


















C

F

E

D

H

G

I

A B

Figure 5. Chromatin loops. (A) Number of loops detected in WT and the three knockdowns. Dark blue represents the loops that are detected in both full
and down-sampled (where we randomly removed 20% of the reads) data sets, and light blue represents loops detected only in the full data set. (B) Number
of loops in the three knockdowns that maintain both of the anchors (maintained), only one of them (partially maintained), or lose both anchors (lost). ( C)
Overlap of loops maintained or lost between WT andBEAF-32knockdown and between WT and Cp190 Chrodouble knockdown. We classify the commonly
maintained borders in the two knockdowns as maintained and the commonly lost borders as lost. (D) Aggregate peak analysis (APA) using Juicer (Durand
et al. 2016) over the maintained (top) and lost (bottom) chromatin loops at 2-kb resolution. (E) Size of the maintained and lost chromatin loops. We per-
formed a Mann–Whitney U test, which confirmed that the two distributions are not different. ( F) Annotation of maintained and lost loops with respect to
the features they connect: (P) promoters (up to 1 kb upstream of TSS), (E) enhancers, (G) genes, and (O) others. We used STARR-seq for enhancer anno-
tation (Yanez-Cuna et al. 2014). (G) Percentage of genes that are differentially expressed and are associated with maintained and lost chromatin loops. We
selected genes that have their promoter (up to 1 kb upstream of TSS) located at one of the anchors of the chromatin loops. There is no statistically significant
difference between DEG at maintained and lost loops (Fisher’s exact test;P-value 0.37, 1.0, and 1.0). (H) Contact matrices plots of a maintained (top) and a
lost (bottom) loop. These maps were constructed with diffHic (Lun and Smyth 2015) at 2-kb resolution (the same used to detect loops) and contain 30 bins.
Dark color represents more contact. We scaled the pallet in the two knockdowns to account for library size differences. (I) Enrichment of architectural pro-
teins and transcription-related factors at maintained and lost loops (Chro, Cp190, MED1, vtd, CTCF, and Pc). We performed a Mann–Whitney U test of the
mean signal at maintained and lost loops (see correspondingP-values).
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Saddle plots confirm that regions belonging to the same com-
partments (lower right corner A-A interactions and upper left cor-
ner B-B interactions) are enriched in interactions, whereas regions
belonging to different compartments (lower left corner A-B inter-
actions and upper right corner B-A interactions) are depleted in in-
teractions (Supplemental Fig. S14D). Compartments strengths are
similar, with only a small decrease for BEAF-32 single knockdown.
This confirms that BEAF-32, Cp190, Chro, and Dref have little ef-
fect on compartmentalization. Altogether, our results indicate that
organization of compartments inDrosophila is independent of the
organization of TADs.

When investigating in which compartments TAD borders are
localized, we found that most of the maintained borders are local-
ized in the A compartment, whereas most of the lost or new bor-
ders are localized in the B compartment (Supplemental Fig.
S15A). This is not surprising, because most of the lost borders are
located in repressed chromatin, whereas the maintained ones are
in active chromatin.

Themajority of compartments that switch do not harbor any
DEGs, even when using a lower threshold to call differential gene
expression (log2FC threshold of 1) (Supplemental Fig. S15B).
Furthermore, the fact that a compartment contains DEGs does
not mean that all genes in that compartment change expression
in the same direction (either up-regulated or down-regulated).
For example, spreading of the B compartment in Supplemental
Figure S14C corresponds to three genes displaying different behav-
iors: ine gene is down-regulated; Dp is up-regulated; and FIG4
maintains expression in all three knockdowns (all three genes
are located within the yellow stripe in Supplemental Fig. S14C).
The relationship between changes in gene expression and com-
partment switching is complex, and often compartment switching
cannot be explained by amajority of genes changing expression in
the same direction. Note that RNA-seq libraries capture only
poly(A) transcripts and do not include other transcripts such as
eRNAs or lncRNAs, which could potentially contribute to com-
partment switching.

Discussion

The enrichment of architectural proteins at TAD borders raises the
question of whether they have a functional role in TAD organiza-
tion or whether their colocalization with borders is correlative in
nature. In mammalian systems, depletion of CTCF or cohesin dis-
rupts TADs (Zuin et al. 2014; Nora et al. 2017; Schwarzer et al.
2017). In Drosophila, several architecture proteins (including
BEAF-32, Chro, and Cp190) are enriched at TAD borders, but their
functional role at TAD borders has not previously been investigat-
ed (Van Bortle et al. 2014; El-Sharnouby et al. 2017; Hug et al.
2017; Ramírez et al. 2018; Chathoth and Zabet 2019; Matthews
and White 2019). Our results confirm that the architectural pro-
teins are essential for TAD borders and their depletion results in re-
organization of TADs. In particular, we found that TAD borders
mainly found in mostly silenced regions of the genome (located
in the B compartment anddisplayingmoderate enrichment of het-
erochromatin and GRBs and depletion of active histone modifica-
tions) are lost upon depletion of BEAF-32 or Cp190 and Chro.
Cp190 and Chro cannot bind independently to DNA, but are re-
cruited, mainly by BEAF-32 (Vogelmann et al. 2014). The majority
of the lost borders are common between the BEAF-32 knockdown
andCp190 andChro double knockdown, but there are also borders
that are specific to each knockdown.

Furthermore, we identify a subset of TAD borders that are not
affected by the depletion of BEAF-32, Cp190, and Chro. These bor-
ders are enriched in cohesin and Mediator complex and also in
CTCF and Trithorax-group (fs(1)h, E(bx), Iswi, mod[mdg4], ash1,
and Trl). This supports amodelwhere several complexes are redun-
dant and can compensate for the loss of BEAF-32, Cp190, or Chro.
However, 70% of TAD borders that are maintained have retained
binding of BEAF-32 and/or Cp190 upon the depletion of these ar-
chitectural proteins (see Supplemental Fig. S4B,C).

Finally, Dref shares a similar bindingmotif to BEAF-32, which
suggests that it could potentially replace it following BEAF-32
knockdown. Our BEAF-32 Dref double knockdown results in a larg-
er number of TAD borders being lost, supporting the model in
which Dref compensates the loss of BEAF-32. The borders that
are specifically lost in the BEAF-32 and Dref double knockdown
are borders displaying binding of BEAF-32, Cp190, and/or Chro,
and thus Dref would provide redundancy for partial loss of
BEAF-32.

To investigate that the effects we observe in 3D chromatin or-
ganization are not a reflection of cell cycle arrest (Gibcus et al. 2018;
Ramírez et al. 2018) but are due to the knockdown of architectural
proteins, we have performed a FACS analysis. This showed that
none of our knockdowns lead to changes in the cell cycle progres-
sion (Supplemental Fig. S1E), thus confirming that the changes in
3D chromatin organization are not caused by cell cycle arrest.

Altogether, our results confirm that, whereas the majority of
TADborders are enriched in enhancers or active TSSs, there are two
classes of TAD borders: (1) TAD borders located in euchromatin;
and (2) TAD borders located in heterochromatin. Whereas the for-
mer are maintained upon depletion of BEAF-32, Cp190, and Chro,
the latter are lost. This classification of TAD borders is additionally
supported by the preferential localization ofmaintained borders in
theA compartment (active chromatin) and of lost and newborders
in the B compartment (repressive chromatin) (see Supplemental
Fig. S15A).

The enrichment of divergent transcription at TAD borders
that are maintained in the two knockdowns, when coupled
with the lack of enrichment for Top2 at these borders, possibly
indicates that negative supercoiling accumulates at these TAD
borders, which may be due to active transcription. This negative
supercoiling is not relaxed due to lack of Top2. When negative
supercoiling accumulates at maintained borders, positive super-
coiling may accumulate inside TADs, which indicates a role for
supercoiling in TAD borders (Benedetti et al. 2017; Björkegren
and Baranello 2018). Due to a lack of divergent transcription at
lost borders, there is no accumulation of negative supercoiling
at these TAD borders and the reduced levels of Top2 will not
have an effect. Nevertheless, the role of supercoiling at TAD bor-
ders requires further investigation with direct measurement of
supercoiling.

The detection of the maintained and lost TAD borders was
performed following a robust analysis using five filtering steps to
select lost ormaintain TAD borders. First, we detected TAD borders
using two thresholds: a stringent threshold for strong borders; and
a less stringent one for weaker borders. Second, to account for dif-
ferences in Hi-C libraries, for strong and weak borders separately,
we selected robust TAD borders as borders that are still detected af-
ter the Hi-C libraries are down-sampled by 20%. Third, for each
knockdown, we defined lost borders to be those strong robust
TAD borders in WT that have not been identified as strong or
weak borders in the knockdowns. Similarly, we defined main-
tained borders as strong robust TAD borders in WT that are
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detected as strong robust TAD borders in the knockdowns. Fourth,
our analysis focused on the maintained and lost borders that are
common between the BEAF-32 single knockdown and Cp190
and Chro double knockdown. Fifth, we selected as direct main-
tained and lost borders the commonmaintained and lost TAD bor-
ders that displayed a BEAF-32, Cp190, and/or Chro ChIP peak in
their vicinity. Altogether, this analysis supports that our results
are robust. It is worthwhile noting that many TAD reorganizations
are observed because of the noisy nature of Hi-C data. To account
for this, we focused our analysis on the higher confidence TADbor-
der changes. Thus, in our analysis, the number of TAD borders that
are robustly detected as maintained or lost is a small subset (∼25%
of the strong borders) compared to the TAD borders that are fuzzy
or weakened.

TAD reorganization and transcription

We identified between approximately 600 and 800 differentially
expressed genes in the three knockdowns, and the majority of
those are located within TADs that lost one or both borders or
shifted the position of the borders (more than 89%). We also
found that there are more statistically significant DEGs than ex-
pected by chance in reorganized TADs; however, this is mainly
the case when TAD borders move more than 2 kb away from their
WT position (Supplemental Fig. S6B). This indicates that usually
strong TAD reorganization is coupled with significant changes in
gene expression. Nevertheless, there are also examples where dis-
crete changes in TAD borders correspond to changes in gene ex-
pression (Mateo et al. 2019; Arzate-Mejía et al. 2020). For the
Cp190 and Chro double knockdown, we did not see a statistically
significant association between DEGs in reorganized TADs
(Supplemental Fig. S6B). This can be explained by the fact that
these two proteins are also recruited to the DNA by other proteins
that would not be involved in TAD border organization (Schwartz
et al. 2012). In this case, a subset of DEGs in the Cp190 and Chro
double knockdown are not associated with reorganization of
TADs and, thus, the statistical significance of association of DEG
and reorganization of TADs is reduced.

We also observed more up-regulated genes than down-regu-
lated, which suggests that TADs have a role in maintaining a re-
pressed state of chromatin. Down-regulation of genes in these
knockdowns can be explained by the loss of TADborders in hetero-
chromatin. Previous work in Drosophila did not identify any con-
nection between changes in TADs and changes in gene
expression (Ghavi-Helm et al. 2019). These contradicting results
can be explained by the stronger reorganization of the TADs in
our knockdowns compared to the TADs reorganization observed
on the balancer chromosomes. Recently, it was shown that there
are significant changes in gene expression corresponding to reor-
ganization of TADs in human cancers, but only 14% of changes
in TAD organization result in strong changes in gene expression
(more than twofold) (Akdemir et al. 2020). Our findings are consis-
tent with these results and emphasize that the functional role of
TAD organization is conserved between species.

One question that is still unanswered is whether the changes
in gene expression are caused by the changes in TAD organization
or whether depletion of architectural proteins affects transcrip-
tion, causing the observed changes in TAD organization.
Previous studies showed that TADs appear together with transcrip-
tion activation in the Drosophila zygote, indicating a functional
role of transcription in TAD formation, but blocking transcription
elongation only marginally affects TADs in the Drosophila embryo

(Hug et al. 2017). Furthermore, a 10- to 20-fold activation of tran-
scription using the CRISPR-Cas9 system in mouse neuronal pro-
genitor cells was not sufficient to induce TAD boundary
formation (Bonev et al. 2017). Results from these alternative ap-
proaches suggest that changes in gene expression do not lead to re-
organization of TADs, but further work to confirm this is needed.

Chromatin loops and gene regulation

Our analysis revealed that the chromatin loops in Drosophila can
be classified into three large classes: (1) BEAF-32 with Chro and/
or Cp190; (2) Mediator complex; and (3) Polycomb (Fig. 5D;
Supplemental Fig. S13). Previous work reported that chromatin
loops in Drosophila are controlled by Polycomb (Eagen et al.
2017), but our results show that Polycomb loops are just a small
subset compared to Chro/Cp190 and Mediator complex loops.
Depleting Chro/Cp190 or BEAF-32 (protein that recruits Chro/
Cp190 to DNA) results in the loss of loops, mainly those loops dis-
playing weaker Chro/Cp190 enrichment, suggesting concentra-
tion-dependent control. Chro and Cp190 were shown to be
involved in long-range interactions in Drosophila (Vogelmann
et al. 2014), and our results confirm that themajority of chromatin
loops inDrosophila are controlled by these proteins.We also found
enrichment of cohesin and CTCF at chromatin loops, indicating
that they might have a role in chromatin loop formation in
Drosophila (Rao et al. 2014; Rhodes et al. 2020). In particular,
half of maintained loops lose BEAF-32 and/or Cp190 binding
upon knockdown, indicating that CTCF and cohesin could play
a role in the maintenance of these loops.

Some interactions between specific DNA regions identified in
the contact maps are shown to arise from promoter-enhancer
loops (a chromatin loop having an enhancer at one end and a pro-
moter at the other) (Noordermeer et al. 2014). In Drosophila BG3
cells, we found that only 10% of the chromatin loops are promot-
er-enhancer loops, and one possible explanation for this is that the
annotation of enhancers is not comprehensive (Muerdter et al.
2018). Even if this is the case, only approximately half of the loops
have promoters at one end, indicating thatmajority of interactions
are not regulatory in nature (Sanyal et al. 2012; Javierre et al. 2016;
Zheng et al. 2019). Furthermore, when a promoter has a 3D con-
tact with a regulatory sequence, <10% of genes display differential
expression when the contact is lost, but the same is true at main-
tained loops. This suggests that the presence of chromatin loops
would not be essential for controlling gene transcription in the
majority of cases (Atlasi et al. 2019; Rhodes et al. 2020; Espinola
et al. 2021; Ing-Simmons et al. 2021).

Methods

Cell culture and knockdown

Drosophila BG3 cells were cultured at 25°C in Schneider’s insect
medium (Sigma-Aldrich), supplemented with 10% FBS (Labtech),
10 mg/L insulin (Sigma-Aldrich I9278) and the antibiotic Pen-
Strep. Primer sequences for Cp190, Chro, and BEAF-32 dsRNAi
were obtained from theDrosophilaRNAi ScreeningCenter database
(https://www.flyrnai.org/up-torr/) (see Supplemental Table S5).
The primers with T7 promoter sequence were used to amplify
the IVT templates from wild-type genomic DNA using a Dream
Taq DNA Polymerase kit (Thermo Fisher Scientific EP0703). The
PCR products were checked by electrophoresis and purified using
a FastGene PCR Purification kit (Fastgene). The purified PCR prod-
ucts were then used as templates to synthesis dsRNA using the
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MEGAscript T7 kit (Invitrogen, AM1334) according to the manu-
facturer’s recommendations. The BG3 cells were transfected with
50 µg of dsRNA using FuGENE (Promega) according to the manu-
facturer’s protocol. Cells were harvested after 72 h and processed
for downstream experiments accordingly.

Western blot

Cells were pelleted, washed in PBS, and resuspended in SDS PAGE
loading buffer, at a concentration of 40,000 cells per µL, sonicated,
and boiled for 4 min. Five microliters of lysate were loaded on a
10% polyacrylamide gel. The proteins were transferred onto nitro-
cellulose and saturated 1 h with 5% skimmed milk (or 1% BSA for
the Chro antibody) in PBS Tween 0.1%. The blots were incubated
overnight with anti-BEAF-32 (Blanton et al. 2003) (1/200), anti-
Chro (Rath et al. 2004) (1/200), anti-Cp190 (Whitfield et al.
1988) (1/5000), or anti-Dref (Hirose et al. 1996) (1/5000).
Secondary antibodies (peroxidase anti-rabbit for Cp190 and Dref
and peroxidase anti-mouse for BEAF and Chro) were incubated
at a 1/10,000 dilution. They were visualized with Pierce ECL
western blotting substrate using the Fujifilm LAS4000 gel imaging
system. Anti-BEAF-32 (AB_1553420) and anti-Chro (12H9-4A2;
AB_2721936) were purchased from Developmental Studies
Hybridoma Bank, and anti-Cp190 (Whitfield et al. 1988) and
anti-Dref (Hirose et al. 1996) were kindly provided by Dr. Rob
White and Dr. Professor Masa Yamaguchi, respectively.

FACS

Cells were pelleted, washed in PBS, and resuspended in 50% etha-
nol in PBS and stored until analysis at 4°C. On the day of the anal-
ysis, cells were pelleted, washed in PBS, and resuspended in FACS
PI buffer (PBS, 01% Triton X-100, 100 µg/mL RNase, and 50 µg/
mL propidium iodide) at a concentration of 106 cells/mL. The
cell cycle profile was analyzedwith the Guava easycyte HT flow cy-
tometer using the Incyte software and FlowJo. For each sample,
15,000 cells were analyzed.

In situ Hi-C protocol

Hi-C librarieswere generated from10million cells by following the
in situ Hi-C protocol as mentioned in Chathoth and Zabet (2019).
Briefly, crosslinked cells were lysed, and the genome was digested
using DpnII (NEB) overnight. The overhangs were filled with
Biotin-16-dATP (Jena Bioscience) followed by ligation and de-
crosslinking with Proteinase K digestion. The sample was further
sonicated using Bioruptor. Biotinylated DNA was pulled down us-
ing Dynabeads MyOne Streptavidin T1 beads (Invitrogen, 65602).
Selected biotinylated DNA fragments ranging from 200 to 500 bp
were then ligated with Illumina adaptors (NEB). The libraries ob-
tained from biological replicates were multiplexed and further se-
quenced at the Oxford Genomics Centre and Edinburgh
Genomics (Genepool) using HiSeq 4000.

Hi-C analysis

Each pair of the PE reads was aligned separately to the Drosophila
melanogaster (dm6) genome (Adams et al. 2000; dos Santos et al.
2015) using BWA-MEM (Li and Durbin 2010) (with options -t 20
-A1 -B4 -E50 -L0). HiCExplorer was used to build and correct the
contact matrices and detect TADs and enriched contacts (Ramírez
et al. 2018). The contactmatriceswere built using theDpnII restric-
tion sites. We also used 100-kb bins for plotting Supplemental
Figure S2 only and 10-kb for compartments (Rowley et al. 2017).
Using a minimum allowed distance between restriction sites of
150 bp and a maximumdistance of 1000 bp, we obtained amatrix

with 217,638 bins with a median width of 529 bp. After filtering,
we obtained between 18 M and 65 M valid pairs (see
Supplemental Table S1). Note that the number of reads and valid
pairs used in this study are within values successfully used for pre-
viouswork inDrosophila cells to detect TADs, chromatin loops, and
compartments; for example, Cubeñas-Potts et al. (2017), Ramírez
et al. (2018), and Chathoth and Zabet (2019). In addition, we
also showed that these libraries are robust to down-sampling
(Supplemental Fig. S3A; Chathoth and Zabet 2019). The matrices
were corrected using the thresholds in Supplemental Table S2,
where values were selected from the diagnostic plots
(Supplemental Fig. S16). By using the corrected contact matrices,
we detected TADs of at least 5-kb width using a P-value threshold
of 0.01, a minimum threshold of the difference between the
TAD-separation score of 0.04, and FDR correction formultiple test-
ing (‐‐step2000, ‐‐minBoundaryDistance 5000 ‐‐pvalue 0.01 ‐‐delta
0.04 ‐‐correctForMultipleTesting fdr).Weselected theseparameters
to ensure thatwe recover a similar numberof TADs as previously re-
ported (Chathoth and Zabet 2019). Finally, we called strong TAD
bordersusinga stringentvalueof the thresholdof thedifferencebe-
tween the TAD separation score of 0.08. This value ensured that we
retrieved the strongesthalf of TADs. The enriched contactswere ex-
tracted with HiCExplorer using the observed/expected ratio
method.

Chromatin loops

Chromatin loops were called with the HiCCUPS tool from the
Juicer software suite (Durand et al. 2016) on all knockdowns as
done previously (Chathoth and Zabet 2019). Loops were called us-
ing a 2-kb resolution, 0.05 FDR, Knight-Ruiz normalization, a win-
dow of 10, peak width of 5, thresholds for merging loops of 0.02,
1.5, 1.75, 2, and distance to merge peaks of 20 kb (-k KR -r 2000
-f 0.05 -p 5 -i 10 -t 0.02,1.5,1.75,2 -d 20000).

Compartments

Compartments were called as described in Lieberman-Aiden et al.
(2009), Chathoth and Zabet (2019), and Rowley et al. (2019).More
specifically, we used Juicer (Durand et al. 2016) to compute the ei-
genvectors in 10-kb bins for all conditions (Chathoth and Zabet
2019). The sign of the correlation between the GC content and ei-
genvectors was used to flip the sign of the eigenvector (Imakaev
et al. 2012). Bins with negative eigenvalues were assigned as a B
compartment, whereas bins with positive eigenvalues were as-
signed as an A compartment. Chromosomes 4 and Y are relatively
small,making the compartments call difficult, and thuswe exclud-
ed them from the compartment analysis.

Saddle plot and compartmentalization strength

We use the procedure similar to Naumova et al. (2013). We rank
each genomic region by their eigenvector value over 30 percentile
bins. Note that we only included regions that fall in the [2.5%,
97.5%] quantile interval to eliminate the effect of outliers. We
then calculate themean value over intra-arm Pearson’s correlation
values between regions with different percentiles. To make matri-
ces comparable and generate saddle plots, we normalized averaged
matrices using the absolute maximum values over WT and all
three knockdowns. The compartment strength is calculated as
the ratio of homotypic A-A and B-B interactions to heterotypic
A-B and B-A interactions (Abramo et al. 2019). The ratio is calculat-
ed using the averaged signals over corner submatrices of 10 ×10
bins. Note that the compartment strength ratio uses nonnormal-
ized signal.
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Definition of housekeeping genes

We identified 113 strong TAD borders that are conserved between
Kc167 WT (Chathoth and Zabet 2019), BG3 WT, BG3 BEAF-
32RNAi, BG3 Cp190RNAi ChroRNAi, and 186 genes that are within 5
kb of these borders. We then identified expression levels for 181
of them in 85 samples (tissues, cells, conditions, or developmental
stages) (Brown et al. 2014) and classified genes as housekeeping if
their expression was in the top 40th percentile in all 85 samples
(Corrales et al. 2017).

RNA extraction and sequencing

RNA extraction was carried out using TRIzol according to theman-
ufacturer’s instructions. RNA was further DNase-treated and puri-
fied using an RNeasy Mini kit (Qiagen) following the
manufacturer’s protocol. RNAwas assessed qualitatively and quan-
titatively using Quibit and Bioanalyzer 2100 (Agilent). Poly(A)
RNA selection, library preparation, and sequencing were carried
out by Novogene.

RNA-seq analysis

Reads were first trimmed using Trimmomatic (v0.39) (Bolger et al.
2014) and then aligned to the Drosophila melanogaster (dm6) ge-
nome (Adams et al. 2000; dos Santos et al. 2015) using TopHat2
(v2.1.2) (Kim et al. 2013) with Bowtie 2 (v2.3.4.1) (Supplemental
Table S3; Langmead and Salzberg 2012). Finally, we used Picard
tools (http://broadinstitute.github.io/picard/) to deduplicate
reads, HTseq (Anders et al. 2015) to count reads, and then
DESeq2 (Love et al. 2014) to detect differential expressed genes.
For DESeq2 we selected transcripts with at least 10 reads and
used a P-value threshold of 0.05 and a log2FC threshold of 2.0
(for compartments and loops, we reduced the log2FC threshold
to 1.0). A previous work used Affymetrix GeneChip expression
analysis to quantify changes in transcription upon BEAF-32
knockdown in BG3 cells, and they observed negligible changes
in gene expression (Schwartz et al. 2012). Using RNA-seq, we
found a larger number of genes displaying differential expression,
but this can be explained by the increased sensitivity of RNA-seq.

Analysis of differentially and nondifferentially expressed genes

We removed all genes that were not expressed inWT or any of the
knockdowns, and then we split the genome on short regions be-
longing to single WT TADs or knockdown TADs. Each region
was classified as follows: (1) conserved two borders if both borders
of the WT TAD that contains this region are conserved; (2) con-
served one border if only one of the borders moved >2 kb com-
pared to WT position; (3) knockdown specific borders if both
bordersmoved >2 kb compared to theirWT position; and (4) fuzzy
borders if both borders moved <2 kb compared to their WT posi-
tion. We then performed a permutation test using the regioneR
package with 1000 permutations (Gel et al. 2016).

Pol II pausing index

We followed themethod from Ramírez et al. (2018) and computed
the pausing index as the ratio of the mean Pol II ChIP signal over
the promoter and over the gene body. The promoter regionwas se-
lected from 200 bp upstream to 50 bp downstream of the TSS and
the gene body from 50 bp upstream to the gene end. Values of 0
and below were discarded.

TF motif analysis

For BEAF-32 and Dref, we selected their corresponding motifs
from MotifDb (see Supplemental Fig. S4I; https://bioconductor
.org/packages/release/bioc/html/MotifDb.html). Using the
ChIPanalyser Bioconductor package (Zabet and Adryan 2015;
Martin and Zabet 2020), we computed the PWM sites within 2
kb of the TAD border, and, in order to include medium strength
binding sites, we used a PWM threshold of 0.85.

Occupancy heat maps

ChIP-chip data were extracted within 5 kb windows around TAD
borders and winsorized (cut-off selected as the 5% quantile of neg-
ative signals and 95% quantile of positive signals), then positive
signals were normalized to (0;1) and plotted. DNase-seq data
were processed similarly except the negative cut-off was selected
as 0 and the positive cut-off as the 75%-quantile. 3′NT-seq data
was processed similarly except that negative signals were also nor-
malized to the (-1;0) interval and plotted. All profiles were reor-
dered with respect to the decreasing order of BEAF-32 signal
summarized over a 5-kb window.

Occupancy clustering analysis

Raw occupancy heat map signals were summarized over a 5-kb
window for each TAD border. The cut-off (12.758) is defined as
the 50% quantile of positive sums collected across all data sets.
To separate into clusters, the following set of rules applied: (1)
no signal when second and third quantiles were less than 0; (2) ex-
tra low signalwhen secondquantilewas less than 0 but third quan-
tile was greater than 0; (3) low signal when second and third
quantiles were between 0 and cut-off; (4)medium signal when sec-
ond quantile was between 0 and cut-off but third quantile was
greater than cut-off; (5) high signal when first quantile was less
than cut-off but second quantile was greater than cut-off; and (6)
extra high signal when first quantile was greater than cut-off.

Data sets

The full list of data sets used can be found in Supplemental Tables
S6–S11.

ChIP-chip: We used the ChIP-chip data sets generated and
preprocessed (M values smoothed over 500 bp) by the
modENCODE Consortium (Riddle et al. 2011; Schwartz et al.
2012). The fs(1)h, MED1, MED30, NippedB, vtd, SA, and SMC1
ChIP-chip data sets were downloaded from Pherson et al. (2019).
To call peaks for MED1 and vtd, we first trimmed the reads using
Trimmomatic (Bolger et al. 2014) (0.38), merged the two replicates
(38.4 M and 16.7 M reads, respectively), aligned them to the ge-
nome using Bowtie 2 (Langmead and Salzberg 2012) (using default
parameters and achieving >94% alignment rate), and then used
MACS2 (Zhang et al. 2008) for peak calling (Q-value of 0.05 andus-
ing the corresponding input ChIP).

In some cases, we merged several ChIP peaks data sets: BEAF-
32 (NCBI Gene ExpressionOmnibus [GEO; https://www.ncbi.nlm
.nih.gov/geo/] accesion numbers GSE32775, GSE20811,
GSE32773, and GSE32774), Cp190 (GEO accesion numbers
GSE32776, GSE20814, and GSE32816), and CTCF (GEO accesion
numbers GSE20767, GSE32783, and GSE32782).

DNase-seq: We used preprocessed DNase-seq profiles from
the modENCODE Consortium (Kharchenko et al. 2011).

3′NT-seq: We used preprocessed 3′NT-seq in BG3 cells (GEO
accesion number GSE100545) from Pherson et al. (2017).
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Data access

All Hi-C and RNA-seq data sets from this study have been submit-
ted to theNCBIGene ExpressionOmnibus (GEO; http://www.ncbi
.nlm.nih.gov/geo/) under accession number GSE147059. The
pipeline for Hi-C data analysis and RNA-seq is available as
Supplemental Code.
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