
HAL Id: hal-04239095
https://hal.science/hal-04239095

Submitted on 12 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

The Drosophila Fab-7 boundary modulates Abd-B gene
activity by guiding an inversion of collinear chromatin

organization and alternate promoter use
Laura Moniot-Perron, Benoit Moindrot, Line Manceau, Joanne Edouard, Yan
Jaszczyszyn, Pascale Gilardi-Hebenstreit, Céline Hernandez, Sébastien Bloyer,

Daan Noordermeer

To cite this version:
Laura Moniot-Perron, Benoit Moindrot, Line Manceau, Joanne Edouard, Yan Jaszczyszyn, et
al.. The Drosophila Fab-7 boundary modulates Abd-B gene activity by guiding an inversion of
collinear chromatin organization and alternate promoter use. Cell Reports, 2023, 42 (1), pp.111967.
�10.1016/j.celrep.2022.111967�. �hal-04239095�

https://hal.science/hal-04239095
https://hal.archives-ouvertes.fr


Article
The Drosophila Fab-7 bou
ndary modulates Abd-B
gene activity by guiding an inversion of collinear
chromatin organization and alternate promoter use
Graphical abstract
Highlights
d Boundary elements separate domains of 3D genome

organization and histone modifications

d Different pairs of boundaries can separate the active Abd-B

cis-regulatory domain

d Abd-B chromatin dynamics follow a non-canonical inversion

of collinearity

d Dynamic regulatory hierarchies drive differential Abd-B

alternative promoter use
Moniot-Perron et al., 2023, Cell Reports 42, 111967
January 31, 2023 ª 2022 The Author(s).
https://doi.org/10.1016/j.celrep.2022.111967
Authors

Laura Moniot-Perron, Benoit Moindrot,

Line Manceau, ..., Céline Hernandez,
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2Université Paris Cité, CNRS, Institut Jacques Monod, 75013 Paris, France
3Present address: European Molecular Biology Laboratory (EMBL), Heidelberg 69117, Germany
4Lead contact

*Correspondence: sebastien.bloyer@i2bc.paris-saclay.fr (S.B.), daan.noordermeer@i2bc.paris-saclay.fr (D.N.)

https://doi.org/10.1016/j.celrep.2022.111967

SUMMARY

Hox genes encode transcription factors that specify segmental identities along the anteroposterior body
axis. These genes are organized in clusters, where their order corresponds to their activity along the body
axis, a feature known as collinearity. In Drosophila, the BX-C cluster contains the three most posterior Hox
genes, where their collinear activation incorporates progressive changes in histonemodifications, chromatin
architecture, and use of boundary elements and cis-regulatory regions. To dissect functional hierarchies, we
compare chromatin organization in cell lines and larvae, with a focus on the Abd-B gene. Our work estab-
lishes the importance of the Fab-7 boundary for insulation between 3D domains carrying different histone
modifications. Interestingly, we detect a non-canonical inversion of collinear chromatin dynamics at
Abd-B, with the domain of active histone modifications progressively decreasing in size. This dynamic chro-
matin organization differentially activates the alternative promoters of the Abd-B gene, thereby expanding
the possibilities for fine-tuning of transcriptional output.

INTRODUCTION

Hox genes encode crucial developmental regulators that specify

segmental identities along the anteroposterior (A-P) body axis in

the embryo of bilaterian species. A unique feature of Hox genes

is that they are organized in clusters, with their genomic position

corresponding to their order of expression along the A-P axis.1

This feature, known as collinearity, was discovered inDrosophila

melanogaster and was later observed in other bilaterian species,

including mammals, as well.2,3 Because of this evolutionarily

conserved structure/function relationship, Hox genes have

been intensively studied to decipher cluster-wide coordination

of gene regulation.4–7

In D. melanogaster, the eight Hox genes are organized in two

separate clusters on chromosome 3R: the Antennapedia cluster

(ANT-C) and the Bithorax cluster (BX-C). The 350 kb BX-C

contains the Ubx, abd-A, and Abd-B genes, which specify the

identity of the posterior parasegments 5 to 14 (PS5 to PS14) in

the embryo. To drive Hox gene expression in the correct PS,

the BX-C is subdivided into 10 cis-regulatory regions (abx/bx,

bxd/pbx, and the infra-abdominal segments 2 to 9 [iab-2 to

iab-9]). Each cis-regulatory region contains cell-type and

PS-specific enhancers and is both essential and sufficient to

drive the expression of its associated Hox gene within a single

PS.8–12

The collinear activation of the Hox genes and their cis-regula-

tory elements has been proposed to rely on a progressive open-

ing of chromatin within the BX-C along the A-P axis. In this ‘‘open

for business’’ model, the repressive H3K27me3 histone modifi-

cation (associated with Polycomb group proteins) at each cis-

regulatory region is sequentially substituted by the active

H3K4me3 mark (associated with Trithorax group proteins).13–15

Consequently, in the most anterior PS5, abx/bx is the only cis-

regulatory region that is marked by H3K4me3, whereas in

more posterior PSs, an increasing number of cis-regulatory

regions are included. This model has been confirmed from

embryonic PS4 to PS7, where the repressive H3K27me3 mark

is sequentially removed from abx/bx to iab-3.16 An alternative

organization has been detected in the SF4/Sg4 cell lines, though,

where activity of the Abd-B gene depends on the iab-7 cis-reg-

ulatory region.15,17,18 Here, H3K4me3 was present only at iab-7

to iab-9, whereas the more anterior Ubx and abd-A genes and

their cis-regulatory regions carried the repressive H3K27me3

mark. In these cells, whose use of the iab-7 cis-regulatory

region mirrors PS12, the active cis-regulatory domain had thus

reduced in size. Based on these contrasting observations, it

remains to be determined if the ‘‘open for business’’ model

expands toward posterior PSs or, instead, if the organization

as observed in the SF4/Sg4 cell lines expands to other posterior

iabs.
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Figure 1. Gene expression and histone modification landscape of the BX-C in cell lines and imaginal disc cells

(A) Overview of the cis-regulatory landscape around the Abd-B gene and its transcript isoforms. The infra-abdominal domains (iabs) and associated embryonic

parasegments (PS) are indicated on top, with BEs that separate iabs positioned in-between. iab-7, active in PS12, is highlighted in blue and iab-8, active in PS13,

is highlighted in green. Different Abd-B transcript isoforms are indicated at the bottom, with the order of transcription visualized with the arrow.

(B) Relative Hox gene mRNA amounts in imaginal disc cells and cell lines. The qRT-PCR signal is expressed relative to whole larvae and shown relative to the

Act42A and Gapdh2 housekeeping genes. Data are from biological replicates (n = 2). Error bars indicate standard deviation. T test; *p < 0.05, **p < 0.01.

(legend continued on next page)
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Genomic regions that carry the same histone modifications

adopt a higher-order 3D configuration that is known as a ‘‘contact

domain,’’ where intradomain interactions are enriched over the

surrounding DNA.19,20 Circular chromosome conformation cap-

ture (4C-seq) and Hi-C studies in Drosophila larvae and cell lines

have confirmed that the repressed BX-C forms a contact domain

that matches the distribution of the H3K27me3 mark.4,19,21

At mammalian Hox clusters, the sequential substitution of

H3K27me3 by H3K4me3 along the A-P axis coincides with inac-

tive and active contact domains of different size.22 Contact

domain dynamics along theDrosophilaA-P axis have not been re-

ported, but imaging studies have identified an activity-dependent

sequence of association and separation between theUbx and the

abd-A genes at anterior positions in the embryo.23,24 In contrast,

activeAbd-B does not appear to reassociate withUbx and abd-A

at posterior positions. Likewise, comparative Chromosome

ConformationCapture (3C) experiments at BX-C in theDrosophila

S2 and S3 cell lines showed that the active Abd-B gene and its

associated cis-regulatory regions reduced their contacts with

the inactive Ubx and abd-A genes.25 This different behavior

may suggest that contact domains are differentially organized de-

pending on which gene in the BX-C is active.

The restriction of cis-regulatory region activity to a single PS

depends on the use of boundary elements (BEs) between these

regions.26 For example, deletion of the Fab-7 boundary between

iab-6 and iab-7 causes an ectopic activation of iab-7 in PS11, in

addition to the normal activity of iab-6.27 Smaller deletions within

Fab-7 can have opposing effects in subsets of PS11 cells,

though, resulting in silencing of both iab-6 and iab-7.28 This is

likely caused by the bipartite organization of Fab-7, which in-

cludes binding sites for insulator proteins and a Polycomb and

a Trithorax response element (PRE and TRE).26,28–30

How different gene-regulatory layers, including cis-regulatory

regions, histone modification domains, contact domains, and

BEs, functionally intersect to establish cell-type-specific tran-

scriptional programs during development remains a topic of

intense interest.31–34 Taking advantage of the detailed knowl-

edge about the cis-regulatory organization of the BX-C, we

have dissected hierarchies among its gene-regulatory layers,

with a particular focus on the Abd-B gene. By combining high-

resolution genomics data from larval imaginal discs and cell

lines, we found that the function of the Fab-7 BE extended to

the insulation between histone modification domains and con-

tact domains. Unexpectedly, in cell lines that represent PS12

and PS13, the organization of histone modification domains

and contact domains was inversed, with an active H3K4me3

domain of decreased size at amore posterior position. Combina-

tion of precisely calibrated and single-cell transcription analysis

revealed that the active iabs differentially instructed alternative

Abd-B promoter use, thereby providing the means for fine-tun-

ing of transcriptional output.

RESULTS

Drosophila imaginal discs and cell lines exhibit similar
Hox gene activity patterns
The Abd-B gene is regulated by a 100 kb cis-regulatory domain

that consists of five iabs. In-between each pair of two iabs a BE is

located. Transcription of Abd-B can be initiated from six alterna-

tive promoters that are located in iab-8, in iab-9, or telomeric

from iab-9 (Figure 1A). Except for the A promoter, current

annotations indicate that all transcripts encode the same

Abd-B protein isoform (NCBI RefSeq genes, FlyBase Release

6.32; Celniker et al.35; and Zavortink et al.36). To investigate

how BEs, domains of histone modifications, and 3D contact

domains converge to regulate the Abd-B gene, we first identified

cellular models where Abd-B is differentially expressed. Using

qRT-PCR, we analyzed Abd-B and five other Hox genes in two

imaginal discs from larvae and in four cell lines (Figure 1B). The

genital disc is amixed population of cells from themost posterior

PSs in the larvae, whereas wing disc cells originate from a more

anterior position.37

Compared with whole larvae, Abd-B mRNA levels were

increased in genital disc cells. Significantly elevated Abd-B

amounts were detected in the Sg4 and S3 cell lines as well, albeit

at lower levels as in the genital disc. No significant activity of

Abd-B or the other Hox genes was detected in the wing disc or

the S2 and Kc167 cell lines (Figure 1B). Our analysis thus re-

vealed comparable patterns of Hox gene activities in the genital

disc and Sg4 and S3 cell lines, which included a shared activity

of Abd-B. Similarly, the wing disc shared the absence of Hox

gene activity with the S2 and Kc167 cell lines.

Histone modification domains mirror Abd-B promoter
activity, yet reveal an inverse collinear distribution
To determine how histone modifications at the Hox clusters

correlated with gene expression, we performed H3K4me3 and

H3K27me3 chromatin immunoprecipitation sequencing (ChIP-

seq) experiments in S2, Sg4, and S3 cells, supplemented with

H3K4me3 CUT&Tag (Cleavage Under Targets and Tagmenta-

tion) in genital discs. At the ANT-C, where no substantial Hox

gene activity was detected in any of the cell types, repressive

H3K27me3 covered the entire domain. Conversely, the

H3K4me3 mark was mostly absent, with the exception of minor

peaks at certain inactive Hox gene promoters (Figure S1A). This

contrasted with the BX-C, where cell-type-specific differences in

(C) ChIP-seq data for the H3K4me3 and H3K27me3 histone marks in the S2, Sg4, and S3 cell lines and H3K4me3 CUT&Tag data in genital disc cells. Reanalyzed

ChIP-seq data for the CP190 and dCTCF insulator proteins in the S2 cell line are indicated below.38 The BX-C is demarcated by dashed lines, with known BEs

highlighted by vertical bars. Relevant BEs and iabs are indicated on top. Arrows indicate the BEs that act as a boundary between the histone modification

domains in the different cell lines. Protein coding genes are indicated at the bottom.

(D) Calibrated qRT-PCR data of alternative Abd-B promoter activity in S3 and Sg4 cells. Data are normalized to an exon shared between all isoforms and to an

external plasmid containing all isoform-specific amplicons. Data are from biological replicates (n = 2). Error bars indicate standard deviation. T test; *p < 0.05,

**p < 0.01, ***p < 0.001.

(E) Scheme ofAbd-B promoter contribution relative to the extent of the H3K4me3 histonemodification domain in the Sg4 cell line (PS12-like cells, blue) and the S3

cell line (PS13-like cells, green). On top, the positions of BEs and iabs are indicated, with the extent of theH3K4me3 domains indicated below. The thickness of the

arrow tails reflects the relative contribution of each promoter.
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histone modifications could be detected. In S2 cells, the inactive

BX-C was fully covered by H3K27me3, with no peaks of

H3K4me3 at any of the Hox gene promoters (Figures 1C, S1B,

and S1C). In genital discs and the Sg4 and S3 cell lines, the

active Abd-B gene and its surrounding cis-regulatory domain

were enriched for H3K4me3. Interestingly, the distributions of

H3K4me3 and H3K27me3 over the active Abd-B cis-regulatory

domain were not identical. In Sg4 cells, the entire region span-

ning iab-7 to iab-9 was devoid of H3K27me3 and enriched for

H3K4me3, with the Fab-7 and C BEs acting as boundaries (Fig-

ure 1C, arrows, and Figures S1B andS1D). In contrast, in S3 cells

the H3K27me3 mark was present at iab-7 and the telomeric part

of iab-9. Conversely, H3K4me3 was absent from iab-7 and

strongly reduced at the telomeric part of iab-9 in these cells. In

these cells, the Fab-8 BE acted as a centromeric boundary,

whereas the telomeric boundary was not associated with an an-

notated BE (Figure 1C, arrows, and Figures S1B and S1D). To

investigate if an unidentified BE existed within iab-9, we reana-

lyzed ChIP-seq data for the CP190 and dCTCF insulator proteins

in the S2 cell line and cells of embryonic and larval origin.38–40

This analysis revealed a strongly occupied site in-between the

B and the C BEs that exactly overlapped the boundary in S3 cells

(Figure 1C, dashed lines, and Figure S1D).

Previous genetic studies have assigned the activity of BEs and

iabs to individual PSs (summarized in Kyrchanova et al.26).

Based on the use of BEs and iabs in the Sg4 and S3 cell lines,

we concluded that the Sg4 cell line mimicked PS12, whereas

the S3 cell line mimicked PS13. H3K4me3 CUT&Tag data in gen-

ital disc cells suggested a more mixed organization, with robust

H3K4me3 signal detected in iab-8 and iab-9 and a minor enrich-

ment at iab-7. Notably, in Sg4 and S3 cells, the inactive Ubx and

abd-A genes and the Abd-B-associated iab-5 and iab-6 were

fully covered by H3K27me3 (Figure 1C). Activity of Abd-B in

these cells was therefore associated with an inverse collinear

presence of the repressive H3K27me3 mark at the centromeric

side of the domain, which differentially included iab-7 depending

on the use of Fab-7 or Fab-8 as the BE.

The peaks of H3K4me3 enrichment overlapped different sets

of alternative Abd-B promoters, with five of six promoters

covered in Sg4 cells (A to C) and only the A and cen-1 promoters

robustly marked in S3 cells (Figures 1A, 1C, and S1E). We there-

fore wondered if these cell types displayed a different preference

for Abd-B promoter use. Calibrated qRT-PCR, normalized to a

sharedAbd-B sequence, was used to quantify the relative contri-

bution of each Abd-B promoter (Figure 1D). Comparison

between the Sg4 and the S3 cell lines revealed that the cen-1

promoter was used significantly more in S3 cells, whereas the

cen-2 and B promoters contributed significantly more in Sg4

cells (Figure 1D). The combined outputs from these promoters

are mostly similar between these two cell types, though (Fig-

ure 1B). Alternative Abd-B promoter activity thus mirrored the

presence of H3K4me3 peaks in these cell lines, yet achieved a

similar combined transcriptional output (Figure 1E).

The inactive BX-C is organized into two 3D contact
domains
To assess the link between domains of histone modifications and

3D chromatin architecture at the Hox gene clusters, we used

genome-wide Hi-C and viewpoint-specific 4C-seq (an assay

that has been extensively used to study Hox gene architec-

ture21,22,41–43).We first focused on the 3Dorganization of the inac-

tive clusters, which are covered by the repressive H3K27me3

mark. By combining reanalyzed Hi-C data44 with newly generated

4C-seq data in S2 cells, we observed that the BX-C and ANT-C

restricted most of their interactions within their H3K27me3-

marked domains (Figures 2A, S2A, and S2B). The inactive Hox

clusters were therefore organized into repressed 3D contact do-

mains approximately 300–400 kb in size.19,20 Calling of domain

boundaries using Hi-C data from S2 cells confirmed the overlap

with the H3K27me3 histone modification domain, but revealed

intradomain boundaries as well: the inactive ANT-C is divided

into three subdomains and the BX-C into two subdomains

(Figures 2A and S2A). The boundary within the BX-C is the Fub

BE, which separates the Ubx and abd-A cis-regulatory do-

mains.45 Consequently, the inactive abd-A and Abd-B cis-regula-

tory domains co-occupy the same contact domain.

Next, we used 4C-seq to address if the same contact domains

were present at the inactive ANT-C and BX-C in larval wing discs

and the Kc167 cell line. For the analyzed viewpoints, we found

interactions highly similar to those in S2 cells, confirming that

the inactive Hox clusters had adopted a similar 3D contact

domain organization (Figures 2B and S2C–S2E).

Active Abd-B dissociates from the repressed BX-C
contact domains in Sg4 cells
To determine 3D chromatin organization of the Hox clusters in

cells where Abd-B is active, we performed Hi-C and 4C-seq

in the Sg4 cell line. Contact domains at the repressed ANT-C

in Sg4 cells were comparable to the previously established orga-

nization in S2 cells, confirming that the chromatin architecture

of this inactive cluster was not drastically reorganized

(Figures S2A, S3A, and S3B). In contrast, the 3D organization

of the BX-C was markedly different between Sg4 and S2 cells.

Our Hi-C analysis revealed that the BX-C in Sg4 cells was orga-

nized into three subdomains, with each Hox gene occupying its

own domain (Figure 3A). Whereas the boundary between the

repressed Ubx and abd-A genes remained at the Fub BE, a

new boundary had appeared that coincided with the Fab-7 BE

element. 4C-seq confirmed this observation, which was particu-

larly visible upon comparison between Abd-B promoter interac-

tions in the Sg4 and S2 cell lines (Figure 3A, yellow shading). In

Sg4 cells, the Fab-7 BE acted as the boundary between the

Abd-B H3K4me3 domain and the H3K27me3 domain consisting

of iab-5, iab-6, and the abd-A cis-regulatory domains. The active

Abd-B domain, bordered by the Fab-7 and C BEs and

comprising iab-7 to iab-9, therefore, was organized as an active

contact domain that was physically dissociated from the

repressed abd-A contact domain.

The active Abd-B contact domain is bordered by
different BEs in different cell types
Next, we wondered if the same contact domain organization was

present in the S3 cell line and in larval genital discs, where the

Abd-B gene is active but associated with H3K4me3 domains

of different sizes (Figures 1B and 1C). For the analyzed 4C-seq

viewpoints at the ANT-C, which remained in an inactive state in
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cells and the S2 and Kc167 cell lines
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Figure 2. 3D chromatin organization of the repressed

BX-C

(A) Hi-C (top), 4C-seq (middle), and ChIP-seq (bottom) data in

the S2 cell line. Hi-C data were reanalyzed from Szabo et al.,44

with identified subdomains indicated as black bars. 4C-seq

data for viewpoints in the promoters of the Ubx, abd-A, and

Abd-B (cen-1) genes are indicated in-between. H3K4me3 and

H3K27 ChIP-seq data are indicated below. Arrowheads indi-

cate the positions of viewpoints. Protein-coding genes are

indicated at the bottom. Further annotation is as in Figure 1C.

(B) 4C-seq data in wing disc cells and the S2 and Kc167 cell

lines for the Abd-B cen-1 promoter viewpoint. In-between, the

log2 ratio of interactions is shown. Protein-coding genes are

indicated at the bottom.
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these cells, we could not detect a major reorganization of con-

tacts (Figures S3A, S3C, and S3D). Comparison of interactions

at the BX-C in these cells confirmed the spatial separation of

Abd-B from the inactive part of the cluster, but also revealed

noticeable differences in 3D contact domain boundaries (Fig-

ure 3B). In Sg4 cells, a steep drop in interactions coincided

with the Fab-7 BE, whereas a similar drop in S3 cells coincided

with the Fab-8 BE. As a result, the Abd-B cen-1 promoter view-

point contacted the iab-7 considerably more in the Sg4 cell line

compared with S3 cells (Figure 3B; yellow shading). Conversely,

the inactive Ubx and abd-A promoters contacted iab-7 more in

S3 cells (Figure S3E). This observation was further confirmed us-

ing a viewpoint at iab-7 itself, which associated more with the

active iab-8 and iab-9 in Sg4 cells and with the centromeric inac-

tive part of the BX-C in S3 cells (Figure 3C, yellow shading). The

use of different BEs in the different cell lines thus mirrored the

boundaries of the different H3K4me3 domains (Figure 1C), and

the association of iab-7 with the active or inactive contact

domain directly coincided with the presence of the H3K4me3

or H3K27me3 histone modification.

A similar difference for the Abd-B viewpoint was observed

comparing genital discs to the Sg4 cell line, although the hetero-

geneous nature of the genital disc provided less discrete pat-

terns of interactions. In the genital disc, a steep drop in interac-

tions coincided with the Fab-8 BE (like in S3 cells), yet a minor

drop at the Fab-7 BE was observed as well (like in Sg4 cells).

Both BEs thus appear to contribute to the separation between

the active and the inactive contact domain, with iab-7 differen-

tially associating with either domain (Figure 3B, yellow shading).

These observations confirmed the direct overlap between

histonemodification domains and 3D contact domains and iden-

tified BEs as the DNA elements that provide cell-type-specific

separation between the 3D histone modification domains of

varying size.

Absence of the Fab-7 BE reduces overall Abd-B activity
in genital discs
To assess the importance of BE function in separating histone

modification and contact domains in a developmental context,

we analyzed an existing Drosophila mutant line in which the
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Figure 3. 3D chromatin organization of the BX-C in cell types where

Abd-B is active

(A) Hi-C (top) and 4C-seq (middle) and ChIP-seq (bottom) data in the Sg4 cell

line. Subdomains as identified by Hi-C are indicated as black bars. The 4C-seq

data for the Abd-B cen-1 promoter viewpoint in S2 (Abd-B inactive) and Sg4

cell lines are shown with the log2 ratio of interactions indicated in-between.

The yellow rectangle highlights the domain of reduced interactions in Sg4 cells

whose right border coincides with the Fab-7 BE. H3K4me3 and H3K27 ChIP-

seq data in the S2 and Sg4 cell lines are indicated below. Arrowhead indicates

the position of the viewpoint. Protein-coding genes are indicated at the bot-

tom. Further annotation is as in Figure 1C.

(B) 4C-seq data in genital disc cells and the Sg4 and S3 lines for the Abd-B

cen-1 promoter viewpoint. In-between, the log2 ratio of interactions is

shown. Yellow rectangles highlight the domains of increased interactions in

Sg4 cells that cover iab-7. Protein-coding genes are indicated at the bottom.

(C) 4C-seq data in the Sg4 and S3 cell lines for the iab-7 viewpoint. In-between,

the log2 ratio of interactions is shown. The yellow rectangle highlights the

domain of increased interactions in Sg4 cells that covers iab-9. Protein-coding

genes are indicated at the bottom.
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Fab-7 element is absent.27 In this Fab-71 strain, the deletion of a

4.3 kb DNA fragment that encompasses both its BE and its PRE

function causes the ectopic activation of iab-7 in the more ante-

rior abdominal segments of the adult fly.27,46,47 To determine

how the Fab-7 BE affected globalHox gene expression in larvae,

we performed qRT-PCR in genital and wing disc cells from the

wild-type (WT) and homozygous Fab-71 strains. The larval geni-

tal disc is thought to encompass the most posterior PSs (from

PS13), whereas our results suggested a contribution from

PS12 as well (Figure 3B; Kyrchanova et al.,26 and Sanchez and

Guerrero48). Upon removal of the Fab-7 BE, all Hox genes re-

mained inactive in wing disc cells, yet in genital disc cells, we

observed a 10% reduction in Abd-B mRNA abundance (Fig-

ure 4A). The Fab-7 BE, which borders iab-7 that is active in

PS12, therefore, positively contributed to overall Abd-B mRNA

abundance in the genital disc.

Absence of Fab-7 reorganizes contact domains and
histone modification domains
Next, we used 4C-seq to determine if the absence of the Fab-7

BE had a noticeable effect on 3D contact domain structure. In

wing disc cells, where Abd-B is repressed, our 4C-seq view-

points revealed no obvious differences betweenWT and deletion

cells (Figure S4A). In genital disc cells, considerable differences

were observed, though. Whereas the steep drop in interactions

at the Fab-8 BE remained in the absence of Fab-7 (pink line),

the smaller drop that was observed at the WT Fab-7 BE (purple

line) had disappeared (Figure 4B). Moreover, in the absence of

the Fab-7 BE, the interactions of the Abd-B viewpoint were

increased over the entire BX-C, with particularly more signal

now detected in the abd-A cis-regulatory domain (Figure 4B, yel-

low shading). Conversely, the inactiveUbx and abd-A viewpoints

increased their contacts with the Abd-B regulatory domain,

which was particularly prominent at iab-7 (Figure S4B). Based

on the patterns that we observed in the Sg4 and S3 cell lines,

we envision that the separation between the active and the inac-

tive contact domains at the Fab-7 BE had been lost in the subset

of PS12 cells within the heterogeneous genital disc (Figure 3B,

Whole larvae
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Figure 4. Hox gene expression and 3D chromatin organization inWT

and Fab-71 deletion larval imaginal disc cells

(A) Relative Hox gene mRNA amounts in WT and Fab-71 deletion wing and

genital disc cells (blue). qRT-PCR signal is normalized to the Act42A and

Gapdh2 housekeeping genes and relative to WT whole larvae. Data are from

biological replicates (n = 2). Error bars indicate standard deviation. T test.

(B) 4C-seq (top) and H3K4me3 CUT&Tag (bottom) data in WT and Fab-71

deletion genital disc cells. 4C-seq data are shown for the Abd-B cen-1 pro-

moter viewpoint, with the log2 ratio of interactions indicated in-between. The

abrupt drop in interactions at the Fab-7 BE in WT cells is indicated by the

arrow, and the region with increased interactions over the abd-A gene in Fab-

71 deletion cells is highlighted with the yellow rectangle. The log2 ratio of

CUT&Tag signal (50 bp bins) is indicated in-between the tracks. Protein-

coding genes are indicated at the bottom. Further annotation is as in Figure 1C.

(C) Cumulative H3K4me3 CUT&Tag signal in the indicated iabs. The ratio in

signal is indicated above the bars, with values >1 indicating a gain of domain-

wide signal in Fab-71 deletion cells and values <1 indicating a loss of domain-

wide signal.

(D) Fraction of H3K4me3 CUT&Tag bins (50 bp windows, normalized signal)

with increased signal in WT or Fab-71 deletion cells. G test of independence;

*p < 0.05.
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drop in interactions at the Fab-7 and Fab-8 BEs). The loss of sep-

aration between the active and the inactive contact domains, as

observed by 4C-seq, created an organization with similarities to

the S2 cell line (Figures 2A and 3A). The increased association

with the repressive contact domain in the PS12 subset of genital

disc cells may thus explain the observed reduction in global

Abd-B mRNA levels (Figure 4A).

To determine if the increased association with the inactive

contact domain had an influence on the H3K4me3 histone

modification domain, we generated H3K4me3 and H3K27me3

CUT&Tag data in Fab-7 deletion genital discs (Figure 4B, bottom

tracks, and Figures S4C and S4D). Visual inspection of

H3K27me3 revealed a consistent enrichment over the entire

Abd-B regulatory domain, indicating that WT genital discs also

included a considerable fraction of cells where Abd-B was

repressed (Figure S4D). Comparison of H3K4me3distribution re-

vealed a significant 1.5-fold reduction in this active mark within

iab-7 in cells where Fab-7 was absent. In contrast, the mark

was significantly increased within iab-5, although the overall

signal remained low. Within the mixed cell population of the gen-

ital disc, no significant difference was detected at iab-8 and

iab-9, where the majority of Abd-B promoters are localized

(Figures 4C and 4D). The reduced H3K4me3 levels at the iab-7

regulatory domain therefore emerged as the most apparent link

with the globally decreased Abd-B activity. As both Fab-7 and

iab-7 activities are associated with PS12, we hypothesize that

the loss of H3K4me3 in this PS was directly correlated with the

reduced contacts with the upstream active contact domain.

Absence of Fab-7 reorganizes Abd-B promoter choice in
genital disc cells
Next we wondered if the observed reduction in H3K4me3 at

iab-7 in the absence of the Fab-7 BE could be associated with

a different choice of Abd-B promoters, similar to the Sg4 and

S3 cell lines (Figure 1D). We first assessed Abd-B promoter

choice using calibrated qRT-PCR in WT and Fab-71 genital

disc cells (Figure 5A). Confirming our previous observation that

Abd-B activity was reduced in the absence of Fab-7, we noticed

that mRNA for most Abd-B isoforms was less abundant, with

additional relative differences between promoters visible as

well (Figures 4A and 5A). Of note, both the minor reduction for

the cen-2 promoter and the unexpectedly large reduction for

the B promoter indicated different activities of these promoters

in the PS12 cells of the genital discs compared with the Sg4

cell line, which mimics the same PS (Figures 1D and 5A). The dif-

ferential use of promoters extended to the embryonic stage,

where themost abundant Abd-B isoforms were reduced to vary-

ing degrees as well (Figure S5A).

The pan-cellular nature of our qRT-PCR-based analysis in the

heterogeneous genital disc precluded a distinction between a

global reduction of Abd-B expression and reduced numbers of

Abd-B-expressing cells. To overcome this limitation, we per-

formed single-cell RNA sequencing (RNA-seq) analysis on pools

of larval imaginal discs (see STAR Methods for details). Promoter

choice was determined by sequencing the 50 end of the mRNA

molecules in the single-cell RNA-seq libraries. After quality

filtering, we obtained data from 8,242 WT cells and 5,582 Fab-7

deletion cells (Figure 5B, top). Although fewer Fab-71 cells were

recovered, similar numbers of uniquemRNAmolecules and anno-

tated transcriptsweredetected inbothgenotypes, thusconfirming

comparable data quality (Figures S5B and S5C). Clustering of the

combinedWT and Fab-71 deletion data identified 14 distinct clus-

ters of cells. Based on tissue-specific marker genes, including the

Hox genes, we traced back the eight dissected imaginal discs and

four other cell populations that were inadvertently recovered as

well (Figures 5B and S5D). Both genital discs and muscle cells

could be traced back to two clusters, which were merged in the

downstream analysis. Importantly, all remaining clusters con-

tained a mix of WT and Fab-71 deletion cells, confirming that the

absence of the Fab-7 BE did not influence cell and cluster identity

(Figure 5B). Notably, we could detect mRNA from all other Hox

genes in small numbers of genital disc cells, showing that the

repression of Hox genes in the larval genital disc is not complete

(Figure S5D and Table S1). Similar observations were made in

wing disc cells and in single-cell RNA-seq analysis of the Sg4

and S2 cell lines, where abd-A mRNA was detected in a subset

of Sg4 cells (Figure S5E and Table S1).

Abd-B transcripts, originating from any promoter, were almost

exclusively detected in the genital disc cluster, in both the WT

and the Fab-71 deletion cells (Figure 5B). We therefore restricted

the remainder of our analysis to this cluster, which comprised

1,119 WT and 786 Fab-71 cells. We detected Abd-B transcripts

Figure 5. Abd-B promoter activity in WT and Fab-71 deletion imaginal disc cells

(A) Calibrated qRT-PCR data of alternative Abd-B promoters in WT and Fab-7 deletion genital disc cells. Data are normalized to an exon shared between all

isoforms and to an external plasmid containing all isoform-specific amplificons. Data are frombiological replicates (n = 2). Error bars indicate standard deviation. T

test; *p < 0.05, **p < 0.01.

(B) UMAP (Uniform Manifold Approximation and Projection) of combined single-cell RNA-seq data from pools of WT and Fab-7 deletion imaginal discs. Top:

identified clusters, comprising the eight different discs and four other clusters (with data separated for WT [left] and Fab-7 deletion [right] cells). Arrows indicate

the merged genital disc cluster. Bottom: presence of Abd-B mRNA (purple) within the pools of imaginal disc cells.

(C) UMAP of genital disc cells for the indicated Abd-B promoters (top) and pairs of promoters (bottom). Color coding as indicated in the headers.

(D) Percentage of cells where mRNA from the indicated promoters or pairs of promoters is detected (percentages in the population of cells where at least one

Abd-B isoform is detected). G test of independence; **p < 0.01.

(E) Ratio of detectedAbd-BmRNA (Fab-71 deletion/WT genital disc cells) originating from the A, cen-1, and B promoters. Values >1 indicatemore positive cells in

Fab-71 deletion cells and values <1 indicate less positive cells.

(F) Scheme of chromatin organization and Abd-B promoter use in cells from PS12 (blue) and PS13 (green). The large spheres indicate the H3K4me3 and 3D

contact domains, with iabs positioned within. Black arrows indicate transcriptionally activating influence of the iabs on the Abd-B promoters. The purple dashed

line indicates a hypothetical anterior prevalence in PS12 cells whereby iab-7 maintains iab-8 in an inactive state. The thickness of the arrow tails indicates the

relative contribution of each promoter, with the cen-2 andB isoforms in PS12 indicated as dotted lines due to different activity in cell lines and genital discs. On top

the positions of BEs and iabs are indicated.
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in 65%ofWT cells, yet this was reduced to 49%of Fab-7 deletion

cells (Figure 5B and Table S1; despite similar quality metrics). Our

detection by qRT-PCR of reduced Abd-B expression levels in the

Fab-71 genital disc, associated with the repression of iab-7 in

PS12 cells, could therefore be (partially) explained by fewer cells

where Abd-B was robustly expressed (Figures 4A and 5B).

Next, we assessedAbd-B transcripts originating fromdifferent

promoters in cells where at least one Abd-B isoform was de-

tected. mRNA originating from the A, cen-1, and B promoters

was present in the largest numbers of individual cells, which

was in line with our calibrated qRT-PCR result (Figures 5A and

S5F). By focusing on these three promoters, we identified differ-

ences in the response to Fab-7 removal and associated iab-7

repression in PS12 cells (Figures 5C–5E). Whereas the relative

number of cells containing mRNA from the A promoter remained

similar, the number of cells that were positive for the cen-1 and B

promoters showed an opposite pattern. Cells carrying mRNA

from the cen-1 promoter were relatively more abundant upon

deletion of the Fab-7 BE, whereas relatively more WT cells car-

ried mRNA from the B promoter (Figures 5D and 5E). This obser-

vation was further strengthened by limiting the analysis to cells

where mRNA from multiple promoters was detected. Indeed,

the combination of mRNA from the A and more centromeric

cen-1 promoters was enriched upon Fab-7 deletion, and the

combination of the A and more telomeric B promoters was

enriched in WT cells (Figures 5D and 5E). In the absence of the

Fab-7 BE and its associated reduction of H3K4me3 at iab-7,

therefore, both the number of Abd-B-expressing cells was

reduced and the relative contribution of Abd-B promoters

became reorganized. mRNA originating from the cen-1 pro-

moter, located at a centromeric position in iab-9 andmore active

in the PS13-mimicking S3 cells, became relatively more abun-

dant. Conversely, mRNA from the more telomeric B promoter,

more active in PS12-mimicking Sg4 cells where iab-7 acts as a

cis-regulatory region, had a reduced presence. The capacity of

iab-7 to differentially activate promoters was further confirmed

by analysis of the iab-8 transcript, a long non-coding RNA

(lncRNA) that has been implicated in the repression of the

abd-A gene.49 mRNA from this lncRNA was detected in signifi-

cantly fewer deletion cells, with a similar reduction compared

with the B promoter of Abd-B (Figure S5G). Taken together,

our single-cell RNA-seq analysis therefore confirmed that the

Fab-7 deletion influenced promoter activity in iab-8 and iab-9

at two separate levels. First, we detected fewer cells that contrib-

uted toAbd-B activity in the genital discs, whichwe interpret as a

global absence or strong reduction of activity in PS12 cells. Sec-

ond, the varying reductions for the different Abd-B isoforms and

the iab-8 lncRNA confirmed that cells from PS12 carried a

different cocktail of transcript isoforms compared with cells

that originated from other PSs (Figure 5F). These data therefore

provide further support for our finding in cell lines that the

different BEs and associated iabs at the BX-C regulatory domain

differentially instruct alternative promoters in iab-8 and iab-9.

DISCUSSION

In this study we determined how domains of histone modifica-

tions, 3D chromatin organization, and BEs functionally engage

at theAbd-B regulatory domain. In cells where the BX-Cwas fully

repressed, most of its chromatin interactions overlapped with

the presence of the H3K27me3 histone mark, confirming

previous observations that repressed histone modifications

and contact domains are tightly linked.24,25 In cells where

Abd-B was active, the H3K4me3-marked cis-regulatory domain

was organized into a contact domain that dissociated from the

inactive domain. BEs on both sides of the active contact domain

acted as boundaries, providing an improved mechanistic expla-

nation for the previous observations that active and inactive

genes and domains within the BX-C are physically sepa-

rated.23–25 Different BEs acted as boundaries, though, with

either the Fab-7 or the Fab-8 BEs separating the histone modifi-

cation and contact domains on the centromeric side and either

the C BE or a previously unidentified BE providing separation

on the telomeric side.We argue that these different chromatin or-

ganizations represent the organization in PS12 and PS13, which

both contribute to the heterogeneous cell population that makes

up the genital disc (Figure 5F). Like at mammalianHox gene clus-

ters, active and inactive contact domains of different sizes are

therefore present along the Drosophila A-P axis.4,22 Absence

of the Fab-7 BE in the genital disc coincided with a loss of

H3K4me3 at iab-7 in a subpopulation of cells, which we hypoth-

esize originated from PS12 where Fab-7 was the active BE.

This result establishes the instructive nature of BEs in demar-

cating histone modification and contact domains. The loss of

H3K4me3 over iab-7 contradicts the outcome in larval PS11,

where the absence of Fab-7 causes ectopic activation of

iab-7.27 Upon smaller deletions of Fab-7 in PS11, a cross talk be-

tween PREs and TREs could induce silencing of iab-6 and iab-7

in subsets of cells, though.28 A PS12-specific cross talk between

PREs and TREs in Fab-6 and Fab-8 may explain the silencing of

iab-7 in the genital disc.26

The chromatin organization of the active domains in PS12 and

PS13 covered different numbers of alternativeAbd-B promoters.

As a result, BE use influenced the abundance of Abd-B isoforms

(Figure 5F). In line with the notion that a single iab is responsible

for the activation of Abd-B in a single PS, we did not detect a

large difference in the combined amounts of Abd-B transcripts

in the Sg4 and S3 cell lines. This raises the question why alterna-

tive Abd-B promoters are differentially activated by iab-7 and

iab-8. Although not fully consistent with the current annotation,

previous studies have suggested that the mRNA molecules

that originate from the cen-1, cen-2, B, and C promoters encode

the same Abd-B protein isoform (Figure 1A; Celniker et al.35 and

Zavortink et al.36). Although we cannot rule out that the alterna-

tive transcripts have a direct effect on protein abundance (e.g.,

through different mRNA stability or translation efficiency),

another explanation may be that the different promoters provide

a means for fine-tuning transcriptional output in the different

PSs, either by increasing the total number of transcription initia-

tion events or by buffering against inherently different promoter

affinities between enhancers located in iab-7 and iab-8.

According to the ‘‘open for business’’ model for BX-C activa-

tion, the H3K27me3 mark should be progressively replaced by

the active H3K4me3 mark along the A-P axis.14,15 Instead, our

description of chromatin dynamics in PS12 and PS13 has iden-

tified an unexpected inversion of collinear chromatin opening at
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the Abd-B regulatory domain. Like previous observations in

SF4/Sg4 cells, the centromeric part of the BX-C, including the

Abd-B-regulating iab-5 and iab-6, was covered by the

H3K27me3mark in PS12.15,17,18 Yet, in S3 cells—representative

of the more posterior PS13—this repressive domain had

increased in size to include iab-7 and the telomeric side of

iab-9 as well (Figure 5F). Although we cannot rule out that this

inversion of collinearity is unique to larval cells, we consider

this unlikely for two reasons. First, the cell lines included in our

study are of embryonic origin, and second, our result provides

an improved explanation for observations that Abd-B does not

reassociate with the Ubx and abd-A genes in the most posterior

cell types of the Drosophila embryo.23,24 Intriguingly, in the

absence of Fab-7, we and others detected increased interac-

tions of Abd-B with the supposedly H3K27me3-marked centro-

meric part of BX-C (Figure 4B andMateo et al.24). Combined with

the considerable reduction in the number of genital disc cells

where Abd-B mRNA is detected and the supposed restriction

of Fab-7 activity in PS12, we hypothesize that the BX-C adopted

a repressed chromatin configuration in this cell population,

which was reminiscent of the 3D organization in wing disc cells

and the S2 and Kc167 cell lines.

The non-canonical inversion of collinearity in the most poste-

rior PSs may relate to the genetic organization of the Abd-B

cis-regulatory domain. Whereas the promoters of the Ubx and

abd-A genes are located in the most centromeric cis-regulatory

regions for each gene, the promoters of Abd-B are located in the

telomeric iab-8 and iab-9 (Figure 1A). Instead of a sequential

addition of cis-regulatory regions from the telomeric side, as

observed for Ubx and abd-A, the activation of Abd-B by the

more centromeric iabs may critically depend on the absence of

H3K27me3 at the telomeric iab-8 and iab-9 as well. PS-specific

regulation by enhancers in a single iab may subsequently be

achieved by two repressive mechanisms that maintain the inac-

tive state of enhancers in the other iabs (Figure 5F). First, the

more centromeric iabs, active in more anterior PSs, are inacti-

vated through the collinear inversion of H3K27me3-mediated

repression. This inversed collinear repression is used for iab-5

and iab-6 in PS12 and iab-5 to iab-7 in PS13. Second, we spec-

ulate that the enhancers in the more telomeric iabs, which are

included in the H3K4me3-marked contact domain, are kept in

an inactive state through an ‘‘anterior prevalence’’ of the most

centromeric active iab within the H3K4me3-marked contact

domain. In our study, this is particularly relevant for PS12 cells,

where the enhancers in iab-8 are inactive but marked by

H3K4me3. Importantly, the mechanistic underpinnings of this

anterior prevalence remain to be confirmed. Similarly, it remains

to be determined if Abd-B activation by iab-5 and iab-6 in the

more anterior PS10 and PS11, which are not part of the genitalia,

incorporate the inversion of collinear chromatin organization and

anterior prevalence over enhancers in iab-6 to iab-8 as well.

Interestingly, a non-canonical inversion of collinear chromatin

dynamics is observed at the mammalian HoxA and HoxD clus-

ters during development of the mammalian genitalia and digits.

In the genitalia and digits, the Hox genes that are expressed at

anterior positions along the primary A-P axis become marked

by repressive H3K27me3 as well.50,51 In contrast, genes from

the ‘‘posterior’’ group-9 to group-13Hox genes are active, which

are orthologous to Abd-B and arose through serial duplications

from a shared ancestor.52 Like in Drosophila, the activation of

mammalian Hox genes in the genitalia and digits requires dy-

namic contacts with distant enhancers.50,51 Although the

organization of the cis-regulatory landscapes has considerably

diverged between these evolutionarily distant species, this

raises the intriguing possibility that the inversion of collinear

chromatin organization involvingAbd-B class genes is an ances-

tral feature, possibly associated with the emergence of genitalia.

The investigation of the collinear activation of Abd-B group

genes in the genitalia of other distant bilaterian lineages may

confirm if the inversion of collinearity is an evolutionarily

conserved feature that has been inherited from a common

ancestor.

Limitations of the study
A limitation of our study is that the direct observations of hierar-

chical differences in gene-regulatory layers were obtained by

comparing cell lines. The exact origin of these decades-old cell

lines, thought to be of embryonic origin, is difficult to trace

back. Moreover, their prolonged in vitro cell culture may have

introduced changes to gene activity and transcription-regulatory

mechanisms. Whereas the use of BEs has remained strictly

linked to histone modifications, 3D genome organization, and

overall Abd-B activity in the cell lines in this study, we cannot

exclude that more subtle changes have occurred. The use of

larval imaginal discs allowed us to validate a number of observa-

tions about hierarchical links between alternative promoters and

BEs. At the same time, we noted differences between the cell

lines and the larval imaginal discs as well: a strongly elevated ac-

tivity of the Abd-B gene in the genital disc and further differences

in the relative contribution of the cen-2 and B promoters. As

such, cell lines do not fully recapitulate collinear gene activity

in the genital disc. Our validation using a comparison between

WT and Fab-71 deletion genital discs was limited to the detection

of relatively minor differences, because these cell populations

display differences only in the PS12 cells. PS12 cells make up

a relatively minor fraction of the genital disc, whereas the contri-

bution of cells originating from PS13 and PS14 should remain

unchanged.

For future studies, the use of in vivo systems that allow the

identification and isolation of specific PSs or cell type is preferred

(see, e.g., Bonn et al.53 and Bowman et al.16). Such systems are

limited by the numbers of cells that can be recovered, though,

and they require the creation of Drosophila strains for individual

PSs or cell types, making this process laborious and limiting the

number of experiments that can be performed. Comprehensive

multiscale investigation of complex biological phenomena, like

Hox gene collinearity, can therefore nonetheless benefit from a

combination of in vivo and in vitro studies.
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Paris-Saclay (Ecole Doctorale Structure et Dynamique des Systèmes Vivants).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

H3K4me3 Merck-Millipore 07-473; RRID: AB_1977252

H3K27me3 Merck-Millipore 17-622; RRID: AB_916347

Critical commercial assays

NEBNext Ultra II FS DNA library kit New England Biolabs E7805S

SuperScript IV First strand synthesis

System

ThermoFisher Scientific 18091050

SsoAdvanced Universal SYBR Green mix BioRad 1725270

Expand Long Template PCR system Roche 11759060001

Chromium Next GEM Single Cell 3’ kit v3.1 10X Genomics PN-1000128

Chromium Next GEM Single Cell 5’ Kit v2 10X Genomics PN-1000265

Arima-HiC+ for HiC kit Arima Genomics N/A

Deposited data

Hi-C - S2 cells Szabo et al., 201844 GEO: GSE99107

ChIP-seq dCTCF - S2 cells Ong et al., 201338 GEO: GSE41354

ChIP-seq CP190 - S2 cells Ong et al., 201338 GEO: GSE41354

ChIP-seq dCTCF - whole embryo Kaushal et al., 202239 GEO: GSE180376

ChIP-seq CP190 - whole embryo Kaushal et al., 202239 GEO: GSE180376

ChIP-seq dCTCF - larval central nervous

system

Kaushal et al., 202140 GEO: GSE146752

ChIP-seq CP190 - larval central nervous

system

Kaushal et al., 202140 GEO: GSE146752

ChIP-seq H3K4me3 - S2 cells This study ENA: PRJEB52393

Mendeley Data: https://doi.org/10.17632/

rs4sns574p.1

ChIP-seq H3K27me3 - S2 cells This study ENA: PRJEB52393

Mendeley Data: https://doi.org/10.17632/

rs4sns574p.1

ChIP-seq H3K4me3 - S3 cells This study ENA: PRJEB52393 Mendeley Data: https://

doi.org/10.17632/rs4sns574p.1

ChIP-seq H3K27me3 - S3 cells This study ENA: PRJEB52393 Mendeley Data: https://

doi.org/10.17632/rs4sns574p.1

ChIP-seq H3K4me3 - Sg4 cells This study ENA: PRJEB52393 Mendeley Data: https://

doi.org/10.17632/rs4sns574p.1

ChIP-seq H3K27me3 - Sg4 cells This study ENA: PRJEB52393 Mendeley Data: https://

doi.org/10.17632/rs4sns574p.1

ChIP-seq H3K4me3 - genital discs w1118 This study ENA: PRJEB52393 Mendeley Data: https://

doi.org/10.17632/rs4sns574p.1

ChIP-seq H3K4me3 - genital discs Fab-71 This study ENA: PRJEB52393 Mendeley Data: https://

doi.org/10.17632/rs4sns574p.1

4C-seq for different viewpoints - S2, S3,

Sg4 and Kc167 cells, and genital and wing

discs

This study ENA: PRJEB52393

Hi-C - Sg4 cells This study ENA: PRJEB52393 Mendeley Data: https://

doi.org/10.17632/rs4sns574p.1

Single cell RNA-seq data - imaginal discs This study ENA: PRJEB52393 Mendeley Data: https://

doi.org/10.17632/rs4sns574p.1
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Daan Noor-

dermeer (daan.noordermeer@i2bc.paris-saclay.fr).

Materials availability
This study did not generate new unique reagents.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Kc167 cells Gift from Matthieu Sanial,

Institut Jacques Monod

(France)

FlyBase: FBtc0000001

S3 cells Drosophila Genomics

Resource Center

(DGRC, USA)

FlyBase: FBtc0000005

S2 cells Drosophila Genomics

Resource Center

(DGRC, USA)

FlyBase: FBtc0000006

Sg4 cells Drosophila Genomics

Resource Center

(DGRC, USA)

FlyBase: FBtc0000179

Experimental models: Organisms/strains

Dmel\Fab71 Gift from François Karch,

University of Geneva

(Switzerland)

FlyBase: FBal0028656

Dmel\w1118 Gift from Jacques Montagne,

Institute for Integrative Biology

of the Cell (France)

FlyBase: FBal0018186

Oligonucleotides

Listed in Table S2 This study N/A

Software and algorithms

C4CTUS Miranda et al., 202254 https://github.com/NoordermeerLab/

c4ctus

bowtie2 Langmead et al., 201255 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

SAMtools Danecek et al., 202156 http://www.htslib.org/

BAMCoverage Ramı́rez et al., 201657 https://deeptools.readthedocs.io/en/

develop/content/tools/bamCoverage.html

HiC-Pro Servant et al., 201558 https://github.com/nservant/HiC-Pro

TADtool Kruse et al., 201659 https://github.com/vaquerizaslab/tadtool

Cell Ranger software 10X Genomics https://support.10xgenomics.com/

single-cell-gene-expression/software/

pipelines/latest/what-is-cell-ranger

Loupe browser 10X Genomics https://support.10xgenomics.com/

single-cell-vdj/software/visualization/

latest/what-is-loupe-browser

Seurat tool Hao et al., 202160 https://satijalab.org/seurat/

Excel Spreadsheet software Microsoft Corporation https://www.microsoft.com/en-us/

microsoft-365/excel

G-test of independence

Excel spreadsheet

Handbook of Biological Statistics http://www.biostathandbook.com/

gtestind.html
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Data and code availability
d All unprocessed Illumina sequencing data generated in this study (Hi-C, ChIP-seq, 4C-seq and single-cell RNA-seq) have been

deposited in the European Nucleotide Archive (EMBL-EBI ENA): PRJEB52393. Processed Hi-C, ChIP-seq and single-cell RNA-

seq data are available from Mendeley Data: https://doi.org/10.17632/rs4sns574p.1. Processed 4C-seq data is available from

the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly strains
WT flies (w1118 background) were a gift from Jacques Montagne (I2BC, France). Fab71 deletion flies were a gift from François Karch

(University of Geneva, Switzerland). In Fab71 flies, a 4.3 kb region between Abd-B and abd-A that contains the Fab-7 element is ab-

sent.27 Fly stocks were maintained and cultured using standard cornmeal yeast extract medium at 25�C.

Cell lines
The S2, Sg4 and S3 cell lines were ordered fromDrosophila Genomics Resource Center (Indiana University, USA). The Kc167 cell line

was a gift fromMatthieu Sanial (IJM, France). S2 cells were grown in Schneidermedium (ThermoFisher Scientific). Sg4, S3 and Kc167

cells were grown in M3+BPYE medium (Sigma-Aldrich). Culture mediums were supplemented with 1% penicillin/streptomycin

(ThermoFisher Scientific) and different amounts of Fetal Bovine Serum (FBS): 10% for S2 cells; 12.5% for the Sg4, S3 and Kc167

cells). Conventional Gibco FBS was used (ThermoFisher Scientific) for S2 and S3 cells, whereas Gibco Performance FBS was

used for Sg4 and Kc167 cells. Cells were inoculated at 1 - 3 million cells/ ml, grown at 25�C and split every 2-4 days.

METHODS DETAILS

RT-qPCR
3 - 5 million cells were lysed in 1 ml Trizol (ThermoFisher Scientific) and total RNA was purified using the NucleoSpin RNA kit

(Macherey-Nagel). Reverse-transcription (RT) was performed using SuperScript IV and Random hexamers following the manufac-

turer’s instructions (ThermoFisher Scientific). A similar protocol was followed for whole larvae (20 L3 larvae) and larval imaginal discs

(50 wing discs or 150 genital discs). For whole embryos, flies were allowed to lay embryos for 2 hours on yeasted grape juice plates at

25�C, after 2 hours of pre-collection. Plates were incubated at 25�C for 16 hours. The resulting embryos were dechorionated for 1.5.

minutes using bleach, followed by several rinses with 1X PBS and transfer to 1 mL Trizol (ThermoFisher Scientific). Embryos were

dissociated using a pestle, followed by RNA isolation and RT as described above. Between 88 ng and 1 mg total RNA was used

for the all the RT reactions.

cDNAwas amplified using SsoAdvanced Universal SYBRGreen Supermix (BioRad) and 0.5 mMof corresponding primers. With the

exception of the Abd-BC promoter, primers were designed over intron boundaries to prevent amplification from genomic DNA using

the online version of Primer3 software (https://primer3.ut.ee/). Primers were annealed at 55�C or 60�C and Real-time PCR was per-

formed using a LightCycler 480 instrument (Roche). mRNA abundance was normalized to the Gapdh2 and Act42A housekeeping

genes using the DDCt method.61 Primer sequences for RT-qPCR amplification are listed in Table S2.

Calibrated RT-qPCR for absolute quantification of Abd-B isoforms
To determine absolute mRNA abundance of Abd-B isoforms, external calibration was performed using a plasmid containing all

Abd-B isoform-specific RT-qPCR amplicons. The plasmid was assembled using the NEBuilder HiFi DNA Assembly kit (NEB) into

a linearized pBlueScript backbone using larval cDNA as a template. Primer sequences for Gibson assembly are listed in

Table S2. Primers were annealed at 55�C or 60�C and qPCR was performed using the SsoAdvanced Universal SYBR Green Super-

mix (BioRad) on a LightCycler 480 instrument (Roche). mRNA abundance for the different isoformswas normalized over the reference

plasmid and a primer set to the common exon of all isoforms. Experiments were performed on biological duplicates (n=2). Primer

sequences for RT-qPCR amplification are listed in Table S2.

ChIP-seq and ChIP-qPCR
50 million S2, Sg4 or S3 cells were cross-linked in 1% formaldehyde for 10 min at room temperature. After quenching the cross-link

reaction by adding 125mMglycine, cells were lysed sequentially in buffers containing 10%Glycerol, 50mMTris-HCl pH 8.0, 140mM

NaCl, 1 mM EDTA, 0.5 %NP-40, 0.25% Triton X-100 and 0.33X Complete Protease Inhibitors (Roche), followed by a buffer contain-

ing 10 mM Tris-HCl pH 7.5, 200 mM NaCl, 1 mM EDTA and 0.33X Complete Protease Inhibitors and a buffer containing 10 mM Tris-

HCl pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.25% SDS, 0.1% NaDeoxycholate and 1X Complete Protease Inhibitors. Chromatin was

sheared using a Covaris S220 device with the following parameters: Peak Power: 110W, Duty Factor: 15%, Cycles/burst: 200, Dura-

tion: 1200 sec. After clarification by centrifugation, aliquots of sheared chromatin were kept at -80�C.

Cell Reports 42, 111967, January 31, 2023 17

Article
ll

OPEN ACCESS

https://www.ebi.ac.uk/ena/browser/view/PRJEB52393
https://doi.org/10.17632/rs4sns574p.1
https://primer3.ut.ee/


For ChIP experiments, 3 mg of sonicated chromatin was diluted in a buffer containing 16mMTris-HCl pH 8.0, 167mMNaCl, 1.2mM

EDTA, 0.01%SDS, 1.1% Triton X-100 and 1x Complete Protease Inhibitors (Roche) and precleared with Salmon SpermDNA/Protein

A Agarose beads (Merck-Millipore) for 30min at 4�C. 10%of the sample was taken as input sample and the remainder was incubated

with the specific antibody overnight at 4�C. The following antibodies were used: 2 mL H3K4me3 (07-473, Merck-Millipore) or 5 mg

H3K27me3 (17-622, Merck-Millipore). Antibody-bound chromatin was isolated using Salmon Sperm DNA/Protein A Agarose beads,

followed by sequential washing with Low Salt Immune ComplexWash Buffer (20 mMTris-HCl pH 8.0, 150mMNaCl, 2 mMEDTA, 0.1

% SDS and 1 % Triton X-100), High Salt Immune Complex Wash Buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl, 2mM EDTA, 0.1 %

SDS, 1 % Triton X-100), LiCl Immune Complex Wash Buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.26 M LiCl, 2% NP-40 and Na

Deoxycholate) and twice in 10mM Tris-HCl, 1mM EDTA. Chromatin was eluted using a 1% SDS, 0.1 mM NaHCO3 solution, followed

by decrosslinking.

For ChIP-qPCR, experiments were performed using the SsoAdvanced Universal SYBR Green Supermix (BioRad) on a LightCycler

480 instrument (Roche). Enrichment was determined relative to Input using theDCtmethod. Primer sequences for ChIP-qPCR ampli-

fication are listed in Table S2.

For ChIP-seq, Illumina sequencing libraries were prepared using the NEBNext Ultra II FS DNA library kit (NEB) and sequenced on

the Illumina NextSeq 500 or 550 system (75 bp single end reads). ChIP-seq sequencing reads were filtered using FastQC filtering

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), followed by mapping onto the Drosophila genome (dm6) using

bowtie2 (version 2.3.0) with filtering for multiple alignments.55 Low quality reads (<30) and PCR duplicates were removed using

SAMtools.56 Bedgraphs were generated using BAMCoverage.57 Published CP190 and dCTCF ChIP-seq data in S2 cells,38 whole

embryo39 and larval central nervous system40 were analyzed using the same strategy.

CUT&Tag
CUT&Tag for H3K4me3 and H3K27me3 on WT and Fab-7 mutant genital discs was performed as described,62,63 with the following

modifications. Larvae were harvested and washed in 1X PBS and then transferred to a buffer containing 20 mM HEPES pH 7.5,

150 mM NaCl, 0.5 mM Spermidine and 1X Complete Protease Inhibitors (Roche). 80 genital discs per genotype were dissected

and collected in 200 mL of the same buffer, followed by addition of 10 mL Concanavalin A-coated beads suspension. After a

10 min incubation, the solution was removed and discs were incubated O/N at 4�C in 50 mL of 1% diluted H3K4me3 (07-473,

Merck-Millipore) or H3K27me3 (17-622, Merck-Millipore) antibody. After removal of the diluted antibody solution, discs were incu-

bated for 40 minutes in 50 mL of 1% secondary antibody solution. For the CUT&Tag reaction, the discs were first incubated for 1 hour

in 50 mL of home-made pAG-Tn5 (IJM, France). Discs were then washed with 50 mL of a buffer containing 20 mM HEPES pH 7.5,

300 mM NaCl, 0.5 mM Spermidine and 1X Complete Protease Inhibitors followed by tagmentation for 1 hour at 37�C in 50 mL of a

buffer containing 10mM MgCl2, 20 mM HEPES pH 7.5, 300 mM NaCl, 0.5 mM Spermidine and 1X Complete Protease Inhibitors.

The reaction was stopped by adding 50 mL of a buffer containing 0.17% SDS, 0.3 mg Proteinase K, 20 mM HEPES pH 7.5,

300 mM NaCl, 0.5 mM Spermidine and 1X Complete Protease Inhibitors and incubation for 1 hour at 58�C. DNA was purified using

phenol-chloroform-isoamyl alcohol extraction and ethanol precipitation. Libraries were amplified using the NEBNext High-Fidelity 2X

PCR Master Mix (NEB). CUT&Tag libraries were sequenced on the Illumina Nextseq 550 system (75 bp paired end reads) and

analyzed as described for the ChIP-seq data.

4C-seq
Suitable 4C viewpoints were selected within or near the promoter of selected genes based on previously published criteria and

genomic sequences obtained from the Drosophila dm6 release.64 PAGE-purified sequencing primers containing Illumina Tru-seq

adapters and indexes (Eurogentec) are listed in Table S2.

4C-seq in cell lines was performed as published64 with modifications: 50 million cells were cross-linked in 2% formaldehyde for

10 min at room temperature and lysed in a buffer containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40,

1% Triton and 1X Complete Protease Inhibitors (Roche). After lysis, cell aliquots were stored at - 80�C. 4C-seq libraries were gener-

ated using DpnII (NEB) as first restriction enzyme and NlaIII (NEB) as the second restriction enzyme. Ligation reactions were per-

formed using high concentration T4 DNA Ligase (Promega). For each viewpoint, 12 PCR reactions each containing 12 ng were per-

formed using the Expand Long Template PCR System (Roche) with 30 cycles of amplification on a Thermocycler (Bio-Rad C1000).

PCR reactions were pooled and purified using a PCR Clean up kit (Qiagen). Up to 23 viewpoints were mixed in equimolar ratio and

sequenced on the Illumina NextSeq500 or 550 system (75 bp single end reads).

For 4C-seq in larval imaginal discs, a minimum of 1600 genital discs or 400 wing discs were dissected in cold 1X PBS over multiple

sessions that lasted a maximum of 1 hour. Chromatin crosslinking and cell lysis were performed as for cell lines after dissection, with

the addition of a second cell lysis step using a glass douncerwith pestle. After lysis, cell aliquots were stored at - 80�C. After pooling of

imaginal discs, the experimental procedure as outlined for cell lines was followed.

4C-seq sequencing reads were sorted, aligned, and translated to restriction fragments using the C4CTUS tool, which is a stand-

alone version of the 4C-seq module within the former HTSstation online data analysis service.54,65 Reads from different biological

samples were demultiplexed using their Illumina Index and reads from different viewpoints were demultiplexed using the first 18 ba-

ses sequenced (viewpoint-specific primer). After removing the sequence of the viewpoint-specific primer, the remainder of the reads

were mapped onto the Drosophila genome (dm6). Reads mapping to the viewpoint, the directly neighboring ‘‘undigested’’ fragment
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and fragments 2 kb up- and downstream were excluded during the procedure. Fragment counts were normalized per one million

reads in a region within chr3R:4,661,427-8,999,228 (for viewpoints in the ANT-C) or chr3R:14,656,623-18,972,236 (for viewpoints

in the BX-C). For visualizations, all tracks were smoothed using a running mean transformation over 11 consecutive valid restriction

fragments.

Hi-C
For Sg4 cells, Hi-Cwas performed on 15million cells using the Arima Hi-C kit (ArimaGenomics), following themanufacturer’s instruc-

tions. Hi-Cmaterial was sequenced on the Illumina NovaSeq 6000 system (150 bp paired end reads). Hi-C data fromS2R+ cells were

obtained from the GEO repository GSE99107.44

Hi-C reads were mapped to the Drosophila genome (dm6) using HiC-Pro (version 2.11.1) and bowtie2 (version 1.1.2).55,58 Default

settings were used to remove duplicates, assign reads to their restriction fragments and filter for valid interactions. Hi-C matrices at

5kb resolution were generated from the valid interactions and normalized with the Iterative Correction and Eigenvector decomposi-

tionmethod (ICE) in the HiC-Pro tool. TADtool was used to call TAD boundaries with awindow size of 51kb and a cutoff of 47 (S2 cells)

or 75 (Sg4 cells).59

Single-cell RNA-seq
For single-cell RNA-seq experiments on cell lines, onemillion S2 and Sg4 cells were diluted in PBS (withoutMgCl2) and 0.04%BSA to

a concentration of 1000 cells / ml. Reverse transcription and sequencing library preparation were done using the ChromiumNext GEM

Single Cell 3’ kit (10X Genomics), according to the manufacturer’s instructions. 3’- single-cell RNA-seq libraries were sequenced on

the Illumina NextSeq 550 system (75 bp paired end reads).

For single-cell RNA-seq experiments on WT and Fab-71 larval imaginal discs, pools of discs were dissected within 20 min in PBS

(without MgCl2) with 0.04% BSA. To obtain roughly equivalent numbers of cells for each type of imaginal disc, the following pools of

discswere combined: 4 eye/antenna discs, 8 leg-1 discs, 4 leg-2 discs, 4 leg-3 discs, 8 halter discs, 2 wing discs and 16 genital discs.

Pools of discs were dissociated in 0.05% Trypsin EDTA (Thermofisher Scientific) for 8 minutes at 37�C and resuspended in PBS

(without MgCl2) with 0.04% BSA to a concentration of approximately 1000 cells / ml. Reverse transcription and sequencing library

preparation were done using the Chromium Next GEM Single Cell 5’ kit (10X Genomics), according to the manufacturer’s instruc-

tions. 5’- single-cell RNA-seq libraries were sequenced on the Illumina NextSeq 550 system (75 bp paired end reads).

FastQ files were analyzed using the Cell Ranger software (10X Genomics, version 3.1.0), including alignment, filtering and quan-

titation of reads on theDrosophila genome (dm6) and generation of feature-barcode matrices. For the Sg4 and S2 cell lines, the clus-

ters were obtained using k-means clustering (k = 3) using the Cell Ranger software. Further visualizations were generated using the

Loupe browser (10X Genomics, version 4.2.0). For the imaginal discs, all downstream analyses were performed using the Seurat tool

(version 4.0.1).60 Cells with UMI count lower than 350 and mitochondrial genes above 5.5% were excluded from the analysis. After

log-normalization, the vst methodwas used to select the top 2,000 variable features. WT and Fab-71 imaginal disc cell data were then

integrated using the dataset with the highest number of cells and the first 10 dimensions as a reference. Clustering was performed

with the functions FindNeighbors and FindClusters, using the first 10 dimensions from PCA, resulting in the identification of 14 clus-

ters. Identification of the clusters was done using the FindConservedmarkers function in Seurat. Cluster identities were assigned

based on Hox gene expression for imaginal discs whereas for neurons, muscle and dead cells, the identities were assigned using

the Flybase database. Muscle cells and genital discs were initially assigned to two clusters each, which we merged for further anal-

ysis. All visualizations were performed using Seurat as well.

QUANTIFICATION AND STATISTICAL ANALYSIS

Details of statistical analyses performed in this paper including analyses packages can be found in the figure legends and STAR

Methods. Standard deviations for RT-qPCR and calibrated RT-qPCR experiments were calculated on combined measurements

from biological and technical replicates using Microsoft Excel. For all experiments, at least two measurements (independent

qPCR experiments) were performed on each of the biological replicates (RNA isolates from independent groups of embryos and

larvae or independent cell culture experiments). Significance of difference between samples was determined using the t test function

in Microsoft Excel. The number of biological replicates is indicated in the figure legends.

To determine the significance of difference between the bins with increased signal in CUT&Tag experiments (Figure 4B), we

compared the number of bins with increases and decreased signal between cell types using a G test of independence (see key re-

sources table). To determine the significance of difference between the number of cells where Abd-B isoforms were detected in the

single-cell RNA-seq analysis (Figure 5B), we compared the number of cells with and without detected isoforms between cell types

using a G test of independence (see key resources table).
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Figure S1: Histone modification landscape of the ANT-C and BX-C. Related to  
Figure 1. 

 



 
 

Figure S1: Histone modification landscape of the ANT-C and BX-C. Related to  
Figure 1.  
A. ChIP-seq data for the H3K4me3 and H3K27me3 histone marks in the S2, Sg4 and S3 

cell lines at the ANT-C. The ANT-C is demarcated by dashed lines. Location of protein 
coding transcripts is indicated below. 

B. ChIP-qPCR for the H3K27me and H3K4me3 histone marks in the Sg4, S3 and S2 cell 
lines. Data are normalized over input. The position of analyzed regions within the Abd-B 
cis-regulatory domain is indicated above (red arrow heads). Data based on biological 
replicates (n = 2). Error bars indicate Standard Deviation. 

C. ChIP-seq data for the H3K4me3 and H3K27me3 histone marks at the BX-C in biological 
replicates for the S2 and Sg4 cell lines. 

D. Zoom-in of reanalyzed ChIP-seq data for the CP190 and dCTCF insulator proteins in the 
S2 cell line, whole embryo and in the Central Nervous System of larvae over the Abd-B 
cis-regulatory domain. ChIP-seq data for H3K27me3 in the Sg4 and S3 cell lines is 
indicated above. BEs and iabs relevant for Abd-B regulation are indicated on top. 
Location of protein coding transcripts is indicated below. 

E. Zoom-in of H3K4me3 ChIP-seq data in the Sg4 and S3 cell lines over the Abd-B cis-
regulatory domain. The log2 ratio of ChIP-seq signal (50 bp bins) is indicated in-between 
the tracks. BEs and iabs relevant for Abd-B regulation are indicated on top. Location of 
protein coding transcripts is indicated below.   



 
 

Figure S2: 3D chromatin organization of the ANT-C and BX-C in repressed cell types. 
Related to Figure 2. 

 



 
 

Figure S2: 3D chromatin organization of the ANT-C and BX-C in repressed cell types. 
Related to Figure 2. 
A. Hi-C (top), 4C-seq (middle) and ChIP-seq (bottom) data for the ANT-C in the S2 cell 

line. Hi-C data was reanalyzed from [S1], with identified sub-domains indicated as black 
bars. 4C-seq data for viewpoints in the promoters of the Lab, bcd, Dfd, Scr, Antp and Alh 
genes is indicated in-between. H3K4me3 and H3K27me3 ChIP-seq data is indicated 
below. The ANT-C is demarcated by dashed lines. Location of protein coding transcripts 
is indicated below. Arrowheads indicate the positions of viewpoints. 

B. 4C-seq data in biological replicates for the S2 cell line for the indicated viewpoints. In-
between, the log2 ratio of interactions is shown. 

C. 4C-seq data for the ANT-C in the Kc167 cell line for the indicated viewpoints. Location 
of protein coding transcripts is indicated below.  

D. 4C-seq data in wing disc cells and the S2 and Kc167 cell lines for the Antp viewpoint. In-
between, the log2 ratio of interactions is shown. Location of protein coding transcripts is 
indicated below. 

E. 4C-seq data in wing disc cells and the S2 and Kc167 cell lines for the Ubx and abd-A 
viewpoints. In-between, the log2 ratio of interactions is shown. The BX-C is demarcated 
by dashed lines, with known BEs highlighted by vertical bars. BEs and iabs relevant for 
Abd-B regulation are indicated on top. Location of protein coding transcripts is indicated 
below. 

  



 
 

Figure S3: 3D chromatin organization of the ANT-C and BX-C in cell types where Abd-
B is active. Related to Figure 3. 

 
  



 
 

Figure S3: 3D chromatin organization of the ANT-C and BX-C in cell types where Abd-
B is active. Related to Figure 3. 
A. Hi-C (top), 4C-seq (middle) and ChIP-seq (bottom) data for the ANT-C in the Sg4 cell 

line. Sub-domains as identified by Hi-C are indicated as black bars. 4C-seq data for 
viewpoints in the promoters of the Lab, bcd, Dfd, Scr, Antp and Alh genes is indicated in-
between. H3K4me3 and H3K27me3 ChIP-seq data is indicated below. The ANT-C is 
demarcated by dashed lines. Location of protein coding transcripts is indicated below. 
Arrowheads indicate the positions of viewpoints. 

B. 4C-seq data in biological replicates for the Sg4 cell line for the indicated viewpoints. In-
between, the log2 ratio of interactions is shown. 

C. 4C-seq data for the ANT-C in the S3 cell line for the indicated viewpoints. Location of 
protein coding transcripts is indicated below.  

D. 4C-seq data in genital disc cells and the Sg4 and S3 cell lines for the Antp viewpoint. In-
between, the log2 ratio of interactions is shown. Location of protein coding transcripts is 
indicated below. 

E. 4C-seq data in the Sg4 and S3 cell lines for the Ubx and abd-A viewpoints. In-between, 
the log2 ratio of interactions is shown. Yellow rectangles highlight the domain of 
reduced interactions in Sg4 cells that overlaps the iab-7. The BX-C is demarcated by 
dashed lines, with known BEs highlighted by vertical bars. BEs and iabs relevant for 
Abd-B regulation are indicated on top. Location of protein coding transcripts is indicated 
below.  



 
 

Figure S4: 3D chromatin organization of the repressed BX-C in WT and Fab-71 deletion 
wing disc cells. Related to Figure 4. 

 
  



 
 

Figure S4: 3D chromatin organization of the repressed BX-C in WT and Fab-71 deletion 
wing disc cells. Related to Figure 4. 
A. 4C-seq data in WT and Fab-71 deletion wing disc cells for the Ubx, abd-A and Abd-B 

viewpoints. In-between, the log2 ratio of interactions is shown. Black arrows indicate the 
gain of signal in the WT cells where the Fab-7 element is present. The BX-C is 
demarcated by dashed lines, with known BEs highlighted by vertical bars. BEs and iabs 
relevant for Abd-B regulation are indicated on top. Location of protein coding transcripts 
is indicated below. Arrowheads indicate the positions of viewpoints. 

B. 4C-seq data in WT and Fab-71 deletion genital disc cells for the Ubx and abd-A 
viewpoints. In-between, the log(2) ratio of interactions is shown. Yellow rectangles 
highlight the domain of reduced interactions in WT cells that overlaps the iab-7. The 
BX-C is demarcated by dashed lines, with known BEs highlighted by vertical bars. BEs 
and iabs relevant for Abd-B regulation are indicated on top. Location of protein coding 
transcripts is indicated below.  

C.  Zoom-in of H3K4me3 CUT&Tag data in WT and Fab-71 deletion genital disc cells over 
the Abd-B cis-regulatory domain. The log2 ratio of CUT&Tag signal (50 bp bins) is 
indicated in-between the tracks. BEs and iabs relevant for Abd-B regulation are indicated 
on top. Location of protein coding transcripts is indicated below.  

D. H3K27me3 CUT&Tag data in WT and Fab-71 deletion genital disc cells. Black arrows 
indicate the loss of signal in the Fab-71 deletion cells where the Fab-7 element is absent. 
The BX-C is demarcated by dashed lines, with known BEs highlighted by vertical bars. 
Location of protein coding transcripts is indicated below.  



 
 

Figure S5: BX-C gene and promoter activity in individual cells. Related to Figure 5. 

 
  



 
 

Figure S5: BX-C gene and promoter activity in individual cells. Related to Figure 5. 
A. Calibrated RT-qPCR to quantify the activity of selected Abd-B promoters in WT and 

Fab-7 deletion whole embryos. Data are calibrated relative to a shared exon between all 
isoforms and to an external plasmid containing the isoform specific amplificons. Data 
based on biological replicates (n = 2). Error bars indicate Standard Deviation. 

B. Violin plots showing the number of detected Unique Molecular Identifiers (UMIs) per 
cell in single-cell RNA-seq data from pools of WT and Fab-71 deletion imaginal disc 
cells. Red diamonds and numbers indicate the median. 

C. Violin plots showing the number of detected genes per cell in single-cell RNA-seq data 
from pools of WT and Fab-71 deletion imaginal disc cells. Red diamonds and numbers 
indicate the median. 

D. UMAP projections of single-cell RNA-seq data from pools of WT and Fab-71 deletion 
imaginal disc cells. On the top, the identified clusters are indicated. On the bottom, the 
presence of mRNA from individual Hox genes (purple) within the pool of discs is 
indicated. 

E. t-SNE projections of 3’- single-cell RNA-seq data from the combined S2 and Sg4 cell 
lines. On the top, the identified clusters are indicated. On the bottom, the detection of 
Abd-B or abd-A mRNA is indicated. 

F. Histogram showing the percentage of cells where mRNA for each Abd-B isoform is 
detected in genital disc cells (percentages within the entire population of genital disc 
cells, including those where no Abd-B mRNA is detected). 

G. Single-cell RNA-seq analysis of the iab-8 lncRNA in WT and Fab-7 deletion genital disc 
cells. On top, the positions of the alternative promoters for the iab-8 lncRNA and Abd-B 
gene within the Abd-B cis-regulatory domain are indicated. BEs and iabs relevant for 
Abd-B regulation are indicated as well. Below, a histogram showing the percentage of 
cells where mRNA from the indicated iab-8 lncRNA promoters is detected (percentages 
in the population of genital disc cells where at least one isoform of Abd-B is detected). 
G-test: *** p < 0.001. 

  



Table S1: single-cell RNA-seq results. Related to Figure 5. 

Genital disc cells: 

  WT  
  lab pb Dfd scr Antp Ubx abd-A Abd-B  
  1.2% 0.0% 0.6% 0.0% 0.0% 0.00% 0.0% 0.2% lab 
   0.4% 0.1% 0.0% 0.0% 0.1% 0.2% 0.3% pb 
    2.4% 0.1% 0.0% 0.2% 0.2% 0.6% Dfd 

Fab-71 

lab 2.4%   9.0% 3.5% 0.9% 1.1% 3.1% scr 
pb 0.1% 0.6%   14.6% 3.6% 1.5% 5.3% Antp 

Dfd 0.3% 0.1% 3.1%   16.0% 2.3% 6.4% Ubx 
scr 0.0% 0.1% 0.9% 14.9%   21.2% 20.2% abd-A 

Antp 0.1% 0.0% 0.1% 6.9% 18.5%   65.2% Abd-B 
Ubx 0.3% 0.1% 0.3% 1.8% 5.0% 18.9%    

abd-A 0.0% 0.1% 0.3% 1.2% 2.0% 2.2% 17.7%   
Abd-B 0.1% 0.3% 0.5% 4.3% 6.5% 6.6% 17.5% 49.0%  

  lab pb Dfd scr Antp Ubx abd-A Abd-B  
 
Wing disc cells: 

  WT  
 

 
lab pb Dfd scr Antp Ubx abd-A Abd-B 

 

 
 

0.2% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% lab 
 

  
0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% pb 

 0.6% 0.0% 0.0% 0.2% 0.0% 0.1% Dfd 

Fab-71 

lab 0.7% 5.0% 1.7% 2.9% 0.0% 0.2% scr 
pb 0.0% 0.0% 20.2% 8.4% 0.2% 0.8% Antp 

Dfd 0.4% 0.0% 1.0% 
  

59.8% 0.5% 2.8% Ubx 
scr 0.4% 0.0% 0.5% 7.1% 0.8% 0.5% abd-A 

Antp 0.3% 0.0% 0.1% 2.9% 25.1% 4.7% Abd-B 
Ubx 0.5% 0.0% 0.3% 3.1% 6.4% 44.8% 

   

abd-A 0.0% 0.0% 0.0% 0.0% 0.5% 1.0% 1.2% 
  

Abd-B 0.3% 0.0% 0.1% 1.0% 2.7% 5.2% 0.9% 8.7% 
 

 
 

lab pb Dfd scr Antp Ubx abd-A Abd-B 
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