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The human genome functions as a three-dimensional (3D) chromatin polymer, driven by a 

complex collection of chromosome interactions1–3. Although the molecular rules governing these 

interactions are being quickly elucidated, relatively few proteins regulating this process have 

been identified. To address this gap, we developed HiDRO (high-throughput DNA or RNA 

labeling with optimized Oligopaints), an automated imaging pipeline that permits quantitative 

measurement of chromatin interactions in single cells across thousands of samples. By screening 

the human druggable genome, we identified over 300 factors that influence genome folding during 

interphase. Among these, 43 genes were validated as either increasing or decreasing interactions 

between topological associating domains (TADs). Our findings showed that genetic or chemical 

inhibition of the ubiquitous kinase GSK3A leads to increased long-range chromatin looping 

interactions in a genome-wide and cohesin-dependent manner. These results demonstrate the 

importance of GSK3A signaling in nuclear architecture and the utility of HiDRO for identifying 

novel mechanisms of spatial genome organization.
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Introduction

The highly conserved cohesin complex has emerged as a major player in genome folding 

that can actively extrude DNA into chromatin loops, which further organize into extensive 

intrachromosomal units termed topologically associated domains (TADs)4,5. Despite these 

advances, relatively few proteins regulating this process have been identified. Indeed, our 

current abilities to link chromosome arrangement to function are limited. Foremost among 

our needs are advanced technologies that allow us to visualize chromosome arrangement 

at the single-nucleus level, in a high-throughput manner, to uncover the underlying 

mechanisms driving the spatial organization of the genome. This need becomes increasingly 

important as more evidence emerges of the roles chromosome positioning and long-range 

interactions play in gene regulation and development in essentially every species4,6–10.

Here, we describe our development of HiDRO, which represents a novel combination of 

high-throughput fluorescence in situ hybridization (FISH) with Oligopaint probe technology 

to label single-copy genomic regions and nascent RNA species with high efficiency11. 

Using HiDRO, we performed a screen of 3,083 human genes encoding for enzymes that 

could potentially regulate the dynamic nature of chromatin folding. After high-content 

and high-resolution imaging, we measured 21 different parameters of nuclear organization 

and identified 43 factors in three distinct signaling pathways that affect the frequency and 

extent of interactions between TADs. In particular, we isolated the highly conserved and 

ubiquitously expressed kinase GSK3A, whose depletion enhances long-range interactions 

and reduces the insulation between domains. We find that this occurs in a genome-wide 

and cohesin-dependent manner to control the length of chromatin loops. Collectively, these 

results highlight a druggable enzyme underlying signaling cascades that can influence 
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genome folding, underscoring the broader utility of HiDRO to identify novel mechanisms 

that drive the spatial organization of the genome.

Results

Development of HiDRO

HiDRO builds on recent innovations in DNA and RNA FISH, combining an optimized 

version of array-based oligonucleotide probes (Oligopaints11) with a high-throughput FISH 

protocol (Fig. 1a). Increased scale and improved labeling efficiencies at lower concentrations 

are achieved by expansion of the homology length region and incorporation of amino-allyl 

nucleotides into each oligo during probe synthesis (Fig. 1a and Extended Data Fig. 1a,b; 

Methods). These modifications both increase the number of fluorophores per oligo and 

obviate the need for secondary labeling, streamlining the high-throughput FISH protocol.

The efficiency of our optimized protocol was initially tested against a library designed to 

target two consecutive TADs spanning ~2 Mb at chromosome 22:33.4–36.5 Mb (hereafter 

referred to as chr22 D1 and D2) in human HCT-116 cells (Fig. 1a). Following high-content 

imaging and automated image analysis, we achieved ~90% labeling of both D1 and D2 at a 

25-fold lower concentration as compared to conventional Oligopaints (Fig. 1a and Extended 

Data Fig. 1a,b)7,11. We found comparable efficiencies across 40 additional loci representing 

a range of target sizes from 80 kb to >2 Mb (Extended Data Fig. 1c-p and Supplementary 

Table 1). Moreover, we observed identical bursting frequencies of three distinct genes when 

labeling nascent RNA using a modified version of HiDRO (Extended Data Fig. 1q,r), 

indicating that HiDRO can be used for both large-scale DNA and RNA FISH assays.

As proof of the concept that HiDRO can identify architectural proteins in a screening 

format, we focused on chr22 D1 and D2 domains that are separated by a relatively strong 

boundary (Fig. 1a)4,7. This boundary is also occupied by well-known architectural proteins 

cohesin and CTCF and is highly sensitive to their perturbation, as evidenced by both Hi-C 

and FISH4,7. We seeded >160 wells with siRNA against the cohesin loader NIPBL12, the 

cohesin unloader WAPL13,14, or a non-targeting control (Fig. 1b). Following 72 hours of 

siRNA treatment, we captured >150 nuclei in each well and used automated image analysis 

to calculate two independent metrics for inter-TAD interactions at each allele: (1) the 

center-to-center distance (CCD) between domains to measure compaction of the locus and 

(2) the normalized area of spatial overlap to measure the degree of inter-TAD interactions 

(Fig. 1b). In 100% of wells targeting either NIPBL or WAPL, we observed opposite and 

significant shifts (z > 1.5) for both CCD and spatial overlap, owing to a loss or gain in 

cohesin-mediated looping events, respectively7 (Fig. 1c-e). No control siRNAs produced 

a significant shift in either direction, indicating that HiDRO can specifically and reliably 

detect altered chromatin folding in a bidirectional manner across a large number of samples.

Discovery of novel 3D genome regulators

To identify novel factors that alter genome organization, we scaled HiDRO to screen 3,083 

genes comprising the human druggable genome15,16, using an siRNA library consisting of 

enzymes that can be modulated using small-molecule compounds (Fig. 2a, Extended Data 
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Fig. 2a and Supplementary Table 3). A total of 7,392 FISH assays were performed in the 

primary screen with >1.5 million nuclei analyzed and an average of >600 alleles per gene 

knockdown. We identified 321 unique genes whose knockdown significantly altered either 

CCD or spatial overlap between the chr22 domains across two replicate plates (Fig. 2b-d). 

However, a much smaller number of genes mirrored the phenotypic signature of NIPBL and 

WAPL whose knockdown significantly altered both metrics (Fig. 2d,e and Extended Data 

Fig. 2b-e). This filtered our hits to 58 genes whose knockdown decreased (25) and increased 

(33) inter-TAD interactions, representing 1.87% of the druggable genome. Kinases (17, 

29%), ubiquitin ligases (12, 21%), and proteases (8, 14%) were among the most common 

protein classes, indicating that a wide array of enzymes have the potential to regulate the 

dynamic nature of chromatin folding (Fig. 2e and Extended Data Fig. 2b-e).

In addition to our primary metrics, we also calculated 18 secondary parameters of genome 

organization (Fig. 2f and Extended Data Fig. 2f). These included measurements related to 

the size and shape of each domain and the nucleus itself, creating a multimodal dataset of 

nuclear organization for all 3,083 genes analyzed (Supplementary Table 4). A phenotypic 

tree indicated that 581 hits distributed across 48 distinct phenotypic profiles. This also 

showed that a minority of genes influenced nuclear organization with 2,502 genes displaying 

no phenotype across any parameter. Most hits (70%) that altered inter-TAD interactions 

exhibited no secondary phenotypes, including NIPBL and WAPL. Indeed, across all genes 

tested, our primary metrics did not correlate with any specific secondary phenotypes, 

suggesting inter-TAD interactions were not solely dependent on local or global changes 

in chromatin compaction, nuclear shape, or the cell cycle when G1 and G2 cells were 

separately analyzed (Extended Data Fig. 2f-j). However, the remaining 30% of hits harbored 

complex phenotypic profiles, indicating that altered chromatin folding can be associated 

with a wide range of nuclear architecture phenotypes.

Three major pathways influence genome folding

To identify the highest-confidence gene targets and further validate our primary hits, 

we performed a secondary screen with four siRNA duplexes de-pooled to target each 

hit in separate wells. This screen was conducted in triplicate using the same HiDRO 

protocol targeting the adjacent domains on chr22 (Fig. 2g and Extended Data Fig. 2k). 

For 74% (43 of 58) of our primary hits, knockdown with at least one duplex produced 

a significant shift in both CCD and spatial overlap (Supplementary Table 5). Ten genes 

validated with three or more duplexes, representing our highest-confidence hits (Fig. 2g,h). 

This included RNF2/RING1B, a subunit of the polycomb repressive complex 1 (PRC1), 

which mediates long-range CTCF-independent chromatin interactions in mice17. To our 

knowledge, the remaining nine genes have not been directly linked with chromatin folding 

prior to this study. Knockdown of each of the ten genes increased inter-TAD interactions, 

indicating that it might be easier to recover genes that normally antagonize rather than 

promote long-range interactions. Despite this similarity, comparative analysis of secondary 

metrics revealed distinct phenotypic signatures among the genes (Fig. 2h). For example, 

knockdown of several hits increased the size of each individual domain, consistent with local 

decompaction, whereas depletion of our top hit, glycogen synthase kinase 3 alpha (GSK3A), 

caused no notable changes in domain size or structure.
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We used a protein–protein interaction database to perform functional network analysis18 

on all 43 validated hits and identified three interconnected protein classes: (1) ubiquitin 

ligases, (2) calcium signaling, and (3) GSK3 kinase signaling (Fig. 2i). Each of these protein 

classes was represented by one or more of our highest-confidence hits, further validating 

their involvement in chromatin folding (Fig. 2h,i). We chose one gene from each of the three 

major protein classes (GSK3A, FBXL14, and CALM1) and performed HiDRO at 13 total 

domain pairs scattered across the genome (Fig. 2j-l and Extended Data Fig. 2l-o). In addition 

to WAPL, we found that depletion of GSK3A, CALM1, or FBXL14 each significantly 

increased inter-TAD interactions at nearly all (≥12/13) boundaries tested, indicating that 

these hits likely represent general chromatin-folding factors (Fig. 2l and Extended Data 

Fig. 2m-o). Taken together, these results show that HiDRO can isolate novel pathways that 

influence chromatin folding.

GSK3A has noncanonical role in genome folding

We sought to further examine the role of our top hit GSK3A in chromatin folding. GSK3A 

and its closely related paralog GSK3B are ubiquitously expressed serine/threonine kinases 

with many, but not all, shared nuclear and cytoplasmic targets19–23. We first confirmed that 

GSK3A and GSK3B were expressed in HCT-116 cells and localized to both the nucleus 

and cytoplasm, as has been reported in other cell types (Fig. 3a and Extended Data Fig. 

3a). Selective depletion of each paralog by siRNA was confirmed by immunofluorescence, 

and western blot (Fig. 3a and Extended Data Fig. 3a,b). Next, we used a conventional 

Oligopaint FISH protocol with higher-resolution three-dimensional imaging to confirm that 

GSK3A depletion increases spatial overlap between the chr22 domain pair (Fig. 3b-d). All 

four independent siRNA duplexes targeting GSK3A resulted in selective depletion and a 

significant increase in spatial overlap between domains (Extended Data Fig. 3c-e). However, 

we observed no significant change in spatial overlap between domains following GSK3B 

depletion, confirming that the regulation of inter-TAD interactions in HCT-116 cells is a 

unique property of the GSK3A paralog (Fig. 3c,d).

GSK3 signaling has a well-established role in suppressing WNT signaling through 

phosphorylation and degradation of beta-catenin24,25. However, because these kinases are 

typically redundant in WNT regulation19,24,25, our specific isolation of GSK3A suggested 

this activity may be separate from its role in chromatin folding. To test this hypothesis 

in HCT-116 cells, we measured total beta-catenin protein levels and found no increase 

following depletion of either GSK3A or GSK3B alone (Extended Data Fig. 3b). Further, 

single knockdowns did not decrease the level of phosphorylated beta-catenin marked for 

degradation and did not activate the expression of two WNT target genes, AXIN2 and LGR5 

(Fig. 3e and Extended Data Fig. 3b). Instead, only simultaneous depletion of both GSK3 

paralogs led to a decrease in degraded phosphorylated beta-catenin levels and transcriptional 

activation of WNT target genes, similar to what has been reported for other cell types (Fig. 

3e and Extended Data Fig. 3b)19,26. Co-depletion of GSK3A and GSK3B did not alter the 

extent of spatial overlap between domains by FISH as compared with GSK3A depletion 

alone (Fig. 3c,d). Taken together, these observations suggest that GSK3A has a unique role 

in chromatin folding separate from its canonical function in WNT signaling.

Park et al. Page 5

Nature. Author manuscript; available in PMC 2024 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GSK3i increases inter-TAD interactions

To independently validate the role of GSK3 signaling in chromatin folding, we 

took advantage of our HiDRO platform to test five different chemical inhibitors that 

attenuate GSK3 kinase activity: three non-selective inhibitors (CHIR99021, Lithium, and 

LY2090314), and two recently described selective inhibitors of either GSK3A or GSK3B 

(BRD0705 or BRD3731, respectively)26–28. Each inhibitor was tested at four different 

concentrations across five replicate wells and administered for 24 hours (Fig. 3f, n=100 

FISH assays total).

We found that all three non-selective inhibitors in addition to the GSK3A-selective inhibitor 

BRD0705 (GSK3Ai) led to an increase in spatial overlap between domains at various 

concentrations (Fig. 3g-k). In particular, lithium and LY2090314 treatment displayed a 

dose-dependent effect on inter-TAD interactions, with a similar effect size to that of GSK3A 

siRNA depletion (Fig. 3i,j). However, the GSK3B-selective inhibitor BRD3731 showed no 

change in spatial overlap, similar to our results above from selective siRNA knockdown 

(Fig. 3l). Furthermore, when using a conventional Oligopaint FISH protocol with higher-

resolution three-dimensional imaging, we found significantly increased spatial overlap at 

four different loci across the genome following GSK3Ai treatment at a concentration (20 

μM) below the threshold needed to activate WNT signaling26 (Extended Data Fig. 3f,g). 

This supports the notion that chromatin folding represents a noncanonical function for 

GSK3A. These findings also confirm our screen results and demonstrate that the extent of 

inter-TAD interactions at multiple loci can be altered by acute GSK3A inhibition.

GSK3A restricts chromatin looping

To determine how GSK3A influences chromatin folding genome-wide, we performed in 
situ Hi-C following a 72-hour treatment with siRNA against GSK3A or a non-targeting 

control. After quality control, we annotated ~450 million valid unique cis-contacts per 

condition in each of two biological replicates (Extended Data Fig. 4a). When examining 

relative contact probabilities as a function of genomic distance in GSK3A-depleted cells, 

we found an overall decrease in short-range contacts (<500 kb) and increase in mid- to 

long-range contacts (>500 kb) (Fig. 4a and Extended Data Fig. 4b). We identified similar 

numbers and sizes of TADs in the two conditions (Extended Data Fig. 4c-e), indicating 

that GSK3A does not remove or redistribute TAD boundaries. However, pileup analysis of 

TADs across the entire genome showed that GSK3A depletion reduced insulation across 

their boundaries, validating our FISH data (Fig. 4b,c and Extended Data Fig. 4f). Similar 

effects were observed across subTADs (Extended Data Fig. 4c,e,g).

We also detected an overall reduction of 37% in the number of chromatin loops 

following GSK3A depletion (Fig. 4d,e). Specifically, GSK3A-depleted cells lost 6,010 

loops, representing 50.5% of control loops, but also gained 1,596 unique loops (Fig. 4e,f). 

On average, gained loops were significantly longer than lost or retained loops (Fig. 4g). 

For comparison, we performed Hi-C following depletion of the cohesin unloaders WAPL 

or PDS5A, which restrict chromatin loop extension (Fig. 4c,e and Extended Data Fig. 

4a,h,i)1,14. We found a comparable reduction in TAD boundary insulation, gain of longer 

chromatin loops, and reduction in shorter-range loops between all conditions (Fig. 4c,e-h 
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and Extended Data Fig. 4h-n). Interestingly, while GSK3A more closely mirrored PDS5A 

in terms of effect size and number of loops, GSK3A and WAPL gained loops at similar 

locations distinct from PDS5A (Fig. 4d,e and Extended Data Fig. 4j-n).

The majority (77%, 1229/1596) of gained loops in GSK3A depleted cells utilized at least 

one control loop anchor, an observation that is consistent with the extension of existing 

loops rather than formation of de novo loop anchors (Fig. 4d,g and Extended Data Fig. 

4m,n). We therefore next isolated and analyzed architectural stripes, which are specific 

features of Hi-C maps indicative of loop-extrusion events29,30. Pileup analysis of control 

stripes across the genome showed that distal ends of stripes (500 kb to 2 Mb) were 

strengthened, whereas proximal ends (<500 kb) were weakened after GSK3A depletion 

(Fig. 4h and Extended Data Fig. 4l). A similar, albeit stronger effect was observed following 

depletion of WAPL and, to a much lesser extent, in PDS5A. This result is consistent 

with our chromatin loop analysis and further suggests a model in which GSK3A restricts 

chromatin looping to promote proper insulation between TADs to a similar extent to that of 

known anti-cohesin factors.

Cohesin-dependent GSK3A regulation

Given the similarities in phenotypes, we reasoned that GSK3A may influence chromatin 

looping in a cohesin-dependent manner. To test this, we depleted GSK3A before and after 

cohesin loss using a cell line in which the cohesin ring component RAD21 is fused to an 

auxin-inducible degron (AID)4,31. Following six hours of auxin treatment, we confirmed 

loss of RAD21 (Extended Data Fig. 5a) and observed decreased spatial overlap between 

domains at the chr22 locus by FISH, consistent with our previous findings7 (Extended Data 

Fig. 5b,c). After GSK3A depletion, we observed increased spatial overlap in the absence 

of auxin treatment; however, this phenotype was completely lost following degradation 

of RAD21 (Extended Data Fig. 5b,c). Identical results were also found with chemical 

inhibition of GSK3A (Extended Data Fig. 5d,e). This indicates that the role of GSK3A in 

chromatin folding is dependent on cohesin activity.

We next evaluated the levels of two different cohesin ring components: RAD21 and 

SMC1A. No significant change in mRNA or total protein was observed following GSK3A 

depletion (Extended Data Fig. 6a,b). We also found no significant change in the recovery 

dynamics of nuclear RAD21 signal by fluorescence recovery after photobleaching (FRAP) 

(Extended Data Fig. 6c,d). However, chromatin fractionations followed by quantitative 

western blots showed >50% increase in chromatin-bound levels of both RAD21 and 

SMC1A (Extended Data Fig. 6e-g). A similar extent of cohesin accumulation on chromatin 

was observed following depletion of WAPL or PDS5A (Extended Data Fig. 6f,g). To 

determine where cohesin was accumulating on chromatin, we performed RAD21 ChIP-seq 

after GSK3A depletion, which revealed a significant increase in RAD21 levels at 4,069 

sites across the genome as compared with control samples (Extended Data Fig. 6h-j). 

Very few (28) sites showed a significant loss of RAD21 signal (Extended Data Fig. 6h-

j). Interestingly, as compared to retained RAD21 sites, sites that gained RAD21 signal 

exhibited near complete colocalization with CTCF (Extended Data Fig. 6h,i,k,l), suggesting 

that cohesin was accumulating at CTCF sites following GSK3A depletion.
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To further examine the distribution of cohesin on chromatin, we performed RAD21 

immunofluorescence. Notably, WAPL knockout cells harbor a distinct, thread-like RAD21 

staining pattern referred to as “vermicelli”1,32. We quantified this aggregation using a 

nuclear RAD21 signal granularity index (see Methods) and found increased RAD21 

aggregation when WAPL was partially depleted by either siRNA or auxin-mediated 

degradation using a custom cell line in which WAPL was biallelically fused to AID 

(Extended Data Fig. 7a,b). Combining WAPL siRNA and auxin-mediated degradation 

removed all detectable protein from cells by western and further increased RAD21 

aggregation, consistent with previous WAPL knockout studies1,32 (Extended Data Fig. 7b-

d). We found that GSK3A depletion increased RAD21 aggregation and further enhanced 

this phenotype following partial WAPL degradation (Extended Data Fig. 7c,d). No additive 

effects were observed, however, when GSK3A depletion was combined with both WAPL 

siRNA and AID. Together, these results show that GSK3A can genetically interact with 

WAPL to influence cohesin levels on chromatin.

GSK3A promotes WAPL recruitment to chromatin

Our results above suggest that GSK3A was restricting chromatin looping and cohesin 

aggregation through WAPL regulation. Indeed, we found that chromatin-bound levels of 

WAPL were reduced by 73% despite unchanged mRNA and total protein levels following 

GSK3A depletion (Fig. 5a and Extended Data Fig. 8a). Co-immunoprecipitation on 

chromatin fractions also revealed a significantly weaker association (~50%) between WAPL 

and SMC1A following GSK3A depletion (Fig. 5b and Extended Data Fig. 8b,c). Thus, 

GSK3A is important for the recruitment or stability of WAPL on chromatin.

To determine if GSK3A interacts with WAPL or other cohesin subunits, we used a proximity 

labeling method known as TurboID33. We fused biotin ligase to GSK3A (GSK3A-BirA) 

and expressed the fusion protein in HCT-116 cells (Fig. 5c and Extended Data Fig. 8d). 

As a control, beta-catenin was significantly enriched in the GSK3A-BirA samples over 

a construct expressing biotin ligase alone (BirA), indicating that we could readily detect 

transient interactions with a known substrate of GSK3A. We found similar enrichment for 

several cohesin components, including core subunits, RAD21 and SMC1A, in addition to the 

cohesin unloading subcomplex components WAPL and PDS5A (Fig. 5c and Extended Data 

Fig. 8d). Notably, the cohesin loader NIPBL was not recovered in either replicate. Given 

the mutually exclusive nature of NIPBL and PDS5A/WAPL attachment to cohesin34,35, this 

suggests that GSK3A interacts with the cohesin ring complex in a substrate-specific manner 

(Fig. 5d).

Previous studies have shown that increased cohesin activity via depletion of WAPL can 

offset phenotypes associated with partial loss of cohesin on chromatin7,14,36,37. We therefore 

used HiDRO to test whether co-depletion of GSK3A and NIPBL was sufficient to rescue 

chromatin misfolding by FISH. Depletion of NIPBL resulted in a ~30% loss of chromatin-

bound RAD21 levels and a ~50% reduction in spatial overlap between domains by FISH, 

consistent with defective chromatin looping (Fig. 5e,f and Extended Data Fig. 8e,f)7. We 

found that depletion of GSK3A, WAPL, or PDS5A were each able to partially restore spatial 

overlap to control levels (Fig. 5f). Excitingly, similar results were observed with GSK3Ai 
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(Extended Data Fig. 8g,h), suggesting that reduced cohesin levels on chromatin can be 

balanced by increased cohesin activity driven either by genetic or chemical inhibition of 

GSK3A.

Discussion

High-throughput FISH-based screening is a powerful method to directly interrogate 

chromatin structure in a large number of samples38–40. However, this approach has been 

limited in both scale and design due to the technical challenge of generating FISH probes 

to single-copy regions, compounded with the quantities of probe required for large-scale 

assays. The associated labor and cost have hindered the use of FISH-based screens for 

simultaneous testing of thousands of genes. We have addressed this issue through the 

development of HiDRO.

In this study, we show the utility of HiDRO by screening the 3,083 genes that make up the 

human druggable genome and measuring 21 parameters of nuclear organization, creating a 

rich resource of nuclear phenotypic data. We identified >300 genes that have the capacity 

to influence chromatin compaction. In particular, we isolated 43 factors in three distinct 

signaling pathways whose depletion alters the frequency and extent of interactions between 

TADs. These factors include the ubiquitously expressed and highly conserved protein kinase 

GSK3A, whose depletion increases interactions between TADs. This result was validated 

by both Hi-C and FISH with four independent siRNA duplexes and four different small-

molecule inhibitors at multiple loci across the genome, confirming the ability of HiDRO to 

identify novel 3D genome regulators.

While GSK3 signaling has not previously been directly associated with genome 

organization, our study provides a mechanistic explanation for recent genetic interactions 

between its chemical inhibition and cohesin dysfunction41,42. Lithium treatment, in 

particular, rescued morphological phenotypes associated with mutations in cohesin in both 

zebrafish and Drosophila systems42,43. Lithium has also been shown to restore proliferation 

rates in cells derived from Cornelia de Lange Syndrome (CdLS) patients harboring 

mutations in NIPBL42. We found that small molecule inhibitors of GSK3, including lithium, 

are agonists of cohesin activity and increase inter-TAD interactions. Notably, this includes 

a GSK3A-selective inhibitor used at concentrations below the threshold required for its 

canonical function in WNT signaling26. We show that chemical inhibition of GSK3A also 

has the capacity to counteract chromatin misfolding following partial cohesin loss due to 

NIPBL knockdown. These results provide proof of the concept that chromatin looping is a 

druggable feature of the genome with the potential to correct defects associated with cohesin 

dysfunction.

We found that GSK3A depletion led to a ~70% reduction in WAPL recruitment to cohesin 

on chromatin. This phenotype is accompanied by an enrichment of longer-range chromatin 

loops and an aggregation of cohesin at CTCF sites (Fig. 5g). These changes resemble those 

observed upon depletion of WAPL, in which increased cohesin residence time leads to an 

extension of chromatin loops and increased violation of TAD boundaries1,10,14. Indeed, we 

show that GSK3A can genetically interact with WAPL to influence the extent of RAD21 
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aggregation on chromosomes. Thus, our data support a model in which GSK3A is a novel 

anti-cohesin factor that regulates the switch between the extrusion of cohesin and its removal 

from chromatin via recruitment of WAPL (Fig. 5d). This model is further supported by 

co-immunoprecipitation of GSK3A with the cohesin unloading complex, including WAPL 

and PDS5A, suggesting GSK3A contacts cohesin directly on chromatin to promote its 

turnover. We therefore propose that this kinase has the potential to connect genome 

folding to numerous signaling pathways, including cellular responses to growth factors, 

insulin, receptor tyrosine kinases, and G-protein-coupled receptors21,44. Future work will be 

important to identify the specific target(s) of GSK3A as well as the other enzymes identified 

in this study that modulate chromatin folding. Indeed, many residues on cohesin components 

have been identified as being post-translationally modified, though the functions of these 

modifications are largely unknown45,46.

Finally, given that Oligopaints for any DNA or RNA target of interest can be 

bioinformatically designed47, we anticipate that HiDRO-based screening could be extended 

to other features of nuclear organization and transcription or combined with multiplexed 

approaches to better characterize how chromatin is packaged and spatially controlled in the 

nucleus48–50.

Materials and Methods

Cell culture.

We obtained the HCT-116 cell line from ATCC (RRID:CVCL_0291), the HCT-116-RAD21-

AID line from ref31, and the HCT-116-WAPL-AID cell line was generated as described 

below. All cells were cultured in McCoy’s 5A medium supplemented with 10% fetal bovine 

serum, 2 mM l-glutamine, 100 U ml−1 penicillin, and 100 μg ml−1 streptomycin at 37 °C 

with 5% CO2. Degradation of the AID-tagged RAD21 was induced with addition of 500 

μM indole-3-acetic acid (auxin; Sigma-Aldrich). Degradation of AID-tagged WAPL was 

induced with addition of 1μM 5-Ph-IAA (modified auxin, ref51).

Optimized Oligopaint Design and synthesis.

Oligopaints were designed to have 80 bases of homology using OligoMiner design 

pipeline47 with an average of 4 probes per kb and were purchased from Twist Bioscience. 

Probe coordinates can be found in Table S1. Oligopaints were synthesized as described 

previously. However, in this study, we directly labeled probes by dye-conjugation. 

Specifically, 60 nmol dye aliquots were made from either Cy3 (Gold Biotechnology, B-230–

1) or Alexa 647 (ThermoFisher Scientific, A20006), which were resuspended in DMSO 

then vacuum desiccated and stored at −20 °C. Probes were resuspended in 10 μl 0.3 M 

sodium bicarbonate, then mixed with 60 nmol of fluorescent dye. Probe was incubated at 

room temperature (RT) in the dark for at least 6 hr to conjugate to dye. Probes were then 

purified using the Zymo DNA Clean & Concentrator-100. 90 μl water was added to the 

probe, then 200 μl of oligo binding buffer followed by 400 μl of ethanol. The probe mixture 

was vortexed and then transferred to a spin column, which was spun at 11,000 x g for 30s. 

The filter column was transferred to a new 1.5 mL tube and 100 μl water was added to elute 

the bound probe. After 1 minute (min) incubation at RT, the column was spun at 16,000 x 
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g for 1 min. The probe mixture was mixed again with 200 μl of oligo binding buffer and 

400 μl of ethanol and transferred to the same column as before, spinning at 11,000 x g for 

30s. Sample was washed twice with 600 μl wash buffer, spinning at 11,000 x g for 30s and 

discarding flowthrough each time. The column was spun dry at 16,000 x g for 1 min, then 

transferred to a new 1.5 mL tube. 100 μl of water was added to the column, incubated at RT 

for 1 min, then spun at 16,000 x g for 1 min to elute probe. The probe and dye concentration 

was determined with a Nanodrop spectrophotometer to confirm proper dye conjugation.

HiDRO for DNA FISH.

For HiDRO experiments involving RNAi, 384-well plates (Perkin Elmer 6057300) were 

either manually seeded with siRNA or ordered pre-seeded with siRNA (Dharmacon) 

from the Harvard Medical School ICCB-L. Additional control siRNA (Dharmacon) were 

used: non-targeting control #5, NIPBL, and WAPL (Supplementary Table 2). RNAiMAX 

transfection reagent (Thermo Fisher Scientific) was diluted in Opti-MEM reduced serum 

medium (Thermo Fisher Scientific) and pipetted onto siRNA using a manual multichannel 

pipette. Plates were then spun and incubated at RT for 20 min. All spins for HiDRO plates 

were performed at 1200 rpm for 2 minutes at RT unless otherwise indicated. For most 

steps, pipetting was performed by a Matrix WellMate (Thermo Fisher Scientific). HCT-116 

cells were trypsinized and resuspended in antibiotic-free medium, then 2x103 to 3x103 cells 

were seeded in each well. Plates were spun and incubated until collection for downstream 

experiments. For drug treatments, a manual multichannel pipette was used to add drug 

or DMSO to cells at the appropriate time points prior to cell collection. On the day of 

collection, media was aspirated, PBS was added to all wells, and plates were spun. PBS was 

aspirated and cells were fixed in each well with 4% PFA, 0.1% Tween-20 in 1x PBS for 10 

minutes at RT. Plates were spun once during fixation. Plates were then rinsed with 1xPBS 

and washed twice for 5 minutes with 1xPBS with a spin during each wash. 70% ethanol was 

then added to each well, plates were sealed with foil plate covers (Corning) and stored for at 

least 20 hours at 4 °C prior to FISH. On the first day of DNA FISH, ethanol was aspirated 

and plates were washed in 1xPBS for 10 min to reach RT. Plates were then spun, washed 

briefly again in 1xPBS and spun again. Cells were permeabilized for 15 minutes in 0.5% 

Triton-X and 5 minutes in 2xSSCT (0.3 M NaCl, 0.03 M sodium citrate and 0.1% Tween 

20). Then 2xSSCT/50% formamide was added to all wells, and plates were double sealed 

with foil covers. Predenaturation was performed at 91 °C for 3 minutes and then 60 °C for 

20 minutes on heat blocks (VWR). After plates were spun, foil covers were removed and 

hybridization mix was added to wells. Hybridization mix consisted of 50% formamide, 10% 

dextran sulfate, 4% polyvinylsulfonic acid (PVSA), 0.1% Tween-20, 2xSSC, and each probe 

at 0.1pmol/μL. 2 pmol of probe was used per 20 μl of hybridization mix. After spinning, 

plates were double sealed with foil covers and denatured at 91 °C for 20 minutes on heat 

blocks. Heat blocks were covered to block light and preserve primary fluorescently labeled 

probes. Plates were spun after denaturation and then hybridized overnight (20–24 hours) at 

37 °C. The following day, hybridization mix was aspirated, and plates were washed quickly 

twice with RT 2x SSCT, then with 60 °C 2xSSCT for 5 minutes. Plates were then washed 

with RT 2x SSCT for 5 minutes. Nuclei were stained by washing for 5 minutes in Hoescht 

(1:10,000 in 2x SSCT). Plates were spun, washed for 15 minutes with 2x SSC and spun 

again. Finally, plates were mounted with imaging buffer (2x SSC, 10% glucose, 10 mM 
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Tris-HCl, 0.1 mg/mL catalase, 0.37 mg/mL glucose oxidase) and imaged within 5 days of 

FISH. Although we cannot completely rule out that aspects of chromatin structure were 

altered following this protocol52, we found identical CCD measurements between the chr22 

domain pairs with a reduced denaturing temperature (75 °C), suggesting that chromatin 

structure at the scale and resolution we were imaging was preserved.

HiDRO for RNA FISH.

Cell seeding was performed as for DNA FISH HiDRO. After media was aspirated, all wells 

had PBS added to them and plates were spun. All spins were at room temperature, 1200 rpm 

for 2 minutes unless otherwise noted. PBS was aspirated and cells were fixed in each well 

with 4% PFA in 1x PBS (no Tween-20) for 10 minutes at room temperature. When possible, 

pipetting was performed by a Matrix WellMate (Thermo Fisher Scientific). Plates were spun 

once during fixation. Then plates were rinsed with 1xPBS and washed twice for 5 minutes 

with 1xPBS with a spin during each wash. Permeabilization solution (70% EtOH, 1% SDS) 

was then added to each well, plates were sealed with foil plate covers (Corning) and stored 

for at least 20 hours at 4 °C until used for FISH. Plates were used for RNA FISH within two 

days of fixation. On the first day of RNA FISH, permeabilization solution was aspirated and 

2xSSCT was added to all wells. Plates were spun and this brief 2xSSCT wash was repeated 

once. After 2xSCCT was aspirated, primary hybridization mix was added to each well by 

using a manual multichannel pipette due to the viscous nature of the mix (31.25 nM probes, 

1% SDS, 50% formamide, 10% dextran sulfate, 4% PVSA, 0.1% Tween-20, 2xSSC). Plates 

were spun, double sealed with foil covers, and spun again. Plates were then denatured at 60 

°C for three minutes on heat blocks. Plates were then spun again and incubated overnight at 

42 °C on heat blocks. The next day, 2xSSCT was preheated to 65 °C. Primary hybridization 

mix was aspirated and plates were briefly washed with RT 2xSSCT twice. Then 65 °C 

2xSSCT was added to plates and incubated on a 65 °C heat block for five minutes. Liquid 

was aspirated, and this 65 °C 2x SSCT wash was repeated three times. A final brief wash 

with RT 2x SSCT was performed. Then, secondary hybridization mix (0.05 μM probes, 

1% SDS, 50% formamide, 10% dextran sulfate, 4% PVSA, 0.1% Tween-20, 2xSSC) was 

added and plates were double sealed and spun. After 1 hour incubation at 37 °C in the dark, 

hybridization mix was aspirated. Nuclei were stained by washing for five minutes in Hoescht 

(1:10,000 in 2x SSCT) and plates were spun. Plates were then washed with 37 °C 2x SSCT 

for five minutes on a 37 °C heat block and spun. This wash was repeated once. Plates were 

mounted with imaging buffer (2x SSC, 10% glucose, 10 mM Tris-HCl, 0.1 mg/mL catalase, 

0.37 mg/mL glucose oxidase) and imaged within 24 hours of RNA FISH.

3D DNA slide FISH.

Cells were trypsinized and resuspended in fresh culture medium at 1x106 cells/mL, then 

settled onto poly-L-lysine coated glass slides for 2h. Cells were fixed to the slides for 10 

min with 4% paraformaldehyde in phosphate-buffered saline (PBS) with 0.1% Tween-20, 

followed by three washes in PBS for 5 min each wash. Slides were stored in PBS at 4 °C 

until use. On the first day of FISH, slides were warmed to room temperature in PBS for 

10 minutes then permeabilized in 0.5% Triton-X 100 in PBS for 15 minutes with nutation. 

After dipping in PBS, cells were dehydrated in an ethanol row, consisting of consecutive 

2 minute incubations in 70%, 90%, and 100% ethanol. Slides were then air dried for 1–2 
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minutes at RT. Slides were then incubated for 5 minutes each in 2× SSCT (0.3 M NaCl, 

0.03 M sodium citrate and 0.1% Tween 20) and 2x SSCT/50% formamide at RT, followed 

by 1 hr incubation in 2x SSCT/50% formamide at 37 °C. Hybridization mix containing 

primary labeled Oligopaint probes, hybridization buffer (10% dextran sulfate, 2× SSCT, 

50% formamide and 4% polyvinylsulfonic acid (PVSA)), 5.6 nM dNTPs and 10 μg RNase 

A was added to slides, covered with a glass coverslip, and sealed with rubber cement. 2 

pmol of primary Oligopaint probe was used per 25 μl of hybridization mix. Slides were then 

denatured on a metal heat block in a water bath set to 80 °C for 30 min, then transferred to a 

humidified chamber and incubated overnight at 37 °C.

The next day, coverslips were removed and the slides were briefly dipped in 2xSSC (0.3 M 

NaCl, 0.03 M sodium citrate, no Tween-20). Then slides were washed in 2xSSCT at 60 °C 

for 15 min, 2xSSCT at RT for 10 min and 0.2xSSC at RT for 10 min. DNA was stained 

by washing slides for 5 min in Hoescht (1:10,000 in 2xSSC). Slides were mounted with 

SlowFade Gold Antifade (Invitrogen) and sealed under glass coverslips with nail polish.

3D RNA slide FISH.

Cells were trypsinized and resuspended in fresh culture medium at 1x106 cells/mL, then 

settled onto poly-L-lysine coated glass slides for 2h. Cells were fixed to the slides for 

10 min with 4% paraformaldehyde in phosphate-buffered saline (PBS) (no Tween-20 in 

contrast to DNA FISH), followed by three washes in PBS for 5 min each wash. Slides 

were permeabilized overnight in permeabilization solution (70% ethanol, 1% SDS), and 

RNA FISH was started within 48 hours of cell fixation. On the first day of FISH, slides 

were washed twice in 2xSSCT for 5 min, then hybridization mix containing 31.25 nM 

primary unlabeled Oligopaint probes, hybridization buffer (10% dextran sulfate, 2xSSCT, 

50% formamide and 4% PVSA), and 1% SDS was added to slides, covered with a glass 

coverslip, and sealed with rubber cement. Slides were then denatured for 3 min at 60 °C 

on a heat block in a water bath and incubated overnight at 37 °C in humidified chamber. 

The following day, coverslips were removed and the slides were dipped twice in 2xSSCT. 

Then slides were washed four times for 5 min each in pre-warmed 65 °C 2xSSCT in 

a plastic coplin jar to avoid glass coplin jars cracking. Slides were washed twice for 5 

min each in RT 2xSSCT, then secondary hybridization mix containing 50 nM secondary 

fluorescently-labeled Oligopaint probes, hybridization buffer, and 1% SDS was added to 

slides, covered with glass coverslips, and sealed with rubber cement. After 1 hr incubation 

at 37 °C in a dark humidified chamber, coverslips were removed and DNA was stained 

in Hoescht (1:10,000 in 37 °C 2xSSCT) for 5 min. Slides were then washed twice for 2 

min each in 37 °C 2xSSCT, mounted with SlowFade Gold Antifade, and sealed under glass 

coverslips with nail polish. Slides were imaged within 24 hours of completion of FISH.

RNA interference.

HCT-116 cells were cultured in McCoy’s 5A medium supplemented with 10% fetal bovine 

serum, 2 mM L-glutamine, 100 U ml−1 penicillin, and 100 μg ml−1 streptomycin at 37 °C 

with 5% CO2. RNAiMAX transfection reagent (Thermo Fisher Scientific) was diluted in 

Opti-MEM reduced serum medium (Thermo Fisher Scientific), and pipetted onto siRNA. 

Plates were incubated at room temperature for 20 minutes. HCT-116 cells were trypsinized 
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and resuspended in antibiotic-free medium, then plated on siRNA duplexes to obtain a final 

siRNA concentration of 25 nM. After 72 h of RNAi treatment, cells were collected for 

experiments. Available siRNA sequences can be found in Table S2.

Microscopy.

Images for HiDRO experiments were acquired on a Molecular Devices Image Xpress Micro 

4 high-content microscope using a 0.95 NA 60X air objective (Nikon) or a Molecular 

Devices Image Xpress Micro 4 Confocal high-content microscope with 0.42 μm pinhole 

and 1.4 NA 60X water immersion objective. Max projections of z-series (6 images, 0.5 μM 

spacing) were generated automatically in MetaXpress and used for downstream analyses.

Images of slides were acquired on either a Leica widefield fluorescence microscope using 

a 1.40 NA 63X oil immersion objective with Andor iXon Ultra emCCD camera or a Leica 

SP8 confocal microscope using a 1.40 NA 63X oil immersion objective (Nikon).

Immunofluorescence.

Slides were brought to room temperature in 1xPBS for 10 minutes then permeabilized in 

Triton-X 100 in 1xPBS (0.1% final, Sigma) at room temperature for 15 minutes. Slides were 

then washed three times with Tween20 in 1xPBS (0.02% final, Sigma; room temperature, 

5 minutes each wash), and blocked with BSA solution (2% BSA, 0.02% Tween20, 1xPBS) 

for 1 hr. Primary antibody was diluted in BSA solution and applied on glass coverslips. The 

following concentrations of primary antibodies were used: RAD21 (Santa Cruz sc-166973, 

1:100), GSK3A (Cell Signaling Technology 4337, 1:50), GSK3B (BD Biosciences 610201, 

1:50). Each slide was mounted onto a coverslip and sealed with rubber cement (Elmer’s) 

before overnight incubation at 4 °C in a humidified chamber. On the following day, 

coverslips were removed and slides were washed three times in Tween20 in 1xPBS (room 

temperature, five minutes each wash). Secondary antibody was diluted in BSA solution 

then added to glass coverslips. The following concentrations of secondary antibodies were 

used: anti-Mouse Alexa Fluor 488 (Jackson ImmunoResearch Labs 115–545-003, 1: 100), 

anti-Rabbit Alexa Fluor 647 (Jackson ImmunoResearch Labs 111–605-003, 1: 100). Slides 

were mounted on the coverslips, sealed with rubber cement, and incubated for 1 hr RT in a 

humidified chamber in the dark. Coverslips were removed and slides were washed twice in 

Tween 20 in 1xPBS (room temperature, 5 minutes each). DNA was stained by washing in 

Hoechst once in DAPI stain (1:10,000 in 0.02% Tween-20, 1xPBS) for five minutes. Slides 

were then mounted in SlowFade Gold Antifade Mountant (Invitrogen).

ChIP-Seq.

ChIP was performed as described previously53. HCT-116 cells were cross-linked in culture 

medium by addition of methanol-free formaldehyde (ThermoFisher, final 1% v/v) and 

incubated at room temperature for 10 minutes with gentle nutation. Crosslinking was 

quenched by addition of glycine (final 125 mM) and incubated at room temperature for 

5 minutes with gentle nutation. Media was aspirated and replaced with cold DPBS. Cells 

were scraped and transferred to conical tubes, then pelleted by centrifugation (1500 rpm, 3 

minutes, room temperature). Pellets were flash frozen on liquid nitrogen and stored at −80 

°C. For ChIP, 30 μl protein G magnetic beads (per sample; ThermoFisher) were washed 
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three times in blocking solution (0.5% BSA in DPBS). Beads were then resuspended in 

250 μl blocking solution and 2 μg antibody (RAD21, Abcam ab992; CTCF, Cell Signaling 

Technology 3418) was added. Beads and antibody were rotated at 4 °C for at least six 

hours. Nuclei were isolated from frozen cell pellets as follows: pellet was resuspended in 

10 mL cold lysis buffer 1 (50mM HEPES-KOH pH7.5, 140mM NaCl, 1mM EDTA, 10% 

Glycerol, 0.5% NP-40, 0.25% Triton X-100, and protease inhibitors) and rotated at 4 °C 

for 10 minutes, followed by centrifugation (1500 rpm, 3 minutes, 4 °C). Supernatant was 

aspirated and the pellet was resuspended in 10 mL cold lysis buffer 2 (10mM Tris-HCl 

pH 8.0, 200mM NaCl, 1mM EDTA, 0.5mM EGTA, and protease inhibitors) and rotated at 

room temperature for 10 minutes, followed by centrifugation (1500 rpm, 3 minutes, 4 °C). 

Supernatant was discarded and nuclei were resuspended in 1 mL cold lysis buffer 3 (10mM 

Tris-HCl, pH 8.0, 100mM NaCl, 1mM EDTA, 0.5mM EGTA, 0.1% Na-Deoxycholate, and 

protease inhibitors) and transferred to pre-chilled 1mL Covaris AFA tubes (Covaris). Nuclei 

were sonicated using a Covaris S220 sonicator (high cell chromatin shearing for 15 minutes; 

Covaris). Sonicated chromatin was transferred to 1.5mL microcentrifuge tubes and Triton-X 

100 was added (1% final v/v) followed by centrifugation (top speed, 10 minutes, 4 °C). 

Supernatant was transferred to a new tube. Antibody-conjugated protein G beads were 

washed three times in blocking solution, resuspended in 50 μl blocking buffer, and added 

to 500 μg sonicated chromatin. Chromatin was rotated overnight at 4 °C. 50 μg lysate was 

reserved in a separate tube at −20°C for input. On day 2, beads were washed five times in 1 

mL RIPA buffer (50mM HEPES-KOH pH 7.5, 500mM LiCl, 1mM EDTA, 1% NP-40, 0.7% 

Na-Deoxycholate). Beads were then washed in 1 mL final wash buffer (1xTE, 50mM NaCl) 

for 2 minutes. Beads were finally resuspended in 210 μl elution buffer (50mM Tris-HCl pH 

8.0, 10mM EDTA, 1% SDS), and chromatin was eluted from beads by agitation at 65 °C for 

30 minutes. 200 μl eluate was transferred to a new tube, and all samples (ChIP and input) 

were reverse cross-linked overnight at 65 °C with agitation for between 12 and 18 hours. 200 

μl 1xTE was added to all samples, and samples were treated with RNase A (final 0.2mg/mL 

RNase; 37 °C for 2 hours) and proteinase K (final 0.2mg/mL Proteinase K; 55C for 2 hours). 

DNA was purified using phenol:chloroform extraction and resuspension in 10mM Tris-HCl 

pH 8.0.

ChIP and input DNA were quantified by Qubit (ThermoFisher) before library preparation 

using the NEBNext Ultra II DNA library prep kit (NEB). Samples were indexed for either 

single or dual-index sequencing. Library quality was assessed on Bioanalyzer (Agilent) and 

quantified by qPCR (Kapa Biosystems). Libraries were pooled, re-quantified, and sequenced 

on the Illumina NextSeq 500 platform (Illumina, single-end 75bp) or the Illumina NovaSeq 

6000 platform (Illumina, paired-end 100bp).

In situ Hi-C.

Hi-C libraries were generated from 1x106 cells using the Arima-HiC+ kit (Arima Genomics) 

and the Kapa Hyper Prep Kit with KAPA Library Amplification Primer Mix (KK8502), 

according to manufacturer’s recommendations. Libraries were validated for quality and size 

distribution using the Qubit dsDNA HS Assay Kit (Invitrogen, cat# Q32851), KAPA Library 

Quantification kit (Roche, Cat# KK4824) and TapeStation 2200 (Agilent). Hi-C libraries 

were paired-end sequenced (61bp+61bp) on a NovaSeq 6000 (Illumina).
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Subcellular Fractionation and Western Blot.

Cells were trypsinized and resuspended in fresh culture medium, then washed once in cold 

Dulbecco’s PBS. Cells were pelleted by centrifugation at 1,200g for 5 min at 4 °C. The 

pellet was then either processed with the Subcellular Protein Fractionation Kit for Cultured 

Cells kit (Thermo Fisher Scientific, 78840) or resuspended in 1x RIPA buffer with protease 

inhibitors to extract whole cell lysate.

For subcellular fractionation, manufacturer’s instructions were followed. For whole cell 

lysate, the sample was nutated at 4 °C for 30 min, and then centrifuged at 16,000g for 20 

min at 4 °C. Supernatant containing protein was extracted and quantified using the Pierce 

BCA Protein Assay Kit (ThermoFisher Scientific, 23225). Protein was stored at −80 °C until 

needed.

For blotting, protein was mixed with NuPAGE LDS sample buffer and sample reducing 

reagent (ThermoFisher Scientific), denatured at 70C for 10 min, then cooled on ice. 

Benzonase (final concentration 8.3 U μl-1) was added to the sample followed by 15 min 

incubation at 37 °C. Then 10–15 μg of sample was run on a Mini-PROTEAN TGX Stain-

free precast gels. Samples were transferred to a 0.2 μm nitrocellulose membranes for 1 

hr at 4 °C then washed once in TBS buffer and twice in TBS buffer + 0.05% Tween-20 

(TBST). Membranes were blocked for 30 min at RT in 5% milk in TBST, then incubated 

with primary antibodies diluted in 5% milk overnight at 4 °C. The following primary 

antibody concentrations were used: β-catenin (Cell Signaling Technology 8480, 1:1000), 

p-β-catenin Ser33/37/Thr41 (Cell Signaling Technology 9561, 1:500), p-β-catenin Ser675 

(Cell Signaling Technology 9567, 1:750), CTCF (Santa Cruz sc-271474, 1:1000), GAPDH 

(Cell Signaling Technology 5174, 1:2000), GSK3A (Cell Signaling Technology 4337, 

1:1000), GSK3B (BD Biosciences 610201, 1:1000), HDAC2 (Cell Signaling Technology 

5113, 1:1000), H3 (Abcam 1791, 1:10,000), NIPBL (Santa Cruz sc-374625, 1:400), PDS5A 

(Bethyl A300–089A, 1:1000), RAD21 (Abcam ab992, 1:1000), SMC1A (Thermo Fisher 

Scientific PA5–29122, 1:1000), WAPL (Cell Signaling Technology 77428, 1:1000). The 

following day, membranes were washed twice in TBST for 5 min each. Membranes were 

then incubated with secondary antibodies diluted in 5% milk TBST in the dark at RT 

for 1 hr. The following secondary antibody concentrations were used: anti-Rabbit HRP-

linked (Cell Signaling Technology 7074, 1:5000), anti-Rat HRP-linked (Cell Signaling 

Technology 7077, 1:5000), anti-Mouse HRP-linked (Cell Signaling Technology 7076, 

1:5000), anti-Mouse IRDye 800CW (LiCOR 926–32210, 1:3333), anti-Rabbit Cy3 (Jackson 

ImmunoResearch Labs 111–165-003, 1:6666). Membranes were then washed twice in 

TBST for 15 min each and once in TBS. Blots with HRP-linked secondary antibodies were 

additionally incubated for 1–5 minutes with Clarity or Clarity Max ECL Western Blotting 

substrates (Bio-Rad). Blots were then imaged on a ChemiDoc MP Imaging System and 

analyzed with Bio-Rad Image Lab software (v5.2.1).

Fluorescence recovery after photobleach (FRAP).

FRAP was performed similar to previous studies1,14,54. We used a HCT-116 cell line with 

RAD21 biallelically tagged with mClover. Images were acquired with a Leica Stellaris 5 

Confocal microscope with 63X/1.4 NA oil objective and an Okolab incubation enclosure. 
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Five prebleach images were acquired, then half of each nucleus was bleached with ten 

pulses of an 488-nm laser. After bleaching, five frames were acquired every two seconds, 

followed by 120 frames every 10 seconds. Fluorescence intensity was measured using 

ImageJ. Background intensity was subtracted from bleached and unbleached intensity 

measurements. Then the relative intensity between bleached and unbleached regions was 

calculated by dividing the background-corrected bleached intensity by the background-

corrected unbleached intensity. The mean of the relative intensity of the prebleach images 

was determined and all values were normalized such that the relative intensity before 

bleaching had a mean of 1. The median normalized intensity +/- SEM was plotted for all 

time points.

Proximity labeling by Turbo-ID.

Plasmid vectors with the CMV promoter were designed to express either GSK3A fused to 

BirA and V5 tag or BirA-V5 alone. The TurboID protocol was performed based on the 

published protocol55 with some modifications. Cells were seeded in 6 well plates with 3 

ml of media containing 0.5x106 cells/ml. The next day, media was aspirated from each 

well and replaced with 2 ml of fresh media prior to transfecting with a mixture of 2.5 μg 

of plasmid vectors, 250 μl Opti-MEM reduced serum medium (Thermo Fisher Scientific), 

7.5 μl Lipofectamine 3000 reagent, and 5 μl of P3000 (Thermo Fisher Scientific) reagent. 

After 24 hours, media was aspirated from each well and replaced with media containing 

500 μM of biotin to allow for proximity labeling. After another 24 hrs, the plate was 

moved to ice, media was aspirated, and wells were washed five times with 500 μl ice-cold 

PBS. Cells were pelleted at 300 g at 4°C for 3 min, supernatant was aspirated, and the 

cell pellet was resuspended in ice-cold RIPA (50 mM Tris pH 8, 150 mM NaCl, 0.1% 

SDS, 0.5% sodium deoxycholate, 1% Triton X-100) supplemented with protease inhibitors 

and 1 mM PMSF and incubated for at least 10 minutes on ice. Lysates were clarified by 

centrifugation at 13,000 g at 4 °C for 10 min, and the clarified supernatant was transferred 

to a new tube. Protein concentration was quantified using the Pierce BCA Protein Assay Kit 

(ThermoFisher Scientific, 23225).

To perform the immunoprecipitation (IP), 25 ul of MyOne Streptavidin T1 magnetic beads 

(Thermo Fisher Scientific) were washed in RIPA buffer before being combined with 75 μg 

of lysate in a total volume of 1 mL of RIPA buffer and incubated overnight in a rotator. The 

next day, beads were collected on a magnet and washed and incubated in RIPA buffer twice 

for 2 min each time, 1 M KCl for 2 min, 0.1 M Na2CO3 for 15 s, 8M urea for 15 s, and twice 

more in RIPA buffer for 2 min each time. Beads were then incubated at 95 °C for 15 min 

with 2 mM biotin, NuPAGE LDS sample buffer and sample reducing reagent (ThermoFisher 

Scientific), and supernatant was collected for blotting using the same Western procedure 

described earlier. Antibody concentrations are as follows: RAD21 (Abcam 992, 1:1000), 

SMC1A (Bethyl A300–055A, 1:1000), PDS5A (Bethyl A300–089A, 1:1000), β-catenin 

(Cell Signaling Technology 8480S, 1:1000), V5 (Invitrogen R96025, 1:1000), WAPL (Cell 

Signaling Technology D9J1U, 1:1000), and NIPBL (Santa Cruz sc-374625, 1:500).
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Real-time quantitative polymerase chain reaction.

RNA was isolated from HCT-116 cells using the RNeasy Plus kit (Qiagen) per 

manufacturer’s instructions. cDNA was synthesized in a 50 μl reaction containing 20 μl 

RNA, 0.7μl Maxima RT (Thermo Scientific), 1500pmol Oligo dT primer (IDT), 1.6mM 

dNTPs, 1x RT Buffer (Thermo Scientific) and 0.5μl RNase OUT (Invitrogen). This reaction 

was incubated at 50°C for two hours then 85°C for 5 min. Samples were stored at −20°C 

until use. RT-PCR was performed using PowerUP Sybr (ThermoFisher, #A25741). Briefly, 

cDNA was diluted to a working concentration of 6μg and HCT-116 genomic DNA (gDNA) 

was diluted in a 1:10 serial dilution. A 6μl reaction was prepared per well, with 1x PowerUP 

Sybr and 0.2μM of the forward and reverse primers and combined with 4μl diluted DNA. 

Each reaction was performed in triplicate. qPCR was performed on the QuantStudio7 Flex 

System. UBC and TBP were used as reference control genes.

Generation of HCT-116-WAPL-AID2 cell line.

Plasmids were generated as previously described51. Briefly, the CRISPR plasmid (WAPL-C 

CRISPR) to induce a double strand break in C-terminus of WAPL was modified from 

pX330-U6-Chimeric_BBCBh-hSpCas956 by inserting sequence for a gRNA targeting the 

C-terminus of WAPL (IDT, target site: 5’TTACCGAGCACCTGAAGCAA3’). The donor 

plasmids for the mAID2 cassette were created by first amplifying the C-terminus of 

WAPL from HCT-116 genomic DNA and inserting into pBluescript II cloning vector. The 

WAPL-mAID2-mClover3-Neomycin (WAPL-mAC-Neo, modified from Addgene 72827) 

and WAPL-mAID2-mClover3-Hygromycin (WAPL-mAC-Hygro, modified from Addgene 

72828) were inserted into the homology site. The previously described parental cell 

line HCT-116-OsTir(F74G)57 was transfected with the three plasmids: WAPL-C CRISPR, 

WAPL-mAC-Neo and WAPL-mAC-Hygro. The cells were selected with G418 and 

hygromycin for 10–13 days. Colonies were isolated and genotyped by PCR as shown 

in Extended Data Fig. 5. WAPL was depleted by addition of 1μM 5-Ph-IAA (modified 

auxin)51.

QUANTIFICATION AND STATISTICAL ANALYSIS

HiDRO Image Analysis.

To reduce computing time, we did not apply a deconvolution algorithm prior to analysis of 

our primary screen high-content images. Our data from Figure 1 strongly indicated that our 

segmentation of raw 2D max-projected images via the CellProfiler software package was 

incredibly efficient at detecting changes in spatial overlap and CCD. However, images for all 

follow-up experiments, were deconvolved with Huygens Essential v20.04 (Scientific Volume 

Imaging) using the Classic Maximum Likelihood Estimation algorithm and theoretical PSFs. 

Unprocessed images from HiDRO plates were segmented and measured using CellProfiler 

(version 3.1.8, ref. 58). Edges of nuclei were detected using minimum cross entropy 

thresholding59 and edges of FISH spots were detected using three-class Otsu thresholding60. 

For spot segmentation, only spots within segmented nuclei were kept for measurement. 

The parameters for Otsu thresholding were tuned by visually inspecting the segmentation 

results in CellProfiler. Spot overlap measurements were determined as follows. Spots were 

assigned to nuclei using “RelateObjects” in CellProfiler, and any spots not contained in 
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a nucleus were excluded. Overlap regions between two spots A and B were identified 

and paired to each spot using the “MaskObjects” and “RelateObjects” modules. Then, 

to identify A and B spots on the same allele, for spots A1, …, Ai and B1,…, Bj in a 

single nucleus, a list of all possible pairings of spots (Ai, Bj) was generated. An empirical 

center-center distance (CCD) cutoff was applied to exclude pairs that had a CCD greater 

than the cutoff. An empirical cutoff of 2.85 μm for TADs and 1.37 μm for subTADs was 

determined from examining the distribution of distances for the range of TAD and subTAD 

pairs evaluated in Figure 1. Spot pairs with the minimum CCD between them were matched 

by destructively iterating through the list of all possible TAD pairs. To compare HiDRO 

measurements across different plates and experiments, robust z-scores for each measurement 

were generated comparing each individual well against all of the wells on the same replicate 

plate, excluding the positive control wells seeded with NIPBL and WAPL siRNA. Negative 

control wells with non-targeting siRNA were included for comparison. The mean of each 

measurement was calculated per well, and the formula for robust z-score was applied: (mean 

measurement for well – median of mean measurements for all wells on plate excluding 

positive controls)/ (1.486*(median absolute deviation for the mean measurements across the 

plate, excluding positive controls)). Full data is reported in Supplementary Table 3. For the 

validation de-pooled screen, robust z-scores were calculated from a null distribution of 62 

wells seeded with non-targeting control siRNA #5. Full data is reported in Supplementary 

Table 5.

To correct for chromatic aberrations, we recorded the chromatic offset in x,y (for 2D 

analysis of HiDRO images) with 0.1 micron TetraSpeck microspheres (Thermo Fisher 

Scientific, T7279). Microscope calibrations were then performed through mechanical and 

software modifications to correct for the chromatic offset during subsequent acquisitions 

using MetaXpress software. Note that our spatial overlap metric requires images to 

be shifted prior to segmentation as any shift may change the amount of overlap in a 

nonlinear fashion (domains are larger and more amorphous than diffraction-limited foci). 

We continually took measurements with Tetraspeck beads and recalibrated our system prior 

to each experimental run if we recorded an offset greater than the size of a pixel of that 

system. We note that we cannot completely rule out that some chromatic shifts transiently 

occurred throughout our long HiDRO imaging sessions (24-hours per plate x 6 plates per 

week). Therefore, to account for additional plate-to-plate variation, we prepared replicate 

plates on separate weeks and restricted our analysis of screen results to robust z-scores 

(Supplementary Table 3) rather than the absolute values of CCD or spatial overlap.

Primary Screen and Validation Screen hit selection.

Hits were selected from the primary screen data by meeting the following criteria based 

on nuclei count and overlap measures (CCD, D1 overlap, D2 overlap): Both replicates had 

z-scores with absolute value ≥1.5. Both replicates should have z-scores of the same sign 

(positive or negative). The list of 58 primary hits was manually selected from genes that 

altered CCD and at least one overlap measure. In the primary screen, each gene was targeted 

with a pool of four siRNA duplexes in a single well.
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For our validation screen, we ordered from ICCB-L 384-well plates seeded with the four 

siRNA duplexes for each primary gene hit de-pooled into four separate wells, arranged 

randomly on one 384-well plate. We performed the validation screen in triplicate. Robust 

z-scores for overlap measurements were calculated for each well versus a null distribution 

of 62 wells seeded with non-targeting control siRNA #5 (Supplementary Table 4). We set 

a nucleus count cutoff of 100 nuclei. Individual siRNA duplexes were considered validated 

hits if they had z-scores with absolute values ≥2 in at least 2/3 replicates for at least 2/3 

overlap measurements. This resulted in 106/232 duplexes validating corresponding to 52/58 

primary hit genes. To further filter validated genes from these duplexes, genes that had a mix 

of NIPBL-like and WAPL-like duplexes were excluded. This left us with 43/58 validated 

genes, which are listed in Supplementary Table 5.

For analysis of multiple TAD boundaries in Figure 2, we measured four biological replicates 

for each gene KD at each boundary tested. We found CCD to be the most reliable 

measurement across boundaries of different insulation scores, so we scored a gene KD 

as a hit for a boundary if it had at least 2/4 replicates with CCD robust z-score vs. negative 

control wells absolute value ≥2.

Measurement correlation and tree visualization.

Primary screen measurements across all replicates were converted to z-scores. Replicates 

with fewer than 100 nuclei per well were excluded. We then converted the z-scores into 

“hits” by setting all values between −1.5 and 1.5 (exclusive) to zero. Values of −1.5 or lower 

were set to −1, and values of 1.5 or greater were set to 1, resulting in a new matrix of the 

same shape that indicated whether a significant shift was observed (and in which direction) 

for a measurement within a single replicate of a single gene knockdown. If more than 50 

percent of replicates for a single gene were significant in the same direction, that measure 

was recorded as either a positive or negative hit for that gene. (If a gene had replicates 

that were hits in opposite directions, that gene was recorded as a non-hit.) This resulted 

in a deduplicated list of all genes, with a single entry for each measure indicating whether 

that knockdown had a positive, negative, or null effect on the measure. We used this to 

extract a vector of hits for each measurement that was a combination of −1, 0 and 1, one 

entry per gene—we then calculated pairwise relationships between each measurement using 

the polychoric correlation of these vectors (Polycor, https://cran.r-project.org/web/packages/

polycor/index.html)61. The rho values for each pair were used to generate a heatmap 

(Extended Data Fig. 2f) that we used to build five groups of related measurements, referred 

to as measurement categories, that were also highly correlated: overlap metrics, domain 

area, domain shape, nuclear area and nuclear shape. In several cases, hits within a group 

were negatively correlated with the others in the group—that is, increases in one measure 

were strongly correlated with decreases in another measure. In these cases (i.e. measures 

of compactness and eccentricity), the correlation scores were multiplied by −1, which 

maintained the separate classifications but aligned the values with the other measures in each 

group. We then selected a single measure from each group to represent all measures in that 

group. These group-level hits were used to visualize the genes in Fig. 2f.
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DNA and RNA slide FISH Image Analysis.

Widefield images were deconvolved with Huygens Essential v20.04 (Scientific Volume 

Imaging) using the Classic Maximum Likelihood Estimation algorithm with theoretical 

PSFs. Additional settings include signal-to-noise ratio (SNR) of 20 and 50 iterations for 

FISH spots, SNR 10 and 50 iterations for IF signal, or SNR of 40 and 2 iterations for DNA 

stain. The deconvolved images were segmented and measured using a modified version 

of the TANGO 3D-segmentation plug-in for ImageJ62,63. Nuclei and FISH spots were 

segmented using a hysteresis-based algorithm. To correct for chromatic aberrations, we 

recorded the chromatic offset in x,y,z with 0.1 micron TetraSpeck microspheres (Thermo 

Fisher Scientific, T7279). Microscope calibrations were then performed through mechanical 

and software modifications to correct for the chromatic offset during subsequent acquisitions 

using Leica software. In some cases, corrections were applied to images immediately 

after acquisition. Note that our spatial overlap metric requires images to be shifted prior 

to segmentation as any shift may change the amount of overlap in a nonlinear fashion 

(domains are larger and more amorphous than diffraction-limited foci). We continually took 

measurements with Tetraspeck beads and recalibrated our system prior to each experimental 

run if we recorded an offset greater than the size of a pixel of that system.

RAD21 IF and Signal Granularity Quantification.

From a z-series, the plane of best focus in the RAD21 channel was identified using 

the Normalized Variance algorithm in ImageJ. The corresponding z-plane was pulled 

from the DAPI channel for concurrent analysis of nuclei. Images were automatically 

processed in CellProfiler (v4.2.1)64 for nuclear segmentation and granularity measurement 

with a structuring element radius of 5 pixels and a range of granular spectrum of 10. 

The granularity measurement for the second instance of the granularity spectrum was 

reported. Nuclei that were out of focus or for which segmentation was inaccurate were 

manually filtered and removed from analysis. The statistical analysis of the cell counts were 

performed in GraphPad Prism v.9.2.0.

ChIP-seq Analysis.

Sequencing quality was examined using FastQC (v0.11.9) to ensure that the library GC% 

and duplication rate were within expected range and adapters were effectively trimmed65. 

Trimming was performed with Trimmomatic (v0.38) using a sliding window of four bases 

and a minimum average quality score of 20; reads shorter than 20 base pairs were discarded. 

Remaining reads were aligned against the GRCh38 reference genome66 using Bowtie2 

(v2.4.1)67 allowing soft clipping (“--local”) with the “sensitive local” preset options. 

Alignments were then filtered for duplicates using the Picard (v2.27.1) “MarkDuplicates” 

tool. Alignments that mapped to ENCODE blacklisted regions14 were also removed for 

downstream analysis using BEDtools v2.30.068. Visualization tracks were generated using 

the deepTools (v3.3.1) “bamCompare” utility69,in which corresponding input controls were 

subtracted from IP and reads with a MAPQ score lower than 20 were discarded. Peaks were 

called for IP libraries against their corresponding input controls using MACS2 (v2.1.1)70, 

with default parameters and a 0.01 q-value cutoff. Lost, retained, and gained sites in GSK3A 

KD were determined with DiffBind v3.6.271 using the DESeq2 analysis method72, a false-
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discovery cutoff of 0.1, and only reads with a minimum MAPQ score of 20. Example 

ChIP-seq tracks were generated in PyGenomeTracks v3.673.

Binding heatmap visualization.

ChIP-seq signal heatmaps illustrate results based on merged samples. Samples were grouped 

by condition (GSK3A knockdown, control) and ChIP target (RAD21, CTCF, input); within 

each group, alignment files were downsampled so that each sample had an approximately 

equal number of aligned reads. Each sample was then merged together, resulting in a single 

file for RAD21 ChIP-seq in the GSK3A knockdown, another for input sequencing in the 

GSK3A knockdown, another for RAD21 ChIP-seq in the control condition, and so on. IP 

and input samples were then compared using the same bamCompare parameters described 

above. Once these tracks were generated, they were used as the input into the deepTools 

“computeMatrix” command, using a bin size of 10 and the “center” reference point option. 

The result was used as the input to the deepTools “plotHeatmap” command69.

Hi-C Analysis

Data processing:

Raw reads for each Hi-C sample were processed with HiC-Pro (version 2.11.1) to obtain 

putative interactions with default parameters except LIGATION_SITE = GATCGATC 

and GENOME_FRAGMENT generated for MboI restriction enzyme74. For downstream 

analyses, ValidPairs were converted to hic files using the “hicpro2juicebox.sh” in utils 

of HiC-Pro. We recovered the following number of contacts in each condition: Control 

replicate 1 (507359205), Control replicate 2 (680457594), GSK3A KD replicate 1 

(445835605), GSK3A KD replicate 2 (533783209), WAPL KD replicate 1 (375716000), 

WAPL KD replicate 2 (280660878), PDS5A replicate 1 (278576035), PDS5A replicate 

2 (275103778). To match sequencing depth achieved in each GSK3A replicate, PDS5A 

and WAPL replicates were merged with HiCExplorer by using the “merge” function. 

Replicates were assessed by using the Python implementation of HiCRep package75 using 

the parameters --bDownSample --h 10 --dBPMax 1000000 to calculate a stratum-adjusted 

correlation coefficient.

Domain calling with 3DNetMod:

We assembled binned Hi-C contact matrices for each chromosome in each condition at 10 

kb resolution. We performed a simple scalar normalization. We computed a simple scalar 

size factor for each pixel based on the genomic distance between pairs of bins in the contact 

matrix76. Each pixel value in the contact matrix was divided by the size factor as a way of 

normalizing the counts distributions across multiple conditions. Each pixel was then rounded 

to the nearest whole number. We applied a filter to the scaled matrices to remove regions 

with sparse row counts and high spatial outliers. Sparse row count regions were identified 

as rows with less than 35 nonzero entries in the first 750 kb in either direction from the 

diagonal. We considered pixels to be an outlier if their value exceeded four times the local 

median in a surrounding 5x5 pixel square neighborhood of adjacent pixels, or greater than 

four if the local median was less than one. Finally, we performed Knight-Ruiz matrix 

balancing on the filtered matrices as previously described77,78.
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We used our previously published code 3DNetMod79, to identify TADs and subTADs 

genome-wide on normalized and balanced 10 kb Hi-C matrices. As previously 

described76,77,79,80, we log transformed genome-wide counts data. We chunked counts data 

into 6 Mb regions with 4 Mb overlap as well as 3 Mb regions with 2 Mb overlap between 

adjacent regions. In our analysis, we filtered out sparse regions with consecutive zero counts 

on the diagonal for distances greater than or equal to 500 kb. Sparse regions with zero 

counts for ≥1/3 of all pixels on diagonal of a chunked region were also filtered. We used a 

plateau size of 16 and 8 for 6 Mb and 3 Mb chunked regions, respectively, as the minimum 

consecutive gamma plateau size required for analysis. Gamma steps of 0.01 were used to 

identify plateaus that result in equal number of domains, determined as a mean per 20 

partitions. We filtered domains smaller than 60 kb as well as removed domains within 20 

bins from the edges of chunked regions. We merged the 6 Mb and 3 MB chunked regions 

genome-wide. Finally, domains that co-localized within +/- 70 kb to both boundary edges 

were considered redundant calls and merged into a single domain. We determined a final 

set of unique boundary locations by adjusting domains whose gap between adjacent close 

boundaries was less than 7.5% of the domain size for all adjacent domains or less than 70 kb 

to share a single consistent boundary.

To calculate insulation scores, .hic files were converted to either .cool format using 

HiCExplorer “convert” function (Release 3.7.2)81 and Knight-Ruiz normalized using the 

“correct” function. Insulation scores were called for each 5 kb bin using the “cooltools 

insulation” function from the cooltools package82 using a window of 1 Mb and the 

parameter --ignore-diags 0. Then, insulation scores were retrieved for each domain boundary 

and its neighboring upstream and downstream flanks for a combined 500 kb window, and 

the median insulation score was graphed for each condition.

Loop calling:

Loops were called using Mustache (version 1.2.4)83. At 5 kb and 10 kb resolutions, loops 

were called using the parameters -pt 0.01 (q value) -p 10 -st 0.88. Loops called at both 

resolutions were merged into one list by using HiCExplorer’s “hicMergeLoops” function 

with parameter --lowestResolution 10000. Loop anchors were deemed overlapping if they 

had >=1 bases of overlap. Lost, retained, and gained loop anchors were determined using 

bedtools. Lost loops were defined as control loops with anchors A1 and A2 where when 

compared against all GSK3A KD loops with anchors B1 and B2, (A1 had zero overlap 

with B1) OR (A2 had zero overlap with B2). Retained loops were defined as control loops 

with both loop anchors A1 and A2 where when compared against all GSK3A loops with 

anchors B1 and B2, (A1 had >=1 base overlap with B1) AND (A2 had >=1 base overlap 

with B2). Gained loops were defined as GSK3A KD loops with anchors B1 and B2 where 

when compared against all control loops with anchors A1 and A2, (B1 had zero overlap with 

A1) OR (B2 had zero overlap with A2).

Pileup of Mustache loops and domain boundaries:

The aggregate pileup analysis of loops in each condition and the log2fold change was done 

with the coolpup.py function from the coolpuppy package (version 0.9.5)84 using the 5 

kb resolution .cool files. For loops, the parameters --mindist 0 and --expected were used. 
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For domain boundaries, the parameters used were --local --ignore_diags 2 --pad 250 and 

--expected. The --expected parameter for both pileups utilizes the output from cooltools 

“compute-expected” function and parameter -t cis. These pileups were then plotted using 

plotpup.py function.

Stripe detection and analysis:

Stripes were detected using Stripenn version 1.1.5085 with settings resolution=5000, –

norm=weight, –canny=1.5, –minL=10, maxW=8, –maxpixel=0.95,0.96,0.97,0.98,0.99 and 

–pvalue=0.05. The pileup analysis of stripes in each condition and the log2fold change 

of stripes was done with the coolpup.py function from the coolpuppy package (version 

0.9.5)84 using the 5 kb resolution .cool files and parameters --mindist 0 --local --pad 2000 

--ignore_diags 2 and --expected, where the last parameter utilizes the output from cooltools 

“compute-expected” function and parameter -t cis. These pileups were then plotted using 

plotpup.py.

STATISTICS AND REPRODUCIBILITY

The number of samples per condition (n) is indicated in the respective figure legends 

of all graphs. For HiDRO experiments, each well was a biological replicate. Each 3D 

slide FISH experiment reported in this study was repeated in at least one biological 

replicate (Fig. 2k/Extended Data Fig. 2l; Fig. 3c/d; Fig. 5a/b, Extended Data Fig 3c/d, 

3f/g; Extended Data Fig.5b/c, Extended Data Fig. 6g/h). Immunofluorescence experiments 

were repeated in at least one biological replicate (Fig. 3a, Fig. 5i/Extended Data Fig. 5l). 

Co-immunoprecipitation experiment in Fig. 6b was repeated in three additional biological 

replicates (Extended Data Fig. 6b). GSK3A Turbo-ID experiment in Extended Data Fig. 6c 

was repeated in one additional biological replicate (Extended Data Fig. 6d). Western blot 

experiments were repeated in at least one additional biological replicate (Extended Data 

Fig. 3b,e; Extended Data Fig. 5a). FRAP experiment data (Extended Data Fig. 5f,g) is from 

two biological replicates pooled together. Biological replicates involved an independent 

collection of cells including relevant treatments. Protein class designations were determined 

by PANTHER and manual curation of unassigned proteins30. All other statistical tests are 

discussed in the corresponding methods subsection or figure legend. Statistical analyses 

were performed using either python or Prism 9 software by GraphPad (v9.2.0).
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Extended Data

Extended Data Figure 1. Additional DNA HiDRO spot efficiency and RNA HiDRO workflow, 
Related to Figure 1.
a) Labeling efficiency for D1 locus as measured by percent of nuclei with at least one 

signal for different Oligopaint probe designs including dye-conjugated 80-mers (DC 80), 

secondary 80-mers (SL 80) and secondary labeled 42-mers (SL 42, conventional Oligopaints 

used in ref7). Each bar is mean +/- SD. [n = 12 biological replicate wells for all conditions 

except DC80 1pmol/well and 2pmol/well (n = 24) and UL80 25 pmol/well (n = 11)].

b) Labeling efficiency for D2 locus for different Oligopaint probe designs. Each bar is mean 

+/- SD. [n = 12 biological replicate wells for all conditions except DC80 1pmol/well and 

2pmol/well (n = 24) and UL80 25 pmol/well (n = 11)].

c) Ideograms showing chromosomal locations of Oligopaint probes to 42 DNA regions 

tested by HiDRO.
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d) Labeling efficiency as measured by percent of nuclei in a well with one or more signals 

detected. Chr22 D1 (green) and D2 (magenta) highlighted. Each data point represents mean 

+/- SEM of six biological replicates.

e) – (p) Hi-C contact matrices for boundaries tested by DNA HiDRO. Hi-C from ref4; tracks 

below are Oligopaint design, RAD21 ChIP-seq peaks (ENCODE ENCFF001UEG), CTCF 

ChIP-seq peaks with directionality (GEO GSM1022652), Genes, Compartment designation 

by eigenvector4, lamina associated domains (LADs) (4DN Data Portal : 4DNFI2BGIZ5F), 

superenhancers86, and insulation scores7. Percentages above each domain represent the 

probe efficiency for that domain as measured by the percentage of nuclei with at least one 

spot detected.

q) Schematic for RNA HiDRO. Probes can be designed to introns and/or exons and RNA 

FISH is performed in 384-well plates. Wells are imaged on a high-content microscope, and 

nascent signals in the nucleus are segmented and measured computationally. Solid white line 

indicates nuclear edge. Scale bar field, 10 µm; Scale bar nucleus, 5 µm.

r) Bursting frequency of three genes MCM5, LRCC20, and CHPF as measured by 3D RNA 

FISH on slides and RNA HiDRO shown. Each dot represents one biological replicate of 

bursting frequency calculated from greater than 100 nuclei. ns = P>0.05, two-tailed t-test. 

[Biological replicate wells for MCM5 Slides and HiDRO: n = 4; LRCC20 Slides n = 6, 

HiDRO n = 4; CHPF Slides n = 6, HiDRO n = 10].
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Extended Data Figure 2. HiDRO screen validated hits are region non-specific regulators of TAD 
boundaries, Related to Figure 2.
a) Protein classes of genes in the Druggable Genome library. Targeted genes encode proteins 

across diverse classes including kinases, membrane and extracellular matrix proteins, and 

proteases. n = 3083.

b) Protein class designations of all primary hits from Druggable Genome HiDRO screen (n = 

58).

c) Protein class designations of primary hits that increase inter-TAD interactions (n = 33).

d) Protein class designations of primary hits that decrease inter-TAD interactions (n = 25).

e) Representative images of chr22:D1-D2 for hits altering inter-TAD interactions. Solid 

white line indicates nuclear edge. Scale bar nucleus, 5 µm; Scale bar spots, 1 µm. Each gene 

was tested in two biological replicates.
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f) Correlation heatmap of 21 image-based phenotypes with color-coded squares outlining the 

five measurement categories used for the phenotypic tree in Fig. 2f. The five categories are 

overlap metrics, domain area, domain shape, nuclear area and nuclear shape.

g) Histogram of nuclear area for non-targeting control wells from replicate 1 of Fig. 1b 

data. Black lines denote the 20th (142 µm2) and 30th percentiles (170 µm2) of nuclear area, 

representing G1 nuclei. Red lines denote the 70th (283 µm2) and 80th percentiles (354 µm2) 

of nuclear area, representing G2 nuclei. n = 128 wells.

h) Violin plot of D1 spots detected per nucleus per well in G1 and G2 nuclei. Solid line is 

median, dotted lines are 25th and 75th percentiles. [Data from n = 128 wells for each bar.]

i) Violin plot of mean CCD per well in G1 and G2 nuclei. Solid line is median, dotted lines 

are 25th and 75th percentiles. [Data from n = 128 wells for each bar.] ns P-value > 0.05, 

two-tailed t-test.

j) Violin plot of mean D1 overlap per well in G1 and G2 nuclei. Solid line is median, dotted 

lines are 25th and 75th percentiles. [Data from n = 128 wells for each bar.] ns P-value > 0.05, 

two-tailed t-test.

k) Validation HiDRO screen workflow tests each primary hit with four independent siRNA 

duplexes in separate wells, then applies DNA FISH to chr22 domains D1 and D2.

l) Hi-C contact matrix and Oligopaint design for three adjacent TADs on chr3. Hi-C data 

from ref4. Fold change in spatial overlap between chr3 D1 and D2 for top hits. [Data from 

one well per condition of HiDRO experiment; Number of Alleles for Control (n = 1,075), 

WAPL (n = 426), GSK3A (n = 855), CALM1 (n = 1,321), FBXL14 (n = 1,184)]. *** 

P-value < 0.001, **** P-value < 0.0001, two-tailed Mann-Whitney U test.

m) Heatmap displaying fold change in CCD at 13 boundaries across the human genome for 

WAPL, GSK3A, CALM1 and FBXL14 KD. Each boundary was tested with 3–4 biological 

replicates per gene KD.

n) Fold change in CCD versus insulation score at boundary for top siRNA KD. For each 

graph, x-axis is insulation score of the boundary. Insulations scores from ref4. Y-axis is fold 

change in center-center distance between domains relative to control. Each point is the mean 

of 4 biological replicates except WAPL KD at insulation scores 91, 119, 142, 149, 195 (n = 

3 replicates) error bars are +/- SEM.

o) Number of significantly altered boundaries as measured by D1 overlap and D2 overlap for 

different gene KD.
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Extended Data Figure 3. Validation of a non-canonical role for GSK3A in inter-TAD 
interactions, Related to Figure 3.
a) Representative fields of control and GSK3A KD HCT-116 cells after IF to GSK3A and 

GSK3B. Scale bar, 25 µm.

b) Western blot of whole cell lysate after KD of GSK3A, GSK3B, or GSK3A+GSK3B. 

Proteins were labeled with HRP-linked antibodies. [Images in order top to bottom. Blot 

1: Beta-catenin total, GAPDH; Blot 2: phospho-Beta-catenin Ser675 (activated), GSK3A, 

GAPDH; Blot 3: phospho-Beta-catenin Ser33/37/Thr41 (marked for degradation), GSK3B, 

GAPDH].

c) Representative 3D DNA FISH images of chr22 domains after KD of GSK3A using four 

independent siRNA constructs. Dotted white line indicates nuclear edge. Scale bar nucleus, 

5 µm; Scale bar spots, 1 µm.

d) Fold change in spatial overlap between chr22:D1 and D2 after KD of GSK3A using 

four independent siRNA constructs and a pool of all four constructs. * P-value < 0.05, *** 
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P-value < 0.001, *** P-value < 0.0001, two-tailed Mann-Whitney U-test. [Alleles for RNAi 

Control (n = 961), GSK3A Pool (n = 383), GSK3A #1 (n = 807), GSK3A #2 (n = 586), 

GSK3A #3 (n = 314), GSK3A #4 (n = 571)].

e) Western blot of whole cell lysate after GSK3A KD using four independent siRNA 

constructs and pool of all four constructs leads to selective depletion of GSK3A. Proteins 

were labeled with HRP-linked antibodies. All lanes cropped from same blot to show only 

relevant lanes.

f) Representative 3D DNA FISH images of chr22 domains after 24 hour DMSO- and 

BRD0705- (GSK3Ai, 20 µM) treated HCT-116 cells. Dotted white line indicates nuclear 

edge. Scale bar nucleus, 5 µm; Scale bar spots, 1 µm.

g) Fold change in spatial overlap after 24 hour 20 µM BRD0705 treatment for four TAD 

boundaries of varying insulation scores. ** P-value < 0.01, **** P-value < 0.0001, two-

tailed Mann-Whitney U-test. [Number of alleles for chr3:D1-D2: DMSO Control (n = 556), 

BRD0705 (n = 502); chr3:D2-D3: Control (n = 542), BRD0705 (n = 491); chr22:D1-D2: 

Control (n = 732), BRD0705 (n = 440); chr22:D2-D3: Control (n = 687), BRD0705 (n = 

427)].
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Extended Data Figure 4. Hi-C reveals long-range looping interactions are gained in GSK3A KD, 
Related to Figure 4.
a) Tukey box plots for stratum-adjusted correlation coefficient per chromosome for 

replicates of Hi-C in control, GSK3A KD, WAPL KD and PDS5A KD. Lower whisker 

= 25th percentile – 1.5*IQR, lower box bound = 25th percentile, middle of box = median, 

upper box bound = 75th percentile, upper whisker = 75th percentile + 1.5*IQR. [n = 23 

chromosomes for each condition].

b) Log2 of difference (GSK3A KD replicate 2 – control replicate 2) in contact probability 

as a function of genomic distance (log scale). Dotted line at 500 kb indicates divide between 

short-range intra-TAD and long-range inter-TAD interactions.

c) Domain counts for TAD [Control (n = 2,253), GSK3A KD (n = 2,271)] and subTADs 

[Control (n = 18,117), GSK3A KD (n = 19,632)].

d) Violin plot of TAD length in kb. Solid line is median, dotted lines are 25th and 75th 

percentiles. [Control (n = 2,253), GSK3A KD (n = 2,271)].
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e) Violin plot of subTAD length in kb. [Control (n = 18,117), GSK3A KD (n = 19,632)].

f) Insulation score pileup at control TAD boundaries in control replicate 1, control replicate 

2, GSK3A KD replicate 1 and GSK3A KD replicate 2 Hi-C.

g) 3D pileup plots of Hi-C interactions in control and GSK3A KD at control subTAD 

boundaries, as well as log2 fold change in interactions across those boundaries.

h) 3D pileup plots of Hi-C interactions in control and WAPL KD at control TAD boundaries, 

as well as log2 fold change in interactions across those boundaries.

i) 3D pileup plots of Hi-C interactions in control and PDS5A KD at control TAD 

boundaries, as well as log2 fold change in interactions across those boundaries.

j) Upset plot of chromatin loop intersections between control, GSK3A KD, PDS5A KD and 

WAPL KD. [Control (n = 11,895), GSK3A KD (n = 7,721), PDS5A KD (n = 8,294), WAPL 

(n = 23,278)].

k) Aggregate peak analysis of control and GSK3A KD at union set of loops across control 

and GSK3A KD (n = 13,491).

l) 3D pileup plots of Hi-C interactions in control, GSK3A KD, WAPL KD and PDS5A KD 

at stripes detected in control.

m) Hi-C contact matrices for control, WAPL KD, and WAPL KD – Control subtraction at 

chr7:81.5–85 Mbp. Looping interactions highlighted with squares on contact map and arcs 

below contact map. For subtraction map, red loops are gained in WAPL KD, and blue loops 

are lost.

n) Hi-C contact matrices for control, PDS5A KD, and PDS5A KD – Control subtraction at 

chr7:81.5–85 Mbp. Looping interactions highlighted with squares on contact map and arcs 

below contact map. For subtraction map, red loops are gained in PDS5A KD, and blue loops 

are lost.

Extended Data Figure 5: GSK3A regulates genome folding in a cohesin-dependent manner.
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(a) Western blot of whole cell lysate after six hour auxin treatment in HCT-116-RAD21-

mClover-AID cells and depletion of GSK3A after 72 hour RNAi KD. Proteins are labeled 

with HRP-linked antibodies. All bands and lanes from same blot.

(a) Representative 3D DNA FISH images of chr22 domains following six-hour RAD21 

auxin-inducible degradation, 72 hour GSK3A KD or both. Dotted white line indicates 

nuclear edge. Scale bar for nucleus, 5 µm; scale bar for spots, 1 µm.

(b) Fold change in spatial overlap between chr22:D1-D2 after GSK3A KD, RAD21 

degradation or both. ns P-value > 0.05, **** P-value < 0.0001, two-tailed Mann-Whitney 

U-test. [Alleles for Control (n = 669); GSK3A KD (n = 712); +Auxin (n = 680); GSK3A 

KD + Auxin (n = 560)].

(b) Representative 3D DNA FISH images of chr22 domains after auxin-inducible 

degradation of RAD21, 24 hour treatment with BRD0705 (GSK3Ai) or both. Dotted white 

line indicates nuclear edge. Scale bar nucleus, 5 µm; Scale bar spots, 1 µm.

(c) Fold change in mean spatial overlap at chr22:D1-D2. ns P-value > 0.05, * P-value < 0.05, 

**** P-value < 0.0001, two-tailed Mann-Whitney U-test. [Alleles for control (n = 350), 

BRD0705 (n = 302), +Auxin (n = 525), BRD0705+Auxin (n = 280)].
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Extended Data Figure 6: GSK3A regulates levels of cohesin on chromatin.
a) RT-qPCR of architectural proteins after GSK3A, GSK3B or GSK3A+B KD. Bar is mean 

of two biological replicates +/- SD. Each biological replicate data point is the average of 

three technical replicates.

b) Western blots to cohesin components and CTCF in whole cell lysate after GSK3A, 

GSK3B or GSK3A+B KD. Proteins are labeled with fluorescent antibodies. Two biological 

replicates shown, run on the same gel with ladder lanes cropped out. [Images in order top to 

bottom. From Blot 1: NIPBL, WAPL, GSK3A, CTCF, GAPDH; Blot 2: RAD21, GSK3B, 

GAPDH].

c) Representative images from half-nuclear FRAP of RAD21-mClover in control and 

GSK3A KD HCT-116-RAD21-mClover-AID cells. Scale bar, 5 µm.
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d) Half-nuclear FRAP curves for RAD21-mClover in control and GSK3A KD HCT-116-

RAD21-mClover-AID cells. [Control (n = 22 nuclei), GSK3A KD (n = 21 nuclei)]. Each 

point is median of all nuclei for that condition +/- 95% CI.

e) Model of core cohesin components bound to chromatin: RAD21 (yellow) and SMC1A 

(blue).

f) Chromatin-bound to nucleoplasmic ratio of RAD21 or SMC1A, normalized to loading 

control (HDAC2). Dotted line represents control. Bar is mean +/- SD of three biological 

replicates. Western blots in Extended Data Fig. 6g. * P-value < 0.05, ** P-value < 0.01, *** 

P-value < 0.001, two-tailed t-test of each condition vs negative control. P-values left to right: 

0.0236, 0.0425, 0.0167, 0.0045, 0.0002, 0.0263.

g) Western blots of nuclear and chromatin-bound fractions of cohesin components following 

GSK3A KD, PDS5A KD and WAPL KD. Proteins are labeled using fluorescent antibodies. 

Corresponds to Extended Data Fig. 6f. Three total biological replicates.

h) Representative genome browser image of chr3:44.5–45.2Mbp with RAD21 ChIP signal 

for control and GSK3A KD and CTCF ChIP signal for control. * = significantly increased 

RAD21 sites.

i) Genome browser track chr22:16.8–18.1 Mbp with RAD21 and CTCF ChIP-seq signal 

shown. * = significantly gained RAD21 site.

j) RAD21 occupancy for control and GSK3A KD at retained (n = 50,874) and significantly 

gained (n = 4,069) RAD21 sites.

k) CTCF occupancy for control at retained (n = 50,874) and gained (n = 4,069) RAD21 

sites.

l) Percentage of retained and gained RAD21 sites that overlap with at least one CTCF peak.
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Extended Data Figure 7: GSK3A genetically interacts with WAPL to regulate cohesin levels.
a) Plasmid maps for inserting WAPL-mAID2-mClover3-Hygromycin and WAPL-mAID2-

mClover3-Neomycin into parental HCT-116-OsTir1(F74G) cell line to create HCT-116-

WAPL-AID2 cell line. DNA electrophoresis below confirms insert of both cassettes.

b) Western blot of WAPL from HCT116-WAPL-AID lysate +/- WAPL KD and +/- auxin-

inducible degradation of WAPL. LE = long exposure, SE = short exposure.

c) Representative images of RAD21 immunofluorescence after auxin-induced degradation 

of WAPL and/or siRNA treatment. Median RAD21 signal granularity noted in red. 

Quantification in Extended Data Fig. 5. Scale bar nucleus, 5 µm.

d) Median RAD21 signal granularity for +/- siRNA treatment and +/- degradation of WAPL. 

Each bar is median. [Replicate wells for -Auxin, Control (n = 13), GSK3A (n = 14), WAPL 

(n = 9), GSK3A + WAPL (n = 14). For +Auxin, Control (n = 12), GSK3A (n = 14), WAPL 

(n = 12), GSK3A +WAPL (n = 14)] **** P-value < 0.0001, two-tailed t-test.
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Extended Data Figure 8. Additional data supporting role of GSK3A in regulating cohesin 
unloading through WAPL, Related to Figure 5.
a) Additional biological replicates of western blot of nucleoplasmic and chromatin-bound 

WAPL in control and GSK3A KD. Proteins labeled with HRP-linked antibodies.

b) Additional biological replicates of co-immunoprecipitation of chromatin fractions in 

control and GSK3A KD with blotting of WAPL in SMC1A-IP.

c) Quantification of WAPL normalized intensity in SMC1A-IP. *** P-value = 0.0007, 

two-tailed t-test.

d) Additional biological replicate of GSK3A Turbo-ID. Western blots for cohesin 

components input lysate or lysate from with 24 hour biotin incubation with either control 

construct (V5-BirA) or GSK3A TurboID (GSK3A-V5-BirA). Proteins labeled with HRP-

linked antibodies.

e) Western blot of RAD21 in chromatin fractions of control and 72 hour NIPBL KD. 

Proteins are labeled with fluorescent antibodies. All bands from same blot, cropped for 

clarity. Two biological replicates represented.

f) Quantification of western blot in Extended Data Figure 6e. Protein intensity was adjusted 

for background, normalized to H3 volume and then normalized to the control lane for two 

biological replicates shown.

g) Representative 3D DNA FISH images of chr22 domains after 72 hour NIPBL KD, 24 

hour 20 µM BRD0705 treatment, or both. Dotted white line indicates nuclear edge. Scale bar 

nucleus, 5 µm; Scale bar spots, 1 µm.

h) Fold change in mean spatial overlap between chr22:D1-D2. * P-value < 0.05, **** 

P-value < 0.0001, two-tailed Mann-Whitney U-test. [Alleles for Control+DMSO (n = 732); 

Control+BRD0705 (n = 440); NIPBL+DMSO (n = 543); NIPBL+BRD0705 (n = 373)].
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Development of HiDRO.
(a) Workflow for DNA HiDRO at two consecutive TADs (D1, D2) on chromosome 22:33.4–

36.5Mb. Solid white line following segmentation indicates nuclear edge. Scale bar field, 10 

µm; Scale bar nucleus, 5 µm; Scale bar spots, 1 µm. Far right graph: the efficiency of each 

chr22 spot is measured by the percentage of nuclei with one or more spots. Bars for spot 

efficiency are mean of six biological replicate wells +/- SD and each replicate well measured 

> 2,000 alleles.

(b) HiDRO with siRNA perturbations at chr22 D1 & D2. Black wells are seeded with 

non-targeting control, red wells are seeded with NIPBL siRNA, and blue wells are seeded 

with WAPL siRNA. Structure measurements quantify inter-domain interactions including 

center-center distance (CCD) and spatial overlap normalized to area of either D1 or D2. 

Solid white line indicates nuclear edge. Scale bar nucleus, 5 µm; Scale bar spots, 1 µm.

(c) Robust z-scores for D1-D2 center-center distance of control (n = 97 wells), NIPBL KD 

(n = 112 wells) and WAPL KD (n = 84 wells) across two biological replicates.

(d) Spatial overlap (normalized to D1 area) z-scores shown for two biological replicates.

(e) Cumulative frequency plot for spatial overlap from one well of DNA HiDRO data for 

each condition. X-axis is area of spatial overlap between D1 and D2 normalized to D1 

area and Y-axis is fraction of alleles measured with that amount of overlap. [Alleles for 

Control (n = 1137); NIPBL (n = 3,775); WAPL (n = 2,648)]. **** P<0.0001, two-tailed 

Mann-Whitney U-test.
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Figure 2: HiDRO identifies novel regulators of genome folding.
a) Workflow for primary HiDRO Screen of the human Druggable Genome siRNA library.

b) Rank ordered robust z-scores for center-center distance (CCD) for all genes tested. 

Z-scores are average of two biological replicates. Dotted lines represent cutoffs of 1.5 (blue) 

or −1.5 (red).

c) Rank ordered robust z-scores for normalized spatial overlap. Z-scores are average of two 

biological replicates. Cutoffs of 1.5 (blue) or −1.5 (red).

d) Venn diagram of genes that alteredCCD or spatial overlap. n = 337.

e) Protein classes of primary hits that altered both CCD and spatial overlap. n = 58.

f) Phenotypic tree of 3,083 genes in primary screen scored across five measurement 

categories. Red = increase, blue = decrease, gray = no significant change. Change is z-score 

≥ 1.5 or ≤ −1.5 across both replicates for any measurement in that category.

g) Number of validation screen genes in that replicated overlap phenotype for individual 

siRNA duplexes.Blue genes decrease and red genes increase inter-TAD interactions.
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h) Heat map of image phenotypes for genes with ≥3 validated duplexes, rank-ordered by 

additive z-score (z-add = sum of CCD, D1 overlap, and D2 overlap z-scores). * = Top 10 

rank ordered validated hit, seesee Fig. 2i.

i) STRING network clusters of validated hits exhibiting connections with ≥2 validated 

genes. Green: Ubiquitin ligases and chromatin modifiers, Red: GSK3 signaling, Blue: 

calcium signaling. * = Top 10 rank ordered validated hit.

j) Ideograms of Oligopaint probes to thirteen TAD and subTAD boundaries.

k) Representative DNA HiDRO images of chr3 domains after RNAi KD of top druggable 

genome hits. Solid white line indicates nuclear edge. Scale bar nucleus, 5 µm; Scale bar 

spots, 1 µm.

l) Number of boundaries with significantly altered CCD after KD of top hits. N = 13 

boundaries.
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Figure 3: GSK3A has noncanonical role in genome folding.
(a) Immunofluorescence (IF) of GSK3A and GSK3B after GSK3A KD. Dotted white line 

indicates nuclear edge determined by DAPI staining (not shown). Scale bar, 5 µm.

(b) Validation of HiDRO by high-resolution 3D DNA FISH at chr22 domains.

(c) Representative 3D DNA FISH images of chr22 domains after GSK3A and/or GSK3B 

KD. Dotted white line indicates nuclear edge. Scale bar nucleus, 5 µm; scale bar spots, 1 µm.

(d) Fold change in mean spatial overlap versus control [Alleles for RNAi Control (n = 696); 

GSK3A (n = 461); GSK3B (n = 636); GSK3A+B (n = 596)]. ns P-value > 0.05, ** P-value 

< 0.01, two-tailed Mann-Whitney U-test. P-values vs Control: GSK3A = 0.0015, GSK3B = 

0.7979, GSK3A+B = 0.0015; GSK3A vs GSK3A+B = 0.8901.

(e) Reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR) to 

WNT targets AXIN2 and LGR5 after GSK3A +/- GSK3B KD. Bar is mean of two 

biological replicates. Each biological replicate is average of three technical replicates. * 

P-value < 0.05, ** P-Value < 0.01, two-tailed t-test. P-values left to right: 0.0053, 0.0047, 

0.0200, 0.0186, 0.0055, 0.0165.

(f) DNA HiDRO testing varying concentrations of fiveGSK3i for 24 hours at chr22 domains.

(g) Representative DNA HiDRO images of chr22 domains after 24 hour GSK3A inhibition 

by CHIR99021 (Data in Fig. 3h). Solid white line indicates nuclear edge. Scale bar nucleus, 

5 µm; scale bar spots, 1 µm.

(h) – (l) Difference in mean D1 overlap (Treatment – Control) +/- SEM for non-

selective GSK3 inhibitors (CHIR99021, Lithium, LY2090314), GSK3A-selective inhibitor 
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(BRD0705), and GSK3B-selective inhibitor (BRD3731). Four concentrations tested for 24 

hours, five biological replicates perconcentration. * P-value < 0.05, ** P-Value < 0.01, 

two-tailed t-test. P-values left to right: CHIR99021 (0.0239); Lithium (0.0191, 0.0016); 

LY2090314 (0.0284, 0.0031, 0.0044); BRD0705 (0.0220).

Park et al. Page 47

Nature. Author manuscript; available in PMC 2024 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: GSK3A restricts chromatin looping to promote TAD insulation.
(a) Log2 of difference (GSK3A KD – control) in contact probability at 100 kb resolution as 

a function of genomic distance (log scale). Dotted line denotes 500 kb to show phenotypic 

switch between short-range and long-range interactions.

(b) 3D pileup plots of Hi-C interactions in control and GSK3A KD at control TAD 

boundaries. Right-most is log2 fold change in interactions across TAD boundaries.

(c) Insulation score pileup at control TAD boundaries in control, GSK3A KD, PDS5A KD 

and WAPL KD.

(d) Hi-C contact matrices for control, GSK3A KD, and GSK3A – Control at chr7:81.5–85 

Mbp. Looping interactions highlighted with black diamonds on contact map and arcs below 

contact map. For subtraction map, red loops are gained in GSK3A KD, and blue loops are 

lost.
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(e) Number of loops lost, retained, and gained in GSK3A KD, PDS5A KD and WAPL KD 

vs. Control.

(f) Aggregate peak analysis for Hi-C signal in Control, GSK3A KD, PDS5A KD and WAPL 

KD at chromatin loops that are gained in GSK3A KD (n = 1,596) or lost in GSK3A KD (n = 

6,010).

(g) Violin plots of loop length in kb of different classes of loops. Solid line is median, dotted 

lines are 25th and 75th percentiles.** P-value < 0.01, **** P-value < 0.0001, two-tailed 

Mann-Whitney U-test. [Number of loops lost, gained, retained in Fig. 4e].

(h) 3D pileup plot of Control Hi-C, GSK3A KD Hi-C and log2 fold change of GSK3A/

Control at architectural stripes detected in control sample.
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Figure 5: GSK3A promotes WAPL recruitment to chromatin.
(a) Western blot of nucleoplasmic and chromatin-bound fractions of WAPL for control and 

GSK3A KD. WAPL and HDAC2 run on the same blot. Additional replicates in Extended 

Data Fig. 6. Quantification is chromatin-bound to nucleoplasmic ratio of WAPL, normalized 

to loading control (HDAC2). Bars are mean of three biological replicates for control and two 

biological replicates for GSK3A KD. ** P-value = 0.0058, two-tailed t-test.

(b) Co-immunoprecipitation on chromatin fraction of control and GSK3A KD lysate. C 

= Control, G = GSK3A KD. Proteins labeled with HRP-linked antibodies. Biological 

replicates and quantification in Extended Data Fig. 8.

(c) Western blots following Turbo-ID proximity labeling for cohesin components input 

lysate or lysate from biotin incubation with either a control construct (V5-BirA) or GSK3A-

V5-BirA. Proteins labeled with HRP-linked antibodies. Biological replicate in Extended 

Data Fig. 8.

(d) Model for three states of cohesin including (1) an actively extruding and NIPBL-bound 

complex, (2) a PDS5-bound looping complex paused at CTCF sites, and (3) a WAPL-bound 

complex unloading from chromatin. GSK3A facilitates the transition between the stable and 

unloading complexes.

(e) Representative DNA HiDRO images at chr22:D1 & D2 of NIPBL KD and double KD 

NIPBL + GSK3A. Solid white line indicates nuclear edge. Scale bar nucleus, 5 µm; Scale 

bar spots, 1 µm.

(f) Mean D1 overlap +/- SD at chr22 domains for Control, NIPBL and double KD of 

NIPBL and cohesin negative regulators. **** P-value < 0.0001, two-tailed t-test. [Biological 
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replicate wells for control (n = 24); NIPBL (n = 12); PDS5A+NIPBL, WAPL+NIPBL, 

GSK3A+NIPBL (n=9)]

(g) Loss of GSK3A activity leads to overactive cohesin phenotypes including accumulation 

of cohesin at CTCF sites, RAD21 aggregation on chromatin (vermicelli) and gain of long-

range loops at the expense of short-range loops.
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