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Abstract 
Loop extrusion and compartmentalization are the two most important processes regulating the 
high-level organization of DNA in the cell nucleus. These processes are largely believed to be 
independent and competing (Sanborn et al. 2015; Nuebler et al. 2018). Chromatin consists of 
nucleosomes, which contain coils of DNA wrapped around histone proteins. Besides packing 
DNA, nucleosomes contain an “epigenetic code” - tails of histone proteins are chemically 
modified at certain positions to leave certain “histone marks” on the chromatin fiber. This paper 
explores the effect of the H3K9me3 histone modification, which typically corresponds to inactive 
and repressed chromatin, on genome structure. Interestingly, in H3K9me3 domains, there are  
much fewer topologically associating domains (TADs) than in other domains, and there is a 
unique compartmentalization pattern. A high-resolution polymer model simulating both loop 
extrusion and compartmentalization is created to explore these differences. 
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Introduction 
Chromatin, the combination of DNA and DNA-associated proteins in the cell nucleus, is 
composed of chromatin fiber, nucleosomes, and histones. Figure 1 shows that nucleosomes 
consist of a histone octamer made of four types of histone proteins (H2A, H2B, H3, and H4), as 
well as a short length of DNA. Chromatin consists of a string of nucleosomes in chromatin fiber.  

 
Figure 1. Structure of chromatin.   1

1 By David O Morgan - The Cell Cycle. Principles of Control., Attribution, 
https://commons.wikimedia.org/w/index.php?curid=89674546 
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The large-scale organization of chromatin is a topic of major interest. Hi-C is a genome-wide 
technique to probe the 3D structure of genomes by recording the events when two 
chromosomal regions are in direct proximity. It converts these events into unique molecular 
products that can be read out using high-throughput sequencing (Lieberman-Aiden et al. 2009). 
The result of Hi-C is a set of contact probabilities between pairs of chromosomal regions. Hi-C is 
represented as a contactmap, a square matrix where cells represent the contact probability 
between the DNA region indicated by its row and column (Figure 2); darker cells in the figure 
correspond to a higher contact probability. As reflecting across the main diagonal is equivalent 
to switching the order of the row and column, the Hi-C matrix is symmetric about the main 
diagonal, the line going from the top left to the bottom right. Details of the Hi-C protocol are 
reviewed in (Lajoie, Dekker, and Kaplan 2015).  

 
Figure 2. Summary of the Hi-C process. Hi-C process (top image) is taken from 

(Lieberman-Aiden et al. 2009). 
 

One immediate feature of the Hi-C matrix is the differentiation between cis and trans 
interactions (Figure 3) (Lieberman-Aiden et al. 2009). Cis interactions represent the contacts 
between regions on the same chromosome, while trans interactions represent the contacts 
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between regions on different chromosomes. Cis interactions are generally stronger than trans 
interactions because regions on the same chromosome are physically linked together. 

 

 
Figure 3. Cis and trans interactions in a Hi-C matrix. Uses Hi-C data from (Schwarzer et al. 

2017). Taken from (Chowdhury and Abraham 2019). 
 
Compartmentalization is responsible for the checkerboarding pattern observed in both cis and 
trans interactions in Hi-C (Lieberman-Aiden et al. 2009). It is believed to be formed by 
monomers of the chain having different patterns of attraction to one another (Figure 4) (Falk et 
al. 2019; Nuebler et al. 2018). It is commonly understood that there are two main compartments, 
called A and B, respectively consisting of active (euchromatic) and inactive (heterochromatic) 
DNA. The checkerboarding pattern most likely results from heterochromatic B-B attraction, 
causing B domains to phase separate from A domains (Falk et al. 2019). 
 

 
 

Figure 4. A/B compartmentalization in part of a Hi-C matrix. 
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In addition, several low-level organizational features formed by loop extrusion are visible in 
high-resolution Hi-C, including TADs, loops, and stripes (Figure 5). Cohesin is responsible for 
extruding loops, and it functions by attaching onto the genome and connecting two regions with 
its legs, progressively increasing the size of the loop (Fudenberg et al. 2016; Sanborn et al. 
2015). Cohesins can be stopped from extruding in one direction of the chain if they hit a 
CCCTC-binding factor (CTCF) protein loaded at a CTCF site (Fudenberg et al. 2016; Phillips 
and Corces 2009). 
 
TADs are compact domains with a high mean contact probability in their interior compared to 
interactions with their exterior (Reviewed in Szabo, Bantignies, and Cavalli 2019). They appear 
as darker squares on the main diagonal of the Hi-C matrix and form when cohesins extrude 
loops within the TAD boundaries, as shown in the blue square in Figure 5. TADs contain CTCF 
sites at their boundaries which constrain cohesins within the TAD. 
 
"Loops" (also known as "dots" or "peaks") are enriched regions of contact probability between 
TAD boundaries, circled in green in Figure 5 (Fudenberg et al. 2016; Rao et al. 2014). Stripes 
(also known as “flames”) are caused by loop anchors interacting with the entire body of a TAD, 
outlined in pink in Figure 5 (Vian et al. 2018). 
 

 
 

Figure 5. Hi-C map with a TAD outlined in blue, a stripe outlined in pink, and multiple loops 
circled in green. 

 
 
The formation of each of these loop extrusion features is described in Figure 6.  
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Figure 6. TADs form by loop extrusion by cohesins (blue rings) between the TAD boundaries 

(red triangles). Loop extrusion within the domain causes increased interactions between regions 
within TAD, which are visible in Hi-C. Loops form when regions at CTCF sites are moved close 

to each other by a cohesin. Stripes form when a cohesin is fixed at one side, strengthening 
interactions between the region at that side and the rest of the TAD. 

 
The goal of running simulations is to demonstrate that a set of polymer forces can produce a 
contactmap that replicates patterns in Hi-C. This lets us make conjectures about the internal 
processes regulating genome structure. Modeling loop extrusion in simulations has been 
explored by Fudenberg et al., and A/B compartmentalization has been explored by Falk et al. 
(Fudenberg et al. 2016; Falk et al. 2019). Nuebler et al. created a model combining the 
compartmentalization and loop extrusion models and found that compartmentalization and loop 
extrusion are competing processes in megabase-scale chromosome organization (Nuebler et al. 
2018).  
 
This paper focuses on the effect of the histone modification H3K9me3, specifically in the 
HCT116 (human colon cancer) cell line. The analysis will additionally use experimental data 
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from HCT116 cells in which two DNA methyltransferases, DNMT1 and DNMT3b, have been 
disrupted. These are known as DKO cells, and they are deficient in histone modification (Jacinto 
et al. 2007). RAD21-depleted cells, which are missing a subunit of the cohesin protein complex, 
do not undergo loop extrusion and will also be analyzed (Seitan et al. 2013; Rao et al. 2017). 
Hi-C and chromatin immunoprecipitation-sequencing (ChIP-seq) data for DKO cells were 
produced by George Spracklin in the Job Dekker lab at UMass Medical Center as part of a 
manuscript in preparation (Spracklin et al. 2020); data for wild type HTC116 cells were obtained 
from (Rao et al. 2017). 
 
Although other studies of simulations have explored loop extrusion and A/B 
compartmentalization separately and together, this work is the first high-resolution modeling of 
Hi-C with more than two compartments in combination with loop extrusion. 

Results 

H3K9 domains induce a distinct compartmentalization pattern 
separate from A/B 
A technique based in eigendecomposition of cis interactions can be used to annotate the 
partitioning of the genome into the broad A/B classes. The cis interactions are first divided by 
the means on their diagonals, null rows and columns are truncated, and then it is 
eigendecomposed into its eigenvectors and eigenvalues. Since the outer product of the 
eigenvector with the largest value (the first eigenvector) makes up the greatest part of the matrix 
in the eigendecomposition, it can be used to assign A/B compartments. 
 
A indicates where the first eigenvector (E1) is positive, and B indicates where the first 
eigenvector is negative. In the outer product of the eigenvector, A-A and B-B interactions 
multiply to get a positive value, indicating a stronger interaction, and A-B interactions multiply to 
a negative value, indicating weaker interaction (Figure 7). 
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Figure 7. E1 plotted with a section of a Hi-C map (HCT116/Rad21 depletion, chromosome 5, 
152-160Mb). The eigenvector is colored by compartment (red: positive, A; blue: negative, B). 
The right image is a zoomed-in portion of the image on the left, showing additional, stronger 

compartmentalization within a B-B interaction. 
 
However, Figure 7 shows a B-B domain interaction with an additional layer of 
compartmentalization inside it, suggesting that there are more than two compartmental states. 
To account for this, H3K9me3 ChIP-seq can be used to annotate the H3K9 compartment, a 
subset of the B compartment (Figure 8); the H3K9 compartment includes loci where the 
H3K9me3 histone modification is present. It appears that this H3K9 compartment corresponds 
to the increased layer of compartmentalization. 
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Figure 8. H3K9me3 ChIP-seq plotted with E1. 

 
As seen in Figure 8, regions with higher levels of H3K9me3 appear to compartmentalize within 
B regions, as H3K9-H3K9 interactions appear stronger than B-B or B-H3K9 interactions. H3K9 
domains form a “subcompartment” within the B compartment (Spracklin et al. 2020). There are 
other subcompartments within A and potentially outside both A and B; for simplicity’s sake, we 
explore only the weak A (normal A), polycomb B (normal B), and heterochromatic B (H3K9) 
subcompartments in this paper, as labeled by (Spracklin et al. 2020).  
 
To quantitatively describe interactions between A, B, and H3K9 compartments, I measured 
average contact frequencies between A, B, and H3K9 compartments in HCT116 and RAD21 
Hi-C (Figure 9). I found that all three compartments most frequently interact with themselves; 
two loci with the same compartment label are more likely to interact than two loci with different 
compartment labels. The mean contact probabilities between different compartments vary: 
A-H3K9 contact probability is the lowest (0.57), whereas A-B and B-H3K9 are intermediate 
(0.87 and 0.92).  
 
A physical process behind compartment formation still remains unclear. A recent publication 
showed that A-B compartmentalization is likely driven by B-B attraction, and not by A-A 
attraction or by attraction to the nuclear periphery (Falk et al. 2019). I hypothesized that causing 
the pairs B-B, H3K9-H3K9 and B-H3K9 to have different affinities could drive the formation of 
such a complex 3-compartment structure. Polymer models were used to check if varying 
attraction between A, B, and H3K9 compartments could reconstruct the average 
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inter-compartment contact probabilities inferred from the data; this is explored in the next 
section. 

 
Figure 9. Left: RAD21-depletion interaction frequency heatmap. Right: HCT116 interaction 

frequency heatmap. Cells indicate the mean interaction frequency between the compartment in 
the row and column. 

Polymer simulations reproduce the compartmentalization pattern 
in HCT116 cells 
To reproduce features observed in HCT116 cells, a polymer model was designed that would 
account for interactions between all 3 types of subcompartments. The model also included the 
process of loop extrusion, which is necessary for the formation of TADs, and also is known to 
interfere with A-B compartmentalization (Nuebler et al. 2018). 
 
This model is flexible and allows us to predict how perturbations to loop extrusion and 
compartmentalization are reflected in the contactmap. Several perturbations of the model were 
performed to verify that it accurately reflects Hi-C.  
 
The first perturbation is running with a two-state A/B compartmentalization model (without H3K9 
compartmentalization). Simulations of a region in HCT116 were run with a three-state 
heteropolymer model and a two-state model, with and without loop extrusion. The three-state 
model is much better at recapitulating the Hi-C interaction frequencies than the two-state model 
(Figure 10). This suggests that H3K9-H3K9 attraction is indeed higher in HCT116. 
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Figure 10. Two-state and three-state models. The left column represents RAD21-depletion 

conditions, where loop extrusion is prevented, and the right column represents normal HCT116 
cells. Row (a) is the original cell Hi-C, row (b) shows Hi-C and the two-state model contactmap 
split across the main diagonal, and row (c) shows Hi-C and the three-state model contactmap 
split across the main diagonal. The colored bars to the left and right indicate the domain type: 

red (A), purple (B), and gray (H3K9). 

Loss of methylation corresponds with a loss of H3K9 
compartmentalization and re-establishment of TADs in H3K9 
domains 
The data analyses performed by (Spracklin et al. 2020) indicate that DKO cells have 
deficiencies of H3K9me3 in some heterochromatic domains. The domains where H3K9me3 is 
depleted are called disrupted domains, and the domains where H3K9me3 remains are called 
persistent domains. 
 
H3K9 domains in HCT116 are generally devoid of loop extrusion features like stripes, loops, 
and TADs. However, these features appear in several disrupted domains, as seen in DKO Hi-C. 
Figure 11 shows one example of a disrupted domain that contains features of loop extrusion. 
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Figure 11. A disrupted H3K9 domain (chromosome 6, 90-96Mb) in HCT116 and DKO. In DKO, 

TADs, loops, and stripes reappear. This is one example of TAD reappearance in disrupted 
domains; this pattern is observed throughout the genome. 

 
To probe the differences between disrupted and persistent domains, three perturbations to the 
polymer model were made, all based on the HCT116 “control” with CTCFs from HCT116 
ChIP-seq. The RAD21 variation has no loop extrusion, the DKO (persistent) variation has 
CTCFs from DKO ChIP-seq, and the DKO (disrupted) variation uses DKO CTCFs and further 
removes H3K9 compartmentalization by treating H3K9 domains as normal B regions. 
 
As seen in Figure 12, the disrupted DKO model (d), without H3K9 compartmentalization, is a 
good match for the disrupted domain, while the persistent DKO model (c), with H3K9 
compartmentalization, is a good match for the persistent domain. Therefore, disrupted HP1 
domains behave like the normal B compartment in DKO conditions. This lets us conclude that 
H3K9 compartmentalization and TAD disappearance is correlated with the H3K9me3 histone 
modification. 

13 



20
20

 S.-T
. Y

au
 H

igh
 Sch

oo
l S

cie
nc

es 
Award

 
Figure 12. Contactmaps with Hi-C on the left half and a simulation contactmap on the right half, 
separated by the main diagonal. Region 1 contains two disrupted H3K9 domains and Region 2 

contains two persistent domains. These occur in four different conditions: (a) RAD21: No 
extrusion, three-state model of compartmentalization; (b) HCT116: Extrusion, three-state model; 

(c) DKO (persistent): Extrusion, three-state model; (d) DKO (disrupted): Extrusion, two-state 
model. The colored bars to the left and right indicate the domain type: red (A), purple (B), and 

gray (H3K9). 
 

The fact that TADs reappear in disrupted domains suggests that the loading of CTCFs to CTCF 
sites is inhibited by a factor correlating with H3K9me3 modification. It is also plausible that loop 
extrusion itself is prevented by the H3K9me3 modification; this is shown to not be true in the 
next section. 

Loop extrusion occurs in H3K9 domains 
Since TADs and loops, hallmarks of loop extrusion, are absent in H3K9 domains, one may think 
that loop extrusion itself is inhibited in H3K9 domains. However, I will show that these are not 
the result of inhibiting loop extrusion, but of just deactivating CTCFs. Loop extrusion still occurs 
normally in H3K9 domains. 
 
One reason why extrusion must occur is that Hi-C shows that several H3K9 domains contain 
stripes traversing the length of the domain, which is only possible when cohesins are allowed to 
enter H3K9 domains. Simulations were run where loop extrusion was allowed or restricted, in an 
H3K9 domain containing stripes traversing the domain. Figure 13 shows the resulting 
contactmaps.  
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Figure 13. Simulations of an H3K9 domain with/without loop extrusion in the H3K9 domain. (a) 
Normal extrusion rules. (b) Restricted extrusion in H3K9. The colored bars to the left and right 

indicate the domain type: red (A), purple (B), and gray (H3K9). 
 
The left contactmap shows the result of loop extrusion in normal conditions and the right 
contactmap shows the result when loop extrusion is prevented. Preventing extrusion results in 
the disappearance of stripes, as indicated in the figure, which is not observed in Hi-C. 
Therefore, it can be concluded that the extrusion of cohesins is not restricted in H3K9 domains. 
The only alteration to loop extrusion that H3K9 domains have is that they undergo depletion of 
CTCFs, as mentioned in the previous section. 

Methods 

Simulation model 
The simulation is modeled as a system with five equivalent polymer chains, each with around 
10,000 monomers. Each monomer represents one kilobase of the genome, so each chain 
represents 10 million base pairs of the genome. The model is run using the open-source 
GPU-assisted library OpenMM, which allows defining forces on the monomers and uses 
integration to determine positions and velocities for each timestep (Eastman et al. 2017). Bonds 
between monomers are harmonic bonds with a fixed equilibrium length and a force proportional 
to the change from rest length (i.e.  (Figure 14).Δx)F =  − k   
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Figure 14. Simulation model. Consists of five polymer chains of monomers. Each monomer 

represents 1,000 base pairs. Harmonic bonds connect adjacent pairs of monomers on the same 
chain. 

 
The model is also run with periodic boundary conditions (PBC) with a fixed density, shown in 
Figure 15. This means that monomers experience forces depending on their x-, y-, and 
z-coordinates modulo the PBC box width. Plots of the simulation conformations appear as 
cubes with sides the same length as the PBC width. This ensures that chains do not drift apart 
and that the simulation remains at a fixed density, similar to the confinement of the cell nucleus 
(Di Stefano et al. 2016).  
 

 
Figure 15. Periodic boundary conditions. All monomers remain inside the box, and as they pass 

through one side of the box, they appear on the other side but continue interacting with 
neighboring monomers. 

 
The simulations developed in this paper were adapted from prior work in simulating Hi-C with 
only two compartments and simpler loop extrusion rules (Nuebler et al. 2018; Falk et al. 2019). 
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Modeling compartmentalization 
It is believed that compartmentalization is a result of attractive forces between heterochromatic 
domains. This can be simulated by creating a variable attractive force between a pair of 
monomers that depends on only the monomer types of the pair; monomers in heterochromatic 
domains attract. 
 
A force based on the smooth square well potential was used to simulate different types of 
interactions between monomers shown in Figure 16. The smooth square well force is a 
“smoothed” version of the square well force, with its potential energy V(x) linearly related to 

, where x is the distance between monomers. This heteropolymer force consists of(x )x12 2 − 1  
two smooth square wells put together, one attractive and one repulsive (Nuebler et al. 2018). 
The y-axis represents potential energy and the x-axis represents the distance between a pair of 
monomers. When the monomers are too close to one another, they experience a large 
repulsion, but at a certain distance, they may experience a small attraction. The depth of this 
attraction well depends on the monomer types that interact.  

 
Figure 16. The Smooth Square Well potential. The depth of the attractive well depends on the 
monomers present. For example, two B monomers may interact more strongly than an A and a 

B monomer. 
 
Simulations were run with a single monomer type and varying attraction energy to demonstrate 
the result of attraction on a polymer conformation. 3D maps of conformations taken after the 
simulations had equilibrated are shown in Figure 17. With low attraction energies, the polymer is 
mainly in an expanded state, shown in row 1, but higher attraction energies result in collapsed 
polymers, shown in row 2. The collapse is a result of the attraction of monomers outweighing 
the entropic effects that lead to expansion. 
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Figure 17. 3D maps of conformations with increasing attraction energy (kBT), shown below the 

conformations. 
 
Figure 18 shows the result of a two-state heteropolymer simulation, where monomers are 
assigned to either A or B. The attraction energy of BB was set to 0.25 kBT, while the attraction 
energy of AA and AB was set to 0 kBT, resulting in the cis contactmap shown below. It can be 
seen that the A domains interact more with each other, and the B domains interact more with 
each other, creating a checkerboarding pattern. The plot on the right shows a conformation in 
which A monomers have been colored red and B monomers have been colored blue. A and B 
are segregated into distinct locations in the conformation as the result of phase separation. The 
checkerboarding pattern produced appears similar to A/B compartmentalization pattern in Hi-C. 
Three-state models that account for the additional H3K9-H3K9 attraction are explored in the 
next sections. 

 

 
Figure 18. A two-compartment model. Left: Cis contactmap (colormap shows logged interaction 
frequencies) showing the checkerboarding pattern, Right: a conformation from the simulation 

(Red monomers: A, blue monomers: B) 
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Iteratively fitting compartments 
Chromatin compartments have been simulated in (Nuebler et al. 2018; Falk et al. 2019). A 
simulation model lets one view the effect of compartmentalization using a given set of attraction 
energies, but this is not easily reversed; it’s hard to find the attraction energies that lead to a 
compartmentalization pattern. In a two-state model, the strength of compartmentalization can be 
adjusted by primarily sweeping one parameter, the B-B attraction. However, for a three-state 
model, there are five adjustable parameters: the attraction energies of A-A, A-B, A-H3K9, B-B, 
B-H3K9, and H3K9-H3K9. To find an optimal set of attraction energies, I designed an iterative 
process that allows us to converge on the correct parameters (Figure 19).  
 
Let  be the attraction energy matrix at iteration , and  be the interaction matrix producedEi i (E)f   
by the attraction energy matrix . The iterative process works by first running simulations to 
compute , where is a small adjustment to the attraction energy between every pair of|dE|

f (E +dE)i Ed  
monomers (A-A, A-B, A-H3K9, B-B, B-H3K9, H3K9-H3K9). These changes are used in a 
linear-regression fashion to predict the resulting mean interactions for a given attraction energy 
matrix. For the next iteration, the attraction energy matrix is chosen that minimizes theEi+1  
squared difference between the predicted mean interactions and the interaction frequencies 
observed from Hi-C is chosen. Finally, the attraction energies are all multiplied by a constant 
factor determined in a linear sweep to find the optimal interaction frequency compared to the 
Hi-C interaction frequencies.  
 
The end result of iteration is shown in Figure 19. At the end of the 5th iteration, it was found that 
the simulated interaction frequencies are very close to the interaction frequencies observed in 
Hi-C. The optimal attraction energies show that the H3K9-H3K9 energy is higher than B-B, 
which is higher than A-A. The resulting interaction frequencies produced contain the relative 
observations observed from the Hi-C frequencies: loci in the same compartment attract more 
frequently than loci in different compartments, and the A-B and B-H3K9 attractions are more 
intermediate in strength. The attraction energies found at the end of iteration are used as the 
parameter for compartmentalization in the simulations. 
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Figure 19. Iteratively fitting compartments. The first row shows an unknown set of attraction 
energies creating the desired interaction frequencies from Hi-C, which were derived from the 

chromosome on which the simulation was run. The next row shows the optimal attractive 
energies and simulated interaction frequencies generated by the iterative process. 

Modeling loop extrusion 
In this paper’s loop extrusion model, cohesins are protein complexes that bind to the chromatin 
fiber at random positions and facilitate loop extrusion. Over time, the cohesin expands; one of 
its legs moves downstream, while the other moves upstream. For example, a cohesin 
connecting monomers  and will connect  and in the next time step. The cohesini  j i − 1 j + 1  
exerts a harmonic force pulling the regions connected by its legs together (Figure 20). Cohesins 
also have a lifetime; they unload from the genome randomly with a probability of 1/lifetime. 
Cohesin legs can be in a stalled state, for example, when they collide with one another on the 
strand. Stalled cohesin legs do not move, but the other cohesin leg may continue to extrude 
unidirectionally. 
 

 
Figure 20. Left: The cohesin legs and the direction they travel in. Right: The resulting polymer 

chain conformation, with the cohesin bond indicated in blue. 
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CTCF is a transcription factor that regulates loop extrusion. CTCFs are probabilistically loaded 
onto specific sites on chromatin and stall cohesin legs, preventing them from extruding either 
downstream or upstream, depending on the CTCF’s direction (Figure 21). In this paper’s 
cohesin model, cohesins are also prevented from unloading while stalled at a CTCF. 

 
Figure 21. Left: Cohesins (blue) stalling on CTCF boundaries (red). Stalled legs are depicted in 

dark blue. Right: the resulting loop with a maximum size. 
 

The cohesin trajectory accounting for CTCFs is applied to simulations. This results in visible 
TADs, stripes, and loops in the contactmap (Figure 22). This shows that the loop extrusion 
model does a good job of replicating features seen in Hi-C.  

 
Figure 22. TADs formation in a simulated contactmap. The TAD boundaries prevent extrusion in 

either direction and probabilistically contain loaded CTCFs. 

Conclusion 
I have demonstrated that the H3K9me3 histone modification is linked to CTCF deactivation and 
stronger compartmentalization and that the effect of H3K9me3 can be modeled in 
high-resolution simulations. The H3K9me3 modification correlates with the deactivation of CTCF 
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sites and changes to compartmentalization patterns, which are thought to be separate 
processes. 
 
Furthermore, this paper advances the study of genome structure by improving the ability of 
researchers to replicate Hi-C maps in silico. For example, the method to iteratively fit a 
compartment model to a Hi-C map allows for the complete replication of compartmentalization 
structure in Hi-C. This enables the exploration of more advanced loop extrusion and 
compartmentalization rules, which may help us better understand the molecular processes that 
regulate genome structure. 
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