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Abstract

The genome folds into a hierarchy of three-dimensional (3D) structures within the nucleus. At the 

sub-megabase scale, chromosomes form topologically associating domains (TADs)1–4. However, 

how TADs fold in single cells remains elusive. Here, we revealed TAD features inaccessible to 

cell-population analysis by using super-resolution microscopy. TAD structures and physical 

insulation associated with their borders are variable between individual cells, yet chromatin 

intermingling is enriched within TADs compared to adjacent TADs in most cells. The spatial 

segregation of TADs is further exacerbated during cell differentiation. Favored interactions within 

TADs are regulated by cohesin and CTCF through distinct mechanisms: cohesin generates 

chromatin contacts and intermingling while CTCF prevents inter-TAD contacts. Furthermore, 

TADs are subdivided into discrete nanodomains, which persist in cells depleted of CTCF or 

cohesin, whereas disruption of nucleosome contacts alters their structural organization. Altogether, 

these results provide a physical basis for the folding of individual chromosomes at the nanoscale.
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Introduction

Chromosome folding is a complex process involving a hierarchy of architectural layers, 

from nucleosome clutches5,6 to chromosome territories7. High-throughput chromosome 

conformation capture (Hi-C) studies revealed that, at the sub-megabase scale, the genome is 

partitioned into TADs, which have been proposed to delimit regulatory landscapes where 

functional interactions between genes and distal cis-regulatory elements occur8. In 

mammals, most TADs are defined by the binding of CTCF in a convergent manner at their 

borders and by the action of the cohesin complex9–16. However, the structure of mammalian 

TADs and their association with genome activity in individual cells are still under debate. 

Single-cell Hi-C (scHi-C) studies described heterogeneous chromatin contacts, suggesting 

that TADs reflect probabilistic preferential interactions rather than stable chromosomal 

domains17–19. On the other hand, microscopy analyses revealed “nanocompartments” that 

largely correspond to TADs in flies20, and “TAD-like” structures were recently observed in 

individual mammalian cells21, but their exact relationship with the TADs defined in Hi-C is 

unclear.

Results

To investigate single-cell chromosome architecture at the sub-megabase scale, we combined 

fluorescent in-situ hybridization (FISH) with Oligopaint22,23 and super-resolution 3D 

structured illumination microscopy (3D-SIM24–26) in mouse embryonic stem cells (ESCs). 

We used high-resolution Hi-C27 to design pairs of differently labeled Oligopaint probes 

either within an individual TAD or in two adjacent TADs to compare their intermingling 

(Fig. 1a, b; Extended Data Figs. 1 and 2). The imaging of a probe simultaneously labeled in 

two colors indicated the precision of our approach (median 3D distance between the 

centroids of the two segmented colors = 34 nm; Extended Data Fig. 3a, b). The 

quantification of 3D overlap fractions (OFs) revealed a striking higher intermingling of 

probes located within a TAD (median OF = 0.21; 17% of the cell population displaying an 

OF < 0.1) compared to adjacent TADs [median OF = 0.06; 64% of the cell population 

displaying an OF < 0.1 (Fig. 1c)]. Moreover, for similar genomic distances separating probe 

centers (245 kb versus 275 kb), a much shorter 3D distance distribution was observed within 

the same TAD compared to between TADs (median distance of 185 nm versus 349 nm), thus 

reflecting the constrained arrangement of the chromatin fiber within TADs (Fig. 1c). 

Measurements of the correlation of probe signal intensities, a method free of image 

segmentation, confirmed these data (Extended Data Fig. 3c). Averaged pictures aggregating 

all individual structures reflect the differential spatial organizations of probes, with those 

within TAD appearing to belong to the same unit while those between TADs being 

physically separated (Fig. 1a, averaged panel). We confirmed the higher OFs and shorter 3D 

distances within TADs than between TADs (Fig. 1e; Extended Data Fig. 3d-f) by extending 

the analysis to a comprehensive set of 15 probe pairs that were similarly designed to locate 

either within individual TADs or in two adjacent TADs (Fig. 1d and Extended Data Fig. 1). 

The variability in OFs and distance distributions between the different probe pairs also 

indicated that TAD structures and insulation do not represent a constant organization but 

rather vary along the genome, consistent with previous Hi-C measurements28. Moreover, the 

relatively broad distributions observed for both OFs and 3D distances within the same probe 
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pair reflected the cell-to-cell heterogeneity of chromatin folding. Although the intermingling 

between probes separated by a border often corresponds to limited inter-TAD contacts, a 

subset of them displayed OF values similar to those measured from probes within TADs 

(19% of OFs calculated from probe pairs between TADs surpassed the median OF from 

probe pairs within TADs; Extended Data Fig. 3e), suggesting that merging of adjacent TADs 

can occur. Yet, in a large majority of single cells, the degree of chromatin intermingling is 

higher within TADs compared to adjacent TADs. To examine the relationship between Hi-C 

and FISH, we calculated the fraction of Hi-C reads connecting consecutive probes (hereafter 

defined as crossing contact fraction) for each labeled locus (Extended Data Fig. 3g). This 

score highly correlated with the mean OF (ρ = 0.88; P < 0.001), and inversely correlated 

with the mean 3D distance between probe centroids [ρ = -0.85; P < 0.001 (Fig. 1f)], 

demonstrating a strong relationship between Hi-C contacts and the physical organization of 

TADs. This also indicates that super-resolution FISH successfully captures the spectrum of 

the different interaction strengths measured by cell-population Hi-C. We then investigated 

the relationship between scHi-C data18 and imaging. Confirming previous observations, 

contacts in scHi-C appeared to vary between cells (Extended Data Fig. 3h)17–19. 

Nevertheless, in most cells the crossing contact fraction between labeled regions were 

significantly higher within TADs than between TADs for which borders were defined by 

cell-population Hi-C (Extended Data Fig. 3i, j). Altogether, these data demonstrate that 

TADs form heterogeneous chromosomal entities that favor intra-TAD over inter-TAD 

contacts in individual cells.

ESCs have a plastic chromatin organization that may be reflected in a more cell-to-cell 

heterogeneous TAD organization compared to differentiated cells27,29. To address this, we 

used an in vitro differentiation system to generate neural progenitor cells (NPCs) from ESCs 

(Fig. 2a) and utilized Hi-C available from the same cell type27. In order to analyze 

chromatin folding in a pure population of NPCs, we combined FISH with a Pax6 neuronal 

transcription factor immunostaining (Extended Data Fig. 4a). Consistent with the results in 

ESCs, OFs were higher and physical distances shorter for probes located within individual 

TADs than between TADs (Fig. 2b; Extended Data Fig. 4b, c). Crossing contact fractions 

measured in NPCs were remarkably well correlated with the OFs (ρ = 0.96; P < 0.001), and 

inversely correlated with the mean physical distances between probe centroids [ρ = -0.94; P 
< 0.001 (Fig. 2c)]. Moreover, differences in chromatin intermingling within or between 

TADs were exacerbated in NPCs compared to ESCs, as measured by the increase of the ratio 

of the mean OFs within TAD over between TADs (Fig. 2d and Extended Data Fig. 4d). 

Consistently, only 9% of the OFs between TADs surpassed the median OF measured from 

probes within TADs in NPCs. The spatial segregation of chromatin into TADs is therefore 

enhanced in NPCs, in accordance with increased insulation observed in Hi-C27,29. 

Furthermore, probes in NPCs were globally more condensed than in ESCs (Extended Data 

Fig. 4e). Nevertheless, dispersion measurements for both OFs and 3D distances indicated 

similar relative cell-to-cell variability in TAD intermingling between the two cell types, 

indicating that cell heterogeneity persists during differentiation (Extended Data Fig. 4f). We 

then studied regions that are structurally rewired during differentiation, such as distinct 

TADs in ESCs merging into one in NPCs [pairs of probes 21-22, 32-33, 101-103 (Extended 

Data Fig. 1)]. At the Zfp42 locus, the border between two TADs in ESCs, associated with 
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high expression of the Zfp42 gene, becomes abolished in NPCs upon repression of the gene 

(Fig. 2e)27. The disappearance of the border corresponds to a fusion of the two genomic 

regions into a larger domain with higher intermingling (ESCs versus NPCs, median OFs = 

0.04 and 0.19, median 3D distances between centroids = 490 and 295 nm, respectively; Fig. 

2f, g), confirming the physical nature of the insulation detected by Hi-C (Extended Data Fig. 

4g). A similar structural organization of this locus was observed in vivo in mouse E14.5 

neocortex NPCs (ncxNPCs) (Fig. 2e-g; Extended Data Fig. 4g). We also investigated a 

situation where a weak internal border is formed in the absence of CTCF at the transcription 

start site of the activated Zfp608 gene in NPCs (Extended Data Fig. 4h)27. In this case and in 

agreement with the crossing contact fraction measured in Hi-C, no significant changes in 

OFs and 3D distances were observed between cell types (Extended Data Fig. 4i-k), 

consistent with an internal transcription-associated rewiring of contacts inside the original 

TAD instead of a split into two distinct physically insulated domains.

CTCF and cohesin were previously shown to be essential for TAD separation in Hi-

C11,13,15,16. However, Hi-C does not provide information on the physical nature of the loss 

of insulation between TADs in individual CTCF- and cohesin-depleted cells. We thus 

performed FISH and super-resolution imaging in a transgenic mouse ESC line (referred to as 

CTCF-AID) in which endogenous CTCF can be degraded upon auxin treatment (Extended 

Data Fig. 5a)11. Upon CTCF depletion, TAD-dependent differences in chromatin 

intermingling were totally abolished, such that OFs and 3D distances between intra- or inter-

TAD probes were very similar (Fig. 3a-d and Extended Data Fig. 5b, c; 52% of the OFs 

between TADs surpassed the median OF measured from probes within TADs). Loss of TAD 

borders induced ectopic intermingling between previously insulated regions (mean inter-

TAD OF increase of 38% compared to untreated cells), showing that CTCF prevents 

contacts between adjacent TADs (Fig. 3c, e and Extended Data Fig. 5b). We also observed a 

decrease in intra-TAD interactions (mean intra-TAD OF decrease of 14%; Fig. 3e and 

Extended Data Fig. 5b), indicating a partial redistribution of chromatin contacts across TAD 

borders. The spatial segregation of TADs in CTCF-AID untreated cells was already weaker 

than in wild-type ESCs (Fig 2d and Extended Data Fig. 5c), in agreement with the 

previously reported 2- to 3-fold decrease of CTCF level in untreated CTCF-AID compared 

to wild-type cells11. To compare the roles of CTCF and cohesin in TAD formation, we next 

generated a mouse ESC line in which an AID tag was introduced into the RAD21 cohesin 

subunit (RAD21-AID) to induce its depletion upon auxin treatment (Extended Data Fig. 5d). 

In RAD21-depleted cells, differences in intra- versus inter-TAD chromatin intermingling 

were also strongly reduced (Fig. 3a-c, f and Extended Data Fig. 5e, f; 43% of the OFs 

between TADs surpassed the median OF measured from probes within TADs). However, in 

contrast to CTCF depletion, the loss of preferential contacts within TADs was due to a 

decrease of intra-TAD interactions (mean intra-TAD OF decrease of 41%), while ectopic 

intermingling between adjacent TADs was generally not observed (mean inter-TAD OF 

increase of 6%), strongly suggesting that the primary function of cohesin is to generate 

chromatin contacts (Fig. 3c, g and Extended Data Fig. 5e). Consistent with the unfolding of 

TADs upon RAD21 depletion, 3D distances between probe centroids located in adjacent 

TADs were larger than in untreated cells (Fig. 3c and Extended Data Fig. 5e). Therefore, the 

enrichment of chromosomal contacts within TADs is regulated by the combined action of 
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CTCF and cohesin through distinct mechanisms: cohesin is responsible for chromatin 

contacts that generate intermingling of distant chromatin regions, while CTCF mainly 

prevents inter-TAD contacts.

We further used super-resolution FISH to characterize inner TAD structural features that 

cannot be assessed with diffraction-limited microscopy (Extended Data Fig. 6a-c). TADs 

range from condensed spherical structures to stretched and decondensed conformations 

(Extended Data Fig. 6d). Furthermore, they are organized into smaller discrete chromatin 

nanodomains (CNDs) that vary in size and number within each TAD (Fig. 4a, b; Extended 

Data Fig. 6e, f). DAPI-stained nuclei that were not submitted to FISH confirmed the folding 

of the chromatin into CNDs with sizes in good agreement with those measured within TADs 

(median CND size of 235 nm and 247 nm for DAPI and for TADs labeled by FISH, 

respectively; Fig. 4c, d and Extended Data Fig. 6g). Of note, CNDs were readily detected 

even in probes homogeneously covering regions with uniform epigenetic features that do not 

display internal borders in Hi-C despite very high sequencing depth (Fig. 4a and Extended 

Data Figs. 1 and 2). This indicates that cell-to-cell variable boundaries prevent their 

identification in ensemble Hi-C experiments. Therefore, CNDs represent a general 

organization of chromatin rather than the previously described “sub-TADs”, which are 

detected by Hi-C or micro-C12,30,31 within TADs characterized by specific epigenomic 

composition or by CTCF sites. Unlike TAD insulation, TAD structures and CNDs were 

largely unaffected upon CTCF degradation (Extended Data Fig. 7a, b). In RAD21-depleted 

cells, we observed an increase in TAD volume and in the number of CNDs per TAD 

(Extended Data Fig. 7c). However, a previous study using similar cohesin depletion 

experiments in ESCs showed that it induces defects in cell cycle progression with a shift 

from G0/G1 to G2/M phases32. Moreover, our imaging data revealed that individual alleles 

in interphase nuclei often appeared as two distinct segmented objects, indicating that 

replicated sister chromatids were improperly paired upon RAD21 removal (Extended Data 

Fig. 7d). Individual unpaired sister chromatids in RAD21-depleted cells and individual 

chromosomes in G1-staged ESCs showed a similar folding into TADs and CNDs (Extended 

Data Fig. 7e, f). The observed changes in TAD volumes and shapes and in CND numbers 

under RAD21 depletion are thus mainly due to replicated sister chromatids adopting a loose 

pairing configuration. Furthermore, the size of CNDs remained mostly unaffected (Extended 

Data Fig. 7c). Therefore, the organization of chromosomes into CNDs persists in cells 

depleted for CTCF or cohesin, consistent with CNDs and TADs representing two distinct 

layers of chromosome folding. On the other hand, we observed that inactive chromatin 

regions were more condensed and folded into fewer CNDs than active ones (Extended Data 

Fig. 8a-f). We therefore hypothesized that the formation of CNDs depends on nucleosome-

nucleosome interactions. Since histone acetylation is known to prevent these interactions6,33, 

we treated ESCs with trichostatin-A (TSA), an inhibitor of histone deacetylases which 

induces histone hyper-acetylation (Extended Data Fig. 8g). In TSA-treated ESCs, TADs 

remained spatially segregated (Extended Data Fig. 8h,i). However, histone hyper-acetylation 

disrupted CND organization, leading to a decrease in their volume associated with an 

increase in their number (Fig. 4e-g; Extended Data Fig. 8j). Hence, the formation of CNDs 

relates to the chromatin state. Finally, we previously reported the organization of Drosophila 
chromosomes into discrete chromatin domains20. In this species, TADs do not appear to rely 
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on CTCF and cohesin34, and have a smaller genomic size compared to their mammalian 

counterpart (mean size ~100 kb versus ~900 kb)3,4,35. Interestingly, the size and structure of 

a 110 kb Drosophila TAD closely resembles CNDs (Extended Data Fig. 6h, i), suggesting 

that, in this species, both correspond to the same structural layer of chromatin folding, as 

opposed to mouse in which TADs generated by CTCF and cohesin encompass several CNDs 

(Fig. 4b, d).

Discussion

By applying super-resolution microscopy to image many loci in different cell types, we were 

able to characterize the fine structural organization of TADs as well as their relative spatial 

organization in individual cells (Fig. 4h). Our data indicate that heterogeneous domains with 

various shapes and resilient borders can coexist with enriched intra-TAD interactions, 

reconciling the variable nature of TADs detected by scHi-C17–19 and microscopy21,36 and 

their potential to form regulatory landscapes8. Moreover, the characterization of the 

structural organization of chromosomes both in CTCF- and RAD21-depleted cells allowed 

us to discriminate their role in shaping TADs. Cohesin generates chromatin intermingling, 

while CTCF, by defining TAD borders, delimitates cohesin-induced chromatin interactions 

within TADs, in line with the loop-extrusion mechanism9,14,37,38. These results are also 

consistent with a recent study showing that cohesin promotes domain intermingling39. 

Finally, the identification of an intermediate level of physical folding between nucleosomes 

and TADs represented by discrete and heterogeneous CNDs is consistent with super-

resolution live-imaging analyses40. Here, we show that this structural organization is distinct 

from TADs in mammals (Fig. 4h), clarifying the observation of globular domains in single 

cells with physical insulations located outside CTCF borders that persist after removal of 

cohesin21. Previous studies showed that nucleosomes can form clutches that depend on their 

acetylation states5,6,33, suggesting that CNDs contain ensembles of smaller clutches that 

aggregate by a self-assembly mechanism driven by nucleosome interactions41. It will be 

important to elucidate the functional role of CNDs, whether CNDs might constrain 

enhancer-promoter interactions (which are in the same ~100 kb range as the size of CNDs), 

and to investigate mechanisms that regulate the formation, size and topological 

consequences of CNDs and TADs on vertebrate genomes.

Methods

Cell culture and tissue preparation

To generate the RAD21-AID cell line, E14Tg2a cells were transfected using a Neon 

transfection system, using one million cells and 15 μg of a Rad21-AID-eGFP targeting 

vector (pEN527, Addgene # 156452) together with 5 μg of a pX330-derived vector encoding 

Cas9 and a sgRNA against CCACGGTTCCATATTATCTG (pX330-EN1082, Addgene 

#156450). Cells were selected with blasticidin as a pool for 10 days and transfected with 

pCAGGS-Flpo-IRES-puro and subcloned without antibiotics. A homozygous blasticidin-

sensitive clone was identified by PCR and used to knock-in a Tir1-2A-puro cassette at the 

TIGRE locus using Addgene 92142 with 92144 and subcloned with puromycin, yielding cell 

line EN272.2.
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ESCs (E14Tg2a cell line) were cultured on 0.1% gelatin (G1890-100G, Sigma-Aldrich) 

coated dishes in GMEM (21710025, Gibco), supplemented with 15% FBS qualified serum 

(6140079, Thermofisher Scientific, USA origin), 1× Glutamax (35050038, Thermofisher 

Scientific), 1× MEM Non-Essential Amino Acids (11140035, Thermofisher Scientific), 50 

U Penicillin-Streptomycin (15140122, Gibco), 0.1 mM Sodium Pyruvate (11360070, 

Gibco), 0.1 mM 2-Mercaptoethanol (31350010, Gibco), and 1,000 U/ml LIF (ESG1107, 

Sigma-Aldrich). Medium was changed every day and cells were passaged every two days 

using TrypLE Express Enzyme (12604013, Gibco). Histone hyper-acetylation was 

performed by incubating ESCs with TSA (647925, Sigma-Aldrich, 100 ng/ml final 

concentration) for 6 hours before harvesting. CTCF-AID cells (ID#EN204.3)42 were 

cultured and induced as previously described in11. RAD21-AID cells were cultured without 

Penicillin-Streptomycin using the medium previously described for ESCs. Briefly, Indole-3-

Acetic Acid sodium salt (16954, Auxin analog, Cayman) was added in the medium (final 

concentration at 500 μM) for 2 days or 6 hours before harvesting CTCF-AID or RAD21-

AID cells, respectively.

ESCs were differentiated into NPCs as described in43 with the following changes. Cells 

were plated (2.5 × 105 cells per 10-cm dish) on 0.1% gelatin-coated dishes in the ESC 

medium previously described. After 1 day, cells were cultured in DDM medium (DMEM/

F-12, GlutaMAX Supplement; 31331-028, Gibco), supplemented with 0.05% BSA 

(15260-037, Gibco), 1× MEM Non-Essential Amino Acids (11140035, Thermofisher 

Scientific), 50 U Penicillin-Streptomycin (15140122, Gibco), 1× N-2 Supplement 

(17502-048, Gibco), 1 mM Sodium Pyruvate (11360070, Gibco) and 0.1 mM 2-

Mercaptoethanol (31350010, Gibco). From day 2 to day 10, medium was changed every 2 

days and cyclopamine (239803-1MG, Millipore) was added in the medium (final 

concentration at 0.4 μg/ml). After 12 days of differentiation, cells were dissociated with 

StemPro Accutase (A11105-01, Gibco), plated on 6-well plates coated with Poly-L-lysine 

(P2636, Sigma)/Laminin (11243217001, Sigma), and cultured in a 1:1 mixture of DDM and 

Neurobasal/N27 medium [(21103049, Gibco) supplemented with 1× B27 without vitamin A 

(12587-010, Gibco) and 1× GlutaMAX Supplement (31331-028, Gibco)] and 50 U 

Penicillin-Streptomycin (15140122, Gibco) for additional 2 days (D12+2) to obtain NPCs.

Brains from E14.5 C57BL/6J embryos were dissected and fixed in 4% PFA overnight at 

4°C. They were then cryopreserved for 24 h at 4°C in a PBS-20% sucrose solution. After 

embedding in OCT and fast freezing in isopentane, brains were sectioned at 10-μm width on 

slides with a cryostat (Leica). All mice were housed and maintained following the guidelines 

of the Animal Care and Use Committee of the Institut National de la Santé et de la 

Recherche Médicale (INSERM) in accordance with the European Council directive 

(2010/63/UE) for the protection and use of vertebrate animals.

Flies were raised in standard cornmeal yeast extract medium at 21°C. Embryos were 

harvested on agar/vinegar plate at stages 15 to 16 after egg laying, equivalent to a 

development of 12 to 16 hours at 25°C. Embryos were manually dechorionated on a double-

face adhesive tape and displayed on an agar/vinegar plate to avoid drying during manual 

selection under a GFP binocular. To analyze the 110 kb Drosophila TAD in an haploid 

context, i.e. on chromosome X in male embryos, a Y-GFP reporter line (y[1], 
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w[67c23];Dp(1;Y), y[+] P{ry+11} P{w[+mC]=ActGFP}JMR1) was used for the selection 

of WT GFP+ male embryos (Szabo et al, 2018).

Western blot

For CTCF western blot, ESCs (approximately 10 × 106 cells) were dissociated, resuspended 

in cold PBS, pelleted and resuspended in 10 mM HEPES-KOH pH 7.9, 1.5 mM MgCl2, 10 

mM KCl, 0.5 mM DTT, 0.2 mM PMSF, Protease Inhibitor Cocktail (PIC, 04693132001, 

Roche; 10 μl per 1 ml) and kept on ice for 10 minutes. Cells were busted by 10 seconds 

vortex, centrifuged, resuspended in 20 mM HEPES-KOH pH 7.9, 25% Glycerin, 420 mM 

NaCl, 1.5 mM MgCl2, 0.5 mM DTT, 0.2 mM PMSF, PIC and incubated for 20 minutes on 

ice. After centrifugation 2 min at 13,000 rpm at 4°C, the supernatant was stored at -80°C. 

Protein concentration was measured using Pierce BCA Protein Assay Kit (23227, Thermo 

Scientific) and 10 or 20 μg of nuclear extracts were used per lane and mixed with 4× Bolt 

LDS Sample Buffer (B0007, Invitrogen) and 10× Bolt™ Sample Reducing Agent (B0009, 

Invitrogen) before loading. Acid extraction was performed for histone western blot. Briefly, 

ESCs (approximately 10 × 106 cells) were dissociated, washed twice in PBS, 5 mM Na 

Butyrate, pelleted and resuspended in 10 mM HEPES-KOH pH 7.9, 1.5 mM MgCl2, 10 mM 

KCl, 0.5 mM DTT, 0.5% NP-40, 5 mM Na Butyrate, PIC (5 volumes of pellet). Cells were 

lysed by vortex and pipetting. After addition of H2SO4 at 0.4 N final, incubation was 

performed 30 minutes on ice. After centrifugation 15 min at 15,000 rpm at 4°C, supernatant 

was collected and 4 volumes of cold acetone was added, followed by an overnight 

precipitation at -20°C. After centrifugation 15 min at 15,000 rpm at 4°C, pellets were 

washed twice in 1 ml cold acetone and dried 1 min at 96°C. The pellet was resuspended in 

200 μl Sample Buffer and 7.5 or 15 μl were loaded per lane. Samples were run on Bolt™ 

4-12% Bis-Tris Plus Gels (NW04122BOX, Invitrogen). The transfer was performed for 2 h 

at 1A with Nitrocellulose/Filter Paper Sandwiches (1620215, Biorad). Membranes were 

incubated in 10% milk powder/TBST (TBS/0.2% Tween 20) for 1 hour at room temperature 

under gentle agitation. Anti-CTCF (61311, Active motif; 1/1,000 dilution), anti-RAD21 

(ab154769, Abcam; 1/1,000 dilution), anti-Vinculin (sc-73614, SantaCruz Biotechnology; 

1/1,000 dilution), anti-histone H4 (Sigma-Aldrich 07-108; 1/2,000 dilution) or anti-acetyl-

histone H4 (06-598, Sigma-Aldrich; 1/1,000 dilution) primary antibodies were incubated 

overnight in 1% milk powder/TBST at 4°C or 1 hour at room temperature under gentle 

agitation. After 4 washes in TBST, secondary antibody [Anti-Rabbit IgG-Peroxidase 

antibody (A0545-1ML, Sigma-Aldrich; 1/15,000 dilution), or Anti-Mouse IgG–Peroxidase 

antibody (A9044-2ML; 1/15,000 dilution) was incubated for 1 hour at room temperature 

under gentle agitation. Before Vinculin staining, the membrane was stripped with Restore™ 

Western Blot Stripping Buffer (21059, Thermo Scientific). Revelation was performed using 

SuperSignal West Dura Extended Duration Substrate solution (34075, Thermo Scientific) 

for 5 min in the dark and imaged with a Biorad Chemidoc. Images were treated with Image 

Lab v5.1.

Oligopaint probe design and preparation

Oligopaint libraries were constructed following the procedures described in22; see the 

Oligopaints website (https://oligopaints.hms.harvard.edu) for further details. Libraries were 

ordered from CustomArray (Bothell, WA) in the 92K Oligo pool format. Coordinates 
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(mm10), size, number, density of probes and primers used for libraries for libraries are listed 

in Extended Data Figure 9. Oligopaint libraries were discovered using the archive mm9 bed 

files or the mm10 “balance” bed files22,23,44, which consist of 32 mer or 35-41-mer genomic 

sequences throughout the regions of interest, respectively. Bed files can be retrieved from the 

Oligopaints website (https://oligopaints.hms.harvard.edu). Each library contains a universal 

primer pair followed by a specific primer pair hooked to the genomic sequences (114-116 or 

117-125 mers in total, respectively). Oligopaint libraries were produced by emulsion PCR 

amplification from oligonucleotide pools followed by a “two-step PCR” procedure and the 

lambda exonuclease method described in22. The “two-step PCR” leads to secondary 

oligonucleotide-binding sites for signal amplification with a secondary oligonucleotide 

(Sec1 or Sec6) containing two additional fluorophores, each oligonucleotide carrying three 

fluorophores in total. ATTO-565 and Alexa-488 or ATTO-647 fluorophores were used for 2-

color imaging. All oligonucleotides used for Oligopaint production were purchased from 

Integrated DNA Technologies (IDT, Leuven, Belgium). The Drosophila Oligopaint probe 

corresponds to the TAD2 probe on X chromosome described in20. Oligonucleotide primer 

sequences (5’ → 3’) used in this study are listed in Supplementary Table 1.

FISH

The FISH protocol is described in45. Briefly, cells were grown directly on coverslips [170 ± 

5 μm (Zeiss)] and washed once with PBS. For cell-cycle analysis, cells were resuspended at 

a concentration of 1.5 × 106 cells/ml and deposited on coverslips coated with poly-L-lysin 

(P8920, Sigma-Aldrich; 0.01% w/v in water) for 10 minutes in a humid chamber. For 

Drosophila, four to five dechorionated and selected male embryos were squeezed directly on 

poly-L-lysin coated coverslips with a Dumont #55 tweezer prior fixation (see more details 

in20). Cells were fixed for 10 min in PBS/4% paraformaldehyde, rinsed in PBS, 

permeabilized for 10 min in PBS/0.5% Triton X-100, rinsed in PBS, incubated for 10 min in 

0.1M HCl and rinsed in 2× SSC/0.1% Tween 20 (2× SSCT). Cells were then incubated for 

20 min in 50% formamide/2× SSCT at room temperature and for 20 min 50% formamide/2× 

SSCT at 60°C. Probe mixtures contained Oligopaint probe at ~1-3 μM final concentration 

with the same amount of their secondary oligo and 0.8 μl of RNase A in 20 μl of FISH 

Hybridization Buffer [FHB; 50% formamide, 10% dextran sulfate, 2× SSC, and salmon 

sperm DNA (0.5 mg/ml)]. Probe mixtures were added directly to coverslips that were then 

sealed on glass slides with rubber cement (Fixogum, Marabu). Cell DNA was denaturated 

for 3 min at 80°C on a heating block immersed in a water bath, and probes were hybridized 

overnight at 42°C in a dark and humid chamber. Cells were then washed for 15 min in 2× 

SSCT at 60°C, 10 min in 2× SSCT at room temperature, 10 min in 0.2× SSC, and twice in 

PBS. For FISH in NPCs, the FISH protocol was followed by an immunostaining after these 

washing steps (see Immunostaining procedure). Cells were then incubated 10 min in PBS 

with DAPI (final concentration at 1 μg/ml) and washed again at least three times for 5 min 

each in PBS. For DAPI analysis without FISH, cells were fixed, permeabilized, washed in 

PBS and incubated with DAPI as described above. Coverslips were mounted on slides with 

Vectashield (CliniSciences) or Abberior liquid mounting medium for STED imaging and 

sealed with nail polish.
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Immunostaining

After the washes of the FISH procedure following probe hybridizations, cells were washed 

in PBS/0.1% Tween 20 (PBT) and incubated for 1 hour in PBT/2%BSA. Incubation with an 

anti-Pax6 rabbit polyclonal antibody (PRB-278P-0100, Covance; 1:1,000 dilution in PBT/

2%BSA) was performed overnight at 4°C between coverlips and glass slides in a humid and 

dark chamber. Cells were then washed in PBT and incubated with a secondary antibody 

(Donkey anti-Rabbit Alexa-647, A31573, Invitrogen; 1:200 dilution in PBT/2%BSA) for 1 

hour at room temperature between coverlips and glass slides in a humid and dark chamber. 

Cells were then washed in PBT, incubated in PBS with DAPI (final concentration at 1 

μg/ml) and washed again at least three times for 5 min each in PBS. Coverslips were 

mounted on slides with Vectashield (CliniSciences) and sealed with nail polish.

Image acquisition

3D-SIM imaging was performed with a DeltaVision V4 OMX microscope equipped with a 

×100/1.4 numerical aperture (NA) Plan Super Apochromat oil immersion objective 

(Olympus) and electron-multiplying charge-coupled device (EMCCD; Evolve 512B, 

Photometrics) cameras for a pixel size of 80 nm. Diode lasers at 405, 488, 561 and 647 nm 

were used with the standard corresponding emission filters. Z-stacks were acquired by 

scanning the sample in the axial direction (z-step of 125 nm) using five phases and three 

angles per image plane. Raw images were reconstructed using SoftWorx (version 6.5, GE 

Healthcare) using channel-specific optical transfer functions (pixel size of reconstructed 

images = 40 nm). Quality of reconstructed images was assessed using the SIMcheck plugin 

of ImageJ46. Conventional wide-field images were generated from raw images by averaging 

angles and phases for each plane.

STED imaging was performed with an Expert line (Aberrior instruments) using an X83 

inversed microscope equipped with a ×100/1.4 NA oil immersion objective (Olympus). 

FISH probes labelled with ATTO-647 were observed by using a 640 nm excitation laser line 

at 40% of power combined with a depletion completed with a 775 nm laser at 30 % of 

power. Images were collected with a pixel size of 20 nm and a dwell time of 10 μs with an 

averaging of 2.

Image analysis

For 2-color FISH, raw super-resolution reconstructed channels were aligned using 

Chromagnon software47 using as reference files images of probes simultaneously labeled 

with the two corresponding fluorophores. Super-resolution reconstructed images were 

processed using the “Threshold and 16-bit conversion” utility of the SIMcheck plugin of 

ImageJ46 for further analysis. Image analysis was conducted using MATLAB (R2018-2019) 

and its “image processing toolbox”. Region of interests (ROIs) of 2.2 × 2.2 μm throughout 

all z-slices surrounding FISH loci were extracted for further automated processing. Images 

were smoothed using 3D Gaussian filters (σ = 0.5), and FISH probes were segmented in 3D 

using Otsu’s method. Segmented objects smaller than 0.04 μm3 (0.008 μm3 for the small 5d2 

probe and for Drosophila TAD) or in contact to the image border were discarded. Images 

with more than one segmented object per channel were discarded (except for the analysis of 

unpaired sister chromatids in RAD21-depleted cells, in which only images with two 
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segmented objects were kept for the analysis). Segmented images were systematically 

verified by visual inspection. All quantitative analysis of volumes, densities, sphericities, 

principal axis lengths and CND numbers and sizes were performed using probes labeled 

with ATTO-565 fluorophore to avoid eventual differences coming from resolution (out of 

the 26 designed probes, #51a and #102a were not analyzed in Extended Data Fig. 8b, c, e 

and f). Volumes were calculated by multiplying the number of segmented voxels by the 

voxel volume. Densities were calculated by dividing the genomic size (in bp) of the probes 

by their mean volume. Principal axis lengths were defined as the lengths of the major axes of 

ellipsoids that have the same normalized second central moments as the segmented probes. 

Sphericity scores ψ were calculated using the following formula: ψ = π
1
3(6V )

2
3

A  in which V is 

a volume of the segmented object and A is its surface area (a sphericity of 1 corresponds to a 

perfect sphere). OFs were calculated using Jaccard Index of the segmented probes labeled in 

different colors and 3D distances were calculated between their centroids. PCCs were 

calculated using the intensities (scaled from 0 to 1) of the two channels from maximum 

projected images. To generate averaged images, individual segmented probes of each 

channel were first projected along the axial direction and the 2D distance between their 

centroid was calculated. For each color, all the binary segmented images were centered 

using probe centroids and summed. Composite images were generated by shifting the two 

different channels along one axis using the mean 2D distance calculated between the 

centroids. For CND quantification, the watershed function (image processing toolbox) was 

applied to the complement of the scaled intensity values (0 to 1, without Gaussian filter) 

within ROIs defined by the full probe segmentations described above. Watershed segmented 

objects smaller than 0.0072 μm3 were discarded. An independent CND quantification was 

performed using ImageJ software: images were maximum projected along the z-axis before 

segmentation using Otsu’s method, and local intensity maxima above Otsu’s threshold value 

within the largest segmented object were identified using the “Find Maxima” utility (noise 

tolerance = 10). For DAPI analysis, a single z-slice was extracted and DAPI was segmented 

using Otsu’s method; objects smaller than 0.0144 μm2 were discarded. Watershed was then 

applied as described above within the ROI defined by DAPI segmentation. For comparison 

with FISH, a single z-slice was randomly selected between the minimum and maximum z 
coordinate of FISH segmented object. Watershed was then applied as for DAPI, within ROIs 

defined by probe segmentation. For STED images, probes were first segmented using Otsu’s 

method (images filtered using a Gaussian filter, σ = 2; segmented objects smaller than 0.04 

μm2 were discarded), and watershed was applied as described above (objects smaller than 

0.0036 μm2 were discarded). Extrapolated diameters d were calculated using the following 

formula d = 4 × A
π  in which A is the surface of the watershed segmented object. For cell-

cycle analysis, conventional wide-field images were projected along the z-axis using average 

intensity and smoothed with a Gaussian filter (σ = 8) before DAPI segmentation using 

Otsu’s method. Segmented nuclei touching image borders or smaller than 38.4 μm2 were 

discarded and individual nuclei contacting each other were further separated using 

watershed segmentation within the ROIs defined by DAPI segmented objects. FISH was 

then analyzed within nuclei classified as G1 based on both their areas and their intensities.
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Hi-C analysis

Publicly available ESC, NPC and ncxNPC Hi-C data27 were downloaded from GEO 

database (GSE96107). Raw Hi-C interaction counts were computed using in-house R scripts 

using the “misha” package (https://github.com/msauria/misha-package). Crossing contact 

fractions were computed using raw mapped interactions. Juicer KR normalized data48 were 

used for map visualization (5-kb resolution). Publicly available serum diploid ESC scHi-C 

maps were downloaded from GEO database (GSE94489). More specifically, mm9 aligned 

Hi-C misha tracks obtained from GEO were lifted to the mm10 mouse genome reference 

using the ‘gtrack.liftover’ function of the misha R package. To account for high sparsity of 

scHi-C maps we divided all available maps (821 maps with coverage higher than 100,000 

pairs) into 5 increasing coverage quantiles. Finally, only the top 20% maps (165 maps with 

coverage between 855,974 and 2,463,598 pairs) were included in subsequent analyses.

Collection and alignment of ESC and NPC ChIP-seq, ATAC-seq and RNA-seq datasets

Publicly available ESC and NPC ChIP-seq data for H3K4me1, H3K4me3, H3K27ac and 

H3K27me3 marks, ATAC-seq and RNA-seq data used in this study are listed in 

Supplementary Table 2 27,49,50. Raw ChIP-seq and ATAC-seq sequencing data were 

collected and aligned to the mm10 version of the mouse genome using bowtie 2 with default 

parameters [v2.1.0,51]. Reads with low mapping quality (mapq<30) were discarded using 

samtools (v1.10)52. RPKM-normalized bigwig binary files were generated using the 

bamCoverage function from Deeptools2 (v2.5.1)53 with the following parameters: -

of=bigwig --samFlagExclude 128 --ignoreDuplicates -e 200 –normalizeUsingRPKM. 

Finally, replicates were merged using the bigWigMerge and bedGraphToBigWig tools from 

UCSC54 with default parameters. Raw RNA-seq data were aligned to the mm10 reference 

genome using STAR version 2.5.0b. PCR duplicates were removed, and RPM normalized 

coverage tracks were produced using STAR in “inputAlignmentsFromBAM” runMode. All 

the produced BigWig files were imported into R using the misha framework and probe 

signal quantification was computed as global percentile.
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Extended Data

Extended Data Fig. 1. Oligopaint probe design.
Hi-C maps from ESCs and NPCs along with the positions of FISH probes. Gray ticks 

indicate TAD borders defined from visual inspection.
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Extended Data Fig. 2. Oligopaint probe coverage.
Oligopaint coverage for each probe. X axes represent the labeled regions (from their start to 

their end coordinates), each dot represents the number of oligos in a 10 kb bin.
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Extended Data Fig. 3. Spatial segregation of TADs in ESCs.
a, 3D-SIM images of a control (Ctl) probe (5d2) simultaneously labeled by Alexa-488 and 

ATTO-565 fluorophores (85 alleles were analyzed). Maximum projections, scale bar = 500 

nm. b, Distances between the centroids of the two segmented channels. n = 85 alleles. c, 

Pearson’s correlation coefficient (PCC) between probe intensities. Boxplots represent 

median, interquartile ranges, and Tukey-style whiskers. n = 48 and 50 for the pair 51a-51b 

and 51b-52, respectively; ***, P = 1.14e-5; two-sided Wilcoxon rank sum test. d, Mean (± 

SD) population fraction with OF < 0.1. n = 7 and 8 probe pairs within and between TADs, 

Szabo et al. Page 15

Nat Genet. Author manuscript; available in PMC 2021 April 19.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



respectively; ***, P = 3.11e-4; two-sided Wilcoxon rank sum test. e, OFs and 3D distances 

between centroids. Boxplots represent median, interquartile ranges and Tukey-style 

whiskers. A mean of 65 alleles was analyzed per probe pair. f, Mean (± SD) PCC between 

probe intensities measured from each probe pair. n = 7 and 8 probe pairs within and between 

TADs, respectively; ***, P = 6.22e-4; two-sided Wilcoxon rank sum test. g, Representation 

of the crossing contact fraction, defined as the Hi-C contacts measured between the labeled 

regions (A) divided by the sum of contacts measured in regions A, B and C. h, scHi-C maps 

of a locus labeled by FISH probes (color-coded). Yellow lines indicate TADs detected from 

cell-population Hi-C. i, Crossing contact fraction from individual cells for each probe pair. 

Boxplots represent median, interquartile ranges and Tukey-style whiskers. n = 165 cells. j, 
Crossing contact fraction from individual cells for all probe pairs used in FISH. Boxplots 

represent median, interquartile ranges and Tukey-style whiskers. n = 1155 and 1320 for 

probe pairs within and between TADs, respectively; ***, P = 3.84e-158; two-sided 

Wilcoxon rank sum test.

Extended Data Fig. 4. Spatial segregation of TADs in NPCs.
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a, Pax6 immunostaining (in all FISH experiments performed in NPCs, each analyzed 

nucleus was positive for Pax6 staining). Conventional wide field (WF) microscopy, scale 

bar: 10 μm. b, Mean (± SD) population fraction with OF < 0.1. n = 10 and 5 probe pairs 

within and between TADs, respectively; ***, P = 6.66e-4; two-sided Wilcoxon rank sum 

test. c, OFs and 3D distances between centroids. Boxplots represent median, interquartile 

ranges and Tukey-style whiskers. A mean of 36 alleles was analyzed per probe pair. d, Mean 

(± SD) OF fold change (NPC/ESC, probe pairs that do not change their TAD borders 

between ESCs and NPCs). n = 7 and 5 probe pairs within and between TADs, respectively; 

two-sided t-test. e, Mean probe volume as a function of genomic size. A mean of 70 and 47 

alleles was analyzed per probe in ESCs and NPCs, respectively. f, Mean (± SD) of 

coefficient of variations (CV) for OFs and 3D distances (probe pairs that do not change their 

TAD borders between ESCs and NPCs). n = 7 and 5 probe pairs within and between TADs, 

respectively. g, Crossing contact fraction measured for the probe pair shown in Fig. 2e. h, 

Hi-C maps in ESCs, NPCs, and ncxNPCs along with probe pair location. Arrowhead 

indicates the expressed Zfp608 gene. i, 3D-SIM images of the probes shown in h (62, 34 and 

48 alleles were analyzed in ESCs, NPCs and ncxNPCs, respectively). Maximum projections, 

scale bar: 500 nm. j, OFs and 3D distances between the centroids of the probes shown in h. 

Boxplots represent median, interquartile ranges and Tukey-style whiskers. n = 62, 34 and 48 

for ESCs, NPCs, and ncxNPCs, respectively. k, Crossing contact fraction measured for the 

probe pair shown in i. Despite the appearance of a border within the locus labeled by the 

probe pair 11-12 in differentiated cells (panel h and Extended Data Fig. 1), and considering 

the absence of changes in crossing contact fraction neither in intermingling (j), we 

considered this probe pair as “Within TAD” in NPCs.
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Extended Data Fig. 5. Spatial segregation of TADs in CTCF- and RAD21-depleted cells.
a, Western Blot of CTCF and Vinculin (loading control) in CTCF-AID, CTCF-AID + auxin 

(2 days), and wild-type ESCs. 4 reproducible western blots were performed from different 

biological replicates. b, OFs and 3D distances between centroids measured for each probe 

pair located within or between TADs as a function of the genomic distance separating their 

centers. Graph represents medians and interquartile ranges. A mean of 57 and 51 alleles was 

analyzed per probe pair in CTCF-AID and CTCF-AID + auxin cells, respectively. c, Mean 

OF measured from all probe pairs within TADs divided by the mean OF from all probe pairs 
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between TADs. d, Western Blot of RAD21 and Vinculin (loading control) in wild-type 

ESCs, RAD21-AID and RAD21-AID + auxin (6 hours). 3 reproducible western blots were 

performed from different biological replicates. e, OFs and 3D distances between centroids 

measured for each probe pair located within or between TADs as a function of the genomic 

distance separating their centers. Graph represents medians and interquartile ranges. A mean 

of 75 and 47 alleles was analyzed per probe pair in RAD21-AID and RAD21-AID + auxin 

cells, respectively. f, Mean OF measured from all probe pairs within TADs divided by the 

mean OF from all probe pairs between TADs.
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Extended Data Fig. 6. TAD and CND structures revealed by super-resolution imaging.
a, Hi-C map from ESCs along with probe position. b. Individual TADs labeled by the probe 

shown in a imaged with conventional WF microscopy (top) or with 3D-SIM (bottom). 23 

and 33 alleles were analyzed with conventional WF and 3D-SIM microscopy, respectively. 

White lines represent the boundaries of probe segmentations (2D projections). Maximum 

projections, scale bar = 500 nm. c, Volumes, sphericities and principal axis lengths of 

individual TADs. Boxplots represent median, interquartile ranges and Tukey-style whiskers. 

n = 23 and 33 for conventional WF microscopy and 3D-SIM, respectively; ***, P < 0.001; 
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two-sided Wilcoxon rank sum tests. d, Sphericity as a function of principal axis length for 

individual TADs. A mean of 73 TADs was analyzed per probe. e, 3D-SIM image of TAD 

#22 (top, maximum projection, scale bar = 500 nm), CND identification using 3D watershed 

segmentation (middle) or using local fluorescence intensity maxima (bottom) and number of 

CNDs per TAD. 51 alleles were analyzed. f, Stimulated emission depletion (STED) images 

of TAD #22 (single z-slice, scale bar = 500 nm) and extrapolated diameters of individual 

TADs and of CNDs within them. Bins represent 50 nm, n = 21 and 96 for TADs and CNDs, 

respectively. 21 alleles were analyzed. g, DAPI staining in ESC and watershed segmentation 

showing CNDs. 3 nuclei were analyzed. Single z-slice, scale bar = 5 μm. h, 3D-SIM image 

of DAPI staining in Drosophila male embryonic cell (single z-slice, scale bar = 5 μm or 500 

nm in the magnification) and of an X-linked 110 kb Drosophila TAD (maximum projection, 

scale bar = 500 nm). 20 and 52 nuclei were analyzed with DAPI staining and FISH, 

respectively. i, Extrapolated diameters of the Drosophila TAD, of CNDs within it, and of 

CNDs measured with DAPI staining. Bins represent 50 nm, n = 52, 54 and 2250, 

respectively.
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Extended Data Fig. 7. Structural organization of TADs and CNDs in CTCF- and RAD21-
depleted cells.
a, TAD volumes, TAD sphericities, CND volumes, and number of CNDs per TAD (mean ± 

SD). Boxplots represent median, interquartile ranges, and Tukey-style whiskers. A mean of 

84 and 64 alleles was analyzed per probe in CTCF-AID and CTCF-AID + auxin cells, 

respectively; ***, P < 0.001; **, P < 0.01; *, P < 0.05; two-sided Wilcoxon rank sum tests. 

b, 3D-SIM images of TAD #62 (59 and 41 alleles were analyzed in CTCF-AID and CTCF-

AID + auxin, respectively). White lines represent the boundaries of probe segmentations (2D 
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projections). Maximum projections, scale bar = 500 nm. c, TAD volumes, TAD sphericities, 

CND volumes, and number of CNDs per TAD (mean ± SD). Boxplots represent median, 

interquartile ranges and Tukey-style whiskers. A mean of 176 and 116 alleles was analyzed 

per probe in in RAD21-AID and RAD21-AID + auxin cells, respectively; ***, P < 0.001; 

**, P < 0.01; two-sided Wilcoxon rank sum tests. d, 3D-SIM images of TAD #112 showing 

alleles segmented as one (top) or two (bottom) objects. Lines represent the boundaries of 

probe segmentations (2D projections). Maximum projections, scale bar = 500 nm. e, Cell 

cycle profiling using DAPI staining (with examples of nucleus segmentation, scale bar = 10 

μm). As nucleus size and DAPI intensity reflect cell cycle stage55, cutoff values for nucleus 

area and DAPI integrated intensity were applied to define G1 ESCs. 27% of the population 

was defined as G1, consistently with flow cytometry measurements27. 164 nuclei were 

analyzed. f, TAD volumes, TAD sphericities, CND volumes, and number of CNDs per TAD 

(mean ± SD). Boxplots represent median, interquartile ranges and Tukey-style whiskers. n = 

48, 77 and 48 for ESC-G1, RAD21-AID + auxin and RAD21-AID + auxin single 

chromatids, respectively; ***, P < 0.001; two-sided Wilcoxon rank sum tests.

Szabo et al. Page 23

Nat Genet. Author manuscript; available in PMC 2021 April 19.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Extended Data Fig. 8. Structural organization of TADs and CNDs relates to chromatin state and 
histone acetylation.
a, Hierarchical clustering of the 26 labeled loci (Extended Data Figs. 1 and 9) using ATAC-

seq, RNA-seq and ChIP-seq of the indicated histone post-translational modifications in 

ESCs. b, Mean (± SD) density (genomic size/mean volume) of the probes in ESCs. A mean 

of 70 alleles was analyzed per probe; **, P = 0.0019; two-sided Wilcoxon rank sum test. c, 

Mean (± SD) number of CNDs per probe divided by their genomic size (in Mb) in ESCs. A 

mean of 70 alleles was analyzed per probe; ***, P = 6.05e-4; two-sided Wilcoxon rank sum 

test. d, Hierarchical clustering of the 26 labeled loci in NPCs. e, Mean (±SD) density of the 

probes in NPCs. A mean of 47 alleles was analyzed per probe; **, P = 0.0013; two-sided 

Wilcoxon rank sum test. f, Mean (± SD) number of CNDs per probe divided by their 

genomic size (in Mb) in NPCs. A mean of 47 alleles was analyzed per probe; **, P = 0.001; 

two-sided Wilcoxon rank sum test. g, Western Blot of H4 (loading control) and H4-acetyl 
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(H4ac). Two different protein concentrations were loaded. 3 reproducible western blots were 

performed from different biological replicates. h, Mean OF measured from probe pairs 

within TADs (102a-102b and 121a-121b) divided by the mean OF from probe pairs between 

TADs (101-102a, 101-103 and 111-112). A mean of 76 and 69 alleles was analyzed in ESCs 

and ESCs + TSA, respectively. i, Mean OF fold change (ESC + TSA/ESC) for each probe 

pair within TADs (n = 2; 102a-102b and 121a-121b) or between TADs (n = 3; 101-102a, 

101-103 and 111-112). j, TAD volumes and sphericities. Boxplots represent median, 

interquartile ranges and Tukey-style whiskers. A mean of 93 and 95 alleles was analyzed in 

ESCs and ESCs + TSA, respectively; ***, P < 0.001; *, P < 0.05; two-sided Wilcoxon rank 

sum tests.

Extended Data Fig. 9. Oligopaint probe information.
Oligopaint IDs, coordinates, sizes, numbers of oligos, density of oligos, primer codes (see 

Supplementary Table 1), and clusters (1 for active or 0 for repressed; ESC/NPC; see 

Extended Data Fig. 8a, d).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TADs form heterogeneous structures in single cells, favoring intra-TAD over inter-TAD 
chromatin intermingling.
a, Left: Hi-C maps from ESCs along with probe locations, either within a TAD (top) or 

between two adjacent TADs (bottom). Right: representative 3D-SIM images of the probes 

shown in a and averaged images generated from all segmented probe pairs (48 and 50 alleles 

were analyzed for the pair 51a-51b and 51b-52, respectively). Maximum projections, scale 

bars: 500 nm. b, 3D-views from different individual segmented probe pairs shown in a. c, 

Overlap fractions (OFs) and 3D distances between centroids of the probes shown in a. 
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Boxplots represent median, interquartile ranges and Tukey-style whiskers. n = 48 and 50 for 

the pair 51a-51b and 51b-52, respectively; ***, P < 0.001; two-sided Wilcoxon rank sum 

tests. d, Experimental design to label individual or adjacent TADs. e, OFs and 3D distances 

between centroids measured for each probe pair as a function of the genomic distance 

separating their centers. Graph represents medians and interquartile ranges. A mean of 65 

alleles was analyzed per probe pair. f, OFs and 3D distances between centroids as a function 

of crossing contact fraction measured in Hi-C along with the goodness of fit (R2) of a linear 

regression and the Pearson’s correlation coefficient ρ.
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Fig. 2. The spatial segregation of TADs increases during cell differentiation.
a, NPCs were generated from in vitro differentiation of ESCs. b, OFs and 3D distances 

between centroids measured for each probe pair in NPCs as a function of the genomic 

distance separating their centers. Graph represents medians and interquartile ranges. A mean 

of 36 alleles was analyzed per probe pair. c, OFs and 3D distances between centroids as a 

function of crossing contact fraction measured in Hi-C along with the goodness of fit (R2) of 

a linear regression and the Pearson’s correlation coefficient ρ. d, Mean OF measured from 

all probe pairs within TADs divided by the mean OF from all probe pairs between TADs 

(using probe pairs that do not change their TAD borders between ESCs and NPCs). e, Hi-C 

maps from ESCs, NPCs, and ncxNPCs along with probe pair location. Arrowhead indicates 

the location of the expressed Zfp42 gene. f, Representative 3D-SIM images of the probes 

shown in e (50, 26 and 18 alleles were analyzed in ESCs, NPCs, ncxNPCs, respectively). 

Maximum projections, scale bar: 500 nm. g, OFs and 3D distances between the centroids of 

the probes shown in e. Boxplots represent median, interquartile ranges and Tukey-style 

whiskers. n = 50, 26 and 18 for ESCs, NPCs, and ncxNPCs, respectively; ***, P < 0.001; 

**, P < 0.01; *, P < 0.05; two-sided Wilcoxon rank sum tests.
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Fig. 3. Cohesin generates chromatin intermingling while CTCF prevents inter-TAD contacts.
a, Hi-C maps from ESCs along with probe locations, either between two adjacent TADs 

(probe pair 101-102a) or within a TADs (probe pair 102a-102b). b, Representative 3D-SIM 

images of the probes shown in a in the indicated cell types (probe pairs 101-102a/

102a-102b; 52/58, 47/57, 163/130 and 54/61 alleles were analyzed in CTCF-AID, CTCF-

AID + auxin, RAD21-AID and RAD21-AID + auxin, respectively). Maximum projections, 

scale bar: 500 nm. c, OFs and 3D distances between the centroids of the probes shown in a. 

Boxplots represent median, interquartile ranges and Tukey-style whiskers. n (probe pairs 
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101-102a/102a-102b) = 52/58, 47/57, 163/130 and 54/61 for CTCF-AID, CTCF-AID + 

auxin, RAD21-AID and RAD21-AID + auxin, respectively; ***, P < 0.001; **, P < 0.01; *, 

P < 0.05; two-sided Wilcoxon rank sum tests. d, OFs and 3D distances between centroids 

measured for each probe pair in CTCF-AID + auxin cells as a function of the genomic 

distance separating their centers. Graph represents medians and interquartile ranges. A mean 

of 51 alleles was analyzed per probe pair. e, Mean (± standard deviation “SD”) OF fold 

change (CTCF-AID + auxin / CTCF-AID) for probe pairs within TADs (n = 7) or between 

TADs (n = 8); **, P = 0.0019; * P = 0.016; two-sided t-test. f, OFs and 3D distances 

between centroids measured for each probe pair in RAD21-AID + auxin cells as a function 

of the genomic distance separating their centers. Graph represents medians and interquartile 

ranges. A mean of 47 alleles was analyzed per probe pair. g, Mean (± SD) OF fold change 

(RAD21-AID + auxin / RAD21-AID) for probe pairs within TADs (n = 7) or between TADs 

(n = 8); **, P = 0.0012; two-sided t-test.
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Fig. 4. TADs are subdivided into discrete chromatin nanodomains (CNDs) that depend on 
histone acetylation.
a, Hi-C map from ESCs along with probe location (TAD #22) and ChIP-seq tracks. b, Top: 

representative 3D-SIM images of the TAD shown in a (51 alleles were analyzed). White 

lines represent the boundaries probe segmentations (2D projections). Maximum projections, 

scale bar = 500 nm. Bottom: 3D views of the segmented TADs shown above (gray mesh) 

and watershed segmented CNDs (colored objects). c, DAPI staining in ESC (3 nuclei were 

analyzed). Single z-slice, scale bars = 5 μm and 500 nm in the magnification. d, 

Extrapolated diameters (diameter of a circle with the same area than the segmented object) 

of TADs (ranging from 215 to 990 kb), of CNDs within them, and of CNDs measured with 

DAPI staining. Bins represent 50 nm, n = 804, 1,413 and 3,068, respectively. e, 

Representative 3D-SIM images of TAD #62 in ESC and ESC + TSA (94 and 74 alleles were 

analyzed in ESCs and ESCs + TSA, respectively). White lines represent the boundaries of 

probe segmentations (2D projections). Maximum projections, scale bar = 500 nm. f, CND 

volumes. Boxplots represent median, interquartile ranges and Tukey-style whiskers. A mean 

of 296 and 417 CNDs was analyzed per probe in ESCs and ESCs + TSA, respectively; ***, 

P < 0.001; **, P < 0.01; *, P < 0.05; two-sided Wilcoxon rank sum tests. g, Mean (± SD) 

number of CNDs per TAD. A mean of 93 and 95 alleles was analyzed per probe in ESCs and 

ESCs + TSA, respectively; ***, P < 0.001; **, P < 0.01; two-sided Wilcoxon rank sum tests. 
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h, Model of 3D TAD folding. TADs, which form variable structures and are subdivided into 

smaller CNDs, favor chromatin intermingling in most cells. Their spatial segregation is 

further exacerbated in differentiated NPCs. Upon CTCF depletion, the cohesin complex can 

extrude chromatin37,38 through TAD borders, inducing ectopic contacts between adjacent 

TADs and abolishing preferential intra-TAD interactions. Upon RAD21 depletion, 

preferential intra-TAD interactions are lost due to the absence of intermingling generated by 

the cohesin complex. Upon TSA-mediated histone hyper-acetylation, TADs remain spatially 

segregated while the structural organization of CNDs is disrupted.
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