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SUMMARY

L1 retrotransposons are transposable elements and
major contributors of genetic variation in humans.
Where L1 integrates into the genome can directly
impact human evolution and disease. Here, we
experimentally induced L1 retrotransposition in cells
and mapped integration sites at nucleotide resolu-
tion. At local scales, L1 integration is mostly
restricted by genome sequence biases and the spec-
ificity of the L1 machinery. At regional scales, L1
shows a broad capacity for integration into all chro-
matin states, in contrast to other known mobile ge-
netic elements. However, integration is influenced
by the replication timing of target regions, suggest-
ing a link to host DNA replication. The distribution
of new L1 integrations differs from those of preexist-
ing L1 copies, which are significantly reshaped by
natural selection. Our findings reveal that the L1 ma-
chinery has evolved to efficiently target all genomic
regions and underline a predominant role for post-
integrative processes on the distribution of endoge-
nous L1 elements.

INTRODUCTION

Transposable elements are present in almost all species and
significantly contribute to shaping host genome structure and
function (Chuong et al., 2017). In humans, the only autono-
mously active family is the long interspersed element-1
(LINE-1 or L1) (Kazazian and Moran, 2017). Our genome
contains ~500,000 copies of this non-LTR-retrotransposon,
occupying 17% of the genome (Kazazian and Moran, 2017).
However, only ~100 L1 copies are still retrotransposition

competent, all of them belonging to the youngest and human-
specific LIHS subfamily (Brouha et al., 2003). Each individual
also has L1 copies not present in the reference genome, which
contribute to as much as 20% of all structural variants in hu-
mans (Mir et al., 2015; Sudmant et al., 2015). Many of these
highly polymorphic elements (in terms of presence or absence)
are active and can produce new insertions (Beck et al., 2010;
Gardner et al., 2017; Philippe et al., 2016; Scott et al., 2016; Tu-
bio et al., 2014). Retrotransposition is not restricted to the germ-
line (leading to inheritable genetic variations and occasionally
novel genetic diseases) and can also drive somatic genome re-
arrangements during embryogenesis, neural development, and
in many cancers (Burns, 2017; Faulkner and Garcia-Perez,
2017; Hancks and Kazazian, 2016).

Intact L1 elements (~6 kb long) are transcribed from an inter-
nal promoter and encode two major proteins, ORF1p and
ORF2p, required for L1 retrotransposition (Moran et al., 1996).
ORF2p is a combined endonuclease (EN) and reverse tran-
scriptase (RT) (Feng et al., 1996; Mathias et al., 1991). After
L1 nuclear import, ORF2p EN activity nicks the genomic DNA
at a loosely defined consensus sequence (5’-TTTT/A-3’ or var-
iants of that sequence) (Cost and Boeke, 1998; Feng et al.,
1996; Jurka, 1997). Then, the liberated T-rich 3’ end anneals
to the L1 RNA poly(A) and is extended by ORF2p RT activity
to synthesize first-strand L1 cDNA (Cost et al., 2002; Doucet
et al., 2015; Kulpa and Moran, 2006; Luan et al., 1993; Monot
et al., 2013). Subsequent steps, which are less well defined,
then result in creation of a new genomically inserted dsDNA
L1 copy, flanked by short (4- to 16-bp) target-site duplications.
Of note, the majority of insertions are 5 truncated due to
DNA repair pathways involved in insertion resolution or host de-
fense (Coufal et al., 2011; Suzuki et al., 2009; Zingler et al.,
2005). Despite a pronounced cis preference for its own RNA,
L1 is also responsible for the trans mobilization of non-autono-
mous retrotransposons, such as Alu or SVA sequences, and
cellular mRNAs, following a similar mechanism (Kazazian and
Moran, 2017).
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L1 elements carry a number of cis-regulatory sequences
(sense and antisense promoters, cryptic splice sites, and polya-
denylation signals); they can transduce 5’ and 3’ sequences from
the donor locus to the site of insertion, potentially leading to exon
or cis-regulatory sequence shuffling; and they can attract chro-
matin or DNA modification complexes, leading to altered epige-
netic patterns (Cordaux and Batzer, 2009; Denli et al., 2015; Kaer
and Speek, 2013; Liu et al., 2018; Tubio et al., 2014; Walter et al.,
2016). Thus, L1 insertion can considerably remodel gene
structure and networks in a very short evolutionary time frame
(Cordaux and Batzer, 2009; Denli et al., 2015). Additionally,
expression and mobilization of inserted L1 copies is restricted
to cell-type-dependent permissive loci (Deininger et al., 2017;
Gardner et al., 2017; Philippe et al., 2016; Scott et al., 2016; Tu-
bio et al., 2014). Altogether, where L1 integrates into the host
genome dictates both its genomic impact and the ability of the
novel copy to be subsequently expressed and remobilized.
Therefore, elucidating L1 target site selection is critical to under-
standing genome evolution and somatic genome plasticity in
cancer or aging.

Although L1 and Alu elements share a common integration
machinery and similar target site consensus motifs, they are
distributed in differing chromosomal regions within the human
genome (Gilbert et al., 2002; Korenberg and Rykowski, 1988;
Lander et al., 2001; Wagstaff et al., 2012). L1 elements accumu-
late in AT-rich isochores, while Alu sequences are rather en-
riched in GC-rich isochores. These observations suggest that
the distributions of L1 and Alu may be drastically (and differently)
reshaped after integration by recombination, purifying selection,
and possibly other processes (Pavlicek et al., 2001). Direct anal-
ysis of L1 genomic integration and comparison with the land-
scape of existing copies are essential to understand the interplay
between L1 retrotransposon and its observed distribution within
the host genome. De novo L1 insertion site maps based on
Sanger sequencing have provided mechanistic insight about
L1 replication but only limited information on target site prefer-
ence due to the low numbers of integration sites recovered
(Gilbert et al., 2002, 2005; Symer et al., 2002).

Here, we assessed whether L1 can integrate homogeneously
throughout the genome or whether any genomic features or
properties might favor or restrict L1 integration. To this end, we
induced de novo L1 retrotransposition in cultured cells by trans-
fecting a plasmid-borne active L1 element, and we mapped
novel L1 target sites by a dedicated deep-sequencing approach
(Philippe et al., 2016). We compared the new integration sites
with a large collection of publicly available genomic datasets
and with the distribution of existing endogenous L1 copies.
Our data confirm the primordial role of the local DNA sequence
at the target site and reveal how preexisting biases in the
genomic distribution of L1 target motifs skew the profile of new
integration events. Overall, we find that new L1 insertions
broadly target all the regions of the human genome, being insen-
sitive to chromatin organization or transcriptional activity,
although with a bias for early-replicating genomic domains.
This distribution markedly differs from that of endogenous L1
elements, and we find that this difference predominantly results
from evolutionary selection rather than from L1-induced chro-
matin changes.
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RESULTS

ATLAS-Seq Can Detect De Novo Engineered L1
Retrotransposition Events in Cultured Cells

To facilitate the genomic characterization of pre-integration sites
in silico, we screened cell lines well characterized by the
ENCODE project for their ability to sustain high levels of retro-
transposition (K562, GM12878, HelLa S3, MCF-7, HepG2, and
IMR90) using the assay described in Figure 1A. Among them,
HelLa S3 cells were the most permissive to L1 retrotransposition
(0.1%-1% of transfected cells) and were chosen to obtain a
large number of independent L1 insertions. We induced retro-
transposition from a plasmid-borne active L1 element expressed
from its natural promoter to avoid saturating any cellular factors
involved in L1 target site selectivity (Figure 1A). The L1 construct
also contains a retrotransposition reporter based on the
neomycin-resistance gene (Neo®) in its 3’ UTR, allowing us to
discriminate new copies from endogenous ones and the possi-
bility to select cells with new insertions, since it only becomes
functional upon transcription, splicing, reverse transcription,
and integration (Moran et al., 1996). To locate new engineered
L1 insertions in the genome of cultured cells, we modified ampli-
fication typing of L1 active subfamilies and sequencing (ATLAS-
seq), a technique originally developed to profile endogenous L1
elements (Philippe et al., 2016). We mapped 1,565 de novo L1
target sites from 28 independent pools of HeLa S3 cells selected
with G418 (referred as L1 neo hereafter), as well as a smaller set
of 184 insertions obtained from pools of cells without any selec-
tion for retrotransposition cassette expression (referred as L1
neo-unsel hereafter), which were used in subsequent down-
stream analyses (Figure S1; Table S2).

New engineered L1 insertions detected by ATLAS-seq display
the expected hallmarks of L1 retrotransposition. First, we
observe a poly(dA) tract at the junction between L1 and its 3’
flanking sequence (Figure 1B). Since the poly(dA) sequence is
not encoded in the plasmid DNA, this feature enables us to
discriminate bona fide retrotransposition events from random
plasmid integration or chimeric reads (see STAR Methods).
Second, sequence analysis of pre-integration sites reveals a
consensus motif consistent with a canonical L1 EN-mediated
cleavage and with the subsequent annealing of the L1 mRNA
poly(A) tail to an extended T-tract to promote reverse transcrip-
tion priming (Figure 1C) (Feng et al., 1996; Jurka, 1997; Monot
et al., 2013). The L1 target motif was virtually identical whether
insertions were recovered with G418 selection or not (Fig-
ure S1C). Although the pre-integration site sequence is often a
non-perfect match, we nevertheless found that this motif is pre-
sent at the vast majority of the mapped insertion sites (Figure 1D).
To summarize, ATLAS-seq can detect de novo engineered L1 in-
sertions in cultured cells, and the local DNA motif is a primary
determinant of L1 integration site selection.

L1 Preferentially Inserts into Sites with Low
Nucleosome Occupancy

In vitro, target DNA structure and assembly into nucleosomes
can impact L1 EN activity (Cost et al., 2001). To examine
whether nucleosome occupancy influences L1 local integra-
tion site selection in vivo, we examined publicly available
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Figure 1. De Novo L1 Integration Events Show the Typical Hallmarks of L1 Retrotransposition

(A) Experimental workflow. De novo L1 retrotransposition was induced by transfecting HeLa S3 cells with a plasmid-borne L1 element containing a neomycin-
based retrotransposition marker (see STAR Methods). Cells with new L1 insertions were selected by G418 (insertions referred as L1 neo) or recovered after only
selecting for plasmid uptake by hygromycin (insertions referred as L1 neo-unsel). L1 3’ junctions with host DNA were amplified and barcoded (bc) by a modified
ATLAS-seq protocol, multiplexed, and sequenced by lon Torrent (400-bp single-end reads). Reads were mapped on the human reference genome (hg19).

(B) Genome browser view of ATLAS-seq read coverage (top) and alignment (bottom) on chromosome 7 supporting an antisense L1 insertion in the ANKMY2 gene
(vertical red lines). Mapped reads contain a soft-clipped region absent from the reference genome corresponding to the inserted L1 copy with its poly(dA) tail. The
latter originates from the reverse transcription of L1 mRNA poly(A) tail and is a hallmark of L1 retrotranposition. Here, the putative endonuclease (EN) cleavage site
(5’-TCTC/AA-3', black boxed) is followed by a poly(T) stretch, as expected for an antisense L1 insertion. ATLAS-seq reads are in opposite orientation relative to
the inserted L1 element.

(C) Sequence logo representing the consensus motif detected at L1-neo pre-integration sites, consistent with a canonical L1 EN mediated cleavage (5'-TTTT/
A-3', cleaved strand) and with the subsequent annealing of the L1 mRNA poly(A) tail to an extended T-tract to promote reverse transcription priming.

(D) Distribution of motif scores based on the position weight matrix (PWM) shown in (C) for observed (L1 neo, blue) or random (red) datasets. Motif scores are
binned by 0.5, and the curves represent Gaussian fits. The L1 target motif (as defined in C) is present at the vast majority of the mapped insertion sites in contrast
to sequences found at random sites (p < 1e-16, Wilcoxon test).

See also Figure S1.

micrococcal-nuclease digestion and sequencing (MNase-seq)
data from HelLa S3 at and around pre-integration sites (Lacoste
et al., 2014). Because the L1 machinery preferentially targets a
specific AT-rich motif (Figures 1C and 1D), we computationally
constructed three distinct types of control datasets, each
comprising the same number of sites as the experimental data
(1,565): (1) 1,000 purely random control datasets (termed
random); (2) 1,000 base-composition-matched control datasets

(termed BMC), also generated randomly but with a base-compo-
sition around the target site (+5 bp) identical to the experimental
dataset; and (3) 1,000 motif-matched control datasets (termed
MMC) consisting of a random collection of sites with an L1 target
motif. L1 target sites are significantly depleted in nucleosomes
(Figure 2, left). This depletion can be largely explained by low
nucleosome occupancy at AT-rich sequences, since it is also
observed for the BMC and the MMC (Figure 2, middle), but not
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for the random control (Figure 2, right), consistent with previous
observations indicating that these sequences disfavor nucleo-
some positioning (Valouev et al., 2011). We confirmed the trend
of nucleosome depletion at AT-rich regions characteristic of L1
target sites using data obtained with other cell lines (Descostes
etal.,, 2014; Schwartz et al., 2018) (Figure S2). Insertions can still
occur at regions in which nucleosomes are more dense (lower
part of the heatmaps), implying that nucleosomal DNA is not re-
fractory to L1 integration per se. Thus, L1 preferentially inserts
into nucleosome-depleted DNA primarily due to sequence
context.

L1 Integration Sites Are Dispersed Across All
Chromosomes with Few Hotspots

Hela cells possess an abnormal karyotype and are hypertriploid
(Adey et al., 2013). To analyze the genomic distribution of L1
insertions, we corrected for aneuploidy and local copy-
number variations (CNV), using low-coverage whole-genome
sequencing (WGS) of the HelLa S3 stock used in our retrotrans-
position assays (~1.6%; Figure 3C, CNV track).

We find that the chromosomal distribution of new L1 insertions
sites largely reflects chromosome size and copy number (Fig-
ure 3A). Endogenous L1 copies are enriched in the X chromo-
some, where they have been proposed to contribute to
X chromosome inactivation (Bailey et al., 2000; Lyon, 1998)
(see also Figure 3C, endogenous L1 tracks). However, new L1 in-
sertions are not significantly enriched in the X chromosome
under our experimental conditions, suggesting that the evolu-
tionary accumulation of L1 in the X chromosome results either
from post-integration selection or requires a stably inactivated
X (Xi) chromosome (like many cancer cell lines, HelLa cells do
not express the Xist RNA and only contain activated X chromo-
somes; Kawakami et al., 2004). New insertions are overrepre-
sented in chromosome 1, indicating that L1 integration is not
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Random Figure 2. Preferential Integration of De Novo
L1 Insertions into Sites with Low Nucleo-
some Occupancy

Heatmaps and average profiles of nucleosome
occupancy around pre-integration (L1 neo) or
control sites (MMC, BMC, and random) as
measured by MNase-seq in HeLa S3 cells (data
from Lacoste et al., 2014). For each heatmap
independently, loci were sorted by increasing
signal in the central 150-bp window. Average
nucleosome densities were calculated either
globally (bottom graphs, blue) or by separating
them in three classes of equal size, after ranking
them by increasing levels of nucleosome density at
the insertion or control sites (green graphs; low,
middle, and high nucleosome occupancy, from
top to bottom). The high nucleosome occupancy
class indicates that nucleosome presence per se
does not prevent L1 integration. Global profiles of
controls on the bottom represent the average of 50
datasets. MMC, motif-matched control; BMC,
base-composition-matched control.

See also Figure S2.

25 0 25

perfectly random (Figure 3A). We next examined the overall
spacing of de novo L1 insertions (Figure 3B) and compared it
to each simulated control dataset or to 1,000 random samplings
of 1,565 reads from HelLa S3 WGS (random, BMC, and MMC
controls [see above] and WGS). New L1 insertions are more clus-
tered than expected, particularly at inter-insertion site distances
in the 10-kb to 1-Mb range. This clustering is observed irrespec-
tive of the control dataset used, indicating that it does not result
from an uneven distribution of AT-rich sequences, clusters of L1
target motifs in the human genome, or aneuploidy of the HeLa S3
cell line. To further test whether some genomic locations are
preferred, we scanned the genome by 0.1-, 0.5-, 1-, 5-, or
10-Mb windows for de novo L1 insertions. Using 10-Mb bins,
we detect only a single insertional hotspot in chromosome 1
(overlapping 1p31-1p32.1 cytobands; Figure 3C; Table S3),
consistent with the overrepresentation of insertions in chromo-
some 1 (Figure 3A). Two additional hotspots on chromosomes
5 and 12 are detected when smaller bin sizes are considered
(Figure S3; Table S3). These apparent hotspots do not arise
from karyotype alterations, since our analysis corrects for CNV.
None of the detected hotspots correspond to regions with a
significant enrichment of endogenous elements or L1 target
motifs (endogenous L1 and MMC tracks; Figure 3C). Recurrent
L1-mediated inherited insertions at the same nucleotide position
in the BTK, NF1, F9, or APC genes have previously been found,
suggesting that these loci might also represent L1 integration
hotspots (Hancks and Kazazian, 2016). However, none of these
genes were hit in our experiments. In summary, the distribution
of new L1 insertions measurably deviates from homogeneity,
and some genomic locations are favored over others, indepen-
dently of the number of L1 target motif sequences or of existing
instances of previous L1 insertions.

To model L1 target site selection at different genomic scales,
we analyzed the densities of L1 target motifs in differently sized
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bins surrounding L1 integration sites. At a given scale, if an L1
element inserts into available target motifs independently of
other factors, then the resulting integration sites will be enriched
for bins with higher numbers of target motifs; on the other hand, if
an L1 element chooses between potential target regions inde-
pendently of the number of motifs, then the resulting integration
sites will mirror the genomic distribution of motif densities. At the
kilobase scale, L1 integration sites are highly enriched for
elevated local L1 target motif densities (Figure S3B) and closely
fit a model of unbiased selection between local motifs. However,
at larger scales, L1 integration deviates significantly from this
pattern, and at scales exceeding 10-100 kb, it is best modeled
by selection of genomic regions independently from the pres-
ence or number of target motifs (Figure S3B). Thus, consistent
with the large-scale clustering observed in Figure 3B, L1 ele-
ments appear to localize to genomic regions of >10-100 kb inde-
pendently of motif density; at smaller scales within these, they
insert near randomly among available target motifs. We therefore
next considered whether the choice of genomic target regions is
dictated by particular chromatin features or processes.

L1 Integration Is Only Modestly Influenced by Local
Chromatin States and Histone Marks
To identify potential regulatory features of L1 integration, we
measured the association of new L1 insertion profiles with chro-
matin segmentation states and histone modifications obtained
from the ENCODE project (Ernst and Kellis, 2012; Hoffman
et al., 2013). For comparison, we also analyzed simulated back-
ground datasets (random, BMC, and MMC), existing endoge-
nous L1HS-Ta found in HelLa S3 cells (Philippe et al., 2016)
(referred as L1 endo), and previously published genome-wide
integration profiles of retroviruses and other transposable ele-
ments (Gogol-Ddring et al., 2016; LaFave et al., 2014; Wang
etal., 2007). De novo L1 insertions show a modest but significant
association with weak enhancer and weak transcription chro-
matin segments (Figure 4A) and with histone modifications that
are characteristic of enhancers (H3K4me1) or transcription
over gene bodies (H3K36me3) (Figure 4C). However, the levels
of these associations are low (excess overlaps represent only
2%-3% of all L1 insertions; see Figure 4B), and it is noteworthy
that L1 retrotransposons show the least deviation from random-
ness, as compared to other transposable elements and retrovi-
ruses (Figures 4 and S4A). The profile obtained with de novo
insertions recovered in the absence of G418 selection (L1 neo-
unsel) is similar, although we could only test the association
with the most abundant chromatin segments due to the smaller
dataset size (Figure S4B). The L1 integration profile is in sharp
contrast to that observed for murine leukemia virus (MLV) and
PiggyBac (PB), which strongly accumulate in chromatin regions
related to strong enhancers, promoters, and transcription start
sites (Gogol-Déring et al., 2016; Sultana et al., 2017) (Figures 4
and S4A). L1 also strongly differs from HIV and Sleeping Beauty
(SB), which rather integrate into transcribed regions with
different levels of preference strength (Figures 4 and S4A),
consistent with previous reports (Gogol-Déring et al., 2016; Sul-
tana et al., 2017).

To ensure that the chromatin segmentation model does not
obscure any more-significant associations between L1 insertion

and any individual genomic feature(s), we also compared L1
insertion sites to each of the entire ENCODE collection of 346
publicly available chromatin immunoprecipitation sequencing
(ChlP-seq), DNase | hypersensitive sites sequencing (DNase-
seq), and formaldehyde-assisted isolation of regulatory ele-
ments and sequencing (FAIRE-seq) datasets, as well as to
annotated features from the UCSC genome browser. In line
with the results above, de novo L1 insertions are underrepre-
sented in GC-rich regions (which disfavor the AT-rich insertion
motif) but exhibit negligible or low associations with almost all
assayed genomic features (which encompass transcription fac-
tors, histone variants and modifications, chromatin enzymes,
and biochemical properties of DNA and chromatin; Figures
S5A-S5C), and the few significant associations, which primarily
correspond to features typical of enhancers (DNasel hypersensi-
tive sites and H3K4me1), are nevertheless characterized by
modest Z scores, which are far below the levels of associations
exhibited by other transposons or viruses. We validated the
(modest) association with H3K4me1 using ChIP-seq with the
same cell stock used in our assays (Figures S5D and S5E).

The absence of a strong association between L1 insertion and
any chromatin features also contrasts markedly with the
measured specificities of a variety of mammalian (DNase-l), bac-
terial (CviPIl nickase, micrococcal nuclease, and Dam methyl-
transferase), and phage (Tn5 transposase) enzymes on human
chromatin (Figure S4C). Every tested enzyme activity exhibits
moderate-to-strong associations with a range of chromatin seg-
ments, which are consistently higher than the strongest associ-
ations measured for L1 insertion. In conclusion, the ability of L1
to consistently insert into most or all genomic regions with similar
efficiency represents a unique and highly developed property
(rather than the default expected activity for a chromatin-tem-
plated process) and may contribute to the evolutionary success
of L1 elements and their abundance in the human genome.

De Novo L1 Insertions and Endogenous Copies
Associate with Distinct Chromatin Segments

For most detectable associations, de novo and endogenous
L1HS-Ta insertions show almost reciprocal enrichment and
depletion, suggesting that post-integrative phenomena can alter
the relative distribution of L1 elements among the different
chromatin states or genomic regions. Such post-integrative
mechanisms might include purifying selection or L1-mediated
epigenetic alterations (see below). To test further this possibility,
we measured the association of endogenous primate-specific
L1 elements of increasing age (from L1HS; i.e., L1PA1-
L1PA17) with the different chromatin segments (Figures 4D
and S6). Although de novo L1 insertions are modestly enriched
in chromatin segments annotated as weak enhancers (EnhWKk)
or weakly transcribed (TxWk), endogenous L1HS to L1PA5
exhibit increasing levels of depletion from these regions.
Conversely, de novo insertions are neither enriched nor depleted
in segments annotated as quiescent (Quies), yet reference L1HS
to L1PA3-PA5 elements show increasing levels of enrichment in
these low-activity regions. L1 loci as old as 20 Myr (the estimated
age of the L1PA5 family) (Khan et al., 2006) show evidence for
ongoing changes in their associations with genome functions.
Beyond this age, the strength of these positive or negative
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Figure 3. L1 Integration Sites Are Not Uniformly Dispersed in the Human Genome

(A) L1 integration sites are dispersed in all chromosomes. Each dot represents a chromosome. The number of L1 integration sites is highly correlated (Pearson
correlation) with HeLa S3 whole-genome sequencing (WGS) coverage of each chromosome (number of reads). Chromosome 1 is more frequently targeted than
expected (red dot, two-tailed binomial test, false discovery rate [FDR]-adjusted p = 0.010).

(legend continued on next page)
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associations is stable or progressively reduced. Collectively,
these results indicate that integration of L1 elements exhibits a
remarkable indifference to known genomic features in compari-
son to other mobile genetic elements and that the genomic
association of endogenous L1 copies with particular chromatin
segments largely reflects post-integrative processes rather
than integration site preference.

It was recently proposed that L1 preferentially accumulates
into older L1 elements in the brain (Jacob-Hirsch et al., 2018),
in contrast to previous reports (Szak et al., 2002). We did not
find strong evidence for preferred integration into existing trans-
posable elements or repeats, besides AT-rich low-complexity
repetitive DNA (Figure S5B). We conclude that if nested L1 inser-
tions are indeed enriched in particular scenarios, this rather re-
sults from post-integrative processes.

De Novo L1 Insertions Mirror the Unbalanced Target
Motif Distribution in Transcribed Regions

The modest enrichment of new L1 integrants in chromatin
segment representative of weak transcription prompted us to
directly test their potential association with genes and transcrip-
tion. Annotated protein coding genes cover ~45% of the human
genome (GENCODE v19, from transcription start to termination
sites, including introns; see STAR Methods). De novo engineered
L1 insertions are not significantly enriched in genes, in contrast
to those from other well-characterized DNA transposons or
retroviruses (Figure 5A). This pattern also differs from that of
endogenous L1HS-Ta elements already present in HelLa S3
cells, which are significantly depleted from genic regions
(36%), likely due to post-integrative negative selection, as previ-
ously observed for reference L1 elements (Medstrand et al.,
2002; Smit, 1999). Although the median expression level of
genes with new L1 insertions is higher than for the random and
BMC datasets, it is not significantly different from that of genes
containing L1 target site motifs (MMC; Figure 5B). Moreover,
the slight association between higher gene expression levels
and L1 insertions is much less pronounced than observed for
other transposable elements or retroviruses, in particular HIV,
known to preferentially integrate into highly expressed genes
(Sultana et al., 2017).

L1 retrotransposons inserted within genes and recorded in the
human reference genome occur more frequently in the opposite
orientation with respect to their enclosing gene (Medstrand et al.,
2002; Smit, 1999; Zhang et al., 2011). Since a majority of dis-
ease-causing L1 insertions are in the sense orientation relative
to the disrupted gene (Hancks and Kazazian, 2016), a generally
accepted explanation is that sense insertions are more likely to

be detrimental and counter-selected after integration. We found
that both endogenous and de novo insertions are significantly
biased toward antisense insertions, although this effect is more
pronounced for endogenous L1HS-Ta copies (Figures 5C and
5E). However, the distribution of L1 target motifs (MMC) in genes
is also highly skewed toward the antisense orientation and par-
allels the orientation bias of de novo L1 insertions (Figures 5D
and 5E). To summarize, L1 orientation bias in genes results
from an unbalanced distribution of L1 target site motifs between
the transcribed and non-transcribed strands, leading to a signif-
icant bias of orientation at the time of integration, and this effect
is further strengthened by purifying selection after integration.

L1 Integration Is Influenced by Host DNA Replication
Existing L1 elements present in human or murine genomes have
been shown to be enriched in late-replicating domains, an
observation correlated with the accumulation of L1 elements in
GC-poor isochores (Buckley et al., 2017; Hansen et al., 2010;
Hiratani et al., 2008). This enrichment is particularly evident for
more recent, primate- and human-specific L1 subfamilies (Fig-
ure S7A). To directly investigate whether this reflects preferential
L1 insertion into late-replicating regions, we computed the asso-
ciation of new L1 insertions with replication timing and with other
genomic properties linked to DNA replication, such as origins of
replication and replication fork directionality (RFD), using pub-
licly available datasets.

We observe that new L1 insertions occur preferentially within
early-replicating regions of the genome (Figure 6A, left, and Fig-
ure 6B). This represents the strongest association with any
genomic feature analyzed in this study and is sufficient to explain
the detectable skew of L1 insertions in other large-scale domains
(including lamin-associated domains [LADs] and topological A
and B domains; see Figure S5A). Integration sites recovered
without selecting for the reporter cassette are also enriched in
early-replicating regions, and their replication timing markedly
differs from that of endogenous L1 elements, although this is
less pronounced than for selected events (Figure S7A). Local
base-composition, the density of L1 target motifs at the insertion
sites (BMC and MMC control datasets; Figure 6B), and the
increased copy number of already-replicated regions (Fig-
ure S7B) are not responsible for this association. We also did
not find evidence of enrichment at replication origins detected
by short nascent-strand sequencing in Hela cells (SNS-seq; Fig-
ure 6B, left) (Besnard et al., 2012).

We next investigated whether the orientation of de novo L1 in-
sertions is influenced by the directionality of the replication ma-
chinery. RFD was obtained from publicly available Okazaki

(B) Spacing between de novo L1 insertions. Empirical cumulative distribution of target site spacing (bp) was compared with those of in-silico-generated random
datasets. The increased clustering of de novo L1 insertions (L1 neo) is evident at inter-insertion distances between 5 x 10*and 10° bp, when compared to random
positions (random), base-composition- or motif-matched controls (BMC and MMC), or random positions weighted by copy number in our HeLa S3 stock (WGS)
(two-sample Kolmogorov-Smirnov test; these four curves are almost superimposed in the graph).

(C) L1 integration hotspots in 10-Mb bins. From inside to outside tracks: copy-number variation (CNV; brown), relative CNV calculated from low-pass WGS of the
Hela S3 stock used in this study (arbitrary units, modal n = 3); L1HS, L1PA, and L1 tracks (from dark to light blue), count of endogenous L1HS, L1PA, or total L1
elements, respectively. The L1 family is the highest classification level analyzed here, and other subfamilies are nested in the following order: L1 > L1PA (primate
specific) > L1HS (human specific). L1 neo (black), count of observed L1 insertion sites. The overlaid blue line represents the average number of potential L1 target
sites (average count of motif-matched control sites per bin, 1,565 MMC sampled 1,000 times). Red bars indicate hotspots (Poisson distribution corrected for

CNV, FDR-adjusted p < 0.05).
See also Figure S3 and Table S3.
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Figure 4. Novel L1 Insertions Are Only Modestly Influenced by Chromatin States Compared to Other Transposable Elements, and Their
Distribution Is Rapidly Altered Post-integration

(A) Association of various transposable elements and retroviruses with ENCODE chromatin states. The 18 chromatin states were defined by ENCODE based on a
combination of several histone marks (ChromHMM). Heatmap displays the magnitudes of overlaps with each chromatin state, expressed as Z scores (see STAR
Methods, blue for depletion and red for enrichment). Publicly available de novo insertion datasets previously obtained for other classes of elements were analyzed
in parallel (Gogol-Déring et al., 2016; LaFave et al., 2014; Wang et al., 2007). Endogenous L1s (L1 endo) correspond to the 3’ ends of endogenous L1HS-Ta
elements present in the HeLa-S3 genome (Philippe et al., 2016). Chromatin segmentation data were obtained from ENCODE in HelLa S3 (for L1 and simulated
datasets) or K562 cells (for SB, HIV, PB, and MLV). BMC, MMC, and random are in-silico-simulated control datasets (see Figure 2 legend). SB, Sleeping Beauty;
PB, PiggyBac; MLV, murine leukemia virus.

(B) Proportion of insertions falling in each chromatin segment for de novo insertions compared to endogenous L1HS-Ta copies and a random dataset.

(C) Association of various transposable elements and retroviruses with histone modifications. Heatmap displays Z scores of observed overlaps with various
histone ChIP-seq peak obtained by ENCODE in HelLa S3 (for L1 and simulated datasets) or K562 cells (for SB, HIV, PB, and MLV). Color scale and legends are as
in (A).

(D) The tempo of primate-specific L1 association with a subset of functional chromatin segments. EnhWk, weak enhancer; TxWeak, weak transcription; Quies,
quiescent chromatin segments. L1HS is equivalent to L1PA1. L1 are sorted by increasing age (Khan et al., 2006). Curves represent loess-smoothed profiles of
Z scores across primate-specific L1 subfamilies. Solid and dashed red lines indicate the Z score values of L1 neo and endogenous L1 elements as a whole,
respectively.

See also Figures S4-S6.
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Figure 5. De Novo L1 Insertions Are Not Enriched in Genes, but Their Orientation toward Genes Is Unbalanced

(A) Proportion of various transposable elements and retroviruses inserted in genes. Values and error bars for simulated controls represent the average percentage
of 1,000 datasets + SD. The dashed line at 45% indicates the proportion of the human genome encompassed by annotated protein coding genes (GENCODE
v19). A red bullet indicates a significant difference with this proportion (p < 0.001), while a gray bullet indicates no significant difference (p > 0.05) in a two-tailed
binomial test with FDR correction (FDR < 0.05).

(B) Expression levels of genes containing insertions. Each dot represents the median expression level of genes with an insertion in each of the 1,000 simulated
datasets, overlaid with their median and interquartile range (red). On the right, the median expression levels of genes with experimental insertions are indicated.
With the exception of endogenous L1HS-Ta (L1 endo), all tested elements are inserted in genes with significantly higher levels of expression than expected
randomly (L1 neo versus random, p = 0.012; L1 neo versus BMC, p = 0.032; all others p < 0.002). However, the median expression level of genes with novel L1
insertions does not significantly differ from those containing L1 target motifs (L1 neo versus MMC, p = 0.204). p values are two-tailed estimates from empirical
distributions. TPM, transcripts per million. Poly(A)* RNA-seq data in HeLa S3 were obtained from ENCODE.

(C) Orientation of L1 insertions relative to genes. Both de novo (L1 neo) and endogenous L1 insertions occur significantly more frequently in antisense direction
with respect to gene transcription (two-tailed binomial test).

(D and E) Biased de novo L1 insertion orientation results from an asymmetric distribution of L1 target motifs in transcribed versus non-transcribed strand. A/S
ratio, ratio of insertions in antisense versus sense orientation relative to genes. (D)

Each dot represents the mean A/S ratio in each of the 1,000 simulated datasets, overlaid with their median and interquartile range (red). On the right, the A/S ratios
for experimental datasets are indicated. Since random, BMC, SB, PB, and HIV datasets were unstranded, orientations were assigned randomly to each insertion,
and their average ratio is expected to be equal to 1.

(E) A/S ratios comparisons between experimental and control datasets. p values are two-tailed estimates from empirical A/S ratio distributions.

See Figure 4A for dataset definitions.

fragment sequencing (OK-seq) data in Hela cells (Petryk et al.,
2016) (see Figure 6 legend). Positive strand insertions (i.e., initial
EN cut occurring at the bottom strand) are highly enriched when
the replication fork is moving leftward, and vice versa (Figure 6A,
right; Figure 6C). Notably, the distribution of genomic L1 target
motifs exhibits a near-identical bias (Figure 6C), mirroring the
A/T skew between leading and lagging strands, which has
been described in most genomes (Huvet et al., 2007; Touchon

et al., 2005). We conclude that the biased orientation of new
L1 integration events toward replication fork is driven by an
intrinsic property of the human genome, similarly to what we
observed for transcription.

Overall, the associations with host DNA replication represent
the most pronounced departures of de novo L1 insertions from
homogeneity, providing a first hint that these two different pro-
cesses may be mechanistically linked.
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Figure 6. Influence of Host DNA Replication on Sites and Orientation of L1 Integration

(A) Expected distribution (histogram) and observed (line) average signal at L1 pre-insertion loci for wavelet-smoothed Repli-seq signal (replication timing, left),
origins of replication (SNS-seq peak height; ORI, middle), and replication fork directionality (RFD) signal (measured by OK-seq; right). The expected distributions
represent the distribution of the mean signal of 1,565 randomly selected genomic positions, repeated 900 times. The Repli-seq signal ranges from 0 to 100, with
high values representing early replication. The RFD signal ranges from —1 (fork always traveling right to left) to 1 (fork always traveling left to right); regions with
RFD = 0 have equal chance of having a fork in either direction. The observed RFD was calculated separately for (+, red) and (—, blue) strand insertions. Data are
from Besnard et al. (2012), Hansen et al. (2010), and Petryk et al., (2016).

(B) Replication timing at L1 pre-integration sites. Plot represent the Log2 enrichment (mean observed/expected + SEM) of the Repli-seq signal for each cell cycle
fraction. Repli-seq data for HeLa S3 cells are from (Hansen et al., 2010).

(C) Orientation of L1 insertions relative to RFD. Depicted is the fraction of positive (red) or negative (blue) strand de novo L1 insertions (plain lines) or MMC sites
(dashed lines) for genomic regions binned according to RFD. Positive-strand insertions (i.e., initial EN cut occurring at the bottom strand) are highly enriched when
replication fork is moving leftward, and vice versa. The density of L1 target motifs (MMC) parallels this orientation bias (dashed lines). Curves were obtained by

loess smoothing. OK-seq data for Hela cells are from Petryk et al. (2016).
See also Figure S7.

Post-integration Selection versus L1-Mediated
Instruction

Our results indicate that new L1 insertions and endogenous
copies are associated with distinct chromatin states and repli-
cation timing (see above, Figures 4, 6, and S7). Two broad
post-integrative mechanisms could contribute to these diver-
gences: L1 insertions could be subject to evolutionary selection
so that instances that negatively affect fithess are purged, or the
presence of L1 insertions might itself instruct genomic changes
that alter the local chromatin state or function. To discriminate
between these scenarios, we analyzed 1,634 natural L1HS in-
sertions detected in 12 different human cell lines (Philippe
et al.,, 2016). We first identified the set of private insertions
that are each present only in a single cell line (Figure 7A). The
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set of private insertions specific to HeLa S3 cells exhibits asso-
ciations with chromatin states and replication timing that match
those of fixed, non-polymorphic L1HS insertions and differ
from those of de novo insertions, confirming the influence of
post-integrative effects on these insertion sites (Figure 7C,
compare “present” with “fixed” and “L1 neo” sites). We there-
fore compared the chromatin states at private insertion sites
that are specific for HeLa S3 (present sites) with those specific
for other cell lines (absent sites, which in HeLa S3 are unused
and represent a pre-insertion configuration) (Figure 7B). Any
instructive effects that could be driven by the presence of L1
would not occur in HeLa S3 cells at these sites. Nevertheless,
we found that the distribution of chromatin states at “absent”
sites was significantly different from those of random genomic
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locations or unselected new insertions and instead closely tion from other annotated chromatin segments. Similarly, the
matched that of endogenous insertion sites at which L1 is pre-  disparity between the L1 insertion preference for early-repli-
sent. This rules out L1-dependent instruction as a major deter-  cating regions and the enrichment of endogenous L1 copies
minant (Figure 7C) and is consistent with a dominant role for in late-replicating regions is primarily driven by post-integrative
evolutionary selection in the association of endogenous L1 selection rather than L1-driven alterations in replication timing,
copies with the quiescent chromatin state and in their deple-  since natural insertion sites from multiple other cell lines that are
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unused in HeLa S3 cells exhibit the same bias for late replication
in HelLa S3 (Figure 7B).

Our data do not exclude that specific L1-derived sequences
may contribute to modifying some aspects of local chromatin,
and indeed, this has been described (Liu et al., 2018; Walter
etal., 2016). Nonetheless, they clearly indicate that the dominant
process that shapes the distribution of recent L1 insertions in the
human genome is evolutionary selection and that the influences
of initial target-site preference or of instructive chromatin
changes are largely concealed when analyzing endogenous
copies of human-specific L1s.

DISCUSSION

In this study, we characterized a set of 1,565 L1 target sites,
recovering almost an order of magnitude more insertions than
the combined total from all previous studies (Gilbert et al.,
2002, 2005; Symer et al., 2002) (Figure S1; Table S2). The retro-
transposition assay using engineered L1 elements in cultured
cells faithfully recapitulates many properties of naturally occur-
ring insertion (Rangwala and Kazazian, 2009) but also has limita-
tions. First, the reporter cassette inserted in L1 3' UTR could
affect its integration pattern. However, genomic sequences
of similar size and downstream of active L1s are often natu-
rally mobilized, through 3’ transduction (Kazazian and Moran,
2017). Second, the use of a selectable marker to enrich for cells
with integration events could influence the distribution of func-
tional regions that can be detected as target sites. We do not
favor this possibility, since a smaller subset of new L1 insertions
recovered without any selection in this study exhibit properties
identical to G418-selected insertions, and we do not observe
enrichment for detected L1 insertions in expressed genes. The
recovery approach used here only provides information on the
3’ junctions and thus on the initial steps of target-primed reverse
transcription. It is possible that a minor fraction of the integration
events was resolved through recombination pathways as previ-
ously observed (Gilbert et al., 2005), but this would not influence
our conclusions, since the initial targeting would be unaffected.
Similarly, recombination with existing copies, as previously
described for limited cases of Alu insertions (Roy et al., 2000),
is unlikely to bias our analysis, since de novo insertions are not
enriched at the locations of any other classes of endogenous
L1 (Figure S5) and only 8 out 1,565 (0.5%) were found within
an existing L1HS element (Table S2).

Finally, our strategy of analyzing de novo L1 integration pat-
terns in a single, well-studied cell line was designed to benefit
from the availability of a broad range of genomic and epigenomic
datasets. Although these data generally come from the same cell
line, they derive from independent cell stocks cultured in condi-
tions that might differ from those used in our L1 retrotransposi-
tion assay. Despite this limitation, we could corroborate our
findings using multiple external datasets (Figures S2 and S5C),
and we validated the most significant detected association
with a histone mark (H3K4me1; Figures 4C and S5C) using
data generated from our own cell stocks and culture conditions
(Figures S5D and S5E). However, it is conceivable that some as-
pects of L1 transposition may also be influenced by cell-line-
specific factors, which our analysis could overlook.
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At a Local Scale, the Distribution of De Novo L1
Insertions Is Driven by Target Sequence Specificity
Almost all recovered insertions occur at pre-integration sites
bearing a consensus AT-rich L1 target motif (Figures 1C and
1D), and at local scales (100 bp to 1 kb), L1 insertions are
consistent with a model of unbiased selection between motifs
(Figure S3). Preexisting biases in the distribution of this motif
have a measurable impact on new insertions. The L1 target
motif contains multiple AA dinucleotides that are naturally disfa-
vored by nucleosomes (Valouev et al., 2011), leading to low
nucleosome occupancy at sites of L1 insertions (Figures 2
and S2). Similarly, the orientation bias that we detect for new
L1 integration sites relative to transcription and replication
directionalities (Figures 5 and 6) can be explained by the known
unequal distribution of A/T content between the two DNA
strands of the human genome (Green et al., 2003; Huvet
et al., 2007; Touchon et al., 2005).

Endogenous genic L1 elements are more frequently oriented
antisense relative to their surrounding gene, a bias ascribed to
the detrimental effects of sense-oriented insertions (Hancks
and Kazazian, 2016; Zhang et al., 2011). A recent study pro-
posed that this bias could also result from the activity of the tran-
scription-coupled repair pathway during retrotransposition,
although the small number of de novo insertions analyzed limited
the statistical power of this analysis (Servant et al., 2017). Our
findings reveal that the unbalanced distribution of L1 target mo-
tifs on the transcribed versus non-transcribed strands is suffi-
cient to account for the orientation bias of novel insertion events,
without any need to invoke cellular host defense mechanisms,
and that this bias is further strengthened by evolutionary selec-
tion (Figure 5). We note that favoring the non-transcribed strand
could naturally serve to limit collisions between L1 reverse tran-
scription and host transcription that might otherwise activate
DNA damage repair pathways.

De novo L1 insertions are preferentially oriented facing in the
direction opposite to replication fork progression (Figure 6).
Given the directionality of target-primed reverse transcription,
this observation implies that L1 generally initiates retrotransposi-
tion in the strand that serves or will serve as a template for lag-
ging-strand synthesis or in the neo-synthesized leading strand.
Again, this property primarily results from the unbalanced distri-
bution of L1 target motifs between leading and lagging strands, a
consequence of compositional strand asymmetries and A/T
skew associated with replication and observed in most species
(Huvet et al., 2007; Touchon et al., 2005). It is possible that this
intrinsic replication-associated strand asymmetry may have
been exploited by L1 to facilitate steps required for integration
resolution, including second-strand synthesis and ligation (see
below). An additional and non-exclusive process may involve
collisions between L1 target-primed RT and host DNA replica-
tion, leading to replication block. In such a scenario, ongoing
retrotransposition events initiated in the future leading-strand
template may be eliminated, while those initiated in the future
lagging-strand template may be repaired and incorporated into
the daughter DNA molecule. We note that several factors
involved in break-induced replication and replication fork remod-
eling, such as the Fanconi Anemia complex, BRCA1, BRCA2, or
RADS51 proteins, are negative regulators of L1 retrotransposition
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(Liu et al., 2018) and could help resolving such events to maintain
genome stability.

At a Regional Scale, De Novo L1 Insertions Are Minimally
Influenced by Chromatin State and Activity

Almost all transposable elements and retroviruses studied until
now exhibit highly biased integration into host genomes (Sultana
et al., 2017). However, by systematically examining a large vari-
ety of annotated genomic features, we found that L1 integration
is remarkably insensitive to described chromatin states and to
gene organization (Figures 4 and 5). This nearly neutral pattern
of L1 insertion is starkly different from those of other well-charac-
terized transposable elements (SB and PB) or retroviruses (MLV
and HIV) or other enzymatic processes that act on DNA as a sub-
strate (Figure S4) and strongly implies that this is a highly specific
and selected property of the L1 machinery (and hints to a possi-
bility that it may even act on non-chromatinized DNA; see below).

At Large Genomic Scales, L1 Integration Is Influenced by
the Replication Timing of the Target Sites

At scales between 10 kb and 1 Mb, L1 insertions are more clus-
tered than expected (Figure 3), and localization to large-scale
regions occurs independently of fine-scale target motif choice
(Figure S3). Accordingly, the most prominent (but also unantici-
pated) feature of de novo L1 insertions in our experiments is their
preferential targeting of early-replicating regions of the genome
(Figures 6 and S7); these occur in megabase-scale domains
(Hansen et al., 2010), and their enrichment for de novo L1 inser-
tions suggests a possible link between L1 integration and host
DNA replication. Although L1 is capable of retrotransposition in
non-dividing cells, cell-cycle progression and S phase seem to
promote its mobilization (Kubo et al., 2006; Macia et al., 2017;
Mita et al., 2018; Xie et al., 2013), and several factors acting at
replication forks (proliferating cell nuclear antigen [PCNA],
MCM proteins, TOP1, PARP1, and RPA1) have been shown to
interact with L1 ORF2p (Goodier, 2016; Liu et al., 2018; Pizarro
and Cristofari, 2016; Taylor et al., 2013, 2018). Collectively, these
observations are consistent with a model whereby the L1 ma-
chinery is recruited to replication forks by host factors in dividing
cells and that early-replicating regions may be preferentially tar-
geted due to limiting ORF2p levels (Alisch et al., 2006; Taylor
et al., 2013). Due to the unbalanced density of L1 target motifs
between the two replicating DNA strands, L1 favors initiation of
reverse transcription from the cleaved lagging-strand template
DNA, where it could hijack host enzymatic activities and
DNA structures involved in lagging-strand synthesis to prime
L1 second strand synthesis and resolve integration. Such a
model would also be consistent with the low influence of chro-
matin states on L1 insertion site preference, since local chromatin
organization at the replication fork is expected to be heavily
disturbed. Nevertheless, the ability of L1 to retrotranspose in
both dividing and non-dividing cells suggests that this model
might represent an opportunistic pathway for L1 insertion rather
than a strict requirement. Our work is consistent with an indepen-
dent and parallel study (Flasch et al., 2019), which detected an
association of new L1 insertions with early-replicating domains
in a subset of cell types and also late-replicating domains using
other cell lines and experimental conditions. Further studies will

be needed to understand the conditions that lead to preference
for early- or late-replicating regions.

The Distribution of Existing L1 Insertions Is Dominated
by Post-integration Selection

Our characterization of new L1 insertions allowed us to examine
the respective contributions of insertion site selection and post-
integrative events to the observed distribution of L1 elements
within germline and somatic genomes. We found that the land-
scape of endogenous L1 copies differs significantly from that
of new insertions, being enriched in quiescent chromatin seg-
ments and late-replicating regions, and depleted from genes. It
thereby more closely resembles the profile of insertions recov-
ered from tumors, which accumulate in heterochromatic regions
(Bryner et al., 2017; Tubio et al., 2014). Somatic L1 insertions in
the brain were previously reported to preferentially accumulate in
enhancers (Upton et al., 2015), which is reminiscent to the
modest association with weak enhancers we observe for
de novo insertions, suggesting that post-integrative processes
operate more drastically in tumors than in the normal brain. By
analyzing a large collection of natural insertion sites from a panel
of 12 different cell lines, we show that the predominant post-inte-
grative process that models the distribution of endogenous L1s
is purifying selection and not L1-dependent chromatin alter-
ations (Figure 7). Recombinational deletion among distant L1
or Alu copies has the potential to deplete retrotransposon copies
from large and distinct genomic compartments, and in conjunc-
tion with natural selection, this could contribute to the differential
distributions of L1 and Alu (Han et al., 2008; Sen et al., 2006). We
conclude that mapping de novo insertions, rather than existing
insertions that accumulated in the genome over a long period
of time or were selected by clonal expansion during tumor
growth, is essential to separate insertion site preference from
evolutionary selection.

In sum, our data reveal the unique properties of the L1
machinery that allow this transposable element to broadly
target most regions of the human genome. They also highlight
how the landscape of insertions is driven by preexisting as-
pects of the genomic sequence and how it is reshaped
throughout evolution by selection. In a more general way, our
work illustrates the co-adaptive trajectories of transposable
elements with their host.
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control datasets and annotation files.

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by, the corresponding author, Gael Cristofari
(Gael.Cristofari@unice.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Hela S3 cells were obtained from ECACC (distributed by Sigma-Aldrich) and maintained in a tissue culture incubator (37°C at a 5%
CO2 level) in Dulbecco’s modified Eagle medium (DMEM) containing 4.5 g/L D-Glucose, 110 mg/L Sodium Pyruvate, and supple-
mented with 10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin. Growth medium was also supplemented with
862 mg/mL L-Alanyl-L-Glutamine (Glutamax). Cell cultures tested negative for mycoplasma infection using the MycoAlert Myco-
plasma Detection Kit (Lonza). Cell line authenticity was verified by multiplex STR analysis (PowerPlex 21 PCR system, Promega,
assays performed by Eurofins Genomics as a service provider) and comparison with the DSMZ database (https://www.dsmz.de/
services/services-human-and-animal-cell-lines/online-str-analysis.html).
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METHOD DETAILS

Plasmid constructs

The plasmid pOS24 consists in a full length and retrotransposition-competent human L1 (L1.3 clone, GenBank accession number
L19088), containing the mneol retrotransposition reporter cassette (Figure 1A and Moran et al. [1996]). The engineered L1 was cloned
into a modified pCEP4 backbone (Invitrogen) in which the CMV promoter and SV40 polyadenylation sequence were removed. Hence,
L1 is expressed from its natural internal promoter (in the 5’UTR) and transcription is terminated by its natural polyadenylation signal.
The mneol cassette is expressed from an SV40 promoter and allows discriminating de novo copies from the thousands of endoge-
nous L1 elements already present in the human genome. Neomycin (G418)-resistance was used to enrich cells containing new retro-
transposition events (L1 neo). A hygromycin-resistance marker is also present in the plasmid backbone and has been used to select
transfected cells in the absence of G418 selection (L1 neo-unsel).

Oligonucleotides
Oligonucleotides, described in Table S1, were synthesized by Integrated DNA Technologies (IDT, Coralville, 1A).

L1 retrotransposition assays

The cultured cell retrotransposition assay was conducted as described previously (Wei et al., 2000). Briefly, 2 x 10° cells/well were
plated in 6-well plates. The next day, cells were transfected with 1 png of plasmid DNA and 3 L of Lipofectamine 2000 (Life Technol-
ogies) diluted in 200 pL of Opti-MEM (Life Technologies). Medium was replaced with fresh medium after 5 hr. For retrotransposition
assays in T75 and T175 flasks, 2 x 10% and 5 x 10° cells were plated, respectively, and the amount of each reagent was adapted
accordingly to the plate surface. Two days post-transfection, medium was supplemented with G418 (Life Technologies) at
400 pg/mL to select for retrotransposition events. The media was changed daily. After 10 days of selection, surviving cells in one
well per batch of retrotransposition assay was washed with 1X Phosphate-Buffered Saline (PBS), fixed, and stained with crystal violet
to visualize colonies. If stained cells surviving the G418 selection were present in the well, cells were collected from other wells.
Genomic DNA was extracted using a QiaAmp DNA Blood mini kit (QIAGEN). In parallel, HeLa S3 cells were plated in 6-well plates
and transfected with 0.5 pg of the same plasmid and phrGFP (Stratagene). Three days post-transfection, cells were subjected to
flow cytometry and the transfection efficiency was determined based on the number of GFP-positive cells by FACS.

Library preparation and high-throughput sequencing

Mechanical fragmentation, end-repair, A-tailing, and adaptor ligation

Libraries were prepared as described previously (Philippe et al., 2016). Briefly, 1ug of genomic DNA was sonicated for 6-12 cycles
(5 s on/90 s off) at 4°C with a Bioruptor sonicator (Diagenode), to reach an average fragment size of 1200 bp. DNA ends were repaired
using the End-It DNA End-Repair Kit (Epicenter, Madison, WI). A-tailing of the repaired blunt ends was performed with Klenow
Fragment (3'-to-5’ exo-, New Englands Biolabs, Ipswich, MA) following the manufacturer’s protocol. Adaptor and dummy oligonu-
cleotides were ligated to the A-tailed DNA. Between each of the above steps, DNA was purified with Agencourt AMPure XP beads
(Beckman Coulter, Brea, CA) using a 0.8:1 ratio of beads to DNA solution (v/v) and DNA was quality-controlled by Bioanalyzer 2100
(DNA high sensitivity kit, Agilent Technologies, Santa Clara, CA).

Library preparation by suppression PCR

Junctions of novel L1 3’ end and genome were selectively enriched by suppression PCR. To reduce PCR stochasticity, the ligated
genomic DNA of each sample was amplified in 8 independent parallel reactions of 40 uL each, containing 20 ng of ligated genomic
DNA under the following cycling conditions: 1 cycle at 95°C for 4 min; followed by 30 cycles at 95°C for 30 s, 68°C for 30 s, and 72°C
for 1 min; and a final extension step at 72°C for 7 min. Primers are described in Table S1. Each primer pair contains the trP1 and lon A
sequences, to be used for subsequent lon Torrent library quantification and lon Torrent sequencing. PCR products from the 8 reac-
tions corresponding to the same population of clones were pooled. For some libraries prepared from unselected cells, linker-ligated
genomic DNA was digested for 1h at 37°C with BamHlI prior to suppression PCR (RD = restriction-digested, Figure S1). This step was
intended to limit amplification from plasmid DNA, since this enzyme cuts downstream of L1 polyadenylation signal, but it did not
consistently improve unselected insertion recovery (Figure S1).

Library preparation in emulsion

Some of the libraries were amplified by digital droplet PCR (ddPCR) in parallel to the PCR method described above to reduce sto-
chasticity in PCR amplification and increase library complexity. We reasoned that massive partitioning of template DNA into 20,000
droplets would allow capturing late and rare retrotransposition events and also minimize over-amplification of insertions. ddPCR
amplification was done using QX200 ddPCR EvaGreen supermix from Bio-Rad under the following cycling conditions: 1 cycle at
95°C for 5 min; followed by 30 cycles at 95°C for 30 s, 64°C for 1 min; followed by signal stabilization of 1 cycle at 4°C for 5 min,
1 cycle at 90°C for 5 min (Bio-Rad’s C1000 touch thermal cycle). For each sample, 9 parallel reactions were performed. Droplets
of one reaction were read with a QX200TM droplet reader and analyzed with the QuantaSoft software to control amplification. Drop-
lets from the remaining 8 reactions were pooled and amplified DNA was extracted from the droplets by the chloroform extraction
method according to manufacturer’s protocol.
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Size selection

Pooled amplicons from either PCR method were subjected to double size selection to retain amplicons ranging between 300 and
450 bp by two consecutive Agencourt AMPure XP bead purification steps using beads-to-DNA ratios of 0.6:1 and 0.7:1, respectively.
The supernatant of the first bead purification using bead:DNA ratio of 0.6:1 contains DNA fragments larger than 300 bp. This super-
natant is applied to a second selection step with a bead:DNA ratio of 0.7:1 (i.e., addition of 0.1X beads to the supernatant), where
fragments smaller than 450 bp are bound to the beads and subsequently eluted. To eliminate any traces of primers, a last step of
purification using beads to DNA ratio of 1:1 was performed.

Library quantification

Each library was quantified for copy number using a quantitative PCR-based assay (library quantification kit for lon Torrent, Kappa
Biosystems, Wilmington, MA). Average amplicon length was quantified by Bioanalyzer 2100 (DNA high sensitivity kit, Agilent Tech-
nologies, Santa Clara, CA). Library concentration was deduced from library average length and copy number.

lon Torrent PGM sequencing

For sequencing, three to five libraries were pooled in equimolar amounts (final concentration of 20 pM). Emulsion PCR and enrich-
ment for positive lon Sphere Particles (ISPs) was performed on the lon OneTouch 2 and ES enrichment modules, respectively, using
the lon PGM Template OT2 400 Kit (Life Technologies), and sequenced on the lon Torrent PGM, using the lon PGM Sequencing 400
Kit and lon 318 v2 Chips (Life Technologies), according to the manufacturer’s protocols.

Integration site mapping
lon Torrent sequencing reads were processed and mapped to the reference human genome (hg19) in order to locate de novo L1
insertion sites, using a modified ATLAS-seq pipeline (Philippe et al., 2016), summarized below.

FASTQ files were demultiplexed according to the sample-specific barcode using cutadapt (https://github.com/marcelm/
cutadapt). Reads from each barcoded library were then trimmed using cutadapt to remove barcodes, ATLAS-seq primers, and
adapters. Trimmed reads were mapped to the hg19 human reference genome using the Burrows-Wheeler Aligner (BWA) program
with the ‘mem’ algorithm allowing soft-clipping (Li and Durbin, 2010). Mapped reads were filtered to remove secondary alignment
and ambiguously mapped reads (MAPQ < 20) using SAMtools (Li et al., 2009). Soft-clipped reads with a polyA or polyT at the junction
were recovered and insertion sites were called, based on the soft-clipped position of each read. Within a sample, PCR duplicate
reads were removed with Picard tools (http://broadinstitute.github.io/picard, MarkDuplicates function), keeping only the longest
representative read. Reads were considered redundant if they started from the same linker position, which corresponds to the initial
genomic DNA break during sonication. Identical insertion sites from independent pool of cells which were sequenced together were
merged into clusters using BEDtools (Quinlan and Hall, 2010). In a given run, an insertion falling at the same nucleotide position as - or
less than 500 bp - from another insertion but supported by less non-redundant reads was considered as a mapping artifact or index
hoping and were eliminated. Thus, recurrent insertions at the same nucleotide were only considered when found in two independent
samples sequenced in two distinct runs. Finally, insertions falling in ENCODE blacklisted regions of hg19 genome assembly (DAC
Blacklisted Regions and Duke Excluded Regions, downloaded from UCSC Genome Brower Tables) were removed. Altogether,
we obtained 1565 target loci and 1647 insertions (includes recurrent insertions at the same target locus), from 28 samples sequenced
in 8 independent lon Torrent runs on 318 Chips (Figure S1; Table S2). Note that each insertion is defined by a 2-bp interval spanning
the integration point (0-based coordinates in hg19).

Motif analysis at the sites of integration

The genomic DNA sequence flanking the integration site was extracted with BEDtools and we used weblogo 3.5.0 to generate the
motif at the insertion site between positions —3 and +8 (Figures 1 and S1). The corresponding position-weighted matrix (PWM) was
calculated and subsequently used to infer the score of each individual recovered integration site. The motif score is defined as the
sum of the log-odds probabilities of the nucleotides found at each position, with an equiprobable frequency of each nucleotide.

Generation of controls datasets
We generated three distinct control datasets:

® arandom control (Random): this dataset was obtained by randomizing 1000 times the experimental dataset. Orientation was
picked arbitrarily.

® a base composition-matched control (BMC): this dataset was generated by randomly shuffling 1000 times the experimental
dataset as for the ‘Random’ dataset but choosing insertion sites so that the distribution of base composition (%AT) around
the integration sites (+5bp) of all randomized insertions sites is identical to the distribution of the experimental dataset. Orien-
tation was picked arbitrarily.

o a motif-matched control (MMC): this dataset was created by picking up randomly 1000x1565 genomic locations with a motif
matching the L1 motif position-weighted matrix. A site was considered as matching if its score was above a threshold of
4.96256, which corresponds to 1 hit per kb assuming equal probability of each base, as estimated by the TFMpvalue package.
Motifs are asymmetric, and orientation was maintained.
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The BMC and MMC datasets were generated to test whether associations observed between some genomic features and L1 in-
sertions indirectly results from a biased base- or motif-composition of these genomic features. Of note, all three types of control data-
sets were filtered as the experimental datasets. In other words, we excluded DAC blacklisted and Duke excluded regions, as well as
unassembled contigs, gaps, alternate assemblies, and the Y chromosome.

Processing of published transposable element and retrovirus insertion datasets

All datasets were reformatted as 2 bp-interval .bed files and their genomic coordinates were converted by the UCSC LiftOver tool to
hg19, when needed. As for experimental and control datasets, we excluded DAC blacklisted and Duke excluded regions, as well as
unassembled contigs, gaps, alternate assemblies, and the Y chromosome. Sleeping beauty (SB) and PiggyBac (PB) datasets were
published in Gogol-Déring et al. (2016) and downloaded from GEO (GSE58744). We only kept libraries prepared from sonicated DNA.
The available data were unstranded, but we arbitrarily assigned a positive orientation to comply with BED6 format specifications.
Murine Leukemia Virus (MLV) datasets were published in LaFave et al. (2014) and were downloaded from the NHRGI website
(https://research.nhgri.nih.gov/software/GelST/download.shtml). Human Immunodeficiency Virus (HIV) datasets were published in
Wang et al. (2007) and were downloaded from the author website (http://microb230.med.upenn.edu/ucsc/hiv.wig.bed). The data
were unstranded, but we arbitrarily assigned a positive orientation to comply with BED6 format specifications. Endogenous
L1HS-Ta elements present in HeLaS3 cells, and called throughout this work ‘L1 endo’, were obtained from Philippe et al. (2016).

Nucleosome density

We used publicly available micrococcal-nuclease (MNase-seq) data generated in HelLa S3 to calculate nucleosome occupancy at
insertion sites (GSM1053817) (Lacoste et al., 2014) (Figure 2) and confirmed the obtained results with publicly available HeLa and
Raji datasets (Descostes et al., 2014; Schwartz et al., 2018). Briefly, reads were mapped to the hg19 human reference genome
with bowtie2 (v2.1.0) (Langmead and Salzberg, 2012), aligned reads were compressed in bam format using samtools (Li et al.,
2009), and signal pile up was obtained with the PASHA R package (Fenouil et al., 2016). Data were processed using the paired-
end approach, binned by 10 bp. Pile-up (PCR) artifacts were removed when more than 1 read aligned exactly at the same position
every 7 millions of aligned reads as previously described (Fenouil et al., 2016). Data were then scaled using the number of reads and
the signal (hormAndSubstractWIG). To generate heatmaps, each locus representing + 2.5 kb surrounding the integration site was
divided into 1000 equal bins and the signal of each bin was transformed by the asinh function. Loci were sorted by increasing
MNase-seq signal in the central + 75bp window surrounding the integration sites, and visualized with Java Treeview (Saldanha,
2004). Metaprofiles were generated following the same approach, but without the asinh normalization, either for the whole set of in-
sertions, or after dividing the ordered sets of the heatmaps in 3 equal groups. In Figure 2, heatmaps and subgroup profiles were pre-
pared with a single dataset, but global profiles for the control datasets represent the average of 50 randomization.

H3K4me1 and whole genome sequencing

Chromatin extraction, chromatin immunoprecipitation (ChIP) DNA purification and sequencing were performed using standard tech-
niques as previously described (Ramos Pittol et al., 2018). Briefly, cells were fixed with 1% formaldehyde for 15 minutes at room tem-
perature and washed extensively in ice-cold PBS. Nuclei were released by incubation for 5 minutes in ice-cold L1 buffer (50 mM Tris
pH 8,2 mM EDTA, 0.1% NP40, 10% glycerol) followed by 5 minutes centrifugation at 1000 xg, and lysed in L2 buffer (50 mM Tris pH 8,
5 mM EDTA, 1% SDS). Chromatin in the supernatant was fragmented to a size range of approximately 300-700 bp using a tip son-
icator, and insoluble debris was removed by centrifugation. A sample of this chromatin was used as an input control for ChIP, and for
whole-genome sequencing. Chromatin was diluted 10-fold in DB buffer (50 mM Tris pH 8, 5 mM EDTA, 200 mM NaCl, 0.5% NP40),
pre-cleared with protein-A Sepharose for 1 hour, and incubated with anti-H3K4me1 antibodies (Abcam ab8895) at a concentration of
2 pg/mL overnight at 4°C. Chromatin was immunoprecipitated for 30 minutes using 10 pL/ml protein-A Sepharose, and sequentially
washed 6x with ice-cold NaCl wash buffer (20 mM Tris pH 8, 2mM EDTA, 500 mM NaCl, 1% NP40, 0.1% SDS) followed by 3x with
ice-cold TE (50 mM Tris pH 8, 2 mM EDTA). Immunoprecipitated chromatin was released by incubation at room temperature in buffer
EB (50 mM Tris pH8, 2 mM EDTA, 2% SDS), and cross-links were reversed by overnight incubation at 65°C. ChIP and input DNA were
both purified using QIAGEN MinElute PCR purification kits, and DNA was re-fragmented for sequencing to achieve a mean size of
300 bp using a water-bath sonicator. Input and ChIP DNA were subjected to lllumina NextSeg500 paired-end sequencing.
Sequencing reads were aligned to the human reference genome (hg19) using bowtie with options -v 2 -a -m 5-maxins 2000-tryhard
(Langmead and Salzberg, 2012), and statistically excess reads mapping to the exact same fragment (representing likely PCR arti-
facts) were removed. For analysis of H3K4me1 ChIP-seq, enriched peaks were identified using MACS 1.4 with options -p 1e-4-
nomodel-shiftsize = 150-keep-dup = all (Zhang et al., 2008), using input DNA as background.

Chromosomal distribution

To assess chromosomal distribution of L1 insertions, all data were corrected for copy number variation, genome gaps, and mapping
artifacts by normalization with HeLa S3 whole genome sequencing coverage, either for entire chromosomes or for selected bins. For
hotspot detection, we calculated for each bin an expected cumulated Poisson probability to obtain the observed number of inser-
tions or more, based on the observed average insertion rate, and corrected this probability by: (i) the WGS coverage value; and (ii) the
L1 target motif density. Correction for multiple testing was ensured using an FDR < 0.05. The coverage correction was done by
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scaling the expected number of insertions, i.e., the Poisson process mean, by the relative WGS coverage of each bin relative to the
average WGS coverage. The L1 target motif density was approximated by computing the average per bin density of the 1000 MMC
control datasets (see above), and then was used as the mean of the Poisson process instead of the average insertion rate in correc-
tion. Hotspots were detected with only the correction for coverage and with both corrections. Circular plots were generated using the
circlize R package (Gu et al., 2014).

Enrichment of genomic features

To allow a fair comparison of the associations of integration profiles (both actual and simulated) with a wide range of genomic fea-
tures, we used a statistical approach in which we generate a large number of controlled in silico randomizations of each dataset, and
we express the magnitudes of each association as a z-score, which reflects the number of standard deviations by which the
measured similarity of any pair of datasets differs from the similarity expected by chance. This approach does not require any a priori
assumptions about the abundance, distribution or resolution of tested genomic features, and accounts for feature clustering at all
scales. Importantly, z-scores for pairwise associations between unrelated datasets can be directly compared to each other, and indi-
cate their relative levels of similarity.

To identify genomic features that are significantly associated with pre-integration sites, we compared the observed magnitude of
overlaps between the dataset of L1 integrations and datasets describing each genomic feature to the expected distribution of mag-
nitudes of overlap between the pair of datasets according to a null hypothesis of no relationship between them. This was empirically
estimated by calculating the magnitudes of overlaps between a series of randomized versions of each dataset. Randomized datasets
were constructed by randomly permuting the genomic positions of every feature, in such a way that that their scores, sizes, relative
distributions and inter-regional structure at all scales is preserved. This strategy ensures that any structure or clustering in the dis-
tribution of genomic features (either observed or hidden) does not bias the estimate of association between datasets. Each dataset in
a compared pair was generally permuted 30 times, providing 30x30 = 900 pairwise comparisons to calculate the expected random
distribution of overlaps. The significance of each overlap is expressed as a Z-score, calculated as the number of standard deviations
by which the observed overlap between datasets differs from the overlap level expected by chance. The Z-score calculated in this
way is not biased by the absolute magnitude of observed overlaps, nor by the size of either dataset (either the number of features or
the level of genomic coverage, and it is thereby suitable for comparing the significance of associations between genomic datasets
with widely varying sizes and resolutions. Control datasets (random, BMC, MMC) were generated 100 times independently, and the
median Z-scores were computed. Published integration datasets (SB, PB, HIV, MLV) were randomly subsampled to 1565 sites 100
times independently and median Z-scores were computed for the subsamples, to allow straightforward comparison of Z-scores to
the L1 insertions sites without requiring correction for different sampling levels. For datasets with smaller sampling levels (unselected
L1 insertions [Figure S4B] and absent/present private endogenous insertions [Figure 7]) Z-scores were corrected for subsampling by
scaling by the square root of the sample size.

Relation between gene expression and integration sites

Gene expression levels in HeLa S3 cells were obtained from ENCODE (HelLa S3 polyA+ RNA-seq, ENCFF622JEX) as transcript per
millions (TPM), using all known protein-coding genes annotated in GENCODE Genes v19. Proportion of genes in the genome, count
of genic insertions and of each orientation was computed with BEDTools (Quinlan and Hall, 2010) after subtracting DAC blacklisted
and Duke excluded regions, as well as unassembled contigs, gaps, alternate assemblies, and the Y chromosome.

Relation between replication and integration sites
Replication timing at L1 insertion sites, and in control datasets, was analyzed by calculating the enrichment in the Repli-seq signal at
each location compared to the genome-wide average signal, for each cell-cycle fraction. To correct for the elevated abundance of
already-replicated DNA during S-phase (Figure S7), we multiplied the enrichments of control datasets by the calculated mean
amount of DNA at each locus (based on their Repli-seq profiles), assuming that each of the 6 Repli-seq cell-cycle fractions encom-
passes an equal proportion of S-phase. Thus, the relative abundance of each locus is calculated as 1+(""/12)f1+(%/12)fo+("/12)fa+
(/12)fa+C/12)fs+('/12)fs, where f; to fs denote the proportion of the normalized Repli-seq signal at each locus in each of the 6 cell-cycle
fractions (so, for example, the mean abundance of hypothetical locus which replicates exclusively in the earliest sorted cell-cycle
fraction is calculated as 1+'"/1,).

RFD was analyzed by calculating the ratio of forward- to reverse-strand insertions, or controls, that occur at genomic sites with a
RFD score from OK-seq in each of 20 equal bins spanning the range from —1 to +1.

Testing selection versus instruction models

Private (present in only one cell line; n = 744) and fixed (present in all analyzed cell lines; n = 336) insertions were identified among
1633 L1HS-Ta mapped and annotated insertions from 12 different cell lines (Philippe et al., 2016), and private insertions were sepa-
rated into those that are present (n = 73) or absent (n = 671) in HeLa S3 cells. The Z-score corresponding to the enrichment or deple-
tion of each set of insertions at selected genomic features was determined as described above, with correction for the size of each
sample. Pairwise Z-scores, indicating the measure of dissimilarity between sets of insertions, were calculated for each genomic
feature by permuting the combined elements of each pair of sets 1000 times, and were used for hierarchical clustering.
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QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical tests were performed in R and are explicitly stated in each Figure legend.
DATA AND SOFTWARE AVAILABILITY

ATLAS-seq data were submitted to the ArrayExpress database (https://www.ebi.ac.uk/arrayexpress) under accession number
E-MTAB-6933 (L1 neo insertions), E-MTAB-7644 (L1 neo-unsel insertions) and E-MTAB-7643 (H3K4me1 ChIP-seq). The genomic
locations of de novo L1 insertions are provided in Table S2. The scripts written to call L1 insertions from ATLAS-seq data and to
generate the control datasets, are available at https://github.com/retrogenomics/Sultana2019, as well as useful annotation files
used in the course of this study.
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Figure S1 - Statistics and properties of de novo L1 insertions recovered by ATLAS-seq, Related
to Figure 1.

(A-B) Count of reads or insertions at the different steps of the ATLAS-seq process for G418-selected cells (L1
neo, A) and unselected cells (L1 neo-unsel, B). Libraries with names in bold face were prepared by ddPCR.

(C) Sequence logos representing the consensus motif detected at L1 neo (top) and L1 neo-unselected (bottom)
pre-integration sites.
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Figure S2 - Nucleosome occupancy around L1 integration sites estimated from datasets
obtained in different cell lines, Related to Figure 2.

Average profiles of nucleosome occupancy around pre-integration (L1 neo) or control sites (MMC, BMC and
Random) as measured by MNase-seq in Hela S3 (top, identical to Figure 2), HeLa (middle), or Raji (bottom)
cells. MNase-seq data were obtained from (Descostes et al., 2014; Lacoste et al., 2014; Schwartz et al., 2018).
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Figure S3 - L1 integration hotspots and insertion site selection models at several genomic
scales, Related to Figure 3.

(A) Circos plot representing the count of observed L1 integration sites per bin. Bins range from 0.1 Mb to 10
Mb, from outside to inside circles. Red bars indicate hotspots, i.e. bins whose probability of having so many
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insertion loci is smaller than 0.05 according to a Poisson distribution with FDR correction. Hotspots found at
any of the bin size used are highlighted with red dots in the central area.

(B) Models of L1 insertion site selection. Distributions of L1 target motif densities in differently sized bins
surrounding L1 insertion sites (L1neo), randomly-selected L1 target motifs (‘Motif-first model') or randomly-
selected genomic positions (excluding bins lacking any L1 target motif; 'Region-first model'). At small bin sizes
(<1kb), the local density of L1 target motifs surrounding observed L1 insertion sites closely matches the
distribution surrounding randomly-selected motifs, indicating that L1 directly selects between available motifs
with essentially equal probability at this scale. In contrast, at large bin sizes (2100kb), the observed density of
motifs at L1 insertion sites is well-modeled by random selection of locations, indicating that, at this scale, L1
selects insertion site locations independently of the presence or abundance target motifs. Bars indicate
interquartile range, points indicate median values; p-values were calculated using two-tailed Mann-Whitney
U-tests.
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Figure S4 — Comparison of various experimental and computational datasets with 18-state
chromatin segments, Related to Figure 4.

(A) Enrichment of de novo L1 insertions in ENCODE 18-state chromatin segments in comparison with other
mobile elements or computational datasets. Highly enriched and significant associations between chromatin
segments and various datasets are highlighted in red (]|Z-score|>5 and Log2(obs/exp)=1). Labels are as in
Figure 4 and Figure S6.

(B) Comparison between de novo insertions recovered with (L1 neo) or without (L1 neo-unsel) G418 selection,
with respect to their association with the three most abundant ENCODE 18-state chromatin segments. Z-
scores were corrected for sample size, but due to the relatively reduced size of the L1 neo-unsel dataset, a
reliable Z-score could not be calculated for the other segments (less than 5 overlaps between compared

Sultana, van Essen et al. Mol Cell 2019 - Supplemental Information - p. 5/10



features). However, note that 90% of the observed L1 neo-unsel events fall into these three segments, as for
the L1 neo dataset (see Figure 4B).

(C) Association of various DNA cleaving or modifying enzymes with ENCODE 18-state chromatin segments. See
Figure 4 for the 18-state chromatin segment definition and legend. Dam: level of methylation conferred by
Dam methylase expression in human Tig3 cells; MNase: genomic regions highly-digested by MNase treatment
of chromatin from Hela cells; Tn5: peaks of Tn5 transposase-mediated insertion in Hela cells; DNase: DNase
hypersensitive sites identified in digested chromatin from Hela cells; CviPIl: peaks of CviPll nickase activity
identified in digested chromatin from Hela cells. Z-scores represent the overlaps of each chromatin segment
with full datasets; similar results were also obtained by subsampling each dataset to 1565 sites.
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Figure S5 - Screening for genomic annotations and features associated with de novo L1
insertions, Related to Figure 4.

(A) Association with genomic annotations: CDS, Exons, Genes, Introns, lincRNAs, miRNAs, Protein-coding
genes, Genes, Pseudogenes, rRNAs, snoRNAs, snRNAs, TES, TSS, UTR, polyA sites, CpG islands, A/B
compartments, DNase HS, GC-rich fraction, Lamin Bl-associated regions. Bars represent the z-score value of
each association tested. A threshold value of |z-score|25 was considered as significant (red), unless the
number of overlapping L1 insertion was less than 15 (i.e., <1% of the recovered insertions, grey).

(B) Association with genomic repeats, as annotated in the UCSC repeatmasker track. Note that endogenous
LINE classes, L1 families and subfamilies are represented within these annotations, and do not exhibit any
significant associations with de novo L1 insertions (ruling-out recombination with genomic L1 sequences as a
major process influencing the distribution of recovered insertion sites). See (A) for screening criteria.

(C) Association with HelLa S3-specific ENCODE datasets. See (A) for screening criteria.
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(D-E) Validation of the association between de novo L1 insertions and H3K4me1 histone modification found
by screening ENCODE datasets, using H3K4mel ChlP-seq data generated in-house (IRCAN) with the same Hela
S3 cell stock used in our retrotransposition assays. (D) A genome browser view at the TP53 locus illustrates
the reproducibility of the H3K4mel ChIP-seq obtained in-house (IRCAN, blue) or by ENCODE (brown). Bars
under the coverage tracks indicate the called peaks. Genomic coordinates (top) are related to hgl9. (E)
H3K4me1l shows similar levels of association with insertions datasets or controls independently of the origin
of the ChIP-seq data. Rep, replicate; Rep peaks, replicated peaks between the two ENCODE replicates.
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Figure S6 - Association of endogenous primate-specific L1 with all 18-state chromatin
segments, Related to Figure 4.

The 18-state chromatin segments were defined by the ENCODE project using ChromHMM (Ernst and Kellis,
2012). Note that L1HS is equivalent to L1PA1 and that L1 subfamilies are sorted by increasing age (Khan et al.,
2006). Solid and dashed red lines indicate the Z-score values of L1 neo and all endogenous L1 elements
irrespective of their subfamilies, respectively. EnhAl, Active Enhancer 1; EnhA2, Active Enhancer 2; EnhBiv,
Bivalent Enhancer; EnhG1, Genic enhancerl; EnhG2, Genic enhancer2; EnhWk, Weak Enhancer; Het,
Heterochromatin; Quies, Quiescent/Low; ReprPC, Repressed PolyComb; ReprPCWk, Weak Repressed
PolyComb; TssA, Active TSS; TssBiv, Bivalent/Poised TSS; TssFink, Flanking TSS; TssFInkD, Flanking TSS
Downstream; TssFInkU, Flanking TSS Upstream; Tx, Strong transcription; TxXWk, Weak transcription; ZFN, ZNF
genes & repeats.
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Figure S7 - Replication timing of endogenous LINE sequences and effect of DNA target
abundancy, Related to Figure 6.

(A) Replication timing of retrotransposon sequences from various families and classes compared with that of
engineered L1 pre-integration loci recovered with (L1 neo) or without (L1 neo-unsel) G418 selection. Note that
the LINE class is the highest classification level of retrotransposons analyzed here, and other families and
subfamilies are nested in the following order: LINE>L1>L1PA>L1HS. L1HS is the youngest subfamily of LINEs
and is human-specific.

(B) Replication timing at L1 pre-integration sites with correction for target site abundancy during cell cycle.
Early-replicating target sites were overweighted while late-replicating target sites were underweighted (see
'Methods').

Plots represent the Log2 enrichment (mean observed/expected) of HeLa S3 ENCODE repli-seq signal for each
cell cycle fraction (Hansen et al., 2010), with error bars indicating s.e.m.
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