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ABSTRACT

Chromatin insulators are DNA-protein complexes
that can prevent the spread of repressive chro-
matin and block communication between enhancers
and promoters to regulate gene expression. In
Drosophila, the gypsy chromatin insulator complex
consists of three core proteins: CP190, Su(Hw), and
Mod(mdg4)67.2. These factors concentrate at nuclear
foci termed insulator bodies, and changes in insu-
lator body localization have been observed in mu-
tants defective for insulator function. Here, we iden-
tified NURF301/E(bx), a nucleosome remodeling fac-
tor, as a novel regulator of gypsy insulator body
localization through a high-throughput RNAi imag-
ing screen. NURF301 promotes gypsy-dependent in-
sulator barrier activity and physically interacts with
gypsy insulator proteins. Using ChIP-seq, we found
that NURF301 co-localizes with insulator proteins
genome-wide, and NURF301 promotes chromatin as-
sociation of Su(Hw) and CP190 at gypsy insulator
binding sites. These effects correlate with NURF301-
dependent nucleosome repositioning. At the same
time, CP190 and Su(Hw) both facilitate recruitment
of NURF301 to chromatin. Finally, Oligopaint FISH
combined with immunofluorescence revealed that
NURF301 promotes 3D contact between insulator
bodies and gypsy insulator DNA binding sites, and
NURF301 is required for proper nuclear positioning
of gypsy binding sites. Our data provide new insights
into how a nucleosome remodeling factor and insu-
lator proteins cooperatively contribute to nuclear or-
ganization.

INTRODUCTION

In eukaryotes, genomic information is efficiently packaged
in three-dimensional (3D) space to allow for proper gene
expression and DNA replication. At the smallest scale,
the genome is organized into 147 bases of DNA wrapped
around nucleosomes and further arranged into kilobases to
megabases of higher-order structures of loops, topologically
associating domains (TADs), compartments, and chromo-
some territories (reviewed in Jerkovic et al., 2000; Rowley
and Corces, 2018) (1,2). This 3D genome organization fa-
cilitates the interaction between distant DNA elements and
is needed for accurate regulation of gene expression.

Insulators can function as chromatin boundaries between
active and inactive chromatin and facilitate chromatin loop-
ing through insulator protein-DNA interactions. Insulators
can also stabilize contacts between distant regulatory ele-
ments or block the communication of enhancers with pro-
moters through loop formation (3). In vertebrates, CTC
binding factor (CTCF) is the only factor currently known
that possesses insulator activity (reviewed in Chen and Lei,
2019) (4). In contrast to vertebrates, multiple DNA-binding
proteins in Drosophila have been shown to exhibit insula-
tor activity, and each of these proteins recruits the univer-
sal insulator protein Centrosomal protein 190 (CP190) to
chromatin (5–10). CP190 and several of its DNA-binding
interactors, such as CTCF, BEAF-32, M1BP, and ZIPIC,
frequently localize to gene promoters and are enriched at
TAD borders (11–14). However, the Su(Hw) class of insu-
lator complexes (herein referred to as the gypsy insulator)
is mainly situated distal to both gene promoters and TAD
borders (12,13).

The gypsy insulator complex consists of three core
proteins, including Su(Hw), Mod(mdg4)67.2 and CP190.
Su(Hw) harbors a cluster of 12 zinc fingers (15) and dic-
tates the DNA-binding specificity of the gypsy insulator
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complex. Both CP190 and Mod(mdg4)67.2 are recruited by
Su(Hw) to chromatin, and CP190 and Mod(mdg4)67.2 can
stabilize chromatin association of Su(Hw) (6,16). CP190
and Mod(mdg4)67.2 both contain BTB/POZ domains,
which can mediate homotypic and heterotypic protein-
protein interactions including multimerization. Several as-
sociated factors have been identified that affect the func-
tion of the gypsy insulator, including E(y)2, dTopors, Rm62,
Shep, Rump, CLAMP, HIPP1, and M1BP (17–24), but
more interactors likely remain to be discovered and may
provide further insight into insulator function.

Core gypsy insulator proteins colocalize at large nuclear
foci known as insulator bodies in interphase cells. Insulator
bodies can be induced or enlarged by certain stress condi-
tions, such as osmostress (25). It has been proposed that
insulator proteins may accumulate in insulator bodies to
facilitate subsequent assembly on chromatin, and this pre-
sumptive depot could protect insulator proteins from degra-
dation and/or facilitate quick response to stimulus (25–
28). Similar to other visually defined structures, the func-
tional significance of insulator bodies is not fully under-
stood. However, changes in insulator body formation or
number have been observed in mutants defective for gypsy
insulator function (6,17-19,21,22,24,29).

NURF (Nucleosome Remodeling Factor) is a chromatin
remodeling complex that requires ATP to mediate nucleo-
some sliding. By changing the accessibility of DNA, NURF
can regulate the recruitment of transcription factors or
other proteins to chromatin to regulate gene expression (30–
33). Drosophila NURF has four subunits, including the cat-
alytic subunit ATPase ISWI (34), a WD-40 repeat protein
NURF55 (35), an inorganic pyrophosphatase NURF38
(36), and NURF301 (37). NURF301 is the largest sub-
unit, and it is highly conserved with human bromodomain
and PHD finger transcription factor (BPTF) (30,37,38). In
Nurf301 null mutant flies, the +1 and nucleosomes up to
1.2 kb from the 5’ end drift toward transcription start sites
(TSSs) of active genes (39). The specificity of NURF301 ac-
tivity appears to be dictated by physical interaction with
transcription factors (eg. GAF, EcR, and Ken repressor),
which can recruit NURF301 to chromatin (30,37,40,41).
With respect to chromatin insulator complexes, NURF301
has been shown to physically interact with CP190, colocal-
ize with it on chromatin (42), and promote gypsy enhancer-
blocking activity (39,43). NURF301 is also required for
enhancer-blocking activity of the CP190-dependent SF1,
Fab-7, and Fab-8 insulators (42,43). However, it is not
known whether NURF301 affects CP190 or other insulator
protein recruitment to chromatin or whether it is involved
in insulator-dependent 3D nuclear organization.

In this study, we first performed a high-content RNAi
imaging screen for proper gypsy insulator body localization
in a cultured cell line and identified the NURF301 chro-
matin remodeling factor as one of the top hits. We found
that NURF301 interacts physically with the gypsy insula-
tor complex and promotes gypsy insulator barrier activ-
ity. ChIP-seq analysis revealed that NURF301 overlaps ex-
tensively with insulator proteins throughout the genome,
particularly with CP190. Depletion of NURF301 results
in reduced Su(Hw) and CP190 chromatin association with
gypsy binding sites, and altered insulator protein bind-

ing correlates with changes in nucleosome positioning in
Nurf301 mutant cells. Furthermore, depletion of CP190 or
Su(Hw) also disrupts recruitment of NURF301 to chro-
matin. Consistent with loss of Su(Hw) and CP190 chro-
matin association with gypsy binding sites, 3D contact and
overlap between insulator bodies and specific gypsy bind-
ing site DNA are also significantly decreased. Moreover, the
overall nuclear volume occupied by gypsy binding sites in-
creases as does their intermingling with non-gypsy binding
DNA sequences on the same chromosome after depletion
of NURF301. Our findings identify a cooperative relation-
ship between a nucleosome remodeling factor and insula-
tor proteins with respect to chromatin binding, promotion
of chromatin insulator activity, and maintenance of nuclear
organization.

MATERIALS AND METHODS

Drosophila strains

Fly lines were maintained on standard cornmeal medium
at 25◦C. We used lines expressing dsRNA against su(Hw)
(10724 GD) and Nurf301 (CG32346 GD) from the Vienna
Drosophila RNAi Center. Act5C-Gal4, Mef2-Gal4, and
l(3)31–1-Gal4 driver lines were obtained from the Bloom-
ington Drosophila Stock Center. UAS-luciferase constructs
were inserted into the attP3 landing site using phiC31 site-
specific integration (44). Protein extracts from second instar
larvae were used for western blotting.

Cell lines

Kc167 cells were grown in CCM3 media (Thermo Scien-
tific HyClone). Cells were maintained in monolayer at 25◦C.
Gateway cloning was performed to produce the pAWG-
mod(mdg4)67.2 vector, which contains the EGFP gene
fused to the C-terminus of mod(mdg4)67.2 cDNA. EcoRV
(NEB) and SphI (NEB) were used to remove the Act5C
promoter. The Ubiquitin promoter was amplified from the
pBKS-Ubi-hygro vector (primers are in Supplementary Ta-
ble S5), and this product was ligated into the digested
pAWG-mod(mdg4)67.2 vector. After co-transfection with
pCoBlast vector (ThermoFisher), 10 �g/ml blasticidin was
used to select stably integrated Mod(mdg4)67.2-GFP cells.
Individual clones were selected using limiting serial dilution
into untransfected feeder cells, and one selected line was
used for screening and subsequent analyses.

Immunofluorescence

Cells were centrifuged at 500 × g for 5 min and washed once
in PBS. 1 × 105 cells were applied to poly-L-lysine-coated
slides (Tekdon Inc.) at RT for 10 min and then fixed in 4%
paraformaldehyde (PFA) in PBS at RT for 10 min. For glass
slides subjected to cold stress, slides were transferred to a
4◦C cold room for 30 min before fixation. For slides sub-
jected to osmotic stress, 250 mM NaCl was added for 15
min before fixation. We tested different time points on both
slides and 384-well plates to determine the most appropri-
ate time for cold shock. Optimal cold shock times were 30
min for slides and 2.5 h for 384-well microplates.
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Cells were washed twice with PBS, permeabilized with
0.5% Triton X-100 for 10 min, and washed again. Cells were
blocked in 5% bovine serum albumin in PBST (0.1% Triton
X-100 in PBS) for 30 min at RT. After blocking, cells were
incubated with primary antibody for 1 h at RT and then
washed 3 times with PBST, following the incubation of sec-
ondary antibodies for 1 h at RT and washed again. Finally,
cells were stained in 2 �g/ml DAPI (Molecular Probes) pre-
pared in PBS and mounted using ProLong Diamond (Life
Technologies).

RNAi screening

The transcription factor (TF) sub-library (DRSC 2.0) was
purchased from the Drosophila RNAi Screening Center
(DRSC) at Harvard Medical School. It is comprised of
9 × 384-well plates, containing 993 genes. At least two
unique dsRNAs target each gene in independent wells.
Cp190, su(Hw), and mod(mdg4)67.2 are also in the TF
library. In our screen, we used su(Hw) dsRNA knock-
down as a positive control, mcherry knockdown as a
negative control, and mod(mdg4)67.2 knockdown as a
control for knockdown efficiency. Six wells of each 384-
well library plate were filled with mcherry, su(Hw) or
mod(mdg4)67.2 dsRNA (0.25 �g/5 �l/well), or water, us-
ing an Echo525 acoustic liquid dispenser (Beckman Coul-
ter). Then, 1.0 × 105 Mod(mdg4)67.2-GFP cells in 40 �l
were dispensed into 384-well plates using a Multidrop Dis-
penser (ThermoFisher). Cells were soaked with dsRNA at
25◦C for 4 days. Plates were then cold-shocked by plac-
ing them in a 4◦C room for 2.5 h before fixation. 40
�l of 8% paraformaldehyde (PFA, Electron Microscopy
Sciences) was added to the plates using the Bluewasher
washer/dispenser (Blue Cat Bio) and fixed for 10 min. After
2× washes in PBS, cells were stained with 2 �g/ml of 4′,6-
diamidino-2-phenylindole (DAPI) for 10 min and sealed
with Alumaseal before storage at 4◦C. Plates were imaged
on a CellVoyager CV7000 (Yokogawa) confocal spinning
disk high-throughput microscope, and images were pro-
cessed using Columbus software (PekinElmer). Parameters
for large foci were determined manually before applying
machine learning in Columbus. Well-level data from two
biological replicates of the screen were analyzed using the
cellHTS2 R package (45) (V2.44.0). Z’ score was used to
optimize parameters for high-throughput screening. Z’ is
a statistical measure for assay quality. By calculating the
standard deviation from the mean of the control data, it
shows the separation between the positive and negative con-
trols to evaluate overall assay quality. A maximum of 1.0
indicates an ideal assay, and >0.5 indicates a good, reli-
able assay (46). Z scores for each RNAi treatment in the
library were calculated to rank them based on their phe-
notypic effect measured as the number of large insulator
bodies. The morphology of insulator bodies in cells treated
and fixed in 384-well plates is different from those attached
to glass slides. On slides, foci are much more distinct, and
there is more diffuse GFP signal in 384-well plates after cold
stress. The observed differences are likely due to different ef-
ficiencies of heat transfer for plastic versus glass materials.
We observed Z score values of large insulator bodies also
for RNAi treatments (such as PHDP, SMR, Ets65A, and

L(1)10Bb) that caused cytotoxic or cytostatic effects, as
measured by a smaller Z score value for the number of cells
per well (Supplementary Tables S1 and S2). These dsRNA
treatments were not considered bona fide hits in the pheno-
typic screen and were de-prioritized for downstream valida-
tion.

DsRNA knockdowns

DsRNA primers against NURF301 were designed based
on recommendations from the DRSC. Templates were
PCR-amplified from cDNA of Kc cells using primers
containing the T7 promoter sequence (listed in Supple-
mentary Table S5). DsRNAs were synthesized using the
MEGAscript T7 in vitro transcription kit (Ambion) us-
ing PCR templates and then purified on NucAway spin
columns (ThermoFisher). 7 × 106 Kc cells were transfected
with 5 �g of dsRNA against Nurf301, Cp190, su(Hw), or
mod(mdg4)67.2 or mcherry (control) using Amaxa cell line
Nucleofector kit V (Lonza) and electroporated using G-30
program. Cells were incubated for 4 days at 25◦C before col-
lection, and knockdown efficiency was confirmed by west-
ern blotting.

Antibodies

For western blotting, rabbit anti-CP190 (47) (1:10 000; lab-
oratory made), guinea pig anti-Su(Hw) (48) (1:1000; labo-
ratory made), rabbit anti-Mod(mdg4)67.2 (49) (1:1000; lab-
oratory made), rabbit anti-NURF301 (1:1000; Novus Bio-
logicals), rabbit anti-GFP (1:2500, Abcam) and mouse anti-
Lamin B (ADL67.2, 1:10 000, DSHB), and mouse anti-
�-Tubulin (1:50 000; Sigma) were used. For immunostain-
ing, rabbit anti-CP190 (22) (1:2000 for IF, 1:1000 for IF
and FISH; laboratory made), guinea pig anti-Su(Hw) (48)
(1:1000; laboratory made), rabbit anti-Mod(mdg4)67.2 (49)
(1:1000; laboratory made), rabbit anti-NURF301 (1:700;
Novus Biologicals), and mouse anti-Lamin B (ADL67.2,
1:1000, DSHB) were used. Secondary goat antibodies la-
beled with AlexaFluor 488, AlexaFluor 546, or AlexaFluor
647 (Molecular Probes) were used at 1:1000.

Luciferase insulator barrier activity assay

Insulator barrier activity by luciferase assay was carried out
as described previously using Bright-Glo™ Luciferase Assay
System (Promega) (18,22). Luciferase signal was quantified
using a Spectramax II Gemini EM plate reader (Molecular
Devices). Luciferase levels were measured for twelve indi-
vidual whole third instar male or female for all genotypes
indicated in a single panel simultaneously. Luciferase values
were normalized to total protein of each larva determined
by BCA reagent (Thermo Scientific). The relative luciferase
activity of a population of a single genotype was aggregated
into a box and whisker plot. Populations were compared
with one-way ANOVA followed by a Tukey HSD post-hoc
test to obtain p-values for each pairwise comparison.

Co-immunoprecipitation

Embryonic nuclear extract was prepared from 20 g of mixed
stage (0–24 h) Drosophila embryos as described previously
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(21). Nuclei were lysed with 5 ml HBSMT nuclear lysis
buffer (50 mM HEPES, 150 m M NaCl, 1 M KCl, 3 mM
MgCl2, 0.3% Triton X-100 at pH 7, 1 mM PMSF and Roche
cOmplete protease inhibitor) and sonicated for 10 cycles
with 10 s on and 10 s off. The soluble fraction of extracts
was collected by centrifugation. 25 �l of Protein G or Pro-
tein A Sepharose beads (GE Healthcare) were washed three
times with nuclear lysis buffer for immunoprecipitation de-
pending on either antibody raised in guinea pig or in rab-
bit, respectively. 5 �l of rabbit anti-NURF301, 5 �l rabbit
IgG (Santa Cruz), 3 �l guinea pig normal serum (Covance
Research Products), 3 �l guinea pig anti-Su(Hw), 3 �l rab-
bit normal serum (Covance Research Products), 3 �l rab-
bit anti-CP190, or 3 �l rabbit anti-Mod(mdg4)67.2 (rab-
bit) were incubated with sepharose beads for 1 h at 4◦C,
and unbound antibodies were removed by centrifugation
at 1500 xg for 2 min. Beads were washed three times with
0.2 M sodium borate, pH 9, and then crosslinked with 20
mM DMP in sodium borate for 30 min at RT. Beads were
collected by centrifugation, quenched with ethanolamine
for 2 h, and washed three times with lysis buffer. After
crosslinking, 500 �g of nuclear extract was used for each
immunoprecipitation and incubated with antibody-bound
beads overnight at 4◦C. The next day, beads were collected
by centrifugation and washed three times with nuclear ly-
sis buffer. Samples were eluted with SDS sample buffer by
boiling, separated using SDS-PAGE, transferred to nitro-
cellulose membrane in 10 mM CAPS, pH 11, and detected
by western blotting.

Chromatin fractionation

Chromatin fractionation was performed as previously de-
scribed with minor modifications (50,51). Approximately 1–
2 × 107 Kc cells were washed twice with PBS. Cells were
lysed for 15 min on ice in cold CSKI buffer (10 mM PIPES
pH 6.8, 1 mM EDTA, 100 mM NaCl, 300 mM sucrose,
0.5% (v/v) Triton X-100, 1 mM MgCl2 supplemented with 1
Mini Complete tablet (Roche) per 10 ml lysis buffer. Lysate
was centrifuged at 500 × g at 4◦C for 5 min, and the su-
pernatants containing cytoplasmic and soluble nuclear frac-
tion were collected. The pellets were washed twice in CSKI
buffer and then resuspended in RIPA buffer (150 mM Tris–
HCl pH 8, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1%
(w/v) SDS, 1% (v/v) NP-40). All fractions were analyzed by
western blotting. We performed this experiment using four
biological replicates and quantified proteins using ImageJ
(52).

IP and mass spectrometry

Nuclear extracts from 18 g of mixed stage (0–24 h)
Drosophila embryos (21) were lysed in 5 ml HBSMT includ-
ing 1 mM PMSF and Complete protease inhibitor cocktail
(Roche). Immunoprecipitation was performed using previ-
ously described methods, and six replicates were pooled to-
gether for mass spectrometry. After IP, beads were washed
once with HBSMT nuclear lysis buffer, twice with HBSM
buffer, and eluted with 1% sodium dodecanoate for mass
spectrometry.

Proteins were analyzed using tandem HPLC-mass spec-
trometry at the NIDDK Mass Spectrometry Facility. Mass

from eluted peptides was queried in the UniProt database,
and results were analyzed using MaxQuant.

Generation of Oligopaint FISH probes

FISH libraries for ChX and Ch3L were designed using the
dm6 genome and multiplexed using the Oligominer pipeline
as previously described (53) with two or three sub-library
barcodes: (i) gypsy forward domains (gypsyF), (ii) gypsy re-
verse control domains (gypsyR), (iii) domain-specific bar-
codes to allow for amplification of single gypsy forward or
reverse control domains (Ch3L only). The following crite-
ria were used to call domains for the gypsy sub-libraries: (a)
Su(Hw), Mod(mdg4)67.2 and CP190 ChIP-seq colocaliza-
tion in Kc (19); (b) Su(Hw) and Mod(mdg4)67.2 colocal-
ization in BG3 (22); (c) colocalization is defined as at least
30% of each peak region overlapping for each comparison
and (d) peak was called in modENCODE data (54). For
ChX paints, 2500 bp were added up and downstream to en-
sure domains were over 5 kb. For Ch3L paints, 15 000 bp
were added up and downstream of domains to ensure do-
mains were over 30 kb. For the reverse control sub-libraries,
the chromosomal coordinates were reversed in one dimen-
sion by subtracting from the total bp of ChX or Ch3L. For
example, on Ch3L, the gypsy forward domain has chromo-
somal coordinates 171083 (start)-181532 (stop), and Ch3L
has 22997477 bp total. To obtain the reverse coordinates
for this domain, the start and stop coordinates were sub-
tracted from 22997477, giving a reverse domain location
on ch3L of 22815945 (start)–22826394 (stop). Any oligos
in the reverse control paints that overlapped with gypsyF
paints were omitted from the libraries, resulting in the re-
verse control paints containing only non-gypsy chromatin.
Coordinates for all probes can be found in Supplementary
Tables S6 to S9. Whole chromosome Oligopaints for Ch2L,
2R and X were a gift from E. Joyce and label the same do-
mains as previously described (55).

IF/FISH with Oligopaints

IF was performed as described above. After IF, slides were
post-fixed in 4% PFA for 10 min and washed for 2 × 5
min in PBS-T before proceeding with FISH. FISH was per-
formed as previously described (55). Slides were washed 1
× 5 min in 2 × SSCT (0.3 M NaCl, 0.03 M sodium citrate,
0.1% Tween-20), 1 × 5 min in 2 × SSCT/50% formamide
at RT, pre-denatured in 2 × SSCT/50% formamide at 92◦C
for 2.5 min, then in 2 × SSCT/50% formamide at 60◦C for
20 min. 100 pmol of primary Oligopaint probe was mixed
in hybridization buffer (10% dextran sulfate/2× SSCT/50%
formamide/4% polyvinylsulfonic acid (PVSA)) with a final
volume of 25 �l. After spotting of probe, slides were covered
with a coverslip, sealed with rubber cement, and denatured
for 2.5 min at 92◦C before transferring to a 37◦C humidified
chamber overnight. The next day, slides were washed in 2 ×
SSCT 15 min at 60◦C, 15 min at RT, and 5 min at RT in
0.2 × SSC. Secondary fluorophore probes in hybridization
buffer (10 pmol/25 �l) were added to slides, covered with a
coverslip, and sealed with rubber cement before incubating
in 37◦C humidified chamber for 2 h. Slides were washed in 2
× SSCT at 60◦C for 15 min, RT for 15 min, and 0.2 × SSC
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at RT for 5 min. All slides were washed with DAPI (1:10
000 in PBS) for 10 min and washed 2 × 5 min in PBS before
mounting in Prolong Diamond (Life Technologies).

Imaging, quantification and data analysis

Images for gypsy insulator IF and FISH were captured
at RT on a Leica DMi 6000B widefield fluorescence
microscope using a 1.4 NA 63× objective and Leica
DFC9000 sCMOS Monochrome Camera. Cells were grown
at 25◦C, and samples in control and different knock-
downs were processed in parallel. For the quantification
of Mod(mdg4)67.2-GFP foci, total GFP foci and large
GFP foci were considered. We used the TANGO 3D-
segmentation plugin for Fiji (56) to call total foci and
large foci (>0.5 �m3). Three biological replicates were per-
formed, and at least 500 cells in each condition were ana-
lyzed. NURF301 and Lamin B IF images were taken on a
Zeiss LSM 880 Airyscan with 63×/1.4 oil Plan-APO objec-
tive. Using the Zeiss 32 channel Airyscan detector, SR mode
was applied in acquiring the images. DAPI, CY3, CY5, and
FITC filter cubes were used for image acquisition.

Images of FISH were deconvolved using Huygens Pro-
fessional software (Scientific Volume Imaging, Hilversum,
Netherlands). After deconvolution, images were segmented
using TANGO. All nuclei were segmented using the ‘Hys-
teresis’ algorithm. For whole chromosome paints, segmen-
tation was performed using the ‘Hysteresis’ algorithm. Foci
were segmented using the ‘Spot Detector 3D’ algorithm. All
measurements were obtained using TANGO. If there is any
voxel (3D pixel) colocalization between FISH probe and
CP190 IF signals, we defined this as contact between these
objects (57). For each replicate, we quantified the contact
frequency by determining whether contact is true or false
in each cell in the population. We summarized data from
at least four biological replicates, and each dot represents
the average of >300 cells from one replicate. Statistical tests
were performed using Prism 8 software by GraphPad. Tiff
files for example images were created in ImageJ.

ChIP and ChIP-seq library preparation

2–3 × 107 cells were fixed by adding 1% formaldehyde di-
rectly to cells in culture medium for 10 min at RT with gen-
tle agitation. 0.125 M glycine was used to quench formalde-
hyde with gentle agitation for 5 min. Cells were centrifu-
gated at 500 × g for 5 min and washed twice with ice-
cold PBS. Chromatin preparation and chromatin immuno-
precipitation (ChIP) were performed following earlier de-
scribed methods (18). Two immunoprecipitation (IP) sam-
ples were pooled for library preparation. Libraries were
prepared according to the manufacturer’s protocol with
TruSeq adapters (Illumina). All samples were sequenced
with HiSeq2500 (Illumina) using 50 bp single-end sequenc-
ing at the NIDDK Genomics Core Facility.

ChIP-seq data analysis

FASTQ files of sequenced single-end 50 bp reads were
trimmed using cutadapt v3.4 (58) with arguments ‘–quality-

cutoff 20’, ‘-a AGATCGGAAGAGC’, ‘–minimum-length
25’ and ‘–overlap 10’. Then trimmed reads were mapped
to the Flybase r6-28 dm6 genome assembly with Bowtie2
v2.4.2 (59) using default arguments. Multimapping reads
were removed from mapped reads using samtools v1.12 (60)
view command with the argument -q 20. Duplicates were
removed from mapped, uniquely mapping reads with pi-
card MarkDuplicates v2.25.2 (http://broadinstitute.github.
io/picard/index.html). MACS2 v2.2.7.1 (61) (https://github.
com/taoliu/MACS) was used to call peaks by providing
replicate IPs and inputs as multiple BAMs, effectively call-
ing peaks on pooled/merged samples and using additional
arguments ‘-f BAM’, ‘–gsize = dm’, ‘-q 0.000001’, ‘–mfold
3 100’ (the latter to include a larger set of preliminary peaks
for fragment size estimation). Source codes were modi-
fied based on Github (https://github.com/lcdb/lcdb-wf/tree/
master/workflows/chipseq).

FlyBase release 6.28 annotations were used to anno-
tate peaks as follows. Exons were defined as any exon
from any transcript of any gene. Introns were defined as
the space between exons derived in a per-transcript man-
ner by using the gffutils (https://github.com/daler/gffutils)
method FeatureDB.create introns. Promoters were defined
as the TSS of each transcript plus 1500 bp upstream. In-
tergenic regions were defined as all regions between gene
bodies. Shared co-occupied peaks were determined using
pybedtools BedTool.intersect with the v = True or u =
True argument, respectively. Each set of peaks was in-
tersected with the annotations using this hierarchy ‘pro-
moter > exon > intron > intergenic’ where a peak was
classified according to the highest priority feature. Here,
a peak simultaneously intersecting a promoter of one iso-
form and an intron of a different isoform would be classified
as ‘promoter’. To compare percentages across annotated
peaks in different types of peaks (all NURF301, all CP190,
all Su(Hw), shared NURF301 and CP190 peaks, shared
NURF301, and all gypsy sites) the number of peaks in
each class was divided by the total number of peaks of that
type.

Binary heatmaps were generated using pybedtools v 0.8.2
(62,63). Since peaks for one protein can potentially over-
lap multiple peaks for other proteins, the output represents
unique genomic regions as determined by bedtools multiin-
ter with the -cluster argument. Therefore, as a result, when
considering the multi-way overlap with other proteins, the
sum of unique genomic regions for a protein is not guar-
anteed to sum to the total number of called peaks for that
protein.

Pairwise comparison for co-localization of different
factors was performed using the BEDTools ‘jaccard’
command (62,63). The heatmap was clustered with the
scipy.cluster.hierarchy module, using ‘euclidean’ as the dis-
tance metric and ‘Ward’ as the clustering method. As the
Jaccard statistic is independent of the order of comparison
and is symmetric across the diagonal, only the upper trian-
gle is shown.

Heat maps were generated using deeptools (v3.5.1). ChIP
reads were normalized to reads of input samples and
mapped in a 1.5 kb window centered on the CP190, Su(Hw),
or NURF301 summit.

http://broadinstitute.github.io/picard/index.html
https://github.com/taoliu/MACS
https://github.com/lcdb/lcdb-wf/tree/master/workflows/chipseq
https://github.com/daler/gffutils
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Differential ChIP-seq

To detect differential ChIP-seq binding, we used the
Diffbind v3.2/R package (64) using the config ob-
ject ‘data.frame(RunParallel = FALSE, DataType =
DBA DATA GRANGES, AnalysisMethod = DBA DE-
SEQ2, bCorPlot = FALSE, bUsePval = FALSE, minQCth
= 15, fragmentSize = 0)’ and otherwise used defaults. Input
files consisted of the final peak calls mentioned above and
the IP and input BAM files for each replicate as described
above with multimappers and duplicates removed. Then
the final results were exported with the dba.report function
with parameters ‘th = 1, normalize = DBA NORM LIB’
and final differentially gained or lost peaks were those
that had a log2 fold change of >0 or <0, respectively, and
FDR < 0.05.

ChIP quantitative PCR

ChIP DNA samples were prepared from pre-immune IP,
Su(Hw) IP, CP190 IP, and NURF301 IP from Kc cells
transfected with dsRNA against mcherry, su(Hw), Cp190,
or Nurf301. We used normal serum as a negative control for
Su(Hw) and CP190 and rabbit IgG for NURF301. Applied
Biosystems real-time PCR machine (Thermo Fisher) was
used to amplify ChIP DNA samples using SYBR Green re-
action systems (Applied Biosystems, primers are in Supple-
mentary Table S5). Experiments were performed using two
independent biological replicates and four technical repli-
cates for each sample. The P-values were calculated by Stu-
dent’s t-test.

Fisher’s exact tests

Two-sided FET was executed in R to calculate P-value and
odds ratio (24). For Figure 4C, this test was performed
for CP190 peaks that are decreased/not decreased in
NURF301-depleted cells versus overlapping/not over-
lapping with Su(Hw) binding in control conditions. For
Supplementary Figure S6E, this test was performed for
CP190 peaks decreased/not decreased in Su(Hw)-depleted
cells versus decreased/not decreased in NURF301-
depleted cells. For Supplementary Figure S7, this test
was performed for a particular set of peaks that are
increased/not increased in Nurf301 knockdown condition
versus overlapping/not overlapping with shifted nucleo-
somes. The same analysis was repeated for decreased/not
decreased or changed/unchanged peaks.

MNase-seq data re-analysis

MNase-seq raw reads from Drosophila larval hemocyte cells
(39) were downloaded and mapped to the dm6 genome as-
sembly using bowtie2 (59). Only uniquely mapping reads
were kept (mapq > 10) and processed with DANPOS2 (65).
This algorithm was applied to call nucleosome positions
and nucleosomes for which position on the DNA has shifted
in Nurf301 mutant larval hemocytes compared to wild type.
‘jd’ was set to 80, and other parameters were default. Bed-
tools merge (-d 150) was used to merge adjacent changed
nucleosomes.

Motif analysis

To search de novo motifs that are overrepresented, we used
HOMER (66) (v4.11) with default settings in the findMo-
tifsGenome.pl script. The highest-scoring sequences with p-
value and percentage in targets are presented.

RESULTS

Identification of NURF301 in a high-content RNAi imaging
screen for factors that affect the localization of insulator bod-
ies

The proper formation of insulator bodies is highly corre-
lated with gypsy insulator function and therefore serves as
a useful phenotypic readout for loss of gypsy insulator activ-
ity. To visualize insulator bodies in live cells, we selected sta-
bly transfected clones of an embryonic Kc167 hemocyte cell
line expressing C-terminal GFP-tagged Mod(mdg4)67.2.
In these clones, Mod(mdg4)67.2-GFP is expressed at a
similar level to endogenous Mod(mdg4)67.2, and it phys-
ically interacts with endogenous CP190 and Su(Hw) core
gypsy insulator proteins (Supplementary Figure S1). Fur-
thermore, as judged by confocal fluorescence microscopy,
Mod(mdg4)67.2-GFP colocalizes with CP190 and Su(Hw),
similar to endogenous Mod(mdg4)67.2 in untransfected
Kc167 cells (Supplementary Figure S2).

To validate that Mod(mdg4)67.2-GFP foci can be used
to monitor insulator body formation, we depleted individ-
ual gypsy insulator proteins by dsRNA transfection and
used Mod(mdg4)67.2-GFP localization as a readout for
insulator bodies. The efficiency of knockdowns was veri-
fied by western blotting, and depletion of any individual
gypsy insulator core protein does not affect the expression
level of the other gypsy proteins (Supplementary Figure
S3A). Mod(mdg4)67.2-GFP, CP190, and Su(Hw) colocal-
ized in the mcherry dsRNA treated cells (control cells), and
as expected, no GFP foci were detected after depletion of
Mod(mdg4)67.2 (Figure 1A). GFP foci number was also
reduced in both Cp190 and su(Hw) knockdown cells, veri-
fying that insulator bodies are disrupted after depletion of
either core gypsy insulator protein. We observed that GFP
foci became larger in su(Hw) knockdown cells. When only
large (>0.5 �m3) GFP-labelled insulator bodies are consid-
ered, only knockdown of su(Hw) caused an increase in foci
number (Figure 1A). Staining of Su(Hw) and CP190 in par-
allel indicated colocalization of Mod(mdg4)67.2-GFP with
residual insulator bodies after knockdown of either compo-
nent.

We then performed a high content imaging screen in 384-
well plates in Mod(mdg4)67.2-GFP cells treated with the
Drosophila RNAi Screening Center (DRSC) transcription
factor sub-library, which targets 993 genes in the Drosophila
genome. In the process of optimizing the assay for cell
growth and imaging in 384-well plates, we found that sub-
jecting cells to cold stress, but not osmotic stress, also in-
duces the formation of large and distinct insulator bod-
ies amenable for detection using automated analysis (Sup-
plementary Figure S3B, Supplementary video 1–3). Impor-
tantly, cold stress does not affect levels of core gypsy insula-
tor proteins or their nuclear/cytoplasmic distribution (Sup-
plementary Figure S3C). For screening, cells were incubated
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Figure 1. NURF301 affects the formation of gypsy insulator bodies. (A) Localization of insulator bodies is disrupted after depletion of individual gypsy
insulator proteins. Right panels are quantification of average total GFP foci number per cell and average number of large foci (volume > 0.5 �m3) per cell
imaged on glass slides. Cells were grown at 25◦C. (B) Workflow of high-content RNAi imaging screen: Pre-spot dsRNA on plates, dispense cell suspension,
incubate 4 days at RT then 2.5 h at 4◦C, fix and DAPI stain, image, and process data. (C) Average large foci number per nucleus after each dsRNA treatment.
Z’ factor = 0.8, indicating a good assay. (D) Verification on glass slides that NURF301 knockdown can alter the formation of gypsy insulator bodies. Cells
were grown at 25◦C, and these samples were processed in parallel with cells in (A). Quantification of the average total foci and large foci number are shown
on the right. Scale bars: 5 �m. Comparisons in groups are all compared with mcherry dsRNA knockdown control cells. Three biological replicates were
performed with n > 500 cells examined in each condition. Two-tailed unpaired t-test was used, and error bars show standard deviation. **P < 0.01 and
****P < 0.0001.
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with dsRNA for 4 days at RT and then cold shocked to
induce the formation of more prominent insulator bodies
(Figure 1B). Under these conditions, the majority of cells
in the mcherry knockdown (negative control) and water-
treated wells displayed a diffuse distribution of GFP sig-
nal in the nucleus in 384-well plates (Supplementary Figure
S4A). GFP signal was greatly diminished after knockdown
of mod(mdg4)67.2. In su(Hw) knockdown cells, GFP foci
became larger and more distinct, in agreement with our
preliminary assays (Figure 1A and Supplementary Figure
S4A). To verify suitable controls for our RNAi screen, we
calculated a Z’ score, where a maximum Z’ score of 1.0 in-
dicates an ideal assay and >0.5 indicates a good, reliable
assay (46). We verified that su(Hw) knockdown is a good
positive control for our screen, with a Z’ score of 0.8 (Fig-
ure 1C). As a negative control, the number of distinct foci
for Mod(mdg4)67.2-depleted cells is very low (Figure 1C).
We also observed a slightly but significantly reduced large
foci number in Cp190 knockdown cells (Supplementary Ta-
ble S1 and Figure S4B).

From our phenotyping RNAi screen, we identified RNAi
treatments that lead to an increase in large GFP foci
number (Supplementary Tables S1 and S2). These tar-
gets include the known insulator factor Pita, CG3847, and
NURF301/E(bx). Pita is a zinc-finger insulator protein that
interacts with the BTB domain of CP190 (7,67). CG3847
is predicted to function as a transcription factor regulat-
ing wing development and has a C2H2 zinc finger that can
bind to DNA (68). We chose to focus on the NURF301 nu-
cleosome remodeller for subsequent analysis because of the
strength of the observed effect after its knockdown (Supple-
mentary Table S1 and Supplementary Figure S4B). Follow-
up analysis with cells grown at RT and imaged on slides
showed that NURF301 is homogenously distributed in nu-
clei and not concentrated at insulator foci (Supplementary
Figure S4C). Moreover, in Nurf301 knockdown cells, the to-
tal GFP foci number per nucleus is significantly decreased,
but the number of large (>0.5 �m3) Mod(mdg4)67.2-GFP
foci is significantly increased (Figure 1D). Therefore, deple-
tion of NURF301 disrupts the localization of gypsy insula-
tor bodies similar to knockdown of su(Hw). Importantly,
NURF301 does not affect expression levels of insulator pro-
teins (Supplementary Figure S4D). These results confirm
that NURF301 can affect the formation of gypsy insulator
bodies.

NURF301 is required for gypsy insulator function

NURF301 has been shown to contribute to gypsy-
dependent enhancer-blocking activity but has never been
examined for its effect on its barrier activity. To inves-
tigate the role of NURF301 in gypsy-dependent barrier
activity, we performed a quantitative luciferase-based as-
say using different tissue-specific Gal4 drivers in order
to knockdown Nurf301 in flies. To validate the Nurf301
RNAi hairpin expressing line, we performed western blot
analysis after knockdown using a ubiquitous Act5C-Gal4
driver in second instar larvae (Figure 2B). We observed
lethality at the third instar larval stage upon depletion of
NURF301 using either ubiquitously expressed Act5C-Gal4

or da-Gal4 drivers, or a CNS-enriched l(3)31-1-Gal4 driver.
Depletion of NURF301 using a muscle specific Mef2-Gal4
driver did not affect viability, so it was used for further
analysis.

In the barrier assay, a luciferase transgene reporter with
upstream activation sites (UAS) is either insulated by flank-
ing Su(Hw)-binding sites or non-insulated and inserted into
a defined attP site within the genome (22,44). Gal4 expres-
sion drives both the luciferase reporter and specific knock-
down (Figure 2A). Luciferase is highly expressed in the in-
sulated compared to non-insulated control, due to the im-
pediment to repressive chromatin spreading in uninsulated
conditions. As a positive control, depletion of Su(Hw) us-
ing Mef2-Gal4 caused loss of barrier function and dras-
tic reduction of luciferase expression in the insulated line.
Knockdown of Nurf301 showed a significant decrease of lu-
ciferase activity compared to the insulated control line for
both males and females (Figure 2C and D). This quantita-
tive assay supports a role for NURF301 in promoting gypsy
insulator barrier activity.

NURF301 interacts physically and co-localizes throughout
the genome with gypsy insulator components

We next tested whether there is any physical interaction
between NURF301 and gypsy insulator components. We
performed immunoaffinity purification from Drosophila
embryonic nuclear extracts using an anti-NURF301 an-
tibody coupled with quantitative mass spectrometry (IP-
MS). We found that NURF301 physically interacts pre-
dominantly with many insulator/architectural proteins,
such as the core gypsy insulator proteins, Pita, M1BP,
GAF, and Ibf1/2 (Supplementary Table S3). NURF301
was also identified in both anti-CP190 and anti-Su(Hw) IP-
MS from embryonic nuclear extracts (24). We confirmed
the interaction between NURF301 and each of the core
gypsy components by co-immunoprecipitation from embry-
onic nuclear extracts using antibodies recognizing CP190,
Su(Hw), or Mod(mdg4)67.2 followed by western blotting
(Figure 3A).

To investigate the extent to which NURF301 co-localizes
with gypsy insulator proteins on chromatin, we per-
formed chromatin immunoprecipitation followed by se-
quencing (ChIP-seq) for NURF301, CP190, Su(Hw), and
Mod(mdg4)67.2 in Kc cells. We identified 9035 NURF301,
9731 CP190, 4633 Su(Hw), and 2231 Mod(mdg4)67.2 peaks
in Kc cells (Figure 3B). To validate the specificity of the
NURF301 antibody, we compared our NURF301 peaks
with Ebx-eGFP ChIP-seq performed by the modERN
project using anti-GFP antibody in Drosophila embryos
(69). There are 8108 Ebx-eGFP peaks in embryo, and
90% of these peaks were also identified in our NURF301
ChIP-seq (Supplementary Figure S5A), indicating high
correspondence between our data and previous results.
We also profiled the binding of Mod(mdg4)67.2-GFP
using anti-GFP in Kc-Mod(mdg4)67.2-GFP cells com-
pared to endogenous Mod(mdg4)67.2 in untransfected
Kc cells. We found that 3182 genomic sites were bound
by GFP, corresponding to 94% (2142 of 2231) of en-
dogenous Mod(mdg4)67.2 peaks. Moreover, 2153 of these
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Figure 2. NURF301 promotes gypsy insulator barrier activity. (A) Schematic diagram of in vivo insulator barrier assay. In the non-insulated UAS-luciferase
line, spreading of repressive chromatin leads to low expression of luciferase. In the insulated line, presence of the gypsy insulator acts as a barrier and allows
for high expression of luciferase. (B) Western blotting of male second instar larval extracts for NURF301, CP190, and Tubulin (loading control) in control
flies and NURF301RNAi knockdown flies using the Act5C-Gal4 driver grown at 25◦C. (C, D). Relative luciferase activity of insulated or non-insulated male
(C) and female (D) third instar larvae of control or with NURF301RNAi driven by Mef2-Gal4 driver. Su(Hw)RNAi is used as a positive control. For each
genotype, n = 12 individual larvae, with each experiment performed twice with similar results. One-way ANOVA followed by Tukey HSD post hoc test
was used to calculate P-values for pairwise comparisons. Box represents the 25–75th percentiles, and the median is indicated. The whiskers show minimum
and maximum values. P-values are indicated.

Mod(mdg4)67.2-GFP peaks also colocalize with Su(Hw)
(Supplementary Figure S5B).

In untransfected Kc cells, 7423 genomic sites are shared
between NURF301 and CP190, which is equivalent to 76%
of CP190 peaks and 82% of NURF301 peaks. Further-
more, 1990 Su(Hw) (43%) and 1653 Mod(mdg4)67.2 (74%)
peaks colocalize with NURF301 (Figure 3C). Among these
genomic sites, 1624 sites are co-occupied by NURF301,
CP190, Su(Hw) and Mod(mdg4)67.2. These results indi-
cate that NURF301 colocalizes with gypsy insulator pro-
teins on chromatin, especially with CP190 (Figure 3B and
C). There is also high overlap between NURF301 and
other insulator factors M1BP, Beaf32, CTCF, Pita, Zipic,
Ibf1, and Ibf2 (Supplementary Figure S5C). Pairwise com-
parisons of colocalization using Jaccard analysis indicates
that NURF301 co-localizes particularly well with CP190,
Su(Hw), Mod(mgd4), BEAF-32, M1BP, and Zipic (Supple-
mentary Figure S5D). In addition, NURF301 and CP190
co-occupied sites are enriched in promoter regions (Fig-
ure 3D). In contrast, Su(Hw) and Mod(mdg4)67.2 are
relatively evenly distributed throughout the genome, and
only approximately one-quarter of NURF301/gypsy co-
localized sites are enriched at promoters (Supplementary
Figure S5E).

NURF301 aids recruitment of Su(Hw) to chromatin and also
affects binding of CP190 to gypsy sites

To determine whether NURF301 promotes the recruit-
ment of gypsy insulator proteins to chromatin, we per-
formed ChIP-seq to examine core gypsy components af-
ter knockdown of Nurf301. After depletion, NURF301
ChIP-seq signal is greatly decreased (Figure 4A). We also
found that Su(Hw) binding diminished across the genome
after Nurf301 knockdown (Figure 4A and B). The Diff-
Bind (v3.2) algorithm (64) was applied to identify dif-
ferential peaks between control and Nurf301 knockdown
cells. We identified 1305 (28%) decreased and 90 increased
Su(Hw) peaks (false discovery rate (FDR) < 0.05, Figure
4C). Among these decreased Su(Hw) peaks, 720 peaks over-
lap with NURF301 binding in the control condition (Sup-
plementary Figure S6A), supporting that these effects are
likely direct.

Although the average signal of CP190 is increased after
depletion of NURF301 (Supplementary Figure S6B), we
found that there are changes in both directions, with 3198
(33%) increased and 1891 (19%) decreased CP190 peaks.
There are 3182 increased and 921 decreased CP190 peaks
that overlap with NURF301 binding in the control condi-
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Figure 3. NURF301 interacts physically with gypsy insulator proteins, and these factors co-localize genome-wide. (A) Co-immunoprecipitation of
NURF301 with core gypsy components. Nuclear extracts (NE) are from embryos aged 0–24 h collected at RT, which is the same material used for IP
followed by mass spectrometry. NE was immunoprecipitated with each antibody or with normal serum (IgG) as indicated. Unbound supernatant (Sup)
and bound (IP) fractions are also shown. Polycomb (Pc) is used as a negative control. (B) Representative screenshot of ChIP-seq profiles shows NURF301
co-localizes extensively with gypsy core components in Kc cells grown at 25◦C. Peaks called by MACS2 are indicated by black bars. Three biological
replicates were examined for each sample. (C) Binary heatmap of CP190, NURF301, Su(Hw), and Mod(mdg4)67.2 binding sites in Kc cells, ordered by
supervised hierarchical clustering. Each column represents a single independent genomic location, and a mark in a row indicates presence of the indicated
factor. Total peaks of each factor are shown on the right. 7423 genomic sites co-localize between NURF301 and CP190, and 1624 genomic sites (yellow
bar) were bound by all four factors. (D) Average signals of CP190 and NURF301 peaks, but not of Su(Hw) and Mod(mdg4)67.2, accumulate at the TSS.
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Figure 4. Depletion of NURF301 decreases the binding of gypsy core components throughout the genome. (A) Screenshot of ChIP-seq profiles of CP190,
Su(Hw), and NURF301 in control cells and Nurf301 knockdown cells. Cells were grown at 25◦C. Peaks in control samples are indicated by black rectangles,
and decreased peaks determined by the Diffbind algorithm (FDR < 0.05) in knockdown samples are indicated by blue rectangles. Three biological replicates
were performed for each condition. (B) Su(Hw) and CP190 ChIP-seq signal at called peaks centered on their summit, which are sorted by descending signal
in control cells. Left panel is Su(Hw), right panel is CP190 divided into three groups based on whether it overlaps with Su(Hw) (group I), is located near TAD
borders (group II), and remaining sites (group III). Corresponding signals are shown for control cells (left) or after NURF301 or Su(Hw) depletion (right).
(C) Binary heatmap of CP190, Su(Hw), and their respective decreased peaks after NURF301 depletion. At 708 genomic sites, both CP190 and Su(Hw)
are decreased in Nurf301 knockdown cells. (D) Total and differential peaks of Su(Hw) and CP190 in three groups in (B) after depletion of NURF301.
(E) Differentially bound CP190 and Su(Hw) ChIP-seq peaks in Nurf301 knockdown were validated by ChIP-qPCR. Chromatin association of CP190 and
Su(Hw) at Girdin, CR43718, and Ptth was reduced after depletion of NURF301. Normal serum is used as a negative control for ChIP, and CG4896 is used
as a negative control site, at which binding of CP190 and Su(Hw) are not affected by NURF301. Data are from two independent biological replicates and
measured using four technical replicates for each sample. The p-values were calculated using Student’s t-test. ns: not significant, * P < 0.05, **P < 0.01.

tion (Supplementary Figure S6A), again suggesting direct
effects of NURF301 depletion. We found that decreased
CP190 peaks are enriched for the Su(Hw)-binding motif
(Supplementary Figure S6C), and a strong correlation was
identified between decreased CP190 peaks after depletion
of NURF301 compared to Su(Hw) occupancy in control
cells (Figure 4C, Fisher’s exact test (FET), odds ratio = 2.8,
P < 2.2e−16). In contrast, increased CP190 peaks are en-
riched for M1BP and DREF binding motifs, which tend
to be located near TSSs and TAD borders (Supplementary
Figure S6C). Both DREF and BEAF-32 share almost iden-
tical binding specificities (Hart et al., 1999).

Since CP190 is a component of many different insula-
tor complexes, we divided CP190 peaks into three sepa-
rate groups in order to more deeply interrogate changes af-
ter NURF301 depletion. The first group colocalizes with
Su(Hw) (group I, n = 2880), and these sites are mostly
promoter-distal sites further from TAD borders (Supple-
mentary Figures S5E and S6D). The second group is com-
prised of non-Su(Hw)-overlapping CP190 sites that are

close to TAD borders (± 1 kb, group II, n = 2492). The
third group contains all remaining CP190 sites (group III,
n = 4377). After depletion of NURF301, the average sig-
nal of CP190 group I decreases while the signal of group II
increases, and group III remains mostly unchanged (Fig-
ure 4B), which is consistent with the changes of CP190
peaks in groups (Figure 4D). We validated a subset of de-
creased peaks by directed ChIP-qPCR. At these sites, bind-
ing of both CP190 and Su(Hw) are significantly reduced
after NURF301 depletion (Figure 4E). To assess whether
NURF301 may play a similar role to Su(Hw) in recruiting
CP190 to chromatin, we profiled CP190 in su(Hw) knock-
down cells and verified that CP190 binding is essentially
abolished specifically at Su(Hw) sites after Su(Hw) deple-
tion (Figure 4B). The sets of respective decreased CP190
peaks in either Nurf301 or su(Hw) knockdown cells are
highly overlapping (Supplementary Figure S6E, FET, odds
ratio = 3.3, P < 2.2e−16). Our results suggest that Su(Hw)
partially depends on NURF301 to be recruited to chro-
matin, and these findings are consistent with the possibil-
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ity that loss of Su(Hw) after NURF301 depletion subse-
quently results in loss of CP190 binding. On the other hand,
the binding of CP190 near TAD borders is reinforced in the
absence of NURF301, which is not observed after Su(Hw)-
depletion.

Loss of Su(Hw) binding in NURF301-depleted cells corre-
sponds to changes in nucleosome positioning

Since NURF301 is a nucleosome remodeller, we wanted to
determine whether and how changes in nucleosome posi-
tioning coincide with changes in Su(Hw) or CP190 binding
after depletion of NURF301. Previously it was shown by
MNase-seq on hemocytes derived from Nurf301 null mu-
tant third instar larvae that loss of NURF301 leads to nu-
cleosomes becoming more tightly packed at Su(Hw)/CP190
co-occupied sites (39). We thus compared these MNase-
seq data to our ChIP-seq data to investigate the relation-
ship between affected Su(Hw) and CP190 chromatin bind-
ing sites to nucleosomes with shifted DNA position after
losing NURF301.

We found that NURF301-dependent Su(Hw) binding
is modestly enriched for overlap with shifted nucleosomes
(50% decreased Su(Hw) peaks, Supplementary Figure S7A,
FET, odds ratio = 1.2, P = 8.2e−4). For CP190, NURF301-
dependent binding is actually depleted for overlap with
shifted nucleosomes (39% decreased CP190 peaks, Supple-
mentary Figure S7B, FET, odds ratio = 0.4, P < 2.2e−16).
However, CP190 peaks that increased after NURF301-
depletion are significantly enriched for overlap with shifted
nucleosome positioning (Supplementary Figure S7B, FET,
odds ratio = 1.8, P < 2.2e−16). We next compared the
MNase signal density at affected and unaffected Su(Hw)
or CP190 ChIP-seq sites after depletion of NURF301. For
both Su(Hw) and CP190 decreased peaks, we found an av-
erage increase in nucleosome occupancy over peak summits
in Nurf301 null mutants (Supplementary Figure S7C and
D), suggesting that NURF301 may help create nucleosome-
free regions at these sites to promote Su(Hw) and CP190
binding. For increased CP190 peaks in Nurf301 knockdown
cells, a larger nucleosome free region is visible in Nurf301
null mutants, perhaps due to a larger protein complex foot-
print. Lesser changes in nucleosome positioning were de-
tected in unchanged Su(Hw) and CP190 sites. These analy-
ses support the conclusion that NURF301-dependent bind-
ing of Su(Hw) and CP190 to chromatin is functionally re-
lated to NURF remodeling activity.

Su(Hw) and CP190 promote the binding of NURF301 to
chromatin

To determine whether insulator proteins have any impact
on NURF301 binding, we profiled NURF301 by ChIP-
seq after CP190 or Su(Hw) depletion. NURF301 protein
levels were not affected by knockdown of insulator pro-
teins (Supplementary Figure S8A). However, when assess-
ing chromatin-associated NURF301, we found 2842 (31%)
and 2657 (29%) decreased NURF301 peaks in Su(Hw)-
and CP190-depleted cells, respectively, and few increased
NURF301 peaks in either knockdown (Figure 5A). Sim-
ilar to our analysis for CP190 binding after depletion of

NURF301 and Su(Hw), we divided NURF301 peaks into
three groups, depending on whether they colocalize with
Su(Hw) (group I), do not colocalize with Su(Hw) and
are near TAD borders (group II), or neither (group III).
Knockdown of either Su(Hw) or CP190 resulted in sub-
stantial loss of NURF301 from all three groups, but re-
duction of signal is most apparent in group I (Figure 5B).
Consistent with a major effect on group I sites, decreased
NURF301 binding sites after knockdown of either Su(Hw)
or CP190 are enriched for the Su(Hw) motif (Figure 5C
and Supplementary Figure S8B). Finally, we observed 1193
commonly decreased NURF301 peaks after Su(Hw) and
CP190 depletion (Figure 5D). As a secondary test, we
used Triton X-100 extraction to measure the amount of
NURF301 protein levels in the chromatin-bound versus
nuclear soluble plus cytoplasmic fraction after Su(Hw) or
CP190 (Figure 5E). We found that NURF301 levels are re-
duced in the chromatin-bound fraction after depletion of
CP190 or Su(Hw), consistent with our ChIP-seq results.
These findings indicate that both Su(Hw) and CP190 are
required for proper NURF301 recruitment throughout the
genome.

Depletion of NURF301 results in loss of CP190 localization
specifically to gypsy sites in the nucleus

We next wanted to explore whether NURF301 affects the
interaction of gypsy insulator bodies with gypsy insulator
complex DNA binding sites in the nucleus. To investigate
this possibility, we visualized four sub-chromosomal loci on
Chr3L in pairs using Oligopaint FISH (probes A–D; Sup-
plementary Table S4) combined with immunofluorescence
to detect CP190. Probes A and C label genomic regions
with no gypsy insulator binding sites and were used as con-
trols. Probes B and D label genomic regions with multiple
CP190/Su(Hw)/Mod(mdg4)67.2/NURF301 binding sites
(gypsy probes; Figure 6A and Supplementary Figure S9A).
We performed IF/FISH for probes A and B or probes C
and D (Figure 6B, Supplementary Figure S9B) and quanti-
fied the contact frequency in the cell population and over-
lap volume (voxel colocalization) in individual cells between
insulator bodies and each probe. We observed that on aver-
age, insulator bodies more often contact probes containing
gypsy binding sites than non-gypsy binding site probes in
control cells (Figure 6C, D and Supplementary Figure S9C,
D). The population contact frequencies between insulator
bodies and gypsy binding site probes ranged from 24% to
44%, while the contact frequencies between insulator bodies
and non-gypsy binding sites ranged from 22% to 35%. Con-
tact between insulator bodies and gypsy binding site probes
was significantly decreased in the population after depletion
of NURF301 or Su(Hw), but no difference was observed
for contact between insulator bodies and control probes af-
ter either depletion (Figure 6C and Supplementary Figure
S9C). Importantly, even when contact is made, the overlap
volume in individual cells is reduced specifically between
gypsy binding probes and insulator bodies after Nurf301
and su(Hw) knockdowns, and no significant change in the
population average overlap of control probes and insulator
bodies was observed (Figure 6D and Supplementary Figure
S9D–F). These results support the possibility that CP190
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Figure 5. Su(Hw) assists the recruitment of NURF301 at a subset of sites. (A) Representative screenshot of decreased NURF301 after knockdown of
Nurf301, su(Hw), or Cp190 in Kc cells. Cells were grown at 25◦C. Peaks called in control samples are indicated by black rectangles, and decreased peaks
in knockdown conditions are shown as blue rectangles. Three biological replicates were performed for each condition. (B) ChIP-seq signals for NURF301
are classified into three groups based on overlap with Su(Hw) (group I), location near TAD borders (group II), and remaining sites (group III) in control
and Su(Hw)- or CP190-depleted cells. (C) Motif enrichment of decreased NURF301 peaks after depletion of Su(Hw). (D) Binary heatmap of NURF301
and decreased NURF301 after depletion of Su(Hw) or CP190. (E) Protein levels of NURF301, CP190, Su(Hw), and Mod(mdg4)67.2 in total cell lysate,
cytoplasmic and soluble nuclear fraction, and chromatin-bound fractions of control and knockdown cells, as indicated. LaminB and Tubulin were blotted
as a control for a chromatin-bound and cytoplasmic protein, respectively. Quantification of NURF301 protein level is graphed at the bottom. Data are
from four biological replicates and paired t-test was used. *P < 0.05, **P < 0.01.

protein is released from gypsy binding sites after depletion
of either NURF301 or Su(Hw).

NURF301 specifically alters the 3D organization of gypsy
insulator binding sites

As NURF301 depletion not only alters insulator body lo-
calization but also disrupts the contact of insulator bodies
and insulator protein binding sites, we wondered whether
NURF301 knockdown affects the overall 3D spatial or-
ganization of gypsy DNA binding sites. Therefore, we de-
signed Oligopaints to specifically detect all DNA sequences
co-occupied by CP190, Su(Hw), and Mod(mdg4)67.2 on
Chr3L and ChrX as defined by ChIP-seq in Kc cells (19,22)
and designated these paints ‘gypsyF’ (Figure 7A and Sup-

plementary Figure S10A). As a control, we used the one-
dimensional (1D) reverse of the chromosomal coordinates
for the gypsyF paints, resulting in the same 1D distribu-
tion of domains but labeling only non-gypsy insulator chro-
matin (gypsyR paints). We also verified that the volume
of gypsyF and gypsyR paints are similar in control cells,
consistent with a similar amount of DNA being painted
by the two probe sets (Figure 7A–C and Supplementary
Figure S10A–C).

To test if there are changes to the 3D organization of
gypsy binding sites chromosome-wide after knockdown of
NURF301 and insulator proteins, we quantified the vol-
ume of gypsyF and R paints relative to nuclear volume be-
fore and after knockdown (Figure 7C). We observed no sig-
nificant change in gypsyR paint volume for either chr3L
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Figure 6. NURF301 specifically affects the co-localization of insulator bodies with gypsy insulator DNA binding sites in the nucleus. (A) Screenshot of
the ChIP-seq profiles of CP190/Su(Hw)/Mod(mdg4)67.2/NURF301 in 30 kb probe regions. Black bars represent peaks identified by MACS2 in control
Kc cells. Pink and blue rectangles indicate increased and decreased peaks in knockdown samples, respectively. Probe A was used as a control, which has
no CP190/Su(Hw)/Mod(mdg4)67.2 colocalized sites (gypsy sites). Probe B has multiple sites with enriched signals of CP190/Su(Hw)/Mod(mdg4)67.2.
(B) Representative images of CP190 immunostaining and Oligopaint FISH signals in Kc cells grown at 25◦C after dsRNA treatment as indicated. Scale
bar represents 2 �m. (C) Percentage of cells displaying contact between CP190 and respective probes. Data are from five biological replicates, each dot
represents one biological replicate, n > 300 cells per replicate. (D) For cells showing contact in (C), average overlapped volume between CP190 and probes
relative to CP190 volume. Overlap value was normalized to the volume of CP190 to exclude the bias of increased size of insulator bodies in Nurf301 and
su(Hw) knockdown cells. Paired t-test was used, and error bars show standard deviation. ns, not significant; *P < 0.05 as indicated.

or chrX in Kc cells treated with dsRNA against Nurf301,
su(Hw), or Cp190 (Figure 7C and Supplementary Fig-
ure S10C). However, we observed a significant increase in
gypsyF paint volume in NURF301 and Su(Hw)-depleted
cells. No significant change was observed for gypsyF paint
volume in CP190-depleted cells (Figure 7C and Supple-
mentary Figure S10C). These results might suggest that
the 3D structure of chromatin containing gypsy sites be-
comes decondensed in NURF301 and Su(Hw)-depleted
cells.

If gypsyF-painted regions, which occupy ∼18% of the
chromosome, become decondensed after NURF301 or
Su(Hw) knockdown, we would expect the volume of nu-
clei and whole chromosome territories (CTs) to increase ac-

cordingly. To test this possibility, we performed Oligopaint
FISH using previously published whole chromosome paints
labeling chromosomes 2L, 2R, and X in Kc cells (Supple-
mentary Figure S11A, S11B and Supplementary Table S4)
(55). We found that nuclear volume was unchanged by all
dsRNA treatments compared to mcherry (Supplementary
Figure S11C). Furthermore, no significant differences in CT
volume or overlap were observed (Supplementary Figure
S11D and S11E). These results suggest that gypsy binding
sites are not simply becoming decondensed after depletion
of NURF301 or Su(Hw). Instead, the increased volume of
gypsyF paints likely indicates a declustering of gypsy do-
mains within the CT. Our results with the whole chromo-
some paints further suggest that depletion of NURF301 or
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Figure 7. Depletion of NURF301 specifically alters 3D arrangement of gypsy insulator binding sites. (A) Schematic of gypsy probes on Chr3L. The co-
occupied sites of Su(Hw)/CP190/Mod(mdg4)67.2 are designated as gypsyF probe, and the 1D reverse of non-gypsy sites are designated as control probe
(gypsyR). The DNA amount labeled by gypsyF or gypsyR paint is ∼5 Mb. (B) Representative images of CP190 IF and signals of gypsyF and gypsyR
probes in dsRNA treated Kc cells. Cells were cultured at 25◦C. Images are maximal projections of 26 Z-stacks. Nuclear edge is indicated with dashed line.
Scale bar: 2 �m. (C) Probe volume relative to the fraction of nuclear volume. Left panel is control gypsyR probe, right is gypsyF probe. (D) Intermixing
volume of gypsyF and gypsyR paints relative to nuclear volume. Data are from four biological replicates and a dot represents each replicate, n > 300 cells
in each sample. Paired t-test was used, and error bars show standard deviation. ns, not significant; *P < 0.05 as indicated. (E) Nucleosome remodeller
NURF301 cooperates with Su(Hw) to promote stable insulator complex binding at gypsy insulator sites to establish higher-order chromatin structure.
After depletion of NURF301, Su(Hw) and CP190 cannot properly bind to gypsy binding sites, thus impairing gypsy insulator function and influencing
chromatin organization.

gypsy insulator proteins does not lead to global changes in
3D genome organization. Therefore, our findings suggest
that NURF301 and Su(Hw) depletion specifically alters the
3D organization of gypsy insulator binding sites.

To test our model that depletion of NURF301 or Su(Hw)
specifically alters the clustering of gypsy domains within a
CT, we quantified the overlap between gypsyF and gypsyR
probe sets for single chromosomes. If domains labeled by
gypsyF paints are becoming declustered but CT volume
is not increasing, we would predict an increase in overlap
between the gypsyF and gypsy R paints. Indeed, we ob-

served significantly increased overlap between gypsyF and
R paints after depletion of NURF301 or Su(Hw), con-
comitant with the increase of gypsyF volume (Figure 7D
and Supplementary Figure S10D). This result supports a
model where depletion of NURF301 or Su(Hw) changes
the sub-chromosomal 3D organization of domains previ-
ously occupied by the gypsy insulator complex. Together,
these FISH-based studies indicate that NURF301 plays a
crucial role in regulating the 3D organization of gypsy chro-
matin domains and recruiting insulator bodies to gypsy
sites.
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DISCUSSION

Here, we identified NURF301 as a factor required
for proper gypsy insulator body localization using a
high throughput visual RNAi screen. NURF301 pro-
motes gypsy-dependent barrier activity and physically in-
teracts with gypsy insulator core components. Further-
more, NURF301 colocalizes with gypsy insulator core
components genome-wide on chromatin. We found that
NURF301 and Su(Hw) mutually affect the binding of one
another to chromatin, and NURF301 also promotes the
recruitment of CP190 to gypsy binding sites. These effects
generally correspond to NURF301-dependent changes in
nucleosome remodeling. Finally, NURF301 is specifically
required for the proper 3D arrangement of gypsy insulator
binding sites and their partitioning within a chromosome
territory.

NURF301 and Su(Hw) appear to function cooperatively,
and each factor promotes the binding of the other at en-
dogenous gypsy binding sites throughout the genome (Fig-
ure 7E). More than one-fourth of Su(Hw) ChIP peaks de-
crease after depletion of NURF301, and these decreased
peaks on average display increased nucleosome occupancy
in Nurf301 null mutants. At the same time, depletion of
Su(Hw) also results in partial loss of NURF301 bind-
ing, particularly at Su(Hw)-binding sites. Mild loss of
NURF301 binding at non-Su(Hw)-binding sites could be
an indirect effect on alternative CP190-containing com-
plexes. Our results are consistent with the possibility that
Su(Hw) helps recruit NURF301 and the NURF complex
to DNA to remodel nucleosomes, which in turn stabi-
lizes Su(Hw) binding. Creation of a nucleosome-free re-
gion could promote the ability of the gypsy insulator com-
plex to act as a barrier to interrupt the spread of repres-
sive chromatin, which may require nucleosomes to be adja-
cent in order to extend efficiently. Indeed, previous studies
demonstrated that the nucleosome turnover rate is partic-
ularly high at insulator chromatin (12,70,71). Reduced nu-
cleosome occupancy could also result in a change in flex-
ibility or adoption of a particular DNA conformation in-
compatible with Polycomb-dependent silencing. Interest-
ingly, Su(Hw) binding sites display high regularity of ad-
jacent nucleosome phasing (72), similar to what has been
observed for mammalian CTCF (73,74). Previous work
showed that NURF301 also promotes gypsy-dependent en-
hancer blocking activity, but it is unclear how creation of a
nucleosome free region affects this particular function. Per-
haps increased or stabilized Su(Hw) binding at these sites
could affect protein-protein or DNA looping interactions
needed to constrain enhancer-promoter interactions. Ulti-
mately, Su(Hw) promotes the recruitment of the universal
insulator protein CP190, and CP190 is essential for gypsy
insulator activity (6).

Although we also found that NURF301 promotes CP190
binding to endogenous gypsy insulator sites, the func-
tional relationship between NURF301 and CP190 appears
more complex than that between NURF301 and Su(Hw).
In NURF301-depleted cells, approximately one-third of
CP190 ChIP peaks that overlap with Su(Hw) are reduced.
Consistent with previous reports (6,54), we found that
CP190 binding is drastically and specifically reduced at

Su(Hw)-binding sites after Su(Hw)-depletion, indicating an
absolute requirement for Su(Hw) to recruit CP190 to en-
dogenous gypsy insulator sites. Therefore, loss of Su(Hw)
binding after NURF301 depletion is likely to also result
in loss of CP190 binding. However, in NURF301-depleted
cells, CP190 binding not only partially decreases at sites to
which Su(Hw) normally binds but also increases at other
CP190-binding sites, particularly those located near pro-
moters and TAD borders. This increase cannot simply be
due to excess availability of CP190 as a result of loss of re-
cruitment to Su(Hw) sites. Whether this accumulation of
CP190 at TAD borders is due to an effect on the specific
cofactors recruiting CP190 to these sites is not clear, but
motif analysis revealed enrichment of M1BP and BEAF-
32 binding motifs. We conclude that NURF301 can either
promote or inhibit CP190 binding depending on the specific
context, perhaps dependent on which cofactors are present.
Depletion of CP190 mainly affects NURF301-binding at
some Su(Hw) sites but also disrupts its binding at additional
sites. Loss of CP190 has previously been shown to have a
destabilizing effect on Su(Hw)-binding (6,54) and could af-
fect additional insulator complexes with which CP190 and
NURF301 interact.

Our Co-IP and mass spectrometry data verified physical
interaction between NURF301 and all three core gypsy in-
sulator proteins but also identified other classes of insula-
tor proteins associated with NURF301. These additional
factors include Pita, BEAF-32, Ibf1, and Ibf2, all of which
also are known to interact with CP190 (5,7,75). Consistent
with NURF301 interacting with multiple insulator com-
plexes, it has been shown previously that NURF301 can
promote Fab-7, Fab-8, SF1, and gypsy-dependent enhancer
blocking activity (39,42,43). Fab-8 and SF1 insulators are
known to be CTCF- but not Su(Hw)-dependent (8,9,76),
suggesting that recruitment of nucleosome remodeling ac-
tivity may be a general feature of chromatin insulator com-
plexes. For each insulator sequence, it was shown that nu-
cleosome occupancy increases at these insulator sequences
when NURF301 is depleted, suggesting that NURF301-
dependent remodeling activity does occur at these sites.
However, one study found that NURF301 and ISWI ac-
tually attenuate Fab-8 enhancer blocking activity and also
suggested that NURF301 and ISWI may affect the gypsy
insulator outside the context of the NURF complex (43).
Interestingly, previous immunoaffinity purifications of em-
bryonic nuclear extracts using either anti-CP190 or anti-
Su(Hw) coupled with quantitative mass spectrometry iden-
tified NURF301 as an abundant interactor, but the other
three components of the NURF complex, including Iswi
the catalytic subunit, were observed at much lower levels
or were completely absent (24). Furthermore, ISWI, Caf1-
55, and Nurf-38 were each assayed using two independent
dsRNAs as part of the DRSC transcription factor library
in our visual screen for insulator body mislocalization, but
none of these other NURF subunits were scored as positive
hits (Supplementary Table S1). It remains a possibility that
NURF301 may affect gypsy insulator complex formation at
least partially outside the context of NURF.

The functional significance of gypsy insulator bodies is
still a matter of debate. We found that cold stress, like os-
motic stress (25), can enhance the formation of insulator



7922 Nucleic Acids Research, 2022, Vol. 50, No. 14

bodies. However, the mechanism by which either stress is
detected by cells and transmitted to insulator bodies is com-
pletely unknown. We took advantage of this phenomenon
to perform a visual screen and followed up candidates un-
der normal growth conditions. Upon their initial discov-
ery, it was suggested that insulator bodies could act as hubs
to scaffold chromatin loops throughout the genome (77).
Later work proposed that insulator bodies may act as in-
tranuclear storage sites for insulator proteins that are not
bound to chromatin (26). Addressing this question directly
for the first time, our study examined the colocalization
of insulator bodies with endogenous gypsy insulator DNA
binding sites by DNA FISH with Oligopaints. Importantly,
we found that insulator bodies more frequently contact ge-
nomic domains containing gypsy binding sites than non-
gypsy chromatin on the same chromosome. Similarly, when
contact is made, the resulting 3D overlap volume in indi-
vidual cells between insulator bodies and domains contain-
ing gypsy binding sites is significantly larger than the over-
lap between insulator bodies and non-gypsy sites. These re-
sults indicate that insulator bodies do likely correspond to
chromatin bound insulator complexes, but the cell-to-cell
variability in both contact and overlap between insulator
bodies and our FISH probes suggests that not all gypsy
DNA binding sites are located in insulator bodies in all cells.
Higher resolution studies will be needed to fully address
this question. Furthermore, depletion of either Su(Hw) or
NURF301 reduces both contact and overlap of insulator
bodies with these gypsy insulator binding sites, consistent
with chromatin binding being required for insulator body
proximity to DNA. Aberrantly large insulator bodies af-
ter knockdown of either factor may result from release of
insulator proteins from gypsy binding sites and increased
multimerization of insulator proteins. Interestingly, when
we examined whole chromosome gypsy insulator binding
site paints, we found that the entire volume occupied by
these probes but not control reverse probes increased in
Su(Hw) and NURF301-depleted cells. This finding implies
that gypsy insulator complexes promote the clustering of
gypsy sites within CTs, perhaps by promoting looping be-
tween binding sites. Moreover, intermixing between these
two probe sets increased while overall CT volume was unaf-
fected. These results suggest that gypsy insulator complexes
help partition the genome into distinct 3D structures within
a CT, consistent with their role in demarcating distinct tran-
scriptional domains.

Taken together, our results support a model in which
gypsy insulator bodies are functionally relevant structures
that correspond at least to some extent to insulator pro-
teins bound to DNA (Figure 7E). Our results are also con-
sistent with the possibility that insulator bodies may func-
tion as storage depots for insulator proteins to facilitate
rapid loading or disassociation of insulator proteins at these
sites, a process that may be regulated under stress condi-
tions. We found that Su(Hw) cooperatively interacts with
NURF301 to create nucleosome free regions at gypsy bind-
ing sites to further recruit CP190. Together, these factors
promote gypsy insulator function and gypsy-dependent nu-
clear organization. Further work is needed to address the
precise biochemical mechanism of NURF-dependent nu-

cleosome remodeling with respect to gypsy and potentially
other insulator complexes.
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