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SUMMARY 3 

Despite extensive mapping of three-dimensional (3D) chromatin structures, the basic 4 

principles underlying genome folding remain unknown. Here, we report a fundamental role 5 

for L1 and B1 retrotransposons in shaping the macroscopic 3D genome structure. Homotypic 6 

clustering of B1 and L1 repeats in the nuclear interior or at the nuclear and nucleolar 7 

peripheries, respectively, segregates the genome into mutually exclusive nuclear 8 

compartments. This spatial segregation of L1 and B1 is conserved in mouse and human cells, 9 

and occurs dynamically during establishment of the 3D chromatin structure in early 10 

embryogenesis and the cell cycle. Depletion of L1 transcripts drastically disrupts the spatial 11 

distributions of L1- and B1-rich compartments. L1 transcripts are strongly associated with 12 

L1 DNA sequences and induce phase separation of the heterochromatin protein HP1α. Our 13 

results suggest that genomic repeats act as the blueprint of chromatin macrostructure, thus 14 

explaining the conserved higher-order structure of chromatin across mammalian cells.  15 

 16 

  17 
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INTRODUCTION 1 

The mammalian genome is folded nearly one million-fold within the nucleus of a cell 2 

(Annunziato, 2008). Hierarchical organization of genome folding at different scales is central to 3 

gene expression, cellular function and development, and alterations in genome organization often 4 

lead to disease (Dekker et al., 2017; Zane et al., 2014). Microscopic and 3C-based approaches 5 

reveal that chromatin forms a "fractal globule" with compartments, domains, and loop interactions 6 

(Boettiger et al., 2016; Dekker et al., 2002; Mirny, 2011; Wang et al., 2016). At the megabase scale, 7 

chromatin is subdivided into two spatially segregated compartments, arbitrarily labeled as A and B, 8 

with distinct transcriptional activity (Lieberman-Aiden et al., 2009). The A and B compartments 9 

also differ in other features, including gene density, CpG frequency, histone modifications, and 10 

DNA replication timing (Bonev and Cavalli, 2016; Dekker et al., 2013; Gibcus and Dekker, 2013; 11 

Rivera-Mulia and Gilbert, 2016). Simulation of three-dimensional (3D) genome structures 12 

predicted that the euchromatic A compartment adopts a central position, whereas the 13 

heterochromatic B compartment moves towards the nuclear periphery and perinucleolar regions 14 

(Buchwalter et al., 2019; Stevens et al., 2017). Within compartments at the kilobase-to-megabase 15 

scale, chromatin is organized in topologically associated domains (TADs), which serve as 16 

functional platforms for physical interactions between co-regulated genes and regulatory elements 17 

(Dixon et al., 2012). At a finer scale, TADs are divided into smaller loop domains, in which distal 18 

regulatory elements such as enhancers come into direct contact with their target genes via 19 

chromatin loops (Kadauke and Blobel, 2009).  20 

The organization of the nuclear genome into euchromatin and heterochromatin, which closely 21 

match the A and B compartments, respectively, appears to be conserved from ciliates to humans 22 

and has been maintained in eukaryotes over 500 million years of evolution (Solovei et al., 2016). 23 

Intriguingly, most A/B compartments and TADs seem to be invariant in different mouse and human 24 

cell types or during cell-fate transition, whereas sub-TAD loops are more variable to facilitate 25 

differential gene expression (Dixon et al., 2015; Stadhouders et al., 2018). The insulator protein 26 
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CTCF (CCCTC-binding factor) and the ring-shaped cohesin complex, considered as the weavers 1 

of genome organization, co-localize at the boundaries and anchor regions of contact domains and 2 

loops (Rao et al., 2014; Splinter et al., 2006). However, depletion of CTCF or cohesin disrupts 3 

some sub-TAD loop contacts, but fails to affect the formation and maintenance of A/B 4 

compartments in cells (Bintu et al., 2018; Gassler et al., 2017; Haarhuis et al., 2017; Nora et al., 5 

2017; Nuebler et al., 2018; Rao et al., 2017; Schwarzer et al., 2017; Wutz et al., 2017). The direct 6 

molecular drivers, other than CTCF and cohesin, that govern compartmental domains are yet to be 7 

defined. A few mechanisms have been proposed for the formation of nuclear compartments, such 8 

as anchoring heterochromatin to the nuclear lamina (Falk et al., 2019; Guelen et al., 2008; van 9 

Steensel and Belmont, 2017; Wijchers et al., 2015; Zullo et al., 2012), preferential attraction of 10 

chromatin harboring similar histone modifications and regulators (Jost et al., 2014; Strom et al., 11 

2017; Wang et al., 2016), and hypothetical models involving pairing of homologous sequences 12 

mediated by active transcription or phase separation (Cook, 2002; Cook and Marenduzzo, 2018; 13 

Rowley et al., 2017; Tang, 2017; van de Werken et al., 2017). A recent study based on imaging and 14 

polymer simulations proposes that interactions between heterochromatic regions are crucial for 15 

compartmentalization of the genome in inverted and conventional nuclei (Falk et al., 2019). 16 

However, the molecular basis that drives heterochromatin compartmentalization and segregation 17 

from active domain remains unclear (Bouwman and de Laat, 2015; Pueschel et al., 2016).  18 

Repetitive elements comprise about half of human and mouse genomes (Biemont, 2010). 19 

Once regarded as genomic parasites (Orgel and Crick, 1980), retrotransposons have been recently 20 

implicated in playing active roles in re-wiring the genome and gene expression programs in diverse 21 

biological processes (Bourque et al., 2008; Chuong et al., 2016; Durruthy-Durruthy et al., 2016; 22 

Grow et al., 2015; Liu et al., 2018; Lynch et al., 2011; Rebollo et al., 2012; Wang et al., 2014). 23 

Repetitive DNA is speculated to have a role in nuclear organization (Falk et al., 2019; Solovei et 24 

al., 2016; Tang, 2017). Considering the diverse nature and widespread distribution of repeats in 25 

mammalian genomes (Sundaram and Wang, 2018), it is imperative to determine whether and how 26 
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repetitive sequences are involved in this process. Long and short interspersed nuclear elements 1 

(LINEs and SINEs, respectively) are the two predominant subfamilies of retrotransposons in most 2 

mammals (Mandal and Kazazian, 2008). L1 (also named as LINE1 or LINE-1) is the most abundant 3 

subclass of LINEs, and also constitutes the most abundant type of all repeat subclasses, making up 4 

to 18.8% and 16.9% (0.9~1.0 million copies) of the genome in mouse and human, respectively 5 

(Taylor et al., 2013). B1 in mouse and its closely related, primate-specific Alu elements in human 6 

are the most abundant subclass of SINEs, constituting 2.7%~10.6% (0.6~1.3 million copies) of 7 

mouse and human genomes (Lander et al., 2001; Mouse Genome Sequencing et al., 2002). L1 and 8 

B1/Alu have distinct nucleotide compositions and sequence lengths. While Alu elements are ~300 9 

bp long and rich in G and C nucleotides, L1 elements are 6–7 kb long and AT-rich (Jurka et al., 10 

2004). A previous study of metaphase chromosome banding showed roughly inverse distributions 11 

of L1 and Alu elements in chromosomal regions with distinct biochemical properties (Korenberg 12 

and Rykowski, 1988). Further studies reported that Alu/B1 elements are preferentially enriched in 13 

regions that are generally gene-rich, whereas L1 elements are enriched in gene-poor regions, which 14 

tend to be located in lamina-associated heterochromatin (Deininger, 2011; Meuleman et al., 2013; 15 

Wijchers et al., 2015). However, systematic mapping of L1 and B1 elements in the genome and the 16 

nuclear space is still lacking.  17 

Here, we report that L1 and B1/Alu repeats harbor the basic structural information in their 18 

DNA sequences to instruct the 3D organization of mammalian genomes. Co-segregation of B1/Alu 19 

and L1 repeats with the A and B compartments, respectively, is highly conserved in different mouse 20 

and human cell types. B1/Alu-rich regions cluster in the interior of the nucleus, while L1-rich 21 

regions cluster at the nuclear and nucleolar periphery. This pattern of homotypic clustering and 22 

segregation is dynamically established in the cell cycle and in early embryogenesis. L1 RNA is 23 

critically required for the formation and maintenance of compartment segregation and the higher-24 

order chromatin structure. Most likely, L1 RNA transacts the structural information in L1 DNA 25 

repeats by acting upon its own DNA sequences to promote phase separation of HP1, thereby 26 
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inducing heterochromatin formation. Our findings uncover a fundamental principle of 3D genome 1 

organization that is rooted in genomic DNA sequences, and also provide an answer to the 2 

perplexing phenomenon of the conservation and robustness of chromatin compartmentalization 3 

across mammalian species. 4 

 5 

RESULTS 6 

Homotypic clustering of B1 and L1 repeats segregates the A/B compartments  7 

We analyzed the genomic positions of the major repeat subfamilies and observed positive 8 

correlations within the L1 and SINE B1 subfamilies, but strong inverse correlations between them 9 

(Figure S1A). This observation suggests that L1 and SINE B1 elements tend to be positioned away 10 

from each other in the genome, while repeats from the same subfamily tend to be clustered. The 11 

non-random positioning of repeat sequences in the genome prompted us to examine their relative 12 

distributions in the A/B compartments. Analysis of Hi-C data in mouse embryonic stem cells 13 

(mESCs) (Fraser et al., 2015) showed that dense L1 and B1 repeats appear to reside in distinct and 14 

mutually exclusive compartments across the mouse genome, whereas other types of 15 

retrotransposons such as ERV1, ERVK, and L2 tend to be randomly distributed (Figures 1A and 16 

S1B). The compartments marked by B1 repeats show enrichment of active histone marks 17 

(H3K4me3, H3K9ac, H3K27ac, H3K36me3), strong binding of RNA polymerase II (Pol II), and 18 

high levels of chromatin accessibility and transcription activity. In contrast, the compartments 19 

marked by L1 repeats show signatures of heterochromatin, including enrichment of the repressive 20 

H3K9me2 and H3K9me3 marks, and strong binding of heterochromatin proteins such as HP1 21 

and the nuclear corepressor KRAB-associated protein-1 (KAP1 or TRIM28) (Figures 1A and S1B).  22 

Quantitative sequence analysis of annotated A/B compartments revealed high levels of SINE 23 

repeats (including B1, B2 and B4) in the A compartments and L1 repeats in the B compartments, 24 

whereas repeats in other subclasses showed no specific enrichment (Figures S1C, D). This 25 

opposing distribution pattern of B1/Alu and L1 in the A and B compartments was also detected in 26 
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five other cell types (Figure 1B): human embryonic stem cells (hESCs), lymphoblastoid cells 1 

(GM12878) and erythroleukemic cells (K562), and mouse neural progenitor cells (NPCs) and 2 

neurons (Fraser et al., 2015; Rao et al., 2014). Furthermore, unsupervised clustering revealed that 3 

the genomic positions of A/B compartments in six distinct mouse and human cell types are highly 4 

similar to each other, with an average Spearman correlation coefficient >0.73 within species 5 

and >0.52 between species (Figure S1E). Compared to other subclass repeats, L1 and B1 are most 6 

strongly related to the high-order chromatin structures, and their distributions appear to be 7 

conserved in homologous regions of the mouse and human genomes (Figure S1E). For example, a 8 

region in mouse chromosome 2 (chr2: 120-140 Mb) and its syntenic region in human chromosome 9 

20 (chr20: 6-50 Mb) show similar patterns of Hi-C contact probabilities, and gene and repeat 10 

compositions and distributions in the corresponding A and B compartments along the DNA 11 

sequences (Figure 1C). Thus, co-segregation of B1/Alu and L1 repeats with the A and B 12 

compartments appears to be invariable in different cell types in mouse and human. 13 

We then took mouse chromosome 17 (chr17, 95 Mb in length) as an example to overlay L1 14 

and B1 repeat features on the Hi-C interaction matrix of mESCs (Figures 1D-F). Interestingly, the 15 

plaid pattern of enriched and depleted interaction blocks in the Hi-C map is largely correlated with 16 

the compositions and distributions of B1 and L1 along the whole chr17 (Figure 1D). In a 42-Mb 17 

region of chr17, four L1-enriched B compartments (denoted by c, e, g and i) and three B1-enriched 18 

A compartments (denoted by D, F and H) are alternately positioned along the linear DNA sequence 19 

(Figure 1E). Strong interactions were observed between L1-enriched compartments (represented 20 

by ce, cg, eg, ei and gi) or B1-enriched compartments (represented by DF, DH and FH), but not 21 

between these two compartments (Figure 1E, dotted boxes). The interaction frequencies between 22 

D and F (DF) or between c and e (ce) are much stronger than those of D or F with c or e (cD, De, 23 

eF), despite the fact that these regions are closer in the linear sequence.  24 

Conversion of Hi-C contact frequencies into Pearson correlation coefficients sharpened our 25 

view of the long-range chromatin interactions (Figure 1F). Strikingly, the plaid pattern of the Hi-C 26 
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correlation map appears to perfectly match the distribution and interaction status of L1 and B1. L1-1 

rich or B1-rich regions show strong enrichment of contacts with regions containing the same repeat 2 

type (red blocks in Figure 1F). We refer to these as homotypic contacts. Contacts between regions 3 

containing the other repeat type (heterotypic interactions) are strongly depleted (blue blocks in 4 

Figure 1F). For example, in one region of chr17 (35 to 95 Mb), L1-enriched segments (from e to 5 

u) and B1-enriched segments (from F to T) exhibit high frequencies of homotypic contacts (Figure 6 

1F, highlighted by arrows), but strong depletion of heterotypic contacts. Similarly, homotypic 7 

contacts between L1-rich regions or B1-rich regions were also observed between chromosomes, as 8 

illustrated by chromosomes 17 and 19 (Figure 1G). These results indicate that genomic regions 9 

containing B1 or L1 repeats tend to interact with genomic regions containing repeat sequences 10 

from similar subfamilies, but not from different subfamilies, regardless of linear proximity. Thus, 11 

homotypic clustering of regions rich in B1 or L1 repeats partitions the genome into distinct A and 12 

B compartments, respectively. 13 

 14 

DNA FISH reveals the spatial segregation of L1 and B1 compartments 15 

To visualize the nuclear localization of B1 and L1 repeats in cells we performed dual-color 16 

DNA fluorescence in situ hybridization (FISH) using fluorescence-tagged oligonucleotide probes 17 

that specifically target the consensus sequences of B1 and L1 elements. Consistent with the Hi-C 18 

analysis, L1 and B1 exhibit distinct and complementary nuclear localizations in mESCs (Figures 19 

2A and 2B). While B1 DNA shows punctate signals in the nuclear interior, L1 DNA exhibits highly 20 

organized and concentrated signals that line the periphery of the nucleus and nucleolus. Weak L1 21 

signals were also detected in a few areas of the nuclear interior subregions where B1 signals were 22 

absent. Both B1 and L1 signals are absent from DAPI-dense regions, which likely represent 23 

satellite repeat-enriched chromocenters (Mateos-Langerak et al., 2007). To confirm the L1 24 

localization at the nucleolar periphery in mESCs, we performed immuno-FISH, which combines 25 

DNA FISH with immunofluorescence staining using an antibody against the nucleolar marker 26 
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Nucleolin (NCL). Indeed, L1 signals surround and partially overlap with the ring-shaped signals 1 

of NCL at the nucleolar periphery (Figure 2C). 2 

To ask whether L1 and B1 localizations might vary with cell type, we performed immuno-3 

FISH in four other representative mouse and human cell lines: neural stem cells (NSC), fibroblasts 4 

(NIH3T3), myoblasts (C2C12) and Hela cells (Figure 2C). Similar to mESCs, all these cells show 5 

non-overlapping localizations of B1/Alu repeats, which are present in the nuclear interior, and L1 6 

repeats, which are mainly located at the nuclear and nucleolar peripheries. The distributions of 7 

B1/Alu and L1 are reminiscent of the nuclear localization of euchromatin and heterochromatin, 8 

respectively. Together, the results from Hi-C and imaging analysis demonstrate that homotypic 9 

B1/Alu or L1 DNA sequences associate together to form larger clusters, which divide the nucleus 10 

into distinct territories of A/B compartments, and nuclear co-segregation of B1/Alu and L1 repeats 11 

with the A and B compartments is conserved across different cell types in mouse and human. 12 

 13 

Dynamic establishment of L1 and B1 segregation during the cell cycle and embryonic 14 

development 15 

 As chromatin organization undergoes dynamic changes during mitosis and after fertilization, 16 

we asked whether L1 and B1 compartments are established and re-constructed in these two 17 

biological processes. DNA FISH analysis of synchronous mESCs showed that L1 and B1 18 

localizations change dramatically at different cell-cycle stages (Figures 3A and S2A). S-phase cells 19 

show non-overlapping and complementary localizations of L1 and B1 repeats (Figures 2 and 3A). 20 

This is similar to the pattern we observed previously in asynchronous mESCs, most of which are 21 

in the S phase of the cell cycle (Figure S2A). However, L1 and B1 DNA signals are mixed on 22 

mitotic chromosomes in metaphase (M phase, including prophase and anaphase), when the nuclear 23 

membrane and nucleoli are disassembled. As the cell cycle progresses into the G1 phase, L1 and 24 

B1 DNA start to segregate again. To quantify the degree of segregation, we defined a FISH-based 25 

segregation index as the negative value of Pearson’s correlation coefficient of L1 and B1 DNA 26 
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signals in the nucleus. The FISH segregation index is lowest in M-phase cells, but increases 1 

significantly in the G1 phase and peaks in the S phase (Figure 3B).  2 

To provide further molecular evidence for segregation of repeats during the cell cycle, we 3 

analyzed the published Hi-C data from cell-cycle synchronized mESCs and HeLa cells (Nagano et 4 

al., 2017; Naumova et al., 2013). In both cell types, G1-phase cells exhibit a classic plaid pattern 5 

of hierarchical interactions, with enriched and depleted interaction blocks outside of the diagonal 6 

region of the Hi-C interaction heatmap (Figures 3C, 3D, S2B, and S2C). In contrast, M-phase cells 7 

exhibit stronger signals along the diagonal, which represent the linearly organized, longitudinally 8 

compressed array of consecutive chromatin loops. To quantify this difference, we defined a Hi-C-9 

based segregation index by calculating the ratio of homotypic versus heterotypic interaction 10 

frequencies between L1 and B1/Alu subfamilies. Indeed, the Hi-C segregation index is 11 

significantly higher in G1-phase cells than in M-phase cells (Figures 3C and S2B). These results 12 

indicate that segregation of B1/Alu and L1 repeats is dispersed by mitosis, and is re-established 13 

when the higher-order chromatin structure forms during each cell cycle. This finding agrees with 14 

previous reports that in metaphase, chromosome folding becomes homogeneous and large 15 

megabase-scale A and B compartments are lost, whilst in interphase, chromosomes return to a 16 

highly compartmentalized state (Nagano et al., 2017; Naumova et al., 2013). 17 

After fertilization, the chromatin undergoes extensive reprogramming from a markedly relaxed 18 

state in zygotes to fully organized structures in blastocysts (Du et al., 2017; Flyamer et al., 2017; 19 

Ke et al., 2017). We performed time-course DNA FISH analysis of L1 and B1 in early mouse 20 

embryos (Figure 3E). L1 and B1 signals are largely overlapping in zygotes and early 2-cell embryos, 21 

and become progressively more segregated during embryonic divisions (Figure 3E). A plot of the 22 

FISH segregation indexes along the course of blastocyst development showed that the greatest 23 

change (steepest trend-line) occurred between the zygote and the late 2-cell stage (Figure 3F). This 24 

observation implies that the initiation of B1 and L1 compartmentalization may coincide with the 25 

zygotic genome activation (ZGA), during which massive transcription switches on (Qiu et al., 26 
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2003). We then analyzed the published Hi-C data from early mouse embryos (Du et al., 2017). 1 

Consistent with our results, we detected a gradual increase of the segregation index (Figure 3G). 2 

Early 2-cell embryos exhibit prevalent cis-chromosomal contacts along the diagonal of the Hi-C 3 

interaction map, whereas the plaid patterns of Hi-C interactions become readily detectable in late 4 

2-cell embryos and are fully established in the inner cell mass (ICM) cells of blastocysts (Figure 5 

3H). Thus, in early embryos, compartmentalization of B1- and L1-rich regions appears to be 6 

established in a stepwise manner, coincident with de novo establishment of higher-order chromatin 7 

structures. 8 

 9 

Repeat RNA and transcription promote L1 and B1 compartmentalization 10 

Transcription and nuclear architecture are closely interdependent and influence each other 11 

(Dowen et al., 2014; Rowley and Corces, 2018; Rowley et al., 2017). We sought to test whether 12 

RNA transcribed from L1 and B1 repeats mediates the function of their DNA sequences. We first 13 

analyzed the effects of inhibition of L1 and B1 expression in early mouse embryos, as both repeats 14 

are activated and highly expressed in two-cell embryos (Fadloun et al., 2013; Jachowicz et al., 2017; 15 

Rothstein et al., 1992). We recently showed that that L1 RNA can be efficiently knocked down with 16 

antisense morpholinos (AMO) in mouse embryos and mESCs (Percharde et al., 2018). We 17 

successfully depleted L1 and B1 transcripts by injecting antisense morpholinos or oligonucleotides 18 

(ASO) into mouse zygotes (Figures S3A-B). Embryos depleted of L1 or B1 RNA were able to pass 19 

the first embryonic division and their development was indistinguishable from control embryos at 20 

the 2-cell stage; however, they failed to divide further and became arrested at the 2-cell stage 21 

(Figure 4A). We collected these embryos for DNA FISH analysis when the control group injected 22 

with scramble AMO or ASO had grown to the late 2-cell stage. In embryos depleted of L1 or B1 23 

RNA, L1/B1 segregation is impaired, as indicated by significantly lower L1/B1 segregation 24 

indexes compared to scramble control and noninjected late 2-cell embryos (Figures 4B and S3C-25 

E). This result suggests that formation of L1 and B1 compartments is delayed upon depletion of L1 26 
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or B1 transcripts, which is consistent with the observed embryonic arrest.  1 

It was reported that inhibition of Pol II transcription by -amanitin causes embryonic arrest at 2 

the late 2-cell stage (Du et al., 2017; Qiu et al., 2003). We analyzed the Hi-C data obtained by Du 3 

et al and found that -amanitin-treated embryos exhibit predominantly cis-chromosomal contacts 4 

along the diagonal of the Hi-C map, in a pattern similar to that of early 2-cell embryos, while the 5 

control group shows the plaid-like pattern of late 2-cell embryos (Figures S4A). Consistent with 6 

this, treating mESCs with the transcription inhibitors Actinomycin D (ActD) or DRB (5,6-dichloro-7 

1-b-D-ribofuranosylbenzimidizole) also altered L1/B1 compartmentalization as shown by loss of 8 

L1 perinucleolar localization and gain of mixed L1 and B1 signals (Figures 4C, 4D and S4B). 9 

Notably, inhibition of both Pol I and II by ActD caused a more severe effect than inhibition of Pol 10 

II alone by DRB. These results indicate that transcription facilitates the nuclear organization. 11 

Next, we sought to deplete repeat transcripts in mESCs in order to dissect the effects on 12 

chromatin organization independent of embryonic progression. B1/Alu repeats are known to be 13 

broadly involved in diverse cellular processes, including transcription and RNA processing and 14 

nuclear export (Chen et al., 2009; Dominissini et al., 2011; Lubelsky and Ulitsky, 2018; Polak and 15 

Domany, 2006). Treatment of mESCs with B1 ASO led to severe cell death within hours of 16 

transfection (data not shown), which precluded direct assessment of the function of B1 transcripts 17 

in organizing the nuclear structure. L1 repeats, the most abundant of all repeat subclasses, are 18 

predominantly enriched in heterochromatic B compartments. It was suggested that heterochromatin 19 

interactions play a more important role in nuclear compartmentalization than euchromatin 20 

interactions (Falk et al., 2019; Houda Belaghzal, 2019). To reveal a direct role of repeat RNA in 21 

the nuclear organization, we focused on L1 in subsequent investigations. 22 

Treatment of mESCs with L1 AMOs drastically altered the formation of L1/B1 compartments 23 

as shown by the appearance of the overlapping, yellowish FISH signals of B1 and L1 DNA (Figures 24 

4E, 4F, and S5A). In particular, when L1 RNA was depleted by AMO treatment for 12 or 36 hours, 25 
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perinucleolar L1 signals were diffuse or absent and nucleoplasmic signals were dramatically 1 

increased at both time-points. In contrast to the punctate pattern of B1 DNA in the control mESCs, 2 

B1 signals became more uniformly dispersed in the nucleoplasm, which is indicative of decreased 3 

clustering. In comparison, treatment with the drug azidothymidine (AZT), which blocks L1 4 

retrotransposition activity (Xie et al., 2010), failed to affect L1 RNA levels and the nuclear 5 

localization of L1 and B1 (Figures 4E, 4F, and S5B). In addition, statistical analysis indicated that 6 

the FISH segregation indexes were significantly lower in L1-depleted mESCs than in mESCs 7 

treated with scramble AMO or AZT. These results suggest a role of L1 transcripts in regulating the 8 

nuclear localization and segregation of L1 and B1 DNA repeats, independently of L1 9 

retrotransposition activity, in mESCs. 10 

 11 

L1 RNA regulates the higher-order chromatin structure in mESCs 12 

For in-depth characterization of the molecular defects caused by L1 RNA depletion, we 13 

performed in situ Hi-C analysis at 36 hours after transfecting L1 AMO into mESCs. Direct 14 

visualization of Hi-C interaction maps revealed obvious differences in the plaid pattern of L1-15 

depleted and control mESCs, as illustrated by chr17 (Figure 5A). In L1-depleted mESCs, Hi-C 16 

contact signals were abnormally increased along the diagonal line, whereas the plaid signals outside 17 

of the diagonal regions became fuzzy or even lost (Figure 5A, panel i). Accordingly, comparison 18 

of Hi-C contact frequencies of the control versus L1-depleted cells showed decreased ratios (in 19 

blue) across the diagonal and increased ratios (in red) in the periphery (Figure 5A, panel ii). These 20 

changes indicate enhanced local chromosomal contacts but decreased long-range interactions in 21 

L1-depleted mESCs.  22 

A zoomed-in view of a 42-Mb region of chr17 in L1-depleted mESCs further shows decreased 23 

homotypic chromatin contacts between L1-rich or B1-rich compartments, but abnormally 24 

increased heterotypic contacts (Figure 5B, right; and Figure 5C). For example, B1-B1 interactions 25 

(represented by DF, DH and FH) or L1-L1 interactions (represented by ce, cg, ci, eg, ei and gi) 26 
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were downregulated in L1-depleted cells, whereas aberrant B1-L1 contacts (represented by cD, De, 1 

Dg, Di, eF, Fg, and Hi) were increased. Globally, L1-depleted cells show significantly lower Hi-C 2 

segregation indexes compared to control mESCs (Figure 5A). Consistent with the overlapping 3 

signals of L1 and B1 DNA FISH (Figure 4E), these results revealed defective nuclear segregation 4 

of L1 and B1 compartments after depletion of L1 RNA (Figure 5B). 5 

Next, to directly visualize changes in spatial contacts at specific loci, we performed oligopaint 6 

dual-color DNA FISH (Figure 6A). We labeled four representative genomic regions on chr17, a 7 

B1-enriched region (F) and three L1-enriched regions (e, g and q), with a set of 500 ~ 4,500 DNA 8 

probes for each region at a density of 200 bp per probe, and measured the spatial distances between 9 

the probe signals within mESC nuclei. In control mESCs, the two linearly adjacent L1- and B1-10 

enriched regions e and F are positioned away from each other in the nuclear space with a median 11 

distance of 1.72  0.55 µm. Depletion of L1 RNA significantly shortened the distance between 12 

them to 1.27  0.47 µm (Figures 6B and 6C, left). In comparison, the two L1-enriched 13 

compartments g and q reside in close spatial proximity (1.08  0.45 µm) in the nuclei of control 14 

cells even though they are separated by multiple L1 and B1 compartments in the linear genomic 15 

sequence. L1 depletion significantly increased the nuclear distance between g and q to 1.81  0.82 16 

µm (Figure 6C, right). Together, DNA FISH and Hi-C results demonstrate that L1 RNA is critical 17 

in maintaining the high-order chromatin structure of segregated L1- and B1-enriched compartments 18 

in mESCs. 19 

 20 

L1 repeats promote phase separation of HP1 21 

Recent evidence suggests that the formation of heterochromatin domains entails a phase-22 

separation mechanism (Larson et al., 2017; Li et al., 2012; Strom et al., 2017; Zwicker et al., 2014). 23 

HP1, a known component of heterochromatin, forms phase-separated droplets in the presence of 24 

DNA or nucleosomes in vitro (Larson et al., 2017; Strom et al., 2017). We showed that HP1 binds 25 
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strongly to L1-enriched but not B1-enriched genomic regions (Figure 7A). In addition, L1 RNA 1 

specifically binds L1 DNA sequences throughout the genome, and is significantly enriched in L1 2 

repeat-associated compartments, but is depleted in B1-associated compartments (Figures 1A and 3 

7A), as shown by chromatin isolation by RNA purification followed by sequencing of L1 RNA 4 

(ChIRP-seq) (Lu et al., paper submitted). Given the abundance and co-residence of L1 repeats with 5 

HP1 in similar heterochromatin contexts within the nucleus, we hypothesized that L1 RNA may 6 

facilitate heterochromatin formation by promoting HP1 phase separation.   7 

We firstly tested the direct protein-RNA interaction between the recombinant human HP1 8 

protein and L1 RNA fragments that were transcribed in vitro. Interestingly, the L1 RNA mix 9 

captures HP1 protein in extremely high stringent washes (up to 1 M of salt and urea), indicating 10 

that HP1 has a strong RNA-binding activity towards L1 (Figure 7B). Droplet formation assays 11 

showed that HP1 alone fails to phase separate (Figures 7C), consistent with a previous report 12 

(Larson et al., 2017). Intriguingly, upon addition of L1 RNA, HP1 forms spherical droplets with 13 

the properties of liquid-like condensates, such as fusion of droplets and rapid recovery after photo-14 

bleaching (Figures 7C and S6A, B). HP1-L1 RNA droplets increase in size when increasing 15 

concentrations of components are added into the assay (Figure 7C). L1 DNA also promotes the 16 

phase separation of HP1 (Figure S6C). These results suggest that L1 repeats play an active role 17 

in heterochromatin formation. 18 

 19 

Discussion 20 

Although tremendous efforts have been dedicated to studies of structural chromatin proteins 21 

and cataloging chromatin maps, the role of DNA sequences in 3D genome organization has been 22 

largely ignored. It has been speculated that genome organization may occur through polymer phase 23 
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separation mediated by homologous sequence pairing (Cook, 2002; Cook and Marenduzzo, 2018; 1 

Falk et al., 2019; Rowley et al., 2017; Tang, 2017). However, it was unclear which types of repeats 2 

are involved in this process, and direct evidence was still lacking. In addition, the molecular 3 

determinants and mechanisms that drive formation of the A/B compartments remain unclear. In 4 

this study, we provide experimental evidence to support a fundamental role of L1 and B1/Alu 5 

repeats in organizing chromatin macrostructure.   6 

Complementary results based on genomics, Hi-C and imaging analysis revealed that L1 and 7 

B1/Alu repeats tend to cluster with sequences from their own repeat subfamily and form mutually 8 

exclusive domains in the nuclear space that are highly correlated with A/B compartments (Figures 9 

1 and 2). The nuclear segregation of B1/Alu-enriched A compartments in the nuclear interior and 10 

L1-enriched B compartments in the nuclear and nucleolar peripheries is relatively conserved and 11 

stable across a variety of mouse and human cells, and re-occurs during the cell cycle (Figure 2). In 12 

addition, de novo establishment of the segregated pattern of L1- and B1-rich compartments is 13 

coincident with the formation of higher-order chromatin structures during early embryogenesis, 14 

and appears to be critically regulated by RNA transcripts produced from L1 and B1 DNA sequences. 15 

Depletion of L1 RNA by AMOs in mESCs drastically disrupts the nuclear localization of L1 repeats, 16 

and leads to impaired segregation of L1 and B1 compartments and altered higher-order chromatin 17 

structures. Moreover, L1 RNA binds to its own DNA sequences in cells, and promotes HP1 phase 18 

separation in vitro. Together, our findings suggest that repeat transcripts may transact the structural 19 

information embedded in their DNA sequences and facilitate formation of the nuclear architecture 20 

with assistance from protein partners, such as HP1 (Figures 4-7).  21 

Based on our observations together with previous reports in the literature, we propose a 22 

hypothetical model in which repetitive elements organize the macroscopic structure of the genome 23 

at three hierarchical levels (Figure 7D). First, L1 and B1/Alu repeats serve as the genetic basis for 24 

A and B compartments. The abundance and scattering of these repeat elements in the genome 25 
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provide numerous nucleation points or "structural codes" to seed the formation of nuclear 1 

subdomains. Homotypic clustering of Ll-rich regions or B1-rich regions initiates genome folding. 2 

Second, the structural information embedded in linear genomic DNA repeats is in part transacted 3 

by their transcripts, particularly L1 RNA as demonstrated in this study, into spatially ordered 4 

chromatin in the nucleus. Molecular crowding and specific interactions among similar molecules, 5 

including DNA sequences and RNAs containing multiple copies of the same repeat type, and their 6 

associated proteins, promote clustering into larger subdomains (Bergeron-Sandoval et al., 2016; 7 

Cook, 2002; Misteli, 2007). Phase separation of individual subdomains may also lead to their 8 

segregation in the nuclear space and the formation of distinct L1-enriched heterochromatin and 9 

B1/Alu-enriched euchromatin domains. Third, chromatin compartmentalization may be further 10 

reinforced and stabilized through attachment of repeat DNA sequences to subnuclear structures 11 

such as the nucleolus and nuclear speckles (Quinodoz et al., 2018). Evidence to support this notion 12 

includes our observation that L1 repeats are preferentially localized at the nuclear and nucleolar 13 

peripheries, and depletion of L1 RNA disrupts the localization of L1 DNA at these sites.   14 

In the absence of zygotic transcription, chromatin folding continues to occur in a significantly 15 

delayed manner (Figures 4 and S4), and the higher-order chromatin structure still partially forms 16 

(Du et al., 2017). This observation implies that the 3D organization of chromatin is an autonomous 17 

process that is greatly facilitated by transcription. We surmise that homotypic clustering of L1-rich 18 

or B1-rich regions is autonomous but dynamically regulated. L1/B1-driven nuclear 19 

compartmentalization is reminiscent of the self-assembly of tandem repeat sequences such as 20 

ribosomal DNA (rDNA) and satellite repeats, which promotes high-order assemblages of the 21 

nucleolus and pericentromeric domains, respectively (Falahati et al., 2016; Tjong et al., 2016). 22 

Consistent with our model, in mouse ESCs carrying a human artificial chromosome, human L1 23 

sequences spatially interact with mouse L1-enriched genomic regions but avoid the SINE-enriched 24 

regions, and vice versa for human SINEs (van de Werken et al., 2017). Specific DNA-RNA-protein 25 

interactions at homologous L1 or B1 chromosomal segments not only enhance the formation of 26 
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subdomains through phase separation, but may also promote their segregation in the nucleus. A 1 

recent study reported that there does not appear to be cross-talk between different transcription 2 

factors; instead, they interact among themselves via sequence-specific protein-protein interactions 3 

to form concentrated hubs on synthetic lacO DNA arrays (Chong et al., 2018). L1 or B1/Alu repeats 4 

tend to associate with distinct sets of transcription and chromatin regulators (Lu et al., paper 5 

submitted). For example, heterochromatin proteins such as HP1, KAP1, and SETDB1 are 6 

specifically enriched on L1 elements, whereas general transcription factors such as GTF3C2 and 7 

CEBPB and RNA Pol II subunits show enriched binding on B1/Alu. In addition, different 8 

physiochemical properties of phase-separated L1 or B1 subdomains, for example chromatin 9 

compactness, may further promote the segregation of L1 and B1 compartments.  10 

By focusing on L1 transcripts, we demonstrate an essential role for L1 repeat RNA in 11 

promoting the formation of segregated higher-order chromatin structure in mESCs (Figures 4-6). 12 

Heterochromatin domains appear to be more stable than euchromatin domains (Houda Belaghzal, 13 

2019). In support of a heterochromatin-dominated model (Falk et al., 2019), our data further 14 

suggest that L1-mediated heterochromatin formation may drive nuclear compartmentalization. 15 

This function of L1 RNA might be achieved by stabilizing the binding of chromatin proteins such 16 

as HP1 to L1 DNA sequences, and by recruiting additional RNA-binding proteins to increase 17 

local protein concentrations and multivalent interactions for efficient phase separation. It was 18 

reported that the RNA-binding activity of mammalian HP1 is required for its localization to 19 

pericentromeric chromatin (Muchardt et al., 2002; Stunnenberg et al., 2015). On the other hand, 20 

heterochromatic RNA reduces the mobility and spreading of the fission yeast HP1 protein in 21 

heterochromatic domains  (Keller et al., 2012; Muchardt et al., 2002; Stunnenberg et al., 2015). 22 

From an evolutionary perspective, the properties of co-localization, abundance, and sequence 23 

preference of L1 and HP1 might have co-evolved to ensure regulated formation of L1-enriched 24 

heterochromatin in organizing the nucleus. L1 RNA binds NCL, and its depletion causes relocation 25 
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of DUX genes from the perinucleolar heterochromatin to the nucleoplasm (Percharde et al., 2018). 1 

Abnormal activation or silencing of L1 in mouse zygotes led to altered chromatin accessibility and 2 

compaction, which failed to be rescued by synthetic L1 RNA (Jachowicz et al., 2017). Together 3 

with previous reports, our results suggest a model where L1 RNA acts in cis to anchor L1 repeat-4 

enriched chromosomal segments to the nucleolar and nuclear peripheries. This scaffold function is 5 

reminiscent of reported roles for several chromatin-bound noncoding RNAs in organizing 6 

subnuclear domains. For example, Xist RNA binds the lamin B receptor in the inner nuclear 7 

membrane to initiate and maintain the silencing of the inactive X chromosome (McHugh et al., 8 

2015). Transcription at major satellite repeats precedes chromocenter formation, and satellite 9 

transcripts help to recruit the H3K9me3 methyltransferase SUV39H to centromeric DNA 10 

sequences (Probst et al., 2010; Velazquez Camacho et al., 2017). However, the exact mechanism 11 

underlying the function of L1 RNA remains to be fully elucidated by future studies. 12 

In summary, our study starts to unravel the fundamental principle of 3D genome organization, 13 

in which the distribution of L1 and B1 transposable elements provides the blueprint for chromatin 14 

folding. As discovered by Anfinsen in the late 1950s, the central pillar of protein science tells us 15 

that the amino acid sequence of a protein determines its structure and function (Anfinsen, 1972; 16 

Anfinsen et al., 1954). Analogously, we propose that the primary DNA sequences determine how 17 

the genome folds and functions. We believe that genome folding occurs autonomously, through a 18 

process that is driven by homotypic clustering of regions containing L1 or B1 repeat sequences, 19 

and is further facilitated by transcription and transcripts produced at these repeat elements. 20 

Structural information embedded in L1 and SINE repeats may be universally recognizable, thus 21 

contributing to the high degree of stability and conservation in compartmental and TAD 22 

organization that is observed across mammalian species and cell types. We want to note that L1 23 

and B1/Alu compartmental domains represent a structural and functional ground state of chromatin 24 

organization, on which subsequent regulatory features, such as dynamic enhancer-promoter 25 

interactions, are overlaid. Nevertheless, the same principle of homotypic clustering, phase 26 
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separation and spatial segregation of chromosomal segments may be reiterated at different genomic 1 

scales, consequently folding the genome. 2 
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FIGURE LEGENDS 1 

Figure 1. B1- and L1-rich genomic regions homotypically interact and correlate with A and 2 

B compartments.  3 

(A) Heatmaps of the distribution densities of B1, L1, L2, and ERV1 repeats and random genomic 4 

regions (panel i), DNase I hypersensitive sites (DHS) and ChIP-seq signals of Pol II, H3K4me3, 5 

HP1α, and H3K9me3 (panel ii), and ChIRP-seq signals of Malat1 and L1 RNA (panel iii), and 6 

RNA-seq (panel iv) in mESCs across two adjacent compartments (Cn, Cn+1). All signals in 696 7 

compartments annotated in mESCs were sorted according to the B1 distributions shown in 8 

panel (i).  9 

(B) Relative contents of various repeats across the A and B compartments annotated in various cell 10 

types in mouse (top) and human (bottom). Three repeat subclasses are shown (B1 or Alu, L1, 11 

and ERV1), together with random genomic regions as the negative control. 12 

(C) Genome browser shots showing conserved domain structures as indicated by heatmaps of the 13 

Hi-C contact matrix over a syntenic region in mouse (top) and human (bottom) ESCs. The B1 14 

and L1 repeat densities, the A/B compartments shown by eigenvalues of the Hi-C contact 15 

matrix, and Refseq gene annotations are shown underneath each heatmap.  16 

(D) Heatmap of normalized interaction frequencies at 100-kb resolution on chromosome 17 in 17 

mESCs. Genomic densities of B1 and L1 repeats are shown at the left and bottom. 18 

(E) A zoomed-in view of the interaction matrix of the genomic region from 18 Mb to 60 Mb on 19 

mouse chr17 (40-kb resolution). Genomic densities of B1 and L1 repeats, eigenvalues of the 20 

Hi-C matrix representing A/B compartments from mouse mESCs, neural progenitor cells (NPC) 21 

and neurons, and Pol II ChIP-seq signals in mESCs are also shown underneath. B1-enriched 22 

regions are arbitrarily labeled as D, F, and H in uppercase. L1-enriched regions are labeled as 23 

c, e, g, and i in lowercase. Some strong homotypic interactions between compartments rich in 24 

the same repeat subfamily (for example, between the B1-rich regions DF, DE and FH, and 25 

between the L1-rich regions ce and cg), are highlighted by dotted boxes.  26 
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(F) Correlation heatmap showing Pearson correlation coefficients of the interaction frequencies of 1 

any two paired regions in a sub-region on chr17 (500-kb resolution). B1-enriched regions are 2 

labeled in uppercase as F, H … R, T. L1-enriched regions are labeled in lowercase as e, g … q, 3 

u. Dotted boxes and arrows highlight positive correlations (in red) of the anchor region F 4 

(indicated by *) with other B1-enriched genomic regions (horizontal), and of the anchor region 5 

g (indicated by *) with other L1-enriched genomic regions (vertical). 6 

(G) Correlation heatmap showing Pearson correlation coefficients of inter-chromosomal interaction 7 

frequencies between chromosomes 17 and 19 at 500-kb resolution. B1-enriched regions on 8 

chr19 are arbitrarily labeled in uppercase as V, W, X, Y, and Z. L1-enriched regions on chr17 9 

are labeled as shown in panels (E-F) from c, e … q, to u. The horizontal dotted box and arrows 10 

highlight positive correlations of an L1-enriched region on chr19 with other L1-enriched 11 

regions on chr17. The vertical dotted box and arrows show positive correlations of a B1-12 

enriched region on chr17 with other B1-enriched regions on chr19.  13 
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Figure 2. DNA FISH reveals the spatial segregation of L1 and B1 compartments. 1 

(A) Representative images of L1 (green) and B1 (red) repeats revealed by DNA FISH in mESCs. 2 

DNA is labeled by DAPI (blue). All scale bars, 5 μm. 3 

(B) Normalized fluorescence intensity profiles along the white line in the merged B1/L1 image 4 

shown in panel (A). The L1 channel shows four intensity peaks that surround the two intensity 5 

peaks in the B1 channel. These two peaks in the B1 channel correspond to valleys in the L1 6 

channel.  7 

(C) Representative images of immuno-DNA FISH analysis of L1 (green) and B1 (red) DNA repeats, 8 

and NCL protein (purple) in mESCs (n=37), NSC (n=23), NIH3T3 (n=18), C2C12 (n=11) and 9 

Hela cells (n=15).  10 
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Figure 3. Dynamic segregation of L1 and B1 compartments during the cell cycle and 1 

embryonic development. 2 

(A) and (B) DNA FISH analysis of synchronized mESCs at different cell cycle stages. 3 

Representative images and the scatterplot of the segregation index of L1 and B1 DNA are shown 4 

in panels (A) and (B), respectively. Data are presented as mean ± standard deviation (SD). N, 5 

number of nuclei analyzed. M phase and G1 phase data are compared to S phase using the two-6 

tailed Student’s t-test. p values are shown at the top. 7 

(C) Boxplot analysis of the ratio of homotypic interactions versus heterotypic interactions for B1 8 

and L1 based on single-cell Hi-C data from mESCs. The y-axis shows the segregation index (Hi-9 

C) of L1 and B1, which represents the ratio of average interaction frequency between 10 

compartments containing similar repeats (B1.B1 and L1.L1) to that between compartments 11 

containing different repeats (B1.L1) for all chromosomes (except X and Y). Larger values 12 

indicate a higher degree of homotypic interaction between B1- or L1-enriched compartments. p 13 

values are calculated with the two-tailed Student’s t-test. 14 

(D) Heatmaps of normalized interaction frequencies at 500-kb resolution on chromosome 17 in 15 

mESCs at M (left) and G1 (middle) phase. A comparison of contact frequencies between M and 16 

G1 phase [log2(G1/M)] for the whole of chromosome 17 is shown on the right. Genomic 17 

densities of B1 and L1 repeats are shown at the bottom. 18 

(E) and (F) DNA FISH analysis of early embryos. Representative FISH images and the scatterplot 19 

of the segregation index of L1 and B1 DNA are shown in panels (E) and (F), respectively. Data 20 

are presented as mean ± SD (embryos were collected and processed in two independent 21 

experiments). N, number of nuclei analyzed. Each sample is compared to the blastocyst stage 22 

and p values are calculated with the two-tailed Student’s t-test. Dotted lines show the trend-line.  23 

(G) Boxplot showing a gradual increase of homotypic versus heterotypic interactions between L1-24 

rich and B1-rich regions based on Hi-C analysis of early embryos from zygotes (including PN3 25 

and PN5 stages) to 8-cell embryos and pluripotent mESCs (in vitro equivalent of the inner cell 26 
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mass cells of blastocysts). Each sample is compared to mESCs and p values are calculated with 1 

the two-tailed Student’s t-test. 2 

(H) The upper panels show heatmaps of normalized interaction frequencies at 500-kb resolution 3 

on chromosome 17 in mouse embryos at the early 2-cell, late 2-cell and inner cell mass (ICM) 4 

stages. The lower panels show comparisons of the contact frequencies between Late 2-cell and 5 

Early 2-cell (left), and ICM and Early 2-cell (right). Genomic densities of B1 and L1 repeats are 6 

also shown. 7 

  8 

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 October 13, 2019. ; https://doi.org/10.1101/802173doi: bioRxiv preprint 

https://doi.org/10.1101/802173


32 

 

Figure 4. Repeat RNA and transcription promote the spatial segregation of L1 and B1 1 

compartments. 2 

(A) Developmental analysis of embryos microinjected with scramble or L1 AMO (left) or with 3 

scramble or two different B1 ASOs (ASO-1 and ASO-2) (right) at the zygote stage. N, number 4 

of embryos analyzed. 5 

(B) Embryos depleted of L1 RNA by AMO show poorer L1/B1 segregation, as indicated by 6 

significantly lower L1/B1 segregation indexes compared to the scramble AMO control and 7 

noninjected late 2-cell embryos. Each dot represents an embryo analyzed. Black and grey dots 8 

represent injected and noninjected embryos, respectively. Data were collected from three 9 

independent experiments. p values are calculated with the two-tailed Student’s t-test. 10 

(C) and (D) DNA FISH analysis of L1 (green) and B1 (red) repeats in mESCs treated with 11 

transcription inhibitors for 3 hours. Representative images and the scatterplot of the segregation 12 

index of L1 and B1 DNA are shown in (C) and (D), respectively. DMSO: mock control; DRB 13 

(100 μM): inhibits the release and elongation of Pol II; ActD (1 μg/ml): inhibits both Pol I and 14 

II. Both drug treatments disrupt the perinucleolar staining of L1 DNA and induce mixing of the 15 

L1 and B1 DNA signals. Treatment with ActD elicits a stronger mixing effect than DRB.  16 

(E) and (F) DNA FISH analysis of L1 (green) and B1 (red) repeats in mESCs transfected with 17 

scramble AMO for 36 hours, or L1 AMO for 12 hours and 36 hours, or treated with the drug 18 

AZT for 12 hours. Representative images and the scatterplot of the segregation index of L1 and 19 

B1 DNA are shown in (E) and (F), respectively.  20 

All scale bars, 5 μm. N, number of nuclei analyzed. Data are presented as mean ± SD (two 21 

independent experiments), and p values are calculated with two-tailed Student’s t-test.  22 

 23 
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Figure 5. L1 RNA is required for the formation and maintenance of higher-order chromatin 1 

structure. 2 

(A-B) Hi-C analysis of mESCs treated with scramble control (SCR) and L1 AMOs for 36 hours. 3 

Two independent experiments of AMO transfection followed by Hi-C were performed. Panel A 4 

shows Hi-C heatmaps of contact frequencies for SCR and L1 AMO (panel i) and the comparison 5 

of contact frequencies (panel ii) between scramble and L1 AMOs [log2(SCR/L1)]. The whole 6 

of chromosome 17 (chr17) is shown on the left (at 500-kb resolution) and the boxed sub-region 7 

(18-60 Mb) of chr17 is shown enlarged on the right. To better orient the visualization and 8 

comparison of these three sub-region heatmaps, representative homotypic interactions (ce, DF, 9 

and eg) are labeled with black boxes in the right panels. Relevant B1- and L1-enriched 10 

compartments are labeled as in Figure 1. Panel B shows a boxplot comparing the Hi-C-based 11 

segregation indexes. L1 AMO led to decreased ratios of homotypic interaction versus 12 

heterotypic interaction between L1-rich and B1-rich regions compared to SCR AMO. The p 13 

value was calculated by the two-tailed Student’s t-test.  14 

(C) Schematic representation of compartmental interactions before and after depletion of L1 RNA 15 

based on Hi-C data shown in the panel (A). The control mESCs show strong homotypic 16 

interactions (indicated by blue solid lines), whereas L1-depleted cells show weakened 17 

homotypic interactions (dotted blue lines) and abnormal increases of heterotypic interactions 18 

(indicated by brown solid lines).  19 

  20 
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Figure 6. L1 RNA is required for spatial segregation of L1 and B1 compartments. 1 

Oligopaint DNA FISH analysis of four representative loci before and after depletion of L1 RNA 2 

for 36 hours in mESCs. (A) Scheme of relative chromosomal localizations and spatial distances 3 

of the four compartments labeled by Oligopaint DNA FISH probes. B1-enriched domain: F. L1-4 

enriched domains: e, g, and q. Representative images and quantification of the spatial distances 5 

between two labeled compartments are shown in panels (B) and (C), respectively. Each dot in 6 

panel (C) represents a nucleus. In cells treated with L1 AMO, the median distance between the 7 

two B1 and L1 compartments e and F is significantly decreased compared to the control, while the 8 

median distance between the two L1 compartments g and q is significantly increased. Data are 9 

presented as mean ± SD. N, number of nuclei analyzed. p values are calculated by the two-tailed 10 

Student’s t-test. Scale bars, 5 μm. 11 
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Figure 7. L1 RNA binds to its own DNA and promotes the phase separation of HP1α. 1 

(A)  Genome browser view of mouse chr17: 18 - 60 Mb (left) and chr19: 3 - 12 Mb (right). The 2 

first five rows show the genomic density of B1 repeats, B1-related sequencing data (ChIRP-3 

seq signals of Malat1, ChIP-seq signals of Pol II, and H3K27ac), and RNA-seq in mESCs. The 4 

lower tracks show the genomic density of L1 repeats (highlighted by beige shading) and L1-5 

related sequencing data, including ChIRP-seq signals of L1 RNA, ChIP-seq signals of HP1α 6 

and H3K9me3. Refseq gene annotations are also included.  7 

(B) Biotinylated L1 RNA pulls down recombinant HP1α protein. Reactions without addition of L1 8 

RNA were served as mock control. 9 

(C) Representative images of droplet formation at different concentrations of HP1α protein and L1 10 

RNA. Concentrations of HP1α and RNA are indicated at the top and left of the images, 11 

respectively. Scale bars, 10 μm. Data are representative of 3 independent experiments. 12 

(D) The model. First, the intrinsic self-assembly property of L1 and B1/Alu repeats provides 13 

numerous nucleation points to seed the formation of nuclear subdomains. Repetitive DNA 14 

sequences also serve as anchor sites for transcription machinery, regulatory proteins and RNAs. 15 

Second, the embedded structural information in DNA repeats may be translated by their RNA 16 

transcripts, together with interacting DNA and/or RNA-binding proteins. Molecular crowding 17 

generated by interactions among DNA sequences, RNAs, and proteins in subnuclear domains 18 

seeded by individual clusters of L1 or B1/Alu, may drive the aggregation of compartments 19 

containing the same repeat type through a phase-separation mechanism, which consequently 20 

folds the genome. Third, the nuclear segregation of L1-enriched B compartments and B1/Alu-21 

enriched A compartments may be further reinforced by attaching their DNA sequences to 22 

subnuclear structures such as nuclear speckles and the nucleolus, respectively, which serve as 23 

scaffolds to stabilize the nuclear architecture. 24 
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