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Effects of Lamina-Chromatin Attachment on Super Long-Range Chromatin
Interactions
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Abstract

The interactions between chromatin and lamin proteins localized on the nuclear envelope play a crucial
role in the three-dimensional (3D) organization of the genome. This study investigates the influence of lamin
associated domains (LADs) on genome organization at the chromosome level using 3D polymer models of
mouse embryonic fibroblasts (MEFs) and embryonic stem cells (mESCs). By integrating genome-wide LAD
maps from DamlID assays, we simulated chromatin conformations with and without LAD attachment to
the nuclear envelope. Our results show that incorporating LAD-lamin interactions yields a radial chromatin
distribution consistent with experimental observations. Moreover, LAD-lamin interactions induce significant
super long-range chromatin contacts across distant genomic regions. These findings suggest two distinct
mechanisms driving induction of chromatin interactions by LAD-lamin attachment.
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1. Introduction

The nuclei of eukaryotic cells at interphase are well organized. Individual chromosomes occupy non-
random territories [I}, 2] and maintain a hierarchy of structures at different scales, including compartments [3],
topologically associating domains (TADs), and chromatin loops [4].

A major factor in determining the nuclear and genome structures is the interactions between chromatin
and nuclear lamina, where lamin proteins are in contact with specific regions of the chromosomes [5]. These
regions, called the lamina-associated domains (LADs) [6, [7], have been identified through methods such as
DamID measurement, where adenine methylated DNA regions due to contact with Lamin Bl protein in
the nuclear lamina are identified [§]. LADs are found to be of size from 0.1 to 10 Mb, can cover about
30-40% of the genome, and have lower gene density [7]. The interactions between LADs and lamin are
stochastic, as only a fraction of the LADs are in contact with lamin in a particular cell [9]. LAD-lamin
attachment generally provide a repressive environment for gene expression [10, [I1] and they are enriched in
B compartment [12] T3]

Computational studies have shed light on the relationships between LAD-lamin attachment and the re-

organization of genome [14} [15] 16} 17, (18] 19} 20} 211, 22 23] 24], 25] 26], 27]. These Studies have underscored
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the important roles of lamin-B and B-B compartment interactions in establishing nuclear architecture and
the radial distributions of genomic compartments, and by integrating LAD-lamin attachment with other
experimental data such as Hi-C, 3D-FISH, and SPRITE, lamin association frequencies can be accurately
reproduced [23] 28 29]. While some studies have focused on the broader aspects of genome organization
without detailed considerations of the significance of LADs[28], [30, [T4], others have examined more specific
phenomena. The roles of LAD-lamin attachment in reorganization of nuclear architecture have been in-
vestigated in studies based on phase-field models [24, 26| 27]. Additionally, polymer model studies have
elucidated the impact of the strength of LAD-lamin attachment and heterochromatin distribution on the
formation of chromosome territories and the length distribution of LADs [22] 23]. Integration of data from
Hi-C and LAD information has further advanced methodologies such as Chrom3D, enabling the investiga-
tion of radial positioning dynamics of various genomic elements including LADs, topologically associating
domains (TADs), and genes [14] [31].

However, current efforts on studying the effects of LAD-lamin attachment are limited to smaller genomes
such as Drosophila [30], or one or a few chromosomes of mammalian genomes [23],[19]. In addition, thorough
sampling of diverse chromosome conformations independent of initial conditions to account for the extraor-
dinary structural heterogeneity of chromosome remains challenging. As a result, important aspects of global
long-range effects of LAD-lamin attachment are unknown. We do not know whether chromatin interactions
as specific patterns detected in Hi-C studies can arise from distant LAD-lamin attachment.

In this study, we develop a 3D poylmer model and investigate the long-range effects of LAD-lamin
attachment on genome organization. We use Mouse Embryonic Fibroblast (MEF) and mouse Embryonic
Stem Cell (mESC) as our model systems, since LAD-lamin attachment experience significant changes when
embryonic cells develop into differentiated cells [32]. Our study is among the few where 3D conformations of
full diploid mammalian genome are considered [28] [I5]. Further, our model is well suited to account for the
extraordinary heterogeneity in the 3D conformations of the diploid genome to quantitatively describe the
geometric properties of chromosomes in single-cells and in populations. As our model is based on analysis
of 20,000 single-cell diploid genome conformations, each independently generated using the CHROMATIX
deep sampling techniques [33]. This overcomes limitations in sampling at mixing due to finite simulation
time in molecular dynamics based studies, where harvested conformations in a simulation trajectories are
likely correlated due to the limited time scale of the simulations.

A remarkable finding is that LAD-lamin attachment induces chromatin interactions broadly across all
chromosomes, even in regions distant from LAD regions. Furthermore, the induced chromatin interactions
are overwhelmingly between inactive chromatin regions, suggesting their roles in suppressing gene expression.
In addition, we identified a small number of specific chromatin interactions that reproduce Hi-C interaction
patterns of the whole genome, with their numbers inversely related to the size of the induced chromatin

interactions.
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2. Methods

2.1. A diploid genomic polymer model incorporating LAD-lamin attachment

Previous polymer models of chromatin for cells have focused on intra- and inter-chromosomal interac-
tions [34] 17, B5] B3 [36]. Several studies have also incorporated lamina-chromatin interactions, either for a
selected set of chromosomes [23] B7] or for the whole genome diploid [38], 15}, [T4].

Ensemble models of diploid whole genome is challenging, because the extraordinary heterogeneity of 3D
genome structures requires the generation of a large ensemble of independent genome conformations from a
well-defined distribution. For this purpose, we employ a deep sampling approach based on sequential Monte
Carlo chain growth to ensure thorough sampling and to avoid local minima often encountered in molecular

dynamics simulations [36] B33 [39].

2.1.1. Polymer model of chromosome and LADs

To model the full diploid mouse genome of 2x20 chromosomes of 2,723 Mb in MEF and mESC cells, we
construct a coarse-grained polymer model, where each polymer bead represents 500 kb and has a diameter
of 188 nm based on consideration of the DNA fiber density of 11 nm [40]. A total of 2x5,278 = 10, 556
beads are used to represent the diploid genome. The nuclei radius of MEF is taken as 11.90 yM [4I]. The
LAD regions on the chromosomes of MEF and mESC cells are identified by DamID [32] [7]. We use a total
of 2x1,200 and 2x1,050 beads to account for the LAD regions for MEF and mESC, respectively.

We develop three different classes of 3D genome models.

e The NoLAD ensemble consists of 3D genome conformations, where the 2x20 chromosomes are modeled
as 40 self-avoiding random walks of appropriate length with excluded volume, all confined within the
nuclear envelope (Fig ) This class of model captures essential properties of random polymers and
can account for scaling rules observed from Hi-C measurements [42]. With a few additional landmarks,

they can also reproduce Hi-C heatmaps of the budding yeast [39].

e The LAD ensemble consists of 3D genome conformations with LAD beads distinguished from others.
Region of LAD beads are obtained from DamID mapping (Fig ) Each 3D genome conformation has
a total of 2x1,200 = 2,400 LAD beads among the 2x5,278 polymer beads. As 30% of LAD regions are
found to be attached to the lamina [43] and such attachment is stochastic [44} [45], 800 beads out of the
2,400 LAD beads in each conformation are set to be attached to the nuclear envelope in the ensembles
for MEF cells (700 out of 2,100 LAD beads are attached to the envelope for mESC cells). Here beads

within the distance threshold of 0.6 um to the nuclear envelope are considered to be attached.

e The Hi-C ensembles consists of 3D genome conformations that reproduce Hi-C frequencies. As recent
studies showed that a set of sparse specific polymer interactions derived from Hi-C frequencies are

sufficient to fold chromatin loci in Drosophila [36] as well as in human cells [46], we also construct Hi-C
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Figure 1: Polymer model of the diploid genome of mouse embryonic fibroblast (MEF) cells. A) Using DamID measurement [32], the
LAD regions, depicted in red, and the remaining regions, depicted in blue, are derived. Creating conformations by considering the
portions of LAD regions close to the nuclear lamina in each conformation. B) An example of the 3D conformation of the diploid
genome of the NoLAD ensemble, with each chromosome colored differently. C) An example of 3D conformations LAD ensemble,
with LAD regions are shown in red. D) The radial distribution of chromatin density of the diploid genome. With LAD-lamina
attachment, chromatin density in the LAD ensemble increases along the radial direction towards the peripheral, while, the random
polymer ensemble exhibits a generally flat distribution. The radial distributions of chromatin in Chr 6, 3, 4, and 18 in decreasing
order of proportion of LAD (31%, 26%, 21%, and 11%) are shown. The peak density near the peripheral is reduced as the fraction of
the LAD region decreases. E) The probability of regions along Chr 6 to be attached to the nuclear envelope. For the LAD ensemble,
LAD regions have the highest probabilities of attachment. In contrast, the random ensemble has a uniformly lower probability for
nuclear envelope attachment. F) The average probability of contact with nuclear envelope of the four distinct conformation classes
for Chr 6. G) lllustration of the four distinct conformation classes. Those proximate to lamin in both head and tail regions are in
green, those near lamin in the head region only are in blue, those near lamin in the tail region only are in red, and those not close
to either the tail or head region are in yellow. H) Cluster size of different conformation types for chromosomes in decreasing order of

LAD proportions. As the LAD size decreases, the fraction of conformations closer to the lamin also decreases.
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ensembles for each chromosome, where a set of specific polymer interactions accounting to ~15% of

Hi-C interactions are used to generate ensembles of single-cell chromosome conformations [21].

Each of the conformations is generated independently through chain growth employing deep sampling
techniques [33], allowing thorough sampling of highly heterogeneous 3D genome structure. Altogether, we
have an ensemble of a total of 20,000 3D genome conformations for each of the LAD and the NoLAD

ensemble.

3. Results

3.1. Simulation reproduces radial distributions of chromatin density and characterizes heterogeneity of LAD-

lamina contact frequencies

Taking the ensembles of 20,000 single cell conformations of NoLAD (Fig[IB) and LAD (Fig[IC), we
examine how the attachment of LAD to lamin affects various cellular properties across different scales for
MEF cells. We first calculate chromatin density at varying distances from the nucleus center. With LADs,
the chromatin density of the diploid genome (Fig , left panel) increases from the nucleus center towards
the cell periphery, peaking at 90% of nuclear radius. Conversely, in the absence of LAD-lamin attachment,
chromatin density peaks at the nuclear center and decreases slightly towards the periphery, resulting in
an overall flat distribution from 0 to 95% of nuclear radius. These results resemble the radial chromatin
distributions observed in Drosophila, both through fluorescence measurements [47] and simulations [30].
Moreover, the impact of lamina attachment is directly proportional to the fraction of LAD regions on each
chromosome (Fig , four right panels). The most pronounced effects are observed on Chr 6, which has
the largest fraction of LAD regions (31%), while minimal effects are seen on Chr 18, which has the smallest
fraction of LAD regions (11%). Details on other chromosomes can be found in Supplementary Fig S1.

Additionally, we examine the likelihood of different regions of chromosome to be in close proximity to
the nuclear envelope. As illustrated for Chr 6 in MEF (Fig ), most LAD regions are at local probability
peaks to be near the nuclear envelope, as anticipated. The height of peak is correlated with the lengths of
the LAD regions. The probability of envelope attachment is the highest of 0.6 at genomic location of 77
Mbp. At this location, Chr 6 also has its most extensive LAD region, spanning 7.5 Mbp.

Chromosomes in individual cells can adopt divers configurations. To quantify how LAD-lamin attachment
differ among the conformations, we classify the chromosome configurations broadly into four distinct clusters

of conformations based on their patterns of LAD-lamin attachment, as seen in Fig[IJF for Chr 6 and illustrated
in Fig [IG:

e “HT” head-and-tail configurations (green), where the entire chromosome region is in close proximity

to the nuclear periphery.

e “H” head configurations (blue), where the head portion of the chromosome is in close proximity the

periphery while the tail extends further away.
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e “T” tail configurations (red), where the tail of the chromosome is in close proximity with the nuclear

periphery while head extends further away.

e “F” free configurations (yellow), where the chromosome is completely distant from the nuclear periph-

ery.

Such heterogeneity in LAD-lamin attachment is seen in all chromosomes, as all four classes of cluster are
present for all chromosomes (Fig ) There are, however, patterns in cluster populations across different
chromosomes. As shown in Fig [[H, Chr 6 which has the largest LAD region, its “HT” cluster has a
larger population compared to Chr 18, which has the smallest LAD region. In contrast, Chr 18 has the
largest population for “F” cluster compared to all other chromosomes (see Supplementary Fig S2 for all
chromosomes in MEF and mESC cells). Our results show that the largest LAD portion for chromosome
forced more conformations closer to the nuclear envelope (“HT”); however, we still have conformations
distant from the nuclear periphery (“F”), but they are less common.

These findings demonstrate that our model is consistent with the results from DamlD assay of MEF and
mESC and replicates the radial distribution observed in experiments [48]. Moreover, it quantitatively reveals

the heterogeneity in LAD-lamin attachment [43] [9].

3.2. LAD-lamin attachment induce Hi-C chromatin interactions broadly
3.2.1. LAD-lamin attachment induces significant amount of Hi-C chromatin interactions.

While the overall effects of LAD-lamin attachment on radial distribution of chromatin are well known
[7], whether Hi-C patterns of chromatin interactions can arise from LAD-lamin attachment is unknown.

We use the LAD and NoLAD ensembles to investigate this issue. We first remove the random polymer
effects by subtracting simulated Hi-C interactions of the NoLAD ensemble from both experimental Hi-C and
simulated Hi-C of the LAD ensemble (Fig ) We then identify regions in the experimental Hi-C map that
are strongly correlated with those of the LAD model after adjustment of multiple hypothesis testing [49].

As an example, Fig 2B shows Hi-C interactions between the region of Chr1:9.5-15.5 Mbp and the rest of
Chr 1 in mESC cells in both the LAD model and the experimentally measured Hi-C study after removing
random polymer effects. The interaction region between Chr1:9.5-15.5Mbp and Chr1:88.5-164.0 Mbp exhibit
a strong correlation of 0.74 between LAD simulated and measured Hi-C maps.

There are numerous such strongly correlated regions in the Hi-C maps. Chromatin-chromatin interactions
as measured in the Hi-C study are likely induced by LAD-lamin interactions. Such induced regions appear
across the whole chromosome, covering 23% of all Hi-C regions in Chr 1 (Fig ) that are strongly correlated
with that of the LAD model.

The LAD-induced Hi-C chromatin interactions are a general phenomenon, as they are found across dif-
ferent chromosomes. Chromosomes with large or small LAD regions can all have significant amount of LAD-
induced Hi-C chromatin interactions. As an example, Chr 16 and Chr 9, with 40% and 8% covered by LAD,

respectively, both exhibit significant amount of LAD-induced Hi-C chromatin interactions (16% and 17%,
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Figure 2: LAD-induced Hi-C chromatin interactions. A) Identification of correlated regions in Hi-C maps. The contact
frequencies from both the Hi-C map and the LAD model are shown, with the NoLAD model subtracted to remove the random
polymer effect and identify the correlated regions. Right panel shows a region of the chromosome interacting with the rest of the
chromosome in both the LAD model and the Hi-C map. It identifies correlated regions, interactions between Chr1:88.5-164 Mbp
and Chr1:9.5-15.5 Mbp as correlated in both the Hi-C map and the LAD model. B) Correlated region between the LAD model
and experimental Hi-C map for mESC Chrl. 23% of Hi-C area is correlated. C) LAD-induced Hi-C chromatin interactions
in mESC for Chrs 16 and 9 with most and least LAD sizes. The majority of correlated regions are observed to be further
from the main diagonal showing long-range effects of LAD on chromatin organization. D) Distribution of fraction of chromatin
interactions which are induced by LAD-lamin interactions across various genomic distances for mESC across large and medium
chromosomes (100% shows all chromatin interactions with a specific genomic sepration distance). In large chromosomes, half
of Hi-C chromatin interactions at genomic separation of 72.5 Mbp and 120.0 Mbp are induced by LAD-lamin attachment. The
pattern for medium chromosomes is similar with larger chromosomes. It shows the long-range effects of LAD-lamin attachment
for both large and medium chromosomes in mESC. E) LAD-induced Hi-C chromatin interactions in MEF for Chrs 6 and 18
with most and least LAD sizes. Owing to the condensed structure of MEF, the majority of correlated regions are observed to be
positioned between the two ends of the chromosomes. F) Distribution of fraction of chromatin interactions which are induced
by LAD-lamin interactions across various genomic distances for MEF across large and medium chromosomes (100% shows all
chromatin interactions with a specific genomic sepration distance). In large chromosomes in MEF, half of Hi-C chromatin
interactions at genomic separation of 140.5 Mbp are induced by LAD-lamin attachment. However, for medium chromsomes in
MEF, the amount of LAD-induced Hi-C chromatin interactions is very small (Supplementary Fig S5 for small chromosomes). It
shows that effects of LAD-lamin attachment is more long-range for MEF compared to mESC. The difference between MEF and
mESC in the distribution of chromatin interactions induced by LAD-lamin interactions is related to the more closed chromatin

structure of MEF.
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respectively. Fig ) Other chromosome with a small fraction of LAD-lamin attachment are also found to
exhibit a significant amount of induced Hi-C chromatin interactions. Chr 1/2/6 with 25%/23%/24% covered
by LAD have 23%/26%/25% of the chromatin-chromatin interactions induced by LAD-lamin interactions

(Supplementary Fig S3).

3.2.2. LAD-lamin attachment induced chromatin interactions are super-long range.

The effects of LAD-lamin attachment on Hi-C pattern are super long-range in nature. Across the genome,
41% of the 198,910 chromatin interactions in mESC cells between regions more than 60 Mbp apart (at 500
kb resolution) are driven by LAD-lamin attachment. For all large chromosomes (Chr 1-7 with length >
150 Mbp), LAD-lamin attachment significantly alter chromatin-chromatin contacts. When the interacting
regions are 120.0 Mbp apart, about half of all Hi-C contacts are LAD-induced (Fig ) At 72.0 Mbp
separation, again about half of all Hi-C contacts are induced by LAD-lamin attachment. In contrast, less
than 5% of Hi-C contacts between regions that are <20 Mbp apart are induced by LAD-lamin attachment.

For chromosome of medium size (Chr 8-14, from 120 Mbp to 150 Mbp), similar behavior are observed
with only minor differences. Specifically, when the chromatin regions are 80 Mbp apart, 54% of all Hi-C
measured chromatin-chromatin contacts are induced by LAD-lamin attachment. These results show that for
both large and medium sized chromosomes, LAD-lamin attachment is a strong determinant of super long

range (> 72 Mbp) Hi-C chromatin contacts.

3.2.83. LAD-lamin induced interactions are less prominent at later developmental stages

LAD induced Hi-C chromatin interactions can occur in cells at different stages of development, as effects
of LAD-lamin attachment are also seen in mouse embryonic fibroblast (MEF), albeit to a less extent. In
MEF, Chr 6 has the largest fraction of LADs (31%) and about 5% of the Hi-C regions are LAD induced.
Chr 18 has the smallest fraction of LADs (12%) and only 1% of the Hi-C regions are LAD induced (Fig[2F,
Supplementary Fig S4). Among large chromosomes (Fig )7 strong effects on Hi-C chromatin interactions
are seen when chromatin regions with a separation >100 Mbp, peaking at 140.5 Mbp. Among all medium
chromosomes, LAD induced Hi-C contacts are negligible. LAD-lamin attachment affects fewer chromatin
interactions in MEF compared to mESC. Additionally, it affects regions that are farthest from each other
(Fig 2E).

The differences in LAD induced effects are likely due to the more developed nucleus of MEF cells. During
differentiation from mESC to MEF, there is significant amount of increase of heterochromatin [50]. This is
due to numerous chromatin remodeling events occurring during this period as machinery of gene regulation
matures. As heterochromatin regions are tightly packed and are associated with repression of transcription,
increase in heterochromatin restricts the open regions and reduces the mobility of chromatin in the nucleus.
As aresult, the ability of LAD-lamin attachment to induce Hi-C chromatin interactions is severely hampered.

In summary, our physical models uncovered that significant amount of chromatin contacts captured in

Hi-C studies are induced by LAD-lamin attachment. In mESC, even chromosomes with a small fraction
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of LAD regions can exhibit a large amount of LAD induced Hi-C chromatin interactions. The LAD-lamin
attachment effectively promotes super long-range interactions. The impact of LAD-lamin attachment in
inducing chromatin-chromatin interaction is reduced in mESC, due to the more structured cell nucleus and

increased heterochromatin.

3.2.4. Mechanism of induced Hi-C chromatin interactions by LAD-lamin attachment for induced Hi-C in-
teractions between LAD and Non-LAD regions

It is important to examine the mechanism of induction effects by LAD-lamin attachment. Further
examination of LAD-induced chromatin contacts, about half of them occur outside the LAD regions. That
is ~ 12% Hi-C chromatin interactions in Chr 1 are between Non-LAD regions dictated by LAD domains
(Fig ) LAD-induced Hi-C chromatin interactions can occur through two mechanisms. LAD Crowding
happens when limited free space in the peripheral of the nucleus pushes chromatin near the nuclear lamina
to be proximal with LAD regions leading to Hi-C contacts(Fig , top panel). LAD Anchoring occurs
when two LAD regions interacting with the nuclear lamina pull adjacent chromatin closer together (Fig ,
bottom panel).

LAD Crowding can be quantified by calculating the ratio of LAD/Non-LAD interactions to the total
interactions (LAD/LAD, Non-LAD/Non-LAD, and LAD/Non-LAD). By comparing this ratio between the
induced and non-induced regions (used as a control), we can observe how this mechanism operates. Chr 16,
which has the highest number of LAD regions in mESC, shows an increased LAD/Non-LAD interaction ratio
in induced Hi-C chromatin interactions compared to non-induced interactions (Fig ) Chr 2 also displays
an elevated ratio. In contrast, Chr 9, which contains the fewest LAD regions, exhibits a similar LAD/Non-
LAD interaction ratio in both induced and non-induced interactions. Chr 4 also shows similiar behavior as
Chr 9. These results suggest that the degree of difference in LAD/Non-LAD interactions between induced
and non-induced regions correlates with LAD size, highlighting LAD Crowding as a potential mechanism.

Overall, LAD-induced Hi-C chromatin interactions across all chromosomes show an increase in the
LAD/Non-LAD interaction ratio. The average LAD/Non-LAD interaction ratio in induced regions is 38%
in mESC and 44% in MEF, compared to 31% and 34% in non-induced regions, respectively (Fig ) These
values are significantly lower in non-induced regions. Higher ratio of LAD/Non-LAD interactions in in-
duced region suggest that LAD Crowding is one of the mechanisms driving LAD-induced Hi-C chromatin
interactions, particularly in chromosomes with larger LAD regions.

The other mechanism, LAD Anchoring, can be quantified by calculating the ratio of Non-LAD /Non-LAD
interactions to the total interactions. For these interactions, the difference between induced and non-induced
regions is minimal, regardless of the chromosome’s LAD size as shown for Chrs 16, 2, 4, and 9 (Fig )
Furthermore, across all chromosomes in both MEF and mESC, there is little variation in Non-LAD/Non-LAD
interactions between induced and non-induced regions (Fig ) Our results show that the LAD Anchoring
mechanism is similar in the amount for induced and non-induced regions.

The underlying genomic activities of LAD Anchoring mechanism differs significantly between induced


https://doi.org/10.1101/2025.02.13.638183
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.13.638183; this version posted February 17, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

and non-induced regions. Here, we analyze Hi-C data to identify A/B compartments and use H3K2T7ac
histone modification markers to pinpoint active genomic regions in Non-LAD/Non-LAD interactions. As
seen Fig , Chrs 16, 2, 4, and 9 in mESC cells all have less Active/Active genome interactions in induced
regions than non-induced regions. This difference between induced and non-induced is the largest in Chr 16,
which has the most LAD regions, compared to Chr 9, which has the least. Our results across chromosomes,
the fraction of inactive interactions in induced region is correlated with LAD size.

Conversely, the fraction of active genomic interactions for Non-LAD /Non-LAD regions is higher in non-
induced regions compared to induced regions (Fig ) The average ratio of active genome interactions in
Non-LAD/Non-LAD interactions for non-induced regions and induced regions is 32.6% (16.4%) and 18.8%
(12.1%) for MEF (mESC), respectively. The higher ratio of inactive interactions in Non-LAD/Non-LAD
regions, representing LAD Anchoring, in induced regions, suggests that the LAD Anchoring mechanism
predominantly affects inactive regions.

Our findings suggest that induced regions arise from two distinct scenarios: LAD Crowding, LAD regions
interact with the nuclear lamina, and due to nuclear volume constraints, Non-LAD regions are forced to
interact with LAD regions. LAD Anchoring, two LAD regions may force neighboring Non-LAD regions to

interact and those regions are inactive.

3.2.5. Regions exhibiting enhanced induction of interactions

We examine regions exhibiting the highest degrees of induced interactions. Based on the number of
interactions in induced regions for each 500 kb genomic region, we categorize the top five regions as “Top”
and the bottom five regions as “Non”. A significant proportion of non-LAD regions are found in the “Top”-
induced regions (78% in mESC and 72% in MEF, Fig [3[), indicating that LAD-lamin interactions involve
extensively in Non-LAD regions in the strongly induce regions. Our results show that induced chromatin
interactions extend beyond LAD.

Further, the “Top”-induced regions have lower gene density than “Non”-induced regions (Fig ) The
average gene density in “Top”-induced regions for mESC (MEF) cells is 7.96 (9.61) genes/Mbp, compared
to 10.28 (10.56) genes/Mbp in “Non”-induced regions. In addition, genes in “Top”-induced regions exhibit
lower expression levels compared to “Non”-induced regions, with an average log2TPM of -0.03 for Non-
induced regions and -0.3 for Top-induced regions (Fig ) Overall, these results show that induced region
have low gene density and low gene activities.

The significance of induced regions is further underscored through analysis of motif enrichment. Motifs
enriched in both “Non” and “Top” region are identified using HOMER tool [51]. We identify motifs that
are not shared between “Top” and “Non” regions in each cell type. The Venn diagram in Fig shows the
overlap of motifs among four regions; mescTop, mescNon, mefTop, and mefNon. As we can see, there are no
common motifs between pairs of 1) mescTop and mefNon, and 2) mefTop and mescNon. Our results show

that “Top” and “Non” regions from different cell types do not share same motif.
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Figure 3: LAD-induced Hi-C chromatin interactions characteristic. A) Correlated regions for mESC Chr 1 with LAD regions
showing as black strip. The correlated regions are beyond LAD regions with 48% of correlated regions outside of LAD regions.
B) Two mechanism of LAD-lamin attachment induce Hi-C chromatin interactions (pink): Top panel) Due to nuclear volume
confinement, chromatin interacts with LAD regions that are attached to the nuclear lamina (LAD Crowding). Bottom panel)
Neighboring regions of two LADs interact with the nuclear lamina near each other (LAD Anchoring). C) LAD Crowding
can quantify by LAD/Non-LAD interactions within induced Hi-C chromatin interactions of mESC chromosomes with different
amount of LAD regions, for Chr 16 (39% LAD, highest) to Chr 9 (8% LAD, lowest). As LAD region decreases, the difference
in LAD Crowding diminishes, from 20% (Chr 16) to -4% (Chr 9). D) LAD Crowding in mESC and MEF across all 20
chromosomes. LAD Crowding differ significantly in both MEF and mESC between induced and Non-induced regions. It
shows the significance of LAD Crowding mechanism as one of mechanism for inducing Hi-C chromatin interactions. E) LAD
anchoring, involving Non-LAD/Non-LAD interactions, shows no significant difference across mESC chromosomes with varying
amounts of LAD regions, changing from -5% (Chr 16) to 5% (Chr 9). F) LAD anchoring are similar between induced and
Non-induced regions for both MEF and mESC. It shows the magnitude of LAD anchoring in induced regions is not significantly
different from that in non-induced regions. G) Activity of regions in LAD anchoring for mESC with different chromosomes and
LAD sizes. For chromosomes with the most LAD, inactive regions are predominantly in induced Hi-C chromatin interactions.
H) Fraction of Active interactions in LAD anchoring across all 20 chromosomes. Non-induced Hi-C chromatin interactions
contain significantly more Active interactions compared to induced interactions for both mESC and MEF, suggesting in LAD
Anchoring mechanism force the inactive regions interact with each other. I) Percentage of LAD for “Top” and “Non”-induced
regions. Although induced regions have higher LAD percentages, but it is still small portion of them are LAD regions (22%
for mESC and 28% for MEF). J) Gene density through for “Top” and “Non”-induced regions. “Non”-induced regions exhibit
higher gene density. K) Gene expression “Top” and “Non”-induced regions in mESC. The data reveals elevated log2TPM values
for “Non”-induced regions, indicating higher gene expression. L) Common motifs between “Top” and “Non”-induced regions in
mESC and MEF. Notably, there is no shared motif between mescNon vs mefTop and mefNon vs mescTop. The result indicates
high level of CTCF and Boris motifs in “Non”-induced regions, associated with chromatin structure for both MEF and mESC.
Additionally, “Top” regions exhibit higher levels of p53 and Mef2d motifs, with previous studies suggesting their connection to
LAD.
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Figure 4: Non-random specific chromatin interactions A) Contact frequency map of LAD simulation and experimental HiC for mESC
Chr 1. B) Contact frequency map of simulation using non-random specific interactions (Hi-C ensemble, Methods) and experimental
HiC for mESC Chr 1 and the Pearson’s correlation is 0.91. Black dots represent non-random specific interactions. C) 3D folded
representation of the diploid for mESC. D) Correlation between the percentage of non-random specific interactions and the size of
LAD-induced Hi-C chromatin interactions for all chromosomes in mESC and MEF. Suggesting a reverse correlation between the size

of LAD-induced Hi-C chromatin interactions and the number of non-random specific interactions for each chromosome.

However, there are common motifs identified in “Top” and “Non” regions in MEF and mESC. Motifs
associated with LAD, such as p53 [52] and Mef2d [53], are enriched in “TOP” regions for both MEF and
mESC. While, motifs related to chromosome structures, CTCF and Boris motifs [54], are enriched in “Non”
regions. The results suggest that effect of LAD-lamin attachment on genome organization play important
roles in repressed genes, p53 and Mef2d and less involve in genome structure motifs.

In summary, these analyses collectively underscore the influence of LAD-lamin attachment on the chro-
matin interactions within regions characterized by genomic inactivity and absence of defined motifs related

to chromatin structures.

3.2.6. Effects of specific interactions on the LAD-induced Hi-C chromatin interactions

As we mentioned, LAD-lamin attachment do not induce Hi-C chromatin interactions at regions enriched
with motifs related to chromatin structures. We further investigate other mechanism for genome organization.
Further examine of contact frequency map of LAD ensemble and experimental Hi-C data shows the absence
of topologically associating domain (TAD) structures in LAD ensemble (Fig ) Furthermore, the induced
regions are mostly inactive regions. Therefore, active chromatin interactions play an essential role in the
size and position of the induced regions. In order to investigate the effect of chromatin interactions, we find
the set of non-random specific interactions (black dots in Fig ) for each chromosome [21]. These specific
interactions are enough to get single-cell conformations matching with Hi-C. Contact frequency maps of an
ensemble of 20,000 conformations made using these specific interactions, Hi-C' ensemble, for Chr 1 in mESC
(Fig ) exhibits a Pearson’s correlation coefficient of 0.91 with experimental Hi-C. Supplementary Fig S10
for MEF and Supplementary Fig S11 for mESC contain the contact frequency maps of all chromosomes in
the Hi-C ensemble. One example of 3D conformations of Hi-C ensembles for mESC is shown in Fig [#C.

The percentage of specific interactions is different between chromosomes and cell lines. For MEF, the
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minimum percentage of specific interactions is Chr 1 with 5.0% of all interactions and the most is for Chr 19
with 17.8%. However, this range is from 1.5% to 11.4% for mESC. Supplementary Fig S8 for MEF and Sup-
plementary Fig S9 for mESC contain the specific interactions for all 20 chromosomes. We see greater number
of specific interactions in MEF compared to mESC. Our findings indicate a reverse relationship between the
number of specific interactions and the size of LAD-induced Hi-C chromatin interactions (Fig[4D).

We identified that the specific interactions sufficient to form an ensemble of 3D single-cell conformations
exhibit a reverse relationship with the size of LAD-induced Hi-C chromatin interactions. The higher number
of specific interactions observed in MEF, attributed to its closed chromatin structure, results in an increased

number of interactions and smaller LAD-induced Hi-C chromatin interactions.
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4. Discussion

Our study delves into the intricate landscape of nuclear organization through polymer models, with a
particular focus on chromatin lamin interactions. Leveraging a deep sampling approach, we construct a
comprehensive ensemble of genome conformations, accounting for the inherent heterogeneity of 3D genome
structures. This approach is crucial for capturing the stochastic nature of chromosomal organization and
avoiding the entrapment in local energy minima, which is often encountered in traditional molecular dynamics
simulations.

A key aspect of the study involves the development of a coarse-grained polymer model that faithfully
represents the diploid mouse genome. Each bead in the model corresponds to 500 kb of DNA, allowing for
a detailed examination of effects of LAD-lamin attachment. Regions known as lamina-associated domains
(LADs), identified through DamID mapping, are incorporated. These LAD regions are known to interact
with the nuclear lamina and play a significant role in chromosomal organization and gene regulation.

Using three distinct classes of 3D genome models: the NoLAD ensemble, the LAD ensemble, and the
Hi-C ensembles to capture different aspects of chromosomal organization, including the stochastic nature of
chromosomal interactions, the spatial distribution of LAD regions, and specific polymer interactions inferred
from Hi-C data, respectively.

Chromosomes are categorized into distinct conformational groups based on LAD attachment patterns,
with the distribution of interaction frequencies between chromatin and the lamina varying across these
clusters. Chromosome with more LADs exhibits more members in the cluster with more frequent interac-
tions with lamin compared to other chromosomes, highlighting the variability in cluster membership across
different chromosomes based on LAD size.

First finding of this study is the effect of LAD-lamin attachment on the sub-chromosomal genome or-
ganization. A key finding of this study is uncovering regions within Hi-C maps that correlate with contact
frequency maps derived from LAD simulations. The study employs statistical methods, including quantile
normalization and False Discovery Rate (FDR) correction, to identify regions with high correlations. Addi-
tionally, the study investigates the biological basis of LAD-induced Hi-C chromatin interactions, revealing
dominance of two distinctive mechanisms, LAD Crowding and LAD Anchoring.

Analyzing strongly induced regions shows that they have lower gene density and lower gene expression
levels. Motif analysis unveils regions with less induced chromatin interactions are enriched in chromatin
structure motifs such as CTCF and Boris.

Furthermore, we find a small number of specific interactions that they are sufficient for generating single-
cell conformations that match experimental Hi-C data. MEF cells exhibit a higher proportion of specific
interactions, primarily due to their closed structure, compared to mESC. The reverse relation of number of
specific interactions and the size of LAD-induced chromatin interactions are also shown.

Overall, the findings of this study provide a comprehensive understanding of the regulatory mechanisms

governing chromosomal organization by LAD-lamin attachment.
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