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ABSTRACT

Nuclear architecture influences gene regulation and
cell identity by controlling the three-dimensional or-
ganization of genes and their distal regulatory se-
quences, which may be far apart in linear space.
The genome is functionally and spatially segregated
in the eukaryotic nucleus with transcriptionally ac-
tive regions in the nuclear interior separated from
repressive regions, including those at the nuclear
periphery. Here, we describe the identification of a
novel type of nuclear peripheral chromatin domain
that is enriched for tissue-specific transcriptional en-
hancers. Like other chromatin at the nuclear periph-
ery, these regions are marked by H3K9me2. But un-
like the nuclear peripheral Lamina-Associated Do-
mains (LADs), these novel, enhancer-rich domains
have limited Lamin B interaction. We therefore re-
fer to them as H3K9me2-Only Domains (KODs). In
mouse embryonic stem cells, KODs are found in Hi-
C-defined A compartments and feature relatively ac-
cessible chromatin. KODs are characterized by low
gene expression and enhancers located in these do-
mains bear the histone marks of an inactive or poised
state. These results indicate that KODs organize a
subset of inactive, tissue-specific enhancers at the
nuclear periphery. We hypothesize that KODs may
play a role in facilitating and perhaps constraining
the enhancer-promoter interactions underlying spa-
tiotemporal regulation of gene expression programs
in differentiation and development.
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INTRODUCTION

The precise arrangement of the genome in the 3D space of
the eukaryotic nucleus is nonrandom and plays a critical
role in establishing and maintaining cellular identity (1-5).
One of the most prominent aspects of nuclear architecture is
the segregation of transcriptionally active euchromatin and
repressed heterochromatin into separate compartments of
the nucleus. Early microscopy studies of eukaryotic nuclei
identified stereotypical characteristics of chromatin com-
paction and localization, including observations of euchro-
matin in the nuclear interior and heterochromatin at the
nuclear periphery (6,7). Heterochromatin contains densely
packed nucleosomes with repressive histone modifications
(8,9) and tends to be transcriptionally silent. In contrast,
euchromatin features more loosely packed histones marked
with modifications associated with active gene transcrip-
tion, accessibility to the DNA and higher levels of transcrip-
tional activity. Spatial partitioning of these functionally dis-
tinct types of chromatin is also evident in interaction maps
generated by chromosome conformation capture technolo-
gies such as Hi-C (10). Hi-C maps segregate the genome
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into two major spatial compartments: compartment A has
a greater number of accessible regions with active histone
modifications that tend to cluster together; compartment B
has more compact chromatin with less accessibility and hi-
stone modifications associated with transcriptional repres-
sion. Regions from each of these different compartments
are more likely to interact or cluster with those of the same
compartment type. Such chromatin compartmentalization
allows genomic regions that may be far apart along the lin-
ear genome to interact with each other or with substruc-
tures in the nucleus. These interactions have been shown to
change during cell differentiation (11-13).

In addition to A/B compartment segregation, the
genome is organized through anchoring to substructures of
the nucleus such as the nuclear lamina. In metazoan cells, a
large fraction of chromatin is found just inside the nuclear
envelope, where it interacts with the nuclear lamina and its
associated proteins. Here, heterochromatin forms extended
regions of hundreds of kilobases called Lamina-Associated
Domains (LADs). LADs were originally identified using
the Dam-ID method which labels genomic regions that are
in contact with nuclear lamina proteins including Lamin B1
(3,14). LADs have also been mapped through chromatin
immunoprecipitation (ChIP) of Lamin B-interacting DNA
isolated with an anti-Lamin B antibody (1,15,16). Multiple
studies have demonstrated that approximately one-third of
the genome is in LADs and that they are associated with
different regions in different cell types. LADs often overlap
B compartment designations and share the repressive his-
tone modifications, nucleosome density, and reduced gene
transcription of heterochromatin (17,18). Comparisons of
LAD organization among different cell types revealed that
some, so-called constitutive LADs, are conserved among
cell types and in syntenic regions of different species (19),
suggesting a functional role in spatial organization of the
genome. However, not all LADs are constitutive. It has been
documented that changes in chromatin-lamina interactions
accompany differentiation (3,20-22) and that disruption of
normal chromatin-lamina interactions during mouse em-
bryonic stem cell (mESC) differentiation can lead to aber-
rant cell-type specification (1,23). The dynamics of chro-
matin localization have also been linked to gene expres-
sion. Multiple studies report chromatin detachment from
the nuclear periphery leading to gene activation as well
as increased chromatin-lamina contacts correlating with
gene repression (1,3,20,24-26). Localization of chromatin
at the nuclear lamina has been associated with strong, but
not absolute, transcriptional repression (27). These findings
demonstrate the important role of chromatin organization
at the nuclear periphery in maintaining and/or regulating
gene programs.

Not all chromatin at the nuclear periphery shares the
same characteristics. Histone H3 post-translational modi-
fications H3K9me2 and H3K9me3 have been shown to be
enriched in LADs and are often associated with transcrip-
tional repression (1,3,14). H3K9me3-marked chromatin is
found both at the nuclear periphery and in clusters in the
nuclear interior where it labels highly repetitive, pericentric
heterochromatin (28,29). H3K9me2, on the other hand, is
a histone modification specific for chromatin that localizes
to the nuclear periphery in species from C. elegans to hu-

mans (1,30-32). Genetic studies in C. elegans have provided
evidence that H3K9mel/2 mediates chromatin anchoring
at the nuclear periphery whereas H3K9me3 is required for
transcriptional repression (33). Studies in mammalian cells
have demonstrated that targeted H3K9me2 modification
of a chosen chromatin region promotes its localization to
the nuclear periphery (34), while disruption of chromatin-
nuclear lamina interaction through targeted VP16 activa-
tion was shown to reposition the region to the nuclear in-
terior (35) and reportedly reduce H3K9me2 (36). Together,
these findings implicate H3K9me?2 as a mark of chromatin
specified for nuclear peripheral localization. This is consis-
tent with the previous observation that H3K9me2-marked
chromatin regions are highly correlated with LADs (1).

Here, we present evidence that a portion of H3K9me2-
marked chromatin forms large domains that are localized
at the nuclear periphery but are physically separate and epi-
genetically distinct from LADs. These H3K9me2-Only Do-
mains (KODs) have minimal interaction with Lamin B, are
depleted for H3K9me3, and feature accessible chromatin
and acetylated histones. Notably, KODs are enriched for
distal enhancers of transcription and the histone modifica-
tions that define them. We propose a model in which KODs
serve as a scaffold to organize enhancers and influence long-
range chromatin interactions through H3K9me2-mediated
nuclear positioning.

MATERIALS AND METHODS
Cell lines

Murine embryonic multipotent stem cell was obtained from
the American Type Culture Collection (ATCC, cat# CRL-
1934). All cells tested negative for mycoplasma contam-
ination. Mouse ES cells were maintained at 37°C on a
feeder layer of mitotically inactivated MEFs in DMEM
with 15% FBS (Fisher Scientific #SH3007003) and ESGRO
LIF (EMD Millipore, cat#ESG1106).

Immunofluorescence and DNA oligo FISH

Mouse ESCs were grown on 0.1% porcine gelatin (Sigma,
cat#G2500) coated glass coverslips (EMS, cat#3400),
mESCs were fixed with 2% PFA for 10 min at RT, washed
three times with DPBS (Gibco, cat#14190-136), then per-
meabilized with 0.5% Triton X-100 (Thermo Scientific,
cat#28314) for 10 min. After permeabilization, cells were
washed three times with DPBS for 5 min, then blocked in
1% BSA (Sigma, cat#A4503) in PBST (DPBS with 0.05%
Tween 20, pH 7.4 (Thermo Scientific, cat#28320)) for 60
min at RT. After block samples were incubated with pri-
mary antibodies for 1 h at RT and washed three times with
PBST for 5 min. Then incubated with secondary antibod-
ies for 30 min at RT. After incubation with secondary an-
tibodies, samples were washed with DPBS and post-fixed
with 2% PFA for 10 min at RT, washed 3 times with DPBS
and permeabilized with 0.7% Triton X-100 for 10 min at
RT and rinsed with DPBS. Next sample were prepared for
hybridization with DNA oligo probes. Coverslips were in-
cubated in 70% ethanol, 90% ethanol and 100% ethanol for
2 min each, then washed in 2x SSC (Corning, cat# 46-020-
CM) for 5 min. Coverslips were equilibrated in 2x SSCT



(2x SSC with 0.1% Tween) with 50% Formamide for 5 min
at RT. DNA denaturation was performed in 2x SSCT with
50% Formamide for 2-3 min at 92°C in water bath, then
additional 20 min at 60°C in water bath. After DNA denat-
uration, coverslips were cooled to RT in humid conditions
for 2-3 min. Coverslips were places on a slide with 10-20 .
of hybridization mix (50% Formamide, 10% dextran sulfate,
50-100 pmol primary DNA oligo probes). Coverslips were
heated at 92°C for 3 min on a heat block, then incubated
overnight at 37°C in a humid chamber. After hybridization
with primary DNA oligo probes coverslips were washed in
2x SSCT for 15 min at 60°C, then for 10 min in 2x SSCT
for 10 min at RT, and then transferred in 2x SSC for 5 min.
Next, coverslips were hybridized with a secondary fluores-
cent DNA oligo probes (10% Formamide, 10% dextran sul-
fate, 10 pmol secondary DNA probes) in dark humidified
chamber for 3 h at RT. After secondary hybridization cov-
erslips were washed for 5 min in 2x SSCT and 2x SSC
buffers at RT. Cells were counterstained with DAPI solu-
tion 400 ng/ml (Sigma, cat#D9542) for 10 min at RT, then
rinsed with PBS. Coverslips were mounted on slides using
80% glycerol mounting media: 80% glycerol (Invitrogen,
cat# 15514-011), 0.1% sodium azide (Sigma, cat#S2002),
0.5% propyl gallate (Sigma, cat# 02370), 20 mM Tris—
HCI, pH 8.0 (Invitrogen, cat#15568-025). This protocol
was adopted from previously published protocols (30,37).
Probes were designed as described previously (30,37).

Antibodies

Antibodies against H3K9me2 (Active Motif, cat# 39239)
and Lamin B (Santa Cruz, cat# sc-6217) were previously
tested for specificity (1).

Image acquisition and analysis

All confocal immunofluorescent and oligoFISH images
were taken with a Leica TCS SP8 3X STED confocal mi-
croscopes using 63 x /1.40 oil objective. DAPI staining (blue
channel) were acquired using a PMT detector with offset —
0.1%. All other fluorescent staining (green, red and far red
channels) were acquired using HyD detectors in the stan-
dard mode with 100% gain. All images were taken with min-
imal laser power to avoid saturation. 3D images were taken
as Z-stacks with 0.05 wm intervals. Confocal 3D images
were deconvoluted using Huygens Professional software us-
ing the microscope parameters, standard PSF and auto-
matic settings for background estimation. Confocal chan-
nel shift alignment was performed using 0.1 wm TetraSpeck
fluorescent beads (Invitrogen, cat# T7279).

Confocal images on figures are representative images of
a single focal plane. 3D image reconstructions were per-
formed using Imaris 9.0.1 software (Bitplane AG, Switzer-
land) as described before (1,30). In brief, nuclear lamina,
nuclear DNA volume, and H3K9me2-marked chromatin
structure were created using Surfaces tool with automatic
settings based on the fluorescent signals from the anti-
Lamin B, DAPI staining, and anti-H3K9me2 antibodies.
DNA oligo probe spots were identified using the Spots tool
with a 300 nm diameter, created at the intensity mass center
of the fluorescent probe signal. Distance from the center of
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the DNA oligo FISH spot to the edge of the nuclear lamina
surface was quantified using the Distance Transformation
tool. In cases when the DNA oligo FISH signal was imbed-
ded into the generated nuclear lamina surface, the measure-
ment returned negative distances. If the distance from the
DNA oligo FISH spot to the nuclear lamina was smaller
than (or equal to) the average thickness of peripheral chro-
matin, then the spot was counted as localized to nuclear pe-
riphery. The thickness of the H3K9me2-marked peripheral
chromatin layer in mESC was measured previously (1) and
equals 0.3 pm (distance from the H3K9me?2 surface inner
edge to the nuclear lamina surface inner edge.

LaminB and H3K9me2 ChIPseq

Previously published LaminB and H3K9me2 ChIPseq
datasets (GEO GSE97877) generated and processed as de-
scribed (1) were used in this study. Briefly, mouse embryonic
stem cells (mESCs) derived from 129/Sv mouse strain were
cultured in serum-free, feeder-free 2i media (50% DMD-
F12 (Invitrogen); 50% Neurobasal medium (Invitrogen);
0.5x N2 supplement (Invitrogen); 0.5x B27 supplement
(Invitrogen); 0.05% BSA (Invitrogen); L-glutamine (Invit-
rogen); penicilin/streptomycin (Invitrogen) and 150 pM
B-mercaptoethanol (Sigma); 20 ng/ml LIF (eBioscience),
3 wM CHIR (Stemgent) and 1 wM PD325901 (Stem-
gent)). Cells were crosslinked, ChIP performed and se-
quencing libraries prepared as described (1). Primary an-
tibodies used for ChIPseq were Santa Cruz Goat anti-
Lamin B (M-20) (cat# sc-6217) and Abcam Mouse anti-
H3K9me2 (cat# ab1220). Libraries were sequenced on the
Illumina NextSeq500 platform (vII; 75bp single end se-
quencing; Illumina). Fastq files were aligned to the mm9
reference genome using STAR with the following parame-
ters —alignIntronMax 1 —alignEndsType EndToEnd. Dupli-
cate reads were marked and removed using Picard Tools and
Bamtools. Replicates were merged and downsampled us-
ing PicardTools. Coverage tracks were created using Deep-
Tools BamCompare (38). For visualization purposes, bam
files were converted to bigwig files using bamCoverage (38)
and visualized using the UCSC genome browser (39).

H3K9-Only Domain (KOD) Identification

Using previously published ChIPseq datasets (GEO
GSE97877), LaminB (LB) and H3K9me2 read counts
of two replicates each in 10kb bins were calculated using
DeepTools BamCompare. Averages of the replicates were
converted to z-scores to account for small differences in
dynamic range between experiments. Z-scores were then
smoothed using the mean of rolling, centered windows
of size 10 to produce final scores in 10 kb bins. LADs in
mESCs had LB and H3K9me?2 scores above the genome-
wide median score for each. For KODs in mESCs, we
calculated the difference between the H3K9me?2 score and
LB score across all bins and set a stringent threshold to
select only those bins with differences above the 80th per-
centile and LB below the genome median. The parameters
for LADs were set to maximize the number of regions that
overlap with cLADs as assigned in Meuleman ez al. (19).
The parameters for KODs were set to maximize the number
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of contiguous regions and minimize overlap with cLADs
and our own mESC LAD assignments. For both LADs and
KODs, adjacent 10 kb bins that met the respective criteria
were merged using bedtools (v2.29.2) merge (maximum
distance between features: 0) to assign individual domains
for further analyses (40). Those KODs that were at least
50 kb away from the nearest LAD were designated as
stand-alone KODs (saKODs). Coordinates (mm9) for
all KODs and saKODs are included in Supplemental
Table S1. KODs that overlap fLADs, KODs/fLADs, are
KODs that share >90% of the domain with fLADs; KODs
(non-fLADs) are KODs that share <10% of the domain
with fLADs.

Integration of ChIPseq and gene expression data

Publicly available datasets for various genomic features in
mESCs were downloaded from GEO (see below) and in-
cluded peak calls where available. Each of these features
was assessed for overlap with regions of mm9 genome des-
ignated as cLADs (GSE17051), nonLADs (GSE17051),
KODs or saKODs (this study). In this study, fLADs re-
fer to non-repetitive regions of the genome that were nei-
ther constitutive nonLADs nor mESC LADs designated
as described above. To determine densities of features with
discrete peaks (narrow histone modifications, CpG islands,
ATACseq, DNaseHS), bedtools intersect —c flag was used
to count events per domain of each type. For broad fea-
tures (A/B compartments, H3K9me3), bedtools intersect
—wo flag was used to calculate coverage as basepairs of over-
lap for each domain type which was then expressed as a per-
centage of the total genome coverage of that domain type.
Distributions of scores reflect the signal intensity values un-
derlying the peak assignments. Whereas peaks reflect the
relative enrichment of signal in a region, scores reflect the
signal intensity values underlying peak assignments.

Enrichment across annotated genomic features

Feature enrichment analysis was performed using Genomic
Association Tester (GAT) (41). The significance of over-
lap between sets of genomic intervals was calculated based
on simulation using a permutation-based approach and ac-
counting for genome organization regions of low mapabil-
ity. All enrichment analyses were subjected to 1000 simula-
tions. The fold enrichment is expressed as the ratio of ob-
served / expected. P values reflect an estimate of the proba-
bility to obtain an observed (or larger) overlap between two
segment sets by chance.

Publicly available datasets used in this study

For analysis of histone features in mESCs, peak coordinates
and underlying signal values (when available) for the fol-
lowing datasets (all obtained from undifferentiated mESCs
derived from the same strain) were downloaded from GEO
(https://www.ncbi.nlm.nih.gov/geo/):

H3K27me3: GSM 1000089
H3K4mel: GSM1000121
H3K9%ac: GSM 1000123

H3K4me3: GSM1000124
H3K27ac: GSM1000126
H3K9me3: GSM 3123483
H3K14Ac: GSM775314
DNaseHS1: GSM 1014154
ATAC: GSM2156964

A/B Compartments: GSE113985
RNA: GSEg9211

CpG islands (42) and Gene annotations (43) were down-
loaded from UCSC Genome Browser (NCBI37/mm9) As-
sembly.

Gene annotations: GENCODE VM23 release—protein-
coding genes only as downloaded from UCSC GENCODE
Genes track was used for gene density assessment.

For primary enhancer—promoter analyses (Figure 4), en-
hancers (Replicated set) and promoters (EPDnew replicated
set) (44) were downloaded from UCSC Genome Browser
(GRCm38/mm10). For supplementary analyses (Supple-
mentary Figure S4), ENCODE Candidate Cis-Regulatory
Elements (cCREs) (45) were downloaded from UCSC
Genome Browser (GRCm38/mm10) Assembly and coordi-
nates for promoter-like signatures (¢CCRE-PLS) were used
for promoters, and enhancer-like signatures that are greater
than 2 kb from a TSS, denoted distal (¢cCCRE-dELS), were
used for enhancers following translation from mml0 to
mm9 using UCSC Liftover Tool (39).

RESULTS

H3K9me2-Only Domains (KODs) specify broad H3K9-
dimethylated regions of the genome with minimal Lamin B
contact

H3K9me? is a specific mark of nuclear peripheral chro-
matin. H3K9me2-modified chromatin is visible by im-
munofluorescence as a layer adjacent to the nuclear lamina
as shown in undifferentiated mouse embryonic stem cells
(mESCs) with the nuclear lamina marker Lamin B (Figure
1A) (1,30). Two genome-wide sequencing methods for iden-
tifying chromatin that is in close proximity to the nuclear
lamina are Lamin B-ChIPseq and Lamin B-DamID. These
assays produce comparable results and have been used to
define the 30-40% of the genome that is found in Lamina-
Associated Domains (LADs) (Figure 1B) (16). As previ-
ously reported, most chromatin in LADs is enriched for
H3K9me?2 (Figure 1B) (1,14). We used ChIPseq analyses to
define LADs in mESCs and found 40.8% of the genome to
be Lamin B-associated. The vast majority of the chromatin
in mESC LADs (94%) is H3K9me2-modifed (Figure 1B,
C). But H3K9me? also marks a separate 14% of the genome
that is not associated with Lamin B (as assayed by Lamin
B-ChIPseq from the same cells) (Figure 1B, C). We refer to
these large chromatin regions as H3K9me2-Only Domains,
or KODs. We identified >2000 KODs in mESCs. By defi-
nition, KODs do not overlap LADs, but some are found at
the edges of LADs (Figure 1B). More than 75% of KODs
are at least 50 kb away from the nearest LAD and we have
designated these as ‘stand-alone KODs’ (saKODs) (Figure
1B). In order to assess possible effects of LAD edges, we
conducted analyses on all KODs together as well as on the
saKODs subset separately.


https://www.ncbi.nlm.nih.gov/geo/

Nucleic Acids Research, 2021, Vol. 49, No. 11 6185

A mESC B 10 Mbt {mm9
fm‘g: 70,000,000/  75,000,0001 80,000,000/ 85,000,000/  90,000,000]
E LAD KOD nonLAD saKOD
0.8
a
H3K9me2 ‘ u
% ChlIP-seq "
13 08
Q 08
] Lamin B - m
L ChiP-seq| 1
m 08
c 15
5 |
3
-1.5:
UCSC Genes || IHIlW |} 1 I EHH0 O O N O DI DN 0 (D D
C Distribution of genome in mESC D Distribution of domains across aggregate cell types
KODs
5 114% 4% 52%
& 52% H3K9Ime2 KODs
| LADs nonLADs | constitutive | facultative constitutive
41% 59% LADs 35% LADs 30% nonLADs 35%
E Domain size distribution F Lamin B Scores G H3K9me2 Scores

400

W
=]
=]

]

1] |
0 “28¢]7 -

P & &
) s

size in Kb

N

S

8
Z-score
Z-score

o

i

|

1

i

h

h

)

|

1

=)
S

S

05 05 05 ' Q’o 05 o‘.l 0‘.} 0’1 oﬁ
r PURCC P F & &S
<«

v
> R &
&® °

Figure 1. H3K9me2-Only Domains (KODs) mark nuclear peripheral chromatin with minimal Lamin B association. (A) Representative immunofluorescent
confocal images of a mouse embryonic stem cell (mESC), counterstained with DAPI. Area in dotted box highlighted in bottom panel. Scale bars, 5 and 1
pm. (B) Representative genome tracks from mESCs for H3K9me2 ChIPseq, Lamin B ChIPseq (1), and Lamin B DamID (3). Examples of LADs (red),
nonLADs (green), KODs and stand-alone KODs (saKODs, blue) are highlighted. (C) Genome coverage per domain type (expressed as percent of total
genome) in mESCs. LADs, nonLADs, H3K9me2-modified chromatin, and KODs as defined by Lamin B and H3K9me2 ChIPseq in mESCs ((1); this
study). (D) Genome coverage for constitutive LADs, facultative LADs, and constitutive nonLADs as defined by Lamin B1 DamlID across aggregate cell
types (19). Percentage of KOD basepairs overlapping nonLADs (52%), fLADs (44%), and cLADs (4%, not shown). (E) Distribution of domain sizes (in
kb) for KODs (7 = 2603, all KODs), saKODs (n = 1969, a subset of all KODs), and cLADs (n = 3877). (F, G) Distributions of average ChIPseq scores
per domain for nonLADs, KODs, saKODs, cLADs, and fLADs in mESCs for Lamin B (F) and H3K9me2 (G). Lines on violin plots show median, 25%
and 75% quartiles. Statistical analysis was performed using ANOVA Kruskal-Wallis test with Dunn’s multiple comparisons and Mann—Whitney test; see
Supplemental Table S2.

In a previous study, Meuleman et al. used genome-wide as cLADs. We also compared regions that were marked by
Lamin B-DamID data from four mouse cell types to de- KODs in mESCs with fLADs—regions identified as LADs
fine regions of the genome with cell-type-invariant and cell- in at least one but not all cell types. Almost half of all base-
type-specific LADs (19). Constitutive LADs (cLADs) are pairs in KODs overlap fLADs (Figure 1B, D; Supplemen-
regions that were consistently identified as LADs in all cell tary Figure S1), which indicates that some KODs in mESCs
types examined; facultative LADs (fLADs) are those that will become LADs in other cells or tissues. In order to char-
varied among the cell types; and constitutive nonLADs acterize the epigenetic and genomic features of KODs, we
(nonLADs) are regions that were not lamina-associated in compared them primarily with the cell-type independent
any cell type. cLADs and nonLADs each encompass 35% of sets of cLADs and nonLADs since these constitutive re-

the genome, and the remaining 30% of the genome is vari- gions likely feature the most representative characteristics
able fLADs (Figure 1D). The group also reported an evolu- of each domain type. We included comparisons to fLADs in
tionary conservation of nuclear lamina interactions shared some analyses to consider regions that are variable among
between mouse and human which was most pronounced in cell types.

the constitutive domains (19). One striking aspect of KODs is the size of these domains.

Since we defined LADs and KODs in mESCs using We found that individual KODs, like ¢cLADs, span tens
ChIPseq data and different criteria from that used by to hundreds of kilobases each (KOD median domain size:

Meuleman et al. (19), we compared our domains with 70 kb, average domain size: 159 kb; cLADs median: 76 kb,
their aggregate DamID-defined cLADs, fLADs, and non- average: 232 kb; Figure 1E). This is at least one order of
LADs. Consistent with KODs marking regions separate magnitude different from so-called ‘broad marks’ such as

from LADs, the regions we defined as KODs in mESCs H3K36me2/3 that cover gene bodies, or ‘narrow marks’ like
overlap <2% of the base pairs defined by Meuleman ez al. H3K4me3 that span a small number of nucleosomes. We



6186 Nucleic Acids Research, 2021, Vol. 49, No. 11

also assessed each domain type for relative Lamin B and
H3K9me2 ChlIPseq signal intensities (Z-score; see Materi-
als and Methods). This analysis confirmed that cLADs are
enriched for both Lamin B and H3K9me2, and nonLADs
are depleted for both Lamin B interaction and H3K9me2-
modified chromatin (Figure 1F, G). Lamin B scores for
fLADs are broadly distributed, reflecting the variability of
this domain type. KODs are the only subset consistently en-
riched for H3K9me?2 and depleted for Lamin B (Figure 1F,
G).

KODs are positioned at the nuclear periphery

We previously showed that H3K9me?2 specifically marks
nuclear peripheral chromatin and verified the proximity
of H3K9me2 chromatin to the nuclear lamina through
super-resolution microscopy (30). KODs are, by defini-
tion, H3K9me2-modifed chromatin domains and are there-
fore expected to be positioned at the nuclear periphery.
ChlIPseq data reflect genome-wide H3K9me2 modification
and Lamin B interactions from pools of large populations
of cells; hence, we sought to examine the location of KODs
in individual nuclei of mESCs. We designed libraries of fluo-
rescent DNA oligo probes targeting specific KODs, LADs,
and nonLADs from a variety of regions across the genome
(Supplementary Figure S2; (30)). Examples of a LAD-
targeted probe (Figure 2A, left) and a KOD-targeted probe
(Figure 2A, right) are shown in the context of H3K9me2
and Lamin B ChIPseq profiles for each region. We used
fluorescence in situ hybridization (FISH)-based imaging to
monitor the positions of these individual regions in sin-
gle cells and found both LAD probes and KOD probes to
be at the periphery of most nuclei (Figure 2B). A pool of
probes labeling 6 different KODs showed a broader distri-
bution of positions than LADs, with the median distance
from the periphery approximately matching the thickness
of the H3K9me2 chromatin layer as measured in mESCs
(shown as a dotted line in Figure 2C-E). Plots of distances
to the nuclear lamina for individual LADs or KODs (25
cells for each probe) illustrate the range of positions pos-
sible for a given region and demonstrates the propensity
for KODs to be localized at or near the nuclear lamina
(Figure 2D, E).

KODs feature permissive chromatin accessibility

Since KODs and LADs both contain H3K9me2-modified
chromatin and localize mainly to the nuclear periphery,
but differ in their Lamin B interaction, we asked what
other characteristics distinguish KODs from LADs. Since
we identified KODs in undifferentiated mESCs, we took ad-
vantage of the abundance of high-throughput data avail-
able for mESCs to perform an in-depth epigenetic charac-
terization of H3K9me2-modified chromatin associated with
KODs as compared to constitutive LADs and nonLADs.
First, we examined the relationship between KODs and Hi-
C-defined A and B subnuclear compartments. These higher-
order compartments feature accessible chromatin in A, and
inaccessible or less accessible chromatin in B (10). cLADs
have been shown to be enriched in B compartments (46),
but we found this was not the case for KODs. We examined

KODs for overlap with A or B compartments using com-
partment designations from undifferentiated mESCs (47),
and observed most KODs were found in A compartments:
76% of all basepairs in KODs overlapped A, while 21%
overlapped B (Figure 3A, B; Statistical analysis for enrich-
ment, performed with 1000 permutations each (see Meth-
ods, Supplemental Table S3) showed enrichment of KODs
in A: 1.74-fold observed over expected; and depletion of
KODs in B: 0.44-fold observed over expected; P < 0.001).
Stand-alone KODs (saKODs) show a stronger enrichment
with 81% in A compartments (saKODs in A: 1.86-fold;
saKODs in B: 0.33; P < 0.001). For comparison, only 3.9%
of cLADs bases were found to be in A whereas 8§1.0% were
in B compartments (cLADs in A: 0.10-fold; cLADs in B:
1.81; P < 0.001). KODs more closely resembled constitutive
nonLADs, 86.6% of which are located in A compartments
(nonLADs in A: 2.02-fold; nonLADs in B: 0.18; P < 0.001;
Figure 3B).

Consistent with established correlations between A com-
partments and relatively accessible chromatin (10), we also
observed intermediate densities of both mESC ATACseq
peaks and mESC DNase-hypersensitivity (DNase) peaks in
KODs (Figure 3A, C-D, Supplementary Figure S3) (48,49).
These markers of chromatin accessibility were found in
KODs at approximately the same frequency as the genome-
wide average distribution (Figure 3C-D, Supplementary
Figure S3). We examined enrichment compared to ran-
domly permuted genomic regions of equal size for each do-
main type and found ATAC and DNase peaks were en-
riched in nonLADs (enrichment scores and P values for
observed over expected for 1,000 permutations (see Meth-
ods): ATAC 2.29-fold enrichment; DNase 2.05; P < 0.001)
and depleted from cLADs (ATAC 0.10; DNase 0.22; P <
0.001) (Figure 3C-D, Supplementary Figure S3, Table S3).
In KODs, the density per domain as well as the median dis-
tributions of both ATAC and DNase peak scores, reflecting
the signal underlying the designated peaks, were between
those of nonLADs and cLADs (Figure 3C-D, Supplemen-
tary Figure S3). Chromatin accessibility has been described
as a continuum from closed to permissive to open (50),
and these data indicate that KODs fall into the intermedi-
ate, permissive category. Consistent with this observation,
acetylated histone marks such as H3K 14ac were found in
greater average densities in KODs than the genome-wide
average (Figure 3A, E). Both density of H3K14ac peaks
per individual domain and scores reflecting the underly-
ing ChIPseq signal in those regions were higher for KODs
than cLADs (Figure 3E). H3K9ac was also more com-
monly found in KODs than in cLADs, but it is well below
the genome average in both types of domains (Figure 3A,
Supplementary Figure S3). cLADs showed very low densi-
ties for both of these acetylated histone marks (51) (Figure
3A, E; Supplementary Figure S3). We next examined the
relationship between KODs and repressive epigenetic mod-
ifications.

H3K27me3, a histone modification associated with fac-
ultative heterochromatin, was observed at a higher density
in KODs than the genome-wide average but was well below
average in cLADs (Figure 3A, F). H3K9me3, a hallmark of
constitutive heterochromatin, is enriched in cLADs (1.68,
P < 0.001), as previously reported (52). Relative to ran-



Nucleic Acids Research, 2021, Vol. 49, No. 11 6187

A scae 5Mbk Scale 5 Mot .
chri: 175,000,000! 180,000,000/ chr12: 110,000,000 115,000,000/
L&D1 KO_D1 nor&AD
LaminB .m,‘l,~r.wm‘.m,“t~k¢«“ LaminE pypempps Oy PO
. i
08
H3K9me2 M_l‘vky"w.vmﬁ“ﬁ“v H3K9me2 """".‘ry‘mm‘v
1.0- ' -1.0

B LAD probe chr1:175°000'000-175'250'000

LAD probe

DAPI Lamin B

distance to nuclear lamina, pm
o
1

KOD probe c¢chr12:109°000°000-109°'250°000

KOD probe

m

IS
1

w
1

distance to nuclear lamina, pm
N

o
1

™
K

o
S
F

%
VVQ Na
Individual LADs

w

o ¥ P
N S S
Individual KODs
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ANOVA Kruskal-Wallis test with Dunn’s multiple comparisons and Mann Whitney test; see Supplemental Table S2.

dom permutations of equivalent regions, both nonLADs
and KODs were depleted for the repressive H3K9me3 mod-
ification (nonLADs: 0.42-fold; KODs: 0.60; saKODs: 0.56;
P < 0.001; Supplemental Table S3). Epigenetic character-
ization of KODs revealed that these domains are different
from cLADs in terms of H3K9me3 as well as acetylated hi-
stone content and chromatin accessibility. These data indi-
cate that, while KODs and cLADs are both enriched for
H3K9me2 and positioned at the nuclear periphery, they
specify distinct chromatin environments.

KODs are enriched for enhancers

The characteristics of relatively accessible chromatin found
in KODs led us to ask what genic features were associated
with these domains. The density of protein-coding genes
(GENCODE VM23) (43) in KODs is approximately the
same as the genome-wide average, while genes were more
rare in cLADs, as has been reported (3) (Figure 4A, B).
As expected for euchromatic nonLADs, these regions were
enriched for both gene bodies and promoters (promoters:
2.27-fold observed over expected; P < 0.001). Promoter
density in KODs is below the genome average (KODs 0.80;
saKODs 0.83 P < 0.001), but promoters are even more rare

in cLADs (0.07; P < 0.001) (Figure 4A, C). Predictably,
CpG island densities in KODs, cLADs and nonLADs cor-
relate with the observed promoter densities in each domain
category (Supplementary Figure S4).

We next asked whether transcriptional enhancers were
more or less likely to be located in nonLADs, KODs, or
cLADs. By integrating data obtained from a wide vari-
ety of tissues across eight stages of mouse development,
the ENCODE project identified tens of thousands of dis-
tal transcriptional enhancers (44). Assessment of the den-
sity of these enhancers in each domain type revealed that
both nonLADs and KODs were notably enriched for dis-
tal enhancers (Figure 4A, D). The average density of en-
hancers in KODs approached that found in nonLADs, and
enhancer enrichment in KODs was 1.55-fold (saKODs 1.66;
P < 0.001) and 2.13-fold for nonLADs (P < 0.001; Figure
4D). Facultative LADs (fLADs) are domains that were ob-
served to be LADs only in some cell types (19). These vari-
able regions were depleted for enhancers (fLADs: 0.69; P
< 0.001), as were cLADs (0.07; P < 0.001; Figure 4D). We
performed the same analysis on an even more extensive set
of putative promoters and enhancers from the recently pub-
lished Phase III of the mouse ENCODE project and con-
firmed these results (45) (Supplementary Figure S4). Across
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Figure 3. KODs mark regions of accessible chromatin. (A) UCSC genome browser view (mm10) showing LADs (red bars), nonLADs (green bars), KODs
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Figure 4. KODs are enriched for transcriptional enhancers. (A) UCSC genome browser view (mm10) of the Sox2 locus with its associated enhancers, many
of which are in KODs surrounding the Sox2 gene body (GENCODE Track). Displayed tracks are Lamin B ChIPseq, histone marks as indicated, DNase
and ATAC peaks, and CpG islands (all datasets from mESCs). Enhancers and predicted Enhancer-Promoter associations based on ENCODE panel of 72
mouse tissue-stages (44). (B) Domain-wide average gene density per kb of each domain type. (C, D) Domain-wide average density per kb of each domain
by type (left panel) and enrichment (fold change observed over expected for randomly permuted genomic regions of equal size) for each domain type (right
panel) for promoters (C) and enhancers (D). (E, F) Domain-wide average density per kb of (E) H3K4me3 and (F) H3K4mel peaks per domain type.
(G) Enrichment of mESC-specific enhancers by domain type. (H) Enrichment of all tissue-specific enhancers (not including mESC-specific enhancers) by
domain type. (I) Transcription (FPKM) for genes associated with promoters or enhancers located in each domain type. Dotted lines in B-F left panels
indicate genome-wide average for each category plotted. Statistical analysis for enrichment was performed using GAT with 1,000 permutations each; all
other statistical analysis was performed using ANOVA Kruskal-Wallis test with Dunn’s multiple comparisons; see Supplemental Tables S2 and S3.
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all datasets, KODs were the only domain type that was de-
pleted for genes and promoters while being enriched for dis-
tal enhancers.

The modified histones H3K4me3 and H3K4mel mark
promoters and enhancers, respectively (53,54). We used
H3K4me3 and H3K4mel ChIPseq datasets generated from
mESCs and assessed how often these two histone mod-
ifications were found in KODs, cLADs and nonLADs.
H3K4me3 was observed at densities consistent with the
numbers of promoters found within each domain type:
nonLADs were enriched for the active promoter mark
H3K4me3, while the KODs and cLADs were depleted for
H3K4me3 (Figures 3A, 4E; Supplementary Figure S4). Al-
though both nonLADs and KODs were enriched for en-
hancers, only nonLADs showed enrichment for the en-
hancer mark, H3K4mel (Figure 4F). H3K4mel peak den-
sity in KODs was below the genome-wide average, and
approximately the same as the genome-wide average in
saKODs (Figure 4F). This is in contrast to the marked
enrichment of enhancers we observed in both KODs and
saKODs (Figure 4D). The difference between enhancer en-
richment and H3K4mel-modification enrichment likely re-
flects the fact that the histone modification marks the reg-
ulatory element in the single cell type in which it was
assayed—in this case mESCs. Enhancers (and promoters),
on the other hand, are designated based on cumulative data
from many different cell types and represent the broad range
of regulatory elements possible in any of the hundreds of
cell types and developmental contexts assayed (44). These
data suggest that KODs contain putative enhancers, but
not necessarily enhancers that are functional in mESCs. In
fact, we found that KODs were depleted for both mESC-
specific enhancers (55) (KODs: 0.68-fold; saKODs: 0.70; P
< 0.001; Figure 4G) and for enhancers linked to housekeep-
ing genes (KODs: 0.40; saKODs: 0.40; P < 0.001; Supple-
mentary Figure S4) (56). When we examined the density
of tissue-specific enhancers (excluding mESC-specific ele-
ments) (55), we found that they were enriched in both KODs
and saKODs (KODs: 1.70; saKODs: 1.73; P < 0.001; Fig-
ure 4H). This is the only class of enhancers that was more
highly enriched in KODs than nonLADs (nonLADs: 1.50;
P < 0.001; Supplemental Table S3). Together these results
indicate that KODs organize tissue-specific transcriptional
enhancers that may be activated at a future stage of devel-
opment.

KODs overlapping fLADs share characteristic features of
KODs

Since approximately half of all KODs overlap regions de-
fined by Meuleman et al. (19) as facultative LADs (fLADs),
we characterized the subtypes of KODs (overlapping and
non-overlapping fLADs) separately. Features of KODs that
set them apart from LADs, such as being found primar-
ily in A compartments and depleted for H3K9me3, apply
to both non-fLAD KODs and KODs that overlap fLADs
(KODs/fLADs; Supplementary Figure S5; Table S3). Fur-
ther, both subtypes of KODs are depleted for promot-
ers but not for enhancers. Most importantly, both non-
fLAD KODs and KODs/fLADs are enriched for tissue-
specific enhancers but depleted for enhancers of housekeep-

ing genes and mESC-specific enhancers (Supplementary
Figure S5; Table S3). All KODs, defined and characterized
in mESCs, share several distinguishing features regardless
of whether some of these regions may become LADs in an-
other cell type upon differentiation.

KODs mark chromatin with limited protein-coding gene tran-
scription

According to previous studies, genes in LADs tend to
be transcriptionally inactive and loss of nuclear lamina
interaction can be correlated with transcriptional activa-
tion (1,3,14). This prompted us to ask whether genes with
regulatory elements located in KODs were transcription-
ally active or repressed. Using published gene expression
data from mESCs (57), we surveyed the expression lev-
els of genes whose promoters lie in KODs, cLADs or
nonLADs and found that transcriptional activity was ex-
tremely low for most genes with KOD- or cLAD-associated
promoters (Figure 41). In comparison, many genes with
promoters in euchromatic nonLADs were expressed at a
much higher level (Figure 4I). We made use of the thou-
sands of enhancer—promoter interaction predictions made
by Gorkin et al. (44) to ask whether genes linked to the dis-
tal enhancers found in KODs (Figure 4D) were expressed or
repressed. We observed a broader range of transcript abun-
dance for genes with an enhancer in a KOD compared to
genes with a promoter in a KOD, but the median expres-
sion level was well below that of genes with a nonLAD-
associated enhancer or promoter and below the genome-
wide average of all mESC gene expression (Figure 4I). Ex-
pression levels for genes with cLAD-associated regulatory
elements were very low for both promoter- and enhancer-
associated genes, consistent with the heterochromatin char-
acteristics of cLADs (Figure 41). While we did observe more
genes with higher transcript levels for KOD-associated en-
hancers than for KOD-associated promoters, this analysis is
limited by the incomplete information regarding which en-
hancer (located in which domain) is responsible for activat-
ing the gene in mESCs. The result, therefore, may not reflect
the transcriptional activity of a KOD-associated enhancer,
but rather any of multiple enhancers linked to the gene in-
cluding active enhancers located outside of a KOD. Taken
together, this analysis suggests that KODs mark a chro-
matin environment that is generally repressive for protein-
coding gene transcription.

KODs are depleted for active enhancers

Our observations that KODs are enriched for putative en-
hancers, depleted for mESC-specific enhancers, and associ-
ated with relatively low levels of gene expression led us to ex-
amine the functional state of enhancers by domain type. In
this study, we identified KODs in undifferentiated mESCs,
so we made use of enhancer state designations of active,
primed, or poised from undifferentiated mESCs (57). In any
given cell, at any given time, an enhancer may exist in one
of these three states (58). Based on combinations of modi-
fications at H3K4 and H3K27 together with binding of the
histone acetyltransferase P300, Rada-Iglesias’s group desig-
nated non-overlapping sets of enhancers as active, primed,
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Figure 5. KODs are enriched for poised enhancers that become activated through differentiation. (A) Domain-wide average density per Mb of each domain
category for enhancers in undifferentiated mESCs plotted by indicated enhancer state: active, primed, and poised. (B) Domain-wide average density per
Mb of each domain category for enhancers that were poised in mESCs and transitioned to active in differentiated AntNPCs. Dotted lines in A-B indicate
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equal size) by domain type for active enhancers (in mESCs; left panel) and poised-to-active enhancers (in AntNPCs; right panel). Statistical analysis for
enrichment was performed using GAT with 1000 permutations each; see Supplemental Table S3.

or poised (57). Enhancers belonging to each of the three
categories are enriched for H3K4mel and bound by P300.
Active enhancers are enriched for H3K27ac and drive high
levels of transcription; primed enhancers lack H3K27ac
and induce basal levels of transcription; and poised en-
hancers include the repressive histone mark H3K27me3
and are associated with a transcriptionally silent state (59—
61). We asked whether mESC KODs were enriched for en-
hancers in any particular state. By mapping enhancers that
were active, primed, or poised in mESCs to KODs, cLADs,
and nonLADs, we found that nonLADs were enriched for
all three enhancer categories (nonLADs active enhancers:
2.28-fold; primed: 2.40; poised: 2.35; P < 0.001; Figure 5A,
C). KODs were depleted for both active and primed en-
hancers (KODs active enhancers: 0.47-fold; primed: 0.58;
saKODs active: 0.50; primed: 0.63; P < 0.001; Figure 5A,
C). Depletion of active enhancers in KODs is consistent
with the observation of relatively modest transcriptional
activity for protein-coding genes linked to KOD-localized
enhancers (Figure 4G). Poised enhancers, however, were
found in KODs at approximately the same density as the
genome-wide average distribution (KODs: 0.95; saKODs:
1.0; Figure 5A). In comparison, cLADs were depleted for
all three classes of enhancers, as would be expected given
the scarcity of enhancers as a whole in cLADs, as described
above (cLADs active enhancers: 0.09-fold; primed: 0.03;

poised: 0.08; P < 0.001; Figures 5A, C, 4D). The densities
of active and repressive H3K27 modifications — H3K27ac
and H3K27me3, respectively — in each domain type corre-
late with enrichment of enhancers by designated state: non-
LADs have higher than average densities of both H3K27ac
and H3K27me3, cLADs have lower than average for both
enhancer marks, and KODs have higher than the genome-
wide average only for H3K27me3 and below average for
H3K27ac (Figure 3F, Supplementary Figure S3 and S6).
In addition to undifferentiated mESCs, Cruz-Molina et
al. also tracked enhancer states following differentiation of
mESCs into anterior neural progenitors (AntNPCs). Some
of the enhancers that had been poised in undifferentiated
mESCs were found to have transitioned to active enhancers
in the differentiated AntNPCs (57). When we examined
the genome-wide distribution of these ‘poised-to-active’ en-
hancers, we found that they were enriched in KODs (KODs:
1.73, P = 0.004; saKODs: 1.89, P < 0.001; Figure 5B,
C). Enrichment of poised-to-active enhancers was similarly
observed in nonLADs (nonLADs poised-to-active: 1.85-
fold; P < 0.001; Figure 5B). While KODs are depleted for
both active enhancers and the active histone modification
H3K27ac, KODs are enriched for tissue-specific enhancers
and poised enhancers that can become activated in another
cell type. Our findings indicate that KODs contribute to the
spatial organization of distal enhancers and we postulate
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Figure 6. Model: KODs organize the genome at the nuclear periphery and provide a scaffold for distal enhancers.

that enhancer activity and promoter interactions are regu-
lated, at least in part, by H3K9 dimethylation and associa-
tion with the nuclear periphery.

DISCUSSION

H3K9me?2 is a prominent modification of chromatin at the
nuclear periphery of eukaryotic cells and an organizer of the
3D genome (1). H3K9me?2 has been shown to be highly cor-
related with the heterochromatin of LADs and, in KODs,
we find that H3K9me2 also marks a separate subset of
nuclear peripheral chromatin that has limited association
with Lamin B. KODs are enriched for tissue-specific dis-
tal transcriptional enhancers. Our genome-wide epigenetic
characterization of KODs reveals several features indica-
tive of possible function. First, KODs contain relatively
open chromatin compared with the inaccessible heterochro-
matin of LADs. Chromatin accessibility in KODs features
an intermediate degree of permissiveness on the continuum
from inaccessible, ‘closed” heterochromatin to highly acces-
sible, ‘open’ euchromatin. Given this level of accessibility,
KODs represent a portion of the chromatin landscape that
is competent for physical interactions between transcrip-
tion factors, chromatin remodelers, and other non-histone
chromatin-binding factors and the underlying DNA regula-
tory elements that govern gene expression. Consistent with
this accessible chromatin, most KODs are found in A com-
partments and we therefore expect that they are competent

to interact with other regions of the transcriptionally active
euchromatin of the A compartment (62). The most strik-
ing feature of KODs is their enrichment for distal transcrip-
tional enhancers. Like LADs, KODs are gene-poor and de-
pleted for promoters, but the density of enhancers in KODs
is well above the genome average and approaches that of
nonLADs. In undifferentiated mESCs, KODs are enriched
for tissue-specific regulatory elements with histone modifi-
cations indicative of an inactive or poised state. Together,
these characteristics suggest that KODs mark a functional
subdivision of the peripheral genome and likely play a role
in 3D chromatin conformation as it relates to gene expres-
sion.

Prominent questions in the field of gene regulation in-
volve the relationship between enhancer function and archi-
tectural features of chromatin. These include understand-
ing how distal enhancers find their target genes, and how
these interactions are regulated in a cell-type-specific man-
ner. Based on our findings, we propose the following spec-
ulative model (Figure 6) that can be tested experimentally
in the future. We predict that KODs play a role in facili-
tating and organizing enhancer-promoter interactions that
form the basis of spatiotemporal regulation of gene expres-
sion programs, especially those regulating development and
differentiation.

Just as LADs have been postulated to form a structural
backbone to anchor silent chromatin to the nuclear lam-
ina (19), we hypothesize that KODs serve as a platform



to position enhancers for timely access to gene expression
programs. Enhancers far outnumber genes in mammalian
genomes, and it is well appreciated that regulatory ele-
ments can be hundreds of kilobases or even megabases away
from their target genes (63). It remains unclear how en-
hancers bridge these distances to find their target genes. Our
results suggest that KODs may provide topological con-
straints to regulatory element organization which may in-
crease the proximity of regulatory elements and reduce the
search space required to bring enhancers and promoters to-
gether. KODs identified in mESCs are depleted for active
mESC-specific enhancers, but they are enriched for inactive
or poised enhancers with non-mESC tissue specificity. This
suggests that KODs could organize enhancer-promoter in-
teractions according to cell identity. Since roughly half of
the KODs in mESCs overlap facultative LADs, we pre-
dict that at least some KODs vary by cell type. By main-
taining enhancers in an accessible, likely tissue-specific
configuration at the nuclear periphery, KODs may con-
tribute to orchestrating cell-type-specific, spatiotemporal
gene expression programs. Further experiments will be nec-
essary to explore this hypothesis and confirm or refute this
model.

LADs are thought to associate with the nuclear lamina
through extended stretches of uninterrupted, multivalent
chromatin-lamina contacts mediated by H3K9me2 (30,36).
Our FISH data revealed that the median distance from the
periphery is greater for KODs than for LADs. This sug-
gests that KODs are less spatially restricted or more dy-
namic than LADs. B compartment chromatin generally,
and LADs specifically, have been shown to exhibit reduced
mobility compared with A compartment chromatin (64—
67). In KODs, the greater DNA accessibility and presence
of acetylated histones likely interrupts some stretches of
H3K9me2 and may allow transient movement away from
the periphery. This movement could be restricted to a small
region around an individual enhancer, or the domain might
occupy different positions over time or across different cells
as cause or consequence of changes in transcription activ-
ity. It will be interesting to examine the biophysical charac-
teristics of KODs over the course of differentiation and as
enhancers become activated and engage their cognate pro-
moters. Future studies will determine whether these chang-
ing characteristics are necessary for the proper function of
KOD-resident enhancers and what impact they have on cell
fate specification.

Gene regulation at the nuclear periphery has, to date,
been studied in the context of LADs and the nuclear periph-
ery has been regarded as a generally repressive environment
for transcription (3,14). Consistent with their peripheral
position, KODs also designate a nuclear sub-compartment
with low transcriptional activity. Median expression levels
are below the genome average for genes with either promot-
ers or enhancers in KODs. KODs are depleted for enhancers
that show mESC-specific activity as well as enhancers that
regulate transcriptionally active housekeeping genes. Also,
while KODs are enriched for enhancer-associated histone
marks such as H3K4mel and H3K27me3, they are depleted
for the active enhancer mark, H3K27ac (Figures 3, 4, Sup-
plementary Figure S6). This is reflected in the representa-
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tion of enhancers in different states: poised enhancers are
found in KODs at numbers proportional to their share of
the genome while active enhancers are relatively depleted
(57) (Figure 5). These results support the current under-
standing in the field that the nuclear periphery is largely
repressive for transcription, but we also provide further ev-
idence that the genomic landscape near the lamina is het-
erogeneous (27). KODs exemplify regions at the nuclear
periphery that are accessible for epigenetic modification
and nucleosome remodeling, and permissive for possible
enhancer-promoter interactions.

A number of studies have documented a correlation be-
tween gene activation and repositioning of loci away from
the nuclear periphery (3,21,68); this mechanism may also be
relevant for KOD function. In a recent report, disruption
of chromatin-lamina interactions occurred in conjunction
with the active histone mark H3K27ac, and overexpression
of the histone acetyltransferase CBP-1/p300 contributed to
the release of heterochromatin from the nuclear periphery
(69). Work from the Murre lab has shown that activation
of the long non-coding RNA gene ThymoD was required
to reposition an enhancer of the nearby Bcll1b gene from
the lamina to the nuclear interior and bring the Bcll1b en-
hancer and promoter into closer proximity (26). Thus, en-
hancer activation may precede or promote displacement of
alocus from the nuclear periphery as part of the process that
supports enhancer-promoter engagement. Future research
will be aimed at characterizing the epigenetic changes and
spatial repositioning of KODs and individual enhancers
concordant with transitions in gene activation.

The intermediate accessibility of chromatin in KODs in-
dicates that these regions provide a landscape that is per-
missive for DNA-binding factors and chromatin remodel-
ers to access regulatory elements as needed. Our results are
consistent with a role for H3K9me?2 in positioning chro-
matin at the nuclear periphery in the absence of transcrip-
tion. Given the scarcity of active enhancers found in KODs,
we predict that activation of a poised enhancer involves loss
of H3K9me?2, locally or more broadly, and that KODs will
vary by cell type and reflect the state of enhancers required
to maintain the appropriate cell identity. In our model (Fig-
ure 6), we propose that KODs provide a platform for tissue-
specific enhancers bearing the histone marks of a poised
state, in an environment of intermediate chromatin accessi-
bility, with opportunity for interactions with other A com-
partment chromatin. We postulate that enhancer activity
and promoter interactions are regulated, at least in part, by
H3K9 dimethylation and association with the nuclear pe-
riphery. Going forward, it will be of great interest to explore
the spatial and epigenetic response of KODs to develop-
ment and differentiation, and to determine whether KODs
contain ‘facultative’ enhancers that are repositioned and ac-
tivated in response to developmental morphogens or other
inductive signals.
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