twist antibody at stage 11 (white, left) and the o TM1 antibody at stage 16 (red, middle) in wild-type (top) and
twi*E3 embryos (bottom). The location of thoracic segments T2-T3 and abdominal segments A1-A8 is indicated. A blow-up (right) indicates the location
of specific embryonic body muscles (LT1-4: lateral transverse muscles, DA1: dorsal acute, VA: ventral acute) and the location of missing muscles in the
mutant (yellow asterisk: muscles absent in the whole segment, yellow arrows: absence of specific muscles). Scale bars: 50 um. (E) 4C-seq interaction
map at the twist locus in wild-type embryos at 5 to 8 hours after egg-lay. The observed interaction between the twist promoter and the E3 enhancer is

highlighted by an arc. One representative experiment is shown.

database (82) or overlapping DNase I hypersensitive sites dur-
ing embryogenesis (83)) (Supplementary Figure S6 and S7).
In addition, we ensured that none of the insertion sites in-
teract with the twist promoter in wild-type embryos as vi-
sualized by 4C-seq (Supplementary Figure S8) and Micro-C
(Supplementary Figure S6 and S7). Overall, of the six inser-
tion sites that were generated, the E3(+7.5 kb) is located in
the same TAD as twist, while the E3(+39 kb) and E3(+51 kb)
insertion sites are both located in the adjacent downstream
TAD. Two additional insertion sites, E3(-=181 kb) and E3 (-
1.6 Mb), are located in more distal upstream regions, and the
last insertion site, E3(chr3L), is located on a different chromo-
some (Figure 3A, Supplementary Figure S6 and S7). Finally,
we verified the location of each insertion site with regard to
A/B compartments, respectively associated to open and closed
chromatin, by calculating the eigenvector of a Hi-C contact
matrix obtained from stage 5 to 8 whole embryos (84) (Mate-
rials and methods). Except for E3(+51 kb), all insertion sites
are located in an A compartment.

E-P inter-TAD interactions are established in a
context-dependent manner

To establish whether ectopically inserted E3 enhancers could
engage in long-range enhancer-promoter interactions with the
twist promoter, we analyzed the chromatin organization in
these fly lines by generating 4C-seq interaction maps from
Drosophila embryos collected at 2-5 h (stage 5-9) and 5-
8 h (stage 10-11) after egg-lay (Figure 3B, C). We used

two different viewpoints to have a more comprehensive view
of chromatin organization around the fwist locus: one lo-
cated at the TAD boundary upstream of the twist promoter
(viewpoint Twil) and one within the twist gene (viewpoint
Twi2).

To characterize the interactions of the twist locus with each
ectopic E3 insertion, we measured three parameters in our 4C-
seq maps: (i) ‘ectopic E3’, defined as the percentage of inter-
actions exclusively established with the ectopic version of the
E3 enhancer over all versions of E3. (ii) ‘E3 strength’, defined
as the percentage of interactions overlapping the ectopic en-
hancer site as compared to a 10 kb region around the insertion
site and used to estimate the strength of the interaction. (iii)
‘background’, defined as the average ‘E3’ strength ratios over
six 10 kb sliding windows that cover a 12 kb region upstream
and downstream of the ectopic E3 site. We considered that
two regions interact if ‘ectopic E3” was >10% and/or ‘E3
strength/background” was >1.7.

We first focused on the fly lines containing the ectopic E3
positioned downstream of the twist locus, corresponding to
the insertions at +7.5 kb (line E3(+7.5 kb)), +39 kb (line
E3(+39 kb)) and + 51 kb (line E3(+51 kb)) from the twist
promoter. Placing the ectopic E3 enhancer in the same TAD
as twist (line E3(+7.5 kb)) did not affect its ability to engage
in chromatin interactions with the twist promoter. Indeed, at
5-8 h after egg-lay, on average 31.7% of the reads mapping
to the E3 enhancer corresponded to the ectopic E3 enhancer,
indicating that the #wist promoter interacts with both copies
of the E3 enhancer (Figure 3B, Supplementary Figure S9A, C).
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Figure 3. The twist promoter interacts with the E3 enhancer across large genomic distances. (A) Schematic representation of the different ectopic E3
insertion sites on chr2R and chr3L. (B) High-resolution chromatin organization around the twist locus. Top to bottom: normalized Micro-C contact map at
1000 bp resolution in wild-type embryos at 5-8 h after egg-lay (two biological replicates merged), 4C-seq interaction maps in E3(+75 kb) (purple), E3(+39
kb) (green) and E3(+57 kb) (blue) embryos at 5-8 h after egg-lay (one representative experiment is shown). The TAD containing twist and the E3
enhancer is highlighted in light blue. A 10 kb region surrounding the ectopic E3 sites is highlighted by a dotted box and is shown as an inset (right).
Potential interactions between the twist promoter and the ectopic £3 enhancer are highlighted by an arc. The percentage of ectopic £3 reads (ectopic
E3), the percentage of reads mapping on the 2-kb ectopic £3 over a 10-kb window (E3 strength), and the percentage of reads mapping on an adjacent
control region (background) are indicated. Insets: 4C-seq interaction maps in a 10 kb region around the ectopic E3 sites in E3(+75 kb) (purple), E3(+39
kb) (green) and E3(+51 kb) (blue) embryos compared to wild-type (black) embryos at the same stage. The location of the ectopically-inserted sequence
is highlighted by a dotted box. A grey rectangle indicates the position of the E3 ectopic insertion in the wild-type line. (C) 4C-seq interaction maps in
E3(-181 kb) (yellow) and E3(-1.6 Mb) (orange) embryos at 5-8 h after egg-lay (one representative experiment is shown). A 10 kb region surrounding the
ectopic E3 sites is highlighted by a dotted box and shown as an inset (right). Potential interactions between the twist promoter and the ectopic E3
enhancer are highlighted by an arc. The percentage of ectopic E3 reads (ectopic £3) and the percentage of reads mapping on the 2-kb ectopic E3 over a
10-kb window (E3 strength) are indicated. Insets: 4C-seq interaction maps in a 10 kb region around the ectopic E3 sites in E3(-181 kb) (yellow) and
E3(-1.6 Mb) (orange) embryos compared to wild-type (black) embryos at the same stage. A grey rectangle indicates the position of the E3 ectopic
insertion in the wild-type line. (D) Left: violin plots representing 3D DNA FISH distances measured in mesodermal nuclei between a probe located next
to the twist promoter and a probe located next to the +51 kb insert site in wild-type (n = 2346; grey) and E3(+51 kb) (n = 3034; blue) embryos at stage
11. A non-parametric two-sample Kolmogorov—Smirnov test was used to assess the significant difference between DNA FISH distance distributions

(p = 2.2e7%). Right: Violin plots representing 3D DNA FISH distances between a probe located next to the twist promoter and a probe located next to
the =181 kb insert site in E3(-181 kb) (n = 642; yellow) embryos and to the —1.6 Mb insert site in E3(-1.6 Mb) (n = 570; orange) embryos at stage 5. The
percentage of colocalization (defined as the percentage of probe pairs with a distance < 0.25 um) is indicated for each condition. Boxplots within the
violin plots show median, edges are 25th, 75th percentiles, whiskers extend to non-outlier data points. ***P < 0.001.
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When the ectopic E3 enhancer was inserted in a different
TAD, however, we observed two opposite situations. At posi-
tion +39 kb (line E3(+39 kb)), no significant interaction was
observed at 5-8 h after egg-lay when compared to a wild-
type control as only 9.36% of the reads mapped to the ec-
topic E3 enhancer, and the interaction strength (‘E3 strength’)
was similar to the background control (23.8% versus 17.8%,
respectively) (Figure 3B, Supplementary Figure S9B-D). In
contrast, when the ectopic E3 enhancer was inserted at po-
sition +51 kb (line E3(+51 kb)), we detected a specific in-
teraction between the enhancer and the twist promoter with
17.2% of the reads mapping the E3 enhancer correspond-
ing to the ectopic version of E3 (Figure 3B, Supplementary
Figure S9C, Supplementary Figure S10A). In addition, the in-
teraction strength (‘E3 strength’) was nearly doubled in the
E3(+51 kb) line (44.7%) compared to the background con-
trol (21.7%) (Figure 3B, Supplementary Figure S9D). We also
observed an increase in the ectopic E3 interaction frequency
between 2-5 and 5-8 h after egg-lay, from 26% to 31.7% in
line E3(+7.5 kb) and from 13.7% to 17.2% in line E3(+51
kb). This was not the case for the non-interacting E3(+39 kb)
line (from 9.8% to 9.4%; Supplementary Figure S9C). The
increase in ectopic E3 interaction correlates with the specific
activity of E3 during stage 11. We further validated the in-
teraction between the twist promoter and the ectopic E3(+51
kb) enhancer by performing 3D DNA fluorescence iz situ hy-
bridization (FISH) in E3(+51 kb) embryos at stage 5 and 11
and measuring the 3D distance between the fwist promoter
and the ectopic E3 insertion in mesodermal cells (Figure 3D,
Supplementary Figure S11). As a control, we measured the
same distance in a wild-type line. The distance distribution
was significantly different between the two lines (p = 2.2e19).
Overall, we observed a decrease in the distance between the re-
gion containing the ectopic E3 and the twist promoter in the
E3(+51 kb) line as compared to the wild-type control (0.36
pum in the wild-type control, 0.26 pm in the E3(+51 kb) line
at stage 11) with a corresponding increase in percentage of
colocalization — 32% in the wild-type control versus 52% in
the E3(+51 kb) line (Figure 3D, Supplementary Figure S11).

In lines E3(-181 kb) and E3(-1.6 Mb), the ectopic E3 en-
hancer is located at a much larger distance from the twist lo-
cus, with several TADs in between. In these lines, we did not
detect any significant interaction between the ectopic E3 en-
hancer and the fwist promoter (Figure 3C, D, Supplementary
Figure S10B). Compared to a wild-type control, the ectopic
E3 site was not enriched for 4C-seq interaction in those fly
lines (Figure 3C, inset). The absence of interaction was also
observed by 3D DNA FISH in the E3(-1.6 Mb) and E3(-181
kb) fly lines (Figure 3D; 34% and 14% colocalization, respec-
tively), confirming that the E3 enhancer is not able to establish
a long-range interaction with the #wist promoter when located
at the —1.6 Mb and -181 kb sites.

Taken together, our results show that the E3 enhancer is
able to establish an interaction with the twist promoter when
placed on a different TAD. However, the analysis of the dif-
ferent lines suggests that these inter-TAD E-P interactions are
established in a context-dependent manner.

The E3 enhancer establishes functional inter-TAD
E-P interactions

Close 3D proximity between an enhancer and a promoter
does not always result in gene expression. In fact, E-P inter-
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actions can be detected in tissues or during stages when the
corresponding gene is not actively transcribed (32-34). Fur-
thermore, transcriptional activation can sometimes lead to an
increase in the distance between the enhancer and its target
gene (85,86). To demonstrate the biological relevance of the
observed interactions between the twist promoter and vari-
ous ectopic E3 insertions, we determined if they could rescue
the deletion of the endogenous E3 enhancer (twi?F3) (Figure
4A, B and Supplementary Figure S12). The insertion of the ec-
topic E3 enhancer 7.5 kb downstream of the twist promoter,
fully rescued viability (Figure 4B, Supplementary Figure S12A;
81% versus 0%), twist expression (Supplementary Figure

S12B), and muscle formation (Supplementary Figure S12C)
of twi*F3 embryos. There was however a more modest effect
with the ectopic E3 enhancer positioned 51 kb downstream
of the twist promoter, with twi*F3, E3(+51 kb) embryos dis-
playing a partial rescue in embryo viability (Figure 4B and
Supplementary Figure S12A; 14% versus 0%), twist expres-
sion (Figure 4C and Supplementary Figure S12B), and mus-
cle formation (Figure 4D and Supplementary Figure S12C)
relative to twi*"3 embryos. Finally, as expected, the E3 in-
sertion lines that failed to interact with the fwist promoter
were unable to rescue the embryonic lethality of rwi?F?
embryos (Supplementary Figure S12A), the expression of
twist (Supplementary Figure S12B), and muscle formation
(Supplementary Figure S12C).

Taken together, these results demonstrate that the E3 en-
hancer is able to interact and activate the twist promoter when
placed in different genomic locations, including when bypass-
ing TAD boundaries.

Ectopic twist-E3 interactions are not dependent on
the endogenous E3 enhancer

To confirm that the activation of twist by the ectopic E3 en-
hancers is dependent on enhancer—promoter looping, we re-
peated 4C-seq experiments in i3, E3(+7.5 kb) and twi®F3,
E3(+51 kb) embryos, where the endogenous E3 was deleted.
In both cases, we were able to detect an interaction be-
tween the fwist promoter and the +7.5 kb or +51 kb ectopic
E3 enhancers (Figure 4E, F and Supplementary Figure S13).
Mesoderm-specific 3D DNA FISH experiments performed
at stage 5 and 11 further validated this observation (Figure
4G, Supplementary Figure S11A), with a significant differ-
ence in the distance distribution (p = 2.2e7'¢) and an in-
creased colocalization from 32% in the wild-type control
to 51% in the twiF3, E3(+51kb) line. Deleting the endoge-
nous E3 enhancer in the E3(+51 kb) line however resulted
in a slight decrease in 4C-seq interaction frequency (Fig-
ure 4F; E3 strength from 44.7% to 33.3%) as well as a
slight increase in the distance between the #wist promoter and
the +51kb insertion site (Supplementary Figure S11; colocal-
ization from 56% to 43%). This effect appeared more pro-
nounced at stage 5 than at stage 11 (Supplementary Figure
S11A), suggesting that the presence of the endogenous E3 en-
hancer might favor a more compact conformation at earlier
stages.

Overall, these data show that the twist promoter can engage
in functional enhancer—promoter interactions across large
distances—greater than about 10 kb, which would be the typi-
cal average distance between known enhancer-promoter pairs
in Drosophila—and that these interactions do not depend on
the presence of the endogenous E3 enhancer.
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Figure 4. Long-range interactions between the ectopic £3and the twist promoter can rescue twi*Fmutants. (A) Schematic representation of the
different ectopic E3 insertion sites on chr2R and of the twi“£° deletion. (B) Bar plot representing the percentage of viable embryos on the twi4 3 (black),
E3(+75 kb) (dark purple), twi‘F3, E3(+75 kb) (light purple), E3(+51 kb) (dark blue) and twi*£3, E3(+51 kb) (light blue) lines. For each condition, at least
two independent experiments were performed, with at least 50 embryos each. (C) Immunostaining with the ocTwist antibody in wild-type (top), twit£3
(middle) and twi2ES, E3(+51 kb) embryos (bottom) at stage 11. Scale bars: 50 um. (D) Immunostaining with the oTM1 antibody in wild-type (top) and
twit B3 E3(+51 kb) embryos (bottom) at stage 16. The location of thoracic segments T2-T3 and abdominal segments A1-A8 is indicated. A blow-up
(dotted scare) indicates the location of specific embryonic body muscles (LT1-4: lateral transverse muscles, DA1: dorsal acute, VA: ventral acute) and the
location of missing muscles in the mutant (yellow arrows). Scale bars: 50 um. (E) 4C-seq interaction maps in E3(+75 kb) (dark purple) and twi4 3,
E3(+75 kb) (light purple) embryos at 5-8 h after egg-lay (one representative experiment is shown). (F) 4C-seq interaction maps in E3(+57 kb) (dark blue),
and twitE3, E3(+51kb) (light blue) embryos at 5-8 h after egg-lay (one representative experiment is shown). A 10 kb region surrounding the ectopic E3
sites is highlighted by a dotted box and shown as an inset. Potential interactions between the twist promoter and the ectopic £3 enhancer are
highlighted by an arc. The percentage of reads mapping on the 2-kb ectopic E3 over a 10-kb window (E3/bkgd), the percentage of reads mapping on an
adjacent control region (control), and the percentage of ectopic £3 reads (ectopic E3) are indicated. (G) Violin plots representing 3D DNA FISH distances
measured in mesodermal nuclei between a probe located next to the twist promoter and a probe located next to the +51 kb insert site in wild-type

(n = 2346; grey), E3(+51 kb) (n = 3034; dark blue), and twiAE3, E3(+517 kb) (n = 5460; light blue) embryos at stage 11. A non-parametric two-sample
Kolmogorov-Smirnov test was used to assess the significant difference between DNA FISH distance distributions (wild-type versus E3(+57 kb):
p=2.2e"%, wild-type versus twi*t?, E3(+51 kb): p = 2.2e'6, E3(+51 kb) versus twiF, E3(+51 kb): p = 0.04). The percentage of colocalization
(defined as the percentage of probe pairs with a distance < 0.25 um) is indicated for each condition. Boxplots within the violin plots show median,
edges are 25th, 75th percentiles, whiskers extend to non-outlier data points. *P < 0.05; ***P < 0.001. (H) Normalized Micro-C contact map at 1000 bp
resolution in twitE3, E3(+51 kb) embryos at 5-8 h after egg-lay (two biological replicates merged). The interaction between the twist locus and the +51
kb insertion site is indicated by a black arrow.
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The ectopic E3(+57kb) insertion creates a new
boundary but does not affect the insulation
properties of existing boundaries

TAD boundaries have been suggested to play an important
role in blocking E-P interactions, by insulating genes from
regulatory elements present within neighboring TADs. To
exclude the possibility that the interaction between the ec-
topic E3 enhancer and the fwist promoter observed in line
E3(+51 kb) results from a weakening of the TAD boundary,
we analyzed global changes in chromatin organization as a
consequence of repositioning E3. For this purpose, we gen-
erated Micro-C contact maps at 5-8 h after egg-lay in the
wild-type and twi?F3, E3(+51 kb) lines. The Micro-C maps
provided us with an additional opportunity to confirm the
presence of long-range interactions between the twist locus
and the ectopic E3 enhancer at the +51 kb site (Figure 4H,
black arrow) that were absent in the wild-type line (Figure
3B, Supplementary Figure S14). However, the ectopic E3 in-
sertion did not affect the presence of the boundary located
between the twist locus and the +51 kb site. Instead, we ob-
served the formation of an additional boundary at the +51
kb site as confirmed by a strong shift in the directionality in-
dex (Supplementary Figure S14, blue arrow), likely driven by
the strong interaction between twist and the E3(+51 kb) en-
hancer. This insertion also resulted in a shift of the region be-
tween the #wist locus and the +51 kb site from an A compart-
ment to a B compartment, while the position of the +51 kb
site itself shifted from a B compartment to an A compartment
(Supplementary Figure S14, red arrow).

To further validate the robustness of the boundary be-
tween the twist gene and the +51 kb insertion site even af-
ter the insertion of the ectopic E3 enhancer, we conducted
RT-qPCR analysis to examine the expression of several genes
on both sides of the boundary in E3(+51 kb) embryos. We
observed a striking contrast between two genes located in
the same TAD as twist ([(2)k009913 and Fib) which re-
mained unaffected, and two genes located in the same TAD
as the +51 kb insertion (CG9877 and CG9876) showing a
significant upregulation compared to the wild-type control
(Supplementary Figure S15). Of note, a similar pattern was
observed in the E3(+39 kb) line (Supplementary Figure S15),
indicating that the lack of interaction between the twist pro-
moter and the E3(+39 kb) enhancer is not due to the inactivity
of this enhancer at this specific location.

Overall, our results confirm that an inter-TAD interaction
is established between the #wist promoter and the ectopic E3
enhancer at position +51 kb and that this interaction is not
the result of a weakening of the TAD boundary between these
two loci. However, the E3(+51 kb) insertion did result in small
changes in chromatin organization, with the E3(+51 kb) site
shifting from a B to an A compartment.

The E3 enhancer establishes trans-interactions with
the twist promoter

The last E3 insertion site included in our analysis is located on
a different chromosome than twist, allowing us to investigate
the possibility of inter-chromosomal enhancer-promoter in-
teractions. Surprisingly, 4C-seq experiments in E3(chr3L) em-
bryos revealed that at 5-8 h after egg-lay, an average of 46.9%
of the reads mapping to the E3 enhancer corresponded to the
ectopic E3 enhancer (Figure 5A, B, Supplementary Figure

S9C, and Supplementary Figure S16). The interaction be-
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tween the twist promoter and the ectopic E3(chr3L) enhancer
was also validated by performing 3D DNA FISH in stage 5
E3(chr3L) embryos, and measuring the distance between the
twist promoter and the ectopic E3 insertion in mesodermal
and non-mesodermal cells (Figure S5C and Supplementary
Figure S16C). As a control, we measured the same distance
in a wild-type line. The distance distribution was significantly
different between the two lines (p = 1.39¢3). We observed
a decrease in the distance between the region containing the
ectopic E3 and the fwist promoter in the E3(chr3L) line
as compared to the wild-type control, with a corresponding
increase in the percentage of colocalization, from 17% in
the wild-type control to 24% in the E3(chr3L) line (Figure
5C). A similar trend was observed in non-mesodermal nuclei
(Supplementary Figure S16C). We observed two populations
of nuclei in E3(chr3L) embryos: a population where the two
loci are very distant (as in the wild-type condition), and a pop-
ulation where the two loci are highly colocalized. This might
indicate that, while this interaction can be very strong in some
cells, it is also highly unstable. This observation is further sup-
ported by the inability of the E3(chr3L) insertion to rescue the
viability (Supplementary Figure S12A) and the expression of
twist in twi*F3 mutant embryos (Figure SD).

In sum, these results reaffirm that the ectopic E3 enhancer
is able to establish a specific interaction with the twist pro-
moter across large distances, even when positioned in a differ-
ent chromosome. In this particular situation however, while
there is a strong association between the two regulatory ele-
ments, the inability of the E3(chr3L) enhancer to rescue the
expression of Twist in zwi*F3 mutants suggests that this trazns-
interaction is likely to be unstable.

Discussion

Since their discovery, TADs have been proposed to play a cen-
tral role in promoting and/or constraining E-P interactions
within their boundaries (20). However, Hi-C contact maps
and single-cell imaging studies suggest that TAD boundaries
only result in a two-fold depletion in interaction frequency
(87,88), questioning the nature of inter-TAD interactions and
their importance for gene expression. Our genome-wide anal-
ysis of Micro-C data from Drosophila embryos revealed that,
as in mammals (31), a substantial percentage of E-P interac-
tions are established across TAD boundaries. Analysis of these
interactions revealed that intra-TAD interactions are enriched
in genes involved in developmental processes and transcrip-
tion regulation whereas genes involved in inter-TAD interac-
tions are more related to signaling and metabolic functions.
This suggests that TADs are of particular importance for de-
velopmental genes, potentially ensuring their faithful regula-
tion by constraining E-P interactions. To challenge the func-
tional requirement of this constraint, we used twist, a master
regulator of mesoderm development, and analyzed its abil-
ity to establish inter-TAD E-P interactions. Repositioning the
E3 enhancer within the TAD where fwist is located caused
no changes in twist expression. The ectopic E3(+7.5 kb) en-
hancer was able to fully rescue both the expression of fwist
as well as the lethality in ti**3 mutant embryos. However,
when positioned in a different TAD, the E3 enhancer showed
context-dependent effects. Of the five inter-TAD insertions,
only E3(+51 kb)—located in the adjacent TAD of fwist, and
E3(chr3L) - located in chromosome 3, were able to interact
with the fwist promoter. Even among these two lines, only
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Figure 5. The twist promoter interacts with the E3 enhancer placed on a different chromosome. (A) 4C-seq interaction map in £3(chr3L) (red) embryos
at 5-8 h after egg-lay around the twist locus (one representative experiment is shown). (B) 4C-seq interaction maps in E3(chr3L) (red) and wild-type
(black) embryos at 5-8 h after egg-lay around the chr3L insert site (one representative experiment is shown). (C) Violin plots representing 3D DNA FISH
distances measured in mesodermal nuclei between a probe located next to the twist promoter and a probe located next to the chr3L insert site in
wild-type (n = 1299; grey) and E3(chr3L) (n = 1375; red) embryos at stage 5. A non-parametric two-sample Kolmogorov—Smirnov test was used to
assess the significant difference between DNA FISH distance distributions (p = 1.39e~°). The percentage of colocalization (defined as the percentage of
probe pairs with a distance < 0.25 um) is indicated for each condition. Boxplots within the violin plots show median, edges are 25th, 75th percentiles,
whiskers extend to non-outlier data points. **P < 0.01. (D) Immunostaining with the oTwist antibody at stage 11 in wild-type (left), twi4£3 (middle) and

twidE3, E3(chr3L) (right) embryos. Scale bars: 50 pum.

E3(+51kb) was able to partially rescue the expression of twist,
the abnormal development of the somatic musculature, and
the embryonic lethality of #0i“F3 mutants. Overall, by using
the twist locus as a model, we demonstrate that developmen-
tal genes can engage in E-P interactions across TAD bound-
aries and even between different chromosomes. However, the
inability of these interactions to fully rescue the deletion of
the endogenous E3 enhancer suggests that inter-TAD E-P in-
teractions result in lower levels of transcriptional activation.
This is in line with recent attempts of artificially inserting a
TAD boundary between an E-P pair at the Sox2 (89) or HoxD
(90) loci, which caused a significant but not complete loss of
their ability to interact and only partially affected the expres-
sion of the gene. Therefore, we propose that although develop-
mental genes can establish inter-TAD E-P interactions, higher
transcriptional rates and/or activation efficiencies can only be
achieved within the context of the same TAD.

Our finding that in Drosophila a large proportion of E-P
interactions are established across TAD boundaries is in agree-
ment with a recent similar report in mammals (31). While this
suggests that the extent of inter-TAD regulation might have
been under-estimated, the function of these interactions re-
mains to be systematically established. Indeed, only few exam-
ples of naturally-occurring inter-TAD regulation have been re-
ported so far (91,92), and these involve lincRNAs rather than
E-P interactions. Alternatively, inter-TAD interactions might
often have a structural rather than a regulatory function. In
fact, for 40% of the inter-TAD E-P interactions, we don’t ob-
serve a transcriptional output in the embryo. This is exem-
plified by the E3(chr3L) line, where the E3 enhancer inter-
acts with the fwist promoter but doesn’t activate its expres-
sion. Such stable interactions have also been observed within
TAD boundaries (32-34), but their function has remained elu-

sive. Whether these inter-TAD interactions can be considered
as background noise, or if they have a structural importance
in the three-dimensional organization of the genome remains
to be established.

While TAD-mediated enhancer-promoter proximity cer-
tainly favors rapid gene activation (38,93), especially in cells
characterized by very fast cell cycles such as Drosophila em-
bryonic cells, other mechanisms must exist to promote inter-
actions across large distances. Overall, neither the genomic
distance, the location of TAD boundaries, nor the enhancer
sequence can solely dictate enhancer—promoter interaction
specificity. Instead, we propose that long-range enhancer—
promoter interactions would be favored between specific ge-
nomic sites, a feature which is reminiscent of architectural pro-
teins such as insulators (94) and tethering elements (39,95).
However, the presence of such proteins is not sufficient to
drive long-range interactions. Indeed, the +51 kb insertion site
does not interact with the twist promoter in wild-type condi-
tions, but only upon the insertion of the E3 ectopic enhancer.
Therefore, we propose a model where enhancer—promoter in-
teraction specificity across large distances is governed by an
interplay between the sequence of the enhancer itself and the
sequence of the surrounding genomic locus.

Data availability

All raw data were submitted to ArrayExpress (https:
/lwww.ebi.ac.uk/arrayexpress/browse.html) under accession
numbers: E-MTAB-12153 (4C-seq), and E-MTAB-12146
(Micro-C). The following publicly available databases and
datasets were used: FlyBase r6.40 (https:/flybase.org/)
using the dmé reference genome; Micro-C (E-MTAB-
9784, GEO:GSE171396); DNase-seq (SRA:SRX020697,
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SRA:SRX020698); Histone ChIP-seq (SRA:ERP000560); Hi-
C (GEO:GSE103625); ChIP-seq of insulator proteins (CP190
GEO:GSES55257, BEAF-32  ENCODE:ENCSRS533CXT,
su(Hw) ENCODE:ENCSR761TCG, Mod(mdg4) EN-
CODE:ENCSR861XSB, CTCF GEO:GSE136407); RNA-seq
(2-4 h AEL SRA:SRX246401, 6-8 h AEL SRA:SRX246422).
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