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Abstract

Cell differentiation is a complex process characterized by specific gene expression patterns regulated
through enhancer-promoter interactions within the three-dimensional architecture of the nucleus. The
precise role of cohesin loading dynamics in restructuring chromatin during pancreatic lineage
commitment remains unclear. Here we show that knockdown of cohesin loader NIPBL disrupts enhancer-
promoter interactions and CTCF-mediated loops, leading to widespread transcriptional dysregulation.
Furthermore, the loss of cohesin-mediated loops is accompanied by increased contacts between
Polycomb Repressive Complex (PRC) domains, highlighting the interplay between cohesin dynamics
and PRC-mediated compartmentalization. Although RAD21 and SA1l cohesin levels remain stable at
CTCF loop anchors, NIPBL is essential for maintaining long-range chromatin interactions at later
differentiation stages. These findings establish cohesin loading as a critical regulator of 3D genome
reorganization during cell fate determination, providing a mechanistic framework for understanding
cohesinopathy-related developmental disorders.
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Introduction

Cell differentiation involves the establishment of cell-specific gene expression patterns through changes
in enhancer-promoter (E-P) interactions, which exist in the three-dimensional (3D) nuclear space °.
Enhancers and promoters can form compartments, which can be identified in Hi-C heatmaps and may
correspond to membraneless organelles 61, Either transcription activation or repression complexes can
form macro molecular condensates that bring distal elements together, resulting in activation and
repression of genes, respectively 71?15 The establishment of compartments usually competes with
another genome organizing process, i.e. the continuous cohesin extrusion taking place in the nucleus
2141620 Cohesin loads on and continually extrudes the chromatin fiber to form loops 21-?4. Although loop
anchors are highly enriched in cohesin, they are not necessarily the location where cohesin is loaded 25
32, Cohesin can be loaded by either topologically embracing the DNA randomly or by its known loading
factor, NIPBL, to specific regions such as enhancers 2330:3334 |n addition to its role in loading cohesin,
NIPBL is also implicated to be required for efficient loop extrusion 353,

The cohesin extrusion process is stopped by CTCF-anchored loops, stabilizing E-P interactions within
the loops but destabilizing those interactions across loops anchors, forming insulated neighborhoods 3%
43, This relationship between transcription and chromatin 3D architecture has been investigated in several
organisms and cell types by depleting NIPBL, WAPL, or other cohesin subunits 27414351 |n general,
depletion of these proteins leads to global loss or redistribution of cohesin loops, while impacting
compartments to different degrees. For example, depleting NIPBL in mouse liver has minor effects on
A/B compartments, whereas depleting RAD21 results in increased compartmental interactions between
super enhancers (SEs) 41505255 Despite these structural changes, transcription levels of most genes
stay constant in cells depleted of cohesin components?45¢-58, However, mutations in genes encoding
cohesin proteins or CTCF result in complex adult phenotypes resulting from alteration of various
developmental processes %%, This prompted us to further investigate the mechanisms by which the
loading and chromatin extrusion processes of cohesin contribute to transcriptional regulation in the
context of cell differentiation.

Chromatin architecture undergo a complex remodeling during the differentiation of human embryonic
stem cells (hESCs) into pancreatic cells. The differentiation of pancreatic cells requires substantial
epigenetic remodeling, including the loss of H3K9me3, 5mC and H3K27me3, and gain of H3K4me3 at
pancreas-specific enhancers 1%, These changes in transcription are accompanied by changes in 3D
chromatin organization ¢7. Additionally, our recent work suggests that the differentiation process also



involves dynamic changes in cohesin mediated loops anchored at CTCF sites, enhancers and promoters
67

Here we explore the contribution of cohesin extrusion to pancreatic cell differentiation by knocking down
the cohesin loading factor NIPBL in hESCs and their in vitro differentiated pancreatic lineages. We
systematically compare structural changes caused directly by defects in cohesin loading and/or extrusion
versus compartmentalization of active and repressive chromatin during the differentiation process. The
results provide insights into how cohesin extrusion and the formation or disassembly of CTCF loops
regulate E-P interactions required for differentiation of pancreatic cells.

Results

Redistribution of CTCF loops and enhancer-promoter interactions in hESCs following NIPBL
knockdown

To understand how cohesin extrusion contributes to distinct types of chromatin interactions, we knocked
down the cohesin loading/processive factor NIPBL, required for extrusion of chromatin by cohesin?3:24.32-
353738 in hESCs. NIPBL protein are efficiently depleted in si-NIPBL cells (Supplementary Figs. 1a, 2e
and 9). Quantification of cell growth curves and cell cycle phase distribution (G1/S/G2) confirmed that
NIPBL depletion causes no interference to hESCs expansion or cell cycle progression (Supplementary
Figs. 2f and 2g). To analyze changes in cohesin occupancy upon NIPBL loss, we performed ChlIP-seq
against NIPBL and RAD21. We find a global depletion of NIPBL peaks and a loss of 9,577 RAD21 peaks
in si-NIPBL hESCs at RAD21 sites in Ctrl cells (Fig. 1a, Supplementary Figs. 1b,1c and 1d). To examine
whether the loss of RAD21 is site-specific and sensitive to NIPBL depletion, we separated RAD21 sites
into four groups based on their properties, including promoters, enhancers, and CTCF sites. Although
NIPBL is highly enriched at promoters (defined as TSS 1 kb), present at enhancers at intermediate
levels (see Methods for definition), and modestly enriched at CTCF sites (Fig. 1b), RAD21 is less
enriched at promoters and enhancers than at CTCF sites. Importantly, the expression levels of CTCF
and RAD21 were not affected in si-NIPBL(Supplementary Fig. 1e). In contrast, the gained RAD21 peaks
were relatively fewer in number and were characterized by lower baseline levels of H3K27ac and reduced
NIPBL binding (Supplementary Figs. 1f and 1g).

To analyze changes in 3D organization caused by depletion of NIPBL and loss of the cohesin complex
from the genome, we performed in situ Hi-C in si-NIPBL hESCs and obtained 198,256,133 valid contacts
from multiple replicates after quality filtering (Supplementary Data 1). We then analyzed the Hi-C data to
identify changes in CTCF loops and E-P loops. We identified a total of 27403 loops from Ctrl and si-
NIPBL hESCs combined. Of these, 21,334 loops persist unchanged and 6,069 are dynamic between
conditions. An example of a series of nested loops that increase, decrease and sustain in strength after
knockdown (KD) is shown (Fig. 1c). Among these nested loops, the largest one formed between a pair
of convergent CTCF motifs shows relatively stable levels of RAD21 and SA1, but decreases in frequency
of interactions when NIPBL is depleted (Fig. 1c). Multiple NIPBL peaks embedded within this loop, also
containing H3K27ac, are almost depleted of NIPBL after KD, suggesting that failure in forming CTCF
loops even when the cohesin remains unchanged at the anchors. This result is consistent with the
findings of Alonso-Gil et.al that SA1 cohesin can bind chromatin independently of NIPBL and impaired
extrusion 38, Similarly, a smaller loop between a pair of tandem CTCF sites is also lost (Fig. 1c). WAPL
occupancy only decreases slightly at the anchors of the large loop but drop considerably at the anchors
of the small one (Supplementary Fig. 1h). Since WAPL interacts directly with SA2 instead of SA1 38, we
infer from the loss of WAPL that the small loop is dependent on SA2-cohesin to recruit WAPL. To further
investigate the differential reliance of cohesin subunits SA1 and SA2 on NIPBL, we identified genomic
sites where cohesin occupancy is most dependent on NIPBL-mediated loading. We reasoned that sites
with the highest baseline occupancy of SA2 subunit might represent NIPBL-dependent loops. Therefore,
we ranked all TSS, enhancer, and CTCF loop sites by their SA2 ChIP-seq signals. At top-ranked SA2



binding sites, the putative high-loading-demand enhancers and CTCF loops, both SA1 and SA2 levels
were significantly reduced upon NIPBL KD (Fig. 1b, right panels). When we applied SA2-based ranking
to stable RAD21 peaks—including the most outside pair of CTCF loop anchors shown (Fig. 1c)—we
observed that SA2 levels at the highest-ranked CTCF-Loop (CL) anchors were markedly diminished
upon NIPBL depletion, while SA1 levels remained comparatively stable (Supplementary Fig. 8). These
findings collectively define a coherent subclass of anchors where cohesin stability, particularly of the SA2
subunit, is dependent on NIPBL.

Using meta-analysis for loops N, we identified 3,985 Ctrl-specific and 2,084 si-NIPBL-specific loops (Fig.
1d). By comparing the APA scores (see Methods), we noticed that the strength of Ctrl-specific loops is
much higher than that of stable loops and si-NIPBL loops (Fig. 1d). Loops identified by HICCUPS also
exhibit the same trend (Supplementary Fig. 1i). These results suggest that loss of NIPBL present at
promoters and enhancers can lead to global loss of strong CTCF loops.

To further distinguish the direct regulation of loops by NIPBL, we separated loops anchoring sites located
at enhancers and promoters from loops anchoring other sites. Assuming that promoters and enhancers
that have the highest NIPBL in Ctrl also show the greatest loss of NIPBL, we would expect that
enhancer/promoter (E/P) loops should exhibit the most pronounced decrease. Interestingly, although E/P
loops indeed show maximum decreases, half- and non-E/P loops are also pronouncedly reduced,
suggesting that indirect regulation of non-E/P loops by NIPBL instead (Fig. 1e). These observations
suggest that redistribution of cohesin by depleting NIPBL can impair both E/P and non-EP loops through
comprehensive mechanisms in hESCs.

NIPBL knockdown reduces promoter and enhancer interactions without depleting local cohesin

Cell fate transitions during hESC differentiation require transcriptional regulation by distal sequences,
which involves the establishment of chromatin architecture such as loops and compartments. These
contacts can be highly dynamic between differentiation stages as found previously 3%6:57.6267  \which
suggests that cohesin participates in the formation of dynamic loops of E/P sites controlling cell fates. To
estimate whether NIPBL is required for the assembly of new E/P loops during cell differentiation, we
utilized our published data obtained from different stages during pancreatic differentiation to divide all
loops in hESCs into dynamic and static classes (see Methods). We observed that loops that are specific
to hESC but downregulated during differentiation decrease much more in si-NIPBL(Supplementary Fig.
2a), suggesting that loops associated with cell identity are more vulnerable to loss of NIPBL.

One possible explanation for this observation is that these loops overlap tissue-specific promoters and
enhancers and have more CTCF. Depending on the occupancy of CTCF at both/either/neither anchors,
we divided all E/P loops into three classes and compared their changes in Ctrl and si-NIPBL (Fig. 1a).
Among them, loops occupied by CTCF at both anchors are strongest in Ctrl and dramatically
downregulated in si-NIPBL (Fig. 2a, Supplementary Fig. 2b). Similarly, loops not occupied by CTCF are
less pronouncedly downregulated. This suggests that the amount of CTCF at E/P loop anchors correlates
with their interaction frequencies, while not preventing their interaction loss after NIPBL KD. To further
investigate whether loss of NIPBL impairs these loops through disrupting the loading of cohesin, we then
analyzed the changes in the amount of cohesin subunits at their anchors. Interestingly, the amount of
RAD21 and SAL1 stays constantly high at CTCF anchors (Fig. 2b). The same tendency is observed for
both subunits at non-CTCF anchors, despite both subunits being in lower amount. These results suggest
that loss of E/P loops is not due to less SA1 cohesin loading, and higher occupancy of CTCF is coupled
with the strength of loops only when NIPBL is functional. We also analyzed the changes of H3K27ac,
normally highly enriched at enhancer and promoter sites, at the CTCF and non-CTCF anchors (Fig. 2b).
Levels of H3K27ac at both anchors seem similarly high in Ctrl but drop slightly at CTCF and stays high



at non-CTCF anchors, implying that CTCF coupled E/P loops rely more on NIPBL to maintain their
transcriptionally active epigenetic state.

Usually, the extrusion process can be visualized as stripes in interaction matrix heatmaps, as observed
in RAD21 HiChlIP 308, To explore the possibility that the loss of E/P loops is mainly caused by inefficient
extrusion of chromatin by impaired loading and function of cohesin, we performed RAD21 HiChlIP to
capture signals of stripes toward E/P loops in interaction heatmaps in both Ctrl and KD cells. If the
extrusion process but not the loading of cohesin is affected, then loops with stable levels of cohesin at
their anchors should have reduced interaction frequencies, while having weaker the stripes in both Hi-C
and RAD21 HiChIP data in si-NIPBL. By overlapping RAD21 peaks with anchors of E/P loops captured
by RAD21 HiChlP, we separated E/P loops into multiple classes based on the changes of RAD21 levels,
i.e. up, down and stable, and analyzed changes in loops and stripes after KD (Fig. 2¢). As shown in the
metaplots of interaction heatmaps, the 82 loops formed between promoters containing stable RAD21
show a mild decrease in interactions in Hi-C and RAD21 HiChIP (Fig. 2c). Besides, the stripes are also
slightly weaker. The 993 enhancer-enhancer (E-E) and E-P loops that retained stable RAD21 levels also
showed weakening, except that they exhibited a more substantial reduction in interaction frequencies,
even though they were initially strong in Ctrl (Fig. 2d, Supplementary Fig. 2c). These correlative results
suggest that loss of NIPBL can affect loops formed between enhancers and promoters by interrupting
the extrusion process mediated by cohesin, while maintaining cohesin levels at loop anchors.

To further explore the effect of loss of E/P loops on the local transcription and epigenetic activities, we
took these loops containing constant levels of RAD21 and analyzed the changes of H3K27ac and RNF2
at their anchors in si-NIPBL. As shown by meta-analysis of ChlP-seq data, H3K27ac signals are more
enriched at anchors than inside of E-E loops, but they are randomly distributed across the whole
promoter-promoter (P-P) loops (Fig. 2e). Moreover, this modification goes down specifically at anchors
but not inside of enhancer loops (Fig. 2e). The opposite pattern is observed for RNF2, one of the core
subunits of the Polycomb Repressive complex 1 (PRC1), in that it is more enriched at anchors than inside
of promoter loops and is resistant to NIPBL KD (Supplementary Fig. 2d). These results suggest a loss
of epigenetic activities of enhancers neighboring or located at loop anchors which are stably occupied
by cohesin when knocking down NIPBL. Since previous studies suggest that the transcriptional
machinery, TFs and epigenetic modification enzymes, can also mediate E/P interactions -1, we further
tested whether the proper loading and extrusion of cohesin are necessary for establishing E/P loops. By
performing HiChIP for RNAPII and H3K4mel, which has been utilized to capture E/P interactions, in Ctrl
and si-NIPBL hESCs, we find that changes of these two HiChlIP in si-NIPBL recapitulated those observed
in Hi-C and RAD21 HiChlIP. Interestingly, these promoter loops have fewer interactions and weaker
stripes as analyzed by RNAPII HiChIP as well (Fig. 2f). Similarly, weaker enhancer loops and their
associated stripes were also observed in H3K4mel HiChIP (Fig. 2g). These observations suggest that
NIPBL is necessary for establishing E/P interactions even when these E/Ps contain high levels of the
transcriptional machinery.

Lost CTCF loops maintain cohesin at anchors despite the absence of NIPBL

To further explore the specific chromatin interactions that are sensitive to the perturbation of cohesin
loading and loop extrusion caused by NIPBL KD, we separated loops into five classes by their sizes and
analyzed their response to NIPBL KD. As shown by Hi-C data (Fig.3a), larger loops have higher
interaction frequencies than smaller ones in Citrl, likely due to stabilizing factors like cohesin and CTCF.
Upon NIPBL KD, however, loops of all distances decrease, with the largest class (>400 kb) showing the
most pronounced reduction. This observation indicates that larger loops are more sensitive to the
perturbation caused by NIPBL KD.

Besides E/P loops, there are still many structural loops formed between CTCF sites. Since NIPBL levels
at these loop anchors are very low as described above, we asked whether NIPBL loss leads to decrease
of these loops without reducing CTCF or cohesin occupancy at their anchors as well. To this end, we



compared the changes in interaction frequencies in loops with stable versus down-regulated RAD21 after
KD. Although Hi-C signals are stronger at the 5,763 loops that maintain RAD21 levels at their anchors in
si-NIPBL, compared to the 172 loops showing reduced RAD21, both loops decreased in Hi-C signals
after NIPBL KD (Fig. 3b, Supplementary Fig. 3a). This indicates that weak loops lose cohesin loading
upon NIPBL KD and require NIPBL to maintain interactions, while strong loops retain cohesin but still
depend on NIPBL for interaction stability. Additionally, we can infer from metaplots that loops with
reduced cohesin are usually smaller than loops with stable cohesin (Fig. 3b). The maintenance of CTCF,
RAD21 and SA1 together with loss of NIPBL at anchors of these two loops is also shown by meta-
analysis of ChlP-seq signals (Fig. 3c). We also examined loops with up-regulated RAD21, which likewise
showed a decrease in interaction frequency, albeit to a lesser extent than the previous two classes
(Supplementary Fig. 3b). The up-regulated RAD21 peaks are characterized by low H3K27ac but
enriched H3K27me3 (Supplementary Figs. 1g and 3c), suggesting NIPBL depletion permits aberrant
cohesin accumulation at Polycomb-repressed regions. The finding that loops with up-regulated, stable,
and down-regulated RAD21 all exhibit decreased interaction frequencies demonstrates that NIPBL-
mediated cohesin loading is essential for maintaining chromatin architecture, regardless of cohesin
chromatin occupancy.

To further explore the effects of NIPBL on the loop extrusion process in hESC, we mapped RAD21
HIChIP signals on the loops that contain stable levels of RAD21 at their anchors and analyzed the
changes between conditions. Interestingly, despite strong enrichment of RAD21 HiChlP signals at these
loops, stripe-to-corner peak ratios are markedly higher at CTCF loops versus E/P loops (Fig. 3d).
Besides, corner peaks and stripes attenuate similarly after NIPBL loss in RAD21 HiChIP. In contrast,
CTCF HiChIP shows strong corner peaks but faint stripes, and loops become nearly undetectable upon
NIPBL KD (Fig. 3d). All the results above suggest that attenuation of loop extrusion by depleting NIPBL
results in loss of CTCF loops without affecting cohesin occupancy.

Loss of cohesin-mediated loops and gain of compartmental contacts within PRC domains in the
absence of NIPBL

Based on our observations that promoter interactions containing constant levels of RAD21 are highly
enriched with RNF2, the core subunit of PRC1, we further explore the relationship between the cohesin
loop extrusion process and PRC repressive compartments in the regulation of pluripotency and cell fate
conversion. By setting a threshold in RNF2 ChiIP-seq signals (see Methods for detail), we find 363 PRC
broad domains (PDs) in ctrl overlapping 764 RAD21 peaks. Of these peaks, 146 decreased
(Supplementary Fig. 4a), and 414 remain stable after NIPBL KD, with 26, 48, 244 and 96 overlapping
promoters, enhancers, CTCF sites at loop anchors and CTCF sites not at loop anchors, respectively (Fig.
4a, Supplementary Figs. 3f and 4f). Meta-analysis of the ChIP-seq signals of several related proteins at
these RAD21 peaks are shown separately for peaks with stable RAD21 (Fig. 4b, Supplementary Fig. 3e)
and peaks with lost RAD21 (Supplementary Figs. 4a and 4b). Interestingly, slightly more CTCF and SA2
are observed at peaks overlapping promoters, loop anchors and other CTCF sites, but lower SA1, WAPL
and H3K27ac are found at these peaks. This suggests that SA1 cohesin slightly comes off their targets
within PDs after NIPBL KD. Meanwhile, SA2 cohesin mildly increases with concomitant loss of WAPL..
This balance between SA1 and SA2 cohesin implies that, distinct from other regions of the genome,
loading of SA1 cohesin within PDs is more dependent on NIPBL. Moreover, the defects of SA2 cohesin
loop extrusion are further validated by RAD21Hi-ChlP signals showing the loss of stripes after NIPBL KD
(Supplementary Fig. 4e). Therefore, despite more loading of SA2 cohesin, its accumulation within PDs
cannot maintain loop extrusion without NIPBL.

One possible outcome of the reduction of both SA1 cohesin binding and loop extrusion process is the
upregulation of compartmental contacts between PDs as reported previously in mouse embryonic stem
cells (MESCs) 3642, We test this possibility in hESCs by analyzing changes in Hi-C signals after NIPBL



KD. Typically, the PD containing the HOXD gene cluster increases its interactions with two adjacent PDs
after NIPBL KD (Fig. 4c), which are also observed in Virtual 4C signals converted from Hi-C data by
taking the HOXD gene cluster as a viewpoint. Although the occupancy of RAD21 and CTCF is relatively
constant at these PDs after NIPBL KD, cohesin mediated loops, which form between anchors within the
HOXD cluster and neighboring regions known as the C-Dom and T-Dom reported 72, are almost gone
after NIPBL KD (Fig. 4c).

To further investigate the nature and promoting factors of PD contacts in hESCs, we treated si-NIPBL
cells with 1,6-Hexanediol (1,6-HD), an aliphatic alcohol commonly used to dissolve liquid-liquid phase-
separated condensates?’®. 1,6-HD treatment reduces the enhancement of PD contacts following NIPBL
KD (Supplementary Fig. 5a). We then questioned whether the enhancement of PD contacts following
NIPBL KD was due to the loss of cohesin. To test this possibility, we knocked down WAPL, the cohesin
unloading factor, in si-NIPBL hESCs to maintain the cohesin occupancy. This double KD reverted the
PD contacts enhancement observed in NIPBL KD alone(Supplementary Fig. 5a).

Since previous studies suggest that CTCF binding sites can load SA1l cohesin topologically without
NIPBL38, we investigated the function of CTCF in promoting PD contacts by CTCF an NIPBL double KD.
Surprisingly, this double KD also diminished enhanced PD contacts (Fig. 4f). A similar result was
observed when we treated the si-NIPBL hESCs with TPA, a Zn?* chelator that has been reported to
inhibit CTCF binding "® (Supplementary Fig. 5a). Loss of cohesin at CTCF sites may rescue its depletion
elsewhere in PDs, while cohesin loss at non-CTCEF sites could increase PD contacts.

We also confirm the global enhancement of PD contacts by measuring the changes of Hi-C signals (Fig.
4d). Furthermore, when we treated the NIPBL KD cells with UNC3866, a compound that antagonizes the
methyllysine reading function of the chromodomains in CBX, a core subunit of PRC1, the enhancement
of PD contacts was reversed (Supplementary Fig. 4c). Notably, our RNF2 ChIP-seq data confirm that
this UNC-induced disruption of foci does not substantially reduce PRC1 chromatin occupancy
(Supplementary Fig. 3d). This suggests that PD contacts is partially dependent on the reader function of
canonical PRC1.

Moreover, since the balance of SAl-cohesin and SA2-cohesin is maintained within PDs, the general
levels of RAD21 are relatively stable but slightly lower at these sites after NIPBL KD (Fig. 4b,
Supplementary Fig. 3e). However, RAD21 Hi-ChlIP signals slightly increased among PD contacts (Fig
4d). This suggests that local occupancy of cohesin does not hinder compartmental contacts between
PDs. By analyzing ChiP-Seq data in si-NIPBL, we find that enhanced PD contacts in hESCs are mediated
by stably binding PRC1 complex (Fig. 4a, Supplementary Figs. 3f, 4a and 4b), instead of increased
PRC1 complex as reported in mESCs .. Additionally, RNF2 Hi-ChlP signals also increase after NIPBL
KD (Fig 4d). These results suggest that loss of cohesin mediated loops in PDs facilitate long-range PD
contacts without increasing PRC1 complex in hESCs.

To further explore the mechanisms underlying PD interactions, we utilized immunofluorescence to detect
PRCL1 distribution within the nucleus. Similar to previous findings 74, there are many RNF2 foci within
nucleus of Ctrl hESCs. Intriguingly, these foci are higher in intensities and numbers in si-NIPBL (Fig.
4e and Supplementary Data 2), suggesting enhanced condensation of PRC and increased contacts
among PDs upon NIPBL KD. When we treated si-NIPBL cells with UNC3866, both the sizes and numbers
of these foci reverted to those in Ctrl condition (Fig. 4e). Notably, our RNF2 ChIP-seq data confirm that
this UNC-induced disruption of foci does not substantially reduce PRC1 chromatin occupancy
(Supplementary Fig. 3d). In summary, these results suggests that PRC1 contributes to PD interactions
through condensation, which mainly depends on its reader function. Our results are consistent with
findings that treatment of mMESCs with 1,6-hexanodial disrupts the formation of PRC1 foci 4.



Next, we asked what sequences within PDs mainly contribute to the increase of their compartmental
contacts. By dividing PD interactions into multiple classes, specifically those anchoring promoters,
enhancers and CTCF sites, we find that E/P loops increase more dramatically than CTCF loops after
NIPBL KD(Fig. 4f). However, additional treatment with UNC3866 has minor effects on increased
interactions (Supplementary Fig. 4d). These changes suggest that genes and enhancers within poised
domains behave differently than those in the rest of the genome and can form more compacted PRC
compartments when cohesin mediated loop extrusion is inhibited by loss of NIPBL. In contrast, CTCF
interactions within PDs are more resistant to NIPBL KD than those in the rest of the genome.

To further elucidate the mechanistic basis of enhanced inter-Polycomb domain (PD) contacts following
NIPBL depletion, we performed Hi-C experiments in dual KD systems combining NIPBL with WAPL or
NIPBL with CTCF (Supplementary Fig. 5b). We find that NIPBL+WAPL co-depletion disrupts the
enhanced PD contacts, indicating this phenotype depends on losing functional cohesin loading and
subsequent loop domain disintegration rather than representing a direct gain of function. Similarly,
NIPBL+CTCF co-depletion fails to further enhance PD contacts and may even suppress them. Meta-
analysis further revealed that interactions between promoters (P), enhancers (E), and CTCF sites at loop
anchors (CL) within PDs are similarly affected by these dual KDs (Supplementary Fig. 5b). This suggests
cohesin loss at non-CTCF sites serves as the primary driver, while residual cohesin at CTCF sites helps
establish the genomic context that permits increased PD interactions. Together, these results underscore
that the enhancement of PD contacts is not a simple consequence of phase separation but arises from
the complex interplay between distinct cohesin loading pathways and the subsequent large-scale
reorganization of the chromatin landscape.

Loss of cohesin-mediated loops within super enhancer domains in the absence of NIPBL

Previous studies in somatic cells found that depleting various cohesin subunits have little impact on 3D
interactions except for an increase in super enhancer (SE) interactions 414851, We therefore explored the
effects of NIPBL KD on SEs in hESCs. We find 707 down-regulated RAD21 peaks at SEs (Fig. 5a).
Levels of H3K27ac remain constant at these peaks . Besides, although SA2 is more abundant than SA1
at these peaks (Fig. 5b, Supplementary Fig. 5c¢), it decreases after NIPBL KD (Fig. 5b, Supplementary
Fig. 5c¢), indicating that loading of SA2-cohesin cannot be replaced by SAl-cohesin at these sites.
Notably, we still found 1,709 stable RAD21 peaks within super-enhancers (Supplementary Fig. 5d).

Next, we utilized Hi-C data to analyze changes of interactions between SEs after NIPBL KD. For
example, around the NANOG gene locus, increase in domains (SDs) interactions are induced by NIPBL
KD (Fig. 5c¢), which is prevented by concomitant 1,6-HD treatment (Supplementary Fig. 5e). Similar
results were observed when we knocked down WAPL or CTCF, either individually or alongside NIPBL,
or when treating NIPBL KD cells with TPA (Supplementary Fig. 5e). . Nonetheless, distinct from contacts
between PDs, only half of the contacts between SDs are increased upon NIPBL KD (Fig. 5d and
Supplementary Data 3). Specifically, upregulation of SD contacts usually occur between SDs that are
more distant from each other, as shown in meta-plots (Fig. 5d).. This suggests that some long-range SD
contacts can be induced by NIPBL KD in hESCs.

Enhanced distant SD interactions could dilute adjacent cohesin-mediated loops. We therefore examined
cohesin-dependent SIP loops anchored at SDs using Hi-C.We find 998 SIP loops which overlap SDs on
both sides and 69 loops which overlap SD on either side. As expected, loops overlapping SDs on both
sides decrease more after NIPBL KD (Fig. 5e and Supplementary Data 3), suggesting that original
cohesin mediated SD loops are impaired by increased SD interactions induced by NIPBL KD.

We then asked whether interactions of SDs and their target gene promoters correlate with the occupancy
of cohesin at SDs. To this end, we divided SD loops into four classes by the changes of RAD21 at loop
anchors and compared these loops in both sizes and strengths upon NIPBL KD. Intriguingly, SD loops
containing stable and down-regulated levels of RAD21 upon KD are intermediate in sizes, while those



containing no RAD21 are biggest (Fig. 5f). Besides, SD loops with more cohesin at anchors upon NIPBL
KD have even less interaction frequencies with their target gene promoters than those containing less or
constant cohesin (Fig. 5f and Supplementary Data 3). These results suggest that small SE/P loops are
more dependent on cohesin than large ones. This spatial reorganization implies mechanistic
compensation via cohesin redistribution, which differentially affects local and long-range contacts within
SE domains.

Dissolution of interactions between enhancers and down-regulated genes within regions of
shortened CTCF loops

Depletion of cohesin subunits usually has mild effects on gene transcription 4*, but the underlying
mechanisms are still unclear. To obtain further insights into the effects of the loop extrusion process on
transcription or vice versa, we performed RNA-seq experiments to get differentially expressed genes
(DEGSs) in Ctrl and NIPBL KD. Additionally, since treatment with UNC3866 can reverse enhancement of
PD contacts induced by NIPBL KD, it may affect transcription as well. Therefore, we also include this
condition for comparison. Notably, control samples clustered distinctly from NIPBL KD samples in the
PCA analysis, indicating significant alterations in transcription (Supplementary Fig. 6a). Based on the
high reproducibility of gene expression changes (Supplementary Fig. 6a), we find 1067 up-regulated and
708 -down-regulated genes (Fig. 6a, Supplementary Fig. 6b), which is close to the number of DEGs
published previously. Furthermore, 502 -down-regulated and 393 up-regulated genes are common
between si-NIPBL and si-NIBPL treated with UNC3866 (Fig. 6a), suggesting that these genes are
regulated by cohesin loops but not poised by PRC1 repression. To get a more comprehensive view of
transcriptional changes, we performed Gene Ontology (GO) analysis on the DEGss. GO analysis of
DEGs revealed enrichment in embryonic development and differentiation terms (Supplementary
Fig. 6d, 6f). DEGs were also enriched at anchors of down-regulated loops (Supplementary Fig. 6e),
linking transcriptional changes to lost E-P interactions. Comparison of lineage markers showed that
NIPBL KD mildly reduced pluripotency markers (NANOG, POU5F1; Fig. 6b) and mesoderm markers,
while slightly elevating ectoderm/endoderm markers. SA1 was up-regulated among cohesin subunits
(Supplementary Fig. 6¢). These shifts suggest that disrupting cohesin loading and loop extrusion erodes
pluripotency and biases cells toward differentiation.

To explore the relationship between the loss of CTCF loops and inactivation of enhancers and promoters
responsible for changes in transcription, we examined Hi-C data from Ctrl and si-NIPBL cells . Notably,
loss of CTCF loops in si-NIPBL with respect to Ctrl cells results in decreased E-P interactions within the
loops (Fig. 6¢), suggesting that CTCF loops allow more frequent internal E/P interactions.

Since Ctrl-specific loops could maintain CTCF at their anchors (Fig. 3c,3d), in principle, new loops in
si-NIPBL may form between proximal CTCF sites via premature extrusion arrest, while lost Ctrl-specific
loops likely require efficient extrusion to link distal sites. Size analysis confirms that lost Ctrl loops are
longer than stable loops, whereas gained si-NIPBL loops are shorter (Fig. 6d and Supplementary Data
4). These results suggest that new loops after NIPBL KD may form by shrinking, as if cohesin stops at
nearer CTCF sites before reaching original Ctrl anchors (Fig. 6e).

To test whether si-NIPBL-specific CTCF loops form by shrinking existing Ctrl loops, we analyzed
differential loops relative to CTCF site occupancy. Most lost loops contain gained loops internally.
Approximately 60% maintain one CTCF anchor but now pair with a nearer CTCF site, while 20-30%
dissolve into shorter internal loops (Fig. 6e). Meta-analysis of Hi-C data confirms that loops
encompassing gained loops lose interaction frequency after NIPBL KD (Fig. 6e). This shortening may
reflect reduced cohesin loading and impaired extrusion efficiency due to NIPBL KD.

We then examined cohesin loading by mapping NIPBL ChlIP-seq across lost Ctrl-specific loops. In the
SOX2 region, CTCF loops disappear upon NIPBL KD, and NIPBL-binding sites between anchors—
potential cohesin loading sites marked by H3K27ac—are also lost (Fig. 6f). Genome-wide analysis



confirmed that NIPBL-binding sites between anchors of lost Ctrl loops disappear in si-NIPBL (Fig. 6g).
These sites are enriched for RAD21 and H3K27ac, supporting their identity as enhancer-/promoter-like
cohesin loading regions that are disrupted after NIPBL KD (Fig. 6g).Together, these results demonstrate
that loss of cohesin loader NIPBL impairs both E-P interactions and CTCF-loop architecture (Fig. 6e-g),
highlighting its critical role in maintaining chromatin structure during differentiation.

NIPBL knockdown during pancreatic differentiation reduces chromatin accessibility and disrupts
stage-specific loopsTo investigate how cohesin loading and loop extrusion contribute to cell-fate
establishment during development, we differentiated H9 hESCs into pancreatic islet organoids following
established protocols 7>7¢ and performed NIPBL KD at key intermediate stages, including definitive
endoderm (DE), primitive gut tube-like (PGT), pancreatic progenitors (PP), and stem cell-derived (-cell
organoids (SC-B organoids) "*77. To ensure that observed phenotypes reflected direct chromatin
regulatory roles rather than secondary effects on cell viability, we first confirmed efficient NIPBL KD at
the PP2 stage by RT-gPCR (Supplementary Fig. 7a) and verified that NIPBL depletion did not
significantly alter cell survival or apoptosis rates via flow cytometry (Supplementary Figs. 7b and 10).

We then asked whether stage-specific gene expression is affected by NIPBL loss. RNA-seq performed
at PP stages revealed 3827 DEGs absent in si-NIPBL induced PP (Fig. 7a). Principal component analysis
(PCA) showed clear separation between control and si-NIPBL PP samples (Supplementary Fig. 7c),
indicating NIPBL KD substantially alters the transcriptional program associated with pancreatic lineage
progression.

Because stage-specific enhancers frequently neighbor CTCF-loop anchors ¢, we next asked whether
the activation of such enhancers requires NIPBL. ATAC-seq at DE and PGT stages identified 8957 and
4371 ATAC-TF peaks, respectively, that were absent in si-NIPBL induced PGT (Fig. 7b, supplementary
Figs. 7d and 7e). These accessibility changes were reproducible across replicates (Supplementary Fig.
7f) and resulted distinct clustering in PCA (Supplementary Figs. 7g and 7h). Transcription factor motif
enrichment analysis at stage-specific anchor summits showed that motifs significantly enriched in Ctrl
DE and PGT cells were less prominent in si-NIPBL samples (Fig. 7c), suggesting impaired activation of
stage-specific enhancers upon NIPBL KD.

To assess Polycomb-specific contributions to these transcriptional changes, we treated NIPBL-KD PP2
cells with the Polycomb Repressive Complex 2 (PRC2) inhibitor UNC3866. The z-score heatmap of si-
NIPBL + UNC3866 samples (Supplementary Fig. 7i)revealed that UNC3866 treatment partially restored
expression of differentiation-associated genes disrupted by NIPBL depletion, indicating that PRC activity
contributes specifically to the transcriptional deficits observed during pancreatic lineage commitment.

Given that new cell-type generation requires establishment of E/P interactions often associated with
CTCF-loop formation ¢7, we performed Hi-C in si-NIPBL-induced PP cells. Meta-analysis showed that
1369 loops gained at PP stage relative to hESCs exhibited markedly lower increase in interaction
frequencies of Hi-C data in si-NIPBL cells(Fig. 7d). These differences elicit us to investigate whether the
extension of CTCF loops found in our previous work is generally affected at PP stage by NIPBL KD. By
measuring the sizes of loops gained in ctrl and si-NIPBL induced PP cells and those of stable loops, we
find that PP gained loops, which are longer than stable loops, are more abundant in ctrl than in si-NIPBL
induced cells (Fig. 7e and Supplementary Data 4). Extension of CTCF loops, where either one or both
anchors shift distally, was significantly reduced upon NIPBL KD. Particularly, while ~64.2% of new PP
loops in control cells maintained one anchor but paired with a more distal CTCF site, and 27.2% formed
between pre-existing and new anchors to create two longer loops, both proportions decreased in
si-NIPBL cells (Fig. 7e, Supplementary Fig. 7). We then asked whether E-P interactions within these
CTCF loops are likewise downregulated. Mapping Hi-C signals to PP-specific CTCF loops that
encompass upregulated genes and their enhancers revealed higher median signals at both CTCF loops
and internal E-P loops in control relative to si-NIPBL cells (Fig. 7f). Subtraction of hESCs signals from
PP-stage data also showed a greater increase in interaction frequencies at these loops in control cells
(Fig. 7f), indicating that NIPBL KD reduces both CTCF-loop extension and the E-P interactions they



enclose. Median and subtraction heatmaps further confirmed that interaction frequencies at extended
CTCF loops were lower in si-NIPBL than in control PP cells (Fig. 79g).

Finally, we tested whether PRC inhibition could rescue these architectural defects. Meta-analysis of the
same category of upregulated E-P loops within CTCF loops showed that UNC3866 treatment altered
interaction patterns in both control and si-NIPBL PP2 cells but did not restore loop-level architecture in
si-NIPBL cells (Supplementary Fig. 7k). Thus, while PRC inhibition can partially reverse
compartment-level changes in inter-PD contacts (Supplementary Figs. 4c and 4d), it cannot compensate
for the loss of specific cohesin-dependent loops resulting from impaired loading

In summary, NIPBL is required for stage-specific enhancer activation, extension of CTCF loops, and
stabilization of enhancer-promoter interactions during pancreatic differentiation. These findings
underscore that cohesin loading and the loop extrusion it mediates are critical for orchestrating the 3D
chromatin reorganization that underlies cell-fate transitions.

Discussion

Cell differentiation is a highly orchestrated process that requires precise regulation of gene expression,
primarily mediated by E-P interactions 3. Our study elucidates the pivotal role of the cohesin loading
factor NIPBL in maintaining the integrity of these interactions through its influence on chromatin
architecture. Specifically, we demonstrate how NIPBL KD disrupts cohesin dynamics, leading to
alterations in CTCF loops and E-P connectivity, which are crucial for the differentiation of hESCs into
pancreatic lineages.

Our findings corroborate existing literature suggesting that loss of NIPBL hampers the loading of cohesin
at crucial regulatory regions 3°. We observed a global depletion of NIPBL and RAD21, implicating an
immediate reduction in cohesin occupancy. While RAD21 levels remained relatively stable at CTCF loop
anchors, the overall cohesin dynamics shifted, suggesting a redistribution that is crucial for maintaining
chromatin loop structures. Notably, our results indicate that the reduction of NIPBL leads to a greater
loss of E-P interactions compared to CTCF loops, underscoring the importance of NIPBL and cohesin in
mediating dynamic E-P looping.

CTCF serves as both a loop anchor and a stabilizing factor for E/P interactions. The observed decrease
in both loop types following NIPBL KD indicates that cohesin-mediated loop extrusion is vital for
maintaining these interactions. Interestingly, some loops retained RAD21 occupancy but showed
diminished interaction frequencies alongside a loss of original CTCF loops. This highlights a potential
mechanism whereby pre-existing loops fail to sustain interaction strength in the absence of effective
NIPBL-mediated cohesin loading.

Parallel to the effects, our study reveals insights into PRC domain behavior. Previous findings have
shown that cohesin depletion can upregulate long-range interactions between PRC target genes 2. Here,
NIPBL KD affected both SA1 and SA2 cohesin, indicating that PRC domains are influenced by cohesin-
modulated chromatin architecture. Following NIPBL KD, we observed increased in E-P interactions within
PRC domains. This upregulation of compartmental contacts supports the notion that when loop extrusion
is disrupted, alternative mechanisms may stabilize interactions among Polycomb-associated genes.
Since PRC domains typically maintain gene silencing, loosening these constraints could inappropriately
activate developmental genes, potentially disrupting cell identity or facilitating differentiation,
emphasizing the delicate balance required between architectural proteins like cohesin and regulatory
complexes like Polycomb.

Super enhancers (SEs), known for driving high transcriptional output, exhibit complex interactions with
cohesin and NIPBL. We observed a reduction in RAD21 peaks at SEs following NIPBL KD, indicating
that cohesin dynamics are crucial for maintaining SE structural integrity. While H3K27ac levels remained
constant, the loss of RAD21 suggests that cohesin-mediated loop structures essential for the stabilization
SE-promoter interactions are compromised, implying that cohesive loading at SEs must be maintained
during differentiation to ensure the proper regulation of cell fate-determining genes.



Our analysis extends to pancreatic progenitor differentiation, where NIPBL depletion leads to impaired
activation of stage-specific enhancers. The transcriptional changes observed, including the
downregulation of pluripotency markers and altered expression of germ layer markers, suggest a shift
toward differentiation that may be exacerbated by the loss of E-P interactions. Given that these activation
patterns correlate with the formation of CTCF loops, it follows that the spatial and functional
reorganization of chromatin is integral to facilitating cell fate determination.

In conclusion, this study provides valuable insights into the intricate mechanisms by which cohesin
dynamics, mediated by the loading factor NIPBL, influence chromatin organization and gene regulation
during cellular differentiation, highlighting the multifaceted relationships between chromatin architecture,
transcriptional regulation, and cellular identity.

MethodsCell lines and culture

H9 cells (WAQ9), obtained from WiCell, served as the starting material for pancreatic lineage specification
>, Routine propagation was performed on Matrigel Matrix-coated (Corning, 354277) surfaces in
mTeSR™ Plus medium (STEMCELL Technologies, 100-0276), with cultures maintained at 37°C under
5% CO2 and fed daily. To trigger differentiation, single-cell suspensions were prepared and seeded at
1x1076 cells/ml in 5.5-6 ml of mMTeSR™ Plus containing 10 yM Y27632 (Selleckchem, S1049) per well
of 6-well spheroid plates (JetBiofil). Overnight incubation on an Innova 2000 rotator (97 rpm, 37°C, 5%
CO2) induced spheroid formation. Fresh mTeSR1 with Y27632 was supplied at 24 and 48 hours post-
plating. After 72 hours, spheroids were collected and the following stepwise differentiation protocol was
initiated through sequential media changes with specified supplements:

Day 1: S1 basal medium supplemented with 100 ng/ml Activin A (R&D Systems, 338-AC), 3 uM
CHIR99021 (Selleckchem, S2924), and 10 uM Y27632.

Day 2: S1 medium containing 100 ng/ml Activin A only.

Days 3, 5, 10, 12, 15, 17, and 19: No medium change.

Days 4 and 6: S2 medium with 50 ng/ml KGF (Peprotech, AF-100-19).

Days 7 and 8: S3 medium supplemented with 50 ng/ml KGF, 0.25 yM Sant1 (Sigma, S4572), 2 uM RA
(Sigma, R2625), 200 nM LDN193189 (Sigma, SML0559; added only on Day 7), 500 nM PdBU (EMD
Millipore, 524390), and 10 uM Y27632.

Days 9, 11, and 13: S3 medium containing 50 ng/ml KGF, 0.25 yM Sant1, 100 nM RA, and 10 uM Y27632.
Days 14 and 16: S5 medium with 0.25 yM Sant1, 100 nM RA, 1 yM XXI (Sigma, 565790), 20 ng/ml
Betacellulin (Peprotech, 100-50), 10 yM Alk5i Il (Enzo, ALX-270-445-M001), and 1 yM T3 (Sigma,
64245-250MG-M).

Days 18 and 20: S5 medium containing 20 ng/ml Betacellulin, 1 yM XXI, 10 uM AIk5i Il, 1 uM T3, and 25
nM RA.

Days 21 to 35: S6 medium with 10 yM AIk5i Il and 1 yM T3; medium was refreshed every other day.
Samples representing definitive endoderm (DE), pancreatic gut tube (PGT), pancreatic progenitor (PP),
and SC- organoid stages were harvested on days 4, 7, 14, and 35, respectively.

Treatment of H9 cells with siRNA and chemical agents

To knock down NIPBL, cultured hESCs were transfected with either a negative control SIRNA or siRNA
specifically targeting NIPBL (Genepharma) at a final concentration of 50 nM, using RNAIMAX reagent
(Thermo) for a duration of 24 hours. The cells were harvested 72 hours post-transfection, and the
efficiency of the KD was assessed via real-time polymerase chain reaction (PCR) analysis and Western
blotting. For NIPBL KD at the pancreatic progenitor (PP) stage, cultured spheroids were treated with
Accutase (Thermo) at 37°C for 5 minutes to dissociate them into single cells, 72 hours before the
completion of the PP stage. These cells were then transfected with siRNA at a final concentration of 50
nM, again utilizing RNAIMAX reagent (Thermo) for 24 hours, and incubated overnight on an Innova 2000
rotator at 97 rpm, 37°C under 5% CO2 to allow them to reaggregate into spheroids. The reaggregates
were collected 72 hours after transfection, and the KD efficiency was confirmed through real-time PCR
analysis.

SiRNA oligo sequences are as follows,



siNIPBL: 5-CAACAGAUCACAUAGAGUUTT-3’
siWAPL: 5-GGAGUAUAGUGCUCGGAAUTT-3’
SiCTCF: 5-GGAGAAACGAAGAAGAGUATT-3’

The treatment with UNC3866 was carried out using the following strategy. For normally cultured hESCs,
10 mM UNC3866 (MedChemExpress, HY-100832) is added to the culture medium to reach a working
concentration of 40 uM. The medium is changed daily, and cell samples are collected on Day 2 and Day
4 for subsequent immunofluorescence analysis and library construction experiments. For hESCs
undergoing NIPBL transfection, 10 mM UNC3866 (MedChemExpress, HY-100832) is added to the
culture medium the day before transfection to achieve a final working concentration of 40 uM. After
transfection, the cells are maintained in the UNC3866-containing medium, with the medium being
replaced daily. Cell samples are collected on Day 3 post-transfection for immunofluorescence analysis
and library construction experiments.

The treatment with Tris (2-pyridylmethyl) amine (TPA, Thermo Fisher, Y-24201) was performed
according to the following protocol. Two hours prior to sample collection, add TPA to the culture medium
to achieve a final concentration of 10 mM. Incubate for an additional 2 hours before harvesting the cells
for immunofluorescence and next-generation sequencing (NGS) library preparation.

The 1,6-Hexanediol (1,6-HD, Rhawn, 629-11-8) treatment was implemented according to the following
strategy. For both normally cultured and transfected hESCs, add 2% 1,6-HD to the culture medium 5
minutes before sample collection. After this step, proceed to harvest the cells for immunofluorescence
and library preparation experiments.

Western analysis

Cells were lysed in Laemmli SDS buffer and heated for 5 minutes. The samples were separated using
6% SDS-PAGE and transferred to a PVDF membrane (Millipore) in Tris-glycine transfer buffer containing
20% methanol for 2 hours at 100 volts. For Western blotting, the membranes were blocked in TBST (20
mM Tris, pH 7.4, 150 mM NacCl, 0.05% Tween 20) with 5% nonfat milk powder and incubated overnight
with the following antibodies: RAD21 (1:5000) (Abcam, ab992 ), NIPBL (1:5000) (Bethyl, A301-779A),
TBP (1:6000) (proteintech, 22006-1-AP), RNF2 (1:5000) (BETHYL, A302-869A-A) and CTCF (1:6000)
(Abcam, ab70303). Following three washes with TBST, membranes were incubated with HRP-
conjugated secondary antibodies (1:5000, Jackson ImmunoResearch Laboratories) for 1 hour. After
three additional washes, the detection of various proteins was performed using SuperSignal West
Pico/Dura Chemiluminescent substrate (Thermo).

Immunofluorescence microscopy

Immunofluorescence microscopy was conducted as previously described 78, with some modifications.
Control and treated cells were first allowed to adhere to slides in growth media for 1 hour. Cells were
then fixed in 1% formaldehyde in PBS for 10 minutes and permeabilized with 0.3% Triton X-100 in PBS
for 30 minutes at room temperature. Afterward, the cells were blocked with a solution containing 1x PBS,
0.2% Tween-20, and 5% normal donkey serum for 1 hour and incubated overnight at 4°C with a primary
antibody diluted in blocking buffer (1:200 rabbit anti-RING1B (BETHYL A302-869A-A)). Slides were
washed three times in PBST (PBS + 0.1% Triton X-100) and then incubated for 2 hours at room
temperature with goat anti-rabbit Alexa Fluor 488 (Thermo) diluted in blocking buffer (1:1000). After
washing three times, the slides were mounted with Vectashield mounting medium containing DAPI
(Vector Laboratories). Image acquisition was performed using Zeiss LSM880+Airyscan. Z-stack images
spaced by approximately 0.5 pum intervals were captured for a total of around 100-200 cells per condition
using ZEN 3.11 software. The area stained with RNF2 was quantified using Fiji Software. Statistical
significance for differences in the number and intensities of PRC1 bodies was assessed using the
Wilcoxon rank-sum test in R.



RNA-seq

TRIzol™ reagent (Thermo, 15596018CN) was used to isolate total RNA from control and siRNA-treated
H9 cells, together with samples collected at various differentiation time points. Ribosomal RNA depletion
was carried out using the Ribo Minus Transcriptome Isolation Kit (Invitrogen, K1550). RNA
concentrations were determined with the Qubit RNA HS Assay Kit (Thermo Fisher), after which
fragmentation buffer was added to randomly break the RNA into smaller pieces. Using these fragments
as templates, cDNA was synthesized with random hexamer primers. The resulting double-stranded
cDNA underwent end repair, A-tailing, and adapter ligation, followed by size selection and PCR
amplification to generate final libraries. Each sample was prepared in two independent biological
replicates and sequenced on an lllumina NovaSeq 6000, producing paired-end 150 bp reads.

In-situ Hi-C

Hi-C libraries were constructed in situ with Dpnll utilizing established methods?¢. From each stage, 2.5
million cells were crosslinked in 1% formaldehyde, quenched with glycine, washed, and permeabilized
to release nuclei. Chromatin was digested overnight with Dpnll, and biotin-dCTP with unlabeled
dATP/dTTP/dGTP filled the 5' overhangs. Proximity ligation joined fragments, then crosslinks were
reversed and DNA ethanol-precipitated. After sonication to 200-500 bp, streptavidin beads captured
biotin-labeled DNA. Bead-bound material underwent end repair, A-tailing, and adapter ligation per
lllumina TruSeq protocols, with two Tween Washing Buffer rinses between steps. On-bead PCR with
barcoded primers and KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems) ran for 5-12 cycles.
Libraries were paired-end sequenced on an Illumina NovaSeq 6000. At least two biological replicates
per condition were pooled after confirming high correlation.

HiChIP

HIChIP experiments were conducted following a modified version of a published protocol . Control and
siRNA-treated H9 cells, together with their differentiated derivatives, were collected and crosslinked in
1% formaldehyde for 10 minutes at room temperature. The reaction was quenched with glycine, followed
by PBS washes and storage at -80°C. To obtain intact nuclei, thawed cell pellets were resuspended in
Hi-C lysis buffer and gently disrupted using pestle A. Isolated nuclei underwent Dpnll digestion, biotin-
dCTP fill-in, and proximity ligation to join spatially adjacent fragments. Chromatin was then sonicated to
200-500 bp fragments and pre-cleared with Protein A/G Dynabeads for 2 hours at 4°C.
Immunoprecipitation was performed overnight at 4°C using beads pre-coated with specific antibodies.
On-bead tagmentation with Tn5 transposase (Vazyme, S601) was carried out, followed by elution,
crosslink reversal, and ethanol precipitation. Biotinylated fragments were captured with streptavidin
beads, and on-bead PCR amplification generated final libraries for lllumina sequencing. Two biological
replicates were prepared for each sample.

ChIP-Seq

A published method 68 was followed for all ChIP-seq experiments. Cells first underwent fixation in 1%
formaldehyde diluted in PBS for 10 minutes at ambient temperature, with glycine subsequently added to
halt crosslinking. After PBS rinses, samples were either processed immediately or snap-frozen in liquid
nitrogen and kept at -80°C. Nuclear lysis was performed, after which sonication fragmented chromatin
to 200-500 bp. To minimize nonspecific binding, samples were incubated with Protein A/G Dynabeads
for 2 hours at 4°C. Antibody-coated beads prepared overnight were then used for immunoprecipitation
at 4°C. Following capture, bead-bound complexes were tagmented using Tn5 transposase. Elution,
crosslink reversal, and purification were carried out using standard procedures. Final amplification
employed lllumina Nextera barcoded primers with KAPA SYBR FAST gPCR Master Mix for 5-12 cycles,
yielding sufficient DNA for sequencing.



ATAC-seq

ATAC-seq analysis 8 was performed on control and siRNA-treated H9 cells together with their
differentiated progeny. For SC- organoids, an electric homogenizer disrupted the samples within 10
seconds, producing small cell clusters. After PBS washes, nuclei were released by resuspending cells
in cold lysis buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCI2, 0.1% NP40, 0.1% Tween-20,
and 0.01% Digitonin) on ice. A single wash with lysis buffer lacking NP40 and digitonin followed.
Tagmentation was carried out at 37°C for 20 minutes with occasional shaking in a Tn5 reaction mix
containing 25 pl 2x TD buffer, 2.5 yl Tn5 (100 nM final), 16.5 pl PBS, 0.5 pl 1% digitonin, 0.5 pl 10%
Tween-20, and 5 pl H20O. DNA purification was performed using the Universal DNA Purification Kit
(Tiangen, DP214). Purified fragments then served as templates for lllumina Nextera library construction,
with final sequencing conducted on a NovaSeq 6000 platform.

Flow cytometric analysis of cell cycle and apoptosis

Cultured Ctrl and siRNA treated PP2 spheroids were dissociated to single cells using Accutase (Thermol,
A1110501) and stained with propidium iodide (PI) using the Cell Cycle and Apoptosis Analysis
Kit/Annexin V-FITC Apoptosis Detection Kit (Beyotime, C1052/C1062S) according to the manufacturer's
protocols. Stained samples were subsequently analyzed on a CytExpert flow cytometer. Data was
collected using software for Beckman CytoFlex machine and analyzed using FlowJo v10.8.1.

Data Processing

ChlP-seq data processing

Sequencing reads were aligned exclusively to the hg38 human reference genome using Bowtie2.
Duplicate entries arising from PCR amplification were identified and discarded. Coverage tracks in
bedgraph format were generated with the Bedtools genomeCoverage utility. To enable signal
comparisons across different ChlP-seq datasets, read counts were equalized through random
subsampling. These normalized alignments then produced bedgraph files visualized in IGV. Peak calling
employed MACS2 with default settings, using IgG controls as background. The edgeR 7° R package
identified differentially enriched regions, applying thresholds of p<0.05 and at least 20% fold change.
Transcription factor motif analysis was performed on both ChlP-seq peaks and differential loop anchors
using MEME. To determine motif occurrence frequencies, FIMO scanned these genomic intervals
against the JASPAR_CORE_2016_vertebrates database.

RNA-seq data processing

HISAT2 (v2.2.0) was run with default settings to map raw RNA-seq reads onto the human hg38 reference
genome. Gene and transcript expression levels, quantified as transcripts per million (TPM), were
calculated using StringTie (v2.1.6) based on existing annotations. To identify differentially expressed
genes, the edgeR package was applied, with significance defined as p < 0.05 and absolute fold change
exceeding 20%.

Hi-C and HiChlIP data processing

HiC-Pro v2.10.0% aligned paired-end reads from both Hi-C and HiChIP experiments to the hg38 human
genome. After removing PCR duplicates and low-quality alignments, valid interaction pairs were
assigned to Dpnll restriction fragments and converted into binned contact matrices (hic format). For
visualization and analysis, Knight-Ruiz (KR) normalization was applied to Hi-C matrices, while Vanilla
coverage square root (VCsqgrt) normalization was used for HiChIP matrices, both via dump command
of juicebox 8. CTCF-mediated loops in Hi-C data were identified with SIP v1.3.3
(https://github.com/PouletAxel/SIP/releases)®, and significant interactions at 5, 10, and 25 kb
resolutions were detected using Fit-Hi-C (https://qgithub.com/ay-lab/fithic) with g<0.001. For HiChIP




data, FitHiChIP (https://ay-lab.github.io/FitHiChIP/)83 generated singleton reads to identify protein-
bound regions and detected significant long-range contacts (FDR<0.05) associated with specific
factors.

Chromatin interaction analysis

Juicer 8 generated contact matrices from raw Hi-C and HiChlIP data. All matrices underwent distance
normalization using (observed — expected) / (expected + 1) to remove distance-dependent bias. For
cross-sample comparisons, matrices were randomly downsampled to equalize total contacts. A/B
compartments were derived from eigen decomposition of 25 kb Pearson correlation matrices®. CTCF
loops were called with SIP at 5 kb resolution using: -norm KR -min 2.0 -max 2.0 -mat 2000 -d 6 -res 5000
-sat 0.01 -t 2500 -nbZero 6 -factor 1 -fdr 0.05 -del true -cpu 48 -factor 4. All loop calls were merged into
a master list.

Differential loop analysis

Hi-C library comparisons followed three normalization steps: 1) random subsampling to match the
smallest library; 2) KR balance normalization; 3) distance normalization via (observed — expected) /
(expected + 1). Differential loops were identified by: 1) combining SIP-detected loops across stages; 2)
extracting KR- and distance-normalized contact frequencies for each loop; 3) running edgeR on paired
frequencies (FDR < 0.1, p < 0.05, fold change = 4). Stage-specific loops were defined by: 1) aggregating
all differential loops; 2) calculating per-stage contact frequencies; 3) ranking loops by stage of peak
(gained) or nadir (lost) values; 4) assigning stage specificity where maximum change occurred. Loops
not meeting stage-specific criteria after FDR = 0.1, p = 0.05, or fold change < 4 filtering were deemed
constitutive. MEME-ChIP identified motif enrichment at upregulated loop anchors using overlapping
ATAC-seq peak summits.

Virtual 4C signal generation

Virtual 4C signals were generated from Hi-C data wusing Coolbox (available at
https://gangcaolab.qgithub.io/CoolBox) alongside in-house Python scripts. In summary, virtual 4C was
conducted by utilizing the Hi-C KR normalized observed over expected (O/E) contact frequency for each
bin that interacts with the anchor. To account for differences in intensities at various resolutions,
individual high-resolution bins were combined using a sliding window corresponding to the resolution
step, and the average signal across the combined bins was calculated for each examined resolution step
until the lowest specified resolution was reached. The final normalized enrichment scores presented in
Figures 4 and 5 were produced by averaging the intensity of each bin across all resolutions from 10 kb
to 500 kb.

APA metaplot analysis of chromatin interactions

To evaluate loop enrichment relative to local interaction backgrounds while controlling for distance-
dependent decay and protein occupancy artifacts, we adopted the aggregate peak analysis (APA)
framework?®. Interaction matrices binned at 10 kb resolution served as the foundation for this approach.
For each loop set under investigation, we isolated KR-normalized observed-over-expected (O/E) contact
values corresponding to the loop pixel itself together with flanking regions extending ten bins along both
axes. These extractions produced localized 210 kb x 210 kb matrices capturing interaction landscapes
surrounding each loop. Position-specific median O/E values were computed across all matrices
belonging to a given loop category and rendered as heatmaps through the heatmap.2 R package.
Enrichment metrics were derived by comparing the central pixel intensity against averaged signals from
nine pixels clustered in the bottom-right quadrant of each aggregate plot.

Metaplots examining configurations with multiple anchor points were constructed at 10 kb resolution,
with intervals between anchors evenly partitioned into ten segments®8. For experimental setups involving
three or four CTCF anchor sites, anchors exhibiting stable interaction patterns were consistently
assigned to the leftmost positions. To ensure valid comparisons across libraries derived from different



experimental conditions, raw interaction data underwent sequential processing: valid paired-end tags
were first randomly subsampled to achieve uniform sequencing depth across all samples, followed by
KR balance normalization applied uniformly to the resulting contact matrices. Differential interaction
signals between treatment and control conditions at specified anchor groupings were obtained by
subtracting control values from treatment values on a per-loop basis, with median measurements across
all anchors subsequently aggregated for visualization.

Integration of ChIP-seq signals with chromatin loop anchors

Loop anchor coordinates from SIP and Mango®® were first extended by +5 kb and then intersected with
ChlIP-seq peak regions using bedtools intersect. To establish a background expectation, ChiP-seq peaks
were randomly permuted across the genome 1,000 times, with the same intersection procedure applied
to each shuffled set. Empirical p-values were derived by calculating the proportion of randomized
iterations in which the observed overlap count exceeded that obtained from the actual peak distributions.

Definition of genomic features

Promoter regions were defined as RefSeq transcription start sites (TSS) extended by 1 kb in both
directions. Enhancer identification relied on H3K4mel peaks that lacked H3K4me3 signal and
intersected with ATAC-seq nucleosome-free regions (NFR), while excluding positions within 1 bp of any
TSS. From this enhancer pool, those also containing H3K27ac marks were classified as active.
Differential activity between conditions was assessed using H3K27ac ChlIP-seq signals processed
through the edgeR package, with significance thresholds set at p < 0.05 and absolute fold change
exceeding 3. Super-enhancer annotation was performed with ROSE®® using default parameters on
H3K27ac data. Polycomb-associated domains were mapped by scanning the genome with 1 kb sliding
windows across 10 kb bins, retaining windows where RNF2 ChlP-seq signals exceeded 10 RPMPB,
followed by merging of adjacent regions.

ChlP-seq signal visualization and clustering

Genomic intervals (anchors with flanking regions) were partitioned into uniform bins to construct an
empty matrix (anchors x bin positions). For cross-sample comparisons, reads from matching antibody
experiments were randomly subsampled to ensure equivalent sequencing depth. Normalized reads were
assigned to individual genomic bins via bedtools intersect, generating read counts for each matrix
position. Raw counts were divided by library size in millions to obtain reads per million per bin (RPMPB),
visualized as heatmaps using Java TreeView. Average profiles were generated by calculating mean
RPMPB values across all anchors at each distance interval from the anchor center. For clustering, signal
intensities from the central six bins (center + 3 bins) were extracted and subjected to K-means partitioning
using Cluster3.

ATAC-seq data processing

A customized computational approach was implemented for ATAC-seq analysis. Using Bowtie2 with
parameters -X 2000 -m 1, paired-end reads were mapped to the human hg38 reference genome while
retaining default settings elsewhere. Picard Tools (http://picard.sourceforge.net;
https://broadinstitute.github.io/picard/) eliminated PCR duplicate reads. Fragment size corrections
involved shifting forward-strand reads by +4 bp and reverse-strand reads by -5 bp. Fragment length
stratification separated reads into two categories: ATAC-TF (50-115 bp fragments) marking sub-
nucleosomal regions accessible to transcription factors, and ATAC-Nuc (180-247 bp fragments)
indicating mono-nucleosomal protected DNA. Bedtools genomeCoverage generated bedgraph files.
Transcription factor-associated open chromatin regions were identified through MACS2 peak calling
restricted to ATAC-TF reads. Enrichment patterns for both ATAC-TF and ATAC-Nuc were visualized
using heatmaps and average profiles, following the same analytical framework established for ChIP-seq
datasets. Cluster3 performed K-means clustering on ATAC-seq heatmaps for unsupervised
classification.




Statistics and Reproducibility

For comparative analyses between two groups, statistical significance was assessed using two-tailed
Student’s t-test or Wilcoxon rank-sum test. P values < 0.05 were considered statistically significant,
where * represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001, **** represents P < 0.0001
and ns represents P>=0.05. Multiple testing correction was performed using the Benjamini-Hochberg
false discovery rate (FDR) method where applicable. Specific statistical tests for each figure panel are
detailed in the corresponding figure legends.

All sequencing experiments were performed with at least n = 2 biological replicates, unless otherwise
stated in the figure legends. A biological replicate is defined as cells or samples derived from independent
cell cultures, transfections and differentiations. Sample sizes were chosen based on standard practices
in the field and similar previous studies. Experiments lacking formal statistical analysis (e.g.,
representative microscopy images, immunoblots) were repeated independently at least three times with
consistent results. Data are presented as mean + standard error of the mean (SEM), as indicated in the
figure legends.

Data Availability

RNA-seq, ATAC-seq, ChiP-seq and HiChIP data are accessible from NCBI’s Gene Expression Omnibus
(GEO) under the accession number GSE288172. Hi-C data can be found under accession number
GSE?288728. Numerical source data underlying Fig 4e are provided in Supplementary Data 2. Numerical
source data underlying Fig 5d-f are provided in Supplementary Data 3. Numerical source data underlying
Fig 6d and 7e are provided in Supplementary Data 4.
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Fig. 1 | Redistribution of CTCF loops and enhancer-promoter interactions in hESCs following the
knockdown of cohesin loading factor NIPBL.
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a Heatmaps showing changes induced after NIPBL knockdown (KD) for RAD21 and NIPBL at down-
regulated RAD21 peaks. These peaks are divided into four distinct classes, which are promoters (TSS),
enhancers (Enh), CTCF sites at loop anchors (CL) and CTCF sites outside loop anchors (CnL,
supplementary figurelb) from top to bottom. ChIP-Seq signals within £1 kb region surrounding
transcription start sites (TSSs) or peak summits are plotted. RPMPB: reads per million per 50bp bin. Ctrl:
control hESCs transfected with negative control siRNA; si-N: hESCs transfected with siRNA targeting
NIPBL. b Average profiles of ChlP-seq signals for RAD21, NIPBL, CTCF, H3K27ac, centered on the
same set of genomic anchors as in panel (a). Anchors are categorized into three classes: transcription
start sites (TSS), enhancers (Enh), and CTCF sites at chromatin loop anchors (CL). Meta-analysis
guantifying changes in cohesin subunits SA1 and SA2 after NIPBL KD. For SAL1 and A2, analysis was
focused on TSS, Enh, and CL sites, which were first ranked by their baseline SA2 ChIP-seq signal
intensity in control cells. The plots display the change in SA1 and SA2 levels specifically for the top
quintile (20%) of sites with the highest initial SA2 binding. Lines and shaded regions represent the mean
signal and the 95% confidence interval, respectively. ¢ Example of SIP loops lost, stable and gained in
si-NIPBL with respect to Ctrl hESCs. Blue squares: lost loops; green: gained; black: stable. Green
arrows point to the smaller loop located between a pair of tandem CTCEF sites, which is lost when RAD21
and SALl levels are maintained at anchors. Blue arrows indicate the larger loop located between a pair
of convergent CTCF sites in the same region, which is also lost upon NIPBL KD. Blue and yellow shading
is used to highlight loop anchors formed by forward and reverse pairs of CTCF motifs, respectively. The
distribution of input normalized ChIP-Seq signals of several proteins in the same region in both cells is
shown. Above the CTCF ChiP-seq track, red and green arrowheads indicate the orientation of individual
CTCF motifs. On the NIPBL ChIP-seq track, black and blue arrows mark stable and gained NIPBL
binding events, respectively. On the WAPL ChIP-seq track, black and gold asterisks denote stable and
decreased WAPL occupancy, respectively. Reference genome: hg38. d Aggregate peak analysis (APA)
of Hi-C data obtained in ctrl and si-NIPBL hESCs at lost, stable and gained SIP loops. Each square
represents the aggregate of the signals present in all corner dots corresponding to loops detected by SIP
in either condition (see Methods) and the surrounding 100 kb regions up- and down-stream. Top row:
lost loops, middle row: stable loops, bottom row: gained loops. Subtraction of APA metaplots of si-NIPBL
minus Ctrl is shown in the last column of each row. e APA metaplots of Hi-C data obtained in ctrl and si-
NIPBL hESCs at SIP loops containing promoters or enhancers at neither, one or both anchors. E:
enhancers; P: promoters. Higher in: the signed difference (treatment — Ctrl) of distance normalized Hi-C
signals. Sample sizes: Hi-C (n=3 biologically independent experiments), NIPBL ChIP-seq (n=3),
ChIP-seq for other proteins (n = 2).



Fig. 2 | NIPBL knockdown reduces promoter and enhancer interactions without depleting local
cohesin.
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a Diagram showing distinct enhancer-promoter (E-P) loops containing CTCF at neither, one or both
anchors. APA metaplots of Hi-C data obtained in ctrl and si-NIPBL hESCs at these loops. Subtraction of
APA metaplots is listed in the last column of each row. b Average profiles of ChiP-seq signals of RAD21,
SA1 and H3K27ac at the scaled regions + 50% of their sizes between loop anchors in (a). E: enhancers;
P: promoters. Left column: E/P loops containing CTCF at both anchors; right column: E/P loops lacking
CTCF at both anchors. c-d Diagrams showing promoter (P-P) loops (c) and enhancer (E-E) loops (d)
containing stable levels of RAD21 at both anchors after NIPBL KD. APA metaplots of Hi-C and RAD21
HiChIP data obtained in ctrl and si-NIPBL hESCs at these P-P loops (c) and E-E loops (d). Subtraction
of APA metaplots is listed in the last column of each row. e Average profiles of ChiP-seq signals of CTCF,
RAD21, H3K27ac, RNF2 and H3K27me3 at the scaled regions £ 50% of their sizes between loop
anchors in (c) and (d). Lines and shaded regions represent the mean signal and the 95% confidence
interval, respectively. f-g APA metaplots of Pol Il and H3K4mel HiChIP data obtained in ctrl and si-
NIPBL hESCs at these P-P loops (f) and E-E loops (g). Subtraction of APA metaplots is listed in the last
column of each row. Higher in: the signed difference (treatment - Ctrl) of distance normalized Hi-C
signals. Sample sizes: Hi-C (n=3 biologically independent experiments), HiChIP (n=2), ChIP-seq
(n=2).



Fig. 3| Lost CTCF loops maintain cohesin at anchors despite NIPBL absence.
a b

2 CTCF loops of different sizes /_\CTCF loops /_\
1§ A ) S
ct ‘ ‘ ctd ‘ ‘

20-50 K 50-100 K 100-200K 200-400 K over 400 K - stable
APA=2.49 APA=391 APA=4.92 APA=4.89 APA=427 ) sikN  pAD21 si-N ‘ RAD21 ‘
c - -
=
= - 6 APA=222 APA=255 o
O T — =)
° = . @
g & &} * — o
2 " Ig-
APA=1.79 APA=2.35 APA=2.44 APA=2.05 APA=1.06 Elto =
el S
[
< g APA=1.41 APA=184 £
‘® g slio
8 <
[a] = @
z -
> ”n ki
_ TaAPA=07 MAPA=156 |[AAPA=248 |[AAPA=284 |[AAPA=321 % a
=
O =M z
: . 8|lo o APACE s
< 2 < O o o £~
7] o [ = o il o &
p 5 z SHANE G et
-100K anchor +100K #) " ® <~
[ -
- o
-100K  Jost  +100K stable
RAD21 RAD21
Cc
CTCF SA1 RAD21 RNF2
. ©
Cr| ~ s & d
@ - S 1 : )
% - si-N 9 © RAD21 HiChIP CTCF HiChIP
b ]
b Ol - . ! 3 APA=10.74 ) APA=3.26
Sg- Ch e 5 o 5
<] i ® 1 g [ ]
s Qo I s 1 i s = - a i
L5 s o | o \w oa © 4]
[} S o o o 7 ' TR ©
5 (PN © e o
= 7 - = 1%] ] -
n=5763 b S ° < APA=4.3 5|l [aPA=o00 "
T T T T T T T T T T T T T T T O I~
© » 2 2 =
© g 7 ° 3 53 ‘—;; g
£ o1 0 | °© ] 5
- 4 e < | @ z
? 8 © | 0 5.5 = e
o < ° 7 ° o 5
S | 4 o S L APA=-6.39 z A APA=-326
58 o | - " o = | [©
SERg N S
o 94 N e 2 - 8l — o
e ol | S Z.a -g, Y
n=172 kel o B o ©
T T T T T O & T T T T T T T T T T T T T = '
-50% 0% 50% 100% +50% 6

— -100K Stable +100K
scaled region RAD21
between loop anchors

a Diagram describing CTCF loops at different sizes. APA metaplots of Hi-C data obtained in ctrl and si-
NIPBL hESCs at SIP loops of distinct sizes. Subtraction of APA metaplots is listed in the last row of each
column. b Diagram depicting CTCF loops anchoring at lost and stable RAD21 peaks upon NIPBL KD.
APA metaplots of Hi-C data obtained in ctrl and si-NIPBL hESCs at these CTCF loops. Subtraction of
APA metaplots is listed in the last row of each column. ¢ Average profiles of ChlP-seq signals of CTCF,
SA1, RAD21 and RNF2 at the scaled regions + 50% of their sizes between loop anchors containing
stable RAD21 peaks in (b) and lost RAD21 peaks in (b). Lines and shaded regions represent the mean
signal and the 95% confidence interval, respectively. RPMPB: reads per million per 50bp bin. d APA
metaplots of RAD21 and CTCF HiChIP data obtained in ctrl and si-NIPBL hESCs at CTCF loops
containing stable RAD21 peaks at both anchors upon NIPBL KD. Subtraction of APA metaplots is listed
in the last row of each column. Higher in: the signed difference (treatment — Ctrl) of distance normalized
Hi-C signals. Sample sizes: Hi-C (n = 3 biologically independent experiments), HiChIP (n = 2), ChlP-seq
(n=2).
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Fig. 4 | Loss of cohesin-mediated loops and gain of compartmental contacts between PRC
domains in the absence of NIPBL.
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a Heatmaps are presented with protein-specific genomic windows: £5 kb for RAD21, +1 kb for NIPBL
and £50 kb for RNF2, optimized to best visualize the distribution of each factor (see methods). These p
eaks within PRC domains (PDs) are divided into four distinct classes, which are promoters (P_PD), enh
ancers (E_PD), CTCF sites at loop anchors (CL_PD) and CTCF sites outside loop anchors (CnL_PD) f
rom top to bottom. RPMPB: reads per million per 50bp bin. b Average profiles of ChlP-seq signals of C
TCF, SAL1, WAPL, SA2 and H3K27ac on the same anchors as (a). Lines and shaded regions indicate t
he mean value and 95% confidence interval, respectively. TSSs: transcription start sites; Enh: enhance
rs; CL: CTCF sites at loop anchors; PD: PRC domains. ¢ Example of interactions between PRC domai
ns in si-NIPBL with respect to Ctrl hESCs. Black circles in Hi-C heatmaps highlight the interactions bet
ween three adjacent PRC domains including HOXD gene cluster on chr2. The virtual 4C signals origina
ting from the HOXD cluster derived by converting Hi-C data and the distribution of several proteins in t
he same region in both cells are also shown. Arcs represent the SIP loops. Blue shading: HOXD gene
cluster as the viewpoint of virtual 4C; yellow shading: two adjacent PRC domains. Reference genome:
hg38. d Diagram describing the enhanced contacts between PDs upon NIPBL KD. APA metaplots of H
i-C, RAD21 and RNF2 Hi-ChlP data obtained in ctrl and si-NIPBL hESCs among PDs. Sample sizes: H
i-C (n =3 biologically independent experiments), HIChIP (n=2). PD: PRC domains. Subtraction of APA
metaplots is listed in the last column of each row. e Immunofluorescence microscopy of hESCs of Ctrl,
si-NIPBL and si-NIPBL treated with UNC3866 stained with antibodies to RNF2 (green). 4’,6-diamidino-
2-phenylindole (DAPI) is indicated in blue. Red dashed circles highlighted cells are enlarged for better
view on the right side of each row. White scale bars: 20pum. Violin plots and boxplots show the mean int
ensities and number of PcG bodies within each nucleus for the three groups of hESCs. Boxplots within
violin: median (center line), 25th-75th percentiles (box), and 1.5xinterquartile range (whiskers). P value
s are calculated by Wilcoxon rank-sum test. Sample sizes: Immunofluorescence (n=3 biologically indep
endent experiments). f Diagram describing the promoter (P_PD), enhancer (E_PD) and CTCF (CL_PD
) loops located within PDs. APA metaplots of Hi-C data obtained in ctrl and si-NIPBL hESCs at these lo
ops. Sample sizes: Hi-C (n = 3 biologically independent experiments). TSSs: transcription start sites; E
nh: enhancers; CL: CTCF sites at loop anchors; PD: PRC domains. Subtraction of APA metaplots is list
ed in the last column of each row. Higher in: the signed difference (treatment — Ctrl) of distance normali
zed Hi-C signals. Sample sizes: Hi-C (n = 3 biologically independent experiments), HiChIP (n =2), NIP
BL ChiIP-seq (n = 3), ChlP-seq for other proteins (n = 2), Immunofluorescence (n=3).



Fig. 5| Loss of cohesin-mediated loops within super enhancer domains in the absence of NIPBL.
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a Heatmaps showing changes induced after NIPBL knockdown for ChlP-Seq signals of RAD21, NIPBL
and H3K27ac at lost RAD21 peaks within super enhancers (SEs) (see methods). These peaks within
SEs are divided into four distinct classes, which are promoters (P_SE), enhancers (E_SE), CTCF sites
at loop anchors (CL_SE) and CTCEF sites outside loop anchors (CnL_SE). RPMPB: reads per million per
50bp bin. b Average profiles of ChlP-seq signals of CTCF, SA1, WAPL, SA2 and H3K27ac on the same
anchors as (a). Lines and shaded regions indicate the mean values and 95% confidence interval,
respectively. c Example of interactions between SEs in si-NIPBL with respect to Ctrl hESCs as shown in
the Hi-C heatmaps. The virtual 4C signals originating from two viewpoints of SEs highlighted in blue
rectangles derived by converting Hi-C data and the distribution of H3K27ac and RAD21 in the same
region in both cells are also shown. The yellow rectangles highlight the SEs whose interactions are not
increased upon NIPBL KD. Reference genome: hg38. d Diagrams showing contacts between SEs that
are down- and up-regulated upon NIPBL KD. Violin and boxplots showing the distances between SEs of
these two classes. Boxplots within violin: median (center line), 25th-75th percentiles (box), and
1.5xinterquartile range (whiskers). P values are calculated by Wilcoxon rank-sum test. Sample sizes:
Hi-C (n = 3 biologically independent experiments). APA metaplots of Hi-C data obtained in ctrl and si-
NIPBL hESCs at enhanced and weakened interactions between SEs upon NIPBL KD. SD: SE domain.
Subtraction of APA metaplots is listed in the last row of each column. e Diagrams depicting SIP loops
containing SEs at one or both anchors. Violin and boxplots showing sizes of loops of these two classes.
Boxplots within violin: median (center line), 25th-75th percentiles (box), and 1.5xinterquartile range
(whiskers). P values are calculated by Wilcoxon rank-sum test. Sample sizes: Hi-C (n =3 biologically
independent experiments). APA metaplots of Hi-C data obtained in ctrl and si-NIPBL hESCs at these
two loops. Subtraction of APA metaplots is listed in the last column of each row. f Diagrams describing
the changes of RAD21 at loop anchors within SDs upon NIPBL KD. Cumulative curves comparing sizes
of loops containing no, stable, up- and down-regulated levels of RAD21 at SEs of loop anchors. P values
are calculated by Welch’s t-test. *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001. APA histograms of
Hi-C data obtained in ctrl and si-NIPBL hESCs at these SE loops containing different levels of RAD21.
Median values of APA scores are labeled as dashed black lines on histograms. non/stable/up/downR
SE: SEs containing non, stable, up- and down-regulated levels of RAD21. nonE/stableE/upE/downE:
SEs containing non, stable, up- and down-regulated levels of RAD21. Higher in: the signed difference
(treatment - Ctrl) of distance normalized Hi-C signals. Sample sizes: Hi-C (n = 3 biologically independent
experiments), NIPBL ChlIP-seq (n = 3), ChlP-seq for other proteins (n = 2).



Fig. 6 | Dissolution of interactions between enhancers and down-regulated genes within regions
of shortened CTCF loops.
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a Heatmaps showing changes in transcription levels of up- and down-regulated genes in different hESCs
based on RNA-seq data. b Bubble plots showing expression of marker genes of pluripotency and three
germ layers in different hESCs based on RNA-seq data. Log2FC: log2 fold change over Ctrl. Ctrl: control;



si-N: si-NIPBL; UNC: UNC3866. ¢ Metaplot analysis of interactions between CTCF loop anchors and
between enhancers and promoters located within the loop anchors. The top diagram indicates the
specific scenario in which the CTCF loops encompass E-P interactions analyzed here. Changes in
interactions between E-P pairs are analyzed in the context of changes of the CTCF loops inside which
they are contained. The bottom panel shows median heatmaps of Hi-C interactions in Ctrl and si-NIPBL
hESCs for CTCF loops that contain pairs of down-regulated genes and their enhancers. The subtraction
of heatmaps from both cells is also shown. Decreases of these loops in si-NIPBL hESCs (black
arrowheads indicating decreased interactions at the CTCF loop anchors) correlates with decreased E-P
interactions inside the loops (orange arrowheads). d Comparison of the number and sizes of lost versus
gained loops upon NIPBL KD. p values of lost and gained versus stable are labeled on top-right and top-
left corner respectively. e Metaplot analysis of interactions between CTCF loop anchors that are
shortened following the KD of NIPBL. The top diagram illustrates the primary scenario in which Ctrl-
specific CTCF loops (green arcs) are shortened by the loss of one of their old anchors (green
arrowheads) after NIPBL KD, and smaller loops (purple arcs) are maintained between newly formed
anchors (purple arrowheads) and the remaining old anchors. The bottom panel shows the median
heatmaps of Hi-C data in both cells on the left side and a subtraction heatmap of Hi-C data comparing
both cell types on the right side. f One example showing the loss of NIPBL loading site within lost CTCF
loops upon NIPBL KD at SOX2 gene locus. The top panel shows the Hi-C heatmaps. The bottom panel
shows the distribution of NIPBL and other proteins at this site. Green and red arrowheads indicate
orientation of the CTCF motifs at this site. Black arrowheads show the location of NIPBL sites present in
Ctrl but not in si-NIPBL hESCs which contain high levels of H3K27ac. Reference genome: hg38. g
Distribution of NIPBL and several other proteins at loop anchors and loading sites of CTCF loops
identified from Hi-C data present in Ctrl cells but not si-NIPBL hESCs. Black arrowheads show the
enrichment of NIPBL and RAD21 at cohesin loading sites, which contain high levels of H3K27ac,
between CTCF loops present in Ctrl but not in si-NIPBL hESCs. RPMPB: reads per million per 50bp bin.
Higher in: the signed difference (treatment — Ctrl) of distance normalized Hi-C signals. Sample sizes:
Hi-C (n =3 biologically independent experiments), RNA-seq (n =2), NIPBL ChIP-seq (n=3), ChIP-seq
for other proteins (n = 2).



Fig. 7 | Reduced chromatin accessibility and stage-specific cohesin loops following NIPBL
knockdown during pancreatic differentiation.
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a Heatmaps showing changes in transcription levels of up- and down-regulated genes during pancreatic
differentiation in Ctrl and si-NIPBL derived PP cells. Up- and down-regulated genes at PP stage in Ctrl



but not in si-NIPBL cells are clustered as dependent DEGs. b Heatmaps showing the ATAC-TF signals
of hESCs and differentiated derivatives of Ctrl and si-NIBPL at ATAC-TF peaks gained at DE stage and
PGT stage. RPMPB: reads per million per 50bp bin. ¢ Changes in the enrichment of transcription factor
motifs found at the summits of ATAC-TF peaks specific to DE and PGT stages in Ctrl and si-NIPBL
derived differentiated cells. d APA metaplots of Hi-C data obtained from both control and si-NIPBL
differentiation at the PP stage focusing on the loops that are gained at this specific stage. e Comparison
of the number and size of stable versus gained loops formed at PP stage during pancreatic cell
differentiation in both control and NIPBL KD conditions. Diagram depicting different processes by which
CTCF loops change during differentiation by moving the location of one or both loop anchors. Subtraction
values of ratios representing different processes occurring in both control and si-NIPBL differentiation at
the PP stage are labeled. f Metaplot analysis of interactions between CTCF loop anchors and between
enhancers and promoters located within the loop anchors. Differentiated PP cells in both Ctrl and NIPBL
KD conditions are compared with undifferentiated hESCs. The bottom left diagram indicates the specific
scenario in which the CTCF loops encompass E-P interactions analyzed here. Changes in interactions
between E-P pairs in two different stages are analyzed in the context of changes of the CTCF loops
inside which they are contained. The top panel shows median heatmaps of Hi-C interactions in Ctrl and
si-NIPBL PP cells for CTCF loops that contain pairs of up-regulated genes and their enhancers. The
subtraction heatmaps from both cells are also shown. Increases of these loops at PP stage (black
arrowheads indicating increased interactions at the CTCF loop anchors) correlates with increased E-P
interactions inside the loops (orange arrowheads) in Ctrl condition. Less increases of both interactions
are found at the same PP stage in NIPBL KD condition. g Metaplot analysis of interactions between
CTCF loop anchors that are extended at PP stage. The bottom-left diagram illustrates the primary
scenario in which hESCs-specific CTCF loops (purple arcs) are extended by replacing both of their old
anchors (purple arrowheads) with new anchors (green arrowheads) to form longer loops (green arcs)
during differentiation in Ctrl condition. The left panel shows the median heatmaps of Hi-C data and the
subtraction heatmaps during pancreatic differentiation in both Ctrl and NIPBL KD conditions. The bottom-
right diagram illustrates the primary scenario in which hESCs-specific CTCF loops are extended by
replacing one of their old anchors. The right panel shows the meta-analysis of Hi-C data in this scenario.
Higher in: the signed difference (treatment — Ctrl) of distance normalized Hi-C signals. Sample sizes:
Hi-C (n = 3 biologically independent experiments), RNA-seq (n =2), ATAC-seq (n = 2).



