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Developmental enhancers are essential regulatory elements that drive precise spatio-temporal
gene expression patterns. They do so by interacting with the promoter of their target genes, often
across large genomic distances, in a highly specific manner. However, it is unclear how such
specificity can be achieved. While several studies have suggested that Topologically Associating
Domains (TADs)'™ facilitate and constrain enhancer-promoter interactions, the role of TAD
boundaries in effectively restricting enhancer-promoter interactions is heavily debated. Here we
show that enhancers can establish long-range interactions across TAD boundaries and even
between different chromosomes. Moreover, some of these interactions are functional in vivo,
illustrating their functional importance. Using the twist locus in Drosophila embryos, we
systematically relocated one of its enhancers to different regulatory contexts and distances from
the twist promoter. We found that the twist promoter can engage in functional enhancer-
promoter interactions across a TAD boundary and that distal interactions are sometimes favored
over proximal ones. Our results demonstrate that TAD boundaries are not sufficient to constrain
enhancer-promoter interactions and that the formation of long-range interactions is not solely
driven by distance. These observations suggest that other general mechanisms must exist to
establish and maintain specific enhancer-promoter interactions across large distances.
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Enhancers are short non-coding genomic elements
that play a crucial role in the regulation of gene
expression during development, by driving precise
spatial and temporal expression patterns®. They can be
located at various distances from the promoter of their
target gene(s), sometimes even skipping multiple
nearby promoters to regulate the expression of a gene
located at a large genomic distance®®. Long-range
enhancer-promoter interactions are mediated through
the formation of three-dimensional (3D) chromatin
loops’. Even in the compact Drosophila genome, the
distance between enhancers and their target genes is
comparable to mammals, with a median distance of 100
kb, and some interactions spanning distances of over
500 kb®. In this context, it is essential for enhancers to
target and regulate the expression of the correct gene
while avoiding the inappropriate expression of
neighboring genes.

In recent years, genome topology has been
suggested to play an important role in constraining
enhancer-promoter interactions. Indeed, these
interactions tend to be constrained within large
regulatory domains which broadly coincide with regions
of increased three-dimensional proximity named
Topologically ~ Associating ~ Domains  (TADs)* ™.
Rearrangements affecting TAD boundaries can impair
proper enhancer-promoter communication and affect
gene expression'*'. TADs have thus been proposed to
act as functional regulatory units that favor local

enhancer-promoter interactions whilst preventing
interactions across their boundaries®**. However, in
some cases, gene expression seems resilient to

chromosomal rearrangements®*>’. Moreover, depleting

the complexes responsible for TAD boundary formation
completely abolishes TAD structures, yet only mildly
affects gene expression®3!. These conflicting
observations question the role of TADs in gene
expression regulation®?. In particular, to what extent can
enhancers interact and regulate the expression of their
target gene across TAD boundaries, irrespective of
genomic distance and chromatin context, and how the
specificity of such long-range interactions is achieved
remain open questions.

To address these questions, 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, focused on the Drosophila twist (twi)
gene, that codes for a highly conserved transcription
factor acting as a master regulator of mesoderm
development and promoting epithelial-mesenchymal
transition in normal and metastatic cells®*. In the
embryo, twist is strongly expressed from the onset of

zygotic transcription in the ventral region of the embryo
corresponding to the mesoderm anlage and starts to
decline after germ band elongation®. twist mutants are
recessive lethal due to abnormal gastrulation
characterized by the absence of mesoderm
derivatives®®. During early embryogenesis, the
expression of the twist gene is regulated by three
known enhancers: an upstream distal enhancer (DE), an
upstream proximal enhancer (PE)*®, and a downstream
distal enhancer®’. For simplicity, we will hereafter refer
to these enhancers as E1, E2, and E3, respectively (Fig.
1a). Previous reports suggested that these regulatory
regions might be active in overlapping cell types during
the early stages of embryogenesis®® . Our detailed
analysis of the activity of these enhancers revealed that
all three regulatory regions are active until stage 10.
However, at stage 11, we discovered that E3 is the only
active regulatory region controlling twist expression in
the thoracic and abdominal region (Fig. 1b and
Extended Data Fig. 1b). Deleting the endogenous E3
enhancer causes a recessive lethal phenotype at
embryonic stages. It is associated to a strong reduction
in twist expression at stage 11 leading to severe defects
in the embryonic somatic musculature of twi*® mutant
embryos (Fig. 1c-d, Extended Data Fig. 1c-d). We,
therefore, concluded that the E3 enhancer is essential
for the proper development of the mesoderm and that
its activity is not redundant with that of the upstream
E1 and E2 enhancers.

We next verified that the endogenous E3 enhancer
interacts with the twist promoter. The twist gene and its
three enhancers are located within the same TAD, close
to its boundary and in an open chromatin region
marked by active histone modifications (Extended Data
Fig. 1a, Extended Data Fig. 2a). The E3 enhancer is
located approximately 3 kb downstream of the twist
promoter (Extended Data Fig. 1a). To visualize
chromatin interactions at such short distances, we
significantly improved our 4C-Seq (circular chromosome
conformation capture) protocol and applied it to wild-
type Drosophila embryos at 5 to 8 hours 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 (Fig. 1e and Extended Data Fig. 1a).

Having identified a suitable model to measure the
effect of an enhancers’ relocation on gene expression
and chromatin organization, we performed extensive
genomic engineering of the endogenous twist locus by
inserting the E3 enhancer at various linear distances
from the twist promoter (ranging from 7.5 kb to 1.6 Mb
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and on another chromosome; Fig. 2a). In all cases, the
obtained fly lines were homozygous viable. The
insertion sites were selected based on their distance to
the endogenous twist promoter and location with
respect to TADs, chromatin domains, and A/B
compartments (Extended Data Fig. 2-3). To minimize
deleterious effects, we avoided regions containing
annotated genes and regulatory sequences (annotated
in the REDfly database® or overlapping DNase |
hypersensitive sites during embryogenesis*’) (Extended
Data Fig. 2-3). In addition, we ensured that none of the

Fig. 1: 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%. b.
Immunostaining with the a-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 twi*® deletion. d. Immunostaining with the a-

Twist antibody at stage 11 (white, left) and the a-TM1 antibody at
stage 16 (red, middle) in wild-type (top) and twi®®? 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 pm. 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.

insertion sites interact with the twist promoter in wild-
type embryos as visualized by 4C-seq (Extended Data
Fig. 4 a-b) and Micro-C (Extended Data Fig. 2-3). The
E3(+7.5kb) insertion site is located in the same TAD as
twist, while the E3(+39kb) and E3(+51kb) insertion sites
are both located in the adjacent downstream TAD. Two
additional insertion sites, E3(-181kb) and E3 (-1.6Mb),
are located in more distal upstream regions, and the
last insertion site, E3(chr3L), is located on a different
chromosome (Fig. 2a, Extended Data Fig. 2-3). Finally,
we verified the location of each insertion site with
regard to A/B compartments, respectively associated to
open and closed chromatin, and established by
calculating the eigenvector of a Hi-C contact matrix
obtained from stage 5 to 8 whole embryos®® (Methods).
Except for E3(+51kb), all insertion sites are located in an
A compartment.

We initially used these six fly lines to establish
whether ectopically inserted E3 enhancers could engage
in long-range enhancer-promoter interactions with the
twist promoter (Fig. 2b-d). For this purpose, we
conducted a comprehensive analysis of chromatin
organization in these fly lines, by generating 4C-seq
interaction maps from Drosophila embryos collected at
2 to 5 hours (stage 5-9) and 5 to 8 hours (stage 10-11)
after egg-lay. To have a more comprehensive view of
chromatin organization, we used two different
viewpoints: one located at the TAD boundary upstream
of the twist promoter (viewpoint Twil) and one within
the twist gene (viewpoint Twi2). In these lines, the
endogenous and ectopic copies of the E3 enhancer
contain several naturally-occurring single-nucleotide
variants (Extended Data Fig. 5) enabling us to
differentiate endogenous and ectopic interactions in
genomic experiments.
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Fig. 2: 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 to 8 hours after egg-lay (two
biological replicates merged), 4C-seq interaction maps in E3(+7.5kb) (purple), E3(+39kb) (green), and E3(+51kb) (blue) embryos at 5 to 8 hours
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 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 E3), the percentage of reads
mapping on the 2-kb ectopic E3 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(+7.5kb) (purple), E3(+39kb)
(green), and E3(+51kb) (blue) embryos compared to wild-type (black) embryos at the same stage. The location of the E3 ectopic insertion is
indicated by a grey rectangle. c. 4C-seq interaction maps in E3(-181kb) (yellow) and E3(-1.6Mb) (orange) embryos at 5 to 8 hours 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 E3) is indicated. Insets: 4C-seq interaction maps in a 10 kb region around the ectopic E3 sites in £3(-181kb) (yellow) and E3(-
1.6Mb) (orange) embryos compared to wild-type (black) embryos at the same stage. The location of the E3 ectopic insertion is indicated by a
grey rectangle. 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 +51kb insert site in wild-type (grey) and E3(+51kb) (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 =
2.2e’16). Right: Violin plots representing 3D DNA FISH distances measured in mesodermal and non-mesodermal nuclei between a probe
located next to the twist promoter and a probe located next to the -181kb insert site in E3(-181kb) (yellow) embryos and to the -1.6Mb insert
site in E3(-1.6Mb) (orange) embryos at various twist-expressing stages. The percentage of colocalization (defined as the percentage of probe
pairs with a distance < 0.25 um; Methods) is indicated for each condition.

We measured three parameters in our 4C-seq maps,
to characterise the interactions of the twist locus with
each ectopic E3 insertion: i) “ectopic E3”, defined as the
percentage of interactions 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 enhancer 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 percentage of interactions
overlapping a sliding window around (but excluding) the
ectopic enhancer site as compared to a 10 kb region
around the insertion site and used to estimate the
expected background level of interactions at this site.
We considered two regions as interacting if ectopic E3
was greater than 10% and/or E3 strength/background
greater than 1.7.

We first focused on the fly lines carrying an insertion
site downstream of the twist locus, corresponding to
the insertions at +7.5 kb (line E3(+7.5kb)), +39 kb (line
E3(+39kb)), and +51 kb (line E3(+51kb)) from the twist
promoter. Placing the ectopic E3 enhancer in the same
TAD as twist (line E3(+7.5kb)) did not affect its ability to
engage in chromatin interactions with the twist
promoter. Indeed, on average 31.7% of the reads
mapping to the E3 enhancer at 5-8 h after egg-lay
corresponded to the ectopic E3 enhancer, indicating
that the twist promoter interacts with both copies of
the E3 enhancer (Fig. 2b, Extended Data Fig. 63, c).

When the ectopic E3 enhancer was inserted in a
different TAD, however, we observed two opposite
situations. When inserted at position +39kb (line
E3(+39kb)), only 9.36% of the reads mapped to the

ectopic E3 enhancer at 5-8 h after egg-lay, and no
significant interaction was observed when compared to
a wild-type control (Fig. 2b, Extended Data Fig. 6b-d). In
contrast, when the ectopic E3 enhancer was inserted at
position +51kb (line E3(+51kb)), 17.2% of the reads map
to the ectopic E3 enhancer (Fig. 2b, Extended Data Fig.
6¢c, Extended Data Fig. 7a). In addition, the interaction
strength (“E3 strength”) was nearly doubled in the
E3(+51kb) line (44.7%) compared to the E3(+39kb) line
(23.8%) or their respective background controls (21.7%
and 17.8% respectively) (Fig. 2b, Extended Data Fig. 6d).
We also observed an increase in the ectopic E3
interaction frequency between 2 to 5 and 5 to 8 hours
after egg-lay, from 26% to 31.7% in line E3(+7.5kb) and
from 13.7% to 17.2% in line E3(+51kb). This was not the
case for the non-interacting E3(+39kb) line (from 9.8%
to 9.4%; Extended Data Fig. 6¢). This increase correlates
with the specific activity of E3 during embryogenesis at
stage 11. We further validated the interaction between
the twist promoter and the ectopic E3(+51kb) enhancer
using mesoderm-specific 3D DNA fluorescence in situ
hybridization (FISH) in E3(+51kb) embryos at stage 5
and 11 by measuring the distance between a probe
located near the twist promoter and the ectopic E3
insertion. As a control, we measured the same distance
in a wild-type line. The distance distribution was
significantly different between the two lines (p = 2.2e
16), with a percentage of colocalization increasing from
32% in the non-interacting control to 52% in the
E3(+51kb) line (Fig. 2d, Extended Data Fig. 8a-b).

In the lines E3(-181 kb) and E3(-1.6Mb), the ectopic
E3 enhancer is located at a much larger distance from
the twist locus, with several TAD boundaries in
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between. In these lines, we observed that on average
less than 10% of the reads mapping to the E3 enhancer
corresponded to the ectopic E3 (Fig. 2c). Besides, the
ectopic E3 site was not enriched in 4C-seq interactions
in those fly lines compared to a wild-type control (Fig.
2b-c - inset). This absence of interaction was also
validated by 3D DNA FISH in the E3(-1.6Mb) and E3(-
181kb) fly lines (Fig. 2d; 34% and 14% colocalization,
respectively), confirming that the twist promoter is not
able to engage in long-range enhancer-promoter
interactions with the E3 enhancer when it is inserted at
the -1.6Mb and -181kb sites. Together, our observations
suggest that the twist promoter can engage in long-
range enhancer-promoter interactions with the E3
enhancer in a distance-independent manner, with distal
sites (for eg. the +51kb site) sometimes favored over
more proximal ones (for eg. the +39kb site).

To demonstrate the biological relevance of the
observed interactions between the twist promoter and
various ectopic E3 insertions, we probed to what extent
the ectopic insertions could rescue the deletion of the
endogenous E3 enhancer (twi*®) (Fig. 3a-b, Extended
Data Fig. 9a). In line with our previous observations,
inserting the ectopic E3 enhancer 7.5kb downstream of
the twist promoter, fully rescued the viability (Fig. 3b,
twi*®, E3(+7.5kb), Extended Data Fig. 9a; 81% versus
0%), twist expression (Extended Data Fig. 9b), and
muscle formation (data not shown) of twi*®® embryos.
There was however a more modest effect upon the
insertion of the ectopic E3 enhancer 51 kb away from
the twist promoter, with twi“®, E3(+51kb) embryos
displaying a partial rescue of embryo viability (Fig. 3b,
Extended Data Fig. 9a; 14% versus 0%), twist expression
(Fig. 3c, Extended Data Fig. 9b), and muscle formation
(Fig. 3d) relative to twi*® embryos. The rescue of twist
expression in twi*®, E3(+51kb) embryos followed two
different patterns (Extended Data Fig. 9b): in 29% of the
embryos, twist was expressed at low levels throughout
the whole mesoderm. In the other 61% of the embryos,
however, twist was expressed at a higher level, but was
restricted to a group of cells in the T1 and maxillary
segments of the embryo. Finally, about 10% of the
embryos displayed both a weak twist expression
throughout the mesoderm and a high expression in the
group of cells. In contrast, none of the non-interacting
insertions were able to rescue embryo viability
(Extended Data Fig. 9a). These results further support
the functionality of the long-range enhancer-promoter
interactions we identified.

To confirm that the activation of twist by the ectopic
E3 enhancers is dependent on enhancer-promoter
looping, we repeated 4C-seq experiments in twi‘t,
E3(+7.5kb) and twi*®, E3(+51kb) embryos, where the

endogenous E3 was deleted. In both cases, the
interaction between the twist promoter and the +7.5 kb
or +51 kb ectopic E3 enhancers was maintained (Fig. 3
e-f, Extended Data Fig. 10a-b). Mesoderm-specific 3D
DNA FISH experiments performed at stage 5 and 11
further validated this observation (Fig. 3g, Extended
Data Fig. 8a), with a significant difference in the
distance distribution (p = 2.2e™) and an increased
colocalization from 32% in the wild-type control to 51%
in the twi*®, E3(+51kb) line. Deleting the endogenous
E3 enhancer in the E3(+51kb) line however resulted in a
slight decrease in 4C-seq interaction frequency (Fig. 3f;
E3 strength from 44.7% to 33.3%) as well as a slight
increase in the distance between the twist promoter
and the +51kb insertion site (Extended Data Fig. 8a;
colocalization from 56% to 43%). This effect appeared
more pronounced at stage 5 than at stage 11 (Extended
Data Fig. 8a), suggesting that enhancer-enhancer
interactions between the two copies of E3 might favor a
more compact conformation at earlier stages. Together,
these data show that the twist promoter can engage in
functional enhancer-promoter interactions across large
distances (i.e. over distances greater than about 10 kb,
which would be the typical average distance between
known enhancer-promoter pairs in Drosophila) and that
these interactions do not depend on the presence of
the endogenous E3 enhancer.

To establish whether long-range enhancer-promoter
interactions indeed can take place across TAD
boundaries and analyse global changes in chromatin
organisation, we generated Micro-C contact maps at 5
to 8 h after egg-lay in the wild-type and twi’®,
E3(+51kb) 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 +51kb site (Fig3h, black
arrow) that were absent in the wild-type line (Fig. 2b,
Extended Data Fig. 11). Ectopically inserting the E3
enhancer at position +51kb leaded to increased local
interactions between these two sites, yet did not
significantly alter global chromatin organization (Fig3h,
Extended Data Fig. 11). Indeed, this ectopic insertion did
not affect the presence of the boundary located
between the twist locus and the +51kb site, but instead
drove the formation of an additional boundary at the
+51kb site, confirmed by a strong shift in the
directionality index (Extended Data Fig. 11, blue arrow).
This insertion also resulted in a shift of the region
between the twist locus and the +51kb site from an A
compartment to a B compartment, while the position of
the +51kb site itself shifted from a B compartment to an
A compartment (Extended Data Fig. 11, red arrow).
These results confirm that a long-range functional
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interaction is established between the twist promoter long-range cross-TAD regulation challenges the current
and the ectopic E3 enhancer at position +51kb and that  view of enhancer biology, whereby enhancer-promoter
this interaction takes place across a TAD boundary. This  interactions are constrained by TAD boundaries.
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Fig. 3: Long-range interactions between the ectopic E3 and the twist promoter can rescue twi®® mutants.

a. Schematic representation of the different ectopic E3 insertion sites on chr2R and of the twi*t deletion. b. Bar plot representing the
percentage of viable embryos on the twi*t (black), E3(+7.5kb) (dark purple), tWIAB, E3(+7.5kb) (light purple), E3(+51kb) (dark blue), and
twi -, E3(+51kb) (light blue) lines. For each condition, at least two independent experiments were performed, with at least 50 embryos each.

AE3
c. Immunostaining with the a-Twist antibody in wild-type (top) and twi*t, E3(+51kb) embryos (bottom) at stage 11. Scale bars 50 um. d.

Immunostaining with the a-TM1 antibody in wild-type (top) and twi’? E3(+51kb) 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(+7.5kb) (dark purple) and twi*t, E3(+7.5kb) (light purple) embryos at 5 to 8 hours

after egg-lay (one representative experiment is shown). f. 4C-seq interaction maps in E3(+51kb) (dark blue), and twi’®) E3(+51kb) (light blue)
embryos at 5 to 8 hours 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 E3 enhancer are highlighted by an
arc. The percentage of reads mapping on the 2-kb ectopic E3 over a 10-kb window (E3/bkgd) and the percentage of reads mapping on an
adjacent control region (control) 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 +51kb insert site in wild-type (grey), E3(+51kb) (dark blue), and
twi*t, E3(+51kb) (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(+51kb): p = 2.2¢7, wild-type versus twi’®) E3(+51kb): p = 2.2e"°
E3(+51kb) versus twi"™, E3(+51kb): p = 0.04). The percentage of colocalization (defined as the percentage of probe pairs with a distance <
0.25 um; Methods) is indicated for each condition. h. Normalized Micro-C contact map at 1000 bp resolution in twi‘®, E3(+51kb) embryos at 5

to 8 hours after egg-lay (two biological replicates merged). The interaction between the twist locus and the +51kb insertion site is indicated by

a black arrow.

The last E3 insertion site included in our analysis is
located on a different chromosome than twist, allowing
us to investigate the presence of inter-chromosomal
enhancer-promoter interactions. Surprisingly, 4C-seq
experiments in the E3(chr3L) line revealed that an
average of 46.9% of the reads mapping to the E3
enhancer at 5-8 h after egg-lay corresponded to the
ectopic E3 enhancer (Fig. 4a-b, Extended Data Fig. 6c,
Extended Data Fig. 12 a-b). The interaction between the
twist promoter and the ectopic E3(chr3L) enhancer was
also validated by mesoderm-specific 3D DNA FISH in
E3(chr3L) embryos at stage 5 by measuring the distance
between a probe located near the twist promoter and
the ectopic E3 insertion. As a control, we measured the
same distance in a wild-type line. The distance
distribution was significantly different between the two
lines (p = 9.6e®), with a percentage of colocalization
increasing from 9% in the non-interacting control to
21% in the E3(chr3L) line (Fig. 4c). 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 population 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
supported by the inability of the E3(chr3L) insertion to
rescue both the viability (Extended Data Fig. 9a) and
twist expression in twi*® mutant embryos (Fig. 4d).
Overall, these data indicate that while strong, the
ectopic E3(chr3L) enhancer fails to establish functional
interactions with the twist promoter.

In summary, by systematically perturbing a specific
locus with controlled genetic tools, we uncovered
fundamental features of enhancer-promoter interaction

specificity across large distances. We demonstrated that
the twist promoter can engage in long-range
interactions with an ectopic enhancer across large
distances and across TAD boundaries, and even
between chromosomes. Rescue experiments confirmed
that such long-range interactions can sometimes be
functional during embryonic development and do not
depend on the presence of the endogenous enhancer.
Our data thus reveal that enhancer-promoter
interactions are not necessarily constrained by TAD
boundaries. In fact, the twist promoter can interact with
the E3 enhancer when it is located ectopically at a
distance 17 times greater than the endogenous
enhancer. This observation is in agreement with
previous reports describing minor transcriptional effects
upon the disruption of TADs boundaries**™° and cross-
TAD transcriptional regulation at the xist locus®. We
also demonstrate that the formation of long-range
enhancer-promoter interactions is not solely dependent
on the distance between the enhancer and the
promoter, as the E3 enhancer can activate twist
expression when located 51kb away from the promoter
but not when located at a more proximal position
(39kb). While TAD-mediated enhancer-promoter
proximity certainly favors rapid gene activation®*®,
especially in cells characterized by very fast cell cycles
such as Drosophila embryonic cells, other mechanisms
must exist to promote interactions 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 genomic sites, a feature which is
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Figure 4: The twist promoter interacts with the E3 enhancer placed on a different chromosome.

a. 4C-seq interaction map in E3(chr3L) (red) embryos at 5 to 8 hours 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 to 8 hours 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 (grey) and E3(chr3L) (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 = 9.6e'6). The percentage of colocalization (defined as the percentage of probe pairs with a distance < 0.25 um; Methods) is
indicated for each condition. d. Immunostaining with the a-Twist antibody at stage 11 in wild-type (left), twi*t (middle), and tw:AB, E3(chr3L)
(right) embryos. Scale bars 50 um.

reminiscent of architectural proteins such as insulators®” 6. Sanyal, A., Lajoie, B. R., Jain, G. & Dekker, J. The long-
and tethering elements*®*°. However, the presence of range interaction landscape of gene promoters. Nature
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Therefore, we propose a model where enhancer- 8. Ghavi-Helm, Y. et al. Enhancer loops appear stable during

promoter interaction specificity across large distances is development and are associated with paused polymerase.

governed by an interplay between the sequence of the Nature 512, 96—100 (2014).

enhancer itself and the sequence of the genomic locus 9. Le Dily, F. et al. Distinct structural transitions of chromatin

where it is inserted. topological domains correlate with coordinated hormone-
induced gene regulation. Genes Dev 28, 2151-2162
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METHODS

Plasmid construction and transgenic fly
generation

All plasmids were constructed using standard cloning
methods 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 constructs 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
strategies: First, we took advantage of the popular
MiMIC (Minos Mediated Integration Cassette) systemso,
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 interest flanked by two
inverted ®C31 integrase attB 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 interest). We used this strategy to generate
five different fly lines where the 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 second strategy to
specifically insert the E3 enhancer in the same TAD as
twist (line