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SUMMARY

Repetitive elements are abundantly distributed in
mammalian genomes. Here, we reveal a striking as-
sociation between repeat subtypes and gene func-
tion. SINE, L1, and low-complexity repeats demar-
cate distinct functional categories of genes and
may dictate the time and level of gene expression
by providing binding sites for different regulatory
proteins. Importantly, imaging and sequencing anal-
ysis show that L1 repeats sequester a large set of
genes with specialized functions in nucleolus- and
lamina-associated inactive domains that are
depleted of SINE repeats. In addition, L1 transcripts
bind extensively to its DNA in embryonic stem cells
(ESCs). Depletion of L1 RNA in ESCs leads to reloca-
tion of L1-enriched chromosomal segments from
inactive domains to the nuclear interior and de-
repression of L1-associated genes. These results
demonstrate a role of L1 DNA and RNA in gene
silencing and suggest a general theme of genomic
repeats in orchestrating the function, regulation,
and expression of their host genes.

INTRODUCTION

Repetitive sequences, comprising transposable elements and

simple repeats, constitute up to 45% of the genome in mouse

and 50%–70% in human (Biémont, 2010; de Koning et al.,

2011). On the basis of transposition mechanisms, transposable

elements can be divided into DNA transposons and retrotrans-

posons. The latter are predominant in most mammals and can

be further divided into long terminal repeat (LTR)-containing

endogenous retrovirus (ERV) transposons and non-LTR trans-

posons (including short interspersed nuclear elements [SINEs]

and long interspersed nuclear elements [LINEs]) (Rebollo et al.,
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2012). The most abundant subclass of SINEs comprises pri-

mate-specific Alu elements in human and the closely related

B1 repeats in mouse, which are �300 nt in length and more

abundant in GC-rich DNA. Mice and humans have up to 0.6

million and 1.4 million copies, respectively, of these repeats,

which constitute about 2.7% or 10.6% of the genomic DNA

(Lander et al., 2001; Waterston et al., 2002). Long interspersed

element-1 (LINE1 or L1), which are 6–7 kb in length and abundant

in AT-rich DNA, constitute 19% and 17% (0.9 million to 1.0

million copies) of the genome inmouse and human, respectively,

and make up the largest proportion of transposable element-

derived sequences (Taylor et al., 2013).

Repetitive elements were once regarded as junk or ‘‘parasite’’

DNA (Doolittle and Sapienza, 1980; Orgel and Crick, 1980), but

increasing lines of evidence have gradually revised and

expanded our understanding of genomic repeats and how they

influence mammalian genomes. Genomic repeats may influence

host gene expression at both transcriptional and post-transcrip-

tional levels through cis and trans mechanisms and participate

in the regulation of diverse biological and pathological processes

(Boeva, 2016; Bourque et al., 2008; Carrieri et al., 2012; Chuong

et al., 2016; Durruthy-Durruthy et al., 2016; Grow et al., 2015; Ku-

narso et al., 2010; Lynch et al., 2011; Muotri et al., 2010). For

example, short tandem repeats contribute to gene expression

variations and the genetic architecture of quantitative human

traits (Gymrek et al., 2016, 2017). ERV1 and HERVH harbor

DNA binding sites for the transcription factors POU5F1, NANOG,

and STAT1 and have been implicated in stem cell pluripotency

and innate immunity (Chuong et al., 2016; Kunarso et al.,

2010). SINE repeats carry new binding sites for CTCF and may

serve as boundary elements to influence chromatin structure

and transcription (Lunyak et al., 2007; Schmidt et al., 2012). L1

repeats regulate global chromatin accessibility at the beginning

of development, and embryos are arrested at the two-cell stage

if L1 activation and silencing are disrupted (Jachowicz et al.,

2017). In mouse embryonic stem cells (ESCs), L1 RNA facilitates

the binding of nucleolin (NCL) and the nuclear corepressor

KRAB-associated protein-1 (KAP1 or TRIM28) to ribosomal
r(s).
creativecommons.org/licenses/by-nc-nd/4.0/).
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DNA (rDNA) and DUX gene loci to promote rRNA transcription or

to repress a transcriptional program specific to the two-cell em-

bryo, respectively (Percharde et al., 2018). Because knockout of

DUX causes minor defects in zygotic genome activation (ZGA)

and is compatible with mouse development (Chen and Zhang,

2019), we speculate a more extensive role of L1 repeats beyond

regulation of DUX gene.

Despite these initial findings, our current knowledge of how

repetitive sequences shape the structure and function of the

genome is still limited. The extent to which the function of

genomic repeats can be generalized regardless of biological

context is poorly understood. Delineation of the roles of individ-

ual repeat subfamilies in gene regulation is still lacking. Here, we

conducted a comprehensive and quantitative analysis of diverse

repeat subclasses in mouse and human genomes and revealed

a striking association of genic repeats with the function, regula-

tion, and expression of their host genes. Importantly, we demon-

strate a key role of L1 RNA in transacting L1 DNA information

and in sequestering a large set of genes that are specialized in

functions associated with terminally differentiated cells, in the

heterochromatic nucleolar and nuclear peripheries for transcrip-

tional silencing in ESCs. These results reveal a general theme of

repeat sequences in shaping gene regulatory networks within

their host genome.

RESULTS

Non-random Distribution of Repetitive Elements
We surveyed the mouse and human genomes and found that

significant proportions (�21%–73%) of individual repeat sub-

classes reside near a gene, which often harbors several sub-

classes of repeats at different frequencies. More than 72% of

B1/Alu and 42%–59% of L1 repeats are positioned within ±10

kb of a gene in human and mouse and 59% of B1/Alu and

32%–48% of L1 within ±2 kb of a gene (Figures 1A, S1A, and

S1B). In the example of the four genes encoding the proteins

RPS15 (a ribosomal protein), OLFR441 (an olfactory receptor),

FGF5 (a transcription factor), and ZFP72 (a zinc finger protein),

they have drastically different repeat compositions (Figure 1B).

Although they all contain SINEs in their promoters, it is clear

that these four genes harboring fewer or a cluster of SINE ele-
Figure 1. Genic Repeats Categorize Gene Function

(A) Percentage of repeats located within 10 kb of GENCODE-annotated genes in

(B) Genome Browser tracks of mouse RepeatMasker at representative loci. The S

FGF5 (9%), and ZFP72 (7%). RPS15 is depleted of LINE repeats, while OLFR441

regions. Simple and low-complexity repeats are sprinkled across the FGF5 gen

RPS15,OLFR441, FGF5, and ZFP72 as SINE-, L1-, low-complexity repeat-, and s

of genic repeats in (E).

(C) The distribution of genic repeats in mouse. Each row presents a repeat su

enrichment (p < 2.2E-130) in promoters and 1.9-fold (p < 2.3E-200) in introns of

lncRNA than mRNA genes (p < 3.5E-202). L1 is �2.4-fold depleted from genic re

(D) Cumulative distribution curves (CDC) for GO analysis of mouse gene clusters g

of random gene sets (in blue). With a p value of 1E-3 as the cutoff (indicated by the

patterns are enriched in specific functional terms, in sharp contrast to <10% of the

indicate that genes with similar repeat patterns tend to share similar biological fu

(E) Heatmaps depicting relative repeat content for genes (rows) across different

middle panel: low-complexity repeat-enriched genes; bottom panel: L1-enriched

cluster of satellite repeat-enriched genes is shown in Figure S3A.

(F) GO analysis of genes with specific repeat patterns defined in (E).
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ments belong to distinct functional categories. This observation

suggests that the simple definition of a gene as ‘‘repeat contain-

ing’’ would obscure potential regulatory differences that are

conferred by different repeat subclasses.

Heatmap plotting of repeat content in genic regions (±2 kb of a

gene) revealed differential distributions of various repeats in

mouse and human genomes (Figures 1C, S1C, and S1D). First,

SINEs are highly enriched in mRNA genes compared with long

non-coding RNAs (lncRNAs) in regulatory regions, including

‘‘promoter,’’ ‘‘intron,’’ and ‘‘downstream’’ (highlighted with the

pink box). Second, L1 appears to be more enriched in the

genome background than genic regions. Third, lncRNAs have

a higher content of ERVs in exons and downstream regions

compared with mRNA genes (highlighted with the orange box),

consistent with a previous report (Kelley and Rinn, 2012). Fourth,

low-complexity and simple repeats are strongly enriched in the

promoters of mRNA and lncRNA genes, while low-complexity

sequences are also enriched in the 50 UTRs of mRNAs (high-

lighted with the green box). Fifth, satellite repeats are the only

repeat subclass that is strongly enriched in the CDS of mouse

mRNAs. These observations indicate a non-random distribution

of genic repeats in mouse and human genomes and suggest

a potential link between repeat features and functions of

repeat-containing host genes.

Genic Repeats Categorize Gene Function
To further explore how repeat composition and distribution

are related to gene function, we calculated the DNA content

for each of 14 repeat subclasses that fall into six genic

regions for 22,432 protein-coding genes in mouse (Figure S2).

Genes that were grouped by their repeat features are more

likely to be enriched in particular functions than random groups

(Figures 1D and S1D). Hierarchical clustering revealed four

prominent clusters of genes that harbor distinct repeat sub-

types (Figures 1E and S3A): (1) a set of 2,041 genes that are en-

riched in SINE repeats (B1, B2, and B4) in regulatory regions

(designated as ‘‘SINE-enriched genes’’); (2) a set of 1,480 genes

enriched in L1 in regulatory regions (designated as ‘‘L1-en-

riched genes’’); (3) a set of 2,439 genes enriched in low-

complexity sequences in the promoters, 50 UTR, and CDS re-

gions and enriched in simple repeats in the 50 UTR and CDS
human and mouse.

INE content in RPS15 (46%) is�5- to 7-fold higher than that of OLFR441 (8%),

is flanked by large stretches (�30%) of LINEs in the promoter and downstream

e. The last exon of ZFP72 largely overlaps with satellite repeats. We defined

atellite-enriched genes, respectively, on the basis of quantitative classification

bfamily and each column presents specific genic region. B1 shows 1.6-fold

mRNA genes compared with lncRNAs. ERV1 shows 14.9-fold enrichment in

gions compared with genome background (p < 1.6E-287).

enerated by hierarchical clustering of genic repeat features (in red) and for that

dotted vertical line),�70% of the gene clusters generated by their genic repeat

random gene sets. Differential cumulative distributions (Wilcoxon p = 2.7E-71)

nction.

genic regions (columns) in specific clusters. Top panel: SINE-enriched genes;

genes. Red arrows indicate the dominant repeat subfamilies in the cluster. The



(designated as ‘‘low-complexity repeat-enriched genes’’); and

(4) a set of 383 genes enriched in satellite repeats in the CDS

and 30 UTR regions (designated as ‘‘satellite repeat-enriched

genes’’) (Table S1).

Interestingly, Gene Ontology (GO) analysis revealed that

distinct functional terms are enriched in these four clusters

of genes (Figures 1F and S3B). SINE-enriched genes are

significantly enriched in RNA-related ‘‘housekeeping’’ func-

tions, including ribosome, translation, nucleolus, and RNA

binding and processing. By contrast, L1-enriched genes are

strongly enriched in specialized functions, including olfactory,

vomeronasal, and pheromone receptor activities, immuno-

globulin function, and retinol metabolism, which tend to be

expressed in terminally differentiated cells. In comparison,

low-complexity repeat-enriched genes are highly enriched

in transcription regulation and developmental processes.

Developmental and tissue-specific transcription factors are

known to harbor CpG islands or GC-rich low-complexity se-

quences in their promoters (Mendenhall et al., 2010). Notably,

satellite repeat-enriched genes mainly encode KRAB-contain-

ing and zinc finger transcription factors, which have been

implicated in suppressing newly emerged retrotransposons

(Jacobs et al., 2014; Thomas and Schneider, 2011). The posi-

tion of satellite repeats in these genes largely overlaps with

DNA sequences that encode the zinc-finger domain (Figures

S3C and S3D), implying that endogenous satellite repeats

might have been evolved to defense exogenous repetitive el-

ements like retrotransposon.

Repetitive Elements Are Targeted by Different Classes
of Regulators
The strong correlations between repeat content and gene

function prompted us to ask whether and how repetitive ele-

ments coordinate the expression of genes with similar functions

and repeat contents. A previous study of a handful of transcrip-

tion factors has suggested that transposable elements carry

DNA binding sites (Sundaram et al., 2014). To achieve a compre-

hensive view of repeat-mediated transcription and chromatin

control, we collected a large set of 1,000 published ChIP-

seq (chromatin immunoprecipitation followed by sequencing)

datasets, covering 218 factors in 85 human cell lines and

tissues (Figure 2A; Table S2). Our analysis showed that genomic

repeats contribute extensively to the DNA binding sites for many

regulatory proteins.

Many transcription and chromatin regulators exhibit specific

binding activities toward particular subclasses of repeats,

although a subset of general factors, such as CTCF, RAD21,

MYC, and KDM5A, bind to multiple repeat subfamilies. In partic-

ular, Alu repeats show highly enriched occupancy by proteins

involved in active transcription, including the RNA polymerase

(Pol) II and III subunits POLR2A and POLR3A and the general

transcription factors GTF3C2 and CEBPB (Figures 2A and 2B).

In contrast, L1 repeats associate with chromatin regulators

involved in gene silencing, heterochromatin formation, and

maintenance. This list includes KAP1 (TRIM28); SETDB1, a his-

tone methyltransferase that catalyzes histone H3 lysine 9 tri-

methylation (H3K9me3); the heterochromatin protein HP1a,

which recognizes H3K9me3 and mediates silencing; and
ZNF84, a member of the family of KRAB zinc-finger transcrip-

tional repressors. In comparison, ERV repeats are specifically

targeted by the pluripotency regulators POU5F1 and NANOG,

and low-complexity and simple repeats exhibit enriched binding

of the polycomb repressive complex 2 (PRC2) components

EZH2 and SUZ12, which are consistent with previous reports

(Kunarso et al., 2010; Mendenhall et al., 2010). Notably, signifi-

cant proportions of the ChIP targets of individual proteins fall

into repetitive elements. For example, 48% of the DNA binding

sites of SETDB1 (in HEK293) and 47% of KAP1 and 23% of

HP1a sites (in K562 cells) overlap with L1 repeats, and 65% of

the GTF3C2 sites (in K562 cells) and �39% of the POLR2A sites

(in GM12891) overlap with Alu repeats. Among the above repeat-

associated ChIP target sites, large portions reside in genic re-

gions, for example, 42%–49% for L1 and >50% for Alu (including

9%–19% in gene promoters and 36%–48% in the introns).

In mouse ESCs, SINE-enriched, L1-enriched, and low-

complexity repeat-enriched genes also exhibit specific enrich-

ment for the binding of total Pol II, KAP1, and EZH2, respec-

tively (Figures 2C and S4A); vice versa, KAP1-targeted genes

show significantly higher levels of L1 repeats than genes tar-

geted by Pol II and EZH2, which contain more SINE B1 and

low-complexity repeats, respectively (Figure S4B). These ob-

servations indicate that different subfamilies of repeats harbor

extensive yet distinct cis-regulatory DNA elements that can

be targeted by different sets of transcription and chromatin reg-

ulators with either active or repressive roles on chromatin,

which further suggests a potential role of repeat DNA in coordi-

nating the transcription of genes that harbor similar repeat

features.

Orchestrated Activation of Repeats and Repeat-
Associated Genes in Early Embryogenesis
During early embryogenesis, extensive transcriptional and

epigenetic reprogramming occurs after fertilization, providing

an ideal developmental paradigm to study repeat-associated

gene activation and epigenetic changes (Zhang et al., 2016).

We first analyzed chromatin accessibility in embryonic cells

from early two-cell embryos, through the pluripotent inner cell

mass (ICM) and ESCs that are derived from the ICM of blasto-

cysts, to lineage-committed progenitor cells, on the basis of

published ATAC-seq (assay for transposase-accessible chro-

matin followed by sequencing) and DNA hypersensitivity profiles

(ENCODE Project Consortium, 2012; Wu et al., 2016). Chromatin

regions that harbor SINEs are most accessible at the late two-

cell stage and least accessible in lineage-committed cells; how-

ever, in lineage-committed cells, SINEs remain notably more

open than the L1 and ERV subfamilies (Figure 3A). Following

the initial activation of SINE repeats, chromatin regions with

embedded low-complexity sequences become accessible and

exhibit the highest level of opening in lineage-committed cells.

In contrast, L1-containing genomic sequences remain inacces-

sible in these embryonic cells.

Next, we performed expression analysis of early embryonic

cells (Wu et al., 2016; Yin et al., 2015). Consistent with the

sequential chromatin opening of SINEs and low-complexity re-

peats, their associated genes are sequentially activated during

early embryonic development (Figure 3B). For example, a
Cell Reports 30, 3296–3311, March 10, 2020 3299
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Figure 2. Repetitive Elements Are Targeted

by Different Classes of Chromatin and Tran-

scription Regulators

(A) Heatmap of chromatin binding preference for

transcription factors and chromatin remodelers

(rows) across different repeat subfamilies (columns).

Representative proteins enriched in each repeat

subfamily are shown at the right. Relative occu-

pancy: Z score normalization of peak percentages in

different repeat subfamilies.

(B) ChIP-seq tracks of representative loci. (i) ChIP-

seq signals of POLR2A (GM12891), GTF3C2 (HeLa),

and POLR3A (HeLa) at two Alu-rich gene loci with

RNA metabolism-related functions (RPL37A and

EXOSC3). (ii) ChIP-seq signals of SETDB1 (HEK293),

HP1a (K562), and KAP1 (K562) at two gene loci with

specialized functions (OR52N2 and IGLV3-27).

Transcription direction is indicated by gray arrows.

(C) Metagene analysis showing differential binding

activities of total Pol II (1), EZH2 (2), and KAP1 (3) at

SINE-, low-complexity-, and L1-enriched genes in

mouse ESCs. We show the largest p value between

the gene set with the highest ChIP-seq signals and

either of the other two gene sets by two-tailed Stu-

dent’s t test in each panel. The shadow around each

line represents the standard error.
SINE-enriched ribosomal gene RPL39 and a low-complexity

repeat-enriched transcription factor gene SOX9 show coordi-

nated chromatin opening and transcription activation at different

embryonic stages (Figure 3C). We defined a cluster of 2,358

genes that are first activated during ZGA at the two-cell stage

and show peak expression at the eight-cell stage, as ZGA genes.

These genes are highly enriched in SINE-related functional

terms, including RNA processing and ribosomal biogenesis. In

comparison, a cluster of 1,184 genes that are enriched in devel-

opmental regulators and transcription factors (designated as

developmental genes) are not activated until later in lineage-

committed cells, including mesoderm and neural progenitor

cells. Notably, the set of ZGA genes exhibit a significantly higher

SINE content than the set of developmental genes, which
3300 Cell Reports 30, 3296–3311, March 10, 2020
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contain more low-complexity repeats (Fig-

ure 3D). The ZGA and developmental

gene sets are both depleted of L1 repeats

(Figure S5A).

L1-Enriched Genes Are Sequestered
in Nucleolus- and Lamina-
Associated Inactive Domains
In ESCs, genes associated with different

subfamilies of repeats are also expressed

at different levels, congruent with coordi-

nated chromatin opening and gene expres-

sion in early embryogenesis (Figure S5B).

As the nuclear localization of a gene often

influences its expression (Dekker et al.,

2017), we then sought to visualize the

nuclear location of L1 and SINEB1 repeats,

the two predominant subfamilies of
retrotransposons in most mammals (Mandal and Kazazia

2008). We performed DNA fluorescence in situ hybridizati

(FISH) using fluorescence-tagged oligonucleotide probes th

specifically target the consensus sequences of B1 and L1 e

ments in ESCs. Interestingly, L1 repeats show highly organize

strong signals surrounding the nucleolus and in the nuclear p

riphery (Figure 4A). In contrast, B1 DNA signals are prese

mainly in the nuclear interior and show no overlap with L1 DN

signals. The opposing yet complementary localizations of B

and L1 DNA in the nuclear space mirror the spatial organizati

of active and repressive nuclear compartments (Buchwalt

et al., 2019) and support distinct expression of SINE- and L1-e

riched genes that are either highly expressed or mostly silenc

in ESCs, respectively (Figure S5B).
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Figure 3. Orchestrated Activation of SINE and Low-Complexity Repeats Togetherwith Their EnrichedGenes during Embryonic Development

(A) Heatmap showing the enrichment of repeat subfamilies in accessible chromatin sites during early embryonic development stages or in cell lines. Enrichments

are shown as ratios, calculated by dividing the number of observed peaks that overlap with repeats by the number for random genomic regions. Early-i, early two-

cell embryos developed from zygotes treated with the transcription inhibitor a-amanitin. endo, endoderm; meso, mesoderm; NPC, neural progenitor cell.

(B) Heatmap showing relative gene expression patterns during early embryonic development and ESC differentiation. Genes are divided into four sets according

to their expression pattern. Enriched GO terms are shown at the right. Relative expression: Z score normalization of fragments per kilobase million reads (FPKM).

ME, mesendoderm; NPC, neural progenitor cell; NSC, neural stem cell.

(C) Signals of RNA-seq and chromatin accessibility at the SINE-enriched ribosomal gene RPL39 and the low-complexity repeat-enriched transcription factor

gene SOX9.

(D) The densities of SINE and low-complexity repeats around the ZGA and developmental gene sets identified in (B). p values are calculated using two-tailed

Student’s t test.
The nucleolus is the site in which rRNA synthesis and ribo-

somal biogenesis occur (O’Sullivan et al., 2013). Except for

rDNA, the DNA content in the nucleolus is largely unknown in

ESCs. We isolated the nucleoli from ESCs and performed

DNA sequencing (Figures 4B and 4C). As expected, strong

nucleolar DNA signals were detected at the 45S rDNA locus

but not in ESCs treated with transcription inhibitors (Figures
4B and S6A), which effectively disrupted the nucleolar structure

and served as the negative controls for nucleolar isolation.

We identified a total of 424 nucleolus-associated domains

(NADs) with sizes in the range of 0.1–5 Mb, which together

constitute �7.5% of the mouse genome, in ESCs. Notably,

60% of chromosome 19 (chr19), 34% of chr18, and 29% of

chr12 were detected in the NADs (Figure S6B). Consistently,
Cell Reports 30, 3296–3311, March 10, 2020 3301
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these three chromosomes were previously reported to

assemble around the nucleolus, on the basis of genome-wide

mapping of higher order chromosomal interaction hubs (Quino-

doz et al., 2018).

We also analyzed the published sequencing data of DNA

regions that are associated with the nuclear lamina, which

lies underneath the inner nuclear membrane, representing a

major structural element for genome organization inside the

nucleus (Peric-Hupkes et al., 2010). ESCs contain �1,180 lam-

ina-associated domains (LADs), ranging in size from 40 kb to

15 Mb and covering �40% of the genome. Both LADs and

NADs contain significantly higher levels of L1 (1.6- to 2.3-

fold, p < 3.8E-09) compared with random genomic regions

and are depleted of SINEs (Figure 4D). This result corrobo-

rates the peri-nuclear and nucleolar staining pattern of L1 as

revealed by DNA FISH. In addition, 59% of L1-enriched genes

(875 of 1,480) were detected in NADs and/or LADs, in sharp

contrast to only 2.5% of SINE-enriched genes (52 of 2,041)

(Figure 4E).

About 42% of DNA sequences in NADs overlap with those in

LADs. In total, 4,686 non-redundant mRNA genes were detected

in NADs and/or LADs (defined as ‘‘NAD/LAD-associated

genes’’), and 528 geneswere present in both domains (Figure 4F;

Table S3). This result is consistent with previously reported ob-

servations that some NADs are located near the nuclear lamina

and that nucleolus- and lamina-associated loci switch positions

after mitosis (Kind et al., 2013; van Steensel and Belmont, 2017).

Similar to L1-enriched genes, NAD- and LAD-associated genes

are also enriched in highly specialized functions (Figures 4F and

S6C). Interestingly, these specialized genes with similar func-

tions (e.g., olfactory genes) are often in genomic juxtaposition

to form large gene clusters that extensively overlap with L1

but not B1 repeats; examples are shown in Figure 4G and

Figure S6D. Furthermore, compared with the genome back-

ground, the NADs and LADs are significantly depleted (4- to

60-fold, p < E-10) of Pol II and active histone modifications

(Figure 4H) but are enriched in silencing H3K9me2 and

H4K20me3 marks that are associated with heterochromatin

(Kidder et al., 2017). Accordingly, NAD- and LAD-associated

genes are transcriptionally repressed in ESCs (Figure S6E).

Together, imaging and sequencing-based analyses demon-

strate that L1-enriched genes are silenced and sequestered in

the inactive NADs and LADs in ESCs.
Figure 4. L1-Enriched Genes Are Sequestered in Inactive Domains in E

(A) Representative images of endogenous SINE B1 (red) and L1 (green) repeats

(B) Representative electron microscopy (EM) images of ESCs treated with DMSO

arrows) were shrunk and fragmented in DRB or ActD-treated cells. Scale bars, 2 mm

the release and elongation of Pol II; ActD (actinomycin D, 1 mg/mL, 2 h) inhibits b

(C) Summary diagram of nucleolar DNA-seq. See STAR Methods for more detai

(D) Genomic contents of repeat elements in NADs and LADs. Fold enrichments o

(E) Bar chart showing the percentage of repeat-enriched genes (defined in Figur

(F) NAD/LAD-associated genes. The top Venn diagram shows genes that were de

Bottom panel: GO analysis of the 528 genes that overlap between NADs and LA

(G) Tracks of genomic regions containing clusters of genes located in both NADs/L

and L1 repeats, nucleolar DNA-seq signals, annotated NAD/LAD, ChIRP-seq of L

shown at the bottom, the number of genes involved in the indicated function an

forward slash, respectively.

(H) Chromatin features of NADs and LADs.
L1 RNA Binds to L1 DNA Sequences
The strikingly high genomic content and distinct localization of

L1 repeats in heterochromatin domains led us to further explore

a functional link of L1 RNA in mediating L1 DNA function in gene

regulation. To reveal genome-wide DNA targets of L1 RNA, we

performed chromatin isolation by RNA purification followed

sequencing (ChIRP-seq) (Figure 5A). L1 ChIRP specifically

captured L1 subfamilies of repeats at both the RNA and

DNA levels, including L1Md-A, L1-Gf, and L1-Tf, but not the

lncRNAs Malat1 and Neat1 (Figures S6F and S6G), confirming

the efficiency and specificity of L1 pull-down.

L1 ChIRP-seq revealed 24,666 L1-binding sites, of which

92.0% fall into L1 DNA loci and 68.3% are present in NADs or/

and LADs (Figures S6H and S6I). L1-binding sites are positioned

closer to L1-enriched genes, with a median distance of �7 kb,

but far away from SINE-enriched genes (378 kb median dis-

tance) and low-complexity repeat-enriched genes (166 kb me-

dian distance) (Figure 5B). We defined the set of �2,397 genes

that are located within 2 kb of L1 RNA-binding sites as ‘‘L1-

ChIRP genes’’ (Table S4). L1-ChIRP genes show significant

overlap (observed/expected = 2.6–3.5, p < 1.1E-172; Figure 5C)

with the sets of NAD/LAD-associated genes (Figure 4F) and

L1-enriched genes (Figure 1E). The strong binding preference

of L1 transcripts to L1 DNA sequences suggests a role of L1

RNA to facilitate the function of its own DNA in regulating gene

expression. Intriguingly, L1 transcripts are extremely unstable,

with a half-life of approximately 40 min in ESCs (Figure 5D),

implying that L1 RNA may act at the sites where it is transcribed.

Depletion of L1 RNA Alters Nuclear Localizations of L1-
Rich DNA Sequences
Next, we sought to ask whether L1 RNA regulates the nuclear

localization of its targets. We chose a 1.4 Mb L1-rich genomic

region (chr17: 54.3–55.7 Mb) that show high levels of L1

ChIRP-seq signals for direct visualization by Oligopaint DNA

FISH (Figure 5E). To mark the nucleolus, we co-stained ESCs

with an antibody against NCL. Indeed, most cells show two

strong signal spots of this L1-rich DNA segment at the nuclear

and nucleolar peripheries (Figure 5F). We then depleted L1

transcripts by using the same morpholino antisense oligonucle-

otides (ASO) as we reported previously (Percharde et al., 2018).

In ESCs treated with L1 ASO, this L1-rich region appears to be

relocated from the nuclear membrane and the nucleolus into
SCs

in ESCs by DNA FISH. DAPI (blue); all scale bars, 5 mm.

(mock) and the transcriptional inhibitors DRB and ActD. Nucleoli (indicated by

. DRB (5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole, 25 mM, 2 h) inhibits

oth Pol I and II.

l.

f individual repeats were compared with random genomic regions.

e 1E) that are located in NADs, LADs, or both domains in ESCs.

tected in NADs and/or LADs. p < 5.2E-82 by exact hypergeometric probability.

Ds. All p values for each enriched term shown are <10E-5.

ADs (left), NADs only (middle), and LADs only (right). The genomic density of B1

1 RNA and Malat1, and Pol II ChIP-seq in ESCs are shown. For gene clusters

d the total number of genes in each cluster are indicated before and after the
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the nuclear interior (Figure 5F). Significantly fewer L1 ASO-

treated ESCs showed proper LAD/NAD localizations (43%

versus 80% of cells), compared with control ESCs transfected

with a control ASO that is reverse complementary to the L1

ASO (Figure 5G). Thus, depletion of L1 RNA led to detachment

of a representative L1-rich DNA segment from LADs and NADs

into the nuclear interior, indicating an active role of L1 RNA in

sequestering its target sequences into inactive domains.

L1 RNA Represses L1-Associated Genes with
Interacting Proteins
L1-associated genes are transcriptionally silenced in ESCs (Fig-

ures S5B and S6E). Our analysis of the published RNA

sequencing (RNA-seq) data from ESCs treated with L1 ASO

(Percharde et al., 2018) revealed de-repression of �1,414 L1-

associated genes compared with control ESCs (Figures 6A,

6B, and S6J). For example, upon L1 ASO, the immunoglobulin

gene IGHV3-3 and the olfactory gene OLFR376, two L1-ChIRP

targets, were upregulated 30- and 8.5-fold (p < 0.01), respec-

tively (Figure 6C). These are still low levels of expression of these

genes relative to the differentiated cells in which they function,

perhaps due to the lack of specific transcriptional activators;

however, their coordinate de-repression in L1 knockdown

ESCs is notable. Most of �1,414 upregulated L1-associated

genes are the DNA targets of L1 RNA and exhibit higher L1-

repeat contents (Figures 6B and S6K). In contrast, L1 depletion

led to globally decreased expression of pluripotency (Figures

6A and 6B) and ribosomal genes in ESCs (Percharde et al.,

2018). Considering predominant binding of L1 RNA at L1-asso-

ciated genes but not at pluripotency and ribosomal genes

(Figures 5A–5C and data not shown), we conjecture that the

pluripotency-related defects likely result from indirect conse-

quences of decreased rRNA transcription due to depletion of

L1 RNA.

L1 DNAs exhibit enriched binding of KAP1, SETDB1, and

HP1a proteins (Figures 2 and S4). It has been reported that L1

RNA binds NCL and promotes chromatin associations of NCL

and KAP1 at DUX and rDNA genes (Percharde et al., 2018). In

addition, NCL and KAP1 interact with each other, and both

were also detected to be present in the protein interactome of

L1 RNA (Peddigari et al., 2013; Percharde et al., 2018). To

explore a role of NCL in regulating L1-associated genes, we per-

formed low-input in situ ChIP of NCL in ESCs. NCL binds

strongly to rDNA, which was attenuated upon depletion of L1

RNA (Figure S7A). Interestingly, NCL preferentially binds to L1
Figure 5. L1 RNA Binds L1 DNA and Sequesters L1-Rich DNA Region

(A) Schematic diagram of L1 ChIRP-seq. See STAR Methods for more detail.

(B) Boxplot showing the distances of L1 RNA binding sites to the nearest repeat-e

using two-tailed Student’s t test.

(C) Venn diagram showing the overlap between L1-enriched genes, NAD/LAD-as

L1-associated genes. p value was calculated by exact hypergeometric probabili

(D) Half-life analysis of L1 RNA by quantitative RT-qPCR in ESCs. The x axis show

shows relative RNA levels of three subtypes of L1 repeats and ACTB to spike-in m

bars represent ± standard deviation of the mean in two independent replicates o

(E) Genomic tracks of a representative locus for Oligopaint FISH (F and G). Geno

shown.

(F and G) Oligopaint DNA FISH of a L1-enriched region (red signals) shown in (E) co

quantification of its nuclear localization in mESC transfected with RC or L1 ASO
DNA sequences compared with other subclasses of repeats

such as B1 and satellite repeats. Depletion of L1 RNA signifi-

cantly reduced the binding of NCL to L1 DNA (Figure 6D). This

result is consistent with the specific enrichment of L1 DNA

in NADs and LADs and suggests that L1 RNA facilitates the

binding of its interacting protein to targeted chromatin.

Next, we asked whether L1 repeat-associated proteins play

a repressive role similar to L1 RNA. We first knocked down

NCL by two short hairpin RNAs (shRNAs) (Figures S7B and

S7C). Interestingly, the expression level of L1-associated genes

was significantly upregulated in NCL-depleted ESCs (Figures 6E

and S7D). Collectively, these data indicate that L1 RNA and NCL

cooperatively regulate transcription silencing of L1-associated

genes. We then analyzed published RNA-seq datasets in ESCs

that were depleted of SETDB1 or lacked KAP1 or genes encod-

ing HP1 protein isoforms (Deniz et al., 2018; Ostapcuk et al.,

2018; Rowe et al., 2013). Knockout of KAP1, knockdown of

SETDB1, and triple knockouts of HP1a, b, and g all led to global

de-repression of L1-associated genes (Figures S7E–S7G).

Knockout of HP1a alone failed to have an effect (Figure S7G),

which is consistent with the reported redundant role of HP1

subfamily members in gene silencing and heterochromatin

formation (Ostapcuk et al., 2018; Yi et al., 2018). Together, these

results illustrate that L1 RNA represses the expression of L1-

associated genes, likely acting together with its interacting

proteins at RNA and/or DNA levels.

DISCUSSION

The effect of genome colonization by repeats on mammalian

gene organization and regulation remains a matter of specula-

tion and controversy. Considering the widespread and diverse

nature of repeats, treating them as an aggregate class without

defining their subtypes and content would underestimate

their potential regulatory differences and functions. In this

study, our quantitative and systematic survey of repeat compo-

sitions for each gene across the genome reveals extensive as-

sociations of repeats with the function, regulation, and expres-

sion of their host genes. In particular, SINE, L1, and low-

complexity repeats demarcate their associated genes into

three major functional categories that are differentially ex-

pressed in distinct developmental stages, probably by recruit-

ing distinct sets of regulators to their genomic sequences

and/or sequestering their associated genes into distinct nu-

clear domains (Figure 7). The combinatory effects of protein
in NADs and LADs

nriched gene. The median distances (kb) are indicated. p values are calculated

sociated genes, and L1-ChIRP genes. Genes in these three sets are termed as

ty.

s hours in log2 scale after inhibition of transcription by DRB (100 mM). The y axis

RNA and to the level of corresponding transcripts prior to DRB treatment. Error

f DRB treatments.

mic contents for B1 and L1 DNA and ChIRP-seq signals of L1 and Malat1 are

mbined with immunofluorescence for NCL (green). Representative images and

are shown in (F) and (G), respectively. DAPI (blue); all scale bars, 5 mm.
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Figure 6. L1 RNA Binds NCL and Represses L1-Associated Genes

(A) Gene set enrichment analysis (GSEA) showing global upregulation of L1-ChIRP genes, NAD/LAD-associated genes, and L1-enriched genes but down-

regulation of ESC-high genes in mESCs transfected with L1 ASO compared with the control RC ASO-treated cells. Normalized enrichment scores (NES) and

nominal p values are shown.

(B) Heatmap of 1,414 upregulated L1-associated genes that were defined as core enrichment genes by GSEA in (A). Pluripotency and ribosomal genes (154) are

included for comparison. Names of representative genes are shown. Relative expression: Z score normalization of FPKM.

(C) Tracks of the IGHV3-3 andOLFR376 regions. L1 andMalat1ChIRP-seq, RepeatMasker annotations of B1 and L1, and RNA-seq of ESCs treatedwith L1 or RC

ASO (three biological replicates shown).

(D) Low-input in situ ChIP-qPCR analysis of NCL in ESCs treated with L1 or RC ASO. Data are shown as fold enrichments to the IgG control. Error bars represent

standard deviation in two independent experiments. p values are calculated using two-tailed Student’s t test. *p < 0.05 and **p < 0.01.

(E) Boxplot showing the expression level of L1-associated genes in NCL-deleted ESCs. p values are calculated using two-tailed Student’s t test.
targeting and nuclear sequestering coordinate the genome-

wide expression of genes harboring similar repeats and also

dictate different levels of gene activity across different repeat

subclasses. Genes enriched in SINEs are more likely to encode

housekeeping proteins related to RNA processing, ribosomal

biogenesis, and nucleolar function; these genes show enrich-

ment of binding sites for factors involved in active transcription,
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and they are first activated during ZGA and are highly ex-

pressed in ESCs. L1-enriched genes tend to produce proteins

with specialized functions in terminally differentiated cells;

they are preferentially targeted by heterochromatin proteins

and epigenetic repressors and are sequestered in repressive

nuclear domains for gene silencing in ESCs. Low-complexity

repeat-enriched genes tend to encode developmental and



Figure 7. A Model Depicting Three Aspects of Repetitive Elements in Categorizing Genes with Distinct Functions for Orchestrated Regu-

lation and Expression

First, SINE, L1, and low-complexity repeats classify genes with distinct functions that are associated with different levels of transcription activity (left panel).

Second, SINE and L1 repeats sequester their enriched genes in distinct active and inactive nuclear domains for coordinated activation or silencing, respectively

(right panel). In particular, L1 RNA binds L1 DNA to facilitate its function in silencing L1-enriched genes that are associated with the inactive NADs and LADs in the

peripheries of the nucleolus and nucleus. Third, temporal activation of repeats and repeat-enriched genes during development and differentiation (bottom panel).

After fertilization and before the blastocyst stage, SINE repeats become active and housekeeping genes related to RNA processing, ribosome biogenesis, and

nucleolus function are highly expressed.When the pluripotent cells in the ICM of the blastocyst or in cultured ESCs differentiate into three embryonic germ layers,

low-complexity repeat-enriched genes, which typically encode developmental transcription factors, are highly expressed. In terminally differentiated cells, L1

repeats and L1-enriched genes become activated. We propose that genomic repeats shape transcription regulatory networks to achieve orchestrated activation

or silencing of genes with distinct functions at specific stages. The activation levels are shown as the degree of color darkness.
tissue-specific transcription factors that are preferentially

targeted by PRC2 for transcriptional poise. Dynamic and

orchestrated chromatin opening of SINE- and low-complexity

repeat-associated sequences, and sequential activation of

their associated genes in early embryonic development, further

support the role of genic repeats in wiring transcription regula-

tory networks to achieve stage-specific activation or silencing

of genes with distinct functions.

Despite drastic differences of L1 and Alu/B1 distributions in

the genome, they both depend on the reverse transcriptase

encoded by L1 ORFs for retrotransposition and share a com-

mon AT-rich insertion site specificity during integration
(Gilbert et al., 2002; Jurka et al., 2004; Wagstaff et al.,

2012). Two recent studies of L1 retrotransposon insertions in

cultured cells revealed that the landscape of endogenous L1

elements differs significantly from that of new insertions,

which appear to broadly target all regions of the human

genome, being insensitive to chromatin state (Flasch et al.,

2019; Sultana et al., 2019). It has been proposed that purifying

selection, rather than biased insertions, reshapes the genomic

distributions of L1 and Alu/B1 after their integration (Graham

and Boissinot, 2006; Pavlı́cek et al., 2001; Sultana et al.,

2019). We speculate that the specific association of gene

and repeat families is so important that during evolution it
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has imposed selective pressures on different classes of re-

peats to accumulate in specific sets of genes, depicting the

co-adaptive trajectories of transposable elements with their

host. Despite detectable expression of L1 ORF1 protein in

ESCs, treatments with antiretroviral drugs that inhibit L1 retro-

transposition did not phenocopy the effects of L1 RNA deple-

tion (Percharde et al., 2018). Inhibition of L1 retrotransposition

also failed to rescue the phenotypes of two-cell arrest and

aberrant chromatin accessibility due to prolonged activation

of L1 (Jachowicz et al., 2017). These reports suggest that

the functional role of L1 in gene and chromatin regulation is

likely independent of its retrotransposition activity.

Imaging and sequencing analyses of ESCs illustrate a

marked effect of spatial nuclear segregation of L1 and B1 re-

peats in sequestering their associated genes in distinct nu-

clear compartments. The predominant localization of L1 re-

peats and L1-associated genes in NADs and LADs that are

depleted of B1 likely contributes in large part to the

genome-wide silencing of L1-associated genes. This notion

is supported by the results that depletion of L1 RNA in ESCs

led to detachment of L1 repeat DNA from NADs and LADs

and global upregulation of L1-associated genes (Figures 5

and 6). In terminally differentiated pro-B cells or sensory neu-

rons, the activation of L1-associated immunoglobulin or olfac-

tory genes, respectively, is accompanied by their relocation

from the nuclear periphery to the nuclear interior (Kosak

et al., 2002; Rother et al., 2016; Yoon et al., 2015). Reductions

in levels of HP1 family proteins, H3K9me3 and heterochromat-

in contents, recurrent L1 retrotransposition, and abnormal

immunoglobulin expression in non-lymphoid neoplastic cells

have been reported to correlate with human cancers (Chen

et al., 2009; Ehrlich, 2009; Gurrion et al., 2017; Iskow et al.,

2010; Kirschmann et al., 2000; Lee et al., 2012; Qiu et al.,

2003; Ranzani et al., 2017; Shukla et al., 2013; Solyom

et al., 2012; Tubio et al., 2014). These findings indicate that

dynamic regulation of the nuclear positioning of L1-rich DNA

and associated genes by epigenetic and transcriptional

mechanisms is critical for proper gene expression and cellular

function. Given the essential role of L1 RNA in regulating the

nuclear localization and repression of L1-associated genes

and considering the short half-life and extensive binding of

L1 RNA to its DNA sequences, we propose that L1 transcripts

may act in chromatin neighborhoods of their transcription

sites to anchor L1-rich genomic segments to the nuclear and

nucleolar peripheries, in part through L1-interacting protein

partners. In such a way, L1 RNA transacts the repressive

and structural information encoded in L1 DNA repeats,

contributing to the macroscopic structure and regulation of

host genome (Lu et al., 2019).

In summary, individual repeat subclasses endow the genome

with hundreds of thousands of similar sequences, which may

provide an efficient and powerful way to coordinate diverse

genomic sequences into one regulatory network. Analogous to

the complex mixtures of microorganisms that are believed to

have co-evolved with their human hosts (Dethlefsen et al.,

2007), transposable elements, another stably embedded ‘‘para-

site,’’ have greatly defined, shaped, and influenced their host

genomes.
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Deniz, Ö., de la Rica, L., Cheng, K.C.L., Spensberger, D., and Branco, M.R.

(2018). SETDB1 prevents TET2-dependent activation of IAP retroelements in

naı̈ve embryonic stem cells. Genome Biol. 19, 6.

Derrien, T., Johnson, R., Bussotti, G., Tanzer, A., Djebali, S., Tilgner, H., Guer-

nec, G., Martin, D., Merkel, A., Knowles, D.G., et al. (2012). The GENCODE v7

catalog of human long noncoding RNAs: analysis of their gene structure, evo-

lution, and expression. Genome Res. 22, 1775–1789.

Dethlefsen, L., McFall-Ngai, M., and Relman, D.A. (2007). An ecological and

evolutionary perspective on human-microbe mutualism and disease. Nature

449, 811–818.

Doolittle, W.F., and Sapienza, C. (1980). Selfish genes, the phenotype para-

digm and genome evolution. Nature 284, 601–603.

Durruthy-Durruthy, J., Sebastiano, V., Wossidlo, M., Cepeda, D., Cui, J., Grow,

E.J., Davila, J., Mall, M., Wong, W.H., Wysocka, J., et al. (2016). The primate-

specific noncoding RNA HPAT5 regulates pluripotency during human preim-

plantation development and nuclear reprogramming. Nat. Genet. 48, 44–52.

Ehrlich, M. (2009). DNA hypomethylation in cancer cells. Epigenomics 1,

239–259.

ENCODE Project Consortium (2012). An integrated encyclopedia of DNA ele-

ments in the human genome. Nature 489, 57–74.

Flasch, D.A., Macia, A., Sanchez, L., Ljungman, M., Heras, S.R., Garcia-Perez,

J.L.,Wilson, T.E., andMoran, J.V. (2019). Genome-wide de novo L1 retrotrans-

position connects endonuclease activity with replication. Cell 177, 837–

851.e28.
Gilbert, N., Lutz-Prigge, S., andMoran, J.V. (2002). Genomic deletions created

upon LINE-1 retrotransposition. Cell 110, 315–325.

Graham, T., and Boissinot, S. (2006). The genomic distribution of L1 elements:

the role of insertion bias and natural selection. J. Biomed. Biotechnol. 2006,

75327.

Grow, E.J., Flynn, R.A., Chavez, S.L., Bayless, N.L., Wossidlo, M., Wesche,

D.J., Martin, L., Ware, C.B., Blish, C.A., Chang, H.Y., et al. (2015). Intrinsic

retroviral reactivation in human preimplantation embryos and pluripotent cells.

Nature 522, 221–225.

Gurrion, C., Uriostegui, M., and Zurita, M. (2017). Heterochromatin reduction

correlates with the increase of the KDM4B and KDM6A demethylases and

the expression of pericentromeric DNA during the acquisition of a transformed

phenotype. J. Cancer 8, 2866–2875.

Gymrek, M., Willems, T., Guilmatre, A., Zeng, H., Markus, B., Georgiev, S.,

Daly, M.J., Price, A.L., Pritchard, J.K., Sharp, A.J., and Erlich, Y. (2016). Abun-

dant contribution of short tandem repeats to gene expression variation in hu-

mans. Nat. Genet. 48, 22–29.

Gymrek, M., Willems, T., Reich, D., and Erlich, Y. (2017). Interpreting short tan-

dem repeat variations in humans using mutational constraint. Nat. Genet. 49,

1495–1501.

Huang, D.W., Sherman, B.T., and Lempicki, R.A. (2009). Systematic and inte-

grative analysis of large gene lists using DAVID bioinformatics resources. Nat.

Protoc. 4, 44–57.

Iskow, R.C., McCabe, M.T., Mills, R.E., Torene, S., Pittard, W.S., Neuwald,

A.F., Van Meir, E.G., Vertino, P.M., and Devine, S.E. (2010). Natural mutagen-

esis of human genomes by endogenous retrotransposons. Cell 141, 1253–

1261.

Jachowicz, J.W., Bing, X., Pontabry, J., Bo�skovi�c, A., Rando, O.J., and Torres-

Padilla, M.E. (2017). LINE-1 activation after fertilization regulates global chro-

matin accessibility in the early mouse embryo. Nat. Genet. 49, 1502–1510.

Jacobs, F.M., Greenberg, D., Nguyen, N., Haeussler, M., Ewing, A.D., Katz-

man, S., Paten, B., Salama, S.R., and Haussler, D. (2014). An evolutionary

arms race between KRAB zinc-finger genes ZNF91/93 and SVA/L1 retrotrans-

posons. Nature 516, 242–245.

Jurka, J., Kohany, O., Pavlicek, A., Kapitonov, V.V., and Jurka, M.V. (2004).

Duplication, coclustering, and selection of human Alu retrotransposons.

Proc. Natl. Acad. Sci. U S A 101, 1268–1272.

Kelley, D., and Rinn, J. (2012). Transposable elements reveal a stem cell-spe-

cific class of long noncoding RNAs. Genome Biol. 13, R107.

Kidder, B.L., Hu, G., Cui, K., and Zhao, K. (2017). SMYD5 regulates

H4K20me3-marked heterochromatin to safeguard ES cell self-renewal and

prevent spurious differentiation. Epigenetics Chromatin 10, 8.

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S.L.

(2013). TopHat2: accurate alignment of transcriptomes in the presence of in-

sertions, deletions and gene fusions. Genome Biol. 14, R36.

Kind, J., Pagie, L., Ortabozkoyun, H., Boyle, S., de Vries, S.S., Janssen, H.,

Amendola, M., Nolen, L.D., Bickmore, W.A., and van Steensel, B. (2013). Sin-

gle-cell dynamics of genome-nuclear lamina interactions. Cell 153, 178–192.

Kirschmann, D.A., Lininger, R.A., Gardner, L.M., Seftor, E.A., Odero, V.A.,

Ainsztein, A.M., Earnshaw, W.C., Wallrath, L.L., and Hendrix, M.J. (2000).

Down-regulation of HP1Hsalpha expression is associated with the metastatic

phenotype in breast cancer. Cancer Res. 60, 3359–3363.

Klopfenstein, D.V., Zhang, L., Pedersen, B.S., Ramı́rez, F., Warwick Vesztrocy,

A., Naldi, A., Mungall, C.J., Yunes, J.M., Botvinnik, O., Weigel, M., et al. (2018).

GOATOOLS: a Python library for Gene Ontology analyses. Sci. Rep. 8, 10872.

Kosak, S.T., Skok, J.A., Medina, K.L., Riblet, R., Le Beau, M.M., Fisher, A.G.,

and Singh, H. (2002). Subnuclear compartmentalization of immunoglobulin loci

during lymphocyte development. Science 296, 158–162.

Kunarso, G., Chia, N.Y., Jeyakani, J., Hwang, C., Lu, X., Chan, Y.S., Ng, H.H.,

and Bourque, G. (2010). Transposable elements have rewired the core regula-

tory network of human embryonic stem cells. Nat. Genet. 42, 631–634.

Lander, E.S., Linton, L.M., Birren, B., Nusbaum, C., Zody, M.C., Baldwin, J.,

Devon, K., Dewar, K., Doyle, M., FitzHugh, W., et al.; International Human
Cell Reports 30, 3296–3311, March 10, 2020 3309

http://refhub.elsevier.com/S2211-1247(20)30209-6/sref1
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref1
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref2
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref2
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref2
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref3
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref3
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref3
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref4
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref4
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref4
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref4
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref5
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref5
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref5
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref6
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref6
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref6
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref6
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref7
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref7
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref7
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref8
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref8
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref9
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref9
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref9
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref10
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref10
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref10
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref11
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref11
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref11
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref12
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref12
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref12
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref13
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref13
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref13
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref14
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref14
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref14
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref14
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref15
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref15
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref15
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref16
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref16
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref17
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref17
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref17
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref17
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref18
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref18
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref19
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref19
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref20
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref20
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref20
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref20
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref21
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref21
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref22
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref22
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref22
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref23
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref23
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref23
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref23
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref24
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref24
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref24
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref24
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref25
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref25
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref25
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref25
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref26
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref26
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref26
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref27
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref27
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref27
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref28
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref28
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref28
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref28
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref29
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref29
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref29
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref29
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref29
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref30
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref30
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref30
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref30
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref31
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref31
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref31
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref32
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref32
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref33
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref33
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref33
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref34
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref34
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref34
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref35
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref35
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref35
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref36
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref36
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref36
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref36
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref37
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref37
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref37
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref38
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref38
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref38
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref39
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref39
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref39
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref40
http://refhub.elsevier.com/S2211-1247(20)30209-6/sref40


Genome Sequencing Consortium (2001). Initial sequencing and analysis of the

human genome. Nature 409, 860–921.

Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with

Bowtie 2. Nat. Methods 9, 357–359.

Lee, E., Iskow, R., Yang, L., Gokcumen, O., Haseley, P., Luquette, L.J., 3rd,

Lohr, J.G., Harris, C.C., Ding, L., Wilson, R.K., et al.; Cancer Genome Atlas

Research Network (2012). Landscape of somatic retrotransposition in human

cancers. Science 337, 967–971.

Lu, J.Y., Chang, L., Li, T., Wang, T., Yin, Y., Zhan, G., Zhang, K., Percharde,M.,

Wang, L., Peng, Q., et al. (2019). L1 and B1 repeats blueprint the spatial orga-

nization of chromatin. bioRxiv. https://doi.org/10.1101/802173.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-NCL Santa Cruz Biotech Cat# sc-13057; RRID:AB_2229696

IgG Cell Signaling Technology Control #3900; RRID:AB_1550038

Reagents, Chemicals and Peptides

Actinomycin D (ActD) Sigma Aldrich Cat# A4262

DRB Abcam Cat#: ab120939

Proteinase K Merck Millipore Cat# 539480

Protease inhibitor cocktail Selleck Cat# K4000

b-mercaptoethanol Sigma Aldrich Cat# M7522

Non-essential amino acids Life Technologies Cat#11140050

L-Glutamine Life Technologies Cat# 25030081

Penicillin-streptomycin Life Technologies Cat#15140122

Polybrene Sigma Cat# 107689

Puromycin Life Technologies Cat#A1113802

Trizol Thermo Fisher Cat#15596018

Lipofectamine 3000 Thermo Fisher Cat# L3000015

8% Paraformaldehyde EMS Cat# 157-8

Critical Commercial Assays

RevertAid First Strand cDNA Synthesis Kit Thermo Fisher Cat# K1622

Dynabeads mRNA purification kit Thermo Fisher Cat# 61006

MinElute PCR Purification Kit QIAGEN Cat# 28004

NBT/BCIP stock solution Roche Cat# 11681451001

NEBNext Ultra II First Strand Synthesis Module NEB Cat# E7771L

NEBNext Ultra II Second Strand Synthesis Module NEB Cat# E7550L

NEBNext Ultra II DNA Library Prep Kit NEB Cat# E7645

Strep-Tactin XT purification system IBA Lifesciences Cat# 2-1201/2-1000

Colloidal Blue Staining Kit Thermo Fisher Cat# LC6025

Experimental Models: Cell Lines

Human: HEK293T ATCC CRL-3216

Mouse: 46C ES Austin Smith Lab Ying et al., 2003

Mouse: CJ9 ES Shen X lab Luo et al., 2016

Deposited Data

Nucleolar DNA This study GEO: GSE103610

ChIRP-seq of L1 RNA This study GEO: GSE125766

Oligonucleotides

A full list of oligos is provided in Table S6

Software and Algorithms

ImageJ (1.51h) NIH, Univ. of Wisc. Madison https://imagej.nih.gov/ij/

IGV (2.4.14) Broad Institute https://software.broadinstitute.org/software/igv/

Graphpad Prism (6.0) Graphpad https://www.graphpad.com/scientific-software/

prism/

Bowtie Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/index.shtml

Tophat Trapnell et al., 2012 http://ccb.jhu.edu/software/tophat/index.shtml

Cufflinks Trapnell et al., 2012 http://cole-trapnell-lab.github.io/cufflinks/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Gene set enrichment analysis (GSEA) Broad Institute RRID:SCR_003199

R language R Core Team R x64 3.4.3
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Xiao-

hua Shen (xshen@tsinghua.edu.cn)

All unique/stable reagents generated in this study are available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

ESCs (CJ9 and 46C) were maintained in DMEM (Dulbecco’s modified Eagle’s medium) supplemented with 15% heat-inactivated

FCS (fetal calf serum), 2 mM Glutamax (100 3 Life Technology), 1% nucleoside mix (100 3 stock, Millipore), 1 3 Penicillin-Strepto-

mycin Solution (100 3 stock, Life Technologies), 0.1 mM non-essential amino acids, 0.1 mM 2-mercaptoethanol and supplied with

1000 U/ml recombinant leukemia inhibitory factor (LIF, Millipore). HEK293T cells andMEF cells were cultured in DMEMmedium con-

taining 10% FCS and 1 3 Penicillin-Streptomycin Solution.

METHOD DETAILS

Repetitive elements catalog
The reference catalog of repetitive elements was built from RepeatMasker annotations (Tempel, 2012). We removed repetitive ele-

ments marked by ‘‘’’? at the end of ‘‘Family’’ or ‘‘Class’’ name (for example, Alu?) which represent unclear classification. We also

subtracted non-coding RNAs and other repetitive element classes with low copy numbers. Finally, 96.1% of whole annotated repet-

itive element were retained for the following analysis.

Hierarchical clustering
The raw repetitive element matrix containing repeat percentage in genic regions for each gene was calculated according to the flow

chart in Figure S2A. Briefly, we divided a protein-coding gene into six regions (Promoter, Intron, Downstream, 50UTR, CDS, 30UTR)
and intersected them with the catalog of processed repetitive element annotations (14 different repeat subclasses). We calculated

the precise repeat compositions by normalizing the raw repeat content the with genomic length of each genic region. The repetitive

element content of each genic region in every protein-coding gene can be quantitatively represented by a combination of 84 (143 6)

dimensional vectors. In total, we collected the 84-dimensional feature vectors for the 40,005 annotated protein-coding transcripts

(22,432 genes) in mouse. The raw repetitive elementmatrix (40,0053 84) was normalizedwith ‘‘normalize.quantiles’’ function in ‘‘pre-

processCore’’ package in R software (Bolstad et al., 2003). Hierarchical clustering was performed using the ‘hclust’ function, and

‘average’ method in R software. Pearson correlation coefficients (c.c) were calculated for any two transcript pair and (1-P.C.C.)

was used as distance matrix for clustering. Corresponding heatmaps were plotted in R software. Cluster number: we used stepwise

strategy to decide the final cluster number. The clustering number kept increasing as the height used for cutting the clustering tree

decreased at the very beginning and then the clustering number became relative stable when the height decreased to 0.9. Therefore,

we chose 0.9 as the height to cut the clustering tree and 77 gene clusters were generated. In Figures 1D and S1D, gene ontology (GO)

analysis of 77 gene clusters generated by hierarchical clustering of genic repeat features (in red) was compared to that of random

gene sets (in blue). For each cluster, GO analysis was performed and the p values of three most significant terms were kept and

the corresponding cumulative distribution curve (CDC) was plotted (red line). Similar analyses were performed for 77 random

gene sets (blue). A significant difference between the two CDCs was observed (Wilcoxon p = 2.7E-71), indicating that genes with

similar repeat patterns tend to share similar biological function. Should we choose a p-value of 1E-3 as the cutoff (indicated

by the dotted vertical line), �70% of the gene clusters generated by their genic repeat patterns are enriched in specific functional

terms, in sharp contrast to < 10% of the random gene sets. This observation indicates that genes with similar repeat patterns

tend to share similar biological function.

GO analysis
GO analysis, except in Figure 1D and Figure S1C, were performed using DAVID bioinformatics tools (Huang et al., 2009). P value of

Fisher’s exact test was used to evaluate the enrichment of certain GO term. For Figure 1D and Figure S1C, we used Python-based

library to process over- and under-representation of certain GO terms, based on Fisher’s exact test (Klopfenstein et al., 2018). The

goatools version number is v0.5.9. The python version is ‘‘Python 2.7.9:: Anaconda 2.2.0 (64-bit).’’
Cell Reports 30, 3296–3311.e1–e5, March 10, 2020 e2
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ChIP-seq analysis
Raw reads weremapped to the mouse genome (mm9) using Bowtie2 (version 2.2.2) (Langmead and Salzberg, 2012) with the param-

eter –gbar 200 allowing no gaps. Multiple alignments were allowed andwe only reported the best alignments basedMAPping Quality

(MAPQ) values. Positive peaks were identified with the Model-based Analysis for ChIP-Seq (MACS) program (Zhang et al., 2008) by

compared to the input samples. ChIP-seq signal analysis around gene-body regions was performed with ngs.plot with the Version:

2.61 (Shen et al., 2014) with the parameter –RB 0.01, indicating that 1% of extreme values will be trimmed on both ends.

RNA-Seq and Gene Set Enrichment Analysis
Alignments of RNA-Seq data to mouse genome assembly mm10 were performed using Tophat v2.0.10 (Kim et al., 2013). Fragments

Per Kilobase of exonmodel perMillionmapped reads (FPKM) were calculated by Cufflink 2.1.1 to represent expression levels of tran-

scripts (Trapnell et al., 2012). Gencode v19 and vM9 were used as human and mouse gene annotation, respectively (Derrien et al.,

2012). Gene set enrichment analysis (GSEA) was performed as described previously (Luo et al., 2016). The sets of genes highly

expressed in ESCs (95 genes) was selected as previously described (Luo et al., 2016).

Cell culture
ESCs were cultured on gelatin-coated plates in standard ESC medium consisting of DMEM (Cellgro) supplemented with 15% heat-

inactivated fetal bovine serum (Hyclone), 1% Glutamax (GIBCO), 1% Penicillin/Streptomycin (Cellgro), 1% nucleoside (Millipore),

0.1mM 2-mercaptoethanol (GIBCO), 1% MEM nonessential amino acids (Cellgro), and 1000U/ml recombinant leukemia inhibitory

factor (Millipore).

shRNA knock down
The shRNA expressing lentivirus were packed in 293T cells. At 24 hours after infection, ESCs were treated with puromycin and then

harvested for RNA-seq analysis at the 72-hour time point.

DNA FISH
DNA FISH in ESCs was performed as previously described (Wang et al., 2016). Fluorescence-tagged oligonucleotide probes

were used to specifically target the consensus sequences of L1 and B1. First, ESCs cultured on 35 mm glass-bottom dishes was

fixed with 4% formaldehyde (PFA) diluted in phosphate-buffered saline (PBS) for 10 minutes at room temperature (RT), and then

washed with PBS for 2 minutes, followed by permeabilizing with 0.5% Triton X-100 in PBS. After washing three times with PBS,

mESCs were treated with 0.1M HCl for 5 minutes and then incubated with 0.1 mg/mL RNase A diluted in PBS for 45 minutes at

37�C. Before prehybridization, cells were washed three times in 2x saline-sodium citrate (SSC) buffer. Prehybridization was conduct-

ed by incubating cells in 50% formamide diluted in 2x SSCT (2x SSC + 0.1% Tween-20) for 5 minutes at room temperature, then for

20 minutes at 47�C. Samples were denatured for 2.5 minutes at 78�C on the top of a water-immersed heat block. For hybridization,

200 mL hybridization buffer containing 2x SSC, 50% formamide, 20% dextran sulfate, and 0.5 mM of each probes of L1 and B1 could

cover the glass bottom and then samples were incubated in a humidified chamber at 37�C for about 16 hours. Finally, ESCs were

washedwith 2X SSCT for 15minutes at 50�C twice, and thenwashed twice with 2X SSCT for 1 hour at room temperature. The labeled

mESCs were rinsed briefly in 2xSSC and mounted with ProLong� Diamond Antifade Mountant with DAPI (P36962, Thermo Fisher

Scientific).

DNA-FISH Probes

L1-mouse-1 AGGACACATGCTCCACTATGTTCATAGCAG

L1-mouse-2 AGATGCCCATGAACATACAAGAAGCCTACAGAACT

B1-mouse-1 gcctggtctacagagtgagttccaggacag

B1-mouse-2 cagcacttgggaggcagaggcaggcggatt

Oligopaint FISH
A set of 4,500 DNA probes at a density of�300 bp per probewere designed using standard procedures to target the genomic regions

defined in Table S5. For the primary probe pool, we purchased the Oligoarray pool (Synbio Technologies), and prepared FISH probes

via limited cycle PCR, in vitro transcription, and reverse transcription as described previously (Wang et al., 2016). The primary probes

were freshly mixed with corresponding secondary probes in hybridization buffer at 1 mM final concentration for each secondary

probe. The hybridization buffer with the primary and secondary probes was heated to 86�C for 3 minutes, and then placed on

ice immediately. Cell samples were prepared for DNA FISH as described above for ESCs, except that the cells were incubated in

hybridization buffer at 86�C for 3 minutes before hybridization overnight.

Transmission Electron Microscopy
ESCs were fixed with 2.5% glutaraldehyde, dehydrated in an ethanol series, transferred to methanol, and immersed into a freshly

prepared mixture of methanol and acetic anhydride (5:1, v/v) at 25�C for 24 hours in the dark (Tandler and Solari, 1982; Testillano

et al., 1991). Cells were thenwashed in puremethanol for 20minutes, transferred in ethanol and embedded in Epon (Sigma). Ultrathin
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(50 nm) sections were contrasted with 5% aqueous uranyl acetate for 60 minutes at room temperature and examined with a trans-

mission electron microscope (HITACHI, H-7650-B).

Nucleolar DNA-seq
ESCs (4x15 cm dishes) were treated with DMSO or with transcription inhibitors Actinomycin D (ActD, 1 mg/ml) or 5,6-dichloro-1-beta-

D-ribofuranosylbenzimidazole riboside (DRB, 100 mM) for 2 hours before nucleolar isolation. Cells were treated by 10 mL of Buffer A

(10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.5 mM DTT) on ice for 5 minutes, followed by Dounce homogenization for 10

strokes. Centrifuge cells at 218 g for 5 minutes at 4�C. Then resuspend the pellet with 3 mL S1 solution (0.25 M sucrose, 10 mM

MgCl2) and layer over 3 mL S2 solution (0.35 M sucrose, 0.5 mMMgCl2) and centrifuge at 1,430 g for 5 minutes at 4�C. Resuspend
the pellet with 3mL of S2 solution and sonicate briefly to break the nuclei. Layer the sonicated sample over 3mL of S3 solution (0.88M

Sucrose, 0.5 mMMgCl2) and centrifuge at 3,000 g for 10 minutes at 4�C to pellet down the nucleoli. Resuspend the nucleolar pellet

with 500 mL of S2 solution and centrifuge for 5 minutes. The nucleolar pellet was subjected to DNA purification by phenol-chloroform

extraction. Nucleolar DNA libraries were constructed by following Illumina library preparation protocols. Raw reads were mapped to

the mouse genome (mm9) using Bowtie2 (version 2.2.2) (Langmead and Salzberg, 2012) with the parameter –gbar 200 allowing no

gaps. Multiple alignments were allowed and we only reported the best alignments based MAPping Quality (MAPQ) values. Positive

peaks were identified with the MACS program (Zhang et al., 2008) by compared the sample treated with DMSO to sample treated

with ActD or DRB.

Chromatin Isolation by RNA Purification (ChIRP)
ChIRP was performed as previously described with some modifications (Chu et al., 2011; Percharde et al., 2018; Yin et al., 2015). A

set of 32 antisense oligos with 59-nt long probes tiled along the L1 consensus sequence (6.5 kb) were biotinylated through terminal

transferase (NEB) with Bio-N6-ddATP (ENZO) as substrate. ESCswere harvested by trypsin digestion and first crosslinkedwith 2mM

dithiobis succinimidyl propionate (DSP, Thermo Scientific) in PBS for 30 minutes with gentle end-to-end rotation at room tempera-

ture. Then, a final concentration of 3.7% formaldehyde was added for 10 minutes, then quenched with 250mMGlycine for 5 minutes

at room temperature. Crosslinked ESCs were centrifuged and washed with ice-cold PBS for 3 times, then snapped frozen in liquid

nitrogen and stored at �80�C.
Crosslinked cells (1 3 107) were resuspended with 500 mL DNase I digestion solution (20 mM Tris-HCl, pH7.5, 5 mM MgCl2,

0.5 mM CaCl2, 0.5% Triton X-100) with 1/20 volume of vanadyl ribonucleoside complex (VRC, NEB), 2.5 mL protease inhibitors

and 2.5 mL of 200 mMPMSF. DNase I was added to a final concentration of 12 U/ml; the reaction was rotated at 37�C for 10 minutes

and stopped with 20mM EDTA. Chromatin was pelleted, washed once with nuclear lysis buffer (NLB, 50mM Tris-HCl, pH7.5, 10mM

EDTA, 1% SDS, inhibitors) and sonicated in NLB (5 cycles of: 25% amplitude, 6 s on, 15 s off, Vibra- Cell Ultrasonic Liquid Proces-

sors). Insoluble material was removed by centrifugation and the supernatant used for ChIRP experiments. For the RNase treatment

control, samples were treated with 10 mg/ml Rnase A/T1 for 20 minutes at 37�C. For hybridization, samples were incubated with 20

pmol probes per 200ml lysate, supplemented with one-fourth volume of 5x hybridization buffer (50mMTris-HCl, pH7.5, 10mMEDTA,

1.5M NaCl, 50% formamide). The hybridization was conducted at 39�C rotating for 3 hours. 50 mL prebalanced streptavidin M280

beads were then added and the incubation continued for additional 3 hours. The beads were washed 5 times with 0.2x SSC wash

buffer (1%SDS) at 42�C. For the RNase treatment control, after 3 washes, the beads were treated once with 10mg/ml RNase A/T1 at

37�C in RNase digestion buffer (50mM Tris-HCl, pH7.5, 75mMNaCl, 1mMDTT), before washing twomore times. To elute, the beads

were washed once with SDS elution buffer (50mM Tris-HCl, 5mM MgCl2, 75mM NaCl, 1% SDS) at 39�C for 20 minutes, and once

with elution buffer (50mM Tris-HCl, 5mM MgCl2, 75mM NaCl, 0.1% Triton X-100) at 39�C for 5 minutes. DNA was eluted from the

beads by RNase H treatment in two sequential incubations with RNase H (NEB) at 37�C for 20 minutes, and with SDS elution buffer

at room temperature, 2 minutes, combining all eluents. Crosslinking was reversed by treatment with 0.1 mg /ml protease K, 150mM

NaCl, and 10mM EDTA at 65�C overnight and the DNA was purified using the MinElute PCR Purification Kit (QIAGEN). ChIRP enrich-

ments were analyzed by qPCR of the purified DNA. For RNA-ChIRP analysis, beads were boiled in NLB after the 0.1x SSC washes,

then further reverse-crosslinked by boiling at 95�C for 30minutes in the presence of 1mMDTT. Reverse crosslinked RNAwas purified

using Trizol and processed for RT-qPCR analysis.

ChIRP-Seq DNA libraries were constructed by following Illumina library preparation protocols. Raw reads were mapped to the

mouse genome (mm9) using Bowtie2 (version 2.2.2) (Langmead and Salzberg, 2012) with the parameters –gbar 200 allowing no

gaps. Multiple alignments were allowed and we only reported the best alignments based MAPping Quality (MAPQ) values. Aligned

files were further converted to bedgraph files with BEDTools (Quinlan, 2014). Positive peaks were identified with the MACS program

(Zhang et al., 2008) by input sample with a p-value cutoff of 0.01 and false discovery rate (fdr) < 0.05.

Low-input in situ ChIP
This method utilizes Tn5 transposase-targeted chromatin release to reveal genomic distributions of a protein of interest in limited

numbers of cells (Wang et al., 2019). The experiment was performed as described previously with modifications (Wang et al.,

2019). Briefly, ESCs were fixed with 1% formaldehyde for 10 minutes, then quenched with 0.125 M glycine at room temperature

for 5 minutes, and washed 3 times by cold PBS and resuspended in 200 mL hypotonic buffer (0.3% SDS, 20 mM HEPES pH 7.9,

10 mM KCl, 10% Glycerol, 0.2% NP40, protease inhibitor and 10 mM sodium butyrate). To open up the chromatin prior to the
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ChIP experiment, cells were first treated at 62�C for 10minutes and then followed by addition of 20 mL of 20%Triton X-100 at 37�C for

one hour in a ThermoMixer (Eppendorf) with gentle shaking at 600 rpm. After twowashes with the wash buffer (20mMHEPES pH 7.5,

150 mM NaCl, 10mM sodium butyrate, supplemented with 1X Protease inhibitor, 1X PMSF, and 0.5 mM spermidine), �10,000

treated cells were incubated with the activated Con-A magnetic beads (Bangs Laboratories) at room temperature for 10 minutes.

Cells were captured by a magnet stand and washed once with the Dig-wash buffer (wash buffer with 0.01% digitonin and 0.1%

triton). The cell-beads mixture was resuspended in 100 mL of the antibody buffer (Dig-wash buffer supplemented with 2.5 mM

EDTA) into an RNase-free PCR tube. About 0.5 mg antibody (NCl or IgG) was added then incubated at 4�C for 2�4 hours. Anti-

body-conjugated cells (coupled with Con-A beads) were washed twice with the Dig-wash buffer, and suspended in 100 mL Dig-

wash buffer containing 1.2 mM of the PAT enzyme, a fusion protein of Protein A and Tn5 transposase. The assembly of PAT with

barcoding primers was described as previously (Wang et al., 2019). After one-hour incubation at 4�C followed by three washes,

the complex of PAT enzyme and antibody-conjugated cells (coupled with Con-A beads) was resuspended in 20 mL of reaction buffer

(10 mM TAPS-NaOH pH 8.3, 5 mMMgCl2, 10% DMF and supplemented with protease inhibitor and 10 mM sodium butyrate). One-

hour incubation at 37�C allows Tn5-targeted tagmentation to occur. To quench the reaction, 20 mL of 40 mM EDTA was added

for 15 minutes. After one wash with 1% BSA in PBS, the cell-antibody-PAT complexes were resuspended with 5 mL lysis buffer

(10 mM Tris-HCl pH 7.5, 0.05% SDS and 0.2 mg/ml Proteinase K) and incubated at 65�C for 8 hours to reverse the crosslinking

and then at 85�C for 15 minutes to deactivate proteinase K. Prior to PCR amplification, 1 mL 1.8% Triton X-100 was added to the

lysates to quench SDS and incubated at 37�C for 1 hour. Released DNA fragments were amplified with Q5 enzyme (NEB) for 15 cy-

cles of PCR reactions by the primers (50-TCGTCGGCAGCGTCAGAT-30 and 50-GTCTCGTGGGCTCGGAGA-30). DNA was purified

using MinElute PCR Purification Kit (QIAGEN) and subjected to quantitative real-time PCR analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were carried out using Excel or R (version 3.4.3). All of the statistical details can be found in the relevant figure

legends.

DATA AND CODE AVAILABILITY

All sequencing data are available through the Gene Expression Omnibus (GEO) via accession GEO: GSE103610 and GEO:

GSE125766.
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Figure S1. Nonrandom distribution of repetitive elements in mouse and human genomes. Related to 

Figure 1.  

(A-B) Percentages of 14 repeat subtypes in genic regions in mouse (A) and human (B). Genic regions were 

defined in windows of ± 2 kb, ± 5 kb or ± 10 kb around a gene. All annotated genes by Gencode 

(57,0205), including protein-coding and lncRNA genes, were included in this analysis. 

(C) The distribution of genic repeats in human. Each row presents a repeat subfamily. Each column represents 

a specific genic region (regulatory region or gene body region). In general, repeats are strongly depleted 

in CDS and UTR regions with the exception of simple tandem repeats, including low complexity and 

simple repeats. SINE repeats tend to be located in the promoters and introns of protein coding genes 

compared to lncRNA genes and the genome background (highlighted with pink boxes) whereas LTR 

repeats are more enriched in lncRNA sequences than in protein coding genes (highlighted with the orange 

box). 

(D) Cumulative distribution curves (CDC) for GO analysis of human gene clusters generated by hierarchical 

clustering of genic repeat features (in red) and for that of random gene sets (in blue). For each repeat cluster, 

GO analysis was performed and the p values of the three most significant terms were kept and the 

corresponding cumulative distribution curve was plotted (red line). Similar analyses were performed for 

random gene sets (blue). A significant difference between the two CDCs was observed (Wilcoxon p = 

9.8E-56), indicating that genes with similar repeat patterns tend to share similar biological function.  
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Figure S2. Quantitative and systematic analysis of repeat features in genic regions. Related to Figure 

1.   

(A) Flow chart of repeat feature extraction followed by hierarchical clustering and gene function analysis. 

To identify the predominant repeat features associated with genes, we started by calculating the precise 

repeat compositions for each gene across the genome. We divided a protein-coding gene into six regions 

(Promoter, Intron, Downstream, 5’UTR, CDS, 3’UTR) and intersected them with the catalog of 

processed repetitive element annotations (14 different repeat subclasses). The repetitive element content 

of each genic region in every protein-coding gene can be quantitatively represented by a combination 

of 84 dimensional vectors. In total, we collected the (14 x 6) 84-dimensional feature vectors for the 

40,005 annotated protein-coding transcripts (22,432 genes) in mouse, and used these vectors (40,005 x 

84 matrix) to perform hierarchical clustering of genes with similar repeat features as shown in Figures 

1E and S3A. Promoter: 2 kb from TSS. Downstream: 2 kb from TES.  

(B) An example of 84 dimensional vectors for the CDKN2D gene. The numbers indicate the percentage of 

each repeat subfamily in each specific genic region. In the example of CDKN2D, 20% of the promoter 

region is comprised of B1 repeats.  
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Figure S3. Genes that contain satellite repeats in the CDS are enriched in KRAB genes. Related to 

Figure 1. 

(A) Heatmap showing the cluster of satellite repeat-enriched genes. In this cluster of genes, satellite repeats 

are mostly enriched in the CDS and 3’UTR regions (indicated by red arrows). The other three repeat-

enriched gene clusters are shown in Figure 1E.  

(B) GO analysis of genes with enrichment of satellite repeats in CDS/3’UTR, as shown in panel (A). Fold 

enrichments relative to genome background are shown on the right. 

(C) An example of a gene (REX2) with satellite repetitive elements and a zinc finger DNA-binding domain. 

The REX2 gene with its repetitive element annotation was captured from the UCSC genome browser. 

The Zinc finger DNA-binding domain extends from 28.4% (195th) to 97.8% (670th) amino acid 

sequence where the satellite consisted the 28.4% (580th nt) to 100% (2058th nt) CDS. The satellite 

repetitive element and Zinc finger DNA-binding domains largely overlap. Numbers in brackets are the 

relative positions of the satellite repetitive elements and functional domain in the whole CDS of REX2. 

Arrowheads indicate transcription direction. 

(D) Among 351 KRAB genes annotated in the mouse genome, 257 contain both a Zinc finger DNA-binding 

domain and satellite repetitive elements. For these 257 genes, we calculated the center position 

(percentage) of the satellite repeats and the DNA-binding domain within the whole CDS. We then 

subtracted the center position of the DNA-binding domain from the center position of the satellite 

repetitive element for each KRAB gene. The differences are shown in the histogram. The distribution 

did not significantly deviate from 0 (average: 0.8%; two-tailed Student’s t-test p = 0.16). Thus, the 

distribution of satellite repeats in these genes largely overlaps with DNA sequences that encode the zinc-

finger domain, which implies that satellite repeats directly contribute to a functional protein domain. 
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Figure S4. Repeat-enriched genes are targeted by different classes of protein regulators on chromatin. 

Related to Figure 2. 

(A) Heatmap of ChIP-seq signals around repeat-enriched genes in mouse ESCs. Gene orders of each repeat-

enriched gene set across different ChIP-seq samples are fixed for comparison. Scales within each ChIP-

seq sample are fixed across different repeat-enriched gene sets for comparison. 

(B) Repeat density in gene sets targeted by different regulators including Pol II, EZH2 and KAP1 in mouse 

ESCs. P values between gene set with the highest repeat density and other two gene sets are calculated 

by two-tailed Student’s t-test. Only the largest p value is shown in each panel. A gene is defined as a 

target of a specific regulator if the binding sites of specific regulator fall into 2 kb regions surrounding 

the gene.   
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Figure S5. Genes in NAD/LAD show higher L1 density and L1-enriched genes are in transcriptional 

silencing state in ESCs. Related to Figure 4. 

(A) The densities of L1 repeats in the ZGA and developmental genes. P value between the sets of ZGA and 

developmental genes was calculated with two-tailed Student’s t-test. 

(B) Boxplot showing the expression level of repeat-enriched genes in ESCs. P values are calculated with 

two-tailed Student’s t-test. 
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Figure S6. L1-enriched genes are sequestered in inactivate LAD and NAD domains in ESCs. Related 

to Figure 5. 

(A) Nucleolar DNA-seq tracks in the ribosomal rDNA (Rn45s) regions. 

(B) Percentage of the total length of mouse chromosomes identified as NADs. 

(C) GO analysis of protein-coding genes in NADs or LADs. The x-axis shows fold enrichment relative to 

the genome background. All p values are less than 10E-5. 

(D) IGV (integrative genomics viewer) tracks in a region containing a cluster of immunoglobulin genes. 

The first two rows show the genomic density of B1 and L1 repeats. The third to sixth rows are the read 

signals of nucleolar-seq in ESCs treated with DMSO and transcriptional inhibitors. The ChIRP-seq 

signals of Malat1 and L1 RNA, the ChIP-seq signal of Pol II in ESCs, and the Refseq gene annotation 

are also included. At the bottom, the numbers before and after the forward slash represent the number 

of immunoglobulin genes and the total number of genes in this cluster, respectively. 

(E) Boxplot showing the expression levels of genes with different localizations, including LAD genes, NAD 

genes and genes targeted by L1 RNA in mouse ESCs. P values are calculated with two-tailed Student’s 

t-test. 

(F) L1 or Malat1 ChIRP-RNA followed by RT-qPCR. The y-axis shows the normalized amount of the 

indicated RNA transcripts that were pulled down by L1 or Malat1 ChIRP probes to the RNA input.  

(G) L1 or Malat1 ChIRP-DNA followed by qPCR. The y-axis shows the normalized amount of the indicated 

DNA fragments that were pulled down by L1 or Malat1 ChIRP probes to the genomic DNA input. In 

both (F) and (G), data are shown as mean ± SD, n = two independent experiments. L1 ChIRP specifically 

pulled down the transcripts and DNA fragments of the four L1 subtypes tested, but not those of Malat1. 

In comparison, Malat1 ChIRP specifically captured Malat1 RNA and DNA, but not L1. These results 

demonstrate the specificity and efficiency of L1 ChIRP.  

(H) Pie chart showing the distribution of L1 binding sites on chromatin. 

(I) About 68% of L1 ChIRP binding sites are located in NADs and/or LADs. 

(J) MA plot [M (log ratio) and A (mean average)] showing log2-fold changes in the expression of each gene 

following L1 ASO treatment. L1-associated genes are labeled in red. 

(K) L1 density in gene sets including 1,414 genes upregulated and 163 downregulated ribosomal genes in 

L1-depleted ESCs. P values are calculated by two-tailed Student’s t-test.  
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Figure S7. L1-associated genes are repressed by proteins that interact with L1 RNA and/or DNA. 

Related to Figure 6. 

(A) Low-input in situ ChIP assays for NCL at rDNA loci in ESCs treated with L1 ASO or the control ASO 

(RC). Data are shown as fold enrichments to IgG control. Error bars represent standard deviation in two 

independent experiments. P values are calculated with two-tailed Student’s t-test. **p < 0.01. In 

agreement with our previous report (Percharde et al., 2018), NCL exhibited strong binding binds 

activities to rDNA loci. In addition, depletion of L1 RNA attenuated NCL binding to rDNA, without 

affecting the levels of NCL RNA or protein (Percharde et al., 2018). 

(B) Knockdown efficiency of NCL by two shRNAs. P values are calculated by two-tailed Student’s t-test. 

(C) Hierarchical clustering of scramble and NCL-depleted RNA-seq samples in ESCs. 

(D) Heatmap showing the expression of the set of 1,414 upregulated L1-associated genes defined upon L1 

ASO (as shown in Figure 6B) in scramble and NCL-depleted ESCs. 

 (E-G) Boxplot showing upregulation of L1-associated genes in ESCs that lack KAP1 (E), or are depleted of 

SETDB1 (F), or lack all three HP1 family proteins (G), compared to their expression levels in wild-type 

(WT) or HP1-knockout (KO) ESCs. P values are calculated with two-tailed Student’s t-test. 
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