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dependent chromatin organization at high resolution

Qiancheng Youl29, Anthony Youzhi Cheng349, Xi Gul29, Bryan T. Haradal2, Miao Yu®,
Tong Wul2, Bing Ren®6=, Zhengging Ouyang34 7=, Chuan Hel28=

1Department of Chemistry and Institute for Biophysical Dynamics, The University of Chicago,
Chicago, IL, USA.

2Howard Hughes Medical Institute, Chicago, IL, USA.
3The Jackson Laboratory for Genomic Medicine, Farmington, CT, USA.

4Department of Genetics and Genome Sciences and Institute for Systems Genomics, University
of Connecticut, Farmington, CT, USA.

SLudwig Institute for Cancer Research, La Jolla, CA, USA.

5Center for Epigenomics, Department of Cellular and Molecular Medicine, Institute of Genomic
Medicine, and Moores Cancer Center, University of California, San Diego School of Medicine, La
Jolla, CA, USA.

"Department of Biostatistics and Epidemiology, School of Public Health and Health Sciences,
University of Massachusetts, Amherst, MA, USA.

8Department of Biochemistry and Molecular Biology, The University of Chicago, Chicago, IL,
USA.

°These authors contributed equally: Qiancheng You, Anthony Youzhi Cheng, Xi Gu.

Abstract

Determining the spatial organization of chromatin in cells mainly relies on crosslinking-based
chromosome conformation capture techniques, but resolution and signal-to-noise ratio of these
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approaches is limited by interference from DNA-bound proteins. Here we introduce chemical-
crosslinking assisted proximity capture (CAP-C), a method that uses multifunctional chemical
crosslinkers with defined sizes to capture chromatin contacts. CAP-C generates chromatin contact
maps at subkilobase (sub-kb) resolution with low background noise. We applied CAP-C to
formaldehyde prefixed mouse embryonic stem cells (MESCs) and investigated loop domains
(median size of 200 kb) and nonloop domains (median size of 9 kb). Transcription inhibition
caused a greater loss of contacts in nonloop domains than loop domains. We uncovered conserved,
transcription-state-dependent chromatin compartmentalization at high resolution that is shared
from Drosophilato human, and a transcription-initiation-dependent nuclear subcompartment that
brings multiple nonloop domains in close proximity. We also showed that CAP-C could be used to
detect native chromatin conformation without formaldehyde prefixing.

The organization of DNA into chromatin in the nucleus of eukaryotic cells influences
transcription, DNA replication and other nuclear processesl—3. Chromosome conformation
capture approaches (such as 3C and Hi-C)*~" have been instrumental in elucidating the
principles of chromatin folding. These techniques use formaldehyde-mediated crosslinking,
in situ enzymatic fragmentation and proximity ligation to acquire contact frequency read-
outs that are used to infer spatial relationships between different genomic loci. The
acquisition of highly resolved contact maps in different species has led to the discovery of
general structural features of genome organization, such as chromosome territories,
compartments’, topologically associating domains (TADs)8, subtopologically associating
domain (sub-TADs)?, insulated neighborhoods!9, chromatin loops!! and stripesS.

Most current methods to probe chromatin organization depend on extensive in situ
crosslinking of protein (for example, transcription factors (TFs) and histones) with genomic
DNA, which allows probing of the proximity between genomic loci mediated through the
interacting proteins bound at each locus. However, the presence of these proteins masks
enzymatic digestion sites and hinders proximal ligation of digested DNA fragments in these
procedures. These limitations lead to substantially reduced resolution and increased
background noise. The resolution gap between three-dimensional (3D) (Hi-C) and one-
dimensional (1D) (that is, chromatin immunoprecipitation—sequencing (ChlP-seq), and
assay for transposase-accessible chromatin-sequencing (ATAC-seq)) genomic maps limits
our understanding of how transcription affects chromatin organization. Specifically, the
typical kilobase (kb) resolution of Hi-C experiments in mammalian cells has limited the
characterization of chromatin structure at gene level. Given that 77% of mouse protein-
coding genes are less than 50 kb in length (median, 28 kb), new technologies that can assess
chromatin conformation at subkilobase resolution may precisely reveal the relationships
between chromatin organization and transcription.

To circumvent potential fragmentation and ligation limitations caused by interference from
DNA-bound proteins and to increase the resolution and sensitivity of 3D genomic maps, we
developed a crosslinking approach relying on a multifunctional chemical platform that
captures proximal DNA loci through direct crosslinking on ultraviolet (UV) irradiation. We
term this approach chemical-crosslinking assisted proximity capture (CAP-C). The
crosslinked complexes can be isolated, purified and stripped of DNA-bound proteins, which
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allows homogeneous DNA fragmentation into ~50-200 bp length around captured proximal
loci followed by ligation. The absence of DNA-bound proteins dramatically reduces
background noise commonly observed in in situ methods such as Hi-C. Applying CAP-C to
formaldehyde prefixed mESCs we achieved subkilobase resolution of 3D genomic maps
with high sensitivity and low background. Compared with another high-resolution Hi-C
method (DNase Hi-C)12, CAP-C captured more valid chromatin interactions at similar
sequencing depth. From our high-resolution CAP-C contact maps, we found that local
chromatin organization is closely related to transcription, revealed a critical role of active
transcription on domain insulation and observed subnuclear compartments that are
dependent on transcription initiation. We further applied CAP-C to investigate the native
chromatin conformation without formaldehyde prefixing. We observed generally similar 3D
genomic maps between native and formaldehyde prefixed chromatins, with native
chromatins displaying more dynamic chromatin contacts than the fixed ones.

CAP-C: a new crosslinking strategy to study chromatin architecture.

To establish CAP-C, an approach that captures proximal chromatin contacts without relying
on protein—DNA crosslinking, we used a new type of crosslinker: multifunctional
poly(amidoamine) (PAMAM) dendrimers!2. The size of each generation dendrimer can be
precisely tuned by controlling the number of repeated branching cycles that are performed
during dendrimer synthesis!4. We install tens of crosslinking groups on the surface of these
spherical polymers with diameters ranging from 3 nm for generation 3 (G3) dendrimers to
11 nm for generation 9 (G9) dendrimers, which could potentially capture interactions in both
closed and open chromatin conformations.

We used psoralen, which crosslinks to double-stranded DNA on UV irradiation®, to
functionalize approximately half of the surface amine branches on PAMAM dendrimers.
The remaining amine branches were masked with acetyl groups, making them inert to
cellular interactions (Supplementary Fig. 1). To enhance the ligation between proximal loci,
an azide handle was attached to the dendrimer surface that could react with a bifunctional
bridge linker oligonucleotide for proper two-step ligationl6. These azide- and psoralen-
functionalized dendrimers will be referred to as dendrimers throughout the manuscript.

The CAP-C procedure includes diffusing dendrimers into either native (termed nCAP-C) or
formaldehyde prefixed nuclei (termed pfCAP-C) of mouse embryonic stem cells (MESCs),
followed by photocrosslinking to capture DNA in proximity to each dendrimer. For pfCAP-
C, formaldehyde fixation was reversed after UV-induced dendrimer crosslinking. To expose
all the DNA sequences for fragmentation, we used proteases to remove proteins from all
DNA fragments crosslinked to dendrimers. The dendrimer—-DNA complexes were then
purified and digested using DNase | to ensure universal fragmentation of genomic DNA into
50 to 200 bp pieces with no bias toward specific chromatin regions (Supplementary Fig. 2).
Fragmented DNAs were subjected to end-polishing and A-tailing. Next, bifunctional bridge
linkers were added and attached onto the dendrimer via ‘click chemistry’17. Excess linkers
not conjugated to dendrimers were removed through size selection. Proximal DNA
fragments captured on the same dendrimer were then joined via the bridge linker by using a
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two-step ligation1®; this step reduces random DNA collisions and increases the specificity
for intramolecular ligation. The ligated products were further enriched through capture of
the biotin on the bridge linker and subjected to high-throughput sequencing (Fig. 1a). For
each CAP-C experiment, dendrimers of a defined size were used as the chemical
crosslinkers. We specify which dendrimer was used for each CAP-C experiment (for
example, CAP-C conducted with dendrimer G3 is labeled as CAP-C (G3)).

To validate the feasibility of this approach, we first confirmed effective photocrosslinking
between the modified dendrimers and genomic DNA (Supplementary Fig. 3a). As expected,
capturing chromatin contacts requires both the dendrimer and UV irradiation
(Supplementary Fig. 3b,c). pfCAP-C contact maps generated by each sized dendrimer (G3,
G5 and G7) show high reproducibility between biological replicates (Supplementary Fig. 4).

CAP-C enables capture of native chromatin conformation.

We next conducted nCAP-C (G3, G5, G7 and G9) on mESC cells (see Methods) and
successfully captured native mESC chromatin conformation (Supplementary Fig. 5a,b). We
discovered that the size of the dendrimer plays an important role when capturing interactions
in native chromatins. For instance, G3, the small-sized dendrimer with ~3.6 nm diameter,
effectively captures interactions in fixed chromatin but is less effective on native chromatin
(Supplementary Fig. 5a). In general, nCAP-C (G3, G5, G7 and G9) detected fewer
chromatin loops and showed reduced contact signals on the contact matrix compared to
pfCAP-C (G3, G5 and G7, Supplementary Fig. 5c,d). These differences could be due to
native chromatin being more dynamic than fixed chromatin, such that the small-sized
dendrimers might not be able to simultaneously contact adjacent DNA loci in a dynamic
native chromatin environment upon UV irradiation. Nevertheless, n"CAP-C (G5, G7 and G9)
maps displayed high similarity to those of pfCAP-C (G3, G5 and G7) maps (Supplementary
Fig. 5b). Compared to previous Hi-C results, CAP-C conducted on either native or fixed
mESCs detect reported chromatin organizations, such as compartments, TADs, contact
domains, loops and stripes (Supplementary Fig. 5e,f). As the 3D genomic maps show high
similarity between native chromatins and formaldehyde prefixed ones, we performed
pfCAP-C (G3, G5 and G7), which we will subsequently refer to as CAP-C, for the rest of
the manuscript.

CAP-C resolves short-length-scale local chromatin structures with substantially reduced

noise.

To assess the effectiveness of CAP-C in enriching short-range chromatin contacts, we
examined the genome-wide average interaction frequency decay curves. These plots
revealed a six- to eightfold increase in short-range (1-20 kb) interactions detected by CAP-C
over in situ Hi-C libraries (Fig. 1d and Supplementary Fig. 6a). We further validated that the
removal of DNA-bound proteins is critical to the enrichment of short-range contacts in CAP-
C libraries (Supplementary Figs. 3d and 6¢). Compared to in situ Hi-C at similar sequencing
depth, contact maps plotted for CAP-C recapitulated higher-order chromatin features, such
as compartments, TADs, contact domains, loops and stripes (Fig. 1b and Supplementary Fig.
7a,b). Most of the TAD boundaries, domains and loops detected by CAP-C were also
reported in in situ Hi-C (Supplementary Fig. 8a—e), suggesting that CAP-C can identify
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more short-range contacts while maintaining the ability to detect reported higher-order
chromatin structures.

Compared to in situ Hi-C contact maps at 500 bp resolution, CAP-C maps were visually
clearer and sharper with lower background noise (Fig. 1c and Supplementary Fig. 9,
Supplementary Fig. 10a,b and see Methods), which enabled us to identify more small-sized
contact domains (10-40 kb in length). These domains tend to encapsulate single genes, with
domain boundaries that overlap active histone marks (H3K4me3 and H3K27ac) as well as
various architectural proteins CTCF, MED12 and SMC1. DNase Hi-C has also been
reported to achieve high resolution by enriching short-range contacts. However, compared
with CAP-C at similar sequencing depth, DNase Hi-C captured notably fewer chromatin
interactions (Supplementary Fig. 6b,d—f).

Next, we took advantage of the higher resolution of CAP-C over in situ Hi-C to obtain
higher resolution maps of contact domains and loops genome-wide. To systematically
characterize contact domains, we used Arrowhead!! (see Methods) to obtain a total of
28,381 (CAP-C) and 29,028 (in situ Hi-C) unique contact domains across multiple
resolutions. At 500 bp resolution, CAP-C identified at least ~1,000 more contact domains
than in situ Hi-C (Fig. 1e). These additional contact domains appear to be functionally
relevant as they are enriched with active histone marks. The overall size distribution of these
domains was substantially smaller (median 9 kb) than previously characterized TADs
(median 880 kb) in mESCs or contact domains (median 185 kb) previously identified in
GM12878 cells, suggesting that CAP-C resolves additional short-length structures that were
not previously appreciated.

To systematically characterize loops, we used HICCUPS!! (see Methods) to call enriched
pixels (or loops) at multiple resolutions. CAP-C identified ~10,000 more loops than in situ
Hi-C across all length scales (Fig. 1f). We demonstrated that enhanced signal-to-background
ratio on the contact matrix allows CAP-C to identify more loops (Supplementary Figs. 11,
12a,b and 13a and Supplementary Note 1). To confirm the reliability of loops identified by
CAP-C, we designed DNA fluorescent in situ hybridization (FISH) probes targeting loci
around the loop anchors. We indeed discovered that these loci are in closer proximity than
the negative controls (Supplementary Figs. 12c—j and 13b—e). In addition, loops called
specifically in CAP-C showed much stronger correlation with active histone marks, CTCF
and cohesin compared with loops identified by in situ Hi-C (Fig. 1f), indicating that CAP-C
is a precise and sensitive method for identifying loops genome-wide.

Two types of chromatin domains with distinct structural and genomic properties.

Previous studies!! reported that 40% of contact domains have loops demarcating their
boundaries, which were termed loop domains9-18, Unlike loop domains, contact domains
that may not possess clearly visible loops at the intersection corners (we term this a ‘nonloop
domain’) have been less characterized (Fig. 2a, left). Within the CAP-C mESC datasets, we
categorized 12,882 nonnested contact domains into loop domains (20.1%) or nonloop
domains (79.9%). Both types of domains showed no preference for a specific compartment
(Fig. 2a, right). However, nonloop domains are significantly smaller (Fig. 2b), encapsulate
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fewer protein-coding genes per domain (Fig. 2c) and lack CTCF motif orientation
preference at the boundaries (Fig. 2a, middle and Supplementary Fig. 14a—c).

To investigate the genomic properties of the bodies and boundaries of the loop and nonloop
domains, we used 18 ChlP-seq datasets, including different transcription factors and histone
modifications from mESCs, to examine whether these features correlate differently with the
two domain types (see Methods). By first correlating ChIP—seq signals with domain
boundaries, we observed stronger enrichment of H3K4me3, RNA polymerase 11 (RNA Pol
I1) and H3K27ac at the boundaries of nonloop domains over loop domains versus slightly
stronger enrichment of CTCF levels at the boundaries of loop domains over nonloop
domains (Fig. 2d and Supplementary Fig. 15a). Fitting a logistic regression model and
performing fivefold cross-validation on seven individually selected features, we observed
that individual features, especially CTCF (area under curve (AUC) of the receiver operating
characteristic curve 0.67) or SMC3 (AUC 0.67), are moderately predictive of domain type,
suggesting CTCF or cohesin alone cannot adequately explain the two domain types. A
combined model of all seven features (H3K4me3, RNA Pol Il and H3K27ac, MED1, YY1,
CTCF and SMC3) improved accuracy to a reasonable level (AUC 0.77). Standardized
regression coefficients indicate that H3K4me3, RNA Pol Il and H3K27ac can mostly explain
nonloop domains, whereas CTCF and SMC3 can explain loop domains (Fig. 2e).
Furthermore, using precision nuclear run-on sequencing (PRO-seq) data, we discovered that
genes within the nonloop domains clearly show higher transcription rates than those in loop
domains (Fig. 2f), suggesting that transcription might promote the formation of nonloop
domains more than of loop domains.

In summary, we showed that chromatin domains can be categorized into at least two distinct
classes: loop domains and nonloop domains. Loop domains are large domains spanned by
convergently oriented CTCF binding and characterized by a relatively modest transcription
rate, whereas nonloop domains tend to be smaller, contain actively transcribed genes and
show boundaries enriched with active promoters and enhancers (Supplementary Fig. 15b,c).

CTCF and transcription both contribute to domain organization.

We then investigated contributions of CTCF and transcription to the formation of loop and
nonloop domains by performing CAP-C in mESCs with either CTCF depletion or
transcription inhibition (Supplementary Fig. 16a,b and Supplementary Note 2). To
quantitatively measure the average changes in intradomain interactions between untreated
and perturbed samples, we performed meta-domain analysis for loop domains and nonloop
domains (Fig. 2i and Supplementary Fig. 16¢, and see Methods). Inhibition of RNA Pol |1
elongation caused a greater loss of intradomain contacts in the body of nonloop domains
than loop domains (Fig. 2i). As expected, greater contact losses were observed in the body
of nonloop domains in compartment A than in compartment B. Transcription inhibition also
led to reduced loop contacts within-loop domains in compartment B (Fig. 2i, Supplementary
Fig. 17 and Supplementary Note 3).

Regardless of compartment status, acute depletion of CTCF decreased chromatin contacts
between loop anchors in loop domains (Fig. 2i), which affected large loop domains more
than small ones (Supplementary Fig. 16d). In nonloop domains, CTCF removal also resulted
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in observable contact losses, but affected smaller nonloop domains more than larger ones,
which is the opposite trend as observed in loop domains (Fig. 2i and Supplementary Fig.
16d). The patterns of intradomain contact loss between the two types of domain on CTCF
removal are different as well (Fig. 2i), with loop domains displaying more long-range
contact losses between loop anchors, whereas nonloop domain showing more decreases of
short-range interactions near diagonal regions, suggesting that CTCF affects intradomain
interactions differently in loop domains and nonloop domains.

Simultaneous depletion of CTCF and inhibition of transcription elongation resulted in
greater loss of intradomain contacts than each individual treatment for all domains (Fig. 2i
and Supplementary Fig. 16d), suggesting that transcription and CTCF binding make
complementary contributions toward mediating interactions within loop and nonloop
domains. Loop domain and nonloop domain classified using loops called from CTCF ChlA-
PET also recapitulated the same observations (Supplementary Fig. 16¢). In summary, the
higher resolution CAP-C maps revealed that CTCF promotes intradomain interactions for
both loop domains and nonloop domains but likely through different mechanisms?®.

Induction of transcription initiation establishes weak chromatin insulation.

We next investigated whether transcription and CTCF binding contribute to domain
boundary strength. Similar to previous observations?, removal of CTCF led to a near
complete loss in the boundary strength of loop domains (Supplementary Fig. 18a). However,
transcription inhibition only gave rise to moderate boundary losses on loop domains
(Supplementary Fig. 18a) without changing CTCF or cohesin levels (Fig. 2g,h), suggesting
that transcription elongation itself might only facilitate but is not responsible for establishing
insulation of loop domain boundaries. In contrast, we discovered that both CTCF depletion
and transcription inhibition weakened boundaries of nonloop domains (Supplementary Fig.
18b), indicating that both CTCF binding and transcription elongation are partially
responsible for the insulation of nonloop domains.

We further discovered that genes with alternative promoter usage2° can form chromatin
boundaries on their promoter sites without the presence of CTCF (Fig. 3a—d and
Supplementary Fig. 19a—d). Classification of alternative promoters based on their
transcription status suggested that only loci with active promoter showed clear boundaries
(Fig. 3c,d). In addition, the formation of these boundaries is not dependent on RNA Pol Il
binding (Supplementary Figs. 19e and 20a—d). Furthermore, we found that transcription
induction on silenced chromatin is sufficient to create weak chromatin insulation, but
recruiting RNA Pol 1l binding alone may not be sufficient to create strong boundaries (Fig.
4a—e and Supplementary Fig. 18c). Therefore, in addition to RNA Pol |1 binding, the
establishment of active transcription complexes around stably transcribed transcription start
sites (TSSs) is likely required to cause clear chromatin insulation (Supplementary Note 4).

We also observed that compartmentalization changed after transcription induction. We found
gross changes in the Pearson correlation maps (Fig. 4g,h) and a longer periodicity in the
autocorrelation plot of compartment eigenvector tracks (Fig. 4f, see Methods), suggesting a
decrease in compartmentalization after transcription induction. We found that transcription
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initiation could be involved in switching loci from compartment B to compartment A (Fig.
4i,j, Supplementary Fig. 18d,e and Supplementary Note 5).

CAP-C identifies transcription-state-dependent small compartments.

Compartments have been shown as fine-scale structures (10 kb resolution) in Drosophila
genome?1:22, Together with our observations that local changes in transcription state can
cause short-length changes in compartmentalization (100 kb), we hypothesized that
transcription-state-dependent compartmentalization may also exist in mouse and human
genomes at kilobase resolution. Testing this hypothesis requires a way to detect
compartments at high resolution. However, computing Hi-C or CAP-C ‘compartment
eigenvectors’ by eigendecomposition of the Pearson’s correlation matrix for resolution less
than 25 kb requires substantial time and computer memory. In our CAP-C data, we observed
that contact maps derived from large (G5 and G7) and small (G3) dendrimers were slightly
different, with larger dendrimers preferring A over B compartment (Supplementary Fig.
21a). To determine whether this feature allows us to resolve compartments at high
resolution, we performed singular value decomposition (SVD) on the CAP-C mean-centered
data matrix and generated a 1D ‘CAP-C eigenvector’ and two-dimensional (2D) ‘dendrimer
map’ (Supplementary Fig. 21b and see Methods). Dendrimer maps were reproducible
between biological replicates (Supplementary Fig. 21c).

Dendrimer maps at multiple resolutions visually reproduced the “plaid-like’ patterns
observed in Pearson correlation matrices computed from Hi-C contact map data. The CAP-C
eigenvector displayed relatively high Pearson’s correlation coefficient with the Hi-C
compartment eigenvector (R = 0.896, 500 kb; /= 0.855, 50 kb) (Fig. 5a), suggesting that
CAP-C eigenvector might be an alternative way to identify compartments. The CAP-C
eigenvector could be generated quickly and easily for up to the maximum map resolution (5
kb in this study) at any given chromatin loci, allowing us to determine compartments in large
genomes, such as mouse and human, at high resolution. The CAP-C eigenvector identified
small (25-100 kb) compartment intervals that were missed by the compartment eigenvectors
previously derived for mouse and human genomes (Fig. 5b—d and Supplementary Fig. 21d-
g). The CAP-C eigenvector displays positive correlation with active histone marks
H3K36me3 (Spearman’s correlation coefficient = 0.491; 5 kb) and assay for transposase-
accessible chromatin peaks (Spearman’s correlation coefficient = 0.193; 5 kb), and shows
negative correlation with H3K9me2 (Spearman’s correlation coefficient = -0.161, 5 kb).
Therefore, these small compartments share similar features with the broad compartments
observed at lower resolutions, suggesting that the finer-scale compartmentalization observed
by our CAP-C eigenvector is real.

Therefore, our CAP-C eigenvector analysis uncovered that, similar to organisms with much
smaller genomes (for example, Drosophild), mammalian chromatin exhibits fine-scale
segregation into A and B compartments corresponding to open active and compact inactive
chromatin, respectively.
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CAP-C detects transcription-initiation-dependent chromatin subcompartments.

On transcription inhibition in our flavopiridol-treated samples, we frequently identified
regions showing increased interdomain interactions compared with wild type (WT) controls
(Fig. 6a—c). It was validated that the increased interdomain interactions represent statistically
significant increases in chromatin contacts instead of noises on the contact maps (Fig. 6g
and Supplementary Fig. 22a,b). A total of 491 regions with increased interdomain
interactions were detected genome-wide in CAP-C contact maps, of which 81% overlap at
least one protein-coding gene (see Methods). A total of 365 gene pairs were subsequently
mapped from these regions, and used as the basis for defining 228 gene clusters (or
connected component subgraphs, see Methods). These clusters have two or more genes
interacting with each other (Fig. 6a—c,e and Supplementary Fig. 23b) and resemble higher-
order nuclear subcompartments®23.24: they also occur more frequently in nonloop domains
than loop domains (Fig. 6d and Supplementary Fig. 23a). These gene clusters generally have
higher Pol 11-S5P levels and transcription rates than a randomized set of gene pairs (Fig.
6h,f). Multiple actively transcribed DNA regions are thought to cluster together to form
higher-order chromosomal interactions, which can exhibit crucial effects on proper gene
expression regulation?>26, Because flavopiridol treatment inhibits elongation and causes the
accumulation of initiating Pol 11, we hypothesized that, at the gene clusters whose
interactions are strengthened by flavopiridol treatment, transcription initiation might
contribute to the clustering of these genes by bringing multiple active promoters in close
proximity. Therefore, we tentatively refer to these regions as transcription-initiation clusters
(TICs).

To further characterize TICs, we designed DNA—fluorescence in situ hydridization (-FISH)
probes targeting TIC loci and performed DNA-FISH combined with immunofluorescence
imaging. On inhibition of transcription elongation, we observed increased contacts on CAP-
C contact maps around TIC loci (Fig. 6g), accompanied with elevated Pol I11-S5P occupancy
(Fig. 6h). Similarly, inhibition of transcription elongation caused Pol 11-S5P to cluster near
TICs (Supplementary Fig. 26a) and induced gene pairs within TIC loci to closer proximity
(Supplementary Figs. 22c¢,d and 25d), suggesting that Pol 11-S5P might be responsible for
mediating interactions within TICs. We then performed proximity ligation-assisted
chromatin immunoprecipitation (PLAC-seq)2’ on Pol 11-S5P under the same conditions to
detect interactions (loops) mediated by Pol 11-S5P (see Methods). We found that Pol 11-S5P
loops increased notably after inhibition of transcription elongation around TICs (Fig. 6i).
Besides Pol 11-S5P, CYCT1 and BRD4 were also found to cluster around TICs on
flavopiridol treatment (Supplementary Figs. 24a,b and 26b,c), suggesting that TIC formation
could be mediated by multiple transcription factors. To rule out other factors such as CTCF
looping that may also contribute to TIC formation, we analyzed TIC interactions for cells
treated with both inhibition of transcription elongation and CTCF removal. We found that
the interactions among TIC not only remained enriched on the contact map of CAP-C but
also showed increases compared to the unperturbed control (Fig. 6g). We also observed
corresponding increases of the Pol 11-S5P level (Fig. 6h) and Pol 11-S5P-mediated loops
(Fig. 6i), suggesting that TICs are formed with no or less dependence on CTCF or CTCF
looping.
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To confirm that TIC formation is dependent on transcription initiation, we performed CAP-
C and DNA-FISH on mESCs treated with triptolide. On inhibition of transcription initiation,
gene pairs in TICs are no longer in proximity and no clear Pol 11-S5P clusters were observed
nearby TIC loci as well (Supplementary Figs. 25b—d and 26a). Similarly, no TIC contacts
were found on the CAP-C contact matrix (Supplementary Fig. 25a), suggesting that TIC
formation is dependent on transcription initiation.

Discussion

Current methods for investigating 3D genome structures mostly rely on in situ protein-DNA
crosslinking. The presence and extensive crosslinking of DNA-bound proteins (for example,
TFs and histones) masks enzymatic digestion sites and hinders proximal ligation in Hi-C
procedures. The partial digestion of the genome from an ensemble cell population can lead
to heterogeneous lengths of chromatin fragments, which increase the propensity for
background noise on 3D genomic maps and prevent the sensitive identification of proximal
chromatin interactions. Digestion of protein-DNA-crosslinked complexes with MNase or
DNase | have been applied, but these approaches are still subject to interference from
extensive protein-DNA crosslinking and show high preference to ligate loci at nucleosome-
depleted sites or open chromatin sites. CAP-C represents a new, unbiased strategy for
studying chromatin architecture. It uses multifunctional chemical crosslinkers that substitute
the DNA-bound proteins to crosslink proximal genomic DNA loci directly. The varied sizes
allow these probes to access both open and closed compartments. Because DNA fragments
are covalently linked to dendrimers, DNA-bound proteins can be removed, allowing the
DNA to be homogeneously fragmented to ~50-200 bp length. This more uniform
fragmentation reduces background noise on the 3D genomic maps by reducing false or
heterogeneous ligation. The technique enriches short-range chromatin interactions,
increasing resolution and sensitivity. Collectively, CAP-C enables resolving more
functionally relevant loops, domains and subnuclear compartments with high sensitivity at
subkilobase resolution.

Using CAP-C, our study draws a closer link between transcription and chromatin
organization. The reduced false ligation rate and substantially reduced background noise in
CAP-C enabled us to identify more small-sized nonloop domains at high resolution, the
boundaries of which are frequently enriched with active promoters and enhancers and
encompass highly transcribed genes. Such features are in stark contrast to loop domains
characterized previously, which tend to be large, contain multiple modestly transcribed
genes and are spanned by convergently oriented CTCF loops. Hsieh et al.28 also reported
similar discoveries of small-sized, transcription-associated domains named as micro-TADs.
Future investigations are required to study the relationship between micro-TADs and
nonloop domains.

Our results indicate that transcription mainly contributes to local chromatin organization at a
short-length range and promotes contacts within nonloop domains more than loop domains.
Similar observations were also recently reported that transcription inhibition mainly
decreases chromatin interactions at the gene scale28. As nonloop domain boundaries are
enriched for active promoters, we found that transcription initiation instead of transcription
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elongation is key to chromatin insulation. In fact, previous Hi-C studies also revealed that
chromatin insulation is independent of transcription elongation during Drosophifa and
mouse early embryo development?%:30, We suggest that upon transcription initiation, active
transcription protein complexes (including RNA Pol 1) established around the TSS, rather
than only RNA Pol Il binding, are largely responsible for chromatin insulation. This
conclusion is consistent with previous in situ Hi-C results that RNA Pol 11 recruitment alone
is insufficient to cause chromatin insulation changes®L.

Taking advantage of the three dendrimer-based crosslinkers with different abilities to access
chromatin structures at various length scales, we introduced the CAP-C eigenvector to
resolve chromatin compartmentalization patterns at high resolution. Our analyses revealed
the presence of the transcription-state-dependent, fine-scale compartments within mouse and
human genomes. The high sensitivity of CAP-C further enabled characterization of a unique
subnuclear compartment, the TIC, which brings multiple genes with high transcription rates
from nonloop domains into close proximity. We found that TICs are dynamic and affected
by the transcription dynamics. Transcription initiation helps to cluster several actively
transcribed genes. Transcription factors might then enrich at corresponding loci to
phosphorylate Pol 11 for proper transcription elongation. Thus, phosphorylated RNA Pol Il
might constantly condensate and distribute to transcribed genes within TICs, which could
help maintain the high expression levels of these genes. Inhibiting transcription elongation
attenuates release of phosphorylated RNA Pol Il from TICs, and as a result, condensates of
RNA Pol Il form around TICs. We suspect that RNA Pol Il clustering around TICs supplies
sufficient active RNA Pol 11 to TSSs of multiple genes to maintain their high-levels of
expression.

RNA Pol Il was recently shown to cluster in vivo on inhibition of transcription elongation
using live-cell, single-molecule super-resolution imaging32:33. Clustering of RNA Pol Il was
further shown to be a result of phase separation3234, As three of the TIC-related proteins
(CYCT1, BRD4, Pol 11-S5P) were demonstrated to form phase separated condensates in
vivo35-37 we hypothesize that TIC may form through phase separation. We did show that
inhibition of phase separation using 1,6-hexanediol leads to disruption of TIC; however, 1,6-
hexanediol lacks specificity to address the potential requirement of phase separation for TIC
formation (Supplementary Fig. 27a—c). Further work is required to reveal the mechanism of
TIC formation.

Methods such as split-pool recognition of interactions by tag extension (SPRITE) allow
genome-wide mapping of higher-order chromatin interactions26. SPRITE overcomes the
limitation of proximity ligation between two chromatin loci, enabling detecting multiple
spatial proximal chromatin contacts within nucleus. In the future, the crosslinked DNA—
dendrimer complexes generated in CAP-C, which preserve intact chromatin organization
information, could be purified and coupled with other downstream methods such as SPRITE
or super-resolution fluorescent imaging to assay multiple chromatin interactions
simultaneously. Finally, CAP-C can detect native chromatin conformation, which could
potentially enable investigating the dynamics of enhancer—promoter interactions in the
future.
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F123 mouse embryonic stem cells were grown on gamma-irradiated mouse embryonic
fibroblast cells (Thermo A34180) under standard conditions with 85% DMEM (Gibco), 15%
Knockout Serum Replacement (Thermo Fisher Scientific), 0.1 mM of nonessential amino
acids, 0.1 mM of B-mercaptoethanol, 1 mM of glutamine, 500 U mI~1 of LIF, 100 U mI~1 of
penicillin and 100 pg mI~1 of streptomycin. Before collecting for CAP-C, in situ Hi-C and
DNase Hi-C, F123 mESCs were passaged onto feeder free 0.2% gelatin-coated plates for at
least two passages to rid the culture of feeder cells. The CTCF-AID knock-in mouse
embryonic stem cells expressing TIR1-9myc were gifts from B. Ren38, the cells were
passaged on 0.1% gelatin-coated plates without mouse embryo fibroblasts (MEFs). We
added 1 pl of 500 mM auxin (Abcam) per 1 ml of medium to deplete CTCF, and changed
medium with auxin every 24 h. Cells were gathered 48 h after auxin treatment. Transcription
elongation was inhibited by addition of 1 uM of flavopiridol (Sigma) to CTCF-AID knock-
in mouse embryonic stem cells for 6-8 h. Transcription initiation was inhibited by an
addition of 1 uM of triptolide (Sigma) to mESCs for 6-8 h. Blocking phase separation was
performed for mESCs by addition of 5% (v/v) 1,6-hexanediol (Sigma) at room temperature
for 10 min or 3% (v/v) 1,6-hexanediol at room temperature for 15 s. Drosophila S2 cells
were cultured in Schneider’s Drosophila Medium (Gibco) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Gibco). Cells were grown at 28 °C without CO,.
HepG2 cells were cultured in DMEM (Gibco) supplemented with 10% (v/v) FBS, 100 U ml
~1 of penicillin and 100 pg ml~1 of streptomycin and grown at 37 °C with 5% CO,. HCT116
cells were cultured in McCoy’s 5A medium (Gibco) supplemented with 10% (v/v) FBS, 2
mM of L-glutamine, 100 U mI~1 of penicillin and 100 pg ml~1 of streptomycin at 37 °C with
5% CO». Induction of nonannotated TSS was performed on HCT116 cells as reported
previously. Briefly, HCT116 cells were treated with 500 nM DAC (Sigma) for 72 h. DAC
containing medium was refreshed every 24 h.

Synthesis of psoralen, azide functionalized PAMAM dendrimer.

To synthesize each functional dendrimer crosslinker, 1.54 umol of PAMAM dendrimer G3
(Sigma), G5 (Sigma) or G7 (Sigma) was dissolved in 2 ml of methanol, respectively. To
modify half of the amine branches on the surface of each dendrimer, 24.64, 98.56 or 394.24
umol of SPB (Thermo Fisher Scientific) was added in the solution containing dendrimer G3,
G5 or G7, respectively (Total available amines on the surface of each dendrimer are 32, 128
and 512 for G3, G5 and G7). To generate a site to attach bridge linker, 1.54 umol of NHS-
PEG,4-Azide (Thermo Fisher Scientific) was added to each dendrimer reaction solution.
Then 5 pl of EtgN (Sigma) was added to each reaction solution to catalyze the reaction. The
reaction mixture was stirred overnight at room temperature before the addition of 100 pl of
Ac,0 (Sigma) to modify the rest unreacted amine branches with acetyl groups. Each
reaction mixture was stirred for another 24 h at room temperature before the addition of 3 ml
of water to neutralize the reaction. Each dendrimer solution was purified and concentrated
with a 3 KDa Amicon Ultra Centrifugal Filter Unit (Millipore) by centrifugation at 14,0009
for 10 min at room temperature.
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Characterization of psoralen, azide-modified PAMAM dendrimer.

CAP-C.

Psoralen has a characteristic of UV absorbance at 300 nm. Unfunctionalized dendrimers
have no UV absorbance at 300 nm. Thus, we could characterize the psoralen-modified
dendrimers by measuring their UV absorbance at 300 nm. A series of SPB solutions with
known concentrations were prepared as the standard solutions. UV absorbance at 300 nm of
each standard solution was measured by UV-visible light spectrometry. The calibration curve
was plotted with the values of UV absorbance on the vertical axis and the concentrations of
standard solutions on the horizontal axis. UV absorbance at 300 nm was then measured for
each psoralen-modified dendrimer. The concentration of each psoralen-modified dendrimer
was determined using the calibration curve.

In this study, we developed two types of CAP-C; the restriction enzyme fragmentation-based
CAP-C and the DNase | fragmentation-based CAP-C. For each type, we performed
experiments for native chromatin (termed nCAP-C) or chromatin prefixed with
formaldehyde (termed pfCAP-C). The detailed procedures used for each type of experiments
are listed in the following subsections.

Crosslinking dendrimer with chromatin.

For formaldehyde fixed cells.: Grow five million cells under recommended culture
conditions. Detach adherent cells by centrifugation at 300g for 5 min. Resuspend cells in
fresh medium at 1 million cells per 1 ml of medium. Add 16% formaldehyde solution
(Thermo Fisher Scientific) to a final concentration of 1% (v/v). Incubate at room
temperature for 5 min on rotating rocker. Add fresh prepared 2.5 M of glycine solution to a
final concentration of 0.2 M to quench the reaction. Incubate at room temperature for 5 min
on a rotating rocker. Centrifuge for 5 min at 300g at 4 °C. Discard the supernatant.
Resuspend cells in 1 ml of cold 1x PBS and spin for 5 min at 300g at 4 °C. Discard the
supernatant and flash-freeze cell pellets in liquid nitrogen (can be stored in —80 °C for up to
1 year). Combine 250 pl of ice-cold CAP-C lysis buffer (10 mM of Tris-HCI, pH 8.0, 10
mM of NaCl, 0.2% Igepal CA-630) with 50 pl of protease inhibitors (Sigma). Add to
formaldehyde fixed cell pellets. Incubate cell suspension on ice for 20 min. Centrifuge at
2,500g for 5 min at 4 °C. Discard the supernatant. Wash pelleted nuclei once with 500 pl of
ice-cold CAP-C lysis buffer. Centrifuge and discard the supernatant. Resuspend the cell
pellet in 500 pl of 50 uM dendrimer in methanol. Incubate at 4 °C on a rocker with rotation
for 10 min. Photocrosslink the nuclei by irradiating under 365 nm of UV for 15 min at 4 °C.
The nuclei should be allowed to rest on ice for 5 min before another 15 min of 365 nm of
UV irradiation at 4 °C. Centrifuge for 5 min at 2,500g at 4 °C. Discard the supernatant.
Wash pelleted nuclei twice with 500 pl of ice-cold CAP-C lysis buffer. Centrifuge and
discard the supernatant. Resuspend the pellet in proteinase K digestion buffer (420 pl of
CAP-C lysis buffer, 50 pl of 10% SDS, 30 pl of 20 mg ml~1 proteinase K). Incubate the
resuspension at 65 °C overnight on a thermomixer at 800 r.p.m.

For nonfixing cells.: Combine 250 pl of ice-cold nucleus lysis buffer (10 mM of Tris-HCI,
pH 7.5, 10 mM of NaCl, 3 mM of MgCl,, 0.5% NP-40, 0.15 mM of spermine (Sigma), 0.5
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mM of spermidine (Sigma)) with 50 pl of protease inhibitors (Sigma). Add to 5 million cells
without fixing. Incubate cell suspension on ice for 5 min. Centrifuge at 500g for 5 min at 4
°C. Discard the supernatant. Wash pelleted nuclei once with 500 pl of nucleus resuspension
buffer (10 mM of Tris-HCI pH 7.4, 15 mM of NaCl, 60 mM of KCI, 0.15 mM of spermine
(Sigma), 0.5 mM of spermidine (Sigma)). Centrifuge at 500¢g for 5 min at 4 °C and discard
the supernatant. Resuspend the cell pellet in 500 pl of 50 pM dendrimer in methanol.
Incubate at 4 °C on a rocker with rotation for 10 min. Photocrosslink the nuclei by
irradiating under 365 nm of UV for 15 min at 4 °C. The nuclei should be allowed to rest on
ice for 5 min before another 15 min of 365 nm of UV irradiation at 4 °C. Centrifuge for 5
min at 2,500¢g at 4 °C. Discard the supernatant. Wash pelleted nuclei twice with 500 pl of
nucleus resuspension buffer. Centrifuge and discard the supernatant. Resuspend the pellet in
proteinase K digestion buffer (420 pl of nucleus resuspension buffer, 50 pl of 10% SDS, 30
ul of 20 mg mlI~1 proteinase K). Incubate the resuspension at 65 °C overnight on a
thermomixer at 800 r.p.m.

Purify UV crosslinked DNA-dendrimer complexes.—Extract the DNA with 500 pi
of phenol:chloroform (Sigma). Centrifuge at the maximum for 10 min at room temperature.
Transfer the upper layer to a new tube. Add 800 pl of EtOH and 50 pl of 3 M NaOAc (pH
5.5, Thermo Fisher Scientific). Incubate at —80 °C for 1-2 h. Centrifuge at 14,000g for 15
min at 4 °C. Discard the supernatant. Wash the pellet twice with 800 pl of ice-cold 80%
EtOH. Centrifuge at the maximum for 5 min at 4 °C. Discard the supernatant. Resuspend the
DNA pellet in 50 pl of water.

Fragment genome and proximity ligation.

For restriction enzyme fragmentation-based CAP-C.: Digest DNA—dendrimer complexes
with Mbol:

Component Amount (pl)

DNA-dendrimer complex 50

10x NEB buffer 2 20
5 U pl™t Mbol (NEB) 20
H,0 110
Total 200

Incubate at 37 °C overnight on a thermomixer at 800 r.p.m. The next day, inactivate Mbol by
incubating at 65 °C for 20 min on a thermomixer at 800 r.p.m. Mark the DNA ends with
biotin as detailed:

Component Amount (ul)
dCTP (10 mM) 15
dGTP (10 mM) 15
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Component Amount (ul)
dTTP (10 mM) 15
Biotin-14-dATP (0.4 mM, Thermo Fisher Scientific) 37.5

5 U pl~! DNA polymerase I, Large (Klenow) Fragment (NEB) 8

Total 50

Incubate at 37 °C for 1 h on a rotating rocker. Inactivate the Klenow by incubating at 65 °C
for 30 min on a thermomixer at 800 r.p.m. Proximity ligation in the ultradiluted solution is
confucted as follows:

Component Amount (pl)

10x NEB T4 DNA ligase buffer 500

10 mg mI~ BSA (Thermo Fisher Scientific) 12

400 U pl~L T4 DNA ligase (NEB) 20
H0 6,200
Total 6,732

Incubate at 16 °C for 8 h or overnight on a rotating rocker.

For DNase | fragmentation-based CAP-C.: Digest DNA—-dendrimer complexes with

DNase I:
Component Amount (pl)
2 U uIt DNase | (NEB) 1

10x DNase | reaction buffer 5

DNA-dendrimer complex 44

Total 50

Incubate at 37 °C for 5 min then stop the reaction by adding 150 pl of stop buffer (20 mM of
EDTA). Incubate the mixture at 75 °C for 10 min. Purify DNA with ethanol precipitation by
adding 800 pl of EtOH and 50 pl of 3 M NaOAc (pH 5.5). Incubate at =80 °C for 1 h.
Centrifuge at the maximum for 15 min at 4 °C. Discard the supernatant. Wash the pellet
twice with 800 ul of 80% EtOH. Centrifuge at the maximum for 5 min at 4 °C. Discard the
supernatant. Resuspend the DNA pellet in 100 pl of H,O. Repair DNA ends and add ‘A’
using the KAPA Hyperplus Kit (KAPA, KK8515):

Component Amount (ul)

ER&AT buffer mix 28
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Component Amount (ul)

ER&AT enzyme mix 12

DNA-dendrimer complex 200

Total 240

Incubate at 20 °C for 30 min then 65 °C for 30 min. Purify DNA with ethanol precipitation
by adding 500 pl of EtOH and 20 ul of 3 M NaOAc (pH 5.5). Incubate at =80 °C for 1 h.
Centrifuge at the maximum for 15 min at 4 °C. Discard the supernatant. Wash the pellet
twice with 800 pl of 80% EtOH. Centrifuge at the maximum for 5 min at 4 °C. Discard the
supernatant. Resuspend the DNA pellet in 100 pl of H,O. Attach a biotin linker to the
dendrimer by addition of 2 pl of a 100 pM bridge linker (customized with IDT):

Bridge linker_F: /5Phos/GTCAGA/iDBCON/AAGATATCGCGT
Bridge linker_R: /5Phos/CGCGATATC/iBiodT/TATCTGACT

Incubate at 37 °C for 2 h on a thermomixer at 800 r.p.m. Excess of bridge linkers are
removed by size selection with Ampure beads. DNA above 100 bp are preserved after size
selection. DNA is eluted with 880 pl of H,O. The two-step ligation was carried out as
previously described in diluted solution1®,

Component Amount (ul)

DNA-dendrimer complex 880

10x NEB T4 DNA ligase buffer 100

400 U "L T4 DNA ligase (NEB) 20

Total 1,000

The two-step ligation was carried out as previously described in diluted solution?8,

Purify biotinylated ligation product.

For restriction enzyme fragmentation-based CAP-C.: Extract the DNA with 7 ml of
phenol:chloroform (Sigma). Centrifuge at 2,000g for 10 min at room temperature. Transfer
the upper layer to a new tube. Add 17.5 ml of EtOH and 700 pl of 3 M NaOAc (pH 5.5).
Incubate at =80 °C for 1 h. Centrifuge at 10,000¢ for 20 min at 4 °C. Discard the
supernatant. Resuspend the pellet in 300 pl of water. Shear DNA—dendrimer complexes
using Diagenode Bioruptor Pico under the following conditions: Volume of Library, 100 pl
in a 0.65 ml Diagenode tube. Program, 30 s on; 30 s off for six cycles.

For DNase | fragmentation-based CAP-C.: Extract the DNA with 1 ml of
phenol:chloroform (Sigma). Centrifuge at 2,000g for 10 min at room temperature. Transfer
the upper layer to a new tube. Add 2.5 ml of EtOH and 700 pl of 3 M NaOAc (pH 5.5).
Incubate at =80 °C for 1 h. Centrifuge at 10,000¢g for 20 min at 4 °C. Discard the
supernatant. Resuspend the pellet in 264 pl of water. Remove bridge linkers that were only
ligated to one DNA:

Nat Biotechnol. Author manuscript; available in PMC 2022 February 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

You et al.

Page 17

Component Amount (ul)

DNA-dendrimer complex 264

10x Lambda Exonuclease Buffer (NEB) 30

5 U pI~! Lambda Exonuclease (NEB) 3

20 U pl~! Exonuclease | (NEB) 3

Total 300

Incubate at 37 °C for 30 min. Heat inactivate the enzyme at 75 °C for 10 min. Shear DNA-
dendrimer complexes using Diagenode Bioruptor Pico under the following conditions:
Volume of Library, 100 ul in a 0.65 ml Diagenode tube. Program, 30 s on; 30 s off for six
cycles.

Biotin pull-down and construct library.—Prepare for biotin pull-down by washing 20
pl of 10 mg ml~1 Dynabeads MyOne Streptavidin C1 beads (Thermo Fisher Scientific) with
600 pl of 1x Tween Washing Buffer (1x TWB: 5 mM of Tris-HCI (pH 7.5); 0.5 mM of
EDTA; 1 M of NaCl; 0.05% Tween 20). Separate on a magnet and discard the solution.
Resuspend the beads in 300 pl of 2x Binding Buffer (2x BB: 10 mM of Tris-HCI (pH 7.5); 1
mM of EDTA,; 2 M of NaCl) and add to the reaction. Incubate at room temperature for 30
min with rotation to bind biotinylated DNA to the streptavidin beads. Separate on a magnet
and discard the solution. Wash the beads by adding 600 pl of 1x TWB and transferring the
mixture to a new tube. Heat the tubes on a thermomixer at 55 °C for 2 min with mixing.
Reclaim the beads using a magnet. Discard the supernatant. Repeat wash. Resuspend beads
in 100 pl of 1x NEB T4 DNA ligase buffer and transfer to a new tube. Reclaim beads and
discard the buffer. To repair ends of sheared DNA and remove biotin from unligated ends,
resuspend beads in 100 pl of master mix:

Component Amount (ul)
1x NEB T4 DNA ligase buffer 88

25 mM dNTP 2

10 U I T4 PNK (NEB) 5

3 U pI™t T4 DNA polymerase | (NEB) 4

5 U ul~! DNA polymerase I, Large (Klenow) Fragment (NEB) 1

Total 100

Incubate at room temperature for 30 min. Separate on a magnet and discard the solution.

Wash the beads by adding 600 pl of 1x TWB and transferring the mixture to a new tube.
Heat the tubes on a thermomixer at 55 °C for 2 min with mixing. Reclaim the beads using a
magnet. Discard the supernatant. Repeat wash. Resuspend beads in 100 ul of 1x NEBuffer 2
and transfer to a new tube. Reclaim beads and discard the buffer. Resuspend beads in 100 pl
of dATP master mix:

Nat Biotechnol. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

You et al.

Page 18

Component Amount (pl)
1x NEBuffer 2 90
10 mM dATP 5

5 U pI~! Klenow Fragment (3" — 5" exo-) (NEB) 5

Total 100

Incubate at 37 °C for 30 min. Separate on a magnet and discard the solution.

Wash the beads by adding 600 ul of 1x TWB and transferring the mixture to a new tube.
Heat the tubes on a thermomixer at 55 °C for 2 min with mixing. Reclaim the beads using a
magnet. Discard the supernatant. Repeat wash. Resuspend beads in 100 pl 1x quick ligation
reaction buffer (NEB) and transfer to a new tube. Reclaim the beads and discard the buffer.
Resuspend beads in 55 pl of quick ligation master mix:

Component Amount (pl)

1x Quick ligase reaction buffer (NEB) 50

Quick ligase (NEB) 2
Illumina indexed adapter (Nextflex) 3
Total 55

Incubate at room temperature for 30 min. Separate on a magnet and discard the solution.

Wash the beads by adding 600 ul of 1x TWB and transferring the mixture to a new tube.
Heat the tubes on a thermomixer at 55 °C for 2 min with mixing. Reclaim the beads using a
magnet. Remove the supernatant and repeat the wash. Wash three times with 100 pl of water.
Reclaim the beads with 23 pl of water and transfer the beads to an eight-well PCR tube.

PCR amplify 10-12 cycles in 50 pl of reaction by addition of 25 ul of 2x HiFi PCR Master
Mix (KAPA) and 2 ul of Primer Mix (KAPA) to the 23 ul of beads under the following
conditions:

Initial denaturation 98 °C 30s
Denaturation 98 °C 155
Annealing 60 °C 30s
Extension 72°C 30s

10-12 cycles (depends on samples)

Final extension 72°C 1 min

Purify the libraries with 0.9x Ampure beads and elute with 30 pl of water.
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Check the ligation efficiency by aliquot 8 pul of DNA libraries and adding 1 pl of 10x
CutSmart buffer (NEB), 1 ul of 10 U ul~1 Bspdl (NEB). Incubate at 37 °C for 1 h. Run a 2%
agarose gel with Bspdl digested libraries and undigested libraries side by side. A clear shift-
down to a small size should be observed with Bspdl digested libraries for restriction enzyme
fragmentation-based CAP-C.

Libraries are then sequenced on a NextSeq500 pair end for 50 bp or NovaSeq pair end for
150 bp.

In situ Hi-C experiments were performed as previously described using the Mbol restriction
enzymell. We performed in situ Hi-C on mESC and sequenced 2 billion raw reads. The self-
made in situ Hi-C was demonstrated to be of high quality and the results similar to published
data (Supplementary Fig. 28). Thus, we merged 2 billion reads of in house generated in situ
Hi-C with 8 billion reads of in situ Hi-C from Bonev et al.3%.

DNase Hi-C experiments were performed as previously described!2.

ChIP-seq experiments was performed as described in ENCODE experimental protocols3?
with minor modifications. Cells are crosslinked with 1% formaldehyde for 10 min and
quenched with 200 mM of glycine. Five million cells are used for each ChIP sample.
Crosslinked cell pellets are resuspended in 1 ml of ice-cold lysis buffer (50 mM of HEPES,
pH 7.9; 5 mM of MgCl,; 0.2% Triton X-100; 20% glycerol; 300 mM of NaCl) for 10 min on
ice then centrifuge at 500¢g for 5 min at 4 °C. Remove the supernatant. Resuspend the pellet
in 1 ml of 0.1% SDS lysis buffer (50 mM of HEPES, pH 7.5; 1 mM of EDTA; 1% Triton
X-100; 0.1% sodium deoxycholate; 0.1% SDS; 150 mM of NaCl) and incubate on ice for 10
min. Shearing of chromatin is performed using Diagenode Bioruptor Pico for sonication
using following parameters: 30 s on; 30 s off; 15 cycles at 4 °C. For immunoprecipitation,
use 40 ul of Protein G Dynabeads (Thermo Fisher Scientific) and wash them with 1 ml of
cold 0.1% SDS lysis buffer three times. The sheared chromatins are added to the beads and
incubated on a rotating platform at 4 °C for 2 h to preclear and then save the supernatant.
Another 40 pl of Protein G Dynabeads (Thermo Fisher Scientific) are washed with 1 ml of
cold 0.1% SDS lysis buffer. After washing, 5 g of antibodies are added to the beads.
Precleared chromatins are then added together and incubated on a rotating platform at 4 °C
for 8 h or overnight. After incubation, beads are collected on a magnetic rack and washed
twice with ice-cold 1 ml of 0.1% SDS lysis buffer (50 mM of HEPES, pH 7.5; 1 mM of
EDTA; 1% Triton X-100; 0.1% sodium deoxycholate; 0.1% SDS; 150 mM of NaCl);
followed by washing twice with 1 ml of high salt buffer (50 mM of HEPES, pH 7.5; 1 mM
of EDTA,; 1% Triton X-100; 0.1% sodium deoxycholate; 0.1% SDS; 350 mM of NaCl);
twice with 1 ml of LiCl Wash Buffer (10 mM of Tris-HCI, pH 8.0; 1 mM of EDTA, 0.5%
NP-40; 0.5% sodium deoxycholate; 250 mM LiCl) and once with 1 ml of cold TE buffer (10
mM of Tris-HCI, pH 8.0; 1 mM of EDTA,; 0.2% Triton X-100). After washing, 100 pl of
ChlIP elution buffer (50 mM of NaHCO3, 10 mM of EDTA, 1% SDS) is added and samples
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are incubated at 65 °C for 4 h at 800 r.p.m. on a thermomixer. The beads are discarded using
a magnetic rack and 300 mM of NaCl is added to the samples to reverse crosslink by
incubating at 65 °C overnight. For input samples, 20 pl of sheared chromatin saved after
sonication is added to 80 pl of ChIP Elution Buffer and incubated at 65 °C overnight with
the other samples. The input samples are processed in parallel with the ChIP samples from
here on. Then, 5 pl of RNase A is added to each sample and incubated at 37 °C for 1 h, and
5 pl of proteinase K is added and incubated at 65 °C for 1 h. The samples are purified using
the Zymo DNA Clean & Concentrator kit (Zymo). The purified DNA libraries are prepared
using the KAPA Hyperplus Kit (KAPA). Then, PCR amplify 8-14 cycles under following
conditions: 98 °C 30 s; 98 °C 15 s; 60 °C 30 s; 72 °C 30 s; repeat for 12 cycles; 72 °C 1 min.

Purify the libraries with 0.9x Ampure beads and elute with 30 pl of water. Libraries can then
be sequenced on the HiSeq4000 single end for 50 bp.

PLAC-seq experiments were performed as previously described with minor modifications?’.
Collect cells by centrifugation at 200g for 5 min at room temperature. Resuspend cell pellets
with fresh medium without serum at a concentration of 1 x 106 cells per ml. Add methanol-
free formaldehyde to a final concentration of 1% (w/v) and rotate for 15 min at room
temperature. Add 2.5 M of glycine solution to a final concentration of 0.2 M to quench
crosslinking reaction. Rotate for 5 min at room temperature. Spin at 2,500¢9 for 5 min at 4 °C
and discard the supernatant. Wash cell pellets with cold 1x PBS and spin at 2,500¢ for 5 min
at 4 °C. Resuspend up to 5 million crosslinked cells in 300 pl of cold lysis buffer (10 mM of
Tris-HCI, pH 8.0; 10 mM of NaCl; 0.2% IGEPAL CA-630) with protease inhibitors
(Sigma). Rotate at 4 °C for at least 15 min. Spin at 2,500¢g for 5 min at 4 °C and remove the
supernatant. Resuspend the pellet with 500 pl of cold lysis buffer with protease inhibitor
cocktail. Spin at 2,500g for 5 min at 4 °C and then remove the supernatant. Gently resuspend
the cell pellet in 50 pl of 0.5% SDS (avoid excess foaming) and incubate for exactly 10 min
at 62 °C. Add 135 pl of water and 25 pl of freshly prepared 10% Triton X-100 to quench the
SDS. Mix well gently (avoid excess foaming) and incubate for 15 min at 37 °C. Add 25 pl of
10x NEBuffer 2 and 4 pl of 25 U pl=1 Mbol. Mix well and digest chromatin for exactly 2 h
at 37 °C in a thermomixer, shaking at 900 r.p.m. Inactivate Mbol by incubation at 62 °C for
20 min. Cool the reaction to room temperature (~10 min). Add the following reagents to fill
in overhangs and mark with biotin:

Component Amount (ul)
dCTP (10 mM) 15

dGTP (10 mM) 15

dTTP (10 mM) 15

0.4 mM of biotin-14-dATP (Thermo Fisher Scientific) 375

5 U pIt DNA polymerase I, Large (Klenow) Fragment (NEB) 8

Total 50
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Mix well and incubate for 1 h at 37 °C in a thermomixer, shaking at 900 r.p.m. Prepare the
ligation master mix as follows:

Component Amount (pl)
H,0 664
10x T4 ligase buffer (NEB) 120
10% Triton X-100 100

20 mg mI~1 BSA (Thermo Fisher Scientific) 6

400 U pIt T4 DNA ligase (NEB) 10

Total 900

Add this ligase master mix to the reaction and mix well by inverting the tube. Rotate at room
temperature for 2 h. After ligation, spin down the nuclei at 2,500¢ for 5 min at 4 °C and
discard the supernatant. Resuspend the pellet in 1 ml of 0.1% SDS Lysis Buffer (50 mM of
HEPES, pH 7.5; 1 mM of EDTA; 1% Triton X-100; 0.1% sodium deoxycholate; 0.1% SDS;
150 mM of NaCl). Shearing of chromatin is performed using Diagenode Bioruptor Pico for
sonication under following parameters: 30 s on; 30 s off; 15 cycles at 4 °C. Transfer 40 pl of
resuspended magnetic beads per reaction (for 1-3 million cells) to a 1.7-ml microcentrifuge
tube and wash twice with 500 pl of cold 0.1% SDS Lysis Buffer. Place the tube on the
magnetic rack for 2 min and remove the supernatant. Add the sheared chromatins to the
beads and incubate on a rotating platform at 4 °C for 2 h to preclear and save the
supernatant. Wash another 40 pl of Protein G Dynabeads (Thermo Fisher Scientific) with 1
ml of cold 0.1% SDS lysis buffer. After washing, add 5 g of Pol 11-S5P antibodies to the
beads. Precleared chromatins are then added together and incubated on a rotating platform at
4 °C for 8 h or overnight. After incubation, beads are collected on a magnetic rack and
washed twice with ice-cold 1 ml of 0.1% SDS lysis buffer; followed by washing twice with
1 ml of high salt buffer (50 mM of HEPES, pH 7.5; 1 mM of EDTA; 1% Triton X-100; 0.1%
sodium deoxycholate; 0.1% of SDS, 350 mM of NaCl); twice with 1 ml of LiCl wash buffer
(10 mM of Tris-HCI, pH 8.0; 1 mM of EDTA; 0.5% NP-40; 0.5% sodium deoxycholate; 250
mM of LiCl) and once with 1 ml cold TE buffer (10 mM of Tris-HCI, pH 8.0; 1 mM of
EDTA; 0.2% Triton X-100). After washing, 100 pl of ChIP elution buffer (50 mM of
NaHCO3, 10 mM of EDTA, 1% SDS) is added and samples were incubated at 65 °C for 4 h
at 800 r.p.m. on a thermomixer. The beads are discarded using a magnetic rack and 300 mM
of NaCl is added to the samples to reverse crosslink by incubating at 65 °C overnight. For
input samples, 20 ul of sheared chromatin saved after sonication is added to 80 ul of ChlP
Elution Buffer and incubated at 65 °C overnight with the other samples. The input samples
are then processed in parallel with the ChIP samples from here on. Next, 5 ul of RNase A is
added to each sample and incubated at 37 °C for 1 h, and 5 pl Proteinase K is added and
incubated at 65 °C for 1 h. The samples are purified using the Zymo DNA Clean &
Concentrator kit (Zymo). Then, wash 20 pl streptavidin C1 beads (Thermo Fisher Scientific)
per sample twice with 400 pl of 1x Tween Washing Buffer (1x TWB: 5 mM of Tris-HCI, pH
7.5; 0.5 mM of EDTA; 1 M of NaCl; 0.05% Tween 20) Resuspend the beads in 40 ul of 1x
Binding Buffer (1x BB: 5 mM of Tris-HCI, pH 7.5; 0.5 mM of EDTA; 1 M of NaCl).
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Combine ChlPed DNA (40 pl) with C1 beads in 1x BB. Incubate at room temperature for 30
min with rotation. Collect the beads on a magnet (1-2 min) and remove the supernatant.
Wash the beads twice with 500 pl of 1x TWB. Wash beads once with 100 pl of 10 mM Tris-
HCI (pH 8.0). Resuspend the beads in 43 ul of 10 mM Tris-HCI (pH 8.0). Add 5 pl of 10x
End-Polishing Buffer and 2 pl of End-Polishing Enzyme Mix (Qiagen Ultralow Input
Library Kit, 180492). Mix gently and incubate at 25 °C for 30 min, 65 °C for 15 min and
finally hold at 4 °C in a thermomixer. Add the following reagents in the order listed when
incubation is done:

Component Amount (ul)

Nuclease-free water 18

4x Ultralow input ligation buffer

(Qiagen Ultralow Input Library Kit, 180492) 25

QIlAseq Adapter (1:10 diluted)

(Qiagen, 180985) 2

Ultralow Input Ligase

(Qiagen Ultralow Input Library Kit, 180492) 5

Mix gently by pipetting 5-6 times and incubate at 25 °C for 10 min in a thermomixer.
Collect beads on magnet (1-2 min), and remove the supernatant. Wash beads twice with 500
ul of 1x TWB. Wash beads once with 100 ul of 10 mM Tris-HCI (pH 8.0). Resuspend the
beads in 24.5 ul of 10 mM Tris-HCI (pH 8.0). PCR amplify 12-14 cycles in 50 pl of reaction
by adding 25 pl of 2x HiFi PCR Master Mix (KAPA) and 1.5 pl of Primer Mix (KAPA) to
the 23.5 pl of library template under following conditions:

Initial denaturation 98 °C 2min
Denaturation 98 °C 20s
Annealing 60 °C 30s
Extension 72°C 1 min

12-14 cycles (depends on samples)

Final extension 72°C 1 min

Purify the libraries with 0.9x Ampure beads and elute with 30 pl of water. Libraries are then
sequenced on a HiSeq4000 pair end for 50 bp.

DNA-FISH combined with immunofluorescence.

DNA-FISH probes were custom designed and generated by Agilent technologies
(Supplementary Table 1). MEF feeder cells (Gibco) were cultured on a covered slide glass
coated with poly-L-lysine (Sigma) and 0.5% gelatin. mESCs were then cultured on MEF
feeder cells for 24 h. mESCs were fixed with 4% PFA solution in PBS (Santa Cruz
Biotechnology) for 10 min at room temperature. After three washes with PBS, cells were
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permeabilized with 0.5% Triton X-100 (Thermo Fisher Scientific) in 1x PBS for 10 min at
room temperature. Following three washes in 1x PBS for 5 min, the cells were blocked with
4% bovine serum albumin (BSA) (Thermo Fisher Scientific) in PBST (0.1% Tween 20 in
PBS) for 1 h at room temperature. Cells were then incubated with diluted primary antibodies
(anti-BRD4, Abcam ab128874 1:500 dilution; anti-CYCT1, Abcam ab238940, 1:500
dilution; anti-Pol 11-S5P Abcam ab5408 1:500 dilution) in 4% BSA in PBST for 2 h at room
temperature. The cells were rinsed three times in 1x PBS for 5 min each time, then
incubated with the secondary antibodies (goat antirabbit Alexa Fluor 647, Invitrogen
A21244, 1:500 dilution) in 4% BSA in 1x PBS at room temperature in the dark. Cells were
washed three times with 1x PBS for 5 min each time.

The cells were fixed again with 4% PFA in PBS for 10 min at room temperature then rinsed
in 1x PBS three times for 1 min each. Cells were denatured in 0.1 M of HCI solution for 10
min and rinsed in 1x PBS three times for 1 min each. A coplin jar was filled with the
denatured solution (28 ml of formamide, 4 ml of 20x SSC (Promega), 8 ml of H,0) and
prewarmed to 82 °C in a water bath. Cells were denatured by immersing the slides with cells
in the denaturing solution at 82 °C for 5 min. Cells were incubated in 70% ethanol, 85%
ethanol and then 100% ethanol for 1 min at room temperature. While air drying the cells, a
hybridization solution was prepared by mixing 7 ul of FISH hybridization buffer with 1 pl of
FISH probe 1, 1 pl of FISH probe 2 and 1 pl of H,O together. The mixture was denatured at
73 °C for 5 min. After addition of 5 pl of hybridization solution on the cells, another
coverslip was added and the edges sealed with rubber cement. The slides were transferred to
a humidified incubator at 37 °C to incubate overnight, then the cover glasses and rubber
cement were removed. Slides with cells were washed in the FISH wash buffer 1 (Agilent
technologies, G9401A) at 73 °C for 2 min, followed by washing in the FISH wash buffer 2
(Agilent Technologies, G9402A) at room temperature for 1 min. The cells were air dried at
room temperature in the dark, then incubated in Hoechst 33342 (Thermo Fisher Scientific)
to stain nuclei for 20 min at room temperature in the dark, before washing in 1x PBS three
times for 5 min each. Cells were air dried for 10 min. The slides were mounted with antifade
mounting medium (Mectashield) and sealed with nail polish. Images were acquired at the
Leica SP5 Tandem Scanner Spectral 2-Photon confocal microscope with a x100 objective
(Integrated Light Microscopy Core Facility, University of Chicago). Images were
postprocessed using Fiji is just ImageJ (FIJ1). For analysis of distances, images of fiducial
beads (Tetraspeck, Thermo Scienfic) were used to generate a first degree polynomial
function to map the coordinates between the color channels analyzed. To avoid issues with
image registration along the zaxis, maximum intensity projections were analyzed to
measure distances in the x=y plane only. Average immunofluorescence intensities around
FISH loci were quantified as previously described3.

Quantification and statistical analysis.

Relative contact frequency and counts per million (CPM) transformation.—We
use either the relative contact frequency, R, or CPM transformation??, C, to make
comparisons between libraries as nonequal sequencing depths have to be accounted for.
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X..
CPM,-J:T’CHO6

where Xrefers to intrachromosomal contact matrix, Xj; refers to the contact frequency
between locus pair 7and /, and L, refers to the sum of all intrachromosomal interactions in a
chromosome, ¢.

ChlIP-seq data processing.

All ChiP-seq datasets were aligned to the mm210 or hg19 reference genome using BWA-
MEM?4L, PCR duplicates were removed using Picard Tools v.2.2.2 (http://
broadinstitute.github.io/picard/). Peak calling was performed using MACS?2 (ref.42) on BAM
files using the following parameters: -q 0.05 -f BAM [-g mm|-g hg]. For visualization of all
ChlP-seq as tracks, BEDTools v.2.26 (ref.#3) was used to create bedGraph files consisting of
depth-normalized CPM values. bedGraph files were converted to bigWig files for fast query
retrievals using UCSC bedGraphToBigWig (https://genome.ucsc.edu/util.html).
Programmatic access to bigWig files was done via pyBigWig (https://github.com/deeptools/

pyBigWig).

RNA-seq data analysis.

RNA-seq data for the mESC F123 cell line was pseudo-aligned and quantified directly using
kallisto using the following parameters: -b 100 -l 180 -s 20-single. To determine gene
expression abundance, protein-coding genes were ranked by the transcripts per million
metric.

CAP-C data processing.

All CAP-C libraries were sequenced on the Illumina NextSeq500 or HiSeq2500. Paired-end
FASTQ formatted files were aligned to the mm10, hg19 or dm3 reference genome using
BWA-MEM*L. Each read end was aligned independently before combining them into a
single BAM file. Singletons and chimeric reads were filtered off. PCR duplicates were
removed using Picard Tools. Mbol restriction sites BED file was prepared containing the
positions of all possible GATC cut sites using HiCPro**. We performed an extra filtering
step to remove all contact distances less than 1 kb in length to ensure that (1) all strand
orientations were equally represented as a function of genomic distance and (2) because they
were highly inconsistent across all replicates sequenced, and severely skewed the relative
contact frequencies of long-range (>=20 kb) interactions. Only valid and filtered contact
pairs were used for all downstream analysis (Supplementary Table 2). A preformatted text
file was prepared before converting it into a .hic formatted file with the following resolutions
(05,1, 2,5, 10, 25, 40, 50, 100, 250 and 500 kb and 1 and 2.5 megabase (mb)). Finally, a
MAPQ>=1 and MAPQ>=30.hic file was generated for each sample. To generate a CAP-C
merge file, all G3, G5 and G7 primary and replicated libraries in the preformatted text file
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were concatenated and merged-sorted. Juicer was then used to convert the merged-sorted file
into a .hic formatted file. All contact matrices visually represented as contact maps were
VC-normalized with Juicer4®.

DNase | fragmentation-based CAP-C data processing.

For DNase | fragmentation-based libraries, we have additional preprocessing steps to be
performed before the instructions listed in the CAP-C data processing section. We first used
SeqPrep to merge overlapping read pairs (2 x 150 bp). For the resulting merged and
unmerged read pairs, cutadapt was used to trim the bridge linker adaptor
(ACGCGATATCTTATCTGACT, both forward and reverse complementary) off the read
from the 5 (-g) and 3" (-a) direction. Up to one adaptor count per read (-n) was used, and a
minimum overlap length of ten threshold (—overlap) between the linker and read was used.
Only read pairs where the length of at least one read was too short (<15 bp) or merged read
pairs that failed to possess a linker were removed (Supplementary Table 2). Because DNase
I was used to fragment BL-CAP-C datasets, no restriction cut site annotation files was done
to annotate the paired reads.

Reproducibility of contact matrices.

The stratum-adjusted correlation coefficient using HiCRep?6 was calculated for 10, 25, 50,
100 and 1-mb resolution contact matrices for up to 5 mb in distance, with a smoothing factor
of 20, 10, 5, 2 and 0. Comparisons were done between the primary and replicate libraries
(Mbol fragmented CAP-C) or among G3, G5 and G7 libraries (DNase | fragmented CAP-
C).

In situ Hi-C data processing.

All in situ Hi-C libraries were sequenced on the Illumina NextSeq500 or HiSeq2500. Paired-
end FASTQ formatted files were aligned to the mm10 reference genome using BWA-
MEM®4L, Each read end was aligned independently before combining them into a single
BAM file. Singletons and chimeric reads were filtered off. PCR duplicates were removed
using Picard Tools. An Mbol/Dpnll restriction sites BED file was prepared containing the
positions of all possible GATC cut sites using HiCPro*. To be consistent with the CAP-C
data, we performed an extra filtering step to remove all contact distances less than 1 kb in
length. Only valid, and filtered contact pairs were used for all downstream analysis
(Supplementary Table 2). A preformatted text file was prepared before converting it into

a .hic formatted file with the following resolutions (0.5, 1, 2, 5, 10, 25, 40, 50, 100, 250 and
500 kb and 1 and 2.5 mb). Finally, a MAPQ>=1 and MAPQ>=30.hic file was generated for
each sample.

PLAC-seq data processing.

We used Fit-HiC*' to call high-confidence interactions in PLAC-seq for 1, 2, 5, 10 and 25-
kb-resolution contact matrices (MAPQ > 30). Interactions with a ¢ value of <0.05 and
spanned distance greater than resolution used were kept.
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Euclidean distance criteria.

Determining the overlap or concordance of 2D features is based on the criteria proposed
byll

min(0.2 x length, 50kb) < = \/(xl — )+ (1 + )

Compartments, domains, loops calling and external validation.

Compartment eigenvectors were called at 500, 100, 50 and 25 kb resolution using the
eigendecomposition of the correlation matrix from the O/E matrix’. Contact domains were
called using the Arrowhead module of Juicer®®. To use the increase in short-range contacts
in CAP-C, we sensitively call more short-range contact domains by making changes to the
Blockbuster.java file to toggle the minimum width parameter. We set this to zero. A
customized Juicer jar file was recompiled based on these changes. We called contact
domains at 500 bp and 1, 2, 5, 10, 25 and 50 kb resolutions, and merged all nested and
nonnested contact domains into a unique merged set. If two or more domains were
considered to be similar (based on the Euclidean distance criteria), the contact domain with
the highest corner score was retained. Loops or peaks in the deeply sequenced CAP-C and in
situ Hi-C libraries were called using HICCUPs!! with the following high-resolution
parameters (hiccups —m 1024 —r 5000,10000 -k VC —f.1,.1 p 4,2 -i 7,5-t 0.02,1.5,1.75,2 —
d 20000,20000).

Detection of stripes.

The method used to detect all 5" and 3” stripe was a variation of the implementation
described in Vian et al.3. For the detection of stripes, matrix-balanced contact frequencies at
a 10-kb resolution were used. From the beginning of a chromosome, we query a 5-mb
matrix and identify stripes within this window. We first iteratively test whether an element in
the matrix is a member of a stripe. For each element (/, /) in the matrix, we test a predefined
observed region against a predefined background region listed next. Using Poisson statistics,
we determine the mean along the background region as the mu parameter and perform a
one-sided test to determine whether the mean of the observed region is significantly greater
(significance 0.1) than the background. We then repeat this procedure across the
chromosome using overlapping windows with a step size of 2.5 mb to ensure stripes are not
missed.

The predefined observed and background regions are listed as such:

Observed region:

Vertical : ContactMap|(i — m): i, j| and ContactMapli : (i + m), j]

Horizontal : ContactMapli, (j — m): j] and ContactMapli, j : (j + m)]

Nat Biotechnol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

You et al.

Page 27

where m = 2 and ContactMap is the square matrix containing matrix-balanced contact
frequencies.

Background region:

Top : ContactMap|(i — flank + m) : (i — flank),]

Bottom : ContactMap| (i + (flank—4) + m) : (i + (flank—4), j]

Left : ContactMapli, (j — flank + m) : (j — flank)]

Right : ContactMap|i, (j + (flank—4) + m) : (j + (flank—4)]

where flank = 6 and m = 4.

Detection of a 3" stripe (horizontal on the contact map) and a 5” stripe (vertical on the
contact map) is dealt with differently. For 3” stripes, the horizontal region is tested twice
against both the top and bottom regions. For 5" stripes, the vertical region is tested twice
against both the left and right regions. The resulting matrix is a binarized matrix with 0
representing a failure to reject the background parameterized null hypotheses. We
postprocess the binary matrix by reverting values to 0 if there is not more than 20 one
elements per row as well as rows that do not have more than 15 consecutive one elements.
Finally, the genomic position of the row possessing resulting one elements are tabulated as
stripe occurring loci.

Enrichment of histone modifications and transcription factor ChiP-seq at domain
boundaries and loops.

Enrichment was calculated based on the ChIP—seq signals at the domain boundary or loop
locus pair against a random domain or loop set. Random domain or loop genomic intervals
were drawn using BEDTools shuffle based on the size distribution of either domains or
loops.

CAP-C eigenvectors versus compartmental eigenvectors.

Given a distribution of physical distances for each locus pair along the formaldehyde-
crosslinked genome, each dendrimer is expected to independently sample and UV-crosslink
locus pairs within the dendrimer’s effective distance (or capture) range. We sought to
describe patterns of contacts yielded from different dendrimers for each locus (bin) along the
1D genome or locus pair (bin pair) from the 2D contact map. To explore how contact maps
generated from varying dendrimer sizes relate with compartments, we performed principal
component analysis jointly on all three dendrimer experiments. The relative contact
frequency data matrix, M, is described to have m dendrimers at the rows and 7 locus bins
(1D) as features on the columns. The data matrix is mean-centered and decomposed into
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their eigenvectors and eigenvalues by SVD. The top-ranking eigenvectors (either first or
second) were used to correlate with known histone modification marks (H3K36me3 or
H3K9me?2) that were informative of compartments. Data matrix was also transformed by
projecting it onto the selected eigenvectors to identify the dendrimer sample’s attribution
(positive or negative). To standardize the direction of the eigenvector between principal
component analysis done on different chromosomes, we arbitrarily swapped signs of the
selected eigenvector if transformed value of the G3 sample is positive (that is, negative if
G3). We term this the CAP-C eigenvectors (or CAP-C eigen in short) to differentiate
between compartmental eigenvectors: the traditional analysis for compartment detection.
Unlike CAP-C eigenvector, compartment eigenvectors’ are characterized from the
eigendecomposition of the correlation matrix initially calculated using the symmetrical
matrix-balanced observed over expected contact matrix (O/E).

CAP-C eigenvector (2D).

Advantages

ChromHMM.

For 2D CAP-C eigenvector analysis, the relative contact frequency data matrix, M, is
described to have m dendrimer experiments at the rows and ('C, + ) locus bins (2D) as
features on the columns. After performing SVD, we reorder the values of the selected
eigenvector back into the original (/, /) locus pair position on the contact map. We term these
dendrimer maps.

of CAP-C eigenvector (1D) or (2D).

Because compartmental eigenvectors are computed based on the co-variability of locus pairs
while CAP-C eigenvectors are computed based on the differences in contact frequencies
obtained from each dendrimer, d, for each locus pair (2D) to compute the covariance matrix,
dendrimer maps can be computed and visualized just for a selected region (or subset) of the
data. We could also compute 1D CAP-C eigenvector values quickly and easily for up to the
maximum map resolution for each dendrimer’s contact map. From our results, we reason
that smaller sized dendrimers (G3) are able to access regions of compacted and closed
chromatin while larger ones (G5, G7) are a better fit to the open chromatin configurations.

For the F123 mESC cell line, we retrieved ChromHMM states and performed liftOver from
the mm9 to mm10 genomic coordinates. For the HepG2 cell line, 15 ChromHMM states
were called using ChromHMM from H3K4mel, H3K4me3, H3K9me3, H3K27ac,
H3K27me3, H3K36me3 and Pol 11, and subsequently annotated using terms described
previously.

Definition of loop versus nonloop domains.

To investigate the boundary properties of loop versus nonloop domains, we first built a
nonoverlapping and nonnested contact domain set. Contact domains called from 0.5, 1, 2, 5,
10, 25 and 50 kb resolution were agglomeratively (starting from the highest resolution
contact domains; that is, 0.5 kb resolution) filled into any available genomic regions not
already placed by a contact domain. From this resulting contact domain set, domains were
classified as loop domains if peaks overlapped the domain corners within the Euclidean
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distance criteria. This definition of loop domains was previously established8. All
remaining contact domains were classified as nonloop domains.

Characterizing boundaries loop and nonloop domains.

For all ChlP-seq datasets of histone modification marks and transcription factor peaks, we
extracted only CPM values +5 kb around the boundary, and CPM values at 5 to 95% around
the domain body using pyBigWig.

Analyses of perturbation experiments.

To investigate the role of CTCF or transcription in mediating intradomain interactions, we
visualize the loss of intradomain interactions across the stratum of the domain. We use loop
and nonloop domains annotated from the deep sequenced CAP-C. Boundaries of domains
were first extended by 30% in both directions, and then rescaled domains to fit (16 x 17)/2
bins (length of each bin represents 10% of the domain length). Contact frequencies for each
bin in each domain was rescaled to the total intradomain counts per domain (total to 100%).
Once rescaled, we take the paired difference between the condition and WT, and visualize
the average differences for all rescaled loop, nonloop and size-matched nonloop domains.

Meta-analysis of contact domains with varying sizes.

To build mean contact maps of contact domains with varying sizes, boundaries of each
contact domain were first extended both upstream and downstream by 30%, and contact
frequencies recomputed into 32 bins (six upstream and 20 for the body plus six
downstream). The rescaled contact probability was then computed for each contact map, and
a mean contact map visualized based on the array of rescaled contact matrices. We then
performed meta-analysis on loop domains, nonloop domains, and domains whose
boundaries overlaps a promoter and enhancer state. At the same time, we also visualized
cohesin ChIA-PET interactions*? overlapping promoter and enhancers. Promoter-enhancer
interactions are unlikely to have the same characteristics as CTCF-cohesin loops we see in
loop domains.

Size-matching nonloop domains.

Using weighted random sampling, we generated a set of nonloop domains (n7=1,016) that
was domain-sized matched with the distribution of domain size for loop domains (n=
2,595).

Analyses involving distribution of contact domain sizes and number of genes per
domains.

Contact domains overlapping at least 50% of the length of the gene is considered to overlap
a single gene.

Directionality index and TADs.

Directionality indices (DI) were calculated based on the following according to Dixon et al.8
for quantifying strength of domain boundaries (that is, the upstream versus downstream
bias) in a one-dimensional linear fashion.
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A—E2 B—E2
(4-5” (=)

-

|B—A|

where

A is the total number of contacts pairs for all bins between the locus to the locus R x pkb
upstream.

Bis the total number of contact pairs for all bins between the locus to the locus R x pkb
downstream.

E is the expected number of contact pairs for each locus.
Ris the resolution used to bin the contact matrix. Generally, we use =5 kb resolution.

pis the number of bins. Generally, we use p= 50 bins.

Analyses involving domain boundary formation based on the orientation of gene pairs.

Ensembl gene annotations (v.87) of the mm10 reference genome was used to determine the
longest transcript of a gene. We classified the orientation of each consecutive gene pair as
divergent (reverse-forward strand), convergent (forward-reverse strand), and tandem
(forward—forward and reverse—reverse strands). We plot average contact maps of VVC-
normalized counts and O/E values by centering the TSS or transcription end site of the
second gene in the gene pair.

Alternative promoter analyses.

RefSeq annotated transcripts were used to discover alternative promoters by selecting genes
with different TSSs (1,046 genes or 4.2% of all RefSeq genes had more than one TSS).
Because certain genes have more than two known and unique TSSs, we simplified the
analysis by selecting genes with only two unique TSSs that are at least 5 kb apart. Genes
that were less than 10 kb at their longest were filtered away (689 genes remained). We
classified these genes with multiple alternative promoters into four different classes based on
the arrangement in which their TSS overlapped an active promoter ChromHMM state and
noted that 128 (18.6%) did not have either TSS overlap any active promoter states; 99
(14.4%) had their upstream TSS, and not their downstream TSS, overlap an active promoter
region; 300 (43.5%) had their downstream TSS, but not their upstream TSS, overlap an
active promoter region and 162 (23.5%) had both TSS overlapped active promoters. Based
on these classifications, we plotted VC-normalized mean contact maps and O/E maps to
determine the strength of their domain boundaries. We also overlapped these regions with
RNA Pol Il ChlP-seq, PRO-seq (determine presence and strength of divergent transcription)
and directionality index (strength of domain boundary) values. Contact maps and mean
signal values of these genes were all adjusted to the forward orientation.
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Autocorrelation analysis.

To quantify whether there was increased compartmentalization (fragmentation into more
compartments) or decreased compartmentalization (grouping or spreading into less
compartments) between WT and induction samples, we calculated the autocorrelation of the
compartment eigenvectors as described previously®0.

Detection of TICs.

To detect regions with higher levels of interactions in flavopiridol-treated samples, we first
binarized a 2 x 2 mb2 matrix, M (using a 5 kb resolution) by using a log2(treated/WT) > 0.5
threshold. Any element, Mj; greater than the threshold is assigned a one, while the rest
remained zero. To detect consecutive regions of ones, we applied the following rule for each
bin pair to filter out ones that are unlikely to belong to any interacting region:

5 5

_Juit Y M j=s5and Y M; j>5
=] j=-5 i=-5

0 otherwise

The matrix D, holds the resulting filtered matrix. This criterion is applied iteratively over all
bin pairs in the matrix, M, to decrease noise and increase the chance for detection. Next, we
used an image detection framework, OpenCV, to find contours and apply a rectangle
boundary over D. Last, because we were looking for larger regions instead of single pixel
loops, we apply an area threshold of six to obtain these detected regions. We perform this
analysis genome-wide while using a sliding-window step size of 1 mb. To further reduce the
false-positive rate of our set of detected regions, we manually inspected 5,211 regions and
pruned away those that did not show a substantial increase in interactions in the flavopiridol-
treated samples. We obtained a final set of 491 detected regions. These regions largely
overlapped protein-coding genes. Hence, we assigned the two intervals of the region to its
closest respective gene. Finally, using the 365 gene pairs, we construct a graph, and detect
all subgraphs with connected components. Each subgraph is a cluster we subsequently term
TICs. In total, 228 TICs were discovered genome-wide.

Randomization of sequential order distance gene pairs.

To randomly generate a set of gene pairs that matches the distance between pairs as closely
as possible, we randomly chose gene pairs that were ath order away to match the ath order
distance between the TIC gene pair. For example, if the gene’s pair is found two genes away
downstream, we match the randomly selected gene with another gene that is also two genes
away in the downstream direction.

Statistics and reproducibility.

The DNA-FISH results on loop validation in Supplementary Figs. 12g, and 13c,d were
conducted at least three times with similar results. The immunofluorescence combined with
DNA-FISH experiments on TIC validation in Supplementary Figs. 22c¢,d, 24a,b, 25b,c and
27¢ were conducted two times with similar results. The results in Supplementary Fig. 26
were generated from two independent experiments. The gel shift results confirming
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dendrimer—DNA crosslinking in Supplementary Figs. 3a and 30a,b were performed a
number of times with similar results before the final data were presented for a typical single
experiment.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Data availability

CAP-C, in situ Hi-C, ChlP-seq and PLAC-seq raw sequencing data are available on Gene
Expression Omnibus accession: GSE110061. ChIP-seq data can also be found in the
following links on UCSD genome browser: CAP-C-mESC: https://genome.ucsc.edu/s/
anton386/CAPC%2DmESC; CAP-C-CTCF-AID: https://genome.ucsc.edu/s/anton386/
CAPC%2DCTCF%2DAID; CAP-C-induction: https://genome.ucsc.edu/s/anton386/CAPC
%2DInduction. Source data are provided with this paper.

Code availability

Code for CAP-C and ChlP-seq analysis is available on GitHub: http://github.com/ouyang-
lab/CAPC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. CAP-C resolves high-resolution local chromatin structure.
a, Scheme of CAP-C. b, Contact maps at various resolutions (upper panel, CAP-C; bottom

panel, in situ Hi-C). HiCRep analysis on contact maps obtained by the two methods at
various resolutions (500 kb, HiCRep = 0.966; 50 kb, HICRep = 0.931; 5 kb, HiCRep =
0.977 and 2 kb, HiCRep = 0.857). Chromatin features resolved at each resolution are shown
as a track aligned below each contact map. Compartment A is labeled as green box while
compartment B is labeled in orange. TADs are shown as black bars. Contact domains are
labeled as blue bars. Loop domains are shown as red bars. ¢, CAP-C (top) and in situ Hi-C
(bottom) contact matrices at 500 bp resolution for Chr4, 129.58-129.65 mb. Histone
modifications and ChIP profiles are aligned in the middle. Three domains are detected
(black bar) in CAP-C, enveloping E/f3/, TmemZ234 and TxlIna, respectively. No domains are
detected for in situ Hi-C at this resolution. d, Relative contact frequency versus genomic
distance curves of CAP-C and in situ Hi-C. The enlarged inset window shows approximately
six- to eightfold contact enrichment for CAP-C over in situ Hi-C. G3, G5, G7 represent
CAP-C performed with psoralen-functionalized PAMAM dendrimer generation 3, 5 and 7
(with diameters of 3.6, 5.4 and 8.1 nm), respectively. CAP-C merge represents merging of
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data generated from G3, G5 and G7. e, CAP-C identifies more small-sized domains than in
situ Hi-C and the identified domain boundaries correlate well with active histone marks,
CTCF and cohesin binding sites. Domains were called by Arrowhead alogrithm?! (see
Methods) and classified into ten groups based on their sizes. f, CAP-C identifies more loops,
and the identified loops correlate well with active histone marks, CTCF and cohesin,
genome-wide. Loops were called by HICCUPS!! and classified into ten groups based on
their genomic spans.
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Fig. 2 |. CAP-C identifies loop and nonloop domains as two distinct types of chromatin domains.
a, Meta-contact map showing intradomain interactions, pie chart showing the frequency of

CTCF motif orientations and pie charts showing the fraction of domains and percentage of
genome covered by compartments A and B within the loop and nonloop domains. b, Plot of
the distribution of domain sizes for nonloop and loop domains. ¢, Plot of the distribution of
the number of protein-coding genes found in nonloop versus loop domains. d, Domains
were segregated into left boundaries, domain bodies and right boundaries. The distribution
of indicated ChlP—seq signals around left boundaries, domain bodies and right boundaries of
nonloop domains (shown as dotted lines) and loop domains (shown as solid lines) are
aligned below. Heatmap displaying the reads density distribution of indicated ChlP—seq
signals in nonloop and loop domains. Each row represents a domain. e, A logistic regression
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model was trained using either individual features or all seven features (combined model) to
discriminate between loop domains (negative set) and nonloop domains (positive set). The
receiver operating characteristic curve is plotted for each regression model. f, A linear
regression was performed between domain sizes and transcription rates. Spearman’s
correlation coefficient = —=0.29 for nonloop domains; —0.20 for loop domains. g,h, Metagene
plots of ChiP—seq data for CTCF (g) and RAD21 (h) were centered around a £1 kb region
for mESCs with different perturbations: WT, inhibition of transcription elongation
(+Flavopiridol), acute depletion of CTCF (+Auxin), combined acute depletion of CTCF and
inhibition of transcription elongation (+Flavopiridol +Auxin). i, Meta-domain analyses
showing differential domain contacts. Domains were classified into two main types: loop
domain (LD) and nonloop domain (nLD). Each type was further divided into two groups
based on their presence in A or B compartments.
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Fig. 3 |. Active promoters are involved in chromatin boundary formation.
a,b, Genes were segregated into different contact domains with active promoters on the

boundary. Two examples of CAP-C contact matrices (at 1 kb resolution) are shown
corresponding to Chr18, 6.42-6.53 mb (a) and Chr13, 40.85-40.96 mb (b). The black line
depicts the domains called by Arrowhead. Directionality index (DI), histone modifications
and ChlP-seq peaks are shown below each matrix. EpcI and Gent2 are insulated by their
active promoters, respectively. ¢, Genes with alternative promoters were selected and
classified into four different types based on the transcription state of their first and second
promoters. Numbers of each type are shown inside the corresponding brackets.
Directionality index values around each promoter are shown below. d, Interaction counts and
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the log, ratio of observed interactions divided by expected interactions for a given genomic
distance are shown side by side for each type.
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Fig. 4 |. Induction of transcription on nonannotated TSS by DNMTi results in the formation of
weak chromatin boundaries and compartment changes.

a—d, DNMTi treatment caused formation of weak chromatin boundaries on newly activated
TSS loci in HCT116 cells. Induced loci (H3K4me3-induce) were identified based on log,FC
of H3K4me3 greater than 1.5-fold than WT. The originally active loci, marked with
H3K4me3 ChlP-seq peaks in WT (H3K4me3-WT), were selected as positive controls.
Metagene plots of ChlP-seq data for Pol 11-S5P (a); H3K4me3 (b); CTCF (c) and SMC3 (d)
were centered +2.5 kb around these loci. e, Directionality index (DI) values were calculated
+100 kb around these loci. f, Autocorrelation between compartment changes and distance
was plotted. g,h, DNMTi caused compartment changes in HCT116 cells. The Pearson
correlation was plotted for chr22, 16.0-51.3 mb in WT (g) or induced HCT116 cells (h).
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Regions with compartment changes are highlighted with a black box. i, Compartment
changes caused from the B to A transition after DNMTi treatment. Compartment
eigenvectors were computed for both WT (marked in green) and induction (marked in
orange). Regions with positive eigenvalues represent compartment A, and negative
eigenvalues represent compartment B. Pol 11-S5P and H3K4me3 ChlIP-seq peaks are aligned
at bottom for the WT and induction samples. Compartment transition regions are highlighted
with a black box. j, Enlarged views of two black boxes highlighting regions with
compartment transitions usually coupled with Pol 11-S5P ChlP-seq peaks.
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Fig. 5|. CAP-C identifies conserved small-scale chromatin compartmentalization shared among
species.
a, SVD was performed on an mrows by 7 columns data matrix (where m is the number of

dendrimer experiments, and 77is the number of loci bins across a specified region and
resolution) of relative contact frequencies. The eigenvector with the highest eigenvalue
yields a “‘dendrimer map’ that shows bifurcated separation (see Methods). A separate SVD
analysis on the row sums of a contact matrix yields CAP-C eigenvector (see Methods).
Compartment eigenvectors derived from CAP-C and in situ Hi-C are aligned below.
Projection onto the selected eigenvector showing G5 and G7 dendrimer experiments
enriched for open configurations, while the G3 dendrimer experiment enriched for closed
configurations. b—d, Close-up of the ‘dendrimer map’ showing fine level of compartment
detail for mESC at chr5, 72.0-73.5 mb (b); HepG2 at chr3, 56.7-58.7 mb (c) and Drosophila
S2 at chr2L, 21.55-22.25 mb (d). CAP-C eigenvector, compartment eigenvector and
indicated ChlP-seq profiles are aligned below each dendrimer map. The species icons were
produced using Servier Medical Art by Servier (https://smart.servier.com) and modified
under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/
licenses/by/3.0/).
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Fig. 6 |. TICs as a type of nuclear subcompartment.
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a—c, TICs displayed enhanced interactions after transcription elongation inhibition; each TIC
brings two or more active genes together in close proximity. Three of the largest TICs are
represented along with their characteristic features. Connected components (genes) are listed
for each TIC: Cluster 1 (Pole, Ep400, Golga3, Pgamb, Noc4l, Pxmp2, P2rx2, Mir7026) (a);
Cluster 2 (Gigyf2, Sag, Kcnj13, Inpp5f, Atg1611, Usp40, 3110079015Rik, Dgkd) (b) and
Cluster 3 (Setd5, Fancd2, Tatadn2, Emc3, Thumpd3, Fancd2os, Sec13) (c). Each example is
visually represented by a depth-normalized contact map annotated with detected regions
(black arrowhead) showing increased interactions between flavopiridol-treated and WT,
nonloop domains (marked as green) and loop domains (marked as blue). Differences
between flavopiridol-treated and WT heatmaps highlight increased interactions (in red)
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within detected regions. Pol 11-S5P ChlP-seq peaks and Pol I11-S5P mediated interactions
(loops) are aligned below. d, Upper panel, pie chart showing the proportion of TICs that
span protein-coding regions. Bottom panel, pie chart showing the proportion of TICs that
span nonloop domains. e, Distribution of the number of gene members per TIC (median, 2
and maximum 7). f, Cumulative density function of genes ranked by reads per million of
bulk RNA-seq (TIC median, 81th percentile; random median, 50th percentile). g,
Normalized CAP-C interactions per bin at TIC under each treatment (WT, +Auxin/
+Flavopiridol, +Flavopiridol only). h, Pol I1-S5P ChIP-seq levels at TICs under each
treatment. i, Pol 11-S5P-mediated loops (PLAC-seq) under each treatment. Boxes in g—i
indicate the median and interquartile ranges, with whiskers indicating 1.5x the interquartile
range. Pvalues were calculated using two-sided Kolmogorov—Smirnov test (no adjustments
made for multiple testing).
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