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Method

High-resolution simulations of chromatin
folding at genomic rearrangements in malignant
B cells provide mechanistic insights into
proto-oncogene deregulation
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Genomic rearrangements are known to result in proto-oncogene deregulation in many cancers, but the link to 3D genome
structure remains poorly understood. Here, we used the highly predictive heteromorphic polymer (HiP-HoP) model to pre-
dict chromatin conformations at the proto-oncogene CCND/ in healthy and malignant B cells. After confirming that the mod-
el gives good predictions of Hi-C data for the nonmalignant human B cell-derived cell line GMI2878, we generated
predictions for two cancer cell lines, U266 and Z-138. These possess genome rearrangements involving CCNDI and the im-
munoglobulin heavy locus (IGH), which we mapped using targeted genome sequencing. Our simulations showed that a re-
arrangement in U266 cells where a single IGH super-enhancer is inserted next to CCNDI leaves the local topologically
associated domain (TAD) structure intact. We also observed extensive changes in enhancer-promoter interactions within
the TAD, suggesting that it is the downstream chromatin remodeling which gives rise to the oncogene activation, rather
than the presence of the inserted super-enhancer DNA sequence per se. Simulations of the IGH-CCNDI reciprocal transloca-
tion in Z-138 cells revealed that an oncogenic fusion TAD is created, encompassing CCNDI and the IGH super-enhancers. We
predicted how the structure and expression of CCNDI changes in these different cell lines, validating this using qPCR and
fluorescence in situ hybridization microscopy. Our work demonstrates the power of polymer simulations to predict differ-

ences in chromatin interactions and gene expression for different translocation breakpoints.

[Supplemental material is available for this article.]

Chromatin structure, nuclear organization, and the epigenome
are intimately linked to gene regulation and cell function and are
tightly controlled during differentiation. Genome rearrangements
leading to structural variants (including deletions, insertions, du-
plications, and translocations) can disturb these, leading to gene
misregulation and cancer (Norton and Phillips-Cremins 2017).
An important example occurs during B cell differentiation, where
programmed breakage and recombination of the genome takes
place in order to generate the broad heterogeneity of immunoglob-
ulins (Igs) required for immune system function (Jung et al. 2006).
Errors in this process can lead to repositioning of Ig regulatory
elements which then drives proto-oncogene activation (Konto-
manolis et al. 2020). The diversity in translocations and the diffi-
culties in accessing and handling patient samples means that
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detection, accurate mapping, and characterization of their func-
tional consequences are inherently problematic.

Advances in molecular probes of genomic and epigenomic
structure, such as ChIP-seq and chromosome-conformation-cap-
ture methods like Hi-C, have transformed our understanding of
the regulatory link between structure and function. For example,
Hi-C, which probes chromosome interactions genome-wide, has
revealed that the genome can be partitioned into topologically as-
sociated domains (TADs) (Dixon et al. 2012). These are contiguous
chromosome regions which show enriched self-interactions and
are thought to be associated with cis-regulatory mechanisms;
they are often bounded by binding sites for the CCCTC-binding
factor CTCF (Rao et al. 2014). ChIP-seq profiling of histone modi-
fications and protein binding has identified super-enhancers, clus-
ters of enhancer elements thought to drive expression patterns
responsible for cell identity (Hnisz et al. 2013). Super-enhancers
have been found to preferentially sit within TADs which are highly
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insulated from their surroundings (Gong et al. 2018) and have
been identified as drivers of oncogene expression in many tumors
(Thandapani 2019; Mikulasova et al. 2022).

A full epigenetic and three-dimensional (3D) structural char-
acterization of genome rearrangements is crucial for our under-
standing of proto-oncogene activation. However, the small size
of patient samples and their inherent variability means that rou-
tinely applying methods like Hi-C to primary cancer samples re-
mains challenging, despite recent progress in reducing the
amount of material required (Diaz et al. 2018). This is why much
work to date has focused on the biogenesis of chromosome
translocations (Engreitz et al. 2012; Roukos and Misteli 2014),
but comparatively less attention has been paid to the structural
consequences of translocations and other genome rearrangements
(Bianco et al. 2018; Akdemir et al. 2020).

In this work, our aim was to show how computer simulations
can help us understand the effects of common genome rearrange-
ments in B cell malignancies. Specifically, we used our “highly pre-
dictive heteromorphic polymer” (HiP-HoP) model (Buckle et al.
2018; Brackey et al. 2020) to study genomic rearrangements in-
volving the immunoglobulin heavy locus (IGH) (Watson and
Breden 2012) and the CCND1 proto-oncogene encoding the cell
cycle protein cyclin D1. IGH-CCND1 is a common translocation
observed in mantle cell lymphoma (MCL) and multiple myeloma
(MM); when translocated together, the IGH super-enhancers drive
CCND1 overexpression. The goal was to use the model to shed
light on how such rearrangements lead to changes in the 3D struc-
ture of gene loci which in turn leads to deregulation. If these sim-
ulations allow us to infer the pathway through which the CCND1
proto-oncogene becomes activated, they could be used to generate
testable hypotheses to direct new experiments suggesting targets
for therapeutic intervention. In the longer term, this points to a fu-
ture role for the method in a clinical setting, for example, in per-
sonalized medicine, where structural predictions based on
available or easily obtainable data could be extremely valuable.

Results

Figure 1, A-C, shows cartoons of the IGH and CCNDI loci in
healthy cells, as well as two different rearrangements which are
studied here. Specifically, we consider an MM cell line, U266,
where a single IGH super-enhancer is inserted into the CCND1I-
TAD, and an MCL cell line, Z-138, possessing a translocation
which repositions CCNDI next to the IGH joining region
(Watson and Breden 2012). In another study published in this is-
sue (Mikulasova et al. 2022), we analyzed the changes in patterns
of histone modifications associated with super-enhancer translo-
cation events, finding that relocation of the IGH super-enhancer
results in local chromatin remodeling and the emergence of new
patterns of histone modifications including H3K4me3 broad do-
mains (Park et al. 2020). Here, we study how these epigenetic
changes alter 3D chromosome structure.

HiP-HoP uses data on DNA accessibility, histone modifica-
tions, and protein binding to generate an ensemble of 3D chromo-
some structures. We previously showed that the method gives
good predictions of both population level data (e.g., Hi-C or 4C)
and single-cell measurements (e.g., from fluorescence microscopy)
(Buckle et al. 2018). Crucially, HiP-HoP does not use Hi-C (or any
other 3D genome data) as an input (unlike other popular models
which use fitting-based methods) (Serra et al. 2015). This means
that we can make predictions about the 3D structure of cell types
or tissues where Hi-C data is not available.
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| 2 » »a
TPCN2 MYEOV CCND1 LTO1
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|
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» »a
TPCN2 MYEOV \CCND1 LTO1
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near CCND1 Ead
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| »
EoR Eol EE.E CCND1 LTOT
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Figure 1. Cartoons showing the layouts of the CCNDT and IGH loci. (A)
Healthy cells. For CCND1, we show the approximate positions and orien-
tations of four genes within the locus (TPCNZ lies just outside of the TAD
which encloses the other three). For IGH, we show four previously identi-
fied enhancer elements within the constant region. (B) A rearrangement
which has been observed in multiple myeloma (and in the U266 cell
line) where an IGH insert bringing an enhancer element into the vicinity
of CCNDT1 is shown. (C) A t(11;14) translocation often found in mantle
cell lymphoma (and in the Z-138 cell line) which brings CCNDT next to
the entire IGH constant region is shown.

HiP-HoP predicts the domain structure at CCNDI
in a B cell-derived cell line

We previously showed that, in malignant B cells, genome rear-
rangements involving CCNDI lead to local changes in histone
modifications (Mikulasova et al. 2022). Here, we hypothesized
that this in turn leads to changes in 3D structure and chromatin
interactions which drive CCND1 expression. To understand these
malignant structural changes, it is first necessary to study the
healthy case. To this end, we considered the human B cell-derived
lymphoblastoid cell line GM12878, adapting our HiP-HoP method
to study chromatin structure around CCNDI. This is an ideal cell
line due to the abundance of publicly available data.

In the model, a 3-Mbp chromosome region was represented
by a chain of beads (a common approach in polymer physics)
(Brackey et al. 2020). The region was chosen because it is large
enough to encompass seven TADs surrounding CCNDI such
that the local chromatin context is captured but small enough to
give feasible simulation run times. The model combines three
mechanisms which drive locus structure: (1) diffusing spheres rep-
resenting complexes of chromatin binding proteins which can
bind to multiple points at the same time to form molecular bridges
(e.g., between promoters and enhancers) (Brackley et al. 2013,
2016b; Brackley 2020); (2) a heteromorphic polymer structure,
where different sections of the bead chain have different properties
(thickness/compaction and flexibility); and (3) the loop extrusion
mechanism (Sanborn et al. 2015; Fudenberg et al. 2016). Loop ex-
trusion is a molecular mechanism where chromatin is pushed onto
loops by factors (the cohesin complex) (Davidson et al. 2019),
which are halted by CTCF proteins bound in a convergent orienta-
tion (Rao et al. 2014).

A way to identify different types of chromatin is via high-
throughput analysis of histone modification data and hidden Mar-
kov modeling (HMM) (Ernst et al. 2011; Carrillo-de-Santa-Pau et al.
2017); this approach classifies chromosome regions into a number
of states (e.g., promoter/enhancer associated, polycomb repressed,
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and heterochromatin states) (see Sup-
plemental Table S1). In the model, we
had two different types of chromatin
structure (the heteromorphic polymer):
more open regions (thinner, more flexi-
ble polymer) and more compact regions
(thicker, “crumpled” polymer) (see Sup-
plemental Fig. S1 for a schematic). We
used the chromatin states to identify
these regions: H3K27ac associated states
have the more open structure (Risca
etal.2017). The model included three dif-
ferent species of bridge-forming protein:
a general “active binder,” and two types
of repressive binders (this is an extension
of the scheme in Buckle et al. [2018]
which only included active proteins). To
identify active protein binding sites,
we used DNA accessibility measured via
DNase-seq experiments, assuming that
DNase-hypersensitive sites (DHSs) are
binding sites (see Methods; Supplemen-
tal Methods). Repressive protein binding
sites were identified using the chromatin
states, with one species binding to
H3K9me3 states, and one species repre-
senting polycomb repressive complexes
and binding to H3K27me3 states. Finally,
ChIP-seq for CTCF was used to identify
“anchor” sites where loop extrusion is
halted. Full details of the simulations are
given in Supplemental Methods, and a
schematic is shown in Supplemental Fig-
ure S1.

To verify that HiP-HoP gives good
predictions for CCNDI1, we generated
simulated Hi-C interaction maps and
compared them with publicly available
data (Fig. 2A; Rao et al. 2014; Supplemen-
tal Fig. S1 shows a similar plot but for the
entire 3-Mbp region which was simulat-
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Figure 2. Simulations of the CCNDT region in GM12878 cells. (A) A map of the genes in the vicinity of

CCNDT1 is shown above heat maps for: (i) publicly available Hi-C data for GM12878 cells; and (ii) simu-
lated Hi-C from the same region (obtained from 4400 independent configurations). TAD boundary po-
sitions are indicated with blue dashed lines; green dashed lines indicate a “subTAD” region (see text).
Some unmappable regions are visible as gaps in the data (white stripes). (B) Simulation snapshots of
the 3D structure of the CCNDT region, including the CCNDT-TAD (pale orange) and the two neighboring
TADs (pale green and pale blue; a 1.3-Mbp section of the 3-Mbp region simulated is shown). One rep-
resentative snapshot is shown large, with five other smaller examples. Several genes are shown in bright
colors, as indicated. For clarity, proteins are not shown. (Inset) The same configuration is shown but col-
ored according to the input data used in the simulation, as indicated by label colors; gene positions are
circled. (C) Simulated 4C interaction profiles are shown from four viewpoints (blue triangles; these are
positioned at promoters of TPCN2, MYEOV, CCNDI, and LTOI, and at a DNase hypersensitive site
[DHS] downstream from MYEOV). The height of the orange shaded region represents the relative fre-
quency at which that position interacts with the viewpoint. Data used as simulation input (obtained
from ENCODE; see Supplemental Methods and Supplemental Table S3) are shown as colored blocks
above the plots. Red blocks indicate DHS, used to infer binding sites for active proteins. Blue and black
blocks indicate regions with chromatin states corresponding to polycomb and heterochromatin, respec-
tively, used to infer binding for the corresponding proteins. Yellow blocks indicate regions with chroma-
tin states associated with H3K27ac and indicate regions which have a more open chromatin structure in
the model. Orange and purple arrowheads indicate the position and directionality of CTCF sites, used to
infer loop extruder anchors. Some features are labeled with numbered arrows as referred to in the text.

ed, along with the experimental data used as an input). The simu-
lations gave a good prediction of the TAD pattern across the region
(clear domains are visible in Fig. 2A; we used the TAD-calling algo-
rithm from the HiCExplorer software [Ramirez et al. 2018] to iden-
tify boundaries; see Supplemental Fig. S2A,B; Supplemental
Methods Section 4). CCND1 sits at the far right of a TAD which is
bounded by convergent CTCF sites, starts just to the left of
TPCN2, and ends between LTO1 and FGF19. We shall refer to the
three neighboring domains as the TPCN2-, CCND1-, and FGF19-
TADs. The gene MYEOV sits just left of the center of the CCND1-
TAD. More broadly, the dependence of interactions with genomic
separation was correctly captured by the model (Supplemental Fig.
52C), and we found good correlation with experiments using sever-
al different metrics (e.g., a Pearson’s correlation of 0.7 was observed
for the directionality index profile) (see Supplemental Fig. S2A-F;
Supplemental Methods Section 4 for full details).

Simulated Hi-C maps tend to show more structure within the
domains than experiments (visible as dark spots and stripes; this
was also observed in previous HiP-HoP studies). Typically, these
features arise in the model due to protein-mediated enhancer-pro-
moter interactions. It could be that these interactions are overesti-

mated in the model, for example, because parameters such as the
number of bridging proteins are not correct, or because such inter-
actions are disrupted by a mechanism which is not present in the
HiP-HoP framework. Another possibility is that the experimental
data lacks sufficient resolution to reveal these features. Many of
the predicted ‘within-TAD’ interactions are present in publicly
available HiChIP and ChIA-PET data which have higher resolution
(Supplemental Fig. S2G) (promoter-enhancer interactions are also
more apparent in targeted 4C [Zhao et al. 2006], nucleosome reso-
lution MicroC [Krietenstein et al. 2020], and recent Hi-C data
which have been treated using a method for removing biases [Lu
etal. 2020]). A quantitative analysis of within-domain loops found
in HiChlIP data shows that the simulations correctly predict an en-
richment of these interactions (Supplemental Fig. S2G; see
Supplemental Methods Section 4). In the simulated Hi-C, several
smaller ‘subTADs’ are also visible; for example, one subTAD is gen-
erated by looping interactions between a CTCF site just upstream
of MYEOV and a CTCF within the CCND1 gene body [green dashed
lines in Fig. 2A(ii)]. A typical simulated structure is shown in Figure
2B; also shown are five other representative structures (from a pop-
ulation of 4400 generated).
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A more focused view of chromatin interactions at gene pro-
moters is shown in simulated 4C interaction profiles (Fig. 2C; we
take a 1-kbp region immediately upstream of a gene’s transcription
start site [TSS] to be its promoter). These reveal that the CCND1
promoter often interacts with polycomb-associated regions (arrow
‘1" in the figure); this is because there is enrichment of H3K27me3
at the promoter. There are also ‘active’ H3K4me1/3 modifications,
which could indicate variation between alleles or across the popu-
lation, with the gene sometimes expressed and sometimes re-
pressed. Consistent with this, publicly available RNA-seq data
(The ENCODE Project Consortium 2012) show weak expression
of CCND1 in GM12878 cells (see Supplemental Methods).

To more quantitatively assess the expression of four of the
genes within the locus, we performed qPCR experiments (see
Supplemental Methods; Supplemental Fig. S3). We found that,
in these cells, TPCN2 and LTO1 are expressed at slightly lower lev-
els than CCND1; in simulations their promoters interact with sev-
eral nearby DHSs. MYEOV shows much lower expression than the
other three genes (Supplemental Fig. S3A) and is covered by en-
hancer-associated H3K4mel and H3K27ac states. Although there
is no DHS at the MYEOV promoter to drive strong interactions,
there is a general enrichment of interactions within a broad region
downstream from the gene (arrow ‘ii’ in Fig. 2C), driven by the
CTCEF site immediately upstream of the gene (arrow ‘iii’). There is
a DHS just downstream from MYEOV (arrow ‘iv’) which interacts
strongly with DHSs across the locus (including at several promot-
ers) (see bottom track in Fig. 2C); this, together with the chromatin
states, suggests that this region may have enhancer function.

A super-enhancer insertion near CCNDI drives changes
in 3D structure within the TAD

We next used HiP-HoP to study CCND1 in the MM cell line U266.
These cells possess a genomic rearrangement where an enhancer
region from IGH is inserted upstream of CCND1, within its TAD
boundaries. A number of super-enhancers have previously been
described in the nonvariable IGH region, including the long recog-
nized Eal, Ea2, and Eu enhancers (Mills et al. 1983, 1997; Chen
and Birshtein 1997). More recently, we proposed that a fourth ele-
ment, ES, should be identified as distinct from Eu, based on high-
quality chromatin state mapping (Mikulasova et al. 2022). The
~100-kbp inserted region in U266 includes Eal (accurately
mapped by Mikulasova et al. 2022). U266 is a useful model because
it allows study of the effect of relocating a single IGH enhancer
within an existing TAD. It leads to significant changes in expres-
sion which are similar to those resulting from a reciprocal
translocation.

In order to simulate the 3D genome structure in U266 cells,
we generated an alternative genome build which includes the in-
sert, denoting this hg19_u266 (compared to the unaltered hg19
genome used for GM12878 above). We obtained U266 DNA acces-
sibility and chromatin states from the BLUEPRINT project
(Stunnenberg et al. 2016) and used CTCF binding site data for B
cells (The ENCODE Project Consortium 2012). Example configura-
tions are shown in Figure 3, A-C. Figure 4A shows simulated Hi-C
results for U266 along with the input data; the insert region is
marked in green. For comparison, Figure 4B shows the intact locus
from the GM 12878 simulations (no insert).

The overall TAD structure is unchanged by the presence of the
insert; however, interactions within the domains show significant
differences between the two cell lines. Particularly, in U266 there
are several strongly interacting regions (dark spots in the Hi-C

A GM12878 snapshot C Further U266
Lro1 snapshots

ccnp1 ﬁ” e,
2 4, P
¥ "3
- 3

A

insert
position

Figure 3. Simulation snapshots. (A) Example snapshot from simulations
showing the CCNDT-TAD in GM12878 cells (pale orange region).
Positions of genes are shown in different colors as labeled. Pale green
and pale blue regions are within the neighboring TADs. (B) Similar snap-
shot from U266 simulations. The /GH insert containing Ea1 is shown in
green; for comparison, in the snapshot in A, the position of the insert is
shown as a single green bead. (C) Four further example snapshots for
the U266 cells are shown.

map, some highlighted with green circles), including close to
CCND1 and within the IGH insert itself. Many of these are between
DHSs, between regions with heterochromatin states, or between
regions with polycomb states. DHSs often coincide with regulatory
elements such as promoters and enhancers; particularly in U266
there is a cluster of DHSs near and within CCND1 which is not pre-
sent in GM12878. Together, these observations suggest that loop
extruders and CTCEF sites drive TAD formation, whereas bridging
proteins drive interactions within TADs. Extrusion is unchanged
by the presence of the insert (which only contains one, low-occu-
pancy CTCEF site), whereas significant remodeling of chromatin in
U266 compared to GM12878 leads to changes within the TAD. To
validate this new TAD layout, we compared our simulated interac-
tion map with Hi-C data for U266 cells obtained from Wu et al.
(2017) (Fig. 4C). Although these data have much lower read cover-
age than the GM 12878 data discussed above, it is sufficient to gen-
erate a map at 20-kbp resolution and call TADs (Supplemental Fig.
S4); however, there is a region with repetitive DNA sequence with-
in the insert region to which short Hi-C reads cannot be mapped,
and this leads to an incorrectly called TAD boundary. Nevertheless,
the rest of the TADs in the data match those called from the simu-
lated map, and there is good visual agreement (Supplemental Fig.
S4; see Supplemental Methods Section 4 for details of the analysis).
It is clear that CCND1 is indeed within the domain which encom-
passes the IGH insert, and its promoter shows enriched upstream
interactions, validating the simulation predictions. Broader com-
parison measures also showed significant correlations between
the simulation and experimental Hi-C, though the agreement
was reduced compared to the GM12878 case (likely due to the low-
er resolution of the data) (Supplemental Fig. S4; Supplemental
Methods Section 4).

Figure 4D shows simulated 4C with viewpoints positioned at
gene promoters (top four rows). We found that there were new
(compared to GM12878) strong interactions between the
CCND1 promoter and several DHSs across the TAD, including
three prominent peaks within the insert (arrow ‘i’ in Fig. 4D), sev-
eral peaks between MYEOV and the insert (arrows ‘ii’; some of
these DHSs were not present in GM12878), and within and around
the nearby genes (arrows ‘iii’, ‘iv’, and ‘v’). Reciprocal interactions
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A CCND1 locus in U266 cells (hg19_u266 genome). C Comparison with U266 Hi-C data (hg19_u266 genome).
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Figure4. Simulations of the CCNDT region in U266 cells. (A) Simulated Hi-C data is shown below a map of the genes within the rearranged CCND1 locus
as found in the U266 cell line (hg19_u266 genome; a region encompassing the CCNDT and FGF19-TADs is shown). Green rings highlight additional in-
teractions not present in GM12878 cells. The green block and dashed lines show the position of the inserted region. Data used as simulation input (ob-
tained from BLUEPRINT and ENCODE) are shown as colored blocks under the Hi-C map using the same scheme as in Figure 2C. (B) Simulated Hi-C data are
shown for the intact CCNDT locus for GM12878 cells (hg19 genome). The green dashed line indicates the insertion point for the U266 rearrangement. (C)
Side-by-side comparison of simulation and Hi-C data for U266 cells obtained from Wu et al. (2017). Experimental data have been aligned to the in silico
rearranged reference genome hg19_u266 (see Supplemental Methods Section 4 for details). Some unmappable regions are visible as gaps in the data
(white stripes); for ease of comparison, the same regions are masked in the simulation map. The lower read depth of the data necessitates a lower map
resolution (20-kbp bins compared to 10-kbp bins for GM12878 data). The green blocks to the top and left of the map show the position of the insert region;
gene positions are shown to the left. See Supplemental Figure S4 for a comparison of called TAD boundaries. (D) Simulated 4C plots are shown for U266 at
various viewpoints (blue triangles). In the top four tracks, viewpoints are at promoters of TPCN2, MYEOV, CCND1, and LTO1. The bottom four tracks show
reciprocal viewpoints from interacting regions. The green block and dashed lines show the position of the insert, red blocks show DHSs, and the purple

block shows Ea1. Some features are labeled with numbered arrows as detailed in the text.

were observed as expected (Fig. 4D, bottom four rows). Many of the
regions around the new DHSs also gained enhancer or promoter
chromatin states compared to GM12878. The new interactions
arise because CCND1 gains DHSs and active promoter and enhanc-
er chromatin states at the promoter and across its body (while los-
ing H3K4mel and H3K27me3 at the promoter). These features are
consistent with H3K4me3 broad domains, which have previously
been associated with super-enhancers (Thibodeau et al. 2017;
Dhar et al. 2018). Their appearance has been implicated in can-
cer-specific super-enhancer hijacking at a number of oncogenes
(including CCND1) (Mikulasova et al. 2022).

The promoter of MYEOV also gains a DHS in U266 compared
to GM12878, and the chromatin state changes such that H3K27ac
and H3K4me3 now cover the gene, extending several kbp down-
stream (another broad domain). It also shows a number of new in-
teraction peaks, particularly in a region downstream where there is
a cluster of new DHSs with active enhancer and promoter chroma-
tin state (arrows ‘vi’ in Fig. 4D). The MYEOV broad domain region

as a whole interacts with the CCND1 broad domain in ~3% of con-
figurations, compared to ~2% in GM12878. MYEOV shows more
frequent interactions with the CCND1 promoter than with the
IGH insert, despite the latter being closer genomically (arrows
‘vii’). Taken together, these observations suggest that this new
MYEOV broad domain is active as an enhancer (as noted above,
the MYEOV proximal region also displayed some enhancer-like
features in the healthy cell line).

HiP-HoP generates a population of structures (representing a
population of cells) and provides full three-dimensional details.
We can also therefore measure, for example, separations between
specific points or the overall 3D size of a given region. We find
that the mean separation of TPCN2 and CCND1 tends to be larger
in U266 where the insert is present. This is expected because not
only is the genomic separation (along the chromosome) of the
probes larger, but in the model, more of the region has the open
(H3K27ac-associated) structure. The latter effect is highlighted by
examining the 3D size of a region of fixed genomic length around
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CCND1 in the two cell lines: the 3D size is larger in U266 cells
(Supplemental Fig. S5D; see also Fig. 6A below).

The reciprocal translocation t(11;14)(q13;q32) generates an
oncogenic TAD fusion

The MCL cell line Z-138 harbors a translocation that dramatically
changes the local environment of CCNDI: it relocates to
Chromosome 14 where it becomes juxtaposed with the joining re-
gion of the IGH locus. Although the t(11;14) rearrangement is
common, the breakpoint has not previously been mapped in
this cell line. Using paired-end read targeted DNA sequencing,
we precisely mapped the chromosomal changes (Supplemental
Fig. S6). With this information, we could then perform simula-
tions of the rearranged genome, which we denote hg19_z138.

Figure 5 shows results from simulations using Z-138 epige-
nomic data (again obtained from BLUEPRINT [Stunnenberg et al.
2016] and ENCODE [The ENCODE Project Consortium 2012]).
The simulated Hi-C map (Fig. SA) predicts that a new TAD will
form, encompassing CCND1, LTO1, and the IGH super-enhancers
(Ea2, Eal, Ey, and Eé). The right-hand boundary of the TAD is
formed by a pair of divergent CTCF sites and is conserved from
the Chromosome 11 boundary observed in GM12878 and other
cell types. The left-hand boundary is formed by three inward
pointing CTCEF sites; a boundary is also seen at this position on
Chromosome 14 in some other cell types which do not have a
translocation (including human umbilical vein endothelial cells)
(Rao et al. 2014). In summary, the simulations predict that these
two boundaries are conserved after the translocation, and this
leads to formation of a new IGH-CCND1 TAD. This new TAD has
a length of about 500 kbp, about 20% smaller than the
~640-kbp CCND1-TAD observed in GM12878 cells (the 3D vol-
ume of the TAD in Z-138 is also correspondingly smaller). One
can also see a region within the TAD which shows stronger enrich-
ment of iterations (a ‘subTAD’ of length ~407 kbp) (Fig. 5B); this
arises due to looping between a CTCF site just upstream of Ea2
and a CTCF within CCND1. The latter is the same CTCF site which
forms a subTAD in GM12878.

Figure 5C shows simulated 4C with viewpoints at CCND1 and
several positions within the translocated IGH super-enhancers.
CCND1 shows prominent interaction peaks in both E§ and Eyu (ar-
rows ‘i’ and ‘ii’ in the figure; the interaction is strongest where sev-
eral DHSs are clustered together). There are also smaller interaction
peaks within Eal and Ea2 and at a number of other DHSs (includ-
ing a cluster to the left of Ea2, arrow ‘iii’). Similar to U266, there are
a number of DHSs at the CCND1 promoter and within the gene
body which are not present in the GM12878 cell line. In the sim-
ulations, the interactions of the promoter are driven by binding
(and molecular bridging) of active proteins; this bridging is likely
further promoted by CTCF/cohesion-driven loop extrusion.
Viewpoints positioned at DHSs within the enhancers show recip-
rocal interactions with CCND1.

Here, we have simulated the breakpoint and rearrangement as
mapped for the Z-138 cell line (about 60 kbp upstream of CCND1I).
It is also possible to simulate alternative rearrangements to better
understand the effect of breakpoint variation between patients.
Up to 50% of t(11;14) MCL breakpoints are within the so-called
‘major translocation cluster’ about 120 kbp upstream of CCND1
(Jares and Campo 2008), with the rest scattered throughout a
broader 380-kbp region around this. Supplemental Figure S7
shows simulated 4C from two different examples where the
Chromosome 14 breakpoint is kept the same but we move the

A t(11;14) rearrangement in Z-138 cells.
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Figure 5. Simulations of the rearranged CCNDT region in Z-138 cells. (A)
Simulated Hi-C for Z-138 cells which possess a t(11;14) translocation
(hg19_z138 genome build). Positions of the /GH super-enhancers are
shown as purple blocks above the map. Simulation input data (DHSs, chro-
matin states, and CTCF peaks) are shown under the map as in previous fig-
ures. The gray dashed line shows the position of the translocation, whereas
the gray dotted line shows the position of the CCND1 promoter. (B)
Colored blocks show the domain pattern. The green block shows the
domain obtained via a TAD-calling algorithm (see Supplemental
Methods), and the blue block shows a subTAD region which is visible in
the interaction map in A. The subTAD boundary positions are determined
by the positions of CTCF sites. Colored dotted lines show where the
boundaries lie on the map in A. (C) Simulated 4C from viewpoints posi-
tioned at DHSs across the region (blue triangles). Some features are high-
lighted with numbered arrows as discussed in the text.

breakpoint on Chromosome 11 to different positions between
11 and 100 kbp upstream of CCND1. We found that, in general, in-
teractions between the gene and the Eu enhancer are weaker if
their genomic separation is larger.

Chromatin remodeling and CCNDI 3D structures differ in U266
and Z-138

The changes to chromatin states and DNA accessibility at CCND1
differ subtly between the two cancer cell lines. This is visible in
Figures 4A and SA but is more evident if the data are mapped
back to the hg19 reference genome (Supplemental Fig. S8 shows
the chromatin states and DHSs at three regions within the
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CCND1 locus where there is significant remodeling compared to
GM12878). In both U266 and Z-138, the CCND1 gene body gains
several DHSs and an H3K4me3 broad domain appears. From 10
distinct DHSs within CCND1, five are common to both cancer
cell lines, three are specific to Z-138, and two are specific to
U266. In other words, the different rearrangements lead to similar,
but notidentical, changes to the chromatin structureat CCND1. In
U266 cells, two other regions within the TAD also show substantial
changes: a region covering and extending downstream from
MYEOV and a region between MYEOV and CCND1 (location of ar-
rows ‘ii’ and ‘vi’ in Fig. 4D) both gain an H3K4me3 broad domain
and several new DHSs. We note that the pattern of chromatin
states and accessibility at the IGH enhancers also varies between
the U266 and Z-138 cell lines (see Supplemental Fig. S9).

The changes to the chromatin states at CCND1 have a striking
effect on the 3D structure of the gene: In Figure 6A, we plot the dis-
tribution of the simulated 3D size of the gene body (quantified by
the radius of gyration, R,) (see Supplemental Methods). In
GM12878, the gene is on average more compact than in the other
cell lines. The snapshots in Figure 6A show typical configurations:
The differences in the size of the gene, the chromatin states, and
the DHS pattern are clear. In GM12878, the gene has a crumpled
structure, whereas in U266 it is more stretched out. Protein-medi-
ated loops can form between the DHSs within the gene body
which reduce its 3D size: Variation in the number of such loops
present at any one time leads to the large variation in R,. The snap-
shot for the Z-138 case shows a configuration where a loop forms

A CCND1 gene body size in 3D.
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between a DHS within the gene body and a DHS in the upstream
region. Because there are more DHSs across the gene in Z-138,
there are more possibilities for loops to form: smaller R, values
are therefore more likely and there is less variation.

To see how this large change in 3D structure correlates with
gene expression, we performed additional QPCR experiments com-
paring the expression of the four genes in the locus between the cell
lines. Figure 6B shows their fold change in expression in U266 com-
pared to GM12878 (see also Supplemental Fig. S3B). Whereas all of
the genes show an increase, that of CCNDI1 is by far the largest:
more than 500-fold. The next largest change is for LTO1 which
shows an ~9.8-fold increase. We considered whether these changes
could be predicted from the simulated structures. In our simula-
tions, the active proteins represent complexes of transcription fac-
tors and polymerases, and one might therefore associate binding of
these to a gene promoter site with transcription. Indeed, in previ-
ous work using a simpler model, we showed that the fraction of
time a promoter is bound by an active protein during the simula-
tion is correlated with gene expression measured experimentally
via GRO-seq (Brackley et al. 2021). In the simulations, the active
proteins can bind at promoters which overlap a DHS; they can
also simultaneously bind multiple DHSs to form molecular bridges.
An emerging feature of the model is that clusters of proteins form at
positions where there are bridges between DHSs, and that in most
cases where a promoter is bound by a protein, it belongs to one of
these clusters. This means that the likelihood that a promoter is
bound by a protein depends on the local 3D structure, consistent
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Figure 6. Gene size and expression measurements. (4, left) Box plot showing the distribution of the radius of gyration of the CCNDT gene body (a mea-
sure of its 3D size) in simulations for each of the three cell types (440 configurations for each case). (Right) Typical snapshots of the gene and a 5-kbp flank-
ing region on each side. The gene body is shown as a solid tube, with flanking regions shown as an outline. The arrow shows the transcription start site. The
polymer is colored according to the simulation input data: Red indicates active protein binding sites (DHSs); blue, polycomb protein binding sites; and
yellow, open chromatin (H3K27ac). (B, left) Bar plot showing the change in expression level in U266 cells compared to GM12878 obtained from qPCR
measurements (see Supplemental Methods Section 6 and Supplemental Fig. S3 for further details). The bar height gives the log, fold change based on
an average over three replicates; the error bar shows the standard error of the mean. (Right) Similar plot for Z-138 cells compared to GM12878. No
MYEQV expression was detected in these cells. (C) Bar plot showing the fold change in expression level in U266 compared to GM12878 based on the ex-
pression prediction from simulations. As detailed in the text, we do not expect a linear mapping between the predicted and real expression levels, so one
can only compare qualitatively with the qPCR. Nevertheless, this shows the same trend across the genes as in panel B. See Supplemental Methods for further
details. (D) Map of the CCNDT locus (hg19) showing the positions of the fosmid probes used in FISH experiments. (E) Example FISH images. The leftimage
shows a whole cell with red, green, and yellow probes covering different genes as indicated. Middle images show the yellow probe spots only (regions
indicated by orange boxes in the whole-cell image). Right images show a 3D reconstruction of the gold probes as used to measure the volume (see
Supplemental Methods for details). (F) Box plot showing the distributions of the volume of the probe covering CCNDT in the three cell lines (see text
and Supplemental Methods for details). The number of probe spots measured in each case (n) is indicated. See Supplemental Figure S10 for similar plots
for the other probes. (G) Box plot showing a similar measurement but extracted from n=440 simulated configurations from each ceII line (see
Supplemental Methods for details of the calculation; simulation length units roughly map to physical units as o~ 21.8 nm, so 6>~ 1.04 x 107> um).
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with a mechanism where enhancer-promoter interactions and/or
formation of transcriptional protein condensates drive expression.
Here, we calculated the fraction of simulated configurations where
a given promoter is bound by a protein. This measure does not take
into account enhancer ‘strength’ or compatibility and can only
have a value between 0 and 1; therefore, we only expect a correla-
tion and not a quantitative mapping to expression. Nevertheless,
the predictions are largely consistent with the qPCR data, even if
this is not a direct validation of the predicted structures (see
Supplemental Methods and Supplemental Fig. S3Ei for further de-
tails). An even better correlation between simulations and data is
obtained if, rather than considering protein binding, we instead
ask how often the promoter interacts with (forms loops to) chroma-
tin which has an enhancer-associated state (Fig. 6C). We note that
there are simpler models which aim to predict expression, for ex-
ample, based on histone modification levels near gene promoters
(Fulco et al. 2019), but these do not provide the same insight and
context revealed by the predicted 3D structures.

In Z-138 cells, CCND1 expression shows an even larger 1200-
fold increase compared to GM12878 (qPCR data shown in
Supplemental Fig. S3C); LTOI and TPCN2 also show increased ex-
pression in Z-138 compared to GM12878 cells, but we did not
detect MYEOV expression. Only CCND1 and LTO1 were present
within the region simulated, and simulations correctly predicted
the former would display the greater fold change compared to
GM12878 cells (Supplemental Fig. S3Eii).

To verify that the change in 3D gene size is observed in vivo, we
performed fluorescence in situ hybridization (FISH) microscopy us-
ing fosmid probes (Fig. 6D; see also Methods and Supplemental
Methods). We note that the probes cover a region several times larg-
er than the CCND1 gene body (42.8 kbp compared to the 13.4-kbp
gene), so this is an indirect measure. Figure 6E shows a typical image
from the Z-138 cells. First, we note that the positioning of the spots
is consistent with the translocation. One of each of the red, green,
and gold spots are together in a group (on the nontranslocated
Chromosome 11); the other gold (CCND1) probe is alone, whereas
the other red and green probes (TPCN2 and MYEQV, respectively)
are together. From the images, we obtain the 3D volumes of the
probes; a similar measure is obtained from the simulations. The sim-
ulations predict that compared to the GM12878 cell line, the vol-
ume occupied by the CCND1 probe region will be, on average,
30% larger in U266 cells and on average, 16% larger in Z-138 cells.
They also predict that the MYEOV probe volume will be, on average,
36% larger in U266 cells compared to GM12878, whereas the
TPCN2 probe will be the same volume in both of these cell lines.
Experimentally, we obtained measurements from at least 20 cells
for each cell line (with two spot measurements in each; the numbers
of cells where spots were clearly visible was limited by some techni-
cal aspects) (see Supplemental Methods). The data showed trends
which were generally consistent with the simulations: the CCNDI
probe volume was, on average, 30% larger in U266 compared to
GM12878, and the MYEOV probe was, on average, 23% larger.
However, in the experiments the differences were not statistically
significant; nevertheless, the simulations are still consistent with
this, as taking a random subset of the simulation measurements
such that there were the same number as in the experiments also
did not show any significant differences between the probe volumes
in the different cell lines (see Supplemental Methods Section 7 for
further details). Plots showing the distributions of the CCND1 probe
volumes for experiments and simulations are shown in Figure 6, F
and G (Supplemental Fig. S10 shows similar plots for the other
probes). We note that although the simulations are consistent

with the in vivo trends, we would not expect the model to be able
to predict quantitative differences in probe volumes; this is consis-
tent with previous work where predictions for 3C-based data (inter-
actions) were better than those for microscopy data (Buckle et al.
2018).

The oncogene structure of CCNDI is driven by chromatin
remodeling

We have observed that in these cell lines, the genome rearrange-
ment is accompanied by extensive chromatin remodeling. In par-
ticular, in both U266 and Z-138, an H3K4me3 broad domain
containing several DHSs appears over CCND1. A likely scenario
is that after the rearrangement, the IGH super-enhancers recruit
transcription factors, chromatin remodelers, and architectural pro-
teins to the region. The resulting changes then in turn disrupt the
wider 3D structure, leading to dysregulation of CCND1. The HiP-
HoP computational framework provides a unique opportunity to
examine these two effects in isolation: we can rearrange the ge-
nome without otherwise changing the chromatin states, or we
can use chromatin states from a cancer cell line without including
any genomic rearrangement. It is not possible to do this in vivo,
and these in silico situations cannot be engineered in reality.
Nevertheless, they provide insight.

Figure 7A shows results from a simulation where chromatin
state and DHS data for GM12878 cells were used as input, but
the hg19_u266 genomic insert rearrangement was included (as de-
picted in the cartoon). In Figure 7C, we compare 4C results from
GM12878 simulations with and without the insert; this shows
that adding the insert has only a small effect on the interaction
profile of the gene promoters. The profiles for TPCN2 and
MYEOV are unchanged. Also, despite the insert containing a
DHS within an H3K27ac region, there is little interaction with
the nearby CCND1 promoter (which has a polycomb chromatin
state). On the other hand, there is some interaction between the
insert and LTO1. Using the simulations to predict gene expression
as above, these results suggest that without any subsequent chro-
matin remodeling, the presence of the insert alone would not
lead to CCND1 up-regulation. This is in contrast to the measured
change in RNA levels via qPCR (Supplemental Fig. S3B,C), which
show ~500-fold and 1200-fold increases in CCND1 expression in
U266 and Z-138, respectively, compared to GM12878.

Figure 7, B and D, shows similar results from simulations
where U266 epigenomic input data is used with the intact hg19 ge-
nome (no insert, as shown in the cartoon). Here we see the effect of
the chromatin remodeling in the absence of the insert. We find
that in this case, the CCND1 promoter still shows interaction peaks
across the CCND1 gene body, at regions downstream (in and
around LTO1) and to a lesser extent, the H3K4me3 broad domain
regions upstream. Beyond the loss of interactions with the insert
itself, the main effect of removing the insert is an increase in inter-
actions between CCND1 and upstream DHSs, consistent with their
reduced genomic separation. The simulations also predict that
very little change in gene expression level would result from re-
moving the insert while keeping the U266 chromatin states.
Together these results suggest that it is chromatin remodeling
which drives the changes in the 3D structure of the locus in terms
of promoter-enhancer interactions, and this in turn drives up-reg-
ulation of cyclin D1 (Fig. 7E).

As well as simulating different rearranged genomes, it is also
possible to directly edit the input data; that is, we can edit the epi-
genome in silico. For example, we found little change in CCND1

1362 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on May 3, 2026 . Published by Cold Spring Harbor Laboratory Press

Simulations of chromatin at genomic rearrangements
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Figure 7. In silico genomic and epigenomic rearrangements. (A, top) Cartoon showing an in silico genome rearrangement where an /GH region is in-
serted into the GM12878 CCNDT locus, and the GM12878 (healthy) chromatin states are retained (i.e., the hg19_u266 reference genome is used).
(Bottom) Hi-C map generated from simulations with this in silico rearrangement. The input data are shown below the map; the green block and dashed
lines show the position of the insert. (B, top) Cartoon showing an in silico genome rearrangement where the IGH insert is removed from the U266
CCNDT locus, and the U266 chromatin states are retained (i.e., the hg19 reference genome is used). (Bottom) Simulated Hi-C generated from simulations
with this in silico rearrangement. The green dashed line shows where the insert has been removed. (C) Simulated 4C are shown for simulations using
GM12878 chromatin states both with and without the insert (position indicated with green lines). Positions of genes are shown by blue blocks (from
left to right, TPCN2, MYEOV, CCND1, and LTOT). (D) Simulated 4C are shown for simulations using U266 chromatin states both with and without the insert.
(E) Cartoon showing a model where first the genomic rearrangement brings the /GH super-enhancer into the CCNDT TAD, and this then leads to recruit-
ment of chromatin remodelers, etc., to the region and local chromatin states and DNA accessibility are altered. This could be described as an “epigenomic
rearrangement.”

interactions if we take chromatin states from GM12878 cells for
Chromosome 11 and add an insert from Chromosome 14 with
states from the U266 cells (Supplemental Fig. S11A,B). In a simula-
tion of the U266 cells with the insert where we ‘switched off’ pro-
tein binding at four DHSs within the promoter and gene body of
CCND1, there was a loss of CCND1 interactions compared to the
previous U266 simulations (Supplemental Fig. S11C-E).

Discussion

In this work, we have adapted the HiP-HoP simulation model to
study chromatin 3D structure and the effect of genome rearrange-

ments in malignant and nonmalignant B cells. HiP-HoP simula-
tions predict 3D structures from DNA accessibility, chromatin
states, and CTCF binding data. We used these structures to simu-
late Hi-C and 4C data and to make single cell-like measurements.
Crucially, Hi-C data are not used as an input, so in this sense the
model is truly predictive for 3D structures. Here, by “rearranging”
the input data, we generated predictions for the effect of genome
rearrangements which are found in MCL and MM cell lines.

We first confirmed that the HiP-HoP model gives good predic-
tions for the CCND1 gene locus by performing simulations of the
healthy B cell-derived GM12878 lymphoblastoid cell line. The
TAD pattern observed in Hi-C (Rao et al. 2014) is clearly
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reproduced by the simulations, with boundaries at CTCF sites. In
these cells, CCND1 is only expressed at very low levels; the promot-
er region has a polycomb-associated chromatin state, and our sim-
ulations predicted interactions between the promoter and other
polycomb regions. There are several parameters in our model,
and varying these could affect the quality of the predictions; how-
ever, our previous work (Buckle et al. 2018) showed that variation
of most parameters has a small effect on the predicted interaction,
and this is mostly quantitative rather than qualitative (e.g., in-
creasing the number of simulated proteins tends to increase chro-
matin interactions, but without changing the positions of peaks).
Our parameter choice here was based on those in Buckle et al.
(2018) (though due to the different setup, we could not preserve
all parameters) (see Supplemental Methods), and it may be that
predictions could be improved by optimizing the parameters for
this specific locus.

Further simulations predicted that the TAD structure around
CCND1 is preserved in the U266 MM cell line which possesses a re-
arrangement where a super-enhancer from the IGH locus is insert-
ed upstream of CCNDI. This is consistent with previously
published low-resolution Hi-C data in that cell line (Wu et al.
2017). In these cells, the chromatin around CCND1 is remodeled:
Several new DHSs are established, and a broad region gains an ac-
tive promoter chromatin state (H3K4me3 and H3K27ac). The sim-
ulations predicted that the CCND1 promoter interacts with these
new DHSs in the gene body, as well as with a number of DHSs with-
in the inserted IGH region and the neighboring gene LTO1 (inter-
actions which are not present in GM12878 cells).

We also performed simulations of the MCL cell line Z-138,
where CCND1 translocates with Chromosome 14 becoming juxta-
posed with the IGH Eu enhancer. In this cell line, a TAD boundary
formed by a cluster of CTCF binding sites downstream from
CCND1 was preserved after the translocation, as was a boundary
to the left of the IGH super-enhancers (presumably in healthy
cells this isolates the super-enhancers from other nearby genes).
In other words, the simulations predict a fusion of the CCND1
and IGH regions into a new TAD—an oncogenic TAD fusion
(Valton and Dekker 2016). In this new arrangement, the promoters
of CCND1 and LTO1 readily interact with each other and with the
proximate Eu and ES super-enhancers, whereas weaker interac-
tions were observed with the more distant Eal and Ea2.

In vivo, genomic rearrangements are accompanied by chro-
matin remodeling; within our simulation scheme, it was also pos-
sible to examine the effect of a rearrangement in the absence of
remodeling. Simulations of GM12878 cells with the Eal super-en-
hancer DNA inserted in silico upstream of CCND1 (with GM12878
chromatin states otherwise unchanged) showed only very minor
changes in terms of 3D structure compared with the unaltered ge-
nome. We also performed a simulation using U266 chromatin
states but without the insert (i.e., the epigenomic rearrangement
is included, but not the genomic rearrangement, an experiment
that is only possible to do in silico). This showed little change com-
pared to the U266 case with the insert. Together, this suggests that
it is the local chromatin remodeling, rather than the proximity of
CCND1 to the IGH enhancers per se, which drives gene deregula-
tion. Or, in other words, a genomic translocation leads to an epige-
nomic translocation, which drives cyclin D1 overexpression. The
remodeling includes the appearance of an H3K4me3 broad
domain over CCNDI; the results here support our previous work
suggesting that such broad domains are associated with hijacked
super-enhancers (Mikulasova et al. 2022). In U266, two other near-
by regions become H3K4me3 broad domains, one covering the

gene MYEOV (this region also appears to have some enhancer-
like properties in the healthy cell line). The chromosomal loca-
tions which are predicted to strongly interact with CCND1 could
be used for targeting in future experiments which aim to uncover
the mechanisms through which broad domains are generated. For
example, one could ask whether using CRISPR-dCas9 to tether
KRAB or another enzyme at the U266 insert is sufficient to reverse
the nearby epigenetic changes.

In principle, our method can be applied to simulate any ge-
nome rearrangement for which input data is available. One cur-
rent limitation is that the input data comes from both alleles of
the locus; so, for example in the Z-138 case, the chromatin states
are based on a combination of histone modifications from the
translocated and non-translocated CCND1 loci. We note that
this is a limitation of the input data rather than the simulation
scheme; if the full sequence of a given cell line or patient sample
were available, ChIP-seq reads could be aligned in an allele-specific
way. It may also be possible to use the simulations to explore hy-
potheses about differences between alleles; for example, if one
were to assume one copy of the locus has active chromatin states
and the other inactive states, how does the 3D structure differ? A
simplifying assumption in the model is that all DHSs are binding
sites for a general active factor, and it would be interesting to incor-
porate more detail in the future, for example, if transcription fac-
tors specific to a particular oncogene are known (Brackley et al.
2016a). Other possible improvements to the model include adding
further “compaction levels” in the heteromorphic polymer (which
might improve microscopy predictions) or adding protein-protein
interactions promoting larger liquid-like phase separated protein
droplet formation (augmenting the small protein clusters which
form via bridging-induced attraction in the present model)
(Brackley et al. 2013). There are also some more general limitations
to our approach. We have focused here on translocations which re-
position super-enhancers; it is unclear what insight could be
gained in other situations (e.g., gene fusions, or frameshift muta-
tions). We have not yet considered copy number variations and
gene dosage and have assumed that we are simulating an initial
driver rearrangement; using the approach to understand the evolu-
tion of genomic abnormalities which arise sequentially would be
more challenging.

It would be of interest in the future to also simulate the dy-
namics of histone modification and DNA accessibility; as noted
above, our simulations imply that the genomic rearrangement
and repositioning of super-enhancers drives local changes to these
chromatin features. For example, including histone modifying en-
zymes explicitly in a model such as HiP-HoP would open the pos-
sibility to understand this process and to predict how a
rearrangement changes the 1D chromatin properties as well as
the 3D structure. In the long term, it may then be possible to pre-
dict changes to expression using only input data from healthy
cells, plus the coordinates of the rearrangement.

In summary, our work strongly suggests that genome rear-
rangements drive a subsequent epigenomic rearrangement, which
in turn leads to deregulation and proto-oncogene activation. We
have demonstrated that polymer physics-based modeling can be
useful for understanding the structural consequences of genome
rearrangements and can help to focus future experimental work.
It would be interesting to see if in the future, such simulations
could also help us understand the mechanisms behind the epige-
nomic rearrangement. This would clearly be important for the de-
velopment of any therapies which seek to interfere with that
process.
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Methods

HiP-HoP simulations

We used the HiP-HoP model as detailed in Buckle et al. (2018); full
details are given in Supplemental Methods. In brief, chromatin is
represented as a chain of beads (each representing a 1-kbp region),
and we evolve the configuration of this chain using a molecular
dynamics scheme and the LAMMPS simulation software
(Plimpton 1995). To improve efficiency, in each simulation we in-
clude 40 Mbp of chromatin (40,000 beads) which includes 11 cop-
ies of the region of interest; for each region we perform two such
simulations to generate 4400 individual configurations, each of
which can be said to represent a single cell. The chromatin concen-
tration is roughly matched to that of a typical nucleus. From the
configurations we generate simulated Hi-C and 4C and single
cell-like measurements. As detailed in the text, three different
mechanisms are included to drive the chain into specific struc-
tures: diffusing bridge-forming proteins, loop extrusion, and a het-
eromorphic polymer structure. DNase hypersensitive sites are used
to identify binding sites for an active protein (we use the simplify-
ing assumption that all DHSs are the same and bind this protein,
which represents a general complex of polymerase and transcrip-
tion factors). We use chromatin state data to identify binding sites
for two species of repressive protein (e.g., representing HP1 and
polycomb repressive complexes) and to identify regions which
have an open chromatin structure. ChIP-seq data for CTCF is
used to identify direction-dependent anchor sites for loop extru-
sion. Full details of the input data treatment are given in the
Supplemental Methods. Details of publicly available data used
for simulation input and validation are given in Supplemental
Table S3 and Supplemental Methods. Note that the hg19 reference
genome was used in this study, as some data sets were only avail-
able mapped to this reference; because our simulations do not
depend on the precise underlying sequence, none of our conclu-
sions would be altered by using a more recent genome build,
such as GRCh38.

Quantification of gene expression

For gene expression measurements, total RNA was extracted using
an RNeasy kit (QIAGEN) from between 5 x 10° and 10 x 10° Z-138,
U266, and GM 12878 cells. For qPCR, cDNA was synthesized from
1 pg of total RNA using random primers (Promega), then treated
with M-MLV Reverse Transcriptase (Promega). Two micrograms
of cDNA reaction were amplified with SYBR green master mix
(Invitrogen), 10 pM forward and reverse primers for LTOI,
TPCN2, CCND1, and MYEOV (Sigma-Aldrich) with 40 cycles of
PCR (95°C for 15 sec, 60°C for 60 sec) after initial denaturation
(95°C for 10 min). Cycle threshold values were normalized by
comparison with GAPDH expression. See Supplemental Methods
for further details (oligonucleotide sequences are shown in
Supplemental Table S2).

Genome rearrangement breakpoint mapping

Breakpoint mapping in U266 and Z-138 cells was performed as de-
scribed previously (Mikulasova et al. 2020, 2022); further details
are given in Supplemental Methods.

FISH analysis

For FISH microscopy, briefly, fosmid clones found to cover TPCN2
(G248P87917D11/WI12-1721H21), MYEOV (G248P87014D2/
WI2-2222G4), and CCND1 (G248P86668E2/WI2-219113) loci
were obtained from BACPAC resources. DNA was fluorescently la-
beled by nick translation. Probes and cell line DNA were denatured

at 75°C for 5 min followed by hybridization at 37°C overnight.
Further details are given in Supplemental Methods.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI BioProject database (https://www.ncbi
.nlm.nih.gov/bioproject) under accession number PRINA635269.
The FISH and simulation data generated in this study have been
submitted to the Edinburgh DataShare repository (https://
datashare.ed.ac.uk/handle/10283/4433). See also Supplemental
Table S4.

Competing interest statement

The authors declare no competing interests.

Acknowledgments

Work in the D.R. laboratory is supported by a Wellcome Trust Seed
Award in Science (206103/Z/17/Z). B.M.J. acknowledges funding
from Federaciéon Espafiola de Enfermedades Raras/Ministry of
Science and Innovation-Spanish State Research Agency under
the project RTI2018-094788-A-100, and La Caixa Banking
Foundation under the r project LCF/BQ/PI19/11690001. Work in
the L.J.R. laboratory was supported by CCLG Little Princess Trust
(N.K.) and a Medical Research Council DiMeN DTP studentship
(D.K.). C.A.B. acknowledges support from the European Research
Council (ERC CoG 648050 THREEDCELLPHYSICS).

Author contributions: AM. and B.A.-W. performed the Z-138
breakpoint mapping and sequencing; D.K. performed bioinfor-
matics analysis and cell line QPCR experiments. N.K. performed
cell line qPCR experiments, FISH probe generation, and post-cap-
ture analysis of images. L.J.R. performed FISH probe generation,
hybridization, and post-capture analysis of images. R.B.-P. per-
formed confocal microscopy and post-capture deconvolution
and image analysis. C.A.B. designed and performed the simula-
tions. D.R., LJ.R., and C.A.B. conceived and designed the research,
interpreted the results, and wrote the paper. All authors contribut-
ed to writing the paper.

References

Akdemir KC, Le VT, Chandran S, Li Y, Verhaak RG, Beroukhim R, Campbell
PJ, Chin L, Dixon JR, Futreal PA, et al. 2020. Disruption of chromatin
folding domains by somatic genomic rearrangements in human cancer.
Nat Genet 52: 294-305. doi:10.1038/5s41588-019-0564-y

Bianco S, Lupiaiiez DG, Chiariello AM, Annunziatella C, Kraft K, Schopflin
R, Wittler L, Andrey G, Vingron M, Pombo A, et al. 2018. Polymer phys-
ics predicts the effects of structural variants on chromatin architecture.
Nat Genet 50: 662-667. d0i:10.1038/s41588-018-0098-8

Brackley CA. 2020. Polymer compaction and bridging-induced clustering of
protein-inspired patchy particles. | Phys Condens Matter 32: 314002.
doi:10.1088/1361-648X/ab7f6c

Brackley CA, Taylor S, Papantonis A, Cook PR, Marenduzzo D. 2013.
Nonspecific bridging-induced attraction drives clustering of DNA-bind-
ing proteins and genome organization. Proc Natl Acad Sci 110: E3605—
E3611. doi:10.1073/pnas.1302950110

Brackley CA, Brown JM, Waithe D, Babbs C, Davies J, Hughes JR, Buckle V],
Marenduzzo D. 2016a. Predicting the three-dimensional folding of cis-
regulatory regions in mammalian genomes using bioinformatic data
and polymer models. Genome Biol 17: 59. doi:10.1186/5s13059-016-
0909-0

Brackley CA, Johnson J, Kelly S, Cook PR, Marenduzzo D. 2016b. Simulated
binding of transcription factors to active and inactive regions folds hu-
man chromosomes into loops, rosettes and topological domains.
Nucleic Acids Res 44: 3503-3512. doi:10.1093/nar/gkw135

Genome Research 1365

www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
https://www.ncbi.nlm.nih.gov/bioproject
https://www.ncbi.nlm.nih.gov/bioproject
https://www.ncbi.nlm.nih.gov/bioproject
https://www.ncbi.nlm.nih.gov/bioproject
https://www.ncbi.nlm.nih.gov/bioproject
https://www.ncbi.nlm.nih.gov/bioproject
https://www.ncbi.nlm.nih.gov/bioproject
https://datashare.ed.ac.uk/handle/10283/4433
https://datashare.ed.ac.uk/handle/10283/4433
https://datashare.ed.ac.uk/handle/10283/4433
https://datashare.ed.ac.uk/handle/10283/4433
https://datashare.ed.ac.uk/handle/10283/4433
https://datashare.ed.ac.uk/handle/10283/4433
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276028.121/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on May 3, 2026 . Published by Cold Spring Harbor Laboratory Press

Rico et al.

Brackey CA, Marenduzzo D, Gilbert N. 2020. Mechanistic modeling of chro-
matin folding to understand function. Nat Methods 17: 767-775. doi:10
.1038/s41592-020-0852-6

Brackley CA, Gilbert N, Michieletto D, Papantonis A, Pereira MCF, Cook PR,
Marenduzzo D. 2021. Complex small-world regulatory networks
emerge from the 3D organisation of the human genome. Nat Commun
12: 5756. doi:10.1038/s41467-021-25875-y

Buckle A, Brackley CA, Boyle S, Marenduzzo D, Gilbert N. 2018. Polymer
simulations of heteromorphic chromatin predict the 3D folding of com-
plex genomic loci. Mol Cell 72: 786-797.e11. doi:10.1016/j.molcel.2018
.09.016

Carrillo-de-Santa-Pau E, Juan D, Pancaldi V, Were F, Martin-Subero I, Rico D,
Valencia A, on behalf of The BLUEPRINT Consortium. 2017. Automatic
identification of informative regions with epigenomic changes associat-
ed to hematopoiesis. Nucleic Acids Res 45: 9244-9259. do0i:10.1093/nar/
gkx618

Chen C, Birshtein BK. 1997. Virtually identical enhancers containing a seg-
ment of homology to murine 3'IgH-E(hs1,2) lie downstream of human
Ig C alpha 1 and C alpha 2 genes. ] inmunol 159: 1310-1318.

Davidson IF, Bauer B, Goetz D, Tang W, Wutz G, Peters JM. 2019. DNA loop
extrusion by human cohesin. Science 366: 1338-1345. doi:10.1126/sci
ence.aaz3418

Dhar SS, Zhao D, Lin T, Gu B, Pal K, Wu §J, Alam H, Lv J, Yun K,
Gopalakrishnan V, et al. 2018. MLL4 is required to maintain broad
H3K4me3 peaks and super-enhancers at tumor suppressor genes. Mol
Cell 70: 825-841.e6. doi:10.1016/j.molcel.2018.04.028

Diaz N, Kruse K, Erdmann T, Staiger AM, Ott G, Lenz G, Vaquerizas JM.
2018. Chromatin conformation analysis of primary patient tissue using
a low input Hi-C method. Nat Commun 9: 4938. doi:10.1038/s41467-
018-06961-0

Dixon JR, Selvaraj S, Yue F, Kim A, Li Y, Shen Y, Hu M, Liu JS, Ren B. 2012.
Topological domains in mammalian genomes identified by analysis
of chromatin interactions. Nature 485: 376-380. doi:10.1038/
nature11082

The ENCODE Project Consortium. 2012. An integrated encyclopedia of
DNA elements in the human genome. Nature 489: 57-74. doi:10
.1038/nature11247

Engreitz JM, Agarwala V, Mirny LA. 2012. Three-dimensional genome archi-
tecture influences partner selection for chromosomal translocations in
human disease. PLoS One 7: e44196. doi:10.1371/journal.pone
.0044196

Ernst J, Kheradpour P, Mikkelsen TS, Shoresh N, Ward LD, Epstein CB,
Zhang X, Wang L, Issner R, Coyne M, et al. 2011. Mapping and analysis
of chromatin state dynamics in nine human cell types. Nature 473: 43—
49. doi:10.1038/nature09906

Fudenberg G, Imakaev M, Lu C, Goloborodko A, Abdennur N, Mirny L.
2016. Formation of chromosomal domains by loop extrusion. Cell Rep
15: 2038-2049. doi:10.1016/j.celrep.2016.04.085

Fulco CP, Nasser TR, Jones J, Munson G, Bergman DT, Subramanian V,
Grossman SR, Anyoha R, Doughty BR, Patwardhan TA, et al. 2019.
Activity-by-contact model of enhancer-promoter regulation from thou-
sands of CRISPR perturbations. Nat Genet 51: 1664-1669. doi:10.1038/
s41588-019-0538-0

Gong Y, Lazaris C, Sakellaropoulos T, Lozano A, Kambadur P, Ntziachristos
P, Aifantis I, Tsirigos A. 2018. Stratification of TAD boundaries reveals
preferential insulation of super-enhancers by strong boundaries. Nat
Commun 9: 542. doi:10.1038/541467-018-03017-1

Hnisz D, Abraham B]J, Lee TI, Lau A, Saint-André V, Sigova AA, Hoke HA,
Young RA. 2013. Super-enhancers in the control of cell identity and dis-
ease. Cell 155: 934-947. doi:10.1016/j.cell.2013.09.053

Jares P, Campo E. 2008. Advances in the understanding of mantle cell lym-
phoma. Br | Haematol 142: 149-165. doi:10.1111/j.1365-2141.2008
.07124.x

Jung D, Giallourakis C, Mostoslavsky R, Alt FW. 2006. Mechanism and con-
trol of V(D)] recombination at the immunoglobulin heavy chain locus.
Annu Rev Immunol 24: 541-570. doi:10.1146/annurev.immunol.23
.021704.115830

Kontomanolis EN, Koutras A, Syllaios A, Schizas D, Mastoraki A, Garmpis N,
Diakosavvas M, Angelou K, Tsatsaris G, Pagkalos A, et al. 2020. Role of
oncogenes and tumor-suppressor genes in carcinogenesis: a review.
Anticancer Res 40: 6009-6015. doi:10.21873/anticanres.14622

Krietenstein N, Abraham S, Venev SV, Abdennur N, Gibcus ], Hsieh THS,
Parsi KM, Yang L, Maehr R, Mirny LA, et al. 2020. Ultrastructural details
of mammalian chromosome architecture. Mol Cell 78: 554-565.e7.
doi:10.1016/j.molcel.2020.03.003

Lu L, Liu X, Huang WK, Giusti-Rodriguez P, Cui J, Zhang S, Xu W, Wen Z,
Ma S, Rosen JD, et al. 2020. Robust Hi-C maps of enhancer-promoter in-
teractions reveal the function of non-coding genome in neural develop-

ment and diseases. Mol Cell 79: 521-534.e15. do0i:10.1016/j.molcel
.2020.06.007

Mikulasova A, Ashby C, Tytarenko RG, Qu P, Rosenthal A, Dent JA, Ryan KR,
Bauer MA, Wardell CP, Hoering A, et al. 2020. Microhomology-mediat-
ed end joining drives complex rearrangements and overexpression of
MYC and PVT1 in multiple myeloma. Haematologica 105: 1055-1066.
doi:10.3324/haematol.2019.217927

Mikulasova A, Kent D, Trevisan-Herraz M, Karataraki N, Fung KTM, Ashby
C, Cieslak A, Yaccoby S, van Rhee F, Zangari M, et al. 2022.
Epigenomic translocation of H3K4me3 broad domains over oncogenes
following hijacking of super-enhancers. Genome Res (this issue) 32:
1343-1354. doi:10.1101/gr.276042.121

Mills FC, Fisher LM, Kuroda R, Ford AM, Gould HJ. 1983. DNase I hypersen-
sitive sites in the chromatin of human p immunoglobulin heavy-chain
genes. Nature 306: 809-812. doi:10.1038/306809a0

Mills FC, Harindranath N, Mitchell M, Max EE. 1997. Enhancer complexes
located downstream of both human immunoglobulin Co genes. ] Exp
Med 186: 845-858. doi:10.1084/jem.186.6.845

Norton HK, Phillips-Cremins JE. 2017. Crossed wires: 3D genome misfold-
ing in human disease. J Cell Biol 216: 3441-3452. doi:10.1083/jcb
.201611001

Park S, Kim GW, Kwon SH, Lee JS. 2020. Broad domains of histone H3 lysine
4 trimethylation in transcriptional regulation and disease. FEBS | 287:
2891-2902. doi:10.1111/febs.15219

Plimpton S. 1995. Fast parallel algorithms for short-range molecular dynam-
ics. ] Comp Phys 117: 1-19. doi:10.1006/jcph.1995.1039

Ramirez F, Bhardwaj V, Arrigoni L, Lam KC, Griining BA, Villaveces ],
Habermann B, Akhtar A, Manke T. 2018. High-resolution TADs reveal
DNA sequences underlying genome organization in flies. Nat Commun
9: 189. d0i:10.1038/s41467-017-02525-w

Rao SS, Huntley MH, Durand NC, Stamenova EK, Bochkov ID, Robinson JT,
Sanborn AL, Machol I, Omer AD, Lander ES, et al. 2014. A 3D map of the
human genome at kilobase resolution reveals principles of chromatin
looping. Cell 159: 1665-1680. doi:10.1016/j.cell.2014.11.021

Risca VI, Denny SK, Straight AF, Greenleaf WJ. 2017. Variable chromatin
structure revealed by in situ spatially correlated DNA cleavage mapping.
Nature 541: 237-241. doi:10.1038/nature20781

Roukos V, Misteli T. 2014. The biogenesis of chromosome translocations.
Nat Cell Biol 16: 293-300. doi:10.1038/ncb2941

Sanborn AL, Rao SSP, Huang SC, Durand NC, Huntley MH, Jewett Al,
Bochkov ID, Chinnappan D, Cutkosky A, Li ], etal. 2015. Chromatin ex-
trusion explains key features of loop and domain formation in wild-type
and engineered genomes. Proc Natl Acad Sci 112: E6456-E6465. doi:10
.1073/pnas.1518552112

Serra F, Di Stefano M, Spill YG, Cuartero Y, Goodstadt M, Bau D, Marti-
Renom MA. 2015. Restraint-based three-dimensional modeling of ge-
nomes and genomic domains. FEBS Lett 589: 2987-2995. doi:10
.1016/j.febslet.2015.05.012

Stunnenberg HG, Abrignani S, Adams D, de Almeida M, Altucci L, Amin V,
Amit I, Antonarakis SE, Aparicio S, Arima T, et al. 2016. The
International Human Epigenome Consortium: a blueprint for scientific
collaboration and discovery. Cell 167: 1145-1149. doi:10.1016/j.cell
.2016.11.007

Thandapani P. 2019. Super-enhancers in cancer. Pharmacol Ther 199: 129—
138. doi:10.1016/j.pharmthera.2019.02.014

Thibodeau A, Marquez EJ, Shin DG, Vera-Licona P, Ucar D. 2017.
Chromatin interaction networks revealed unique connectivity patterns
of broad H3K4me3 domains and super enhancers in 3D chromatin. Sci
Rep 7: 14466. doi:10.1038/s41598-017-14389-7

Valton AL, Dekker J. 2016. TAD disruption as oncogenic driver. Curr Opin
Genet Dev 36: 34-40. doi:10.1016/j.gde.2016.03.008

Watson CT, Breden F. 2012. The immunoglobulin heavy chain locus: genet-
ic variation, missing data, and implications for human disease. Genes
Immun 13: 363-373. doi:10.1038/gene.2012.12

WuP, LiT, LiR, JiaL, Zhu P, Liu Y, Chen Q, Tang D, Yu Y, Li C. 2017. 3D
genome of multiple myeloma reveals spatial genome disorganization as-
sociated with copy number variations. Nat Commun 8: 1937. doi:10
.1038/s41467-017-01793-w

Zhao Z, Tavoosidana G, Sjolinder M, Gondor A, Mariano P, Wang S, Kanduri
C, Lezcano M, Singh Sandhu K, Singh U, et al. 2006. Circular chromo-
some conformation capture (4C) uncovers extensive networks of epige-
netically regulated intra- and interchromosomal interactions. Nat Genet
38: 1341-1347. doi:10.1038/ng1891

Received July 26, 2021; accepted in revised form May 26, 2022.

1366 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

