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In brief

Through systematic comparison and
comprehensive analysis of chromosome
conformation, Shi et al. show an
evolutionarily distinct and sperm-specific
genome structure of supersized loop
clusters in Xenopus tropicalis that are
demarcated by transposon Helitrons,
suggesting the existence of a link
between the control of Helitrons and
genome architecture during
spermatogenesis.
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SUMMARY

Transposable elements (TEs) are abundant in metazoan genomes and have multifaceted effects on host
fitness. However, the mechanisms underlying the functions of TEs are still not fully understood. Here, we
combine Hi-C, ATAC-seq, and ChlIP-seq assays to report the existence of multimegabase supersized loop
(SSL) clusters in the Xenopus tropicalis sperm. We show that SSL anchors are inaccessible and devoid of
the architectural protein CTCF, RNA polymerase Il, and modified histones. Nearly all SSL anchors are marked
by Helitrons, a class Il DNA transposon. Molecular dynamics simulations indicate that SSL clusters are likely
formed via a molecular agent-mediated chromatin condensation process. However, only slightly more SSL
anchor-associated genes are expressed at late embryo development stages, suggesting that SSL anchors
might only function in sperm. Our work shows an evolutionarily distinct and sperm-specific genome structure

marked by a subset of Helitrons, whose establishment and function remain to be explored.

INTRODUCTION

High-order genome architectures form three-dimensional (3D)
scaffolds that facilitate long-range control of many biological
activities.”™ Generally, metazoan genomes fold into three
types of distinct structures, including A/B compartments,® to-
pologically associating domains (TADs),®® and structural and
functional chromatin loops.'®"'® In recent years, the establish-
ment of these structures has been found to be associated with
transposable elements (TEs) in animals and plants. For
example, class | retrotransposons L1 and B1/Alu are associ-
ated with A/B compartment segregation in mammalian
genomes,'” while the human endogenous retrovirus subfamily
H (HERV-H) retrotransposons demarcate TAD borders when
actively transcribed in human pluripotent stem cells
(hPSCs)."® In addition, transposons also help form Knot struc-
tures, in which specific genomic regions of all five Arabidopsis
chromosomes interact together in the somatic nucleus.'®

Gheck for
Updates

Structural changes associated with TEs also have cons-
equences at the gene expression level. For instance, the mobili-
zation of TEs can trigger genome instability, leading to the
deregulated expression of essential genes and deleterious ef-
fects on host fitness.® In contrast, TEs can also provide a reser-
voir of DNA motifs that can be utilized for the proper control of
gene regulation®’**? and the improvement of adaptability.?*>°
Accordingly, TE repression and utilization for regulatory pur-
poses have been two intertwined themes throughout evolution.
Although several class | TEs have been reported to be associ-
ated with 3D genome structure in mammals, whether TEs are
involved in forming the 3D genome structure in gametes has
not been reported.

In this study, we mapped the 3D genome architecture of the
Xenopus tropicalis (X. tropicalis) sperm genome and unveiled su-
persized loops (SSLs) that are enriched with class || DNA trans-
poson Helitrons.?® Through molecular dynamics simulations, we
proposed two different mechanisms underlying the formation of
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SSLs. However, the biological function and importance of this
structure remain to be explored.

RESULTS

Genome folding patterns are evolutionarily distinct in
vertebrate sperm

During spermiogenesis, vertebrate genomes transform into a
more condensed state.”” To understand whether this process
is evolutionarily conserved in vertebrates, we carried out a
comparative analysis of the 3D genome structures in the mature
sperm of several species, including humans,”® monkeys,?°
mice,”*>" and zebrafish.®? Overall, our results show that the
3D genome structures of sperm are dramatically different among
vertebrate animals (Figures S1A-S1J and S2A-S2D). Specif-
ically, the human sperm genome lacks TADs (Figure S1A),
whereas only a hinge-like structure indicative of TAD border
location exists in zebrafish sperm (Figure S1G). Furthermore,
compartments in zebrafish sperm are barely segregated
(Figure S1H), while the genome of human sperm is well compart-
mentalized (Figure S1B). In contrast, both TADs and compart-
ments are prominent 3D genome features of monkey and mouse
sperm (Figures S1C-S1F and S2A-S2D). These structural differ-
ences strongly suggest a lack of conserved principles governing
genome folding in vertebrate sperm.

The above observations prompted us to examine the genome
architecture of sperm in another animal model, X. tropicalis,
which occupies a unique position in the phylogenetic tree.
Hi-C analysis revealed a striking absence of TADs and compart-
ments in the X. tropicalis sperm genome (Figures S1l, S1J, and
S2E). In contrast, human K562 cells, used as a Hi-C spike-in con-
trol, have TAD and compartment structures that are clearly pre-
sent (Figures S2F and S2G). Together, observations from our
work and others show that the sperm genomes of various spe-
cies likely adopt different structures associated with species-
specific factors.

Supersized loops form in the X. tropicalis sperm genome
When visually inspecting the contact heatmaps of the X. tropicalis
sperm genome, we unexpectedly discovered dots indicative of
clustered loops (Figures 1A and S3A-S3C; Table S1). We identi-
fied 144 of these loops covering 25 multimegabase genomic
regions in the ten X. tropicalis chromosomes. The interaction fre-
quency between sperm loop anchors remained the highest as the
resolution increased from 25 kb to 5 kb, similar to the ordinary
chromatin loops in brain cells (Figure 1B). Notably, the loops within
these clusters span huge genomic distances with a median size of
5.11 Mb, approximately 28 times longer than regular chromatin
loops in brain cells (Figure 1C; p < 0.001). We named these
genomic structures SSLs to distinguish them from the regular-
sized chromatin loops in somatic cells.

Interestingly, most SSLs appear as clusters (138/144 SSLs in 19
clusters), except for 6 SSLs formed between single pairs of an-
chors (Table S1). We also examined the genome structures of
sperm from other animals. However, none of them have structures
that are similar to SSLs. We conducted Hi-C experiments on the
mature sperm of X. /laevis and did not observe SSL-like structures
in the syntenic genomic regions that contain SSLs in the sperm of
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X. tropicalis (Figure S4). These results suggest that SSLs, to the
best of our knowledge, are established only in X. tropicalis sperm.
Next, we asked whether SSL structures are maintained after
fertilization and in terminally differentiated somatic cells of
X. tropicalis by examining chromatin contact maps of SSL-
spanned genomic regions in the brain, liver, and embryos at
different developmental stages. No structures similar to sperm
SSLs were detected in these tissues or cells (Figures 1D-1l).
Because the embryos we used for Hi-Cs are diploid, we deter-
mined that it may be necessary to exclude the maternally in-
herited genome from our analysis. Thus, we conducted Hi-C
on hybrid embryos derived from male X. tropicalis and female
X. laevis parents and examined the genome architecture of the
paternal genome only. Again, we found no SSL structures for
the X. tropicalis genome in embryos of late development stage
33 or the tail of tadpoles (Figures S3D and S3E). In sum, we
did not identify any SSL or SSL-like structures in any of the em-
bryos and somatic cells that we examined. These results indicate
that SSLs are likely to be sperm specific in X. tropicalis. Thus, we
uncover a 3D structure of SSLs that has yet to be reported.

SSL anchors are located in closed chromatin

Regular chromatin loops form between anchors accessible to
CCCTC-binding factor (CTCF) and cohesins that mediate chro-
matin interactions. To determine whether SSL anchors are open
for protein binding in the sperm genome, we conducted assay
for transposase-accessible chromatin using sequencing (ATAC-
seq) and chromatin immunoprecipitation sequencing (ChIP-seq)
analyses (Figures 2A and S5A-S5E). Surprisingly, we found that
SSL anchors are less accessible than flanking DNA sequences
(Figure 2B), suggesting that these regions are in a relatively closed
chromatin state. In contrast, many gene promoters are accessible
to Tn5 digestion, even though transcription is silent in sperm
(Figures 2A and S5A-S5E). Consistent with these observations,
we found RNA polymerase Il (RNAPII) enriched at promoters
(Figures 2A and S5A-S5E) but not at SSL anchors (Figure 2C),
confirming that SSL anchors are located in inactive genomic re-
gions. Together, these results suggest that establishing SSLs
may be associated with repressive effects.

We hypothesized that architectural proteins such as CTCF
might mediate the maintenance of SSLs in mature sperms. How-
ever, contrary to our speculation, ChlP-seq analysis showed that
CTCF is not enriched at SSL anchors (Figure 2D), even though
CTCF binding occurs throughout the sperm genome
(Figures 2A and S5A-S5D). Furthermore, a motif search showed
no enrichment of CTCF binding sites at SSL anchor regions.
Together, these results suggest that CTCF is unlikely to be the
factor responsible for maintaining or establishing SSLs.

Repressive chromatin modifications, including H3K27 methyl-
ation and H3K9 methylation, are associated with the binding of
Polycomb-group (PcG) proteins and heterochromatin protein 1
(HP1), respectively. These marks are reportedly involved in
long-range chromatin interactions.®*** Therefore, to determine
if these two chromatin types are involved in maintaining or estab-
lishing SSLs, we performed H3K27me3 and H3K9me2 ChIP-seq
analysis (Figure 2E). Our results showed that neither H3K27me3
nor H3K9me2 was enriched at SSL anchors (Figures 2F and 2G).
We examined several additional histone modifications and
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Figure 1. Supersized loops form in the X. tropicalis sperm genome

(A) The Hi-C contact matrix heatmap of chromosome 2 in X. tropicalis sperm (left). The inlet is marked as a black box, and a zoomed-in view is shown on the right
(Chr2: 62-80 Mb at 25 kb resolution). SSLs are marked by black circles on the bottom-left corner.

(B) Heatmap visualization of an SSL in sperm (top) and a typical chromatin loop in the brain (bottom). The resolutions are 25, 10, and 5 kb, respectively.

(C) Boxplot representing the size of chromatin loops and SSLs. Boxes represent the 25, 507, and 75™ percentiles, while whiskers show 1.5x the interquartile
range. The median size is 180 kb for chromatin loops and 5.11 Mb for SSLs. ***p < 0.001 for size comparison between chromatin loops and SSLs (two-sided
Wilcoxon rank-sum test).

(D-H) Example regions showing the disappearance of SSLs in embryos (developmental stages 8, 9, and 13) and somatic cells of the brain and liver.

(1) Aggregate peak analysis (APA) of SSLs confirms the disappearance of SSLs in embryos (developmental stages 8, 9, and 13) and somatic cells of the brain and
liver.

Two or more biological replicates were carried out for Hi-C (n > 2).

See also Figures S1-S4 and Table S1.

components of PRC1 and PRC2 complexes and found that they =~ wondered if DNA sequences may provide some clues about how
were also not enriched at SSL anchors (Figures 2E-2G, S5F, and  SSLs are formed. For this purpose, we searched for DNA se-
S6). Instead, we observed active marks such as H3K4me3 and  quences with different genetic features across SSL-spanned
H3K27ac enriched at promoters (Figure S5G). These results genomic regions. First, we screened DNA sequences around
imply that clustered SSLs are unlikely established or maintained  the anchor regions but failed to identify consensus sequences

through the aggregation of heterochromatin. of any known transcription factors in animals. Next, we found

that gene density, in general, was slightly lower at SSL anchors
SSL anchors are enriched explicitly with Helitron than at random controls (Figure S7A). Finally, by analyzing the
transposons density of different transposons, we identified that Helitrons,

Since the potential role of proteins and histone marks known to  the only group of rolling-circle transposons in class Il TEs, are en-
function in chromatin loop formation had been ruled out, we next  riched explicitly at SSL anchors (Figures 3A, 3B, and S7B).
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Figure 2. SSL anchors are located in closed chromatin

(A) An example region showing chromatin accessibility, RNAPII, and CTCF occupancy in X. tropicalis sperm.

(B-D) The density of ATAC-seq and ChlP-seq signals for RNAPII and CTCF around SSL anchors (0.2 Mb).

(E) An example region showing the enrichment of histone modifications in X. tropicalis sperm.

(F) The density of histone modification signals is shown around SSL anchors (+0.2 Mb).

(G) Comparison of the relative enrichment of histone variants and modifications signals at SSL anchors and random control loci in the genome.
At least two biological replicates were carried out for ATAC-seq and ChIP-seq (n = 2).

See also Figures S5 and S6.

However, at this time, we cannot determine whether Helitron
transposition mediates SSL formation.

Because SSLs exist only in X. tropicalis sperm but not in the
sperm of other species, including X. laevis, we asked whether
Helitrons in humans, monkeys, mice, or zebrafish genomes are
different from those in X. tropicalis. A comparison of the different
vertebrate genomes shows that the total number of Helitrons in
mammals is much lower (Figure 3C). Moreover, although there
are thirteen times more Helitrons in zebrafish (Figure 3C), the
largest Helitrons are in X. tropicalis (Figure 3D). The lower num-
ber of Helitrons in mammalian genomes might pose a less imme-
diate source of threat to genome integrity. It is also possible that
a Helitron repression/deletion mechanism has long been estab-
lished in mammalian cells. Nevertheless, even in X. tropicalis,
many genomic loci harboring Helitrons do not form SSLs
(Figures 3E and S7B-S7D), suggesting that unknown variances
exist in different Helitrons.

4 Cell Reports 42, 112151, March 28, 2023

Langevin dynamics simulations suggest that SSLs may

form through molecular agent-facilitated condensation

Tracing the dynamic change in chromosome conformation
through spermiogenesis is technically challenging. Therefore,
we took an alternative approach by conducting coarse-grained
Langevin dynamics simulations on the SSL formation process.
We first constructed a polymer of 5,000 beads to represent
part of the chromatin. SSL anchors are represented by five short
segments (ten beads) separated by 800 beads. We then
analyzed the number of clusters formed by the anchors as a
function of time. In each simulation trajectory, the number
ranged from one (all loop anchors cluster together simulta-
neously) to five (no contact between any pair of loop anchors).
We ran ten independent simulations to mimic loop formation
from different cells and calculated the average number of clus-
ters against time. The statistical uncertainty reflects the variance
between the stochastic clustering processes. Since each anchor
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Figure 3. SSL anchors are enriched explicitly with Helitron transposons
A) The density of class | retrotransposons and class || DNA transposons around SSL anchors are calculated and displayed (number of TEs per kb) (+250 kb).
B) Enrichment of Helitrons at SSL anchors with randomly shuffled genomic regions as controls (number of TEs per kb) (+250 kb).

D) Size distribution of Helitrons in different species. The dashed lines show the median lengths of Helitrons in each species.
E) Circos plot shows anchors of clustered SSLs on chromosome 2 enriched with Helitrons.

(
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(C) Number of Helitrons in different species.
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(

See also Figure S7.

in our simulation has multiple interacting sites, we assigned
weak interactions between them. Our results revealed that multi-
valent weak homotypic attraction between the anchors is insuf-
ficient to establish SSLs. As shown in Figure 4A, the average
number of clusters is approximately five throughout the simula-
tion, meaning anchors remain well separated (Figures 4B and
4C). In a control simulation system, we demonstrate that
reducing the contour distance between the anchors allows
them to cluster up (Figure S8A). From a polymer physics point
of view, long polymer segments between anchors pose consid-
erable entropic barriers, preventing them from being close to
each other. It is worth noting that strong multivalent interactions
between loop anchors can also drive the formation of SSLs over
a great genomic distance without the aid of agents (Figures S8B-
S8G). However, SSLs formed through strong and direct interac-
tions between loop anchors could be too stable to be reversible.
Nevertheless, we do not exclude this possibility at this stage.
For anchors with long contour distances, we wondered if there
are any external driving forces underlying their clustering. We
postulated that there are molecular agents that might facilitate

the establishment of SSLs. We added agent particles into our
simulation and assigned cohesive agent-anchor interactions to
test this idea. We designed two agents: a weakly self-attractive
agent that does not condense (Figure 4D) and a strongly self-
attractive agent that can phase separate (Figure 4E). Our simula-
tion showed that the weak agent caused anchors to cluster
gradually (Figure 4F). Although all anchors may form a single clus-
ter, as in one simulation example (Figure 4G), the average number
of clusters reaches two as the systems evolve, indicating different
subsets of loops formed in different cells. Bright spots in the con-
tact matrix indicate anchor-anchor contacts (Figures 4G-4l).
When we examined the effect of the strong agent, we
observed that the clustering process was remarkably acceler-
ated (Figure 4J), with even more intense contact signals between
anchors under this condition (Figure 4K). We show a typical
simulation snapshot in Figure 4L, with the zoomed-in panel
revealing the condensed agent surrounding the cluster. The ef-
fect on phase separation from the strong agent is evident (Fig-
ure 4M) compared with the homogeneous distribution of the
weak agent (Figure 4l). To summarize, our designed simulations

Cell Reports 42, 112151, March 28, 2023 5
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Figure 4. Molecular dynamics simulations suggest that SSL may form through molecular agent-facilitated condensation
(A) The number of clusters as a function of time in the absence of agents. The gray area shows the uncertainty.

(B) The average contact matrix of the simulation without agents. The color bar corresponds to the contact probability of 0-1.

(C) A typical simulation snapshot shows that anchors (blue) cannot cluster without agents.

(D) Weak agents do not phase separate on their own in a simulation box.

(E) Strong agents phase separate on their own.

(F) The average number of clusters as a function of time in the presence of a weak agent.

(G) The average contact matrix of the simulation in the presence of a weak agent.

(H) A typical simulation snapshot shows that anchors (blue) cluster in the presence of weak agents (red, only shown in the zoomed-in panel).
(I) A weak agent does not phase separate, as it facilitates the clustering of the anchors.

(J) The average number of clusters as a function of time in the presence of strong agents.

(K) The average contact matrix of the simulations in the presence of a strong agent.

(L) A typical simulation snapshot shows that anchors (blue) cluster in the presence of strong agents (red, only shown in the zoomed-in panel).
(M) A strong agent phase separates as it facilitates the clustering of anchors.

See also Figure S8.

show that weak and strong agents can promote the clustering of SSL anchors transit into TAD borders in embryos and
anchors. At this point, we cannot determine whether the SSL  differentiated cells

pattern is due to an entire cluster of all anchors or a superposition ~ Although monitoring the SSL formation process is technically
of different subsets of loops. challenging, we can trace what these structures transit during

6 Cell Reports 42, 112151, March 28, 2023
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Figure 5. SSL anchors transit into TAD borders in embryos and differentiated cells

(A) An example of a region that shows the transition of SSL anchors into TAD borders during development and in brain and liver cells. Black triangles depict TAD
domains. Interactions between SSLs are shown as orange arcs, and the locations of SSL anchors are shown as vertical dashed lines.

(B) Distance distribution of SSL anchors to the closest TAD borders. The shuffled non-SSL anchor regions containing Helitrons are repeated 1,000 times for

comparison and shown as the mean + SD.

(C) Accumulation of SSL anchor transit into TAD borders during embryogenesis and differentiation.
(D) The number of SSL anchors overlapping with TAD borders shows that SSL anchors tend to transit into TAD borders more than the non-SSL anchor regions

containing Helitrons. p < 2.2 x 107 ® from Student’s t test.
See also Figure S9.

embryogenesis. To this end, we examined the chromatin struc-
ture of SSL anchors in embryos from multiple developmental
stages using our previously published Hi-C datasets.*® Interest-
ingly, SSL anchors tended to be at or near TAD borders (Fig-
ure 5A). We then combined all the TAD borders in embryos
and somatic cells and calculated the average distance of SSL
anchors to the nearest TAD borders. As shown in Figure 5B,
approximately 50% of SSL anchors are located at TAD borders,
much higher than non-SSL anchor Helitron sites. During embryo
development, up to 60% of SSL anchors are located at or imme-
diately adjacent to TAD borders. An additional 25% are at or
adjacent to TAD borders in the liver and brain (Figure 5C).
Furthermore, a 1,000-time permutation confirmed that the local-
ization of SSL anchors at TAD borders is statistically significant
compared with a non-SSL anchor Helitron control (Figure 5D;
p<22x 1079,

DISCUSSION

Spermatogenesis involves homologous crossover and recombi-
nation, control of TEs, and nearly complete repackaging of the
genome to generate sperm whose primary function is to transmit
genetic materials required for reproduction fitness. However,
how the genome is regulated through spermatogenesis remains
to be investigated. We show that genome folding in vertebrate
sperm is drastically diverse through evolution.

Unexpectedly, we discovered many clusters of multimega-
base SSLs in the X. tropicalis sperm genome. SSL anchor se-
quences are devoid of proteins and histone modifications

implicated in long-range interactions. The superlong distances
between SSL anchors cause a nearly unsurmountable energy
barrier that prevents the interaction between anchors. Although
loop extrusion can create chromatin loops in an energy-driven
manner, previous simulations have shown that typical loops
formed by this mechanism are under 240 kb.*® Our molecular
dynamics simulation findings indicate that molecular agent-
mediated condensation or phase separation may facilitate the
formation of SSLs. However, the molecular agent that associates
with SSL anchors and mediates condensation or phase separa-
tion during spermiogenesis is still being determined. Neverthe-
less, the discovery of SSLs reminds us that more unknown 3D
genome structures might exist in other cell types or at specific
developmental stage. Thus, our study highlights the importance
of mapping genome folding patterns in more cell types and other
organisms to uncover 3D genome structures that are still
unknown.

Another surprising discovery from our study is the enrichment
of transposon Helitrons at SSL anchors. Helitros were first iden-
tified by in silico prediction®® and have been reported in the eu-
karyotic genomes of fungi,®” plants, and animals.*®*! Helitrons
transpose through a rolling-circle replication process that re-
quires spatial proximity between the donor and the target
sites.*>*® The transposition of TEs is potentially harmful to
genome integrity because TE insertions may disrupt genes and
regulatory elements, which can cause many types of human dis-
eases.** Thus, the maintenance of genomic integrity is critically
important in eukaryotic cells, especially in reproductive cells
such as sperm and oocytes. Additional Helitron knockout
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experiments and Helitron transposition activity detection assays
are required to reveal the relationship between the establishment
of SSLs and the transposition (or repression of transposition) of
Helitrons. It is also possible that newly replicated Helitron DNA,
enzymes involved in transposition, and other factors might act
as molecular agents to facilitate SSL formation through
condensation.

Although we noticed slightly more genes expressed at rela-
tively late embryo developmental stages (Figure S9), we cannot
conclude whether SSL anchors play a role in gene expression
regulation during embryogenesis. Nevertheless, our results sug-
gest that a genome can adopt an unexpected structure such as
SSL to deal with a possible deleterious transposition of Helitrons
during spermatogenesis in X. tropicalis.

In summary, we unveiled an evolutionarily distinct and sperm-
specific 3D genome structure of SSLs whose anchors are en-
riched with transposon Helitrons. This study adds an additional
type of genome structure to the current list of 3D genome folding
patterns. In addition, our work provides insight into the intriguing
relationship between TEs and the 3D genome structure.

Limitations of the study

Although we discover that Helitron-demarcated clusters of su-
persized chromatin loops can be established in the mature
sperm of X. tropicalis, we note the lack of experimental evi-
dence confirming the requirement of Helitrons. If Helitrons
are later proven critical for establishing SSL clusters, then
why can only a small portion of them establish such struc-
tures? What other factors affect the selective establishment
of SSLs at Helitron-containing genomic loci? More importantly,
what are the functions of SSL clusters? Fully addressing
these questions will expand our understanding of the
complex principles of 3D genome folding, Helitron transposi-
tion control, and the biological functions of Helitrons during
animal development.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-POLR2B ABclonal cat#A5928; RRID:AB_2766666
Rabbit anti-CTCF Active Motif cat#61311; RRID:AB_2614975

Rabbit anti-H2AK119ub1
Rabbit anti-RING1B

Rabbit anti-EZH2

Rabbit anti-SUZ12

Rabbit anti-histone H3
Rabbit anti-histone H2A.Z
Rabbit anti-histone H3K4me1
Rabbit anti-histone H3K4me3
Rabbit anti-histone H3K27me3
Rabbit anti-histone H3K27ac
Rabbit anti-H3K9me2

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Proteintech

Active Motif

Active Motif

Active Motif

Active Motif

Active Motif

ABclonal

cat#8240

cat#5694

cat#5246

cat#3737

cat#17168-1-AP; RRID:AB_2716755
cat#39943; RRID:AB_2793401
cat#39297; RRID:AB_2615075
cat#39159; RRID:AB_2615077
cat#39155; RRID:AB_2561020
cat#39133

cat#A2359; RRID:AB_2764319

Chemicals, peptides, and recombinant proteins

Biotin-14-dCTP

Dpnll

DNA Polymerasel Klenow Fragment

T4 DNA Ligase

Buffer 3.1

Dynabeads MyOne Streptavidin C1
Proteinase K

RNase A

TransStart® FastPfu Fly DNA Polymerase

LifeTechnologies
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
LifeTechnologies
Transgen

Transgen

Transgen

cat#19518018
cat#R0543L
cat#M0210L
cat#M0202L
cat#B7203
cat#65002
cat#GE201-01
cat#GE101-01
cat#AP231-13

Critical commercial assays

NEBNext Ultra RNA Library New England Biolabs cat#E7530L
Prep Kit for lllumina
TruePrep® DNA Library Prep Kit V2 Vazyme cat#TD501
VAHTS Universal DNA Library Prep Kit Vazyme cat#ND607-03
TransZol Up Plus RNA Kit Transgen cat#ER501-01
Deposited data
X.tropicalis sperm Hi-C, 6 replicates Niu et al.>® PRJNA606649
X.tropicalis sperm Hi-C, 2 replicates This study GEO:GSE197877
GSA: CRA006259
K562 Spike-in Hi-C This study GEO:GSE197877
GSA: CRA006259
X. laevis sperm Hi-C (K562 spike-in) This study GEO:GSE197877
GSA: CRA006259
X.tropicalis sperm H2AK119ub1 This study GEO:GSE197877
ChlIP-seq (MESC spike-in) GSA: CRA006259
X.tropicalis sperm Ring1B This study GEO:GSE197877
ChlIP-seq (MESC spike-in) GSA: CRA006259
X.tropicalis sperm EZH2 This study GEO:GSE197877
ChlIP-seq (MESC spike-in) GSA: CRA006259
X.tropicalis sperm SUZ12 This study GEO:GSE197877

ChlP-seq (MESC spike-in)

GSA: CRA006259

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
X.tropicalis sperm ATAC-seq This study GEO:GSE197877
GSA: CRA006259
X.tropicalis sperm RPB2 ChlP-seq This study GEO:GSE197877
GSA: CRA006259
X.tropicalis sperm CTCF ChIP-seq This study GEO:GSE197877
GSA: CRA006259
X.tropicalis sperm SMC1 ChlIP-seq This study GEO:GSE197877
GSA: CRA006259
X.tropicalis sperm H3 ChIP-seq This study GEO:GSE197877
GSA: CRA006259
X.tropicalis sperm H2A.Z ChiP-seq This study GEO:GSE197877
GSA: CRA006259
X.tropicalis sperm H3K4me1 ChlIP-seq This study GEO:GSE197877
GSA: CRA006259
X.tropicalis sperm H3K4me3 ChIP-seq This study GEO:GSE197877
GSA: CRA006259
X.tropicalis sperm H3K9me2 ChlIP-seq This study GEO:GSE197877
GSA: CRA006259
X.tropicalis sperm H3K27ac ChlIP-seq This study GEO:GSE197877
GSA: CRA006259
X.tropicalis sperm H3K27me3 ChIP-seq This study GEO:GSE197877
GSA: CRA006259
X.tropicalis Brain Hi-C Niu et al.>® PRJNAG06649
X.tropicalis liver Hi-C Niu et al.*® PRJNA606649
X.tropicalis stage 8 embryo Hi-C Niu et al.*® PRJNA606649
X.tropicalis stage 9 embryo Hi-C Niu et al.*® PRJNAG06649
X.tropicalis stage 10 embryo Hi-C Niu et al.*® PRJUNAG06649
X.tropicalis stage 11 embryo Hi-C Niu et al.*® PRJNA606649
X.tropicalis stage 12 embryo Hi-C Niu et al.*® PRJNA606649
X.tropicalis stage 13 embryo Hi-C Niu et al.*® PRJNA606649
X.tropicalis stage 15 embryo Hi-C Niu et al.*® PRJNA606649
X.tropicalis stage 17 embryo Hi-C Niu et al.*® PRJNAB06649
X.tropicalis stage 23 embryo Hi-C Niu et al.*® PRJNAG06649
X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) stage 33 hybrid embryos Hi-C GSA: CRA006259
X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) tail of hybrid embryos Hi-C GSA: CRA006259
X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) stage 3 hybrid GSA: CRA006259
embryos RNA-seq
X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) stage 5 hybrid GSA: CRA006259
embryos RNA-seq
X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) stage 7 hybrid GSA: CRA006259
embryos RNA-seq
X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) stage 8 hybrid GSA: CRA006259
embryos RNA-seq
X.tropicalis (male) x X.laevis This study GEO:GSE197877

(female) stage 9 hybrid
embryos RNA-seq
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REAGENT or RESOURCE SOURCE IDENTIFIER
X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) stage 10 hybrid GSA: CRA006259
embryos RNA-seq

X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) stage 11 hybrid GSA: CRA006259
embryos RNA-seq

X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) stage 12 hybrid GSA: CRA006259
embryos RNA-seq

X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) stage 13 hybrid GSA: CRA006259
embryos RNA-seq

X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) stage 16 hybrid GSA: CRA006259
embryos RNA-seq

X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) stage 24 hybrid GSA: CRA006259
embryos RNA-seq

X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) stage 34 hybrid GSA: CRA006259
embryos RNA-seq

X.tropicalis (male) x X.laevis This study GEO:GSE197877
(female) stage 41 hybrid GSA: CRA006259
embryos RNA-seq

Human sperm Hi-C Chen et al.?® GSA:CRA000852

Monkey (Macaca mulatta)
sperm Hi-C

Wang et al.?°

GEO: GSE109344

Mouse sperm Hi-C (a) Jung et al.*’ GEO: GSE79230
Mouse sperm Hi-C (b) Ke et al.*’ GSA: CRA000108
Zebrafish (Danio rerio) Wike et al.** GEO: GSE152744
Experimental models: Cell lines

Human K562 cells ATCC CCL-243
Experimental models: Organisms/strains

Xenopus tropicalis Nasco (Fort Atkinson, WI, USA) N/A

Xenopus laevis Nasco (Fort Atkinson, WI, USA) N/A

Hybrid embryos of male Xenopus This study N/A

tropicalis and female Xenopus laevis

Software and algorithms

BWA (0.7.17)
Distiller (v0.3.3)
Pairtools (v0.3.0)
Juicer/juicebox
HiCExplorer (v3.6)
GenomeDISCO
rGMAP

TopDom
Trimmomatic (v0.38)

Samtools (v1.7)
PicardTools (v2.25.0)
Deeptools (v3.5.0)

Li et al.*

N/A

N/A

Durand et al.*®
Wolff et al.*”
N/A

Yu et al.*®

Shin et al.*®
Bolger et al.*”

Danecek et al.”’
N/A

Ramirez et al.>?

https://github.com/Ih3/bwa
https://github.com/open2c/distiller-nf
https://github.com/open2c/pairtools
https://github.com/aidenlab/juicer
https://github.com/deeptools/HiCExplorer
https://github.com/kundajelab/genomedisco

http://tanlab4generegulation.org/
rGMAP_1.1.tar.gz.

http://zhoulab.usc.edu/TopDom/
http://www.usadellab.org/cms/
index.php?page=trimmomatic
https://github.com/samtools/samtools
http://broadinstitute.github.io/picard/
http://deeptools.ie-freiburg.mpg.de/

(Continued on next page)
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MACS2 (v2.2.7.1) Zhang et al.>® https://github.com/tacliu/MACS/

STAR (v2.7.9a) Dobin et al.>* https://github.com/alexdobin/STAR/releases
RSEM (v1.2.28) Lietal.>® http://deweylab.biostat.wisc.edu/rsem

R R Core Team https://www.r-project.org/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chunhui
Hou (houchunhui@mail.kiz.ac.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All raw sequencing data generated in this study have been deposited under accession numbers GSE197877 in the NCBI GEO
repository and CRA006259 in the National Genomics Data Center of China. The Hi-C sequencing data used in this study are
publicly available, and their accession numbers are listed in the key resources table.
® The custom codes used in this study are available at https://github.com/hzjsxu/SSCL and https://doi.org/10.5281/zenodo.
7580981.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Human erythroleukemic K562 cells were grown in RPMI 1640 (Corning, 10-040-CV) with 10% fetal bovine serum and 1% penicillin/
streptomycin (Sigma, P0781) to a density between 500,000 and 1 million cells per mL at 37°C. Mouse ESCs were cultured on feeder-
free dishes coated with 0.2% gelatin (Millipore, Cat# 901771) in N2B272"f medium, which included N2B27 medium supplemented
with 1 tM PD035901 (LC Laboratories, Cati# P-9688), 3 uM Chir99021 (LC Laboratories, Cat# C-6556), and 1x102 units/mL hLIF (hu-
man Leukemia Inhibitory Factor, Millipore, Cat# ESG1107).

Frogs

All animal procedures were conducted following international standards and were approved by the Animal Care and Use Committee
of the Southern University of Science and Technology (Approval No: SUSTech-JY2021024Z2). Wild-type male X. tropicalis (one to two
years old) and Xenopus laevis (X. laevis) (two to three years old) of both sexes were used for sperm isolation or cross-fertilization.

METHOD DETAILS

Sperm isolation

We injected one male X. tropicalis (one to two years old), or Xenopus laevis (X. laevis) (two to three years old), with 150 U, or 300 U, of
human chorionic gonadotropin (HCG), respectively. After 2 hours, two Xenopus testes were collected and homogenized in 1 ml 1x
MBS (80 mM NaCl, 10 mM HEPES, 2.4 mM NaHCO3, 1 mM KCI, 0.82 mM MgSQy,, 0.33 mM Ca(NO3),, 0.41 mM CaCl,, pH 7.4) and
filtered with a 40 um strainer to remove tissues and fat. Next, the filtered cell solution was brought to 14 ml with 1x MBS and centri-
fuged for two rounds at 180xg. Finally, the supernatant was centrifuged at 1500xg, and pure sperm were harvested for experiments.

Cross-fertilization

We carried out ovulation and cross-fertilization®® with some modifications. Briefly, female X. laevis (two to three years old) were injected
with 500 U HCG. After 12 hours, male X. tropicalis (one to two years old) were injected with 150 U HCG. After 2 hours, X. laevis females
were squeezed gently to deposit eggs onto a 9 cm clean Petri dish. Two X. tropicalis testes were then collected in 0.5 ml 1xMBS and
homogenized using razor blades. Any liquid in the Petri dishes was removed, and eggs were fertilized with 0.1 ml of sperm premixed with
0.9 ml of water. Eggs were swirled as much as possible to ensure that they were all separated and then incubated for 10 min. Jelly coats
were removed with a 2% cysteine solution (NaOH was used to adjust the pH to 7.8-8.0). After extensive washing (at least four times) with
0.1xMBS, embryos were incubated at 23°C and collected at the desired stages for RNA-seq and Hi-C.
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Embryo fixation and crosslinking

Hybrid embryos (NF developmental stages 3, 5, 7, 8, 9, 10, 11, 12, 13, 16, 24, 34, and 41; sex unknown, mixed) were collected
and fixed for 40 min in 1.5% formaldehyde. Fixation was stopped after a 10 min incubation in 0.125 M glycine/0.1 x MBS, fol-
lowed by three washes with 0.1 x MBS. Fixed embryos were frozen at —80°C in 1.5 ml microcentrifuge tubes (200 embryos
per tube).

Human K562, mouse ESC, and frog sperm crosslinking

Ten million K562, or mouse embryonic stem cells, or frog sperm cells were centrifuged and resuspended in 10 ml fresh RPMI medium
and 1xMBS, respectively. Cells were fixed with 0.28 ml of 37% formaldehyde for 10 minutes at room temperature (RT). The reaction
was then stopped by adding 0.56 ml 2.5 M glycines. The cell suspension was incubated for 5 minutes at RT, followed by 15 minutes
on ice. The suspension of cells was centrifuged at 1000-1500xg for 5 minutes at 4°C. The cell pellet was gently washed twice with
20 ml of ice-cold 1x PBS. At this stage, the fixed cells can be stored at —80°C for up to one year.

RNA isolation and sequencing

Total RNA was extracted from hybrid embryos (NF developmental stages 3, 5,7, 8,9, 10, 11, 12,13, 16, 24, 34, and 41; sex unknown,
mixed) using the TransZol Up Plus RNA Kit (Transgen, ER501-01). According to the manufacturer’s instructions, cDNA libraries were
prepared with an NEBNext Ultra RNA Library Prep Kit for lllumina (NEB, E7530 L). The libraries were sequenced on an lllumina HiSeq
2500 platform, generating 150-base paired-end reads.

Hi-C library preparation

Hi-C libraries were optimized according to a previous protocol.'® Briefly, 1-2 million sperm cells, or 50-200 X. laevis (?) x
X. tropicalis () embryos, were crosslinked with 1% formaldehyde for 10 min using vacuum infiltration. We added human K562
cells as a spike-in control. Isolated nuclei were digested with 80 U of Dpnll (NEB, R0543 L) at 37°C for 4 hrs, and restriction frag-
ment overhangs were marked with biotin-labeled nucleotides. After labeling, chromatin fragments in proximity were ligated with
4000 U T4 DNA ligase for 6 hrs at 16°C. Next, chromatin was reverse crosslinked, purified, and precipitated with ethanol. Bio-
tinylated DNA was sheared into 250-500 bp fragments and pulled down with MyOne Streptavidin T1 beads (Life Technologies,
65602). Immobilized DNA fragments were end-repaired, A-tailed, and ligated with adaptors. Fragments were amplified with the
Q5 master mix (NEB, M0492 L). Hi-C libraries were sequenced on the lllumina HiSeq X10 platform (paired-end sequencing 2x
150 bp).

ChlIP-seq library preparation

We performed ChlP assays®” on sperm and spike-in control cells. Briefly, ~5 million sperm cells were crosslinked with 1% formal-
dehyde for 10 min. Chromatin was sheared to an average size of 150 bp with a sonicator (Bioruptor Pico, Diagenode). Sonicated
chromatin fragments were immunoprecipitated with 3-5 pg of antibody. Chromatin-bound antibodies were recovered with 30 pl Pro-
tein A/G magnetic beads (Millipore 16-663). After reverse crosslinking, the ChIPed DNA was recovered using the MinElute Reaction
Cleanup Kit (Qiagen 28206) and amplified with the VAHTS® Universal DNA Library Prep Kit for lllumina V3 (Vazyme ND607). Amplified
ChlIP libraries were sequenced on the lllumina HiSeq X10 platform. Human K562 and mouse embryonic stem cells were used as
spike-in controls.

Hi-C data processing

Hi-C raw sequencing reads were aligned to the reference genome using the distiller-nf mapping pipeline with default parameters
(https://github.com/mirnylab/distiller-nf). In brief, raw fastq reads were mapped to reference genomes (hg19 for humans, rheMac2
for rhesus macaques, mm10 for mice, xenTro10 for X. tropicalis, and danRer11 for zebrafish) using bwa mem.** Aligned reads were
then classified and deduplicated using pairtools (https://github.com/open2c/pairtools) such that the uniquely mapped reads were
retained while duplicated pairs were removed. The retained reads were referred to as valid pairs. Next, the valid pair files were trans-
formed to.hic files using pre-command from juicer tools, and read pairs with a mapping quality score < 1 were filtered out.*® Finally, all
Hi-C contact matrices were normalized using the Knight-Ruiz (KR) method for further analysis. The.hic files were also converted in-
to.cool files using the hic2cool convert command from HiCExplorer.*’

Spike-in Hi-C

The X. tropicalis and human reads were separated from the mixture using the xenTro10 and hg19 reference genomes. The mixed
X. tropicalis and human reads were first mapped to the xenTro10 and hg19 reference genomes using bwa mem, respectively.
The separated data were processed following the "Hi-C data processing" section.

Hybrid embryo Hi-C

The hybrid embryo Hi-C datasets were mapped to the combined X. tropicalis v10.0 and X. laevis v9.2 reference genomes using bwa
mem with parameters '-SP -B 8’. Subsequent analyses were the same as in the "Hi-C data processing" section.
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Calculation of contact heatmap resolution

We calculated the Hi-C data resolution'® defining the contact heatmap resolution as the smallest bin size, with 80% of bins having at
least 1,000 contact reads. The following script with minor modifications was used to calculate the contact heatmap resolution:
https://github.com/aidenlab/juicer/blob/master/misc/calculate_map_resolution.sh.

A/B compartment analysis

We assigned A/B compartments using HiCExplorer.® By hicTransform, 500 kb corrected matrices were used to create the observed/
expected matrix and calculate the Pearson correlation matrix. Next, principal component analysis was performed using hicPCA on
the Pearson correlation matrix, and PC1 values were used to designate the A/B compartment status. Gene density was also consid-
ered such that eigenvalues with higher or lower gene densities were assigned to compartment A or B, respectively.

Reproducibility score

The reproducibility score was calculated with GenomeDISCO (https://github.com/kundajelab/genomedisco), which compares con-
tact maps of 3D genome structures. It uses random walks on the contact map graph for smoothing before comparing the contact
maps, resulting in a concordance score that can be used to evaluate the reproducibility of biological replicates. Here, the
GenomeDISCO reproducibility score was calculated at 100 kb resolution for biological replicates.

Contact probability P(s) plots

Contact probability (P), a function of genomic separation (s), was calculated based on cis reads from the valid pairs using the python
script pairsqc.py (https://github.com/4dn-dcic/pairsqc). In brief, logarithmically spaced bins along chromosomes with an increasing
factor of 1070.1 were used. Then, for each bin, the contact probability was computed as number_of_reads/number_of_possible_
reads/bin_size. Number_of_reads is the number of interactions at corresponding distances. Number_of_possible_reads was
computed as the sum of L_chr—s_mid — 1 over the whole genome, where L_chr is the length of a chromosome. S_mid is the midpoint
of the bin at the logo scale (for example, bin 1076.1-1076.0 has a midpoint of 1076.05). Bin_size was computed as max distance —
min distance (for example, for bin 1026.0-1076.1, the bin_size is 10/6.1-10/6.0).

Insulation score analysis

We calculated the insulation score using a custom python script™ using a 25 kb bin size and a 500 kb sliding window. Finally, the
insulation score was normalized relative to all insulation scores across each chromosome by calculating the log2 ratio of each
bin’s insulation score versus the mean of all insulation scores. The valleys or minima along the normalized insulation score indicate
the loci of reduced Hi-C interactions and often represent TAD boundaries.

t58

TAD calling

We identified TADs using multiple software. In brief, domains were first annotated using arrowhead,“® rGMAP,*® and TopDom*° with
default parameters at 10 kb resolution. A metric defined as the "diamond score" was then used to measure the domains’ strength and
filter out domains. Domains were filtered out if they had a diamond score <0.6 and a domain size <100 kb. Next, domains detected by
all three methods (arrowhead, rGMAP, and TopDom) were merged, and boundaries were set to the bin with the lowest insulation
score. Finally, domains located in low contact density areas were also excluded.

Super loop calling

Supersized loops were called with KR-normalized contact matrices at 25 kb resolution using HICCUPs“® and filtered with a false dis-
covery rate at 0.1 (calling parameters: -k KR -r 25,000 -f 0.1 -d 25000 -I 5 -p 2--ignore-sparsity). To minimize false positives, we per-
formed manual filtering by visually inspecting heatmaps for each loop. In the end, 144 super loops were annotated in the X. tropicalis
sperm Hi-C contact map.

Aggregate peak analysis

To measure the enrichment of annotated super loops in the contact matrix, aggregate peak analysis (APA) was performed using juicer
tools.*® In brief, submatrices around super loops were taken from the KR-normalized matrix and then summed. The APA matrix was
plotted as a heatmap. The APA score was calculated as the ratio of the central pixels to the mean of the pixels in the lower-left corner.
An APA score that is significantly above 1 indicates enrichment.

ChiIP-seq analysis

Low-quality raw ChIP reads and adapter sequences were removed by Trimmomatic v0.38.°° Clean reads were then aligned to the
X. tropicalis v10.0 reference genome using bwa with default parameters. Low mapping quality (MAPQ <20) and PCR-duplicated
reads were removed by SAMtools®' and Picard (https://broadinstitute.github.io/picard/), respectively. Read coverage of genomic
regions for filtered BAM files was computed to assess the reproducibility of replicates with a 10 kb bin size by multiBamSummary
bins command in deeptools v3.5.°? The Pearson correlation coefficients (PCCs) between two replicates were calculated based
on the read coverage. If the PCC was larger than 0.85, the replicate BAM files were merged for further peak calling analysis. Peaks
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were identified against a corresponding input control using MACS2°® with the options "macs2 callpeak -f BAM -g 1.4e9 -B -q 0.01
—-SPMR —nomodel —shift 0". Fold enrichment (ChlP/Input) was generated from bedGraph files of treat_pileup and control_lambda us-
ing MACS2 bdgcmp with the 'FE’ (fold enrichment) method. ChIP-seq signal tracks for visualization were generated by bamCoverage
with the options "-binSize 10 —extendReads —-minMappingQuality 20 —ignoreDuplicates —normalizeUsing RPKM".

ATAC-seq analysis

Raw fastq reads were trimmed and aligned to the X. tropicalis v10.0 genome using bwa. Low mapping quality reads and PCR du-
plicates were removed by SAMtools and Picard. Replicate BAM files were merged after confirming a high Pearson correlation co-
efficient between any two replicates. Peaks were identified using MACS2 with the options "macs2 callpeak -f BAM -g 1.4e9 -B -q
0.01 -SPMR -nomodel —shift 75 —extsize 150 —call-summits". Fold enrichment was generated from bedGraph files of treat_pileup
and control_lambda using MACS2 bdgcmp with the 'FE’ (fold enrichment) method. ATAC-seq signal tracks for visualization were
generated by bamCoverage with the option "-normalizeUsing RPKM".

Hybrid embryo RNA-seq analysis

Raw fastq reads and adapter sequences were removed by Trimmomatic v0.38. Clean reads were mapped to the combined
X. tropicalis v10.0 and X. laevis v9.2 reference genome using STAR v2.7.9a.%* To prevent misalignment to other species, we applied
the following stringent criteria: ignoring a read mapped to more than one target (—outSAMmultNmax 1 - outSAMmapqUnique 10) and
allowing no mismatch (—outFilterMismatchNmax 0). Gene expression TPM was calculated by RSEM v1.2.28.5°

Motif search
We extracted a 25 kb sequence centered around each SSL anchor and carried out a de novo motif search using MEME (version
5.5.0)°° with default parameters.

Molecular dynamics simulation

Coarse-grained Langevin dynamics simulations were conducted to model chromatin cluster formation. Polymer chains of 5000
monomers were initialized as random walks. All the monomers in the chain have mass m=1 and radius o=1. The SSL anchors
were modeled by ten successive beads separated by 800 units. Five SSL anchors were defined in the chain to investigate their clus-
tering behavior. The polymer chain was held by harmonic bonds with k=50 and ro= ¢. The Lennard-Jones potential with =1 was
used for nonbonded interactions. To investigate the clustering of SSLs, we added molecular agents to the system as a multivalent
interaction provider to crosslink distant anchors. Although multiple molecular species could be involved in the interaction, we intro-
duced only one kind of agent for simplification. The agents were coarse-grained as monomers with relatively strong nonbonded in-
teractions with anchors. For the polymer system in a cubic box of 40c, 3200 agents with a density of 0.05 were added. We tested
different levels of agent interaction strengths to study the effect of molecular agents on anchor clustering. Example systems are
shown below.

LJ interaction parameters

Strong agent interaction Weak agent interaction No agent
Agent - agent 1.2¢ 0.8¢ NA
Agent - anchor 1.4¢ 1.4¢ NA
Anchor - anchor 0.6¢ 0.6¢ 0.2¢ —1.2¢
Rest - rest 0.25¢ 0.25¢ 0.25¢
Anchor - rest 0.2¢ 0.2¢ 0.2¢
Agent - anchor 0.6e 0.6e NA

All Langevin dynamics simulations were performed by LAMMPS®® with a time step of 0.01 7. The start and end temperatures were
T=1, and the damping parameter was set to 100. Simulations were carried out for 20,000,000 steps. A contact cutoff of 56 was used
to analyze the time-dependent cluster counting and contact maps. Each analysis was based on ten independent simulations with
different initial polymer conformations to mimic different cells. The first 2 million steps were treated as equilibration and not used
for contact map calculation. Simulation screenshots were rendered in VMD®' and Ovito.®® In addition, polymer chains with anchor
segments separated by 30 beads were investigated as a reference system. This system mimics small chromatin loops that can form
easily under the same anchor-anchor-specific interaction strength.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Unless stated otherwise within the text, statistical analysis was performed using R software. All data were assessed for Gaussian
distribution using the Shapiro-Wilk normality test to decide whether to use parametric or non-parametric statistical measures. In
this study, two-sided Wilcoxon rank-sum test, Student’s t-test, and Chi-square test were used, p values of <0.05 were considered
the cutoff for statistical significance and specific statistical details can be found in the figure legends. Error bars for all data represent
the mean + SEM.
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