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Distinct classes of lamina-associated domains are
defined by differential patterns of repressive histone
methylation

Caden J. Martin,1 Elizabeth A. Oser,1 Prabakaran Nagarajan,1 Liudmila V. Popova,1

Benjamin D. Sunkel,2 Benjamin Z. Stanton,2 and Mark R. Parthun1
1Department of Biological Chemistry and Pharmacology, The Ohio State University, Columbus, Ohio 43210, USA; 2Abigail Wexner
Research Institute at Nationwide Children’s Hospital, Columbus, Ohio 43205, USA

A large fraction of the genome interacts with the nuclear periphery through lamina-associated domains (LADs), repressive

regions which play an important role in genome organization and gene regulation across development. Despite much work,

LAD structure and regulation are not fully understood, and amounting number of studies have identified numerous genetic

and epigenetic differences within LADs, demonstrating they are not a uniform group. Here, we profile lamin B1, CBX1 (also

known as HP1B), H3K9me3, H3K9me2, H3K27me3, H3K14ac, H3K27ac, and H3K9ac in MEF cell lines derived from the

same mouse colony, and cluster LADs based on the abundance and distribution of these features across LADs. We find

that LADs fall into three groups, each enriched in a unique set of histone modifications and genomic features. Each group

is defined by a different heterochromatin modification (H3K9me3, H3K9me2, or H3K27me3), suggesting that all three of

these marks play important roles in regulation of LAD chromatin and potentially of lamina association. We also discover

unique features of LAD borders, including a LAD border–specific enrichment of H3K14ac. These results reveal important

distinctions between LADs and highlight the rich diversity and complexity in LAD structure and regulatory mechanisms.

[Supplemental material is available for this article.]

Histone posttranslational modifications (PTMs) help shape the
three-dimensional organization of the genome. They distinguish
different states of chromatin, mediate transcriptional activation
and repression, and regulate the physical properties of chromatin
(Janssen and Lorincz 2022; Macrae et al. 2023). They also play a
crucial role in transmitting the memory of chromatin state and
cell identity through cell division (Escobar et al. 2021).

Most actively transcribed genes are found in euchromatin,
which is relatively decondensed, enriched in histone acetylation,
transcription factor binding, and RNA polymerase II, and largely
localizes to the nuclear interior. Heterochromatin is transcription-
ally repressive and highly compacted. It comes in two distinct
forms, which contribute to gene repression through different
mechanisms. Facultative heterochromatin tends to silence genes
in a developmental or cell type–specific manner (Kim and
Kingston 2022). It is depleted in histone acetylation and is distin-
guished by enrichment of H3K27 trimethylation (H3K27me3).
Constitutive heterochromatin is enriched in features like H3K9
di- and trimethylation (H3K9me2/3) and the H3K9me2/3-binding
protein CBX1 (also known as HP1B). It is likewise depleted in his-
tone acetylation and generally localizes to the nuclear periphery or
chromocenters (Allshire and Madhani 2018; Grewal 2023).
Constitutive heterochromatin is traditionally defined as domains
of heterochromatin which remain silenced across different cell
types and block transcription of constitutively silent regions like
centromeres, telomeres, and repetitive elements. However, regions
with features characteristic of constitutive heterochromatin can

also function in cell type–specific gene regulation (Nicetto and
Zaret 2019; Nicetto et al. 2019; Padeken et al. 2022). In addition
to its role in transcriptional repression, constitutive heterochroma-
tin helps regulate genome architecture and stability (van Steensel
and Belmont 2017; Falk et al. 2019).

Lamina-associated domains (LADs) are large, heterochromat-
ic regions of the genome that interact with the transcriptionally re-
pressive environment of the nuclear lamina. Some LADs are
conserved across development, whereas others interact with the
lamina only in particular cell types, leading to the subdivision of
LADs into constitutive LADs (cLADs) and facultative LADs
(fLADs) (not to be confused with constitutive and facultative het-
erochromatin) (Peric-Hupkes et al. 2010; Shah et al. 2023).
Constitutive LADs are found associated with the nuclear lamina
across nearly all cell types examined to date, whereas the lamina
association of facultative LADs varies across cell types. These are
not inflexible categories, however, as cell types can be found
with unusual patterns of lamina association or no association at
all (Solovei et al. 2009; Borsos et al. 2019).

Multiple mechanisms mediate the physical interaction of
LADs with the nuclear periphery (Zullo et al. 2012; Bian et al.
2013; Manzo et al. 2022). LADs are classically characterized by
marks of constitutive heterochromatin. H3K9m2 and H3K9me3
are both enriched in LADs and can promote localization of chro-
matin to the periphery (Peric-Hupkes et al. 2010; Bian et al.
2013; Kind et al. 2013; Poleshko et al. 2017, 2019; Smith et al.
2021a; Keenan et al. 2024). CBX1, an important mediator of
gene silencing and gene compaction, binds H3K9me2/3 and helps
link chromatin to the periphery through interactions with A- and
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B-type lamins and lamin-associated proteins such as LBR and
PRR14 (Ye and Worman 1996; Poleshko et al. 2013). LBR has
been found to interact with histones bearing both H3K9me2 and
H3K9me3, as well as with at least one of the heterochromatin pro-
tein 1 isoforms (CBX1/3/5) (Ye andWorman 1996; Bannister et al.
2001; Makatsori et al. 2004; Lechner et al. 2005). Other peripheral
proteins such as LEM (LAP2-EMERIN-MAN1) domain-containing
proteins can also contribute to chromatin tethering (Briand and
Collas 2020; Alagna et al. 2023).

Some evidence has supported a role for the facultative mark
H3K27me3 in regulating the association of LADs with the nuclear
lamina, but this is not well characterized (Harr et al. 2015;
Guerreiro and Kind 2019; Siegenfeld et al. 2022). H3K27me3 is
specifically enriched at LAD borders and some smaller, more
gene-rich LADs (Guelen et al. 2008; Sadaie et al. 2013; Harr et al.
2015; Tran et al. 2021; Alagna et al. 2023; Gholamalamdari et al.
2025). H3K27me3 peaks at LAD borders are believed to insulate
the constitutive heterochromatin inside LADs from euchromatin
outside of the LAD (Guelen et al. 2008; Siegenfeld et al. 2022).

Multiple factors complicate understanding of LAD structure
and regulation. One is the large degree of redundancy between
tethering mechanisms and the diversity in peripheral proteins
which can interact with chromatin, many of which are differen-
tially expressed between different tissues and stages of develop-
ment. Added to this is the variability of LADs themselves.
Whereas they are consistently heterochromatic and generally tran-
scriptionally repressive, LADs showmixed abilities to silence genes
and gene reporters, which is often dependent on the chromatin
context and the promoter itself (Leemans et al. 2019; Alagna
et al. 2023). Previous studies have uncovered a lack of uniformity
across LADs in their MNase accessibility, linker histone enrich-
ment, lamin B1 occupancy, CTCF dependency, primary lamin
interactor (B or A/C), histone PTM enrichment, and more (Bian
et al. 2013; Lund et al. 2015; Zheng et al. 2015; Vertii et al. 2019;
Kaczmarczyk et al. 2022; Alagna et al. 2023; Shah et al. 2023;
Gholamalamdari et al. 2025). Although some degree of variation
across the genome is expected for any set of genomic features,
these studies suggest that LADs cannot be simply characterized
as a single group and may fall into subcategories with distinct
structures, functions, and modes of regulation.

We hypothesized that much of this diversity among LADs
was reflected in and potentially driven by unique signatures of his-
tone PTMs which could give rise to LAD subclasses with different
modes of regulation. Thus, we determined to test whether the lev-
els of histone PTMs, lamin B1 association, and the important het-
erochromatin regulator CBX1 could be used to classify LADs into
structurally and functionally distinct categories.

Results

Comparison of LADs derived from a single set of related cell lines

To understand the structure and regulation of lamina-associated
chromatin, we determined the genome-wide localization of lamin
B1 (CUT&RUN), CBX1 (ChIP-seq), and six different histone mod-
ifications (CUT&Tag) in immortalizedmouse embryonic fibroblast
(iMEF) cell lines derived from a single colony of wild-typeC57BL6/
Jmice.We identified LADs in our iMEFs by performing CUT&RUN
for lamin B1 and called them using a modified version of the
HMMt package in R with parameters optimized for our data (see
Methods for details). To validate our LAD set, we compared it
with previously published maps of LADs created in NIH3T3

MEFs using LaminB1-DamID (Peric-Hupkes et al. 2010;
Meuleman et al. 2013). We also compared with a LADmap gener-
ated in NIH3T3 MEFs using lamin B1 CUT&RUN (referred to by
those authors as GO-CaRT rather than CUT&RUN) (Fig. 1A;
Ahanger et al. 2021). Chromosomes X and Y were excluded from
this and all subsequent analyses due to suboptimal lamin B1map-
ping on the sex chromosomes. DamID indicated that LADs com-
prise 41.5% of the genome of NIH3T3 cells, and GO-CaRT came
to a similar figure of 38.4%, whereas CUT&RUN in C57BL6/J
iMEFs indicated that LADs cover 47.8% of the genome (Fig. 1A).
DamID and GO-CaRT LADs show 88% and 92% overlap, respec-
tively, with chromatin identified as lamina-associated by
CUT&RUN. The overlap between LADs detected by DamID, GO-
CaRT, and CUT&RUN is illustrated by tracks of the log2 fold en-
richment of lamin B1 determined by each method (Fig. 1B). The
differences between LAD sets can be broadly attributed to either bi-
ological or technical factors. The lower right inset of Figure 1B illus-
trates a technical difference where our LAD calling was more
successful than the DamID data set. Clear lamin B1 signal can be
seen across a large domain, which is identified by our algorithm
and theGO-CaRT analysis but only partially identified by the algo-
rithmused to analyze the DamIDdata. The lower left inset shows a
difference that likely arose from biological factors, as the LAD is
called in NIH3T3 cells by DamID and GoCaRT but not in our
MEFs, which display much weaker lamin B1 signal. The center in-
set of Figure 1B illustrates another difference arising from biologi-
cal factors. The LAD detected in C57BL6/J iMEFs is significantly
larger due to clear detection of lamin B1 interaction that is not
seen in the NIH3T3 MEFs by either DamID or GO-CaRT. Figure
1A suggests that technical and biological factors both contribute
to the differences between our LAD set and those published previ-
ously. However, biological variation appears to account for more
differences, as there is more variation between our LAD set and
the GO-CaRT LAD set, which were generated by the same method
in different cell lines, than between the GO-CaRT LAD set and the
DamID LAD set, whichwere generated by differentmethods in the
same cell line. For all subsequent analyses, we use the LAD defini-
tions determined by CUT&RUN in our C57BL6/J iMEFs. If we re-
peat these analyses using the previous LAD set from NIH3T3
cells, we obtain largely similar results (Supplemental Fig. S1A,B).

Visual inspection of the genome browser suggests that not all
LADs have equal levels of lamin B1 signal. To see if the abundance
of lamin B1 signal corresponds at least partially to facultative and
constitutive LADs, we compared the signal between the two
groups but did not see a notable difference (Supplemental Fig.
S1C). However, dividing LADs into those called only in our
MEFs versus those called both in our iMEFs and by DamID in
NIH3T3 cells did show a small but significant difference. This sug-
gests that LADs unique to our MEFs have slightly lower levels of
lamin B1 association than shared LADs and may be slightly
more variable across the cell population (Supplemental Fig. S1D).

LAD borders show enrichment of multiple histone modifications

To determine the structure of chromatin across LADs, we used
CUT&Tag tomap a variety of histone PTMs, including the euchro-
matin marks H3K9ac, H3K14ac, and H3K27ac, facultative hetero-
chromatin mark H3K27me3, and constitutive heterochromatin
marks H3K9me2 and H3K9me3. We also used ChIP-seq to profile
the H3K9 methylation binding protein CBX1.

Scaling all LADs to a uniform size, we plotted the abundance
of each feature across the LAD body and around the LAD border
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(Fig. 2A,B). As expected, we sawbroad domains of CBX1, lamin B1,
and the constitutive heterochromatin mark H3K9me3 across LAD
interiors.We observed a different pattern for the other constitutive
heterochromatin mark, H3K9me2. H3K9me2 is present as a peak
just inside of LAD borders and decreases to an intermediate level
across the interior of LADs. The facultative heterochromatin
mark H3K27me3was also present as a sharp peak right at LAD bor-
ders that then sharply decreased across the LAD interiors to levels
at or below the surrounding chromatin, as previously described
(Guelen et al. 2008; Sadaie et al. 2013; Harr et al. 2015).

H3K9ac and H3K27ac were essentially depleted throughout
the interior of LADs then abruptly increased outside LAD borders
(Fig. 2B,C). In contrast, H3K14ac formed a broad peak inside of
the LAD border which gradually decreased across the interior of
the LAD (Fig. 2B,C). The presence of significant levels of
H3K14ac throughout the interior of LADs indicates that these re-
gions can be permissive to acetylation at certain sites. The loca-
tions of the H3K14ac and H3K27me3 peaks did not coincide at
LAD borders. H3K27me3 reaches its maximum level exactly at
the LAD border, whereas H3K14ac reaches its maximum a few ki-
lobases to tens of kilobases inside the LAD.

To confirm that this unanticipated
enrichment of H3K9me2 at LAD borders
was not an artifact of the technique or
antibody used, we used CUT&RUN to
profile H3K9me2 using the same anti-
body and using an alternative antibody.
We included EpiCypher’s K-MetStat
Panel of barcoded posttranslationally
modified nucleosomes to verify antibody
specificity for H3K9me2. Results from
the K-MetStat panel showed that our
H3K9me2 antibody was indeed specific
for H3K9me2 (Supplemental Fig. S2A),
and CUT&RUN data showed highly sim-
ilar distributions between the two differ-
ent antibodies and between CUT&RUN
and CUT&Tag (Supplemental Fig. S2B).
Similarly, we profiled H3K14ac using
CUT&RUN with an alternative antibody
and determined that the genomic distri-
bution of H3K14ac was unchanged be-
tween CUT&Tag data generated with
the original antibody and CUT&RUN
data generated by the second antibody
(Supplemental Fig. S2C).

LADs cluster into distinct subtypes

Although LADs are consistently hetero-
chromatic and contribute to gene silenc-
ing, prior studies have found variation
among LADs in both their physical and
chemical properties (Lund et al. 2015;
Zheng et al. 2015; Kaczmarczyk et al.
2022; Alagna et al. 2023; Shah et al.
2023; Gholamalamdari et al. 2025). We
hypothesized that the chromatin profiles
created across all LADs in aggregate (Fig.
2)mask nuance in the chromatin profiles
of individual LADs or groups of LADs. To
address this, we clustered LADs by scaling
them all to a uniform size and dividing

the chromatin signal into 24 bins across each LAD, then perform-
ing k-means clustering on the resultingmatrix. A plot of silhouette
scores suggested two or three clusters to be optimal, with a slight
bias toward two (Fig. 3A). However, we found that dividing into
two clusters led to lumping together of LADs which had quite dif-
ferent patterns of modifications. For example, LADs with high
H3K9me2/low H3K27me3 and LADs with low H3K9me2/high
H3K27me3 were both placed in the same cluster (for examples of
such LADs, see Fig. 3D). Thus, we chose to proceed with three clus-
ters. Plotting the first two principle components showed that three
clusters could be easily distinguished (Fig. 3B). These contained
392, 518, and 218 LADs, respectively. Notably, performing hierar-
chical clustering and cutting at three clusters yielded similar clus-
ters to the k-means algorithm, although with a reduction in the
size of Cluster 3 (Supplemental Fig. S3).

Chromatin profiles across LADs in each cluster revealed stark
differences in both the overall abundance of histone PTMs and
their pattern over the LAD (Fig. 3C,D). As expected, H3K9ac and
H3K27ac are highly depleted across the lengths of all three LAD
clusters. Lamin B1 signal was strongly enriched in all clusters, al-
though the degree of enrichment varied slightly. Cluster 1 LADs

A

B Chromosome 1

Figure 1. Mapping chromatin–lamin B1 interactions in MEFs using CUT&RUN. (A) Fraction of base
pairs in the genome covered by our CUT&RUN-generated LAD map (yellow), a DamID-generated
LAD map in NIH3T3 cells (green), or a CUT&RUN-generated LAD map in NIH3T3 cells (blue). (B)
Lamin B1 log2 fold-enrichment over IgG illustrating differences between our CUT&RUN-generated
LAD map in and published maps generated by DamID or CUT&RUN in NIH3T3 cells. Left inset shows
an example of a LAD called in the DamID data set but not ours.Middle inset shows a LAD called differently
between the two data sets for biological or experimental reasons. Right inset shows a LAD called in our
data set but only partially in the DamID data set.

Structural characteristics of distinct LAD classes
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most closely resemble the canonical definition of constitutive het-
erochromatin in LADs and the structure of LADs observed in aggre-
gate, featuring a broad domain enriched in CBX1 and H3K9me3
across the entire LAD. H3K9me2, H3K27me3, and H3K14ac were

depleted throughout the interior of Cluster 1 LADs and then peak-
ed near the LAD border with H3K27me3 at the end of the LADs
and H3K9me2 and H3K14ac peaking internal to the peak of
H3K27me3.

A

B C Chromosome 2

Figure 2. Chromatin profiles across LADs and at LAD borders. (A) Heat maps and
profiles of feature abundance across LADs scaled to the same size. Profiles represent
the average signal strength (y-axis) from one end of the LAD to the other (x-axis)
and extend 300 kb beyond each LAD border. Heat map color intensity denotes signal
strength for that feature. (B) Profiles of H3K9me2, H3K27me3, H3K14ac, H3K9ac, and
H3K27ac signal around LAD borders. Boxes show a 500-kb window centered around
the LAD borders (vertical dotted line). For LADs that are shorter than the 250-kb range
shown, the excess area beyond the opposite LAD border was not included to ensure
only LAD chromatin was plotted in the area denoted as the LAD interior. (C ) IGV
browser view of lamin B1, H3K14ac, H3K9ac, and H3K27ac across an example LAD.
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A

C

D

B

Chromosome 7 Chromosome 3

Figure 3. Clustering LADs by chromatin profile. (A) Silhouette plot of k-means clustering of LADs. (B) Principle component plot of LAD clusters. The gold
dot at the top of the plot consists of∼two dozen LADs and is the reason the elbowplot suggests four clusters rather than three. (C ) Heatmaps and profiles of
feature abundance across LADs, separated into Cluster 1 (blue), Cluster 2 (gold), and Cluster 3 (purple). Profiles represent the average signal strength (y-
axis) from one end of the LAD to the other (x-axis) and extend 300 kb beyond each LAD border. Heat map color intensity denotes signal strength for that
feature. (D) IGV browser view illustrating examples from each LAD cluster (from left to right): Cluster 3 (K27me3 LADs) in purple, Cluster 1 (K9me3 LADs) in
blue, Cluster 2 (K9me2 LADs) in gold.
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Cluster 2 LADs are distinguished by high levels of H3K9me2
across the entire LAD without the prominent peak at the LAD bor-
ders observed in Cluster 1 (Fig. 3C,D). They contain only back-
ground levels of H3K9me3, low levels of CBX1, and very low
levels of H3K27me3 in the LAD interior, with smaller peaks at
the borders. H3K14ac is moderately enriched in Cluster 2 LADs
at a consistent level that is slightly higher than that observed in eu-
chromatic domains. Similar to H3K27me3, the peak of H3K14ac at
Cluster 2 borders is less distinct than in Cluster 1.

Cluster 3 LADs are distinguished by high levels of H3K27me3
across the interior of the LADs with higher levels at the LAD bor-
ders (Fig. 3C,D). They are enriched in H3K14ac, which is present
across the LAD at levels significantly higher than seen in most re-
gions of euchromatin. H3K9me2 is present at moderate levels and
evenly distributed across the LADs with no discernable peak at the
borders. Cluster 3 LADs display moderate levels of both H3K9me3
and CBX1.

Each cluster was characterized by enrichment of a different
heterochromatin mark: H3K9me3 for Cluster 1, H3K9me2 for
Cluster 2, and H3K27me3 for Cluster 3. To learn whichmarks con-
tribute most to the differences between clusters, we trained a ran-
dom forest algorithm on our clustering data and looked at which
columns were most significant in informing the algorithm’s cate-
gorization in the resulting decision tree (Supplemental Fig. S4A).
Consistent with our observations,many of the columns contribut-
ing most to the differences between clusters belong to H3K9me2,
H3K9me3, and H3K27me3, with H3K9me2 being particularly sig-
nificant. H3K14ac also contributes significantly. For all marks, the
bins driving the differences between clusters were found in the
LAD interior (as opposed to the inner or outer border of the
LAD), implying that the LAD interior is where clusters differ
most. Further supporting the preeminence of H3K9me2,
H3K9me3, and H3K27me3 in defining LAD groups, we found
that clustering based on only those threemarks yields quite similar
groups, with 929/1128 LADs (82.4%) being assigned to the same
clusters even with the reduced set of PTMs (Supplemental Fig.
S4B,C). Given their distinguishing methylation enrichments, we
chose to refer to clusters 1, 2, and 3 as K9me3 LADs, K9me2
LADs, and K27me3 LADs, respectively.

LAD clusters show differing strength of lamina association

We hypothesized that the different patterns of PTM enrichment
between the three LAD clusters could affect their three-dimension-
al organizationwithin the nucleus.We performed 3DDNAFISH to
test whether the association with the nuclear lamina varies be-
tween clusters, using Lamin A/C staining to visualize the nuclear
periphery (Fig. 4; Supplemental Movie S1). Three to four LADs
were chosen from each cluster and targeted with DNA FISH probes
labeled with a different colored fluorophore for each cluster
(Supplemental Table 1). As expected, most LADs from all three
clusters were found near or at the nuclear lamina. However,
K9me3 and K9me2 LADs showed a statistically significant trend
toward closer peripheral localization relative to K27me3 LADs.
This highlights the biological significance of these clusters and
suggests that different regulatory mechanisms mediate chroma-
tin–lamina interactions in each cluster.

LAD clusters are enriched for different genomic features

Examination of the three LAD clusters showsmany differences be-
yond their histone PTM profiles. K9me3 LADs have a median size
of 1.53 Mb, significantly larger than K9me2 LADs and K27me3

LADs, which have median sizes of 0.31 and 0.22 Mb, respectively
(Fig. 5A). As a result, K9me3 LADs collectively contain the most
genes. However, gene density is highest in K27me3 LADs (Fig.
5B). RNA-seq reveals that differences in gene expression levels be-
tween clusters are quite small, but we do observe a higher median
expression level in K27me3 LADs compared to the other groups
(Fig. 5C). The three LAD clusters also differ in repeat enrichment.
K9me3 LADs and K9me2 LADs are highly enriched in LINEs,
whereas K27me3 LADs are enriched in SINEs. LTR enrichment is
similar across all groups (Fig. 5D).

There is a great difference in the distribution of cLADs and
fLADs between the clusters. Constitutive LADs predominate
among K9me3 LADs and K9me2 LADs, whereas the majority of
K27me3 LADs are facultative (Fig. 5E). This distribution of consti-
tutive and facultative LADs is consistent with the well-character-
ized involvement of Polycomb silencing in the regulation of
developmentally regulated genes (Atlasi and Stunnenberg 2017;
Jiang et al. 2024).

We analyzed Gene Ontology and tissue-specific enrichment
of genes in each cluster and found numerous terms associated
with each cluster. K9me3 LADs were enriched in immune,
neuronal, and RNA processing–associated terms (Supplemental
Fig. S5). K9me2 LADs were enriched in similar terms, with a partic-
ularly strong emphasis on RNA processing. K27me3 LADswere en-
riched in many terms related to differentiation and cell signaling,
suggesting that they contribute to quite different processes.
Further, we found a much higher fraction of tissue-specific genes
in K27me3 and K9me2 LADs than in K9me3 LADs, consistent
with the strongly constitutive heterochromatin character of the
latter.

LADs are typically associated with late-replicating regions of
chromatin, although differences in replication timing between
LADs have been observed (van Schaik et al. 2020; Gholamalamdari
et al. 2025). Using publicly available Repli-seq data in MEFs (Rive-
ra-Mulia et al. 2018), we calculated the log2 ratio of early S-phase to
late S-phase replication signal and plotted the distribution be-
tween clusters. Whereas all three clusters did indeed favor late rep-
lication, there were clear differences between clusters. K27me3
LADs, in particular, showed a tendency towards earlier replication,
whereas K9me3 LADs most heavily favored late replication (Fig.
5F).

ChromHMM confirms unique enrichment of states between

clusters

To further understand the differences observed between LAD clus-
ters, we ran ChromHMM with our histone modification, CBX1,
and lamin B1 data sets. ChromHMMuses a hiddenMarkov model
to identify underlying chromatin states based on the presence or
absence of features of interest (e.g., histone PTMs) across the ge-
nome. We ran the model using 10-kb bins and found eight states
to be optimal for capturing a diversity of chromatin states while
avoiding redundancy. The resulting states span the range of active
and repressive chromatin, with higher states (e.g., 8) more en-
riched in euchromatic features like acetylation, and lower states
(e.g., 2, 3) showing the most heterochromatic character (Fig. 6A).
State 1 is generally depleted in histone marks and appears in vari-
ous regions across the genome. Unlike H3K9ac and H3K27ac,
H3K14ac was not primarily found in the euchromatic state 8 but
in heterochromatin states in association with H3K27me3 and
H3K9me2.
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To compare our observations on the structure of LADswith the
states output by ChromHMM, we examined the enrichment of
states in each LAD cluster (Fig. 6B,C). As expected, states enriched
in K9me3 LADs preferentially contained H3K9me3, the most abun-
dant being states 3 and 4. Also consistent with expectations, the
H3K9me2-enriched state 6 predominated in K9me2 LADs, and the
H3K27me3-enriched state 7 was the most abundant in K27me3
LADs. Inter-LAD regions were largely enriched in the euchromatic
state 8, the variable state 1, and states 5–7markingnon-lamina-asso-
ciated heterochromatin.

LAD clusters contain distinct states at their borders

Examination of states at LAD borders confirms differences in the
border structure of different LAD clusters (Fig. 7). Moving from

outside a LAD across the border into a
LAD, K9me3 LADs display a clear transi-
tion from state 8 to more “LAD Border”
states enriched in H3K27me3/H3K14ac,
to constitutive heterochromatin inside
the LAD (Fig. 7A,B). This transition is al-
tered in K9me2 LADs and K27me3
LADs, which retain high levels of
H3K9me2 and H3K27me3, respectively,
across both the LAD interior and borders
(Fig. 7C,D).

It is possible that the apparent pla-
teau of H3K14ac, H3K27me3, and
H3K9me2 across K9me2 LADs and
K27me3 LADs is a result of their small
size, which does not provide them
enough space to decrease into the LAD
interior as seen in K9me3 LADs. We ex-
amined this by plotting profiles and
heat maps of LADs filtered by size
(Supplemental Fig. S6). LADs smaller
than 250 kb show the expected plateaus
for K9me2 LADs and K27me3 LADs.
Because there are few K9me3 LADs of
this size, their profile is very noisy, but
they appear to show a border enrichment
for H3K27me3 but not H3K9me2 or
H3K14ac. For LADs larger than 1 Mb,
K9me2 and K27me3 LADs continue
to show plateaus for H3K14ac and
H3K9me2, although a slight border en-
richment is seen for K9me2 LADs and a
clear border enrichment of H3K27me3
is seen for both groups. Thus, LAD size
may partially explain the enrichment of
H3K27me3 across LAD interiors in
K9me2 LADs and K27me3 LADs but
poorly accounts for the interior enrich-
ment of H3K9me2 and H3K14ac.

Regression analysis suggests CBX1-

independent tethering mechanisms and

differences in cluster regulation

Many mechanisms contribute to the lo-
calization of chromatin to the nuclear
periphery (van Steensel and Belmont

2017; Manzo et al. 2022). Most involve interactions of peripheral
proteins with H3K9me2/3, often mediated by CBX1 or its iso-
form CBX5, which can bind lamina-associated factors such as
LBR and PRR14 (Ye and Worman 1996; Ye et al. 1997; Poleshko
et al. 2013; Kiseleva et al. 2023). To better understand the factors
responsible for mediating chromatin–lamina interactions in
C57BL6/J MEFs and whether they differed between clusters, we
quantified the net abundance of our features in LADs and per-
formed pairwise regression analysis. Whereas most correlations
were weak, some significant trends were observed. As expected,
we found CBX1, H3K9me3, and lamin B1 to be positively
correlated with one another in all clusters (Supplemental Fig.
S7A–C). The relationship between H3K9me3/CBX1 and lamin
B1 was weakest in the group where they were most enriched,
K9me3 LADs. Despite being depleted in both H3K9me2

A

B

Figure 4. Analysis of cluster localization by DNA FISH. (A) Two-dimensional slices showing cluster lo-
calization in a representative cell. Individual images capture a subset of the labeled loci present in each
cell. (B) Violin plot showing distance of representative cluster LADs from the nuclear lamina, as deter-
mined by lamin A/C staining (blue). FISH probes were made to target three LADs each from Clusters 1
(pink) and 3 (green) and four LADs from Cluster 2 (red). A total of 58 cells were sampled (see
Methods for details).
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Figure 5. Comparison of K9me3 LADs, K9me2 LADs, and K27me3 LADs. (A) Comparison of LAD sizes (bp) between clusters. P-values determined by
Wilcoxon rank-sum test. (B) Gene content in each cluster, represented by total number of genes contained in LADs from each cluster (top) and gene density
in each cluster (bottom). (C) Gene expression from LADs of each cluster in fragments per kilobase per million (FPKM). P-values determined by Wilcoxon
rank-sum test. (D) Abundance of LINE elements, SINE elements, and LTR repeats in each cluster compared to inter-LADs. (E) Table showing overlap between
each cluster and cLADs. The cLADs set used came from a previously studywhichmapped LADs byDamID in several cell types (Peric-Hupkes et al. 2010). The
total cLAD area overlapping our clusters does not add up to 100% because a small fraction of the LADs detected in those cells were not detected in our LAD
mapping that gave rise to the clusters. (F ) Heat map and profile of replication colored by LAD clusters. Values represent log2 early/late signal, so low values
indicate late replication timing and higher values represent earlier replication timing.
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and H3K27me3, K9me3 LADs also displayed a positive correla-
tion between both of these marks and lamin B1 (Supplemental
Fig. S7D,E).

Similarly, lamin B1 increased with the abundance of
H3K9me3 and H3K27me3 in K9me2 LADs but showed no correla-
tion with H3K9me2 (Supplemental Fig. S7C–E). K27me3 LADs

showed no correlation between H3K27me3 and lamin B1 and
only weak correlation between H3K9me2 and lamin B1
(Supplemental Fig. S7D,E). H3K14ac generally correlated with oth-
er features in a similarmanner to H3K27me3, consistent with their
similar patterns of enrichment across LAD clusters (Figs. 3C, 6A;
Supplemental Fig. S7F,G). Notably, PTMs that correlated positively

A B

C Chromosome 2Chromosome 11Chromosome 6

Figure 6. ChromHMM analysis and comparison with LAD clusters. (A) Heat map of feature probabilities in each state. Color intensity represents feature
abundance in that state. ChromHMMwas run with eight states using 10-kb bins. (B) Relative abundance of each state in Cluster 1 (K9me3 LADs), Cluster 2
(K9me2 LADs), and Cluster 3 (K27me3 LADs). Height of bars represents the fraction of 10-kb bins within that LAD cluster that correspond to that state. (C)
IGV browser view showing example LADs from each cluster as well as a representative inter-LAD region, with the distribution of ChromHMM states across
each (e.g., enrichment of states 4–6 in K9me2 LADs, states 1–3 in K9me3 LADs, and state 7 in K27me3 LADs).
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Figure 7. LAD border profiles vary between clusters. (A) Profiles of all features around LAD borders, with each cluster shown separately. Y-axis values
represent signal intensity. Boxes show a 500-kb window centered around the LAD borders (vertical dotted line). For LADs that are shorter than the
250-kb range shown, the excess area beyond the opposite LAD border was not included to ensure only LAD chromatin was plotted in the area denoted
as the LAD interior. (B) IGV browser example of epigenetic features and ChromHMM state transitions across a Cluster 1 LAD (K9me3 LAD) boundary. (C)
IGV browser example of epigenetic features and ChromHMM state transitions across a Cluster 2 LAD (K9me2 LAD) boundary. (D) IGV browser example of
epigenetic features and ChromHMM state transitions across a Cluster 3 LAD (K27me3 LAD) boundary.
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with lamin B1 did not necessarily correlate with CBX1 and vice-
versa, suggesting that some chromatin–lamina interactions are
not mediated by CBX1.

Discussion

Prior studies have pointed to structural and functional differences
within LADs (Bian et al. 2013; Lund et al. 2015; Zheng et al. 2015;
van Steensel and Belmont 2017; Kaczmarczyk et al. 2022; Alagna
et al. 2023; Shah et al. 2023; Gholamalamdari et al. 2025). Our
analysis of LADs clustered by lamin B1, CBX1, H3K9me3,
H3K9me2, H3K27me3, H3K14ac, H3K9ac, and H3K14ac demon-
strated that LADs inMEFs fall into three distinct subtypes with sig-
nificant differences in their epigenomic and genomic content.
Each of the three clusters we identified has a prominent marker
of heterochromatin. Cluster 1 is characterized by high levels of
H3K9me3 (and is therefore referred to as K9me3 LADs), Cluster 2
has high levels of H3K9me2 (called K9me2 LADs), and Cluster 3
contains high levels of H3K27me3 (called K27me3 LADs). This
study has the advantage of having mapped these features in cell
lines derived from the same colony of C57BL6/J mice, avoiding
possible discrepancies that could arise when using public data
sets generated by different labs in their ownMEF cell lines. Our ap-
proach of scaling LADs to a uniform size and dividing them into
bins prior to k-means clustering provides the advantages ofweight-
ing all LADs equally regardless of size and allowing different pat-
terns of the same mark across LADs to be distinguished.

K9me3 LADs and K9me2 LADs most resemble the classical
definition of LADs: large, gene-poor, and enriched in LINE ele-
ments and methylation of H3K9. However, few LADs were en-
riched in both H3K9me2 and H3K9me3. This suggests that
H3K9me2 and H3K9me3 rarely coincide significantly in LADs in
iMEFs; perhaps because they are mutually exclusive on the same
histone. In fact, regression analysis showed a significant negative
correlation between the levels of H3K9me2 and H3K9me3 in
K9me2 LADs and K9me3 LADs (Supplemental Fig. S7H). We hy-
pothesize that H3K9 methylation is maintained primarily by
SUV39H1/2 in the former and EHMT1/2 in the latter, as these pri-
marily catalyze H3K9 trimethylation and dimethylation, respec-
tively (Rice et al. 2003; Padeken et al. 2022). This may help
explainwhy both sets ofmethyltransferases are important for lam-
ina association (Bian et al. 2013; van Steensel and Belmont 2017).

Previous studies have affirmed the existence of small LADs
with facultative heterochromatin character, but these are not
well studied in comparison with large, canonical LADs (Tran
et al. 2021; Alagna et al. 2023; Gholamalamdari et al. 2025).
AlthoughH3K27me3 has been proposed to play a role in attaching
chromatin to the nuclear periphery, it is generally thought to be
restricted to LAD borders, perhaps because LADs are often studied
as a single, uniform group. By clustering LADs, we uncovered a
group of LADs enriched in H3K27me3 across the entire LAD
body. These LADs are smaller and more enriched in genes and
SINE elements than LADs from other clusters. Approximately
one-fifth of LADs in iMEFs fall in this category, but due to their
small size, they compose only a small fraction of the total lami-
na-associated genome (6.8% as opposed to 27.9% for K9me2
LADs and 65.3% for K9me3 LADs), which may explain why they
are not apparent when characterizing total LAD chromatin. One
study has indicated that these LADs are more variable and interact
with the nuclear periphery for only part of the cell cycle, which is
consistent with their facultative heterochromatin character (Tran
et al. 2021). This is consistent with our finding that a much larger

fraction of K27me3 LADs varied between our LAD set and a previ-
ously published DamID LAD set than was the case for K9me2 or
K9me3 LADs (Supplemental Fig. S1A).

Notably, a recent study in human cells supported LAD divi-
sions similar to ours, noting four different LAD clusters which
were H3K9me3-enriched, H3K27me3-enriched, H3K9me2-en-
riched, and PTM-depleted, respectively (Gholamalamdari et al.
2025). This study had clustered LADs based on their degree of as-
sociation with the nuclear lamina and with nuclear speckles,
thereby suggesting that these epigenetically distinct groups of
LADs are subject to different regulatory mechanisms and behav-
iors across the cell cycle and development.

Our DNA FISH data showed differences in lamina association
between clusters, with greater peripheral localization in K9me3
and K9me2 LADs than K27me3 LADs. This is consistent with the
relatively high overlap between K27me3 LADs and fLADs, which
contact the nuclear lamina less frequently across cell populations
than cLADs (Kind et al. 2015). The cluster localization measured
by DNA FISH data differs from the inferences of lamin B1
CUT&RUN signal (Fig. 3C), illustrating the need for direct 3Dmea-
surements like FISH to address such questions.

Previous studies have emphasized the importance of
H3K9me2 in lamina association (Poleshko et al. 2017, 2019;
Shah et al. 2023). Our results indicate that H3K9me3 and
H3K27me3 are similarly important, likely pointing to the cell
type–specific differences in chromatin–lamina tethering mecha-
nisms. The relative expression levels of different lamins and
lamin-associated proteins change across development and vary be-
tween tissues. H3K9me2 is neither necessary nor sufficient for as-
sociation of chromatin with the nuclear periphery in all cell types
(Towbin et al. 2012; Bian et al. 2013; Eberhart et al. 2013;Harr et al.
2015; Smith et al. 2021b). H3K9me3 levels correlate positively
with changes in lamina association in mesenchymal cell lineages
(including fibroblasts) and negatively in others (Das et al. 2023).
One study examining the roles of H3K27me3, H3K9me2, and
H3K9me3 in chromatin–lamina tethering in MEFs concluded
that all three are required for proper chromatin–lamina interac-
tions (Harr et al. 2015). Another found that H3K9me2 and
H3K9me3 are both enriched at the nuclear periphery in MEFs
but are anticorrelated, suggesting that they mark different regions
governed by different peripheral targetingmechanisms (Bian et al.
2013). It is, therefore, possible that differential expression or post-
translational modification of lamins or other proteins involved in
mediating chromatin–lamina interactions cause different histone
PTM-dependent mechanisms to predominate in different cell
types (Solovei et al. 2013; Smith et al. 2021a).

Numerous mechanisms help establish and maintain borders
between euchromatin and heterochromatin (Cuddapah et al.
2009;Wang et al. 2014, 2015). This is underscored by our observa-
tions of the complexity and uniqueness of LAD borders, which are
particularly consequential sites for LAD regulation (Briand and
Collas 2020; Alagna et al. 2023). Besides the well-characterized
enrichment of H3K27me3, previous studies have identified en-
richment of factors such as CTCF,macro-H2A, and gene promoters
in the vicinity of LAD borders (Guelen et al. 2008; Fu et al. 2015;
Harr et al. 2015; van Schaik et al. 2022). We have now identified
a new feature of LAD borders, H3K14ac. H3K14ac is generally asso-
ciated with transcriptional activation and has received relatively
little attention compared to many other acetylation marks
(Wang et al. 2008; Karmodiya et al. 2012; Regadas et al. 2021).
Previous studies have shown that it is a crucial regulator of hetero-
chromatin maintenance in fission yeast, marks a subset of
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promoters and enhancers in higher eukaryotes, and is essential for
mammalian development (Kueh et al. 2011, 2023; Reddy et al.
2011; Karmodiya et al. 2012; Stirpe et al. 2021; Seman et al.
2023). We find that H3K14ac accumulates just inside LAD borders
and gradually decreases into themiddle of the LAD, unlike H3K9ac
or H3K27ac, which are highly depleted across LADs and enriched
outside LADs. This suggests a role for H3K14ac in regulating LAD
borders. Many LADs (most K9me2 LADs and K27me3 LADs)
show moderate to high enrichment of H3K14ac across the entire
LAD body as well as the borders.

We also found a moderate enrichment of H3K9me2 inside
LAD borders, particularly in K9me3 LADs, which were otherwise
depleted in H3K9me2. H3K9me2 has generally been seen across
LAD bodies, pointing to another potential difference between
cell types and LAD clusters. Notably, H3K14ac and H3K9me2 at
LAD borders do not align with the well-characterized peaks of
H3K27me3 at LAD borders and are instead shifted inward. The rea-
son for this is unclear but may suggest that these marks reinforce
the border by forming a second barrier against the euchromatin
outside LADs.

The results of this study contribute to a growing understand-
ing of the internal distinctions between LADs and reveal signifi-
cant features shaping these differences and contributing to LAD
function and regulation. They also highlight how LAD regulation
may differ across different cell types, underscoring the complexity
with which chromatin–lamina interactions and the mechanisms
governing them are coordinated and adjusted through develop-
ment and differentiation.

Methods

Cell culture

Mouse embryonic fibroblasts harvested and immortalized as previ-
ously described were cultured at 37°C with 5% CO2 (Nagarajan
et al. 2013). Cells were grown in Dulbecco’s Modified Eagle’s
high glucosemedium supplementedwith 10% FBS, 1% glutamine,
and 1% Pen-Strep, and passaged approximately every 2–3 days.
Cells were harvested for experiments using 0.5% trypsin and resus-
pended in fresh media for counting.

CUT&Tag

CUT&Tag was performed according to the EpiCypher CUTANA
Direct-to-PCR CUT&Tag protocol using 100,000 cells (details in
Supplemental Methods), with a light crosslinking step adapted
from a published protocol (Kaya-Okur et al. 2020). All CUT&Tag
experiments were performed in triplicate using three indepen-
dently derived cell lines from the same mouse colony.

CUT&RUN

CUT&RUNwas performed according to the EpiCypher CUT&RUN
protocol using 500,000 cells (details in Supplemental Methods),
and libraries were prepared using the CUTANA CUT&RUN
Library Prep kit. Lamin B1 CUT&RUNwas performed in duplicate.
CUT&RUN for H3K9me2 and H3K14ac to validate CUT&Tag re-
sults was performed in single replicate, and a nuclei extraction
step was inserted prior to bead binding.

ChIP-seq and RNA-seq

CBX1 ChIP-seq was performed in biological duplicate as previous-
ly described for H3K9me2 and H3K9me3 (Popova et al. 2021).

RNA-seq was performed in biological triplicate as previously de-
scribed (Nagarajan et al. 2019).

Data preprocessing and LAD calling

Before alignment, raw CUT&RUN data were trimmed using Trim
Galore! (https://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/) with the arguments -q 20 ‐‐stringency 3 ‐‐trim-n.
CUT&Tag and CUT&RUN datawere aligned to themm10 genome
using Bowtie 2 (Langmead and Salzberg 2012) with parameters ‐‐
end-to-end ‐‐very-sensitive ‐‐no-unal ‐‐no-mixed ‐‐no-discordant
‐‐phred33 -I 10 -X 700. The mm10 build was chosen for this study
because some experiments were carried out prior to the release of
mm39, and, given the scale and number of the features and re-
gions investigated, realigning to a more recent reference genome
would be highly unlikely to affect results. CBX1 ChIP-seq data
was aligned to the mm10 and hg19 genomes using BWA-MEM
with flag -M (Li and Durbin 2009). Data was filtered to remove
reads mapping to mitochondrial DNA or unlocalized or unplaced
contigs. Individual replicates were merged and converted to
bedGraph or bigWig format for viewing on the Integrative
Genomics Viewer (IGV) (Robinson et al. 2011) and for down-
stream analysis.

For LAD calling, lamin B1 and IgG CUT&RUN data were nor-
malized to the same library size using the SAMtools (Li et al. 2009)
view, filtered to remove reads overlapping the ENCODE ChIP-seq
blacklist, and replicates were merged. LADs were called using the
HMMt package in R (https://github.com/jianhong/HMMtBroad
Peak/) with a modified version of the HMMtBroadPeak function
which used a sliding window to smooth the data by averaging a
bin’s signal with the two adjacent bins. LADs were first called by
the modified function using 30-kb bins. The ends of the LADs
were then adjusted to increase the resolution by running the nor-
mal HMMtBroadPeak function with 5-kb bins and using the out-
put to trim or extend LAD ends depending on whether the
overlapping 5-kb bin was LAD-positive (Supplemental Code S1).

Data clustering

For clustering, histone PTM, CBX1, and lamin B1 BED files were
filtered to remove reads overlapping the ENCODE ChIP-seq black-
list and converted to bigWig format. We used deepTools
computeMatrix (Ramírez et al. 2016) to scale all LADs to a size of
1 Mb and summarize bigWig signal into 50-kb bins across the
LAD, including 100 kb outside the LAD border. The data was
read into R (version 4.1.0) (R Core Team 2024) and filtered to
removeChrX andChrY,whichhad suboptimal LADmapping and
were excluded from analysis. Each column was then scaled to a
mean of 0 and standard deviation of 1, and the data were clustered
using the k-means function in R. The silhouette score was calculat-
ed to determine the optimal number of clusters. Hierarchical clus-
tering was performed using the hclust function in R (https://www
.rdocumentation.org/packages/stats/versions/3.6.2/topics/hclust)
with the Ward D2 linkeage. To learn which marks defined the dif-
ferences between clusters, we used the randomForest package
(https://CRAN.R-project.org/package=randomForest) and ran the
algorithm on the entire data set because our intention was simply
to train the model on our data, not make predictions.

Profiles and heat maps of the resulting clusters were created
with ggplot2 (Wickham 2016) and pheatmap (https://cran.r-
project.org/web/packages/pheatmap/index.html) using a matrix
generated in the same way as the one used for clustering but with
10-kb bins for better resolution and with 300 kb included beyond
each LAD border. To prevent them from skewing the scaling of pro-
files and heat maps and rendering the rest of the data invisible,
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strong outliers were removed from the plotting matrix by going
through each column of the matrix and removing all values more
than 3× the interdecile range away from the median. Code for
LAD clustering and plotting can be found in Supplemental Code S2.

ChromHMM

ChromHMM 1.24 was run on BAM files for lamin B1,
CBX1, H3K9me3, H3K9me2, H3K27me3, H3K14ac, H3K9ac, and
H3K27ac. We used a 10-kb bin size for binarizing BAM files, then
ran LearnModel with eight states and a 10-kb bin size, specifying
the mm10 genome. The dense BED file was used for further anal-
ysis after first filtering to remove all bins which overlapped gaps
of unknown nucleotides more than 5 kb long.

Cluster analysis

Data analysis and visualizationwere performed in R. Gene annota-
tions for the RNA-seq and to calculate gene enrichment in each
cluster came from GENCODE vM25. RNA-seq data was analyzed
using the nf-core RNA-seq pipeline version 3.13.2 (https://nf-co
.re/), and the number of reads per gene was quantified with
Salmon (Patro et al. 2017). Quantified read counts were loaded
into R and normalized by fragments per kilobase per million
(FPKM) before plotting. The matrix to create the profile and heat
map of replication timing was created by generating matrices of
the repli-seq signal from early and late S-phase using deepTools,
as with the other profiles and heat maps, then calculating the
log2 of the early replication signal divided by the late replication
signal for each bin. Repeat locations were obtained from
RepeatMasker (Smit et al. 2013–2015) through the UCSC Table
Browser and used to calculate their abundance in each cluster, nor-
malized to cluster area. Gene Ontology enrichment analysis
(Supplemental Code S3) was carried out using the gprofiler2 pack-
age (Kolberg et al. 2020). Tissue enrichment analysis was carried
out using the TissueEnrich package (Jain and Tuteja 2019).

Box plots, bar plots, and Venn diagrams were made with
ggplot2, and P-values for the box plots were calculated by a
Wilcoxon rank-sum test using the ggsignif package. Heat maps
were made with the pheatmap package.

Linear regression

To perform linear regression, the total CUT&Tag/CUT&RUN/
ChIP-seq signal for the mark of interest in each LAD was summed
up using BEDTools (Quinlan and Hall 2010). These values were
loaded into R, filtered to remove LADs in sex chromosomes, and
divided by LAD size to get the average abundance across the
LAD. The datawere log2-transformed to achieve amore normal dis-
tribution. Regression was performed using the linear model func-
tion in base R, and the P-value of the slope was reported on each
plot (Supplemental Code S4).

DNA FISH

We chose three K9me3 LADs, four K9me2 LADs, and three
K27me3 LADs to target with DNA FISH probes (labeled with fluo-
rophores ATTO467N, ATTO565, and Alexa Fluor 488, respective-
ly). LADs were selected from three different chromosomes, with
a representative of every cluster chosen from each chromosome
(Supplemental Table 1). Fluorescently labeled DNA FISH probe
sets were custom designed and synthesized by Daicel Arbor
Biosciences. For immunofluorescence/DNA FISH experiments,
cells were grown on coverslips to 70%–80% confluency, fixed
with 4% PFA for 10 min, and permeabilized with 0.5% Triton X-
100 for 10 min. Cells were blocked in 2% BSA for 1 h at RT and in-

cubated in primary antibody (ab133256, 1:100 in 1% BSA/PBS-T)
for 3 h at RT, followed by Alexa Fluor 405–conjugated secondary
antibody (ab175652, 1:500 in 1% BSA/PBS-T) for 1 h at RT. Cells
were postfixed in 2% PFA followed by 0.7% Triton X-100 for 10
min each, rinsed briefly in 2× SSCT (0.1% Tween-20 in 2× saline
sodium citrate), and incubated overnight in 2× SSCT/50% (v/v)
formamide at 37°C. Next, coverslips were placed on 20 µL hybrid-
ization mix (2× SSCT, 50% formamide, 10% dextran sulfate, 0.4
µg/µL RNase A) with 30 pmol DNA FISH probe (10 pmol of each
cluster), sealed with rubber glue, incubated at 80°C for 10 min,
and transferred to 37°C overnight. Coverslips were rinsed in 2×
SSCT for 30 min at 37°C, and 10 min at RT, washed briefly with
PBS, and mounted on slides with Vectashield Antifade Mounting
Media. Slides were left to cure at RT for >4 h, then stored at
−20°C. DNA FISH was performed in biological triplicate on the
same cell lines used for CUT&Tag.

DNA FISH image capture and analysis

IF/DNA FISH slides were imaged on a Zeiss LSM900 confocal micro-
scope. Images were taken as Z-stacks 0.18 µm apart and underwent
Airyscan 3D processing (processing strength 9.0) in Zen. Image
analysis, quantification, and creation of animations were carried
out in Imaris (v 10.2). We analyzed 18–21 nuclei from each biolog-
ical replicate, for a total of 58 nuclei. A surface object was created for
Lamin A/C signal using the surfaces tool with machine learning,
and spots objects were created for DNA FISH foci with dimensions
of 0.4×0.4×1.1 (X×Y×Z). Any spots which fell outside and did
not touch the nucleuswere removed fromanalysis. The shortest dis-
tance between focus centers and the lamina surface was then quan-
tified, and the data from the three biological replicates were pooled
and plotted in R. Negative values indicate that the center of the fo-
cus fell within the nuclear lamina surface object.

Data sources

Gene annotations for GRCm38.p6 were downloaded in GTF for-
mat from GENCODE release M25 (https://www.gencodegenes
.org/mouse/release_M25.html), and chromosomes were renamed
to UCSC format for consistency with the rest of our analysis.

Repli-seq data came from 4D Nucleome (data files
4DNFI9LSI1RE and 4DNFID3GEVFS) (Rivera-Mulia et al. 2018).

Repetitive Element Annotations were obtained from
RepeatMasker through the UCSC Table Browser.

DamID maps of LADs and cLADs in MEFs came from the
NCBI Gene Expression Omnibus (GEO; https://www.ncbi.nim
.nih.gov/geo/) accession number GSE17051, and coordinates
were converted from the mm9 to mm10 genome using UCSC
liftOver (Peric-Hupkes et al. 2010; Meuleman et al. 2013).

Primary antibodies

CBX1: 8676 (Cell Signaling)
H3K9me3: ab8898 (abcam)
H3K9me2: ab1220 (abcam) for CUT&Tag and main analysis
H3K9me2: 39041 (Active Motif) for CUT&RUN validation
H3K27me3: 9733 (Cell Signaling)
H3K14ac: ab52946 (abcam) for CUT&Tag and main analysis
H3K14ac: MA5-32814 (Thermo Fisher) for CUT&RUN validation
H3K27ac: 8173 (Cell Signaling)
H3K9ac: 9649 (Cell Signaling)
Lamin B1: ab16048 (abcam)
Lamin A/C: ab133256 (abcam)
IgG: 13-0042 (Epicypher)

Structural characteristics of distinct LAD classes
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Data access

All raw andprocessed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession numbers
GSE281928 (CUT&RUN), GSE281927 (CUT&Tag), GSE281926
(ChIP-seq), and GSE281925 (RNA-seq).
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