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Abstract

Metazoans utilize a constellation of distal regulatory elements to control gene transcription,
and therefore they have to forge highly complex chromatin loops to spatially bridge these
regulatory elements and genes in the three-dimensional (3D) genome. However, the hierarchy
of chromatin contacts and their underlying mechanisms are not well-understood. SMC com-
plexes including Cohesin complex and Condensin complex has been widely proposed to or-
ganize 3D genome structure, and further regulate metazoans’ gene transcription. Here, we
aim to dissect the direct functions of SMC complexes (both Cohesin and Condensin) in tran-
scriptional regulation and 3D genome organization, by utilizing an inducible protein degrada-
tion system. Nascent transcriptome analysis revealed that Cohesin acute depletion impacts
the nascent transcription at promoter regions rather than at the entire gene bodies, indicating
a potential role of Cohesin in RNA polymerase |l pause-release. Combined analysis with MYC
degradation nascent transcriptome showed Cohesin complex and MYC are co-regulating a
large portion of MYC targeted genes. Moreover, our nascent transcriptome with different sig-
nals’ stimulus demonstrated Cohesin complex is generally not required for TNF-alpha and
heat-shock stimulated transcriptional events. To further understand the hierarchy of 3D ge-
nome, high-resolution H3K27ac HiChIP analysis after Cohesin depletion revealed that there
is a large portion of regulatory chromatin loops persist after Cohesin depletion. This is a
significant finding suggesting that Cohesin is not a universal organizer of short-range en-
hancer-gene loops. We further showed that Cohesin-antagonized extra-long-distance super-
enhancer loops are mediated by BRD4 phase separation, validating an emerging hypothesis
that LLPS (Liquid-liquid phase separation) can drive chromatin contacts. For Condensin com-
plex, our nascent transcriptome data after Condensin | depletion indicated that Condensin |
modulates TNF-alpha stimulated transcription, but not the basal transcription program. Also,

Hi-C analysis after Condensin | depletion revealed that Condensin | has a role in counteracting



A/B compartmental interaction. Our work has provided a functional dissection of roles played

by human SMC complexes in transcription regulation and 3D genome organization.
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Introduction
1.1 Metazoan transcription regulation

The central dogma of molecular biology depicts how genetic information is transferred
and conveyed. As the first step of the central dogma, transcription processes play a
critical role in determining the diversity and activities of different cell types during most
biological processes (1). The regulation of transcription was first well-established in
prokaryotes (2). Bacteria utilize a controlling system called “Operon Model” to regu-
late the gene transcription, in which operon is a proximal DNA regulatory element that
could be occupied by specific protein factors to boost/inhibit gene’s transcription. The
DNA binding affinities of these factors can be controlled by small molecules to achieve
the purpose of operating gene expression. With such transcription regulatory machin-
ery, bacteria are able to cope with different environment and stimulus (2). Even
though bacteria is considered as a relatively simple organism, it is quite complex when
it comes to the transcriptional regulation. Metazoan possesses versatile cell types to
exert much various and complexed cellular functions compared with bacteria. Thus,
a naive regulation system like “Operon Model” couldn’t meet the extreme high de-
manding for complexity and robustness by metazoans. Indeed, metazoans have
evolved a collection of premier mechanisms which we are just starting to understand
them. In metazoan cells, the nuclear genetics materials-DNA are wrapped into a basic
chromatin unit-nucleosome with an octamer protein called histone. Not like bacteria’s
DNA which is directly accessible for RNA polymerase apparatus, nucleosome struc-
tures make the binding between metazoan DNA and transcription factors quite effort-

ful. The metazoan cells have devised many tactful mechanisms to make the DNA



accessible, including histone modifying and chromatin remodeling machinery (3). Like
bacteria, metazoan cells also utilize gene-proximal DNA elements called promoters to
assemble the whole transcription apparatus and drive the transcription initiation of
genes. Given the fact that these core promoters themselves are not sufficient to pro-
vide such regulatory complexity for metazoan and the metazoan’s genome size is
huge, it is not hard to reckon that there are other types of regulatory elements in met-
azoan’s genomes, function in trans or in long-distance. The distal regulatory-element
idea was first demonstrated in 1981. (4) showed that a virus SV40 DNA element
named enhancer later could enhance the expression of the beta-globin gene even this
element is 10kb away from the beta-globin gene. Since then, mounting evidence have
been showed that enhancers are pervasive and distinctive mechanisms in controlling
metazoan gene expression during development. The most famous case is the eve
locus in Drosophila, in which enhancers are responsible for body segmentation (5).
Moreover, enhancers can even drive multiple oncogenes’ dysregulating expression
during tumorigenesis, like MYC’s overexpression in leukemia (6). With the recent ad-
vancement of high throughput sequencing technologies and deeper understandings
of these enhancer elements, we are able to map putative enhance elements genome-
widely and test these enhancer elements’ potential function through functional ge-
nomics approaches. Based on ENCODE project results, there are at least 400,000
putative enhancer elements in our human genome. ChIP-Seq (Chromatin Immuno-
precipitation with sequencing) experiments of histone modifications and transcription
factors have revealed several distinctive features of enhancers. First, distal enhancer

elements are enriched for specific transcriptionally-active histone modifications like



H3K27 acetylation and H3K4 mono-methylation, rather than other transcriptional-ac-
tive histone modification enriched on promoters like H3K4 tri-methylation; Second, a
variety of transcription factors/co-activators (Foxa1, ER-a) will also reside on these
distal elements suggesting enhancers’ role as delivering these co-factors to core pro-
moters; Third, a good amount of distal enhancers are also occupied by active RNA
polymerase apparatus, producing a large amount of RNA molecules which mostly
don’t have the protein-coding capacity. These RNA molecules produced from en-
hancers are called eRNAs (enhancer RNAs), taking up a large portion of nuclear non-
coding transcriptome. Whether these eRNAs largely dictate enhancers’ function on
gene control still remains debatable, several recent evidences suggest eRNAs could
facilitate the communication between enhancers and promoters (7, 8). Whereas,
other reports showed that the transcription activities on enhancers per se enhance
gene expression rather than enhancers’ transcription products (9). Beyond these well-
distributed distal enhancer elements along the genome, the archipelago of regulatory
elements named super-enhancers or stretch enhancers have been unmasked re-
cently, which they are widely thought to be crucial to control key genes involved in cell
identity and diseases development (10). The clustering of multiple enhancer elements
provides an ideal platform for assembling and concentrating transcription factors to
largely boost their cognate genes’ transcription. The underlying mechanism of super-
enhancers’ formation and organization still remain unclear. Nevertheless, distal en-
hancer element and their clustering form are distinctive and indispensable features of

metazoan transcription regulation.
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Figure 1. A Model of Metazoan gene transcription regulation

A Model of Metazoan gene transcription regulation, which includes key features of
distal regulatory elements-enhancers: 1). Enhancers are marked by specific histone
marks, like H3K27ac, H3K4me1; 2). Enhancers are bound by TFs (Transcription fac-
tors); 3) Enhancers are occupied by active transcription apparatus, thereby producing
a large portion of non-coding RNAs called enhancer RNAs. * This figure was re-made
based on Figure 4 in (11), with the permission from the journal via Copyright Clear-

ance Center.



1.2 3D genome organization

According to the estimated numbers of enhancers and genes in our human genome,
enhancers are ten times more pervasive than protein-coding genes(12), since one
gene could utilize different enhancers to control their expression at different conditions
and development stages. However, this raised up a fundamental, unsolved question.
How these distal elements precisely find their cognate gene promoters which are
sometimes even 100kb away, and convey their regulatory information to these targets
at certain cell status or developmental stage? The work in the past fourty years have
provided a significant amount of evidences that support a chromatin-looping model
that distal enhancer elements need to have physical contacts with their cognate pro-
moters through the proper folding and movement of chromatin fibers (13). Studies
showed that engineering a forced enhancer-promoter contact at beta-globin locus only
could result in gene activation (14), indicating enhancer-promoter looping is sufficient
to induce gene activation. However, we still cannot understand the specificity of en-
hancer-promoters’ communication till this decade. With the great advancement of
chromosome conformation capture assay and high throughput sequencing, a ge-
nome-wide mapping of chromatin interactions is achievable in different cells and spe-
cies (15-18). Since then, the study of transcription regulation has entered a new 3D
genome era. These 3D chromatin structure studies have revealed that higher-order
chromatin folding inside nuclear is organized into different hierarchical layers (Figure
2). The most unexpected finding from genome-wide chromatin interaction maps is

that long chromatin fibers are spatially organized into ~1Mb size chromatin domains



named Topological Associating Domains (TADs) (18). The triangle shape structure
on Hi-C heatmap (Hi-C: High throughput chromosome conformation capture) repre-
sent each topological chromatin domain. Enhancer-promoter communications are
well-restricted inside each TADs, preventing outside genes from misregulation by in-
tra-TAD enhancers. To understand the domain segmentation pattern on the genome
and underlying mechanisms of TADs formation, integrative sequence analysis of do-
main boundary regions revealed that TAD boundaries are enriched in CTCF/Cohesin
binding sites and highly-transcribed genes (18). Experimental evidences have showed
that deleting TAD boundaries could result in alterations of nearby gene expression
(19). The pathological consequences of breaking TAD boundaries include several
congenital diseases (20) and cancer progression(21). Comparative analysis of TADs
in different cell types and during different cellular processes revealed that TADs are
generally cell-type invariant (17, 22), although there are recent evidences that suggest
10%-40% TADs have different boundary strength in different cell types(1). Further Hi-
C analysis in different species showed that chromatin domains structure (e.g. TADs
in mammals) exists in a wide range of organisms, from yeast to human(23). Thus,
these comparative analyses unveiled that chromatin domain is an evolutionary con-
served and fundamental structural unit of 3D genomes. Beyond this domain level,
another unexpected layer of higher-order chromatin organization inferred from Hi-C
maps is A/B compartment (Active/Inactive). The plaid-like pattern in large-scale Hi-C
map (usually greater than 20Mb) represents the A/B compartment structure. The first
component of Principal component analysis (PCA) of multi-dimensional Hi-C map is

normally utilized to classify the genome into two compartments (15). Transcriptionally



active genes and chromatin regions (euchromatin) are enriched in A compartment,
while transcriptionally inactive genes and chromatin regions (heterochromatin) are en-
riched in B compartment. A previous study showed that recruitment of certain tran-
scription factors to a specific locus is able to induce A/B compartment transition, sug-
gesting transcription factors are important for shaping compartment structures(24).
Unlike TADs, A/B compartment are widely considered cell-type specific and dynamic
during cell fate transitions (1). Combining with transcriptomic data, the transitions of
compartment between cell types are shown to be correlated well with gene expression
changes, suggesting chromatin organization’s role in transcriptional regulation (15).
While A/B compartment and TADs are relatively large-scale chromatin structures, a
more fine-scale structure emerged on high-resolution in situ Hi-C maps is chromatin
loop, which is usually represented by the focal point pattern in Hi-C data (16). Besides
enhancer-promoter loops we discussed above, there is a great portion of chromatin
loops considered as domains loops. Domains loops’ anchors are mostly located in
domain boundaries and highly occupied by CTCF/Cohesin. It is expected that these
domain loops are generally cell-type invariant, since chromatin domains/TADs are
usually not cell-type specific (16). In contrast, a large portion of enhancer-promoter
loops is notably cell-type dynamic (25) (22). Although previous studies suggest that
Cohesin, YY1, and other factors are mediating these enhancer-promoter loops, the

underlying mechanisms of these cell-type specific loops are not well understood.



A Chromosome territory Compartment Long-range interaction

Cohesin
Nuclear
lamina CTCE
CT(

Cohesin

Obsgrved/expected matrix

(nor d by matrix balancing)
0 20 40 60 80 Mb
1 1 ! 1 1
B Chr18 C
gy P LRty e e
Pyt ueien® s g pee e 9 20 40 60 80 190120Mb
*rs el R e 0- ! Chr12
wE e 4 R e

89 90 91 Mb

Wi

Chr12

~2.8 Mb

1 %
LN

: . i %
Trlex o 0w g TAD3
kol e U

! 3R

0.12 Compartment A
EP" (A

-0.12

Figure 2. The introduction to different layers of 3D genome hierarchy

The introduction to different layers of 3D genome hierarchy: A) A schematic model of
different models of hierarchical 3D genome organizations. The left panel depicts the
largest structure — chromosome territories; the middle panel described the emerging
concepts of 3D genome -A/B compartments and TADs; the right panel showed two
different types of long-range chromatin loops- domain loops and enhancer promoter
loops. * This figure is adapted modified from Figure 2 and Figure 3 in (26), used with

permissions of the Annual Review Dev. Cel. Bio. | via Copyright Clearance Center.



1.3 SMC complexes: Cohesin and Condensin

The SMC (Structural Maintenance Complex) complexes are a family of complexes
that are widely involved in sister chromatid cohesion, mitotic chromosome condensa-
tion, and several other DNA related nuclear events. And inside this family, there are
three major highly-conserved SMC complexes — Cohesin, Condensins, and SMC5-6
complexes (27). The first SMC protein was discovered in E. coli almost thirty years
ago, when the first SMC gene-mukB was showed to regulate the chromosome segre-
gation (28). Later on, extensive work on different organisms have identified homolo-
gous SMC complexes in different species, which share a very conserved function in
regulating chromosome segregation (27). Specifically, Cohesin complexes were
demonstrated to regulate the chromosome segregation through tethering the sister
chromatids together through G2 phase, namely Cohesion function (29). And this co-
hesion function is crucial for equally dividing the replicated genetic material into
daughter cells. Condensin complexes have two major subtypes in mammals, Con-
densin | and Condensin Il (Figure 3). Both of them are responsible for the rod-shape
chromosome condensation during mitotic stage (30), but they also have distinctive
roles in this short condensation processes. Electron microscopy studies showed that
Both Cohesin and Condensin complexes have a striking structure feature, that they
formed a ring-like structure (31). This unique ring-like structure provide a vivid expla-
nation of Cohesin’s role in holding two sister chromatids together during interphase.
Also, the model that the ring-like structure of SMC complexes can hold two chromatin

fragments is extended to transcriptional regulation. It is widely hypothesized that SMC



complexes, specifically Cohesin, plays a pivotal role in forming and strengthening
chromatin loops between enhancers and promoters (19). With the emergence of Hi-C
data, a model termed loop extrusion by SMC complexes has been widely proposed to
explain how chromatin loops’ Hi-C pattern is formed in a biophysics manner (32, 33).
Experimentally, multiple independent studies have demonstrated complete depletion
of Cohesin complex, or its associating proteins can diminish the domain (TAD) and
domain loop pattern of Hi-C data, consolidating the long-standing hypothesis that
SMC complexes are mediating the interphase chromatin looping (34). Compared to
Cohesin complexes, Condensin’s role in interphase genome organization has been
less studied in a genome-wide manner. ChlIP-Seq analysis of Condensin | and Il
showed that both Condensin complexes can be recruited to interphase chromatin re-
gions, specifically enhancers (35, 36). Another study has revealed that Condensin
binding is enriched at TAD boundaries, suggesting Condensin is also helping to or-
ganize the chromatin structure in TAD level (37). However, there is no direct evidence
that suggests depleting Condensin has a dramatic effect on 3D genome organization

in mammals.
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Figure 3, The Introduction to SMC complexes

The introduction to SMC complexes: A). There are two major types of SMC com-
plexes well-characterized in mammals, Condensin (left) and Cohesin (right) com-
plexes. Both of them have distinctive ring-like structures and multiple subunits. B). In
this widely proposed loop extrusion model, Cohesin/Condensin complexes are extrud-
ing on the chromatin until stopped by certain anchors, thereby driving the formation of
loops. C). A schematic diagram describing how G2 phase sister chromatid cohesion
is established by Cohesin complexes. * This figure is adapted from (38). Copyright by
Current Biology, used with permissions of Current Biology via Copyright Clearance

Center.
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2. Assessing the direct effect of acutely depleting Cohesin Complex on transcription

2.1 Introduction to nascent transcriptome

Conventional transcriptome analysis method like bulk cell total RNA-Seq measures
the steady-state RNA abundance, which is overall correlated with genes’ expression
propensities. However, the steady-state RNA abundance of a particular gene is de-
termined by multiple complexed processes, including transcription, splicing, nuclear
export, post-transcriptional modifications, etc. Thus, the RNA abundances quantified
from whole-cell transcriptome analysis could not precisely represent the true transcrip-
tional events of genes, and whole-cell transcriptome is not able to use to study the
dynamics of transcription in cells given certain stimulus. To study the transcriptional
regulation, a method to direct measure the nascent transcriptome is necessitated.
There is a growing body of efforts have been made in the transcription fields to de-
velop methods for quantifying nascent transcriptome. In this work, we majorly discuss
and utilized two methods here to study the SMC complex’s role in transcription regu-
lation. The first method discussed here is GRO-Seq/PRO-Seq (39). In GRO-
Seq/PRO-Seq, a nuclear run-on was performed to let active RNA Pol Il incorporate
Br-UTP into the transcripts, and Br-UTP (5-bromo-2-deoxyuridine) labeled RNAs were
hydrolyzed, and further pull-downed with anti-Br-UTP beads. By sequencing these
RNAs, we will be able to get a genome-wide map of actively transcribing RNA poly-
merase. However, the GRO-Seq/PRO-Seq method is a semi in vivo method, which
re-activate the RNA Pol Il in extracted nuclei and may cause some artifacts or over-

activation during this process. The second method is a newly developed method
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called TT-Seq (Transient Transcriptome Sequencing) (40). In TT-Seq methods, we
incorporated another labeled nucleotide named 4sU (4-thiouridine) into culturing cells
and efficiently labelled newly transcribed RNAs with 4sU (Figure 3). These 4sU la-
belled RNAs were further converted into biotinylated RNAs and pull-downed by strep-
tavidin beads. By sequencing these RNAs, the in vivo transcription rates in cells can

be precisely measured genome-widely.
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Figure 4, The schematic description of nascent transcriptome analysis

The schematic workflow of TT-Seq: 4sU were incorporated into culturing cells and

labelled for 5 mins, and 4sU-labelled RNAs were further converted and fragmented.
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2.2 Materials and Methods

Cell Culture and Treatment:

Rad21-mAID HCT-116 (#555) cells were obtained from Dr. Masato T. Kanemaki lab
at NIG, Japan. And these cells were cultured in McCoy’s 5A medium supplemented
with 10% FBS in a 5 % CO2 humidified cell culture incubator. The auxin (IAA, Sigma)
were treated at a final concentration of 500 uM for 6 hours. The TNF-alpha was given
at a final concentration of 25 ng/ul of 1 hour. The heat-shock of cells were performed

at 43 degree for 20 mins in a 5% CO2 cell culture incubator.

TT-Seq (Transient Transcriptome Sequencing)

4SU labeling and cell harvest. 4SU was diluted to pre-warmed fresh culture medium
to 700uM. Then change the medium to 4SU-containing medium, put in incubator for
5mins. The medium was aspirated and TRIzol was directly added to the cell. Shake
the dish to ensure all cells were covered by TRIzol. Cells were incubated at RT for at
5mins. Then cell lysate was transferred to a 15ml or 50ml tube. 1/5 volume chloroform
was added to the tube, shaken vigorously, and incubated at RT for at 5mins. Samples
were centrifuge at 12,000g for 15mins, with low deacceleration speed. Then we care-
fully transferred upper aqueous phase to a new tube and added 1/10 volume of 3M
pH5.2 NaOAC to the new tube. An equal volume of isopropanol was further added
and, mixed well. All samples were precipitated at -20 overnight. RNA Biotinylation:
Centrifuge total RNA sample at 21,0009 4degree for 20mins. The supernatant was

aspirated and the pellet were washed once with 1ml 75% ethanol (Centrifuge at
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21,000q, 4 degree for 5mins.) Aspirate the ethanol and air dry the RNA pellet. RNA
pellets were further dissolved in proper amount of DEPC water. The RNA concentra-
tions were measured with Nanodrop, and further diluted with DEPC water and 10x
Biotinylation buffer to make final concentration of RNA at 0.4ug/ul in 1x Biotinylation
buffer. A 1/4 volume of dissolved MTSEA-XX was added to RNA solution. Rotate in
dark for 2hrs. Add equal volume of Phenol-Chloroform to RNA solution, shake vigor-
ously. Incubate at RT for 5 mins. Centrifuge at 12,000g for 10mins, with low de-accel-
eration speed. The upper aqueous phase was transferred to a new tube. A 1/10 vol-
ume of 3M ph5.2 NaOAc was added and mixed well. And a equal volume of isopro-
panol was further added, mixed and precipitated at -20 overnight. Biotin pulldown of
nascent RNA: Centrifuge biotinylated RNA at 21,000g, 4 degree for 20mins. Aspirate
the supernatant and wash the pellet once with 1ml 75% ethanol. Centrifuge at 21,0009,
4 degree for 5mins. Aspirate the supernatant and air dry the RNA pellet. RNA pellet
was dissolved in proper amount DEPC water (200 ul for 10cm dish). Dilute RNA with
DEPC water and 10x fragmentation buffer to make final concentration of RNA at
1.5ul/ul in 1x fragmentation buffer. Aliquot RNA to 1.6ml tube with 1ml in each tube.
Incubate at 70c for 15mins. Invert tube several times every 2mins. Add 10x stopping
buffer to each tube and put samples on ice. Samples were combined into one tube,
and equal volume of 2x HSB buffer were added. Wash C1 beads with HSW buffer 3
times and resuspend in HSW buffer. Washed C1 beads were added to RNA samples,
and rotated at RT for 30mins. Then beads were washed with three times HSW buffer
(700 ul) at RT for 2 mins, two times TET buffer at RT for 2mins, one -ime TE buffer at

65 degree for 1.5 mins, and one-time TE buffer at RT for 2mins. After wash, 150ul
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freshly prepared 5% b-ME were added to each tube, and rotate in dark for 15min. Put
on magnet rack and transfer the supernatant to a new tube as elution1. Pre-warm 5%
b-ME at 55c. Add 150ul b-ME to C1 beads, briefly vortex. Put on magnet rack and
collect the second elution. Combine with elution1. 30ul 3M NaOAc and 2ul Glycoblue
were added and mixed by vortex. Further add 300ul isopropanol, briefly vortex and
precipitate at -20c overnight. The RNA pellets were dissolved in 10ul DEPC water and

proceeded to NEB RNA-Seq library making.

TT-Seq/PRO-Seq data analysis:

After sequencing the library in illumina NextSeq 550, we de-multiplexed our sequenc-
ing samples through bcl2fastq. The sequencing reads of TT-Seq/PRO-Seq were
mapped to reference genome hg19 by STAR 2.6.0. (41). The FPKM values of gene
bodies were calculated by HOMER (42). The functional enrichment analysis of regu-
lated genes was done by Metascape (43). Other analyses were performed by custom

scripts.
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2.3 Result and Discussion |: Cohesin’s role in basal transcriptional regulation

2.3.1 TT-Seq (Transient Transcriptome) analysis after acute depleting Cohesin com-
plex:

To fully understand Cohesin complex’s role in human transcription regulation, we want
to examine the direct effect on nascent transcriptome after acutely depleting Cohesin
complex. Rather than conventional protein depletion method like siRNA/shRNA, we
utilized a previous established auxin-inducible target protein degradation system to
quickly degrade Cohesin key subunit — RAD21 completely in less than 1 hour (44).
This protein degradation system can rule out other indirect or secondary effect that
may be caused by long-term depletion of Cohesin or defected cell cycle. After treating
auxin (IAA) to our RAD21-mAID cells, the mClover-tagged RAD21’s level got com-

pletely depleted in 6 hours (Figure 5).
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Figure 5, The depletion effect of Rad21 after treatment of auxin in 6 hours

DAPI

Rad21

The depletion effect of Rad21 after treatment of auxin in 6 hours: The blue signal here

stands for DAPI (DNA), the green signal stands for mClover tagged RAD21-mAID.
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After confirming the acute depletion of Rad21 in our systems, we sought to measure
the direct transcriptional effect by performing TT-Seq (Transient Transcriptome Se-
quencing) after 6hr IAA treatment, and comparing its nascent transcriptome with un-
treated (UT) cells. After TT-Seq performed, we first quantify the nascent RNA abun-
dances of all protein-coding genes by calculating the FPKM value along the gene body
(from TSS to TES, include intron regions). Overall, we observed a nuanced effect on
nascent transcriptome after acutely depleting Cohesin in a genome-wide manner,
which is consistent with previous study’s conclusion (Figure 6a). We also validated
our TT-Seq results by performing PRO-Seq in UT and IAA 6h treated cells and ob-

served a similar nuanced genome-wide effect on transcription. (Figure 6b)
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Figure 6, The genome-wide nuanced effect measured by both TT-Seq and PRO-Seq
after acute depletion of Cohesin complex

The genome-wide nuanced effect measured by both TT-Seq and PRO-Seq after acute
depletion of Cohesin complex: A). The scatter plot of each protein-coding gene’s TT-
Seq FPKM in UT and IAA; B). The scatter plot of each protein-coding gene’s PRO-

Seq FPKM in UT and IAA samples. Each blue dot stands for one protein-coding gene.
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We further sought to check the specific up and down-regulated genes numbers after
acute depletion of Cohesin. We first considered genes that have an average FPKM
greater than 1 in two samples as expressed genes and got 6186 expressed genes in
TT-Seq data and 5990 expressed genes in PRO-Seq data. Here, we set a rather loose
cut-off that is fold-change of FPKM greater than 1.3, considering that the whole gene
body regions we are quantifying are extremely long. In total, we identified 250 genes
that are up-regulated and 522 genes that are down-regulated by Cohesin depletion,
in terms of nascent RNA level measure by TT-Seq data. For PRO-Seq, we generally
identified more changed genes (Figure 7). By visualizing the TT-Seq and PRO-Seq
data on the genome browser, we can validate these genes are indeed up-regulated
or down-regulated (Figure 8). Here we showed one down-regulated case (TRMT1,

Figure 8), to exemplify.

Here, we are particularly interested in these 522 down-regulated genes after Cohesin
depletion as identified by TT-Seq, and we further performed a functional enrichment
analysis on these genes. The functional enrichment analysis showed that these genes
were highly enriched in ribosome biogenesis genes (Figure 9a); This result compels
us to question what co-factors may work together. With Cohesin to regulate these
genes here, we performed a Cistrome GIGGLE analysis with these down-regulated
genes promoter regions, seeking potential transcription factors that are highly occu-
pied at these genes’ promoters (Figure 9b). The giggle scores showed that oncogene
MYC is the top TF that binds at these regions, suggesting a novel link between MYC

and Cohesin complex in transcriptional regulation at promoters. To further
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demonstrate MYC directly targeting these Cohesin down-regulated genes, we took
advantage of a public valuable dataset that is SLAM-Seq (another nascent transcrip-
tome method) of MYC-mAID HCT-116 cell line (45). Re-analysis of SLAM-Seq data
after acute depleting MYC showed that there are 39 genes out of 95 down-regulated
genes by MYC depletion that are also down-regulated genes after RAD21 depletion,
suggesting overlapped functions of MYC and Cohesin complex in transcription. Fur-
ther combination analysis of Rad21-mAID TT-Seq and MYC-mAID SLAM-Seq
demonstrated that a significant portion of genes that are responsive to both MYC and
Cohesin depletion (Figure 10), emphasizing the conclusion that MYC and Cohesin

directly co-target these genes and they shared a large portion of targets.
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Figure 7, The up-regulated and down-regulated genes after Cohesin depletion

The bar-plot of gene numbers that are up-regulated or down-regulated after Cohesin

depletion in both TT-Seq and PRO-Seq data.
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Figure 8, A case to exemplify the Cohesin depletion's effects on gene transcription.

The genome-browser snapshots of TT-Seq to exemplify the Cohesin depletion effects.
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Figure 9, The functional enrichment analysis of Cohesin depletion down-regulated
genes

A) Functional enrichment of Cohesin down-regulated genes showed that ribo-
some biogenesis genes are highly enriched; B) The Cistrome enrichment anal-
ysis showed that MYC is the highly enriched TF that occupied these Cohesin-

down regulated genes promoters.
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Figure 10, Cohesin complex and MYC are directly co-targeting a large portion of
MY C-dependent genes

The Cohesin and MYC are directly co-targeting a large portion of MYC dependent
genes: A) The scatter plot of log2 FC (UT/IAA) FPKM of TT-Seq in Rad21-mAID HCT-
116 cells, and log2 FC(UT/AA) FPKM of SLAM-Seq in MYC-AID HCT-116 cells; B)
The boxplot of TT-Seq FPKMs in Rad21-mAID cells of identified MY C-upregulated
genes; C) The boxplot of TT-Seq FPKMs in Rad21-mAID cells of identified MYC-

downregulated genes.
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Since MYC was previously demonstrated to regulate transcription pause-release and
elongation (46) and given the highly-correlated direct transcriptional effects between
MYC and Cohesin, we sought to test whether Cohesin depletion has effects on tran-
scription pause-release by checking the TT-Seq and PRO-Seq pattern around TSS
regions after depleting Cohesin. Our metagene analysis of TT-Seq and PRO-Seq
reads densities around TSS regions clearly showed that Cohesin depletion caused
TT-Seq signal reducing at TSS regions (Figure 11a), while TSS’s PRO-Seq signal
increased after Cohesin depletion in contrast (Figure 11b). Since PRO-Seq measures
all chromatin associated Pol Il activities and TT-Seq is measuring only actively on-
going Pol Il activities, we reasoned that decreasing of TT-Seq around TSS and in-
creasing of PRO-Seq around TSS regions consistently suggest that Cohesin deple-
tion increased the pausing of Pol I, while reduced the releasing of Pol Il into gene
bodies (at least the very starting regions of gene bodies). Given the fact that we didn’t
observe a strong transcriptional effect genome-widely by depleting Cohesin, we actu-
ally were surprised to observe a potential pause-release effect on Pol Il by Cohesin
depletion. To further confirm this finding, we quantify the TT-Seq reads only for TSS
regions and compared with whole gene body quantification. We found that there is a
more obvious change on TSS regions’ reads rather than whole gene bodies’ reads

(Figure 12).
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Figure 11, The Cohesin depletion's effect on TSS region's transcription

The Cohesin depletion’s effect on TSS regions: A) The metagene plot of TT-Seq reads
on TSS regions showed that Cohesin depletion decreased TT-Seq signal on TSSs; B)
The metagene plot of PRO-Seq reads regions showed that Cohesin depletion in-

creased PRO-Seq signal on TSSs.
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Figure 12, The comparison of TT-Seq reads quantifications on TSS regions and
whole gene bodies

The comparison of TT-Seq reads quantifications on TSS regions and whole gene
bodies: A). The boxplot of TT-Seq quantifications on TSSs showed that TT-Seq reads
densities on TSS regions are significantly reduced by Cohesin depletion; B) The box-
plot of TT-Seq quantifications on whole gene bodies showed no significant differences
(P-value greater than 0.01). The P-value here was calculated by the Mann-Whitney
U test. C). The genome-browser track snapshot of UT and IAA PRO-Seq at one locus
showed RAD21 depletion regulate Pol Il pause-release. The orange arrow indicated

the paused promoter.
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Figure 13, The transcription elongation associated histone modification ChlP-Seq
metagene patterns after Cohesin depletion

The transcription elongation associated histone modification ChlP-Seq patterns after
Cohesin depletion: A) The metagene plot of H3K36me3 ChIP-Seq after Cohesin de-
pletion showed decreasing of H3K36me3; B) The metagene plot of H3K79me2 ChlIP-

Seq showed decreasing H3K79me2 after Cohesin depletion.
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To further understand the underlying mechanism of Cohesin’s effect on transcription,
we analyzed published ChlP-Seq of several histone marks in the same Cohesin de-
pletion cell model (47). Unexpectedly, we found two transcription elongation related
histone marks (H3K36me3, H3K79me2) showed dramatic decreasing effects after
Cohesin depletion (Figure 13), further suggesting a Cohesin’ role in regulating tran-
scription elongation possibly through affecting chromatin histone modifications.

Here, our nascent transcriptome data after Cohesin depletion have revealed that Co-
hesin depletion will affect the transcription of a large portion of MYC-targeted genes
and will also impact the nascent transcription around TSS regions, possibly through
RNA Pol Il pause-release mechanisms. Although we uncovered an unprecedented
link between MYC and Cohesin in transcription regulation here, we still don’t under-
stand how they are affecting each other and in what mechanism they are regulating
the same targets’ transcription. ChIP-Seq of MYC in Cohesin-depletion cells and Co-
hesin ChIP-Seq in MYC-depletion cells would be very helpful to understand MYC and
Cohesin’s dependencies on each other. Further experiments also need to be per-
formed to consolidate the finding that Cohesin complex is regulating the pause-re-
lease at promoter regions in human cells. Study of different modified version of RNA
Pol Il (e.g. Pol Il Ser2-phos, Pol Il Ser5-phos, and total Pol Il) residence on promoter
regions after Cohesin depletion would be important to understand how Cohesin regu-
lates Pol |l transcription. Besides promoter regions, how Pol |l transcription activities
on distal enhancer regions are changed by Cohesin depletion is another important

aspect to further study, especially given the recent evidences that enhancer RNAs per
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se can regulate genes’ transcription and chromatin structures. It is tempting to infer

that Cohesin exerts its regulatory role through enhancer RNA controls.
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2.4 Result and Conclusion II: Studying the Cohesin’s function on signal-stimulated
transcription regulation

After studying the Cohesin’s direct effect on basal transcription, we next sought to ask
whether Cohesin plays a role in the regulation of signal-stimulated transcription. Here,
we utilized two well-characterized transcription stimulating signals- heat-shock (HS)
and tumor necrosis factor-alpha (TNF-alpha). The basic principle here is that we
treated two different signals in both normal cells (UT: Untreated) and Cohesin-de-
pleted cells (IAA treated) and further measured their nascent transcriptome changes
by performing PRO-Seq. For heat-shock treatment (43 degree for only 90 mins), we
observed a dramatic change on nascent transcriptome, which includes 5483 out of
21862 genes down-regulated and 1612 genes up-regulated (Figure 14) (fold-change
greater than 2). Next, we examined the Cohesin’s effect on these HS-stimulated tran-
scriptional changes. It turned out that Cohesin depletion has almost no effect on both
HS up-regulated genes and HS down-regulated genes genome-widely (Figure 15a
and Figure 15b), suggesting that Cohesin is generally not required for HS-stimulated

transcriptional regulation.
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Figure 14, The nascent transcriptome alterations after Heat-shock stimulation

The nascent transcriptome changes after Heat-shock stimulation. A). The scatter plot
of each genes’ HS FPKM versus UT FPKMs; B) The bar-plot of HS up-regulated gene

numbers and down-regulated gene numbers.
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Figure 15, The transcriptional effects of Cohesin depletion on HS-stimulated tran-

scriptional changes

The transcriptional effects of Cohesin depletion on HS-stimulated transcriptional
changes: A). The boxplots of HS down-regulated genes FPKMs showed that Cohesin
has almost no-effect on HS down-regulated genes transcriptional changes; B) The
boxplots of HS up-regulated genes FPKMs showed that Cohesin has no-effect on HS

up-regulated genes transcriptional changes.
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In contrast to HS(Heat-shock), we observed a much more modest change of transcrip-
tion after TNF-alpha stimulation. Overall, there are 226 genes that are up-regulated
by TNF-alpha, and 74 genes that are down-regulated by TNF-alpha (Figure 16) (with
a fold-change greater than 2). And combining with Cohesin’s depletion effect, we
found that Cohesin’s depletion has very little effect on TNF-alpha up-regulated genes
(Figure 17a), suggesting Cohesin is not required for TNF-alpha induced gene activa-
tion. However, we found that Cohesin’s degradation has a stronger effect on reducing
TNF-alpha down-regulated genes’ reduction by TNF-alpha (Figure 17b), indicating

that Cohesin may contribute to TNF-alpha’s transcription inhibitory functions.

Although we observed that there are some effects of Cohesin depletion on small set
of genes’ responses to TNF-alpha (TNF-alpha inhibiting genes), the altered genes’
number is limited. Thus, based on our HS and TNF-alpha stimulated transcription
study, we concluded that Cohesin is largely not required for signal-stimulated tran-
scription regulation, at least for two signals studied here- Heat-shock and TNF-alpha.
Whether TNF-alpha and HS could represent another transcriptional-stimulus is un-
clear, it would be of great significance to extend our study to other pathways’ signals,

like TGF-beta and LPS, which are highly connected with disease and development.
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Figure 16, The modest transcriptional changes stimulated by TNF-alpha treatment

The modest transcriptional changes stimulated by TNF-alpha treatment. A). The scat-
terplot of each genes’ TNF-alpha PRO-Seq FPKMs versus UT PRO-Seq FPKMs; B).
The bar-plots of numbers of genes that are up-regulated by TNF-alpha, and down-

regulated by TNF-alpha.

38



A B
PRO-Seq PRO-Seq
35 - T 6] T
30+ 5
25 4
s 201 =
X X 3]
o o
- 151 o
10 z'l
51 T 1 * l
0. I 01
§od §os § § s
E T LT«

¥ ¥

Figure 17, The transcriptional effects of Cohesin on TNF-alpha stimulated transcrip-
tional changes

The transcriptional effects of Cohesin on TNF-alpha-stimulated transcriptional
changes: A). The boxplots of TNF-alpha up-regulated genes FPKMs showed that
Cohesin has almost no-effect on HS down-regulated genes transcriptional changes;
B) The boxplots of TNF-alpha down-regulated genes FPKMs showed that Cohesin
depletion would reduce the TNF-alpha down-regulated genes inhibition of transcrip-

tion.
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3. Dissecting Cohesin’s role in 3D genome organization

3.1 Introduction to the Hi-C/HiChIP methods

Chromosome conformation capture (3C) was originally developed in 2002 (48), which
has become the most powerful method to study chromatin structure since its develop-
ment. The essence of 3C related methods is the proximity ligation of two spatially
closed chromatin fragments. In a 3C or 3C derived assay, cells were first crosslinked
to preserve the spatial information of chromatin contacts, and then the chromatin of
cells were digested with certain restriction enzymes to kb-level fragmented chromatin
complexes. The two crosslinked interacting chromatin fragments inside one chromatin
complexes were further ligated into one fragment by T4 DNA ligase. Then this ligated
chimeric chromatin fragment is ready to PCR by specific primers for detection purpose.
Based on this key idea of 3C, there have been many derivatives emerged. With the
development of next-generation sequencing, 4C (one-to-all) was developed to sys-
temically quantify one specific regions’ interaction frequencies with all other regions
(49). Almost at the same time. 5C (many-to-many) method was developed to loop at
all the interactions between chromatin fragments in a specific window of chromatin
regions (50).

However, we were not able to map the chromatin interaction genome-widely until the
development of Hi-C (High through-put Chromosome conformation capture) (15), an
all-to-all 3C assay. The revolutionary Hi-C method revealed multiple layers of the
hierarchical 3D genome structure, namely TADs, A/B compartments, and domain
loops. Concordantly, another distinctive genome-wide 3C-derived method, named

ChIA-PET (51), was devised to chart the protein-mediated chromatin interactome.
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ChIA-PET data can provide a high-resolution chromatin interaction map than Hi-C,
and study specific proteins’ function in mediating chromatin interactions. However,
ChIA-PET required a huge amount of cells (100 millions cells) as starting material and
protocol itself is sophisticated, thus not robust enough to apply widely. Lately, a more
effective and robust derivative of ChlA-PET called HiChIP was developed, enabling
the study of enhancer-promoter connectome achievable in rare cells (52, 53). And
more recently, Hi-C related methods were further extended to single cell level, which
can study the chromatin contacts’ heterogeneity in an unprecedented level (54-57).
Besides all these 3C-derived methods, imaging-based methods like FISH combined
with super resolution microscopy could serve as a complementary approach to vali-
date the conclusion drawn from genome-wide 3C-related methods, or provide a new

perspective of 3D genome organization.
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Figure 18, The brief summary of major 3C-related methods' diagram

The brief summary of major 3C-related methods’ diagram. * This figure is adapted

from (58), with the permission of authors.
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3.2 Materials and Methods

Cell Culture and Treatment:

Rad21-mAID HCT-116 (#555) cells were obtained from Dr. Masato T. Kanemaki lab
at NIG, Japan. And these cells were cultured in McCoy’s 5A medium supplemented
with 10% FBS in a 5 % CO2 humidified cell culture incubator. The auxin (IAA, Sigma)
were treated at a final concentration of 500 uM for 6 hours. The TNF-alpha were
treated at a final concentration of 25 ng/ul of 1 hour. The heat-shock of cells were

performed at 43 degree for 90 mins in a 5% CO2 cell culture incubator.

Hi-C and HiChlIP:

The starting material of Hi-C and HiChlIP is around 10 million cells per sample. The
cells were fixed and washed as routinely in ChlP-Seq and Hi-C Protocols (16). The
fixed cells were resuspended in cold Hi-C Lysis buffer and rotate for 30 mins at 4
degrees. Then cells were pelleted down, washed with Hi-C Lysis buffer once, and
resuspend with 100 ul 0.5% SDS. The samples were further incubated at 62 degree
for 10 mins and quenched with 260 ul water and 50 ul 10% Triton X-100 at 37 degree
for 15 mins. The enzymatic digestions were performed with 50 ul of 10X NEB Buffer
2 and 400 Units of Mbol (NEB, R0147M) at 37 degree overnight. After digestion, the
Mbol was inactivated at 62 degree for 20 mins. The sticky ends of digested chromatins
were filled-in and marked with biotin by treating DNA Klenow with biotin-dATP at 37
degree for 1hr. Then, we performed proximity ligation using NEB T4 DNA ligase with

BSA and 10% Triton X-100 at RT for 4 hours. After ligation, the nuclei were pelleted-
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down and lysis by Nuclear Lysis buffer. The nuclei lysis (chromatin) were sonicated
with the parameter of 10/20 secs,25% Amp, 5 mins. The sonicated chromatins were
further proceeded with ChlIP or directly de-crosslink with ChIP elution buffer (contain-
ing Proteinase K). The de-crosslinked DNAs were purified by C1 beads to enrich
biotin-labeled ligated DNAs. The incubated C1 beads were washed with TWB buffer

for twice and proceeded to KAPA Hyper-sensitivity kit for library constructions.

Hi-C and HiChlIP data analysis:

Modified HiC-Pro (59) was used to process Hi-C/HIChIP raw data first. Briefly, se-
quencing reads of each end of Hi-C and H3K27ac HiChlP libraries were independently
mapped to reference genome version hg19 with SNAP-aligner. Then we trimmed the
double Mbol sites containing reads from all the unmapped reads and further mapped
these trimmed reads to the reference genome again with SNAP-aligner. The two
rounds of unique mapped reads were combined, paired, and assigned to each di-
gested chromatin fragment in the genome. The reads pairs with dangling-end and self-
ligated reads were considered as un-valid pairs and removed. All valid pairs were
merged to build binned contact matrices. For Hi-C, the binned contact matrices were
further normalized by using iterative correction method, and for HiChIP binned matri-
ces were not balanced. All Hi-C and HiChIP matrices were further transferred to mcool
format for visualization purpose in HiGlass (60). The insulation scores of potential
boundaries were calculated as previously described (61). The APA (Aggregation Peak
Analysis) was performed as previously described (62). The loop’s coordinates are

randomly shift 10 times, and resulted matrices are served as the normalization factors
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for APA analysis. HiChlIP loop calling was performed by CID (Chromatin Interaction
Discovery) (63). The differential loop quantities analyses were performed with custom
scripts. The P(s) analysis was utilized to depict the relationship between chromatin
interaction probability and linear distance between two DNA fragments as previously

described(64).
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3.3 Results and Discussion |: H3K27ac HiChIP in Cohesin-depleted cells re-
vealed regulatory loops persisted after acute Cohesin depletion.

Previous study showed that Cohesin depletion could almost eliminate all the loops
identified by in situ Hi-C (47). Given the results that Cohesin depletion has nuanced
effects on protein-coding genes’ transcription genome-widely acutely, it is hard to im-
agine that our genome’s transcriptional regulation is largely independent on chromatin
loops. We hypothesized that there are still some chromatin loops that are independent
of Cohesin depletion and are regulating gene transcriptions, termed regulatory loops.
To testify this hypothesis, we sought to perform H3K27ac HiChIP to identify chromatin
loops that are connecting transcriptionally-active regions in Cohesin depleting cells.
We successfully obtained H3K27a HiChIP maps in both UT and IAA cells. The snap-
shot of our HiChIP data, combining with in situ Hi-C data in the same cell line, clearly
showed that there are chromatin loops that are not well detected in situ Hi-C map
(Figure 19). Moreover, these under-detected chromatin loops can persist after Cohe-
sin acute depletion (Figure 19). To ask whether this is a genome-wide phenomenon,
we performed APA (Aggregate Peak Analysis) analysis on all putative enhancer-pro-
moter loops in HCT-116 cells. The APA results unexpectedly showed that these pu-
tative enhancer-promoter loops persisted in total after Cohesin depletion, albeit their
intensities decreased (Figure 20). We also performed APA analysis on another set of
loops-domain loops (usually CTCF loops, identified by in situ Hi-C), and the results
clearly showed that domain loops were abolished by Cohesin depletion, serving as a

control for regulatory loops described here (Figure 20).
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Hi-C (2017, Cell) H3K27ac HiChIP UT H3K27ac HiChIP IAA

Figure 19, The snapshot of Hi-C and H3K27ac HiChIP matrices
The snapshot of Hi-C and H3K27ac HiChIP matrices: A). The published in situ Hi-C

map in HCT-116; B). H3K27ac HiChIP map in UT cells; C). H3K27ac HiChIP map in
IAA cells. The blue box here indicates a putative enhancer-promoter loop (TERF2

gene) which are persisted after Cohesin depletion.
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Figure 20, The APA analysis of putative enhancer-promoter loops in H3K27ac
HiChIP data

The APA analysis plot of putative enhancer-promoter loops (A) and CTCF domain
loops (B) showed that domain loops were totally abolished while regulatory loops per-

sisted genome-widely.
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To further identify these persisted regulatory loops in a non-biased manner, we per-
formed HiChIP loop calling using a newly developed loop-calling algorithm named CID
(Chromatin Interaction Discovery) (63). Genome-widely, we have identified 129,937
chromatin loops based on our H3K27ac HiChlP data, and we further compared these
chromatin loops intensities in between UT and IAA two conditions by normalizing the
each identified loop’s intensity with its anchors’ 1D reads depths. After calculating a
multiple-testing corrected Binomial FDR, we identified 65,432 chromatin loops were
significantly reduced after acute depletion of Cohesin, suggesting that there are
around half of H3K27ac associated chromatin loops were largely Cohesin independ-
ent (Figure 21A). Interestingly, these persisted loops’ lengths were significantly

shorter than those altered loops (Figure 21B).

How these large portions of chromatin loops detected from HiChIP persisted after Co-
hesin depletion, and what other mechanisms are mediating these Cohesin-independ-
ent loops are still unknown. A large-scale combined analysis with different transcrip-
tion factors ChlP-Seq in these loops’ anchors would be helpful to identify potential
protein factors that are mediating these loops. Also, enhancer transcription products-
eRNAs could also facilitate these loops’ formation independent of Cohesin. This RNA
mediating hypothesis needs to be tested in a more comprehensive way than previous

studies.
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Figure 21,The comparison of H3K27ac associated chromatin loops’ normalized in-
tensities in UT and IAA cells

A). The comparison of H3K27ac associated chromatin loops’ normalized intensities in
UT and IAA cells. The scatter plot of normalized loop intensities in UT and IAA cells,
each dot here represents a single chromatin loop that is called from H3K27ac HiChIP
datasets. The formula here showed how the expected interaction was computed. The
red dot indicates a significant loop that has a corrected FDR < 0.05. B). The boxplots
of loop lengths of RAD21 KO persisted loops and altered loops. P-value <0.001,

(Mann-Whitney test)
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3.4 Results and Discussion Il: Underlying mechanisms of Cohesin antago-
nized super-enhancer loops

As previously reported, we also detected super long-distance loops between super-
enhancers were enhanced by Cohesin depletion from our H3K27ac HiChlIP data (Fig-
ure 22). However, these super-enhancer loops’ formation and function are not under-
stood. Thus, we sought to study these super-enhancer loops’ underlying mechanisms
with our model systems and H3K27ac HiChIP technique. Since these super-loops
are formatted between super-enhancer regions, we sought to target proteins that are
highly enriched on super-enhancers (Higher H3K27ac). BRD4 is considered as our
first target, not only because BRD4 is H3K27ac reader, but also there is a potent BRD4
inhibitor-JQ1 available. To specifically target BRD4 here, we treated JQ1 with both
UT and IAA-treated cells and performed H3K27ac HiChIP. The APA analysis of extra-
long distance (greater than 2Mb) SE (Super-enhancer) loops in UT and IAA samples
confirmed that SE-loops were enhanced genome-widely after depleting Cohesin here
(Figure 23a). Surprisingly, JQ1 treatment greatly diminished the enhancement of Co-
hesin depletion on these SE-loops, and has minor reduction effect on basal SE-loop
intensities (Figure 23a and Figure 23b). These analyses suggest that BRD4 is crucial
for enhancement of extra long-distance SE loops. Itis unlikely for a distance greater
than 2Mb chromatin loop to be formed through loop extrusion. Thus, these SE loops
must be formed by other biophysical models rather than loop extrusion. Considering
previous study showed that BRD4 is a highly intrinsic disordered protein and have
strong propensities to form phase separation condensates. It is tempting to speculate

that these SE-loops are formed by BRD4 phase separation.
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Figure 22,The dramatic enhancement of SE (Super-enhancer) loops after Cohesin
depletion in H3K27ac HiChIP dataset

The dramatic enhancement of SE (Super-enhancer) loops after Cohesin depletion in
H3K27ac HiChlIP dataset. A) The H3K27ac HiChIP snapshot of KITLG gene locus in
UT dataset. B) The H3K27ac HiChIP snapshot of KITLG gene locus in IAA dataset.

The color bar here indicates the log relative interaction frequencies.
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Figure 23a, The Cohesin depletion enhanced extra-long-distance SE loops were di-
minished by BRD4 inhibitor-JQ1

The Cohesin depletion enhanced extra-long distance SE loops were diminished by

BRD4 inhibitor-JQ1: The H3K27ac HiChlP snapshot at a specific region (chr6: 144mb

— 152mb) in four different conditions, UT (Untreated, A), JQ1 (B),

IAA (C),

and

JQ1+IAA (D), showed that IAA induced SE loops were largely reduced by JQ1 treat-

ment.
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Figure 23b, The APA Analysis of extra-long-distance SE loops after JQ1 and IAA

treatment

The APA Analysis of extra long-distance SE loops after JQ1 and |IAA treatment; The

window size here is 400kb, the left-up numbers indicate the APA enrichment score.
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To validate whether these SE-loops are indeed phase-separated loops, we sought to
perturb these SE-loops with two general phase separation perturbation chemicals
1,6HD (perturbing hydrophobic interactions) and NH4OAC (perturbing electrostatic
interactions), and performed H3K27ac HiChlIP. Surprisingly, our HiChIP analysis
clearly showed that these enhanced SE loops were diminished by both of these drugs’
10 mins treatment, both in Hi-C map and APA analysis (Figure 24 and Figure 25),
demonstrating these SE loops were formed, at least facilitated, by BRD4 phase sep-
aration (Figure 22). To further confirm this phenomenon, we performed in situ Hi-C,
which is not biased towards active regions, after these two drugs treatment. Concord-
antly, our Hi-C APA analysis of these SE-loops were consistent with our H3K27ac
HiChIP results, further consolidating the conclusion that extra long-distance SE loops
are formed by phase separation (Figure 26). In summary, our results here revealed
that Cohesin antagonized super enhancer loops are formed through a novel mecha-
nism, LLPS of BRD4, which is distinctive from the loop extrusion model.

Based on this intriguing data, it is tempting to hypothesize that Cohesin complex is a
general antagonizing factor for LLPS events inside nuclei. Since a large portion of
nuclear proteins (e.g., transcription factors) have the strong propensities to form LLPS
mediated condensates, thus cells must devise multiple ways to control and regulate
all these LLPS events inside nuclei. Cohesin complex, and even TAD structures,
could be one possible mechanism to control the LLPS of genomic regions, like SEs
(Super-enhancers). Further biochemical study and imaging-based research about Co-

hesin’s role in nuclear LLPS events are required to test this hypothesis.
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Figure 24, The extra-long-distance Super enhancer loops are perturbed by 1,6 HD

and NH40OAC

The H3K27ac HiChIP snapshot of chr6: 144Mb — 152 Mb regions in six different con-

ditions: UT (Untreated) (A), 1,6HD (B), NHAOAC(C), IAA (D), IAA+1,6HD (E), IAA +

NH40OAC (F). The blue arrow here indicates the specific extra-long-distance SE loop,

which is perturbed by 1,6 HD and NH4OAC, two general phase separation perturba-

tion drug.
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Figure 25, H3K27ac HiChIP APA analysis of extra-long-distance SE loops after
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APA Analysis of extra long-distance SE loops (H3K27ac HiChlP) after 1,6 HD,

NH40OAC and IAA treatment; The window size here is 400kb, the left-up numbers

indicate the APA enrichment score.
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NH40AC

Figure 26, Hi-C APA analysis of extra-long-distance SE loops after 1,6HD,
NH40AC, and IAA treatment

APA Analysis of extra long-distance SE loops (Hi-C) after 1,6 HD, NH4OAC and IAA

treatment; The window size here is 400kb, the left-up numbers indicate the APA en-

richment score.
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4. Condensin | ‘s role in transcription regulation and 3D genome organization

4 1 Materials and Methods:

The major techniques and data analysis methods used in this part has been de-
scribed and discussed in section 2 and section 3.

4.2 Results and Discussion I: Transcriptional effect after acutely depleting Con-
densin | complex

Multiple previous studies has suggested Condensin complexes also play an important
role in transcription regulation through organizing the chromatin organization (36).
However, all previous studies were using siRNA/shRNA-based knockdown which usu-
ally last more than few days and could involve any secondary effect, and no research
has been performed to assess the direct effect on transcription by acute depletion of
Condensin complex. Here, starting from Condensin | complex, we utilized a previous
established cell model NCAPH-mAID HCT-116 cell (65) to quickly degrade Condensin
| complex in short time (6 hour). We have used both microscopy-based approach and
immune-blot to validate the complete degradation of NCAPH in our models (Figure

27).
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Figure 27, The validation of Condensin | depletion in HCT-116
The validation of Condensin | depletion in HCT-116. The lower band of NCAPH in

first lane indicate the untagged endogenous NCAPH in another HCT-116 cell line that
does not contain any NCAPH-mAID allele, the higher band of NCAPH in other two

lanes indicate the mAID tagged NCAPH.
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After confirming the complete removal of Condensin | in 6 hours, we performed PRO-
Seq to directly measure the nascent transcriptome by depleting NCAPH. Unexpect-
edly, the nascent transcriptome of wild-type cells (abbreviated as UT) and NCAPH
depleted cells (abbreviated as IAA) is highly consistent (Figure 28a). By counting the
FPKM value of all protein-coding genes along the gene body, we identified 23,344
transcribing RefSeq annotated genes with a cutoff of genes’ average FPKM is greater
than 1. Among these transcribed genes, there are only 4 genes that are down-regu-
lated with a fold change of 2, and none of them are up-regulated. If we loosen out
cutoff to 1.3-fold, we can identify 94 down-regulated genes and 309 up-regulated
genes, which have much less down-regulated genes than Cohesin depletion (Figure
28b). Also, we performed functional enrichment analysis of these down-regulated
genes, and we couldn’t find a strong enrichment of any functional annotation terms.
These analyses suggest that Condensin | depletion has a very minor effect on basal

transcription.
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Figure 28, The nascent transcriptome after acute depletion of Condensin | complex

The nascent transcriptome after acute depletion of Condensin-I complex subunit

NCAPH: A). The scatterplot of each gene’s PRO-Seq FPKM values in both UT and

IAA cells. B). The bar-plot of up-regulated gene number and down-regulated gene

number in PRO-Seq. UT here denoted as untreated condition, IAA here denoted as 6

hours auxin (IAA) treated condition.
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Since previous work demonstrated that Condensin | complex could be recruited to
interphase chromatin highly in an estrogen (E2) -inducible manner, we hypothesize
that Condensin | could play a regulating role in signal-stimulated transcription, rather
than just basal transcription. To test this hypothesis, we also applied TNF-alpha sig-
naling here as a stimulus agent and performed PRO-Seq on that. After counting the
FPKM value, it is consistent with Rad21-mAID HCT-116 cells, that TNF-alpha would
increase around 200 genes’ transcription in 1 hour. However, in contrast to the pre-
vious conclusion that Cohesin depletion almost had no effect on TNF-alpha induced
genes’ transcription, we observed a strong increase of TNF-alpha induced genes’
transcription level after acutely depleting Condensin |, genome-widely (P<0.001) (Fig-
ure 29 a,b). And for TNF-alpha inhibited genes, we also observed a significant effect
that Condensin | depletion reduced the TNF-alpha inhibitory effects (P< 0.001) (Figure
29 c). These results suggest a role of Condensin | in antagonizing TNF-alpha medi-
ated transcription responses. And in this TNF-alpha case, it is quite different from es-
trogen-mediated transcription effects, as previous work suggest Condensin | is facili-
tating for E2-stimulated transcription. Nevertheless, our work here revealed the Con-
densin | is not required for basal transcription regulation, but is antagonizing TNF-

alpha stimulated transcription regulation.
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Figure 29, Condnesin | depletion's effect on TNF-alpha stimulated transcription re-
sponse.

Condensin | depletion’s effect on TNF-alpha stimulated transcription regulation. A)
The boxplot of FPKM values’ TNF-alpha upregulated genes in four different PRO-Seq
datasets (WT, TNF-alpha, IAA, IAA+ TNF-alpha); B) The boxplot of fold change of
TNF-alpha up-regulated genes’ FPKM in both UT and IAA conditions. C) The boxplot
of fold change of TNF-alpha down-regulate genes’ FPKM in both UT and IAA condi-

tions. The P-vaules here are calculated with Mann-Whitney U test.
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4.3 Results and Discussion Il: The Condensin I's direct role in 3D genome or-
ganization

The SMC complex Cohesin, has been widely demonstrated to be a bona fide key
organizer in 3D genome structure. And a major model of how 3D genome structure,
specifically chromatin loops, is loop extrusion through Cohesin complex. Given the
fact that the similar ring structure that Cohesin and Condensin share, people hypoth-
esized that Condensin can also have the loop extrusion phenomenon and further drive
the formation of specific chromatin structures. And recent efforts have been made to
show directly that Condensin complex can extrude on the DNA for the first time (66),
further support the hypothesis that Condensin is a chromatin organizer. In several
mammalian systems including embryonic stem cells, Condensin complex has been
showed to reside on enhancer regions, and potentially regulate enhancer-promoter
loops and TADs (35-37). However, there is not genome-wide evidence yet to directly
demonstrate Condensin complex regulate 3D genome structure in mammals. Here,
to tackle this knowledge gap, we took the advantage of this NCAPH-mAID cell model
to systematically study the 3D genome organization after acute depletion of Con-
densin . We utilized Hi-C to map the genome-wide chromatin interactions after Con-
densin | depletion in NCAPH-mAID HCT-116 cells. Overall, we can get 200~300 mil-
lion effective read pairs, suggest a high quality of our Hi-C data and deep depth. At
the scale of 20Mb, we didn’t observe strong differences between NCAPH-UT Hi-C
maps and NCAPH-IAA Hi-C maps (Figure 30). Specifically, the triangle shaped Hi-C

map pattern indicating the TADs structure are distinctive in both maps, and the plaid-
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like Hi-C map pattern indicating the A/B compartment are also well-observed in both
maps. In a quantitative manner, the UT/IAA comparative Hi-C map also showed that
the Hi-C interaction differences between UT and IAA majorly come from the region
outside of TAD structures, indicating that Condensin | depletion doesn’t affect chro-
matin organization at TAD level. We further validate these conclusions at a genome-
wide scale by calculating the insulation scores of all potential TAD boundaries. The
insulation scores scatterplot also suggest that TADs’ were not much affected by Con-

densin | depletion genome-widely (Figure 31).
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Figure 30, The snapshot of Hi-C matrices in Condeinsin | depleted cells

The snapshot of chromatin interaction map (Hi-C) in NCAPH-mAID cells. A). The Hi-
C map from chr1:60Mb to 80Mb in NCAPH UT cells, the color scale here indicates the
log10 value of normalized interaction contacts; B) The Hi-C map from chr1:60 to 80
Mb in NCAPH IAA cells, the color scale here indicates the log10 value of normalized
interaction contacts. C) The comparative Hi-C map of UT/IAA from chr1: 60Mb- 80

Mb, the color scale here indicates the 1og10 ratio (UT/IAA).
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Figure 31, The insulation score analysis in Condensin-| depleted cells

The insulation score analysis of Hi-C map in both NCAPH-UT and NCAPH-IAA sam-

ples. Each dot in the scatter plot stands for on potential TAD boundary, the insulation

score represents the potential of that region to shape a TAD in Hi-C map.
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Next, we asked whether there is any change after depleting Condensin | at the domain
loops level. Since our current sequencing depth is still not deep enough for a precise
de novo loop calling using HICCUPS algorithms, we performed APA (Aggregate Peak
Analysis) on previous published domain loops (~3000 loops) by using our Hi-C data.
Based on APA results (Figure 32), we can conclude that Condensin | depletion caused
a minor reduction of domain loops enrichment genome-widely, but this effect is not
comparable to Cohesin’s effect on domain loops. Furthermore, to obtain a global view
of the chromatin contacts at different genomic distances, we computed P(s) curve
using these two Hi-C datasets. From P(s) curve, we can clearly observe that there
are two major changes between UT and IAA conditions (Figure 33). The first change
of Hi-C interaction frequencies is at the distance ranging from 40kb to 500 kb, which
usually resemble the chromatin contacts inside TADs. This is consistent with the con-
clusion that domains loops have a minor reduction after depleting Condensin I. The
other major change of Hi-C interaction frequencies is at the distance ranging from 2Mb
to 25Mb, representing the chromatin interaction changes beyond TADs that we ob-

served on Hi-C heatmap (Figure 30).
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Figure 32, The APA analysis of domain loops in Condensin | depleted cells

FI LI

The APA analysis of NCAPH-UT (A) and NCAPH-IAA (B) Hi-C matrices on domain

loops. The value on the left-up corner indicates the APA enrichment score.
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Figure 33, The P(s) curve in NCAPH-IAA and NCAPH-UT Hi-C matrices
The P(s) curve of NCAPH-UT and NCPAH-IAA Hi-C. This curve depicts the relation-

ship between any possible chromatin contacts’ distance and interaction probabilities

measured by Hi-C.
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We reasoned that the increasing of long-distance (2Mb- 25Mb) chromatin contacts
are changes that happened at the A/B compartment level. To validate that, we per-
formed A/B compartment analysis by calculating the first component of PCA values of
Hi-C matrices. Unexpectedly, we didn’t observe a huge increase of A/B compartment
score, even at some locus we observed a decrease of A/B compartment score (Figure
34). We further calculated the interaction frequencies of intra-compartment and inter-
compartments and found that the ratio of intra versus inter compartment decreased a
lot after degradation of Condensin | (Figure 35). This effect can be also observed
locally at specific locus (Figure 36). These results suggest that Condensin | depletion

will increase the inter-compartmental interaction at a large scale.
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Figure 34, The A/B compartmental scores are decreased in NCAPH-IAA, at ACADM
locus

The PCA value (A/B compartment score) at specific loci (ACADM gene) showed re-

duction to some extent after Condensin | depletion.
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Figure 35, the inter-compartmental interaction increased after Condensin | depletion

The ratio of intra-compartment contacts versus inter-compartment contacts decreased
after Condensin | depletion. The bar-plots indicate the ratio of (AA+BB)/ (AB +BA),
where AA means the interaction between A compartment, AB means the interaction
between A compartment and B compartment, BB means the interaction between B
compartment. This figure suggests that NCAPH loss decreased the chance of inter-
actions to happened between the same compartment but increased the chance of

inter-mingling between A and B compartments.
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Figure 36, A snapshot of Hi-C matrices showed the increasing inter-compartmental

interactions.

A snapshot of Hi-C Pearson Correlation map (left) and fold change (IAA/UT) map

suggest that the inter-compartment interaction has been increased by Condensin |

depletion. The arrow indicates the specific region that is decreased or increased.
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Here, our comprehensive analysis of Condensin | depletion Hi-C data showed that
Condensin | is regulating the large-scale chromatin organization at A/B compartment
level, rather than at TAD level. Namely, Condensin | is counteracting the A/B inter-
compartment interactions, which is in contrast to the fact that Cohesin is counteracting
the A/B intra-compartment (47). However, the underlying mechanism of how Con-
densin | regulate this interphase chromatin compartmental interaction is still not clear.
We reasoned that it is unlikely through loop extrusion of Condensin | since it is not
possible for Condensin | to extrude such a long distance (Compartmental interaction
usually is at the level of 10Mb) in such a short time (6 hours). As other people’s
hypothesis and our current data in Cohesin part of this paper (part 3), the compart-
mental interactions could be formed by a novel mechanism, namely liquid-liquid phase
separation (LLPS). But there is not any evidence to our knowledge that have demon-
strated that Condensin | is involved in LLPS. We also need to consider the fact that
Condensin | is a ring-like structure, thus is not intrinsically disordered. Besides the
loop extrusion model and LLPS model, a new mechanism may exist to explain the

role of Condensin | in 3D genome organization.
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