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Abbreviations 

AIC:​ Akaike Information Criterion 
CE​: constitutive early replication domain 
CL​: constitutive late replication domain 
CM​: cardiomyocyte 
CTI​: cell-type-invariant  
ESC​: embryonic stem cell 
Kb​: kilobases (1000 basepairs) 
KDD​: K9-dimethyl domain, or H3K9me2-associated domain 
LAD​: lamina associated domain 
LB1​: LAMIN-B1 
LTR​: long terminal repeat 
mESC​: mouse embryonic stem cell 
T1-LAD​: Type 1 LAD 
T1-LAD/KDDs​: Type 1 LAD overlapping a KDD 
T2-LAD​: Type 2 LAD 
T2-LAD/KDDs​: Type 2 LAD overlapping a KDD 
TE​: transposable element 
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Abstract 

Three-dimensional genome organization, specifically organization of heterochromatin at the 

nuclear periphery, coordinates cell type-specific gene regulation. While defining various histone 

modifications and chromatin-associated proteins in multiple cell types has provided important 

insights into epigenetic regulation of gene expression and cellular identity, peripheral 

heterochromatin has not been mapped comprehensively and relatively few examples have 

emerged detailing the role of peripheral heterochromatin in cellular identity, cell fate choices, 

and/or organogenesis. In this study, we define nuclear peripheral heterochromatin organization 

signatures based on association with LAMIN B1 and/or dimethylation of lysine 9 on H3 

(H3K9me2) across thirteen human cell types encompassing pluripotent stem cells, intermediate 

progenitors and differentiated cells from all three germ layers. Genomic analyses across this 

atlas reveal that lamin-associated chromatin is organized into at least two different 

compartments, defined by differences in genome coverage, chromatin accessibility, residence 

of transposable elements, replication timing domains, and gene complements. Our datasets 

reveal that only a small subset of lamin-associated chromatin domains are cell type invariant, 

underscoring the complexity of peripheral heterochromatin organization. Moreover, by 

integrating peripheral chromatin maps with transcriptional data, we find evidence of cooperative 

shifts between chromatin structure and gene expression associated with each cell type. This 

atlas of peripheral chromatin provides the largest resource to date for peripheral chromatin 

organization and a deeper appreciation for how this organization may impact the establishment 

and maintenance of cellular identity. 
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Introduction 

Adult human bodies are composed of trillions of cells, comprising more than 200 distinct cell 

types, which are faithfully established and maintained throughout a healthy lifespan. Identifying 

and understanding molecular mechanisms regulating cellular identity establishment and 

maintenance over time are areas of intense interest. In particular, it remains incompletely 

understood how coordinated genome-wide transcriptional regulation is achieved during 

development and/or physiologic tissue homeostasis.  

 

Three-dimensional genome organization has emerged as a potential mechanism to coordinate 

cell type specific gene regulation and maintain cell type transcriptional fidelity ​(Rowley and 

Corces, 2018; Zheng and Xie, 2019)​. In particular, genome organization at the nuclear 

periphery may provide a key platform for cell type specific transcription ​(Buchwalter et al., 2019)​. 

The nuclear lamina is a filamentous network of LAMIN A/C, B1, and B2 proteins residing on the 

inner surface of the nuclear envelope ​(Burke and Stewart, 2006​;​Worman and Bonne, 2007​). 

Approximately 30-40% of the genome in most cell types is localized to the lamina, in kilobase- 

to megabase-sized blocks termed lamina-associated domains (LADs) ​(Guelen et al., 2008)​. 

These loci are generally heterochromatic, and genes within LADs are frequently transcriptionally 

repressed and undergo active silencing, while genes away from the lamina are more often 

competent for transcriptional activation ​(Briand and Collas, 2020)​. Mutations in nuclear lamins 

disrupt LAD organization and can cause disease ​(Briand et al., 2018; Lee et al., 2019; Vadrot et 

al., 2015; Worman, 2012)​. In rod photoreceptor cells, radial chromatin organization is naturally 

inverted, and this inversion can be generated by ablation of nuclear lamin genes, while in Lamin 
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B receptor-null thymocytes chromatin is only partially inverted, suggesting an active but complex 

role for lamins in anchoring LADs to the nuclear periphery ​(Falk et al., 2019; Solovei et al., 

2013)​. The degree of conservation of LADs between cell types and species underscores the 

importance of these genomic regions ​(Guelen et al., 2008; Meuleman et al., 2013)​.  

 

Spatial LAD positioning regulates organogenesis and transcriptional repression ​(Peric-Hupkes 

et al., 2010; Poleshko et al., 2017; Robson et al., 2016)​. In particular, subsets of LADs are 

repositioned away from or to the lamina during differentiation in a cell type-specific manner 

(Malik et al., 2010; Peric-Hupkes et al., 2010)​. In a mouse embryonic stem cell (mESC) 

neuronal differentiation model, key neuronal genes lose lamina occupancy in neuronal 

precursor cells ​(Meuleman et al., 2013)​. A similar phenomenon is observed during mESC 

cardiac differentiation, and preventing normal repositioning of LAD-bound chromatin results in 

precocious and aberrant cardiac differentiation ​(Poleshko et al., 2017)​. These studies 

demonstrate the biological significance of peripheral chromatin organization and changes 

therein, illustrating how changes to this organization can directly impact normal cellular 

behavior.  

  

Previous studies suggest that a subset of LADs have varying characteristics, such as reduced 

lamin occupancy and increased gene density, indicating that LADs are heterogenous. Indeed, 

work in single cells has shown the contact frequencies of LADs with the nuclear lamina vary by 

locus, and correlate with gene density, suggesting a structural role for LADs with higher contact 

frequency ​(Kind et al., 2015; Meuleman et al., 2013)​. As described above, only a subset of 

LADs re-position away from the lamina during differentiation, and individual genomic regions 

have varying probabilities of becoming re-localized to or from the nuclear lamina ​(Kind et al., 
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2013, 2015)​, suggesting that LADs may segregate into stable or “constitutive” versus dynamic 

or “facultative” subtypes. Moreover, chromatin at the nuclear periphery is frequently marked by 

the histone modification H3K9me2, and genomic loci enriched for this signal have been shown 

to have substantial overlap with LADs ​(Poleshko et al., 2017)​. Together, these studies raise the 

intriguing possibility that peripheral heterochromatin may comprise distinct types defined by 

unique characteristics. Integrative modeling of various chromatin marks has characterized 

multiple subtypes of chromatin, including heterochromatin, having varying gene density and 

expression ​(Filion et al., 2010; Wang et al., 2020)​. Defining various categories of peripheral 

chromatin domains across multiple human cell types, and characterizing distinct subtypes of 

chromatin, will provide critical knowledge about how nuclear organization regulates cellular 

identity. 

  

Here, we have defined nuclear organization signatures based on the binding of LAMIN B1 (LB1) 

and histone H3 lysine 9 dimethylation (H3K9me2) occupancy across thirteen human cell types 

from all three germ layers and embryonic stem cells (ESCs). We identify two types of 

lamina-associated chromatin in all examined cell types, which have distinctive molecular 

features that suggest they are physically and functionally separate. By linking the organizational 

maps with transcriptional data, we identify cooperative shifts between chromatin structure and 

gene expression associated with each cell type. Overall, this work provides the largest atlas of 

human peripheral chromatin to date, and reveals critical insights into the complexity of 

peripheral heterochromatin organization. 
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Results 

A 3-state Hidden Markov Model approach identifies two types of 

LADs  

We generated ChIP-seq datasets for LB1 from human ESCs and thirteen ESC-derived cell 

types from the three germ layers (endoderm, mesoderm and ectoderm), representative of 

multiple early differentiation trajectories ​(Ang et al., 2018; Bardot et al., 2017; Loh et al., 2014a, 

2016; Martin et al., 2020)​  (Fig. 1A; Table 1). These data were divided into two analysis tiers 

based on quality metrics including sequencing coverage and Spearman correlation between 

replicates, with tier one being highest quality (Table 1). Visual inspection of these data 

confirmed the presence of large, discrete domains of enrichment of LB1 signal consistent with 

the presence of LADs in all cell types investigated (Fig. 1B).  

 

We implemented a Hidden Markov Model (HMM) trained on the tier one cell types in 20kb bins 

(Table 1) to identify LADs based on the LB1 ChIP-seq datasets. To our knowledge, this is the 

first use of HMMs to call LADs from ChIP-seq data. HMMs have previously been used to 

segment chromosomes into LAD versus non-LAD regions by summarizing diffuse 

DamID-generated LB1 binding profiles into two discrete states ​(Filion et al., 2010; Meuleman et 

al., 2013)​. Our key innovations were to include additional states and to apply this approach to 

LB1 ChIP-seq data. In order to minimize user-generated or cell type-specific bias, we initialized 

the state calls using k-means and began model training with a uniform transition matrix (see 

Methods). This is in contrast to other methods to identify LADs, such as broad peak callers like 
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Enriched Domain Detector ​(Lund et al., 2014)​, which generally require extensive user-defined 

parameter tuning that dramatically influences the resultant LADs identified. We found that a 

three-state HMM fit the data best compared to two-, four- and five-state models based on 

Akaike Information Criterion (AIC), visual inspection, region size and genome coverage (Fig. 2A, 

Table 2). States are of course a discretization of a quantitative signal, but this statistical support 

for three states suggests that LB1 binding in 20kb bins is generally at three different levels. We 

designated the three states as Type 1 LAD (T1-LAD), Type 2 LAD (T2-LAD) and nonLAD in 

order of descending LB1 signal (Fig. 2A, B, SFig. 1). Median T1-LAD sizes for tier one cell types 

ranged from 160-280kb, covering 21.4%-38.3% of the genome (Table 3). Compared to 

nonLADs, T1- and T2-LADs in each cell type demonstrated characteristic features including 

increased occupancy of the repressive histone mark H3K9me2, lower gene density, gene 

expression, GC content and accessibility via ATAC-seq, and greater B compartment overlap 

(Fig. 2B-G, SFig. 2-7). To expand these data, we also generated corresponding ChIP-seq 

datasets for H3K9me2, a histone modification enriched in chromatin at the nuclear periphery 

(Kind et al., 2015; Poleshko et al., 2017, 2019)​. As expected, the H3K9me2 data also showed 

broad domains of enrichment having a high degree of overlap with LB1 signal (discussed 

below). Overall, these results confirmed that an HMM-based analysis is able to define two types 

of LADs based on LB1 ChIP-seq data.  

 

 

T1- and T2-LADs have distinct genomic features 

T1-LADs appear to be distinct from T2-LADs, with T1-LADs showing the most LB1 and 

H3K9me2 enrichment, the lowest gene density, expression, GC content, and chromatin 
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accessibility, and greater B compartment overlap (Fig. 2B-G, SFig. 2-7). On aggregate, these 

differential characteristics suggest that T1-LADs may be organized separately from or differently 

than T2-LADs. Previous work has demonstrated that in each single cell nucleus, only ~30% of 

LADs are positioned at the periphery ​(Kind et al., 2013)​; in our data, across cell types a median 

of 30% of regions classified as LADs are T1-LADs. This led us to hypothesize that T2-LADs are 

more variable between single cells in a bulk population, thus driving their overall lower LB1 

association in population data. We investigated this using previously published DamID data for 

LB1 in KBM7 human myeloid leukemia cells ​(Kind et al., 2015)​ and paraxial mesoderm, the 

most comparable cell type from our dataset. DamID probes that overlapped T1-LADs were 

associated with LB1 in the greatest percentage of KBM7 cells, followed by T2-LADs (Fig. 3A). 

This suggests that T2-LADs may be a more spatially dynamic or variable entity, within a 

population of cells.  

 

It has been previously demonstrated that heterochromatin is generally correlated with later 

replication timing, and euchromatin with earlier replication timing ​(Hiratani et al., 2009; Ma and 

Duan, 2019; Rhind and Gilbert, 2013; Wang et al., 2020)​. We hypothesized that if T1- and 

T2-LADs are distinct sub-compartments, the more stable and repressed T1-LADs would 

replicate later than the more accessible T2-LADs. Thus, we measured the enrichment of 

replication timing domains defined by their consistency across cell types ​in T1- and T2-LADs: 

constitutive early (CE), constitutive late (CL), and switch domains, which have differing 

replication timing between different cell types ​(Dixon et al., 2018)​. We observed that T1-LADs 

are consistently and highly depleted for CE domains, slightly depleted for switch domains, and 

enriched for CL domains across cell types compared to random expectation (permutation test; 

Fig. 3B). In contrast, T2-LADs are generally depleted for both CE domains and CL domains and 
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slightly enriched for switch domains (Fig. 3B). Thus, the replication timing assessments indicate 

that T1-LADs likely replicate after T2-LADs across cell types and that T2-LADs are associated 

with replication timing switching between different cell types. In addition to nuclear organization 

and physical chromatin separation, replication timing is also associated with a host of functional 

implications, including copy number variation and transcriptional silencing ​(Marchal et al., 2019)​, 

suggesting that T1- and T2-LADs may be further distinguished by additional characteristics. 

 

If T1- and T2-LADs are distinct subcompartments of peripheral heterochromatin, we 

hypothesized that they may be associated with different molecular mechanisms of 

establishment and/or maintenance. Previous work suggests that enrichment of the insulator 

factor CTCF at LAD boundaries ​(Guelen et al., 2008)​ and topologically-associated domain 

(TAD) boundaries is an important mechanism for maintenance of higher order genome 

organization ​(Dixon et al., 2012; Nora et al., 2012, 2017)​. We observed that T1-LADs and 

T1-LAD boundary regions have less CTCF binding than surrounding chromatin (Fig. 3C). 

T2-LADs showed similar levels of CTCF binding within the domains relative to the surrounding 

genome, but displayed peaks of CTCF binding at their boundaries (Fig. 3D). It has been shown 

that switch (aka “transition”) replication timing domains are enriched for CTCF ​(Pope et al., 

2014)​. This result is concordant with the enrichment of switch domains in T2-LADs, and may 

reflect a role for CTCF in the generation or maintenance of T2- but not T1-LADs.  

 

Transposable elements (TEs) have been shown to influence gene regulation via participation in 

genome folding and generation of regulatory elements, with expansions of TEs influencing 

evolution of gene expression across species ​(Sundaram and Wysocka, 2020)​. Specific TEs 

have previously been shown to be enriched within LADs, and LADs are postulated to be a key 
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element in multiple mechanisms that many species have evolved to silence and limit 

accessibility to highly repetitive DNA and other TEs ​(Hollister and Gaut, 2009; Meuleman et al., 

2013)​. However, TEs have also been implicated in various genomic regulatory functions and are 

linked to species-specific transcription-factor binding sites in mammals ​(Bourque et al., 2008; 

Kunarso et al., 2010; Wang et al., 2007)​, as well as other speciation events via their impact on 

3D genome folding ​(Choudhary et al., 2020; Fudenberg et al., 2019)​. TEs are further implicated 

in the genesis and regulation of long noncoding RNAs ​(Kapusta et al., 2013; Kelley and Rinn, 

2012)​. Therefore, we postulated that variable enrichment of TEs in T1- and T2-LADs could 

reveal distinct, putatively functional characteristics.  

 

We assessed the enrichment of various classes and families of TEs across T1- and T2-LADs 

(see Methods), and found that many types of TEs show divergent patterns of enrichment (Fig. 

3E-F, SFig. 8).​ ​Notably, short interspersed nuclear elements (SINEs) are depleted in T1-LADs 

and enriched in T2-LADs; conversely, long interspersed nuclear elements (LINEs) are enriched 

in T1-LADs and depleted in T2-LADs, with other categories (such as DNA and simple repeats) 

also showing some distinction between T1- and T2-LADs (SFig. 8). We then assessed different 

TE types within these broader categories (SFig. 9). Of interest, L1-LINES, which are active but 

mostly silenced in the human genome, are enriched in T1- and depleted in T2-LADs (Fig. 3F). 

SVAs (non-autonomous retroelements within the primates) and Alu elements (a family of 

SINEs), both transcriptionally active in humans, are depleted in T1-LADs, suggesting that they 

are not regulated by general LAD-mediated sequestration and/or silencing.  

 

We next assessed enrichment for various transcription factor binding motifs (TFBMs), in the 

context of the differential enrichment of TEs in T1-LADs versus T2-LADs, to determine whether 
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they were enriched in T1- or T2-LADs. Of interest, SINEs (enriched in T2-LADs) are known to 

be enriched for YY1 binding sites, a known architect of chromatin structure ​(Beagan et al., 2017; 

Harr et al., 2015a; Weintraub et al., 2017)​. Consistent with this, in ESCs and CMs we observed 

an enrichment of YY1 TFBMs in T2- compared to T1-LADs (Table 4). Alu elements (depleted in 

T1-LADs) are enriched for multiple TFBMs involved in maintaining and/or establishing cellular 

identity (Table 4), including motifs for NKX2-2, PITX1, TBX5, and NKX2-5 ​(Briscoe et al., 1999; 

Kathiriya et al., 2020; Luna-Zurita et al., 2016; Szeto et al., 1999; Targoff et al., 2013)​. Likewise, 

SVAs are enriched for TFBMs for SMAD2 and EAR2 (Table 4). This is in slight contrast to 

L1-LINEs which are enriched in T1 LADs. In our analyses, L1-LINEs are enriched for TFBMs of 

factors with known roles in stemness and genome structure, including MNT ​(Hurlin et al., 1997) 

and various SOX proteins ​(Hadjimichael et al., 2015)​, as well as multiple TFBMs of factors 

associated with cancer, including HOXA9 ​(Sun et al., 2018)​ and PU.1 ​(Song et al., 2015)​. 

Together, these differential TE enrichments and the associated TFBM assessments suggest 

that while T1-LADs may often act in a “classic” LAD mechanism to sequester and 

transcriptionally regulate TFBMs associated with development and cancer, there may also be 

an active structural genome regulation role for TEs in T1-LADs. Additionally, these results 

indicate a greater role in cell type-specific gene regulation by T2- compared to T1-LADs, 

supported by the enrichment of cell type-specific TFBMs in T2-LADs (Table 4). Taken together 

with the replication timing and CTCF binding analyses, these data show distinct genomic 

characteristics between T1- and T2-LADs, supporting a model in which peripheral 

heterochromatin across many cell types is sub-compartmentalized.  
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A 2-state Hidden Markov Model identifies H3K9me2 domains 

H3K9me2 ChIP-seq also showed broad domains of enrichment, which had a high degree of 

overlap with LB1 signal. In order to define these domains, we trained another HMM on the 

H3K9me2 ChIP-seq tier one data in 20kb bins, finding a two-state model to be the best fit to the 

data based on AIC, avoiding artificial division of domains by visual inspection, and assessment 

of region size (Fig. 4A, Table 3,5). The state with higher H3K9me2 signal was assigned the 

label of H3K9me2-associated domain (“K9-dimethyl domain”, abbreviated as “KDD”), and the 

other state “nonKDD” (Fig. 4A,C). Median KDD sizes for tier one cell types ranged from 

380-2360kb, covering 44.2%-82.8% of the genome (Table 3). In addition to high levels of 

H3K9me2 occupancy, KDDs in each cell type demonstrated higher levels of association with 

LB1, lower gene density, generally lower gene expression, GC content, and overlap with 

ATAC-seq peaks, and greater overlap with the B compartment compared to nonKDDs (Fig. 

4B-G, SFig. 10-16). These data confirm a high degree of similarity between KDDs and LADs 

across multiple cell types. 

LADs and KDDs overlap but have distinct characteristics 

 
Based on previous work demonstrating that LADs and KDDs are generally repressive peripheral 

chromatin compartments, and our initial observations of LAD and KDD similarity, we 

hypothesized that KDDs would be highly overlapping with T1- and T2-LAD compartments. In 

support of this, we found that the vast majority of KDDs (>99% for most cell types) overlap T1- 

or T2-LADs, and most T1-LADs (>90% for 7 of 8 tier one cell types) are in KDDs. Exceptions, 
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such as in the case of definitive ectoderm where only 10% of T1-LADs are in KDDs, likely stem 

from greater noise present in LB1 ChIP-seq data for some cell types, leading to instances where 

loci that are likely T1-LADs were instead annotated as T2-LADs. Interestingly, a median of only 

47% of T2-LADs overlap KDDs across all cell types assessed in this study. Additionally, T1- and 

T2-LADs that overlap KDDs (T1-LAD/KDDs or T2-LAD/KDDs) trend larger than T1- and 

T2-LADs that do not overlap KDDs (Table 3). Together, these results suggest that while there is 

a high degree of overlap between LB1- and H3K9me2-associated peripheral chromatin, there 

are also regions associated with either LB1 or H3K9me2 alone, which may imply other subtypes 

of peripheral chromatin.  

 

Given our observations that T1-LADs are the more repressive LAD subtype, we hypothesized 

that T1-LAD/KDDs may represent a particularly repressive peripheral chromatin compartment. 

Indeed, loci located in T1-LAD/KDDs have higher LB1 and H3K9me2 ChIP-seq signal 

compared to loci in T1-LADs without KDD overlap (T1-only LADs) and KDDs without LAD 

overlap (KDD-only) (Fig. 5A, B).  Furthermore, T1-LAD/KDDs have lower gene density, lower 

proportion of expressed genes (Fig. 5C, D), and reduced accessibility (as measured by overlap 

with ATAC-seq peaks) (Fig. 5E, SFig. 17-19). However, T1-only LAD compartments 

demonstrated even lower gene density and ATAC overlap, and greater B compartment overlap 

relative to T1-LAD/KDDs and KDDs-only, suggesting a greater role for gene regulation in 

T1-LAD/KDDs and a different, perhaps structural, role for T1-LAD only domains (Fig. 4F, SFig. 

20).  

 

Given the overlap between both types of LADs and KDDs, we hypothesized that KDDs, 

particularly T1-LAD/KDDs, would be enriched for CL domains. As expected, we found that 
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KDDs are generally depleted for CE domains (as noted generally for both T1- and T2-LADs); 

however, they showed mixed results for CL and switch domains (SFig. 21,22). Investigating 

further, we found that T1-LAD/KDDs and KDDs without T2-LAD overlap specifically are enriched 

for CL replication timing domains in the majority of cell types, but T2-LAD/KDDs and KDDs 

without T1-LAD overlap specifically are enriched for switch domains. These differences 

corroborate our data that T2-LADs are more dynamic than T1-LADs, and that T2-LAD/KDDs are 

an intermediate state between between early replicating open chromatin and later replicating 

T1-LAD/KDD chromatin. As above, we then further assessed CTCF occupancy across KDDs. 

KDDs demonstrate features of both T1- and T2-LADs with regards to CTCF. Overall, KDDs 

have less CTCF binding relative to the surrounding chromatin, similar to T1-LADs, and display a 

peak of binding at domain boundaries, similar to T2-LADs (SFig. 23,24). KDDs that overlap 

each type of LAD showed CTCF signal similar to that of each LAD type alone. Of note, the 

CTCF binding motif is C-rich, and the regions surrounding KDDs with or without LAD overlap 

display increased CTCF binding relative to the regions surrounding T1-only or T2-only LADs, 

perhaps reflecting the AT-rich characteristic of LADs.  

 

Taken together, our findings support a model in which T1-LADs are a highly repressed 

compartment while T2-LADs are a more dynamic and variable entity linked to 

cell-type-specifying processes, with KDDs linked to repression of genes in T1 and T2 LADs. 

Specifically, we observe that 1) KDDs overlap T1- and T2-LADs, 2) T1-LAD/KDDs comprise a 

particularly repressed peripheral chromatin sub-compartment relative to T1-LADs-only and 

KDDs-only, and 3) each of the three compartments (T1-LADs, T2-LADs, and KDDs) have 

distinct genomic characteristics, despite a high degree of overlap. 
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Cell type specificity in T1-LADs, T2-LADs and KDDs 

Previous studies have also shown that many LADs are shared between cell types ​(Meuleman et 

al., 2013; Robson et al., 2016)​. However, these studies are often limited to comparisons 

between 2-3 cell types along a single differentiation pathway, and we hypothesized that the 

greater representation of cell types in our dataset would provide deeper insight into the 

proportion of LADs that are invariant (across all 13 cell types). We assessed the representation 

of individual genomic regions (in 20kb segments) across T1- and T2-LADs in all 13 cell types. 

We observed that the vast majority of genomic regions overlapping T1- or T2-LADs were not 

shared in all 13 cell types (Fig. 6A, B), indicating a lower degree of cell type invariant (CTI) 

LADs than previous studies have suggested, which may be attributed to the wide range of 

developmental cell types in this study. This assessment also revealed major differences in the 

distribution of genomic occupancy between the two LAD subtypes. First, approximately, 50% of 

the genome is not classified as a T1-LAD across all the 13 cell types (Fig. 6A). In contrast, a 

greater proportion of the genome is classified as a T2-LAD in at least one cell type (Fig. 6B). 

This suggests that T1-LADs, even in diverse cell types, appear restricted to approximately half 

of total genomic space, whereas T2-LADs can be found in most of the genome across this 

cohort of cell types. Second, more genomic regions are classified as T2-LADs in multiple cell 

types, compared to T1-LADs, which are more likely to be classified as such in a single cell type 

only. Thus, across the 13 cell types in our study, we find that the majority of LADs are not CTI, 

that T1-LADs are more restricted in terms of genomic occupancy, and that T1- and T2-LADs 

regions are shared to differing degrees across cell types. 
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In this context, we hypothesized that differences in gene content and transcription factor binding 

in LADs from different cell types may relate to cell type specificity, and that T1- and T2-LADs 

may be distinct in their genic complements. In order to test these hypotheses, we identified all 

genes in T1- and T2-LADs across all cell types and then compared how different subsets of 

genes were represented across these LAD subtypes in different cell types. Similar to the 

genomic region assessment, we found two distinct patterns of gene distribution in T1- versus 

T2-LADs (Fig. 6C, D; Table 6). In T2-LADs, we identified different subsets of genes (n = 

500-5000) shared amongst multiple cell types. Though different subsets of genes (n = 75-800 

genes) were shared across multiple cell types in T1-LADs, we found multiple examples of large 

subsets of genes which reside in T1-LADs of only one or two cell types. Thus, we conclude that 

T1-LADs encompass more “unique” gene subsets relative to T2-LADs, which show greater 

subsets of “shared” genes amongst multiple cell types. Our earlier characterizations indicated 

that T2-LADs are also more gene dense and more accessible than T1-LADs. In this context, the 

increased shared genomic region representation (Fig. 6A, B) and shared gene complement in 

T2- compared to T1-LADs (Fig. 6C, D) further underscores the distinction between these two 

categories of genomic loci, and indicates potentially different biological roles in cell type-specific 

gene regulation. 

 

Ontology analysis of genes in T1- and T2-LADs provided additional support for the role of 

nuclear organization in cell type-specific regulation, revealing signatures of alternative fates in 

LADs (Table 7), such as enrichment of neuronal genes in unique cardiomyocyte (CM) T1-LADs. 

Likewise, unique T1-LAD ESC genes showed an enrichment for developmental signaling 

pathways and gene sets for specific cell types, such as muscle and cardiac development. The 

neuronal signature in unique CM LADs is even more pronounced when considering genes 
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bordering T1- and T2-LADs (Table 7). CTI-T2-LADs showed a strong enrichment for myriad 

immune categories, suggesting that these regions may not be “truly” invariant if our study had 

included immune-related cell types. The gene-centric analysis also further showed several 

examples of cell type-relevant genes relocalized into more permissive LAD categories in cell 

types where they are expressed. For instance, a gene expressed in multiple cardiac tissues, 

ACE2 ​(Tucker et al., 2020)​, moves from KDD/T2-LAD in ESCs and all other cell types to 

nonLAD and nonKDD uniquely in CMs, in agreement with previous work demonstrating 

“release” of this gene from the nuclear periphery in CMs (Poleshko et al., 2017). ​ACE2 ​is 

amongst a number of genes harbored in the LADs of one cell type that may underlie cellular 

identity in other cell types when they are shuffled out of peripheral heterochromatin. Such genes 

can be identified in pairwise comparisons, which are provided as a resource in Table 6. 

 

To extend these observations, we assessed differential enrichment of TFBMs across various 

datasets to determine if this would reveal cell type-specific LAD organization, again 

hypothesizing that alternate fate genes are sequestered in LADs. Relative to the union of 

T1-LADs from all cell types, CM T1-LADs were enriched for motifs for transcription factors 

involved in differentiation and processes of cell types other than CMs, such as the intestinal 

epithelium gene ​CDX2​, immune- and neuronal-related gene regulator ​NKX2.2​, and the critical 

neural transcription factor ​NPAS4 ​(Table 7). This supports the concept that some non-cardiac 

genes are silenced and located in T1-LADs in CMs. Similarly, midbrain T1-LADs were enriched 

for TFBMs relevant to non-neuronal genes, including cardiac factors ​NKX2.2 ​and​ SOX6 ​, and 

the pluripotency factor ​OCT4 ​, amongst others​ ​(Table 8). Differential TFBMs in CM T1-LADs 

compared to ESC T1-LADs revealed enrichment of ​OCT4 ​binding sites, and included motifs of 

multiple genes implicated in neuronal differentiation or function (e.g., ​EN1, NPAS4, OCT6 ​) 
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(Bloodgood et al., 2013; He et al., 1989; Lin et al., 2008; Spiegel et al., 2014; Wurst et al., 1994; 

Zhu et al., 2014)​, and a general transcriptional activator and repressor (​FOXK1 ​) known to have 

the ability to translocate genes from the lamina to the nucleus ​(Wang et al., 2015)​. In 

comparison, ESC T1-LADs compared to CM T1-LADs were enriched for multiple cardiac-related 

transcription factor genes, including ​DLX1 ​and ​2 ​(Table 7)​. ​These analyses also revealed 

enrichments for motifs of transcription factors known to preferentially bind methylated DNA 

and/or to function as repressors, which may contribute to target gene silencing or establishment 

of heterochromatin. Taken together, the gene and TFBM LAD assessments demonstrate likely 

transcriptional repression of genes regulated by cell-type-relevant transcription factors via 

sequestration in LADs. This may be mediated by factors that establish DNA methylation and 

heterochromatin-mediated silencing, a potentially critical mechanism for maintenance of cell 

type fidelity. 

 

 

Discussion 

In this study, we provide an in-depth view of the complex nature of peripheral heterochromatin, 

made possible by genome-wide measurements of LB1 and H3K9me2 DNA binding across 

multiple developmental trajectories, allowing for more robust unbiased LAD definitions and 

diverse cell type comparisons. We show that LADs are organized into at least two distinct 

subcompartments and that H3K9me2 contributes to both. We observe a high degree of 

LAD/KDD variance between cell types, and genes in LADs across cell types reflect signatures 

of alternative fates. Our collective assessments indicate that T1- and T2-LADs may function 
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and/or be maintained distinctly. In sum, this study provides an expansive resource that further 

reveals the diversity of organization within peripheral heterochromatin, and suggests that 

multiple mechanisms may be employed within different peripheral chromatin compartments to 

achieve the transcriptional silencing that impacts cellular identity.  

 

Peripheral chromatin is composed of distinct sub-compartments 

In ​Drosophila​, chromatin enriched in the linker histone H1 encompasses up to half of the 

genome and is organized into large domains similar to LADs ​(Grotthuss et al., 2010; 

van Bemmel et al., 2013)​. H1 is bound adjacent to the DNA entry/exit site of the nucleosome 

core particle, and its binding is linked to the compaction of nucleosomal arrays and nucleosomal 

stabilization ​(Robinson et al., 2008; Syed et al., 2010)​. Integrative analysis of genome-wide 

binding maps for various chromatin components defined five principal chromatin types in 

Drosophila​, including three distinct subtypes of heterochromatin (including one subtype enriched 

in H1), that may all possibly exist within the confines of the nuclear periphery ​(Filion et al., 

2010)​. This segregation of ​Drosophila ​chromatin may be analogous to the findings in this study. 

Our novel and robust multi-state HMM analysis pipelines reveal two distinct LAD categories (T1- 

and T2-LADs) and KDDs. Furthermore, the KDDs demonstrate a high level of overlap with T1- 

and T2-LADs ​(Walker et al., 2015; Wen et al., 2009)​, suggesting that these domains all exist 

within the confines of the nuclear periphery.  

 

Chromatin accessibility differences in T1- and T2-LADs are most obvious in the replication 

timing assessments, which showed an enrichment for late replicating domains in T1-LADs, 

compared to a depletion in T2-LADs. This stark distinction, evident across all the cell types 
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examined, strongly supports a model where peripheral heterochromatin is segregated into at 

least two “layers.” The T1-LAD layer, with the most stable LB1 binding, highest level of LB1 

occupancy, lowest density of genes, and lowest accessibility measure, is enriched for the latest 

replicating domains. Classification of genome occupancy in T1- or T2-LADs across cell types 

also revealed that T1-LADs appear restricted to only approximately half of the genome, even 

across diverse cell types, whereas a much higher proportion of the genome was represented in 

T2-LADs (Fig. 6 A,B). This observation provides support for the concept that some LADs from 

each category may be characterized as constitutive across multiple cell types, while others are 

more variable across cell types ​(Meuleman et al., 2013)​. The KDD analyses reveal further 

complexity to this layering model: T1-LADs that overlap KDDs are characterized by strong 

signals of genomic repression and association with the nuclear lamina, whereas regions 

occupied by KDD and not T1- or T2-LADs were distinct from T1-LADs, but not as clearly distinct 

from T2-LADs, suggesting that an “intermediate” peripheral heterochromatin chromatin layer 

with H3K9me2 may exist.  

 

Future studies mapping additional structural elements, such as linker histone H1, histone 

variants associated with dynamic turnover (such as the histone variant histone H3.3 ​(Deaton et 

al.)​ or H2A.Z ​(Long et al., 2020)​, and poised RNA polymerase may provide an opportunity for 

even more in-depth analysis of this layered signature, possibly revealing even further 

sub-compartmentalization of peripheral heterochromatin beyond what we have described here.  

Likewise, super-resolution microscopy may provide the necessary resolution to assess the 

impact of this layering on chromatin accessibility differences between sub-compartments at the 

nuclear periphery ​(Otterstrom et al., 2019; Ricci et al., 2015)​, thereby providing greater insight 

into the layers of peripheral heterochromatin in single cells. 
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LAD compartments may be established and maintained by 

distinct mechanisms 

 

Across all of our assessments, T2-LADs represent less repressive domains than T1-LADs. 

T2-LADs with and without KDD overlap have higher gene content and transcription compared to 

T1-LADs. One mechanism possibly driving T1- and T2-LAD differences could be variation in the 

frequency of lamina association between single cells in a bulk population, with T2-LADs 

representing a more dynamic feature, dissociating from the lamina in a greater proportion of 

cells than more static T1-LADs. This scenario could explain the concordance of our results with 

single cell DamID (Fig. 3A). Future studies will be needed to understand the differences in 

states of these LAD subtypes across additional cell types, and it will be of great interest to 

understand the single cell​ ​variability in LAD distinction and underlying activity. This importance 

is reflected in recent findings in RNA sequencing in bulk populations compared with single cells, 

where an overall gene expression readout may be driven either by high expression in a subset 

of a cellular population or similar regulatory tuning across an entire cellular population. As such, 

future experiments assessing the frequency of T1- versus T2-LAD association with the nuclear 

lamina, possibly coupled with single-cell assessments of transcriptional activity (such as single 

cell RNA fluorescence​ in situ​ hybridization (FISH)) will greatly inform our understanding of 

functional behavior that drives the distinction of T1- and T2-LADs. 
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It is also of interest to consider that mechanisms for establishing or maintaining heterochromatin 

in T1- versus T2-LADs may be fundamentally different, which could drive LAD 

compartmentalization. The enrichment of CTCF at T2-LAD but not T1-LAD boundaries suggests 

that these two types of domains may be generated or maintained by fundamentally different 

mechanisms, further underscoring their distinction. The CTCF binding differences invoke 

potential distinction of T1- and T2-LADs by other higher order organization features, such as 

TADs, which have been shown to function as stable units for regulating replication timing ​(Pope 

et al., 2014)​. It has been shown that replication timing transition regions (the genomic regions 

between early and late replicating domains) share the same chromatin composition and overall 

lamin association as late replicating regions ​(Pope et al., 2014)​. Our results suggest that the 

replicating timing transition regions may encompass T2-LADs and do have some distinguishing 

features - higher gene density, higher transcription, lower LB1 - which were not robustly 

assessed prior to this study. Given the relatively higher transcription in T2-LADs, another 

intriguing model is that a threshold of transcription may be required to maintain the T2-LAD 

heterochromatin compartment, compared to the gene poor and highly silenced T1-LAD 

compartment, which may not require such active mechanisms for establishment or maintenance 

of heterochromatin ​(Denholtz et al., 2020; Grewal and Elgin, 2007)​. Such dynamic mechanistic 

differences could have significant consequences on the accessibility, compaction, and gene 

regulation within T1- versus T2-LADs. 
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TE enrichment distinguishes LAD compartments and may 

contribute to functional differences 

 

Differential enrichments of TEs support the hypothesis that different mechanisms may 

participate in the generation and maintenance of T1- versus T2-LADs. The majority of the 

human genome is made up of TEs, although fewer than 1% of these are capable of 

transposition ​(Sundaram and Wysocka, 2020)​. Many TEs contain TFBMs and participate in cell 

type- and species-specific genome regulation ​(Sundaram and Wysocka, 2020)​. SINE elements 

are enriched in T2-LADs but depleted in T1-LADs, and the opposite pattern is seen for LINEs 

(Fig. 3E, F). This mirrors findings in constitutive compared to facultative LADs ​(Meuleman et al., 

2013)​. Of interest, SINEs often contain binding sites for YY1, a transcriptional repressor 

involved in the organization of heterochromatin that co-binds with CTCF ​(Donohoe et al., 2007; 

Schwalie et al., 2013)​. CTCF and YY1 co-occupancy has been associated with demarcating 

chromatin boundaries, a model which is supported by our findings for T2-LADs ​(Wang et al., 

2012)​. Knockdown of YY1 leads to a loss of lamin association, and targeted recruitment of YY1 

can generate ectopic LADs ​(Harr et al., 2015b)​. In agreement with these findings, TFBMs for 

YY1 were enriched in T2- compared to T1-LADs in CMs and ESCs, suggesting that YY1 may 

play an active role in the establishment of T2-LADs but not T1-LADs.  

 

Conversely, L1-LINEs are enriched in T1-LADs and depleted in T2-LADs, while L2-LINEs are 

depleted in T1- and T2-LADs; L1-LINEs therefore may be part of a mechanism generating 

and/or maintaining these compartments specifically. L1-LINEs actively transpose in the human 

24 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 24, 2020. ; https://doi.org/10.1101/2020.07.23.218768doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?7PTYKu
https://www.zotero.org/google-docs/?z9ivPw
https://www.zotero.org/google-docs/?fRCakB
https://www.zotero.org/google-docs/?fRCakB
https://www.zotero.org/google-docs/?8Bzrnq
https://www.zotero.org/google-docs/?8Bzrnq
https://www.zotero.org/google-docs/?d3lGLn
https://www.zotero.org/google-docs/?d3lGLn
https://www.zotero.org/google-docs/?CvlOBk
https://doi.org/10.1101/2020.07.23.218768


genome, and are considered to be a driver of human genome evolution, with postulated roles in 

processes from embryogenesis to neuronal development to oncogenesis via generation of 

germline and somatic mosaicism ​(Kazazian, 2004; Vazquez et al., 2019)​. Interestingly, other 

TEs active in the human genome, Alu and SVA elements, are both depleted in T1-LADs and 

show mixed results in T2-LADs. ​SIRT7 ​ has been shown to participate in the epigenetic 

transcriptional repression of L1-LINEs and promotes association of these elements with the 

nuclear lamina ​(Vazquez et al., 2019)​. L1-LINEs are also actively repressed by piwi-RNAs, 

which are thought to mediate the generation of heterochromatin via phase separation ​(Ozata et 

al., 2019)​. Together, these results indicate that TEs may play an important role in T1- and 

T2-LAD generation and maintenance, and perhaps contribute to their gene regulatory roles.  

 

LADs and KDDs are linked to cell type-specific transcription, and 

are diverse amongst cell types 

Maintenance of chromatin structure via association with the nuclear periphery is amongst the 

many factors contributing to successful cell type specification and identity, and organogenesis 

(Meuleman et al., 2013; Peric-Hupkes et al., 2010; Poleshko et al., 2017; Robson et al., 2016)​. 

LADs and KDDs have been previously shown to demonstrate heterogeneity among different cell 

types and between single cells ​(Kind et al., 2015; Meuleman et al., 2013; Wen et al., 2009)​. We 

uncovered broad evidence of cell type specificity being maintained by T1- and T2-LADs and 

KDDs. This included enrichment of motifs for other cell types in T1-LADs of a given cell type, 

suggesting repression of those genes to protect cell type identity. An interesting example is 

OCT4 TFBMs, which are enriched in T1-LADs from midbrain and CMs, but not ESCs, 

25 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 24, 2020. ; https://doi.org/10.1101/2020.07.23.218768doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?alTXh3
https://www.zotero.org/google-docs/?pwDKZs
https://www.zotero.org/google-docs/?XSVkhA
https://www.zotero.org/google-docs/?XSVkhA
https://www.zotero.org/google-docs/?qO0r0X
https://www.zotero.org/google-docs/?i664T8
https://doi.org/10.1101/2020.07.23.218768


suggesting suppression of its targets in non-pluripotent cell types. Reduction of LAMIN A 

expression has been associated with increased expression of ​OCT4 ​ and more efficient 

reprogramming of somatic cells to an iPS-like state ​(Zuo et al., 2012)​. These results imply that 

the repression of ​OCT4 ​ and its associated network are mediated in part by association with the 

lamina, underscoring the importance of LADs in cell type differentiation and embryonic 

development. This is further supported by work showing that the ​OCT4 ​promoter is silenced by 

H3K9 methylation via the H3K9 histone methyltransferase G9a ​(Epsztejn-Litman et al., 2008)​. 

Another intriguing example is ​OCT6 ​, which has recently been implicated in a radical identity 

shift of mESCs undergoing directed cardiac differentiation towards a neuronal rather than 

cardiac fate ​(Hota et al., 2020)​. We found OCT6 TFBMs to be enriched in T1-LADs in CMs 

compared to ESCs, supporting a model in which during normal CM differentiation neuronal 

genes regulated by OCT6 are repressed in LADs, while in aberrant conditions OCT6-regulated 

genes are de-repressed, allowing the cells to differentiate towards a neuronal trajectory.This 

model represents just one example of hypothesis generation enabled by this collection of 

heterochromatin compartments across a diversity of human cell types. It will be exciting to 

experimentally test these ideas in future work. 

 

The presence of multiple cell-type and pluripotency-relevant TFBMs in T2-LADs compared to 

T1-LADs may also reflect an important role for T2-LADs in cell type determination and fate. The 

lower LB1 signal in T2-LADs may indicate either less overall interaction with lamin at these 

genomic loci, or different proportions of a cell population having high and low levels of lamin 

interactions. Cell type specification and maintenance requires a complex stoichiometry of 

expression of many genes; perhaps the level or proportion of a cell population with a locus 

interacting with the lamina is yet another mechanism used to modulate levels of gene 
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expression towards maintenance of pluripotency, differentiation, or maintenance of cell identity. 

Such study will require careful dissection of the localization and transcriptional status of various 

loci in T1- versus T2-LADs during differentiation. For example, recent data suggest LAMIN A/C 

filaments can act as transcriptional repressors ​(Buchwalter and Hetzer, 2017)​, and it is unclear if 

reduced lamin contact frequency of a particular locus at the nuclear periphery renders it 

susceptible to transcriptional activation first and then relocalization, or vice versa. This study has 

revealed several interesting candidates that can be used in future studies, perhaps in a hybrid 

single cell DNA- and RNA-FISH approach with and without super resolution microscopy, to 

reveal biological implications of T1- versus T2-LAD organization on cellular differentiation. 

 

Conclusion 

Overall, this work reveals critical details about peripheral heterochromatin, commonly viewed as 

a monolithic entity, specifically revealing consistent sub-compartmentalization of peripheral 

chromatin across multiple human cell types and a cell-type-specific set of overlapping but 

distinct peripheral chromatin domains. This work and these revelations follow the general trend 

in genomics, in which no locus can be simply defined, as most have multiple functions 

depending on context (Halfon, 2019). These findings lay the groundwork for future studies 

aimed at defining the driving cause behind the difference between T1-and T2-LADs. What is the 

biological consequence of having different subtypes of peripheral heterochromatin? Is this 

subcompartmentalization conserved in other species? Does the dynamic range vary cell-to-cell 

or across populations? Is the enrichment of cell-type-specific TFBMs in T1-LADs, T2-LADs and 

KDDs a driving force in, or a consequence of, differentiation and cell identity? Finally, how does 
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overall peripheral chromatin organization and sub-compartmentalization impact genomic and 

cell type stability? These questions are fundamental to gaining a greater understanding of the 

role of genome organization in establishing and maintaining cellular diversity. 
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Methods 

Generation and maintenance of cell types 

Human pluripotent stem cell maintenance 

H9 human pluripotent stem cells (hPSCs) were maintained in E8 media and passaged every 4               

days onto matrigel-coated plates (Roche). ESCs, cardiomyoytes, epicardium, and endothelium          

were H9 hESC-derived. The remainder of the cells were H7 hESC-derived. H7 (WiCell) hPSCs              

were maintained in feeder-free conditions using mTeSR1 media (StemCell Technologies) + 1%            

penicillin/streptomycin (Thermo Fisher), and fresh media was added daily. Cells were cultured            

on tissue culture plastics coated with Geltrex basement matrix (Thermo Fisher; which was             

diluted 1:100 in DMEM/F12 media [Thermo Fisher] before being used to coat culture plastics).              

Prior to reaching confluence, H7 hESCs were dissociated using either Accutase (Thermo            

Fisher) or Versene (Thermo Fisher), and then were passaged onto new plates.  

For all H7-derived cells, differentiation was conducted in serum-free media, either Chemically            

Defined Medium 2 (CDM2) or Chemically Defined Medium 3 (CDM3). The composition of CDM2              

basal medium ​(Loh et al., 2014a, 2016) is: 50% IMDM + GlutaMAX (Thermo Fisher, 31980-097)               

+ 50% F12 + GlutaMAX (Thermo Fisher, 31765-092) + 1 mg/mL polyvinyl alcohol (Sigma,              

P8136-250G) + 1% v/v chemically defined lipid concentrate (Thermo Fisher, 11905-031) + 450             

μM 1-thioglycerol (Sigma, M6145-100ML) + 0.7 μg/mL recombinant human insulin (Sigma,           

11376497001) + 15 μg/mL human transferrin (Sigma, 10652202001) + 1% v/v           

penicillin/streptomycin (Thermo Fisher, 15070-063). Polyvinyl alcohol was brought into         
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suspension by gentle warming and magnetic stirring, and the media was sterilely filtered             

(through a 0.22 μm filter) prior to use. 

The composition of CDM3 basal medium (Ang et al., 2018) is: 45% IMDM + GlutaMAX (Thermo                

Fisher, 31980-097) + 45% F12 + GlutaMAX (Thermo Fisher, 31765-092) + 10% KnockOut             

serum replacement (Thermo Fisher, 10828028) + 1 mg/mL polyvinyl alcohol (Sigma,           

P8136-250G) + 1% v/v chemically defined lipid concentrate (Thermo Fisher, 11905-031) + 1%             

v/v penicillin/streptomycin (Thermo Fisher, 15070-063). Polyvinyl alcohol was brought into          

suspension by gentle warming and magnetic stirring, and the media was sterilely filtered             

(through a 0.22 μm filter) prior to use. 

hPSC CM differentiation 

On Day 0 (start of differentiation) hPSCs were treated with 1mg/ml Collagenase B (Roche) for 1                

hour, or until cells dissociated from plates, to generate embryoid bodies (EBs). Cells were              

collected and centrifuged at 300 rcf for 3 mins, and resuspended as small clusters of 50–100                

cells by gentle pipetting in differentiation media containing RPMI (Gibco), 2 mM/L L-glutamine             

(Invitrogen), 4×10​4 monothioglycerol (MTG, Sigma-Aldrich), 50 µg/ml ascorbic acid         

(Sigma-Aldrich). Differentiation media was supplemented with 2ng/ml BMP4 and 3 µmol           

Thiazovivin (Milipore). EBs were cultured in 6cm dishes (USA Scientific) at 37°C in 5% CO​2​, 5%                

O​2​, and 90% N​2​. On Day 1, the media was changed to differentiation media supplemented with                

30 ng/ml BMP4 (R&D Systems) and 30 ng/ml Activin A (R&D Systems), 5ng/ml bFGF (R&D               

Systems) and 1 µM Thiazovivin (Milipore). On Day 3, EBs were harvested and washed once               

with DMEM (Gibco). Media was changed to differentiation media supplemented with 5 ng/ml             

VEGF (R&D Systems) and 5 µmol/L XAV (Stemgent). On Day 5, media was changed to               
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differentiation media supplemented with 5 ng/ml VEGF (R&D Systems). After Day 8, media was              

changed every 3-4 days to differentiation media without supplements. 

CM dissociation 

EBs were incubated overnight with 0.6mg/ml Collagenase Type II (Worthington) at 37ºC. 

Dissociated cells were harvested and washed with Wash media (DMEM, 0.1% BSA) + 1mg/ml 

DNase (VWR) twice and centrifuged at 300 rcf for 3 mins. Cells were resuspended in 

differentiation media supplemented with 1 µM Thiazovivin (Millipore) and filtered. 

hPSC epicardium differentiation 

The hPSC CM protocol was followed up to Day 3. At Day 3, EBs were dissociated with TrypLE 

Express (Gibco). Dissociated cells were washed with Wash media (DMEM, 0.1% BSA) + 

1mg/ml DNase (VWR) twice and centrifuged at 300 rcf for 3 mins. Cells were resuspended in 

differentiation media supplemented with 1ng/ml BMP4 (R&D Systems), filtered and counted 

using a hemocytometer. Cells were plated onto a matrigel-coated 96 well plate at 80,000 cells 

per well. On Day 5, the media was changed to differentiation media supplemented with 5ng/ml 

VEGF (R&D Systems) and 1nM all-trans Retinoic Acid (Sigma-Aldrich). After Day 5, media was 

changed every 2 days with the same Day 5 differentiation media composition. On Day 11, the 

media was changed to differentiation media supplemented with 5ng/ml VEGF (R&D Systems) 

and cells were fed with the same differentiation media every 2 days until Day 15. On Day 15, 

cells were dissociated with 1mg/ml Collagenase B (Roche) for 1 hour, washed with Wash media 

(DMEM, 0.1% BSA) + 1mg/ml DNase (VWR) and centrifuged at 300 rcf for 3 mins. Cells were 

further dissociated with 3ml TrypLE Express, washed with Wash media (DMEM, 0.1% BSA) + 

1mg/ml DNase (VWR) and centrifuged at 300 rcf for 3 mins. Cells were resuspended in 
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differentiation media supplemented with 1 µM Thiazovivin (Millipore), filtered and counted using 

a hemocytometer. Cells were plated in a matrigel-coated 6 well-plate at 100,000 cells per well. 

On Day 16, media was changed to differentiation media supplemented with 5ng/ml VEGF (R&D 

Systems) and cells were fed every 2 days until they reached confluence (approximately Day 

22). 

hPSC endothelial cell differentiation 

The hPSC CM protocol was followed up to Day 5. At Day 5, EBs were dissociated with TrypLE 

Express (Gibco). Dissociated cells were washed with Wash media (DMEM, 0.1% BSA) + 

1mg/ml DNase (VWR) twice and centrifuged at 300 rcf for 3 mins. Cells were resuspended in 

differentiation media supplemented with 100ng/ml VEGF (R&D Systems) and 50ng/ml bFGF 

(R&D Systems), filtered and counted using a hemocytometer. Cells were plated onto a 

matrigel-coated 96 well plate at 80,000 cells per well. Media was changed every 2 days using 

differentiation media supplemented with 100ng/ml VEGF (R&D Systems) and 50ng/ml bFGF 

(R&D Systems). Cells were harvested and sorted on Day 15.  

Fluorescence-activated Cell Sorting (FACS) 

Dissociated hPSC-derived cells were resuspended in differentiation media containing diluted 

antibodies (dilutions listed below) for 30mins on ice. Cells were washed with differentiation 

media and resuspended in differentiation media + DAPI (1.35μg/ml, Biolegend) for FACS (BD 

FACSAria). hPSC-derived CMs were sorted by gating for SIRPA+ (PE-Cy7 anti-human 

CD172a/b, Biolegend, 1:200) and CD90- (APC anti-human CD90 (Thy1) Antibody, Biolegend, 
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1:200) cells. PSC-derived endothelial cells were sorted by gating for CD31+ (PE anti-human 

CD31, Biolegend, 1:200) cells. 

hPSC ectodermal differentiation 
The day prior to beginning differentiation, H7 hESCs were dissociated with Accutase (Thermo             

Fisher) for 10 minutes at 37°C. Accutase was neutralized through the addition of excess              

DMEM/F12 media, and then hESCs were pelleted via centrifugation and the supernatant was             

aspirated. Pelleted hESCs were resuspended in mTeSR1 + 1% penicillin/streptomycin + 1 μM             

of the ROCK inhibitor Thiazovivin (Tocris) (henceforth referred to “cell-plating media”), and            

plated onto Geltrex-coated tissue culture plastics at a density of 4 x 10​5 cells/cm​2 (i.e., 2.1 x 10​6                  

cells per 10-cm dish). 24 hours after seeding, the cell-plating media was aspirated, and cells               

were briefly washed with DMEM/F12 to remove all traces of cell-plating media. 

 

hESCs were then differentiated into definitive ectoderm through the addition of CDM2 basal             

medium supplemented with A8301 (1 μM; Tocris), LDN193189 (100 nM, Stemgent), C59 (1 μM;              

Tocris), and Trametinib (250 nM; Selleck Chem), which was added for 24 hours. 

 

For border ectoderm induction, hESCs were differentiated into definitive ectoderm in 24 hours             

(as described above), and then definitive ectoderm was briefly washed (with DMEM/F12) and             

then treated with CDM2 basal media supplemented with BMP4 (30 ng/mL; R&D Systems),             

PD0325901 (100 nM; Tocris), CHIR99021 (3 μM; Tocris), and A8301 (1 μM; Tocris) for an               

additional 2 days, to generate Day 3 border ectoderm progenitors. Differentiation media was             

aspirated and added fresh every 24 hours. 
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For midbrain induction, hESCs were differentiated into definitive ectoderm in 24 hours (as             

described above), and then definitive ectoderm was briefly washed (with DMEM/F12) and then             

treated with CDM2 basal media supplemented with A8301 (1 μM; Tocris), LDN193189 (100 nM;              

Stemgent), and Trametinib (250 nM; Selleck Chem) for an additional 2 days to generate neural               

progenitors. Day 3 neural progenitors were briefly washed (with DMEM/F12) and were then             

treated with CDM2 basal media supplemented with CHIR99021 (4 μM; Tocris), SB-505124 (2             

μM; Tocris) and FGF2 (20 ng/mL; R&D Systems) for 2 days, to generate Day 5 midbrain                

progenitors. Differentiation media was aspirated and added fresh every 24 hours. 

 

hPSC endodermal differentiation 
The day prior to beginning differentiation, H7 hESCs were dissociated with Accutase (Thermo             

Fisher) at 37°C. Accutase was neutralized through the addition of excess DMEM/F12 media,             

and then hESCs were pelleted via centrifugation and the supernatant was aspirated. Pelleted             

hESCs were resuspended in cell-plating media, and plated onto Geltrex-coated tissue culture            

plastics at a 1:8-1:16 cell seeding ratio. 24 hours after seeding, the cell-plating media was               

aspirated, and cells were briefly washed with DMEM/F12 to remove all traces of cell-plating              

media. 

 

hESCs were then differentiated into anteriormost primitive streak through the addition of CDM2             

basal medium supplemented with Activin A (100 ng/mL; R&D Systems), CHIR99021 (3 µM;             

Tocris), FGF2 (20 ng/mL; R&D Systems), and PI-103 (50 nM; Tocris), which was added for 24                

hours. Day 1 anteriormost primitive streak cells were briefly washed (with DMEM/F12) and then              

differentiated into Day 2 definitive endoderm through the addition of CDM2 basal medium             

supplemented with Activin A (100 ng/mL; R&D Systems), LDN-193189 (250 nM; Tocris), and             
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PI-103 (50 nM; Tocris), which was added for 24 hours. Methods for anteriormost primitive streak               

and definitive endoderm formation have been described previously ​(Ang et al., 2018; Loh et al.,               

2014a, 2016; Martin et al., 2020)​. 

 

For liver differentiation, Day 2 definitive endoderm cells were briefly washed (with DMEM/F12)             

and further differentiated into Day 3 posterior foregut through the addition of CDM3 base media               

supplemented with FGF2 (20 ng/mL; R&D Systems), BMP4 (30 ng/mL; R&D Systems), TTNPB             

(75 nM; Tocris), A8301 (1 μM; Tocris). Day 3 posterior foregut cells were briefly washed (with                

DMEM/F12), and then further differentiated on days 4–6 with CDM3 base media supplemented             

with Activin A (10 ng/mL; R&D Systems), BMP4 (30 ng/mL; R&D Systems), Forskolin (1 μM;               

Tocris) to generate Day 6 liver bud progenitors. Methods for liver bud progenitor formation have               

been described previously ​(Ang et al., 2018; Martin et al., 2020)​. 

 

For mid/hindgut differentiation, Day 2 definitive endoderm cells were briefly washed (with            

DMEM/F12) and further differentiated into Day 6 mid/hindgut progenitors through the addition of             

CDM2 base media supplemented with FGF2 (100 ng/mL), BMP4 (10 ng/mL) and CHIR99021 (3              

μM) for 4 days. Methods for mid/hindgut progenitor formation have been described previously             

(Ang et al., 2018; Loh et al., 2014a)​. 

 

hPSC mesodermal differentiation  
The day prior to beginning differentiation, H7 hESCs were dissociated with Accutase (Thermo 

Fisher) at 37°C. Accutase was neutralized through the addition of excess DMEM/F12 media, 

and then hESCs were pelleted via centrifugation and the supernatant was aspirated. Pelleted 

hESCs were resuspended in cell-plating media, and plated onto Geltrex-coated tissue culture 
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plastics at a 1:8-1:16 cell seeding ratio. 24 hours after seeding, the cell-plating media was 

aspirated, and cells were briefly washed with DMEM/F12 to remove all traces of cell-plating 

media. 

 

hESCs were then sequentially differentiated into anterior primitive streak, paraxial mesoderm           

and early somites as described previously ​(Loh et al., 2016)​. Briefly, hESCs were differentiated              

into anterior primitive streak through the addition of CDM2 basal medium supplemented with             

Activin A (30 ng/mL; R&D Systems), CHIR99021 (4 μM; Tocris), FGF2 (20 ng/mL; R&D              

Systems), and PIK90 (100 nM; Calbiochem), which was added for 24 hours, thus generating              

Day 1 anterior primitive streak ​(Loh et al., 2016)​. 

 

For paraxial mesoderm induction, hESCs were differentiated into anterior primitive streak in 24             

hours (as described above), and then anterior primitive streak was briefly washed (with             

DMEM/F12) and then treated with CDM2 basal media supplemented with A8301 (1 μM; Tocris),              

LDN193189 (250 nM; Tocris), CHIR99021 (3 μM, Tocris), and FGF2 (20 ng/mL; R&D Systems),              

which was added for 24 hours, thus generating Day 2 paraxial mesoderm ​(Loh et al., 2016)​. 

 

For early somite induction, hESCs were differentiated into anterior primitive streak and then             

further differentiated into paraxial mesoderm (as described above). Day 2 paraxial mesoderm            

was briefly washed (with DMEM/F12) and then treated with CDM2 basal media supplemented             

with CDM2 base media supplemented with A8301 (1 μM; Tocris), LDN193189 (250 nM; Tocris),              

XAV939 (1 μM; Tocris), and PD0325901 (500 nM; Tocris) for 24 hours, thus generating Day 3                

early somites ​(Loh et al., 2016)​. 
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hESCs were sequentially differentiated into mid primitive streak, dorsal lateral mesoderm and            

artery endothelial progenitors.  

 

hESCs were differentiated into mid primitive streak through the addition of CDM2 basal medium              

supplemented with Activin A (30 ng/mL; R&D Systems), BMP4 (40 ng/mL; R&D Systems),             

CHIR99021 (6 μM; Tocris), FGF2 (20 ng/mL; Thermo Fisher) for 24 hours (with the optional               

addition of PIK90 (100 nM; Calbiochem)), as previously described ​(Loh et al., 2016)​. 

  

For dorsal lateral mesoderm induction, hESCs were differentiated into mid primitive streak in 24              

hours (as described above). Day 1 mid primitive streak cells were then briefly washed              

(DMEM/F12, Thermo Fisher) and then differentiated towards dorsal lateral mesoderm in CDM2            

media supplemented with BMP4 (40 ng/mL; R&D Systems), GDC-0941 (2.5 μM; Cellagen            

Technology), Forskolin (10 μM; Tocris), SB-505124 (2 μM; Tocris), VEGF (100 ng/mL; R&D             

Systems), XAV939 (1 μM; Tocris) and ascorbic acid-2-phosphate (AA2P; 200 μg/mL, Sigma) for             

24 hours, thus generating Day 2 dorsal lateral mesoderm. 

 

For arterial endothelial progenitor induction, hESCs were differentiated into mid primitive streak            

and then dorsal lateral mesoderm (as described above). Day 2 dorsal lateral mesoderm cells              

were then treated with CDM2 supplemented with XAV939 (1 µM; Tocris), VEGF (100 ng/mL;              

R&D Systems), DMH1 (250 nM; Tocris), TTNPB (0.5 nM; Tocris), Activin A (15 ng/mL; R&D               

Systems), AA2P (200 µg/mL; Sigma), and GDC0941 (2.5 µM; Cellagen Technologies) for 48             

hours, thus generating Day 4 arterial endothelial progenitors.  
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ChIP and ChIP-seq Library Preparation 

Undifferentiated ESCs and all differentiated cell types were crosslinked in culture by addition of 

methanol-free formaldehyde (ThermoFisher, final 1% v/v), and incubated at room temperature 

for 10 minutes with gentle rotation. Crosslinking was quenched by addition of glycine (final 

125mM) and incubated at room temperature for 5 minutes with gentle rotation. Media was 

discarded and replaced with PBS; cells were scraped and transferred to conical tubes and 

pelleted by centrifugation (250xg, 5 minutes at room temperature). Resulting pellets were flash 

frozen on dry ice and stored at -80C. For ChIP, 30uL protein G magnetic beads (per ChIP 

sample; Dynal) were washed 3 times in blocking buffer (0.5% BSA in PBS); beads were 

resuspended in 250uL blocking buffer and 2ug antibody (LaminB1: ab16048 [abcam]; 

H3K9me2: ab1220 [Abcam]) and rotated at 4C for at least 6 hours. Crude nuclei were isolated 

from frozen crosslinked cells as follows: cell pellet (from 10cm plate) was resuspended in 10mL 

cold Lysis Buffer 1 (50mM HEPES-KOH pH7.5, 140mM NaCl, 1mM EDTA, 10% Glycerol, 0.5% 

NP-40, 0.25% Triton X-100, and protease inhibitors), and rotated at 4C for 10 minutes, followed 

by centrifugation (250xg, 5 minutes at room temperature). Supernatant was discarded and the 

pellet was resuspended in 10mL cold Lysis Buffer 2 (10mM Tris-HCl pH 8.0, 200mM NaCl, 

1mM EDTA, 0.5mM EGTA, and protease inhibitors), and rotated at room temperature for 10 

minutes, followed by centrifugation (250xg, 5 minutes at room temperature). Supernatant was 

discarded and nuclei were resuspended/lysed in 1mL cold Lysis Buffer 3 (10mM Tris-HCl, pH 

8.0, 100mM NaCl, 1mM EDTA, 0.5mM EGTA, 0.1% Na-Deoxycholate, and protease inhibitors) 

and transferred to pre-chilled 1mL Covaris AFA tubes (Covaris). Samples were sonicated using 

a Covaris S220 sonicator (high cell chromatin shearing for 15 minutes; Covaris). Lysates were 

transferred to tubes and Triton X-100 was added (final 1%) followed by centrifugation (top 
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speed, 10 minutes at 4C in microcentrifuge). Supernatant was transferred to a new tube; protein 

concentration was measured by Bradford assay. Antibody-conjugated beads were washed 3 

times in blocking buffer, resuspended in 50uL blocking buffer and added to 500ug input protein 

for overnight incubation with rotation at 4C. 50ug lysate was aliquoted and stored at -20C for 

input. On day 2, beads were washed 5 times in 1mL RIPA buffer (50mM HEPES-KOH pH 7.5, 

500mM LiCl, 1mM EDTA, 1% NP-40, 0.7% Na-Deoxycholate) with 2-minute incubation at room 

temperature with rotation for each wash. Beads were washed in 1mL final wash buffer (1xTE, 

50mM NaCl) for 2 minutes with rotation at room temperature before final resuspension in 210uL 

elution buffer (50mM Tris-HCl pH 8.0, 10mM EDTA, 1% SDS). To elute, beads were incubated 

with agitation at 65C for 30 minutes. 200uL eluate was removed to a fresh tube, and all samples 

(ChIP and reserved inputs) were reverse-crosslinked overnight at 65C with agitation for a 

minimum of 12 hours, but not more than 18 hours. 200uL 1xTE was added to reverse 

crosslinked DNA to dilute SDS, and samples were RNaseA treated (final 0.2mg/mL RNase; 37C 

for 2 hours) and Proteinase K (final 0.2mg/mL Proteinase K; 55C for 2 hours) before 

phenol:chloroform extraction and resuspension in 10mM Tris-HCl pH 8.0.  
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ChIP and input DNA was quantified by Qubit (ThermoFisher) before library preparation using 

the NEBNext Ultra II DNA library prep kit (NEB). Samples were indexed for multiplex 

sequencing. Library quality was analyzed by BioAnalyzer (Agilent Genomics) and quantified 

using qPCR (Kapa Biosystems). Libraries were pooled for multiplex sequencing, re-quantified, 

and sequenced on the Illumina NextSeq500 platform (vII; 75bp single-end sequencing; 

Illumina). 

RNA Isolation and RNA-seq Library Preparation 

Undifferentiated ESCs or differentiated cells were scraped from tissue culture plates with 

1xPBS, and centrifuged at 1500g for 5 minutes at room temperature. After discarding 

supernatant, cell pellets were flash frozen in dry ice and stored at -80C until processing. RNA 

was isolated using QIAGEN RNeasy total RNA extraction kit (QIAGEN). RNA quality was 

analyzed by BioAnalyzer; samples with RIN scores >8 were chosen for further processing. RNA 

libraries were prepared using the NEBNext Ultra II DNA Library Prep kit (NEB) with the 

NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB) to enrich for poly-A tailed RNA 

molecules. RNA-seq library quality was analyzed by BioAnalyzer (Agilent Genomics) and 

quantified using qPCR (Kapa Biosystems). Libraries were pooled for multiplex sequencing, 

re-quantified, and sequenced on the Illumina NextSeq500 platform (vII; 75bp single end 

sequencing; Illumina). 

ChIP-sequencing data processing for LAMIN-B1 and H3K9me2 

Adapters were trimmed using Trimmomatic [v0.39] ​(Bolger et al., 2014)​. Sequencing reads were 

aligned to human reference hg38 using BWA-MEM [v0.7.17] ​(Li and Durbin, 2010)​. Aligned 
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reads were converted to BAM and sorted using Samtools [v0.1.19] ​(Li et al., 2009)​, with quality 

filter (“-F”) set to 1804. Duplicates were removed using Picard [v2.18.7] MarkDuplicates. 

Sequencing reads from the ENCODE blacklist were removed using Bedtools [v2.29.0] ​(Quinlan 

and Hall, 2010)​. Each replicate had at least 1 million mapped sequencing reads. Data for both 

LB1 and H3K9me2 ChIP-seq were divided into higher quality (“tier one”) and lower quality (“tier 

two”) as assessed by replicate correlation values and visual assessment in order to generate 

stringent sets to train the LAD- and KDD-calling models. Spearman correlations between 

biological replicates was greater than 0.7 for all tier one cell types, and greater than 0.6 for tier 

two cell types assessed by comparing bigwig files for SES-normalized signal over controls 

generated with bamCompare using multiBigWigSummary and plotCorrelation from deepTools 

[v3.3.2] (Ramírez et al., 2014). 

Identification of LADs 

LB1 ChIP-seq signal was calculated and converted into BedGraph files using deepTools 

bamCompare [v3.3.2] (Ramírez et al., 2014) with 20kb bins, using the signal extraction scaling 

method ​(Diaz et al., 2012)​ for sample scaling. All HMMs were implemented using pomegranate 

[v0.11.1] ​(Schreiber, 2017)​. A 3-state HMM best fit data in the majority of cell lines according to 

AIC (Table 2) ​(Akaike, 1974)​. The HMM was initialized using a normal distribution and k-means 

with a uniform transition matrix. The Baum-Welch algorithm was then used to train the model, 

with tier one cell types (Table 1) used together in the model training (Figure 2A). Spearman 

correlation confirmed that replicates from the same cell type generally clustered together. The 

model was then applied to predict LAD state genome-wide per 20kb bins, using the median 

value from both replicates for each bin, for each cell type individually from both tier one and tier 

two, filtering regions in the ENCODE blacklist from consideration. States were labeled as 
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T1-LAD, T2-LAD or non-LAD based on median LB1 signal for the bins with that state label, with 

the highest median LB1 signal being assigned T1-LAD, second highest T2-LAD, and lowest 

non-LAD. 

Identification of KDDs 

H3K9me2 ChIP-seq signal were calculated and converted into BedGraph files using deepTools 

bamCompare [v3.3.2] ​(Ramírez et al., 2014)​ with 20kb bins, using the signal extraction scaling 

method ​(Diaz et al., 2012)​ for sample scaling. Replicates from the same cell type generally 

clustered together. HMMs were implemented as described above. The best fitting model was a 

2-state HMM according to AIC and visual inspection (Table 5). States were labeled as KDD or 

nonKDD based on median H3K9me2 signal for the bins with that state label, with the highest 

median H3K9me2 signal being assigned KDD and lowest nonKDD. 

RNA-sequencing analysis 

Transcriptome data were quantified using Kallisto [v0.44.0] quant with fragment length 

determined by BioAnalyzer, standard deviation of 10, and 30 bootstraps, assigning reads using 

the Ensembl [v96] genome annotation ​(Bray et al., 2016)​. TPM values were quantile-normalized 

between cell types. Differentially expressed transcripts (q<=0.01) between cell types were 

identified using Sleuth [0.30.0] ​(Pimentel et al., 2017)​.  

Transcription factor binding motif analysis 

Differential transcription factor binding was analyzed using Homer [v4.11.1] ​(Heinz et al., 2010)​. 
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Replication timing analysis 

CL, CE and switch domains were obtained from ​(Dixon et al., 2018)​. The total number of 

occurrences of replication domains from each category in T1LADs, T2 LADs and KDDs was 

identified using pybedtools with option “-c”. This was compared to 100 permutations of random 

draws from the hg38 genomic background, excluding the ENCODE blacklist to calculate 

empirical p-values and z-scores. 

Transposable element enrichment analysis 

LADs and KDDs from each cell type relative to genomic background 

The total number of occurrences of TEs from each category in T1LADs, T2 LADs and KDDs 

was identified using pybedtools with option “-c”. This was compared to 100 permutations of 

random draws from the hg38 genomic background, excluding the ENCODE blacklist to calculate 

empirical p-values and z-scores. 

Cell Type Invariant LADs relative to LADs  

This analysis was performed similarly to above, except the null distribution was 100 

permutations of n draws from the union of LADs from all cell types (Type 1 or 2) where n is the 

number of CTI-LADs. 
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Comparison with single cell DamID 

Single cell DamID data from 172 KBM7 cells from clone 5-5 was downloaded from the Gene 

Expression Omnibus (GSE68260) in hg19 and lifted over using pybedtools to hg38, removing 

regions that did not lift over. These data were intersected with T1 and T2LADs using 

pybedtools.  

ATAC-seq analysis 

ATAC peaks were downloaded as BED files from GEO, lifted over from hg19 to hg38, taking the 

intersection of 2 replicates for each cell type. Only the H9-derived data from ​(Liu et al., 2017) 

were used. Data are listed in Table 5. 

CTCF analysis 

Bigwig files were downloaded from GEO. CrossMap was used to lift over bigwigs from hg19 to 

hg38. Data are listed in Table 6.  

Hi-C analysis 

Hi-C data for CMs and ESCs were downloaded as Cooler files from the 4D Nucleome Data 

Portal ​(Zhang et al., 2019a)​. A and B compartments were called using cooltools [v0.3.0] 

(Abdennur and Mirny, 2020)​. 
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Supporting Analyses 

Gene annotations used throughout are from Ensembl v96. The reference genome used was 

human hg38, downloaded from the UCSC Genome Browser. Plotting, statistical analyses and 

supporting analyses were conducted in Python [v3.6] with packages Jupyter, matplotlib ​(Hunter, 

2007)​, seaborn ​(Michael Waskom et al., 2020)​, upsetplot ​(Lex et al., 2014)​, scikit-learn 

(Pedregosa et al., 2011)​, numpy ​(Walt et al., 2011)​, pybedtools ​(Dale et al., 2011; Quinlan and 

Hall, 2010)​ and deepTools [v3.3.2] ​(Ramírez et al., 2014)​. 

 

Data Access 

Data generated in this paper  
RNAseq data from ventricular CMs, ESCs and Day 15 endothelial cells, ChIP-seq data for LB1 

and H3K9me2 from all cell types in Table 1, LAD and KDD calls will be made available via GEO 

and SRA upon publication.  

 

Previously published data 

RNA-seq 
Data from Day 3 early somite and paraxial mesoderm cells were downloaded from SRP073808 

(Koh et al., 2016)​. Data from mid-hindgut were downloaded from SRP033267 ​(Loh et al., 

2014b)​. Data from neural ectoderm were downloaded from SRP113027 ​(Tchieu et al., 2017)​. 
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ATAC-seq 
Data from ESCs, CMs and Day 2 mesoderm were downloaded from GSE85330 ​(Liu et al., 
2017)​. 

CTCF ChIP-seq 
Data from ESCs were downloaded from GSM3263064 and GSM3263065, from Day 2 

mesoderm from GSM3263066 and GSM3263067 and from Day 80 ventricular CMs from 

GSM3263074 ​(Zhang et al., 2019a)​. 

Hi-C 
Data from ESCs were downloaded from GSM3263064 and GSM3263065 and from Day 80 

ventricular CMs from GSM3263074 ​(Zhang et al., 2019a)​. 
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Figures and Figure Legends 

Figure 1: 
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Figure 1: ​ Mapping peripheral chromatin in human cell types. A. Illustration of the cell types and 
associated developmental lineages in this study (see also Table 1). B. Genome browser view of 
LB1 ChIPseq data across all thirteen cell types in a 41Mb region of Chromosome 2. Shaded 
gray boxes highlight LB1 regions that are gained and lost across different cell types versus 
domains which appear to be stably maintained throughout development.  
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Figure 2:  
 
 

 
Figure 2: HMM to identify and characteristic features of T1- and T2-LADs in ESCs (see 
Supplementary Figs. 1-7 for other cell types). A: Schematic diagram of the 3-state HMM. States 
correspond to T1-LADs (orange), T2-LADs (green) and non-LADs (blue), as well as the model’s 
initial state ( “Start”), which is included for technical completeness. Lines between states are 
labeled with transition probabilities between those states. B-G: LB1 occupancy, H3K9me2 
occupancy, gene density, proportion of genes expressed (quantile-normalized TPM < 0.0), 
proportion of domains in ATAC peaks and B compartment for T1- and T2-LADs. 
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Figure 3: 

 
Figure 3: ​ Mechanistic features of T1- and T2-LADs. A: Percentage of cells from previously 
published single-cell DamID in KBM7 human myeloid leukemia cells ​(Kind et al., 2015)​ with LB1 
association for each domain category with LADs from paraxial mesoderm cells. B: Enrichment 
of constitutive early (CE), constitutive late (CL) and switch replication timing domains. C, D: 
CTCF binding (RPKM) in 500 bp bins ​(Zhang et al., 2019a)​ in T1- and T2-LADs using matched 
cell type data. E, F: Enrichment of transposable elements (TEs) classes (E) and families (F) 
from RepeatMasker downloaded from the UCSC Genome Browser. 
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Figure 4: 

 
Figure 4: ​HMM to identify and characteristic features of KDDs in ESCs (See Supplementary 
Figs. 10-16 for other cell types). A: Schematic diagram of the 2-state HMM. States correspond 
to KDDs (green) and non-KDDs (blue), as well as the model’s initial state ( “Start”), which is 
included for technical completeness. Lines between states are labeled with transition 
probabilities between those states. B-G: LB1 occupancy, H3K9me2 occupancy, gene density, 
proportion of genes expressed (quantile-normalized TPM < 0.0), proportion of domains in ATAC 
peaks and B compartment. 
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Figure 5: 

 
Figure 5: ​ KDDs compared with T1-LADs in ESCs. A, B: LB1 and H3K9me2 binding. C: Gene 
density. D: Proportion genes expressed (quantile-normalized TPM > 0.0). E, F: Proportion 
overlap with ATAC-seq peaks matched based on cell type ​(Liu et al., 2017)​ and the B 
compartment ​(Zhang et al., 2019a)​. See SFigs. 17-20 for other cell types. G. Genome browser 
view of LB1 and H3K9me2 ChIPseq with accompanying KDD, T1- and T2-LAD calls (top) 
across an 11Mb region of Chromosome 14. Shaded gray boxes highlight a T1-LAD/KDD region 
flanked by a prominent KDD-only and KDD/T2-LAD region.  
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Figure 6: 

 
 
Figure 6: ​ T1- and T2-LADs across cell types. A, B: Number of cell types for which each 20kb 
genomic bin is classified as T1- (A) or T2- (B) LAD. C, D: Genes in T1- (C) and T2- (D) LADs 
per cell type (clipped at smaller intersections for clarity). Any amount of gene overlap was 
considered (many genes are on the boundaries of LAD elements). Vertical bar plots represent 
the number of genes in the cell types indicated by the upset plot below the vertical bar. Number 
of genes in each T1 or T2 LAD are indicated in horizontal bar plots next to cell type.  
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Tables and Table Legends 

Table 1: 
 
Cell type Germ Layer Analysis Tier 
Definitive Ectoderm Ectoderm 1 

Midbrain Ectoderm 1 

ESCs Pluripotent 1 

Mid-Hindgut Endoderm 1 

Liver Progenitors Endoderm 1 

Cardiac Myocytes Mesoderm 1 

Early Somite Mesoderm 1 

Paraxial Mesoderm Mesoderm 1 

Border Ectoderm Ectoderm 2 

Sorted Cardiac Myocytes Mesoderm 2 

Epicardium Mesoderm 2 

Artery Progenitors Mesoderm 2 

Endothelial Progenitors Mesoderm 2 
 

Table 1: LAMIN-B1 and H3K9me2 ChIP-seq data.  

Cell types for which ChIP-seq data were generated with assigned quality tiers, with tier one 
being higher quality compared to tier two. 
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Table 2: 
 
 

Cell type AIC: 2 states AIC: 3 states AIC: 4 states AIC: 5 states 

Cardiac 
myocytes 389256.9 275060.7 299659.2 364001.4 

Early somite 158571.2 99780.94 123336.9 136621 

ESC 169847.1 99201.25 109000.9 114512.6 

Paraxial 
mesoderm 232794.7 137728 180225.2 207855.9 

Definitive 
ectoderm 31520.96 6536.492 148.8388 463.9411 

Mid-hindgut 56455.64 40894.81 948.636 4801.792 

Midbrain 44849.58 13976.73 -21631.2 -19878.3 

Liver progenitors 141712.4 102587 68983.76 73101.81 

Sorted cardiac 
myocytes 37390.8 5034.415 8502.368 7872.165 

Border ectoderm 45887.52 23004.08 12933.4 13927.93 

Epicardium 145791.9 99558.66 116515.3 139602.8 

Artery 
progenitors 111366.6 78018.7 41764.8 44536.94 

Endothelial 
progenitor 59377.17 38122.65 40137.52 40356.52 

 

Table 2: Akaike Information Criterion for various numbers of HMM states trained on 
LAMIN-B1 ChIP-Seq data. 
 
AIC statistics for various HMM states incorporated towards the decision of how many states to 
use for the final LAD model.  
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Table 3: 
 

T1-LAD T2-LAD KDD Region size range (kb) 

+ - +/- 80-280 

+ - + 180-830 

+ - + 260-1980 

+/- +/- + 280-2460 

- + + 140-3109 

- + +/- 100-380 

- + + 250-2360 

 

Table 3: Size ranges LADs, KDDs. 

Size ranges of T1- and T2-LADs and KDDs, considering all cell types.  
 

Table 4: 
Table 4: TFBM enrichments T2 vs T1 LADs (supplemental file) 

TFBM enrichment results for T2 vs T1 LADs for CMs and ESCs.  
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Table 5: 
 
 

Cell type AIC 2 states AIC 3 states AIC 4 states AIC 5 states 

Cardiac 
myocytes 666188.5 664856.1 627631.4 635808.5 

Early somite 206873.5 236616.9 206254.6 206512.7 

ESC 572211.2 602511.6 544268.2 553732.8 

Paraxial 
mesoderm 169183.2 149286.7 105163.6 95363.34 

Definitive 
ectoderm 204973.8 197252.4 121449 120097.8 

MidhHindgut 217423.6 217743 166534.1 165673.2 

Midbrain 200791.9 205578.5 178946.8 176755.5 

Liver progenitors 191137.8 179924.6 129030.4 126295.8 

Sorted cardiac 
myocytes 195437.7 188457.2 101029.5 99702.61 

Border ectoderm 170970.1 152679.6 44552.64 41451.46 

Epicardium 297894.7 338171.2 291762.4 291932.1 

Artery 
progenitors 171150.1 152808 104667.1 96831.84 

Endothelial 
progenitors 174392.7 171664.1 3698.507 4664.605 

 

Table 5: Akaike Information Criterion for various numbers of HMM states trained on 
H3K9me2 ChIP-Seq data. 
 
AIC statistics for various HMM states incorporated towards the decision of how many states to 
use for the final KDD model. 
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Table 6: 
Table 6: LAD and KDD category per gene (supplemental file) 

LAD and KDD category for all genes per cell type.  

 

Table 7: 
 
Table 7: GO Analysis comparing gene signatures of different LADs (supplemental file) 

GO analyses of gene sets in CM, ESC, and CTI LAD genes. 

 

Table 8: 
Table 8: TFBM enrichments cell-type-specific T1-LADs (supplemental file) 

TFBM enrichment results for T1-LADs versus the union of T1-LADs for all cell types for CMs, 
midbrain and ESCs.  
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Supplementary Figures 

SFig 1: LB1 occupancy in T1- and T2-LADs in all cell types  
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SFig. 1: ​ LB1 occupancy in T1-, T2- and nonLADs across all cell types assayed in this study.  

SFig. 2: H3K9me2 occupancy in T1- and T2-LADs in all cell types 
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SFig. 2: ​ H3K9me2 occupancy in T1-, T2- and nonLADs across all cell types assayed in this 
study.  

SFig. 3: Gene density in T1- and T2-LADs in all cell types 

 
SFig. 3: ​ Gene density in T1-, T2- and nonLADs across all cell types assayed in this study.  
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SFig. 4: Gene expression in T1- and T2-LADs across cell types 

 
SFig. 4: ​ Expression of genes in T1-, T2- and nonLADs across all cell types assayed in this 
study.  
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SFig. 5: GC content in T1- and T2-LADs across cell types 

 
 
SFig. 5: ​ GC content in T1-, T2- and nonLADs across all cell types assayed in this study.  
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SFig. 6: ATAC-seq peak overlap in T1- and T2-LADs across cell 
types 

 
SFig. 6: ​ ATAC-seq peak overlap from previous work ​(Zhang et al., 2019a)​ in T1-, T2- and 
nonLADs across matched cell types from this study.  

SFig. 7: B compartment overlap in T1- and T2-LADs across cell 
types 

 
SFig. 7: ​ B compartment overlap derived from Hi-C data generated in previous work ​(Zhang et 
al., 2019a)​ in T1-, T2- and nonLADs across matched cell types from this study.  
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SFig. 8: Enrichment of TE groups in T1- and T2-LADs across cell 
types 

 
 
SFig. 8: ​ Enrichment of TE groups in T1-, T2- and nonLADs (100 permutations) across all cell 
types assayed in this study.  
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SFig. 9: Enrichment of TE families in T1- and T2-LADs across cell 
types 
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SFig. 9: ​ Enrichment of TE families in T1-, T2- and nonLADs (100 permutations) across all cell 
types assayed in this study. For clarity, only significant results (p < 0.01) are shown.  

SFig 10: H3K9me2 occupancy in KDDs in all cell types  

 
SFig. 10: ​ H3K9me2 occupancy in KDDs and nonKDDs across all cell types assayed in this 
study.  
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SFig 11: LB1 occupancy in KDDs in all cell types 

 
SFig. 11: ​ LB1 occupancy in KDDs and nonKDDs across all cell types assayed in this study.  
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SFig 12: Gene density in KDDs in all cell types 

 
SFig. 12: ​ Gene density in KDDs and nonKDDs across all cell types assayed in this study.  
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SFig 13: Gene expression in KDDs in all cell types 

 
SFig. 13: ​ Gene expression in KDDs and nonKDDs across all cell types assayed in this study 
with matched RNA-seq data available. 
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SFig 14: GC content in KDDs in all cell types 

 
 
 
SFig. 14: ​GC content in KDDs and nonKDDs across all cell types assayed in this study. 
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SFig 15: ATAC-seq peak overlap in KDDs in all cell types 

 
SFig. 15: ​ ATAC-seq peak overlap from previous work ​(Zhang et al., 2019a)​ in KDDs and 
nonKDDs across matched cell types from this study.  

SFig 16: B compartment overlap in KDDs in all cell types 

 
 
SFig. 16: ​ B compartment overlap from Hi-C data generated in previous work ​(Zhang et al., 
2019a)​ in KDDs and nonKDDs across matched cell types from this study.  
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SFig 17: Gene density in in T1-LADs compared to KDDs in all cell 
types 

 
SFig. 17: ​ Gene density in T1-LADs compared to KDDs across cell types.  
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SFig 18: Proportion genes expressed in T1-LADs compared to 
KDDs in all cell types 

 
SFig. 18: ​ Proportion genes expressed in T1-LADs compared to KDDs across cell types.  
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SFig 19: ATAC-seq peak overlap in T1-LADs compared to KDDs 
in matched cell types 

 
SFig. 19: ​ ATAC-seq peak overlap from previous work ​(Zhang et al., 2019a)​ in T1-LADs 
compared to KDDs across cell types.  

SFig 20: B compartment overlap in T1-LADs compared to KDDs 
in matched cell types 

 
SFig. 20: ​ B compartment overlap from Hi-C data generated in previous work ​(Zhang et al., 
2019a)​ in T1-LADs compared to KDDs across cell types.  
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SFig 21: RT domain enrichment in T1-LADs compared to KDDs in 
all cell types 

 
SFig. 21: ​ Enrichment of RT domains (100 permutations) in T1-LADs compared to KDDs across 
cell types.  

SFig 22: RT domain enrichment in T2-LADs compared to KDDs in 
all cell types 

 
SFig. 22: ​ Enrichment of RT domains (100 permutations) in T2-LADs compared to KDDs across 
cell types.  
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SFig 23: CTCF occupancy in T1-LADs compared to KDDs in all 
cell types 

 
SFig. 23: ​ CTCF occupancy with CTCF ChIP-seq data from previous work ​(Zhang et al., 2019b) 
in T1-LADs compared to KDDs across matched cell types. Cell type names are from the CTCF 
data, where H9ESC was matched with ESC data from our study, D2Mesoderm with Paraxial 
Mesoderm, and VCM (Ventricular Cardiac Myocytes) with CM data. 
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SFig 24: CTCF occupancy in T2-LADs compared to KDDs in all 
cell types

 
SFig. 24: ​ CTCF occupancy with CTCF ChIP-seq data from previous work ​(Zhang et al., 2019b) 
in T2-LADs compared to KDDs across matched cell types.  
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