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Abstract

Sequences derived from the Long INterspersed Element-1 (L1) family of retrotransposons occupy at least 17% of the human genome, with
67 distinct subfamilies representing successive waves of expansion and extinction in mammalian lineages. L1s contribute extensively to
gene regulation, but their molecular history is difficult to trace, because most are present only as truncated and highly mutated fossils.
Consequently, L1 entries in current databases of repeat sequences are composed mainly of short diagnostic subsequences, rather than full
functional progenitor sequences for each subfamily. Here, we have coupled 2 levels of sequence reconstruction (at the level of whole
genomes and L1 subfamilies) to reconstruct progenitor sequences for all human L1 subfamilies that are more functionally and phylogeneti-
cally plausible than existing models. Most of the reconstructed sequences are at or near the canonical length of L1s and encode uninter-
rupted ORFs with expected protein domains. We also show that the presence or absence of binding sites for KRAB-C2H2 Zinc Finger
Proteins, even in ancient-reconstructed progenitor L1s, mirrors binding observed in human ChIP-exo experiments, thus extending the arms
race and domestication model. RepeatMasker searches of the modern human genome suggest that the new models may be able to assign
subfamily resolution identities to previously ambiguous L1 instances. The reconstructed L1 sequences will be useful for genome annotation

and functional study of both L1 evolution and L1 contributions to host regulatory networks.
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Introduction

Endogenous retroelements (EREs) are copy-and-paste transpo-
sons that have expanded to occupy at least half of the human ge-
nome. ERE insertions can be detrimental, but they have also been
co-opted as myriad functional elements (Feschotte 2008; Chuong
et al. 2017). Some ERE classes contain strong transcriptional acti-
vating sequences (de Souza et al. 2013; Jacques et al. 2013; Miao
et al. 2020), and have given rise to numerous lineage-specific host
cis-regulatory elements (Villar et al. 2015; Cao et al. 2019), includ-
ing many affecting embryonic development (Kunarso et al. 2010).
The LINE-1 (L1) (Long INterspersed Element) family is a domi-
nant class of EREs in mammals, collectively occupying ~17% of
the human genome (Lander et al. 2001). Human L1s are grouped
into ~67 subfamilies, which are defined as closely related groups
presumably originating from one or a few closely related progeni-
tor sequences (Smit et al. 1995; Khan et al. 2006). The L1 subfami-
lies represent a nearly continuous vertically transmitted lineage
that originated near the base of eutherian mammals (>160 mil-
lion years old) (Burton et al. 1986). The human-specific L1HS

subfamily represents the only currently active subfamily in the
human genome; the remainder are present only as fossils.
Functional L1s are 6-7 kb in length and are expressed as a sin-
gle transcript that encodes 2 protein-coding ORFs (ORF1 and
ORF2) and also contains a long 5" end with RNA polymerase II
promoter activity (Swergold 1990) (Fig. 1a). The internal pro-
moters of active mouse and human L1s are most active in the
germline and early embryo, as well as during neural development
and in cancer (Faulkner and Garcia-Perez 2017). The ORF protein
products enable autonomous retrotransposition of L1s (Moran
et al. 1996): ORFlp contains a coiled-coil domain, a single-
stranded RNA binding noncanonical RRM, and a C-terminal do-
main (CTD) that assists RRM binding (Khazina et al. 2011)
(Fig. 1a). ORF1 directs L1 RNP assembly (Hohjoh and Singer 1996;
Kolosha and Martin 1997), and possesses nucleic acid chaperone
activity integral for retrotransposition (Martin et al. 2005). ORF2
contains apurinic/apyrimidinic endonuclease (APE) and reverse
transcriptase (RT) domains, which facilitate integration site
cleavage and reverse transcription of L1 RNA, respectively
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Fig. 1. Overview of L1 elements and methodology. a) Schematic of the
(Khan et al. 2006) L1HS subfamily model, showing the locations of the
ORFs and domains. Domains are labeled with black boxes, and according
to their CDD names (note that these names are misnomers relative to
current understanding of LINE-1s). In ORF1, “Transposase 22 dsRBD” is
the CTD, “Transposase 22" is the RRM, and “Transposase 22 Trimer” the
N-terminal section of the coiled-coil domain. The full length of the
coiled-coil domain is indicated with diagonal hatching. b) Workflow used
to annotate L1 loci in ancestral genomes and reconstruct L1 progenitors.
The sequence logos represent segments of Dfam L1 profile HMMs.

(Mathias et al. 1991; Feng et al. 1996). As the L1 RNA is bicistronic,
ORF2 translation may be facilitated by a predicted Internal
Ribosomal Entry Site (IRES) located in the inter-genic region (IGR)
of some mammalian L1s (Boissinot and Sookdeo 2016). However,
the very short IGR of the youngest human L1, L1HS (also called
L1PA1) does not contain an IRES, and its ORF2 may instead be
translated via a poorly characterized ribosome reinitiation mech-
anism (Alisch et al. 2006). A 5" antisense ORFO peptide with no
known domains is also encoded by primate-specific L1s (L1HS-
L1PA8) and may function to enhance retrotransposition activity
(Denli et al. 2015).

EREs can drive the evolution of host mechanisms that sup-
press transposition. A striking example is the “arms race” be-
tween EREs and mammalian KRAB-C2H2 zinc finger repressors
(KZFPs) (Castro-Diaz et al. 2014). KZFPs are the largest and most
rapidly evolving family of human transcription factors (Lambert
et al. 2018), presumably due to their predominant role in binding
and repressing EREs. The molecular evolutionary histories of
EREs in turn reflect signatures of past selection imposed by
transposition-suppressing factors (Castro-Diaz et al. 2014), includ-
ing KZFPs. In one well-documented case, ZNF93 was found to

bind and suppress L1 subfamilies, apparently driving selection
for later L1 subfamilies to acquire a deletion of the ZNF93-bind-
ing site (Jacobs et al. 2014). A subsequent analysis of the genomic
binding sites of 222 human KZFPs found that many KZFPs that
bind Endogenous Retroviruses and LINEs arose at about the same
time as their transposon targets, and identified mutation events
in young (primate-specific) L1s that correlated with loss of KZFP
binding for 4 KZFPs (including ZNF93) (Imbeault et al. 2017).
Importantly, the ERE fossils, as well as the proteins that evolve to
bind and silence them, can also contribute to host regulatory pro-
cesses, a phenomenon referred to as “domestication” (Kunarso
et al. 2010; Bruno et al. 2019).

Despite their prevalence and importance, the evolutionary tra-
jectories of L1s and their interactions with host factors are rela-
tively difficult to trace, partly because extant copies are degraded
due to their age, and also because they are predominantly trun-
cated. L1 transposition is particularly error-prone, often produc-
ing an insertion that is severely truncated at the 5’ end (Lander
et al. 2001) because of premature interruption of L1 reverse tran-
scription by nonhomologous end joining factors (Gilbert et al.
2005; Suzuki et al. 2009; Coufal et al. 2011). Each distinct L1 sub-
family is currently defined by consensus sequences [housed in
Repbase (Bao et al. 2015)] and corresponding Hidden Markov
Models (HMMs) [housed in Dfam (Hubley et al. 2016)], which are
based on ~900bp of the 3’ end. Supplemental sequences and
HMMs represent generalized components of L1 5’ ends and ORFs
that do not map one-to-one to the 67 L1 subfamilies (Smit et al.
1995; Bao et al. 2015; Hubley et al. 2016). These subsequence mod-
els are used by RepeatMasker, which has been used to produce
commonly referenced human genome annotations on UCSC
Genome Browser. But, full-length progenitor sequences cannot
be generated by simply combining existing L1 subsequence mod-
els, since the generalized components are not subfamily-specific.
Previous work has derived full-length progenitor sequences for
the 22 most recent L1 subfamilies, which are primate-distributed,
by approximating the ancestral sequence to their longest inser-
tions in the human genome (Scott et al. 1987; Boissinot and
Furano 2001; Khan et al. 2006). In these sequences, the 5 ends
vary greatly between subfamilies; this variability apparently cor-
responds with KZFP binding escape in some cases (Jacobs et al.
2014; Imbeault et al. 2017). Reconstruction of progenitor sequen-
ces for human L1 subfamilies distributed beyond primates has
not been reported, presumably because of complications intro-
duced by the greater degradation of older L1 instances in the
modern human genome.

Here, we reconstructed full-length primate and mammalian-
distributed L1 subfamily progenitor sequences from recon-
structed ancestral mammalian genomes, which should contain
L1 copies that more closely resemble the progenitors (Blanchette
et al. 2004). Sequence reconstructions employ sequence align-
ments and their phylogeny in order to infer an ancestral se-
quence (Blanchette et al. 2008). Figure 1b gives an overview of the
approach taken. We first used the UCSC 100-way vertebrate
alignment (Miller et al. 2007) to produce 11 reconstructed ances-
tral human genomes, using Ancestors 1.1 (Diallo et al. 2010)
(Fig. 1b, top; Supplementary Fig. 1) (the most distant being the
LCA with armadillo, representing the eutherian common ances-
tor). We then annotated these genomes with RepeatMasker
(Fig. 1b, middle), and compiled the longest matches to each of the
L1 subfamilies within each genome. We then generated an align-
ment, phylogeny, and maximum-likelihood ancestral recon-
structed sequence of the putative common progenitor for each
subfamily in each genome, first using standard nucleotide
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sequence alignment, then refining the ORFs using a codon-aware
aligner (Fig. 1b, bottom). We evaluated the reconstructed L1s us-
ing multiple criteria, including length, identity to standards, pres-
ence of protein domains, and comparison to their established
phylogeny, in order to produce a new set of reference Lls in
which most of the entries are nearly complete according to these
criteria. Finally, we illustrate the utility of the reconstructed
sequences by examining how motif matches for KZFPs corre-
spond to observed ChIP binding to L1s, and by using them to
reannotate the human genome.

Materials and methods
Ancestral reconstructed genomes

We obtained reconstructed ancestral genomes using Ancestors
1.1 (Diallo et al. 2010), using the mammalian clade of UCSC’s 100-
way whole genome alignment and the corresponding UCSC phy-
logeny. The 11 ancestral genomes on the human lineage were
extracted, ranging from the human-armadillo common ancestor
(105 MYA) to the human-chimpanzee common ancestor (7 MYA).
hg38 was added to this dataset for a total of 12 genomes.

We extracted Progressive Cactus ancestral genomes from the
200-mammal whole-genome alignment (Armstrong et al. 2020),
which are generated as part of the program’s alignment strategy.
The selected genomes correspond to the common ancestors of all
eutherians, primates, and simians in the alignment’s species tree
(nodes fullTreeAnc239, fullTreeAnc110, and fullTreeAnc110point5,
respectively). The corresponding Ancestors 1.1 genomes are
Armadillopg, Squirrel Monkeyr,g, and Bushbabyng.

Initial L1 annotations

We annotated L1s and all other repetitive genomic elements in
each of the 12 Ancestors genomes using RepeatMasker, version
open-4.0.7 (Tempel 2012) in sensitive mode, choosing the
nhmmscan v3.1b2 (February 2015) algorithm, and Dfam 2.0
HMMs (Hubley et al. 2016) serving as the reference library for re-
peat element classification. We excluded loci annotated by
RepeatMasker as belonging to generalized 5 end subfamilies
(presumably because the 3’ end of the locus cannot be confi-
dently mapped to a specific 3’ end subfamily).

For each of the 67 L1 subfamilies defined by Dfam 3’ end HMM
models, we extracted the most probable linear sequences from
the HMMs using HMMER hmmemit -c (Finn et al. 2011). Then, for
each subfamily in each genome, we calculated the average se-
quence divergence between the subfamily’s 3’ end HMM hit loci
and the 3" end HMM consensus model, using RepeatMasker’s
calcDivergenceFromAlign.pl. This method calculates the se-
quence divergence based on the Kimura 2 Parameter substitution
model, and applies CpG correction to account for the hypermut-
ability of CpG sites (i.e. 5'-CG-3’ sites, where C-G base pairs are
frequently converted to A-T due to cytosine methylation and
spontaneous deamination).

Full-length progenitor sequence reconstruction

For each of the 67 L1 subfamilies, we recovered the sequences of
the 100 longest hits from each of the 12 genomes (hg38 and the
11 ancestors), excluding any hits <3kb in length. For each ge-
nome and subfamily combination, we produced a multiple se-
quence alignment of these <100 longest hits, using Muscle (Edgar
2004). We then supplied each alignment to FastML v3.11
(Ashkenazy et al. 2012) to reconstruct the ancestral sequence to
all sequences in the alignment, using the generalized time revers-
ible (GTR) evolutionary model instead of the default JC for

ancestral state inference, which improved recovery of less-
conserved (and often truncated) 5 ends. FastML by default
returned 2 possible solutions for the ancestral sequence of the
sequences in the input multiple sequence alignment, using either
a maximum likelihood or parsimony-based algorithm for indel
modeling. The result of this process was a maximum of 24 candi-
date progenitor sequences (a maximum of 2 for each genome) for
each of the 67 subfamilies. Given that high-quality hits of all sub-
families are not present in all genomes, the total number of can-
didate progenitor sequences reconstructed was 1,134.

Automated selection of the best candidate
progenitor sequence

We selected a single “best” progenitor sequence for each subfam-
ily based on length and identity to gold standard sequences (up
to 3 per subfamily, as described in the Results) (Khan et al. 2006;
Bao et al. 2015; Hubley et al. 2016). Identity between the 2 sequen-
ces was expressed as a percentage, taken as (a— b)/a, where a is
the length of the shorter sequence (either the candidate progeni-
tor or the gold standard) and b is the total number of mismatches
in the pairwise local alignment between the sequences. Indels
were not penalized because the selection pipeline includes a sep-
arate length criterion, and because most gold standard sequences
were truncated.

For each subfamily, the maximum % identity among all candi-
date reconstructed sequences and all gold standards was deter-
mined. The best full-length reconstructed sequence was then
selected by first removing candidates with no % identities to any
gold standard within 1.5% of this maximum value. Reconstructed
sequences with lengths >8kb were also discarded, to avoid inclu-
sion of insertions in cases where there were few sequences in the
initial alignment. Candidate progenitors for each subfamily were
then rank ordered by highest % identity to a gold standard, fol-
lowed by highest normalized length (with all lengths between 6
and 8kb considered equally preferrable), and the top-ranking
candidate selected as the best full-length progenitor sequence.

Reconstruction of progressive cactus-derived L1
progenitor sequences

To facilitate comparison to the Ancestors 1.1 ancestral genome
derived L1 reconstructed sequences, we scanned the Cactus
genomes with RepeatMasker, using the same library and parame-
ters as those applied to the Ancestors genomes. We generated
the full-length reconstructed sequences using the same hit filter-
ing criteria, alignment method, and FastML parameters (see sec-
tions above). The Cactus LIMA2, L1IMA4, and LIMD1 were
reconstructed using hits derived from the Cactus ancestral sim-
ian genome, while LIMD2 and L1MD3 were reconstructed using
hits from the Cactus primate genome, for comparability to those
derived from Ancestors genomes. For pairwise comparisons be-
tween Cactus and Ancestors-derived reconstructed sequences,
we selected full-length sequences generated using the same indel
reconstruction method as the corresponding Ancestors progeni-
tors (maximum-likelihood for all except LIMD1).

ORF refinement and criteria for selection of ORF1
and ORF2 sequences

For each subfamily and genome, we queried all of the <100 lon-
gest hits >3 kb to identify subsequences homologous to ORF1 and
ORF2 using BLASTX against L1HS’s ORF1 and ORF2 protein prod-
ucts: LIRE1 (UniProt: Q9UNS81) and LORF2 (UniProt: O00370). For
each subfamily, genome, and ORF, we generated a new multiple
sequence alignment using MACSE (Ranwez et al. 2018). We then
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submitted these codon-aware ORF1 or ORF2 alignments to
FastML v3.11 for ancestral sequence reconstruction using default
settings, producing a total of 865 ORF1 reconstructions and 905
ORF2 reconstructions.

For each subfamily, we selected the “best” reconstructed ORF1
and ORF2 on the basis of (1) homology to the expected protein
domains and (2) whether those domains occurred in the same
reading frame as each other. For (1), we translated the recon-
structed ORFs in all 3 forward reading frames, and queried the
amino acid sequences against NCBI's Conserved Domain Database
(Lu et al. 2020). Homology hits for domains that were truncated
(according to CDD’s outputs) or split over multiple reading frames
were considered absent (note, however, that CDD allows prema-
ture stop codons that are within the domain). For ORF1, we used
presence or absence of the C-terminal-most section of the L1
coiled-coil domain (pfam17489), the L1 RRM domain (pfam02994),
and the L1 CTD (pfam17490) as selection criteria. For ORF2, we
used presence or absence of the Endonuclease (cd09076), RT
(cd01650), and DUF1725 [pfam08333—approximately correspond-
ing to a conserved cysteine-rich region (Fanning and Singer 1987)]
as selection criteria. For each subfamily and ORF combination (i.e.
among all candidates any genome), candidate ORFs were filtered
sequentially (1) to first retain only those with the maximum num-
ber of domains detected; (2) to retain those in which these domains
appear within a minimum number of different reading frames (i.e.
included the fewest frame shifts between domains); (3) to retain
only those with the smallest number of premature stop codons in
the reading frames corresponding to domains; (4) retain those with
length nearest to the L1HS-encoded proteins (338aa for ORF1 or
1275aa for ORF2); and (5) to retain those from the oldest genome.
The top ranking ORF reconstruction was considered the best for
the given subfamily. Note that if only a single candidate emerges
at any sorting step, then subsequent steps are not applied.

To generate a single representative “composite sequence” (CS)
for each of the 67 L1 subfamilies, we queried the L1HS ORF1 and
ORF2 with blastx against the best full-length reconstructed
sequences to identify homologous regions. BLAST hits with bit-
scores >25 and within 400bp of one another were merged, with
the longest contiguous subsection then replaced by the corre-
sponding “best” MACSE-aligned reconstructed ORF from the
same subfamily, even if they were derived from different ances-
tral genomes.

ORF1 coiled-coil prediction

We scanned translations of the 3 forward frames for each of the
best reconstructed ORF1s for predicted coiled-coil formation us-
ing EMBOSS pepcoil (Rice et al. 2000), which implements the
COILS prediction program (Lupas et al. 1991). The highest proba-
bility coiled-coil prediction in any frame that corresponded to the
expected coiled-coil domain region of the ORF was then plotted.

Analysis of ChIP-seq data for KZFPs

We obtained Position Frequency Matrices (PFMs) for KZFPs from
Barazandeh et al. (2018) and Lambert et al. (2018) (available at
humantfs.ccbr.utoronto.ca). We converted the PFMs to position
weight matrices (PWMs) using a uniform nucleotide background
distribution (the prior nucleotide frequency, used to calculate the
log likelihood of each nucleotide at each position of the PWM) of
0.25 and addition of a pseudocount (to avoid zeros in the numera-
tor of log-likelihood ratios) of 0.0001. We then scanned the KZFP
PWMs using MOODS (Korhonen et al. 2017), with a minimum hit
P-value threshold of 1E—6 and batch settings. We then compared
these results with genomic binding of the corresponding KZFPs to

instances of L1 subfamilies in the human genome (Imbeault et al.
2017) (from GEO accession GSE78099). L1 subfamilies were con-
sidered enriched for in vivo binding by a particular KZFP if (1)
they achieved enrichment in genomic loci defined as P < 1E—10
(Fisher’s Exact Test, 1-tailed), and (2) at least 10 of the top 500
ChIP-exo peaks for the KZFP overlapped loci corresponding to the
L1, identified by RepeatMasker. Since RepeatMasker annotations
often fail to assign hits to the subfamily level, instead assigning
hits to generalized models, all of the subfamilies corresponding
to an enriched generalized model were also considered to be
enriched. Correspondences were based upon the L1 hash table
found in the RepeatMasker annotation data file, which associates
generalized ORF and 5 UTR models to the subfamily-specific 3
UTRs. To determine where along the CS models ChIP-seg/exo
binding sites occur, peak sequences were extracted for enriched
KZFP-subfamily pairs and aligned to the corresponding CS model
using mafft —addfragment (Katoh et al. 2002). To visualize the rel-
ative locations and changes in binding pattern across subfami-
lies, we remapped KZFP and ChIP-peak coordinates to a Muscle
alignment of all 54 CS models.

Scans of hg38 with CS models

To perform a RepeatMasker scan of hg38, we created a custom li-
brary consisting of the 67 CS models and the 20170127
RepeatMasker library, with all L1 class sequences removed.
RepeatMasker was run in sensitive mode, with the RMBlast algo-
rithm set as the search engine. We note that the CS models are
consensus sequences, not HMMs, and thus the initial
RepeatMasker scanning algorithm (RMblast) is different from
that used for the Dfam library (nhmmer), and the models
themselves lack features such as different weighting on different
residues.

To compare RepeatMasker scans to a BLAST search of hg38
with the CS models, we filtered blastn results using an E-value
cutoff of 1E-3 for the L1IME subfamilies, and a cutoff of 1E—6 for
all newer L1s, as the older sequences are more degenerate and
thus tend to possess lower identity to the CS models. The BLAST
searches are also complicated by the fact that the L1s are homol-
ogous to each other, and are typically fragmented and/or inter-
leaved (problems that RepeatMasker is designed to address). To
manage these issues, we adopted a heuristic strategy in which
hits for the same L1 subfamily were joined into a single “hit” if
within 50bp of each other. Joined hits from different subfamilies
were then grouped if they overlapped by >30 bases (150 bases or
greater for joined LIME hits). For groupings containing hits to
more than one L1 model, we chose the hit with the lowest E-value
(and highest bit-score, in the event of a tie), and discarded the re-
mainder, even if the overlap is only partial. In a small minority of
cases, there were still ties, in which case we made a random se-
lection for construction of figures.

Results

L1 RepeatMasker scans across ancestral genomes
are consistent with L1 age and species
distribution

Our overall approach begins with identification of L1 instances in
reconstructed ancestral eutherian genomes. In this study, we
used genomes reconstructed with Ancestors 1.1 applied to an
alignment of 58 eutherian genomes, extracted from a larger 100
vertebrate genome alignment, and available at http://repo.cs.mc
gill.ca/PUB/blanchem/Boreoeutherian/. This software, and the
reconstructions, have been previously described (Diallo et al
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2010) and evaluated, yielding a 96% accuracy rate on neutrally
evolving portions of an ancient eutherian mammal ancestor
(Boreoeutherian ancestor) (Blanchette et al. 2004). Further
improvements in genome alignment, and a larger number of
genomes, may improve accuracy and yield of ancient L1 instan-
ces, although the recently described Progressive Cactus
(Armstrong et al. 2020) offered very minimal advantage in our
analyses (see below).

We used RepeatMasker with Dfam HMM models to obtain L1
elements in each of the 12 genomes (11 reconstructed ancestral
genomes + hg38; Fig. 2, heat map at bottom). The distribution of
elements across the genomes is almost perfectly consistent with
Dfam’s reported average sequence divergence between subfamily
member instances in hg38 (at the 3’ end) (Fig. 2, top), as well as
the distribution of each subfamily across extant species also as
reported by Dfam. For example, primate-distributed subfamilies
are exclusively found in genomes younger than the common an-
cestor of primates (i.e. younger than Bushbabyyg, which indicates
the common ancestor of human and bushbaby) (Fig. 2, bottom),
and these subfamilies typically show lower divergence from their
3’ end consensus model than subfamilies distributed within
Euarchontoglires (primates and rodents) or Euthernia (Fig. 2, top).

Figure 3 illustrates several global trends in properties of the
elements. The L1 instances in older genomes had consistently
smaller average Kimura divergence (i.e. adjusted nucleotide sub-
stitution rate) from Dfam 3’ end consensus models, compared
with those in younger genomes (Fig. 3a), as anticipated
(Blanchette et al. 2004). The average Kimura divergence does not
converge on zero, however, in any cases except the 2 most recent
(L1HS and L1PA2). One possible explanation is that the recon-
structed genomes contain errors. A second is that none of the
reconstructed genomes reflect the exact point at which the ele-
ments were active. A third explanation could be that the consen-
sus models are inaccurate, with older subfamilies (right side of
Fig. 3) being generally more erroneous. The length distributions
of the L1 instances are roughly uniform within subfamilies, re-
gardless of source genome (Fig. 3b). Nonetheless, virtually all L1
subtypes are represented in nearly full-length form (>6kb) in at
least a handful of copies (Fig. 3b).

A caveat of the genome reconstructions we employed is that
they are based on a human-referenced alignment, such that

elements that are not represented in the human sequence may
be omitted from the ancestral genome. While this work was in
preparation, an unreferenced alignment algorithm, Progressive
Cactus, was described, together with reconstructed ancestral
genomes (Armstrong et al. 2020). We examined the common eu-
therian ancestral genome inferred by Cactus, and found that the
length distribution of subfamilies in this genome was in fact
highly similar to those of hg38 and our human-referenced ances-
tral genome, although hg38 tended to contain a greater number
of elements longer than 3kb (Supplementary Fig. 2a). In addition,
the L1 3’ ends in the Cactus genome reconstruction carry as
many mutations as those in our equivalent genome reconstruc-
tion (Supplementary Fig. 2b). Below, we also show that L1 ele-
ments reconstructed from selected Cactus ancestral genomes are
comparable to those obtained from Ancestors 1.1 ancestral
genomes. It therefore appears unlikely that repeating the opera-
tions described here with the Cactus ancestral genomes would
offer dramatic improvement.

Inference of ancestral L1 elements from
Ancestors 1.1 genomes

We next reconstructed a full-length progenitor sequence for each
of the 67 L1 subfamilies, from each of the genomes in which it is
found (up to 12 genomes). We first recovered the sequences of
the 100 longest instances of each subfamily within each genome,
and then excluded any that were <3kb in length. This resulted in
a median of 29 input sequences across all genome/subfamily
combinations, with a larger number of sequences being available
from younger subfamilies and ancestral genomes (all sequences
are available on our project website, http://datah.ccbr.utoronto.
ca/L1_Reconstruction, or on Zenodo at https://doi.org/10.5281/
zenodo.6338536). For each genome and subfamily combination,
we then produced a multiple sequence alignment of these <100
longest hits using Muscle (Edgar 2004). Each alignment was then
supplied to FastML (Ashkenazy et al. 2012), which generates a
neighbor-joining tree and infers ancestral character states using
a maximum-likelihood algorithm and a generalized time revers-
ible (GTR) substitution matrix. Indels were reconstructed using
FastML, with either a likelihood-based mixture model or maxi-
mum parsimony, thus resulting in 2 sets of reconstructed
sequences per alignment. We retained both sets, in anticipation
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column maximum. Phylogenetic distance (Kimura divergence) within human and species distribution are taken directly from Dfam.
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that indels would be prevalent, and that redundancy would
therefore be beneficial. This process produced a total of 1,134
reconstructed progenitor sequences (i.e. up to 24 for each of the
67 subfamilies, depending on how many ancestral genomes con-
tain the subfamily).

An overview of the reconstructed sequence lengths and diver-
gence from the “gold standard” consensus is given in Fig. 3, c and
d. Here, the “gold standard” is compiled from 3 different data
sources [Repbase (Bao et al. 2015), Dfam (Hubley et al. 2016), and
(Khan et al. 2006)], such that each subfamily can have up to 3 dif-
ferent gold standard sequences. Among these, only the Khan set
are full-length; the gold standard for older L1s is therefore only
the 3" ends (~900nt). For younger subfamilies, the reconstructed
sequences display approximately similar lengths and identities
to gold standards (Khan et al. 2006; Hubley et al. 2016) across all
representative genomes (Fig. 3, c and d, left side), indicating that
our methodology broadly reproduces previous outcomes (Khan
et al. 2006). The reconstructed versions of older L1 subfamilies
show greater variability in both length and identity to gold stand-
ards. Strikingly, however, those reconstructed from older
genomes often show considerable improvement in identity to the
gold standard sequence, relative to those built from newer
genomes (e.g. LIME3B, LIME4C) (Fig. 3, c and d, right side), sup-
porting the validity of the overall approach. We selected a single
“best” reconstructed sequence for each L1 subfamily on the basis
of its identity to gold standards, and its length. The filtering
scheme shown in Supplementary Fig. 3 selects for reconstructed
sequences that are among the most similar to the gold standards,
and that are closest to (or within) the expected L1 length of 6-8kb
(Supplementary Fig. 4). This process tended to select recon-
structed sequences that were derived from older genomes.
Overall, ~87% of all best reconstructed sequences were derived
from an ancestral genome rather than hg38, and 79% were within
6-8kb (Supplementary Fig. 4).

Comparison to progressive Cactus ancestral
genomes and estimate of error rates in
reconstructed sequences

The long compute times and manual processing effort associated
with our pipeline prohibit us from a global evaluation of alterna-
tive ancestral genome reconstruction strategies. Nonetheless, we
investigated whether the sequences derived during full-length re-
construction are strongly dependent on the ancestral genome re-
construction method. To this end, we applied our reconstruction
pipeline to ancestral genomes from the Progressive Cactus 200-
mammal whole-genome alignment (Armstrong et al. 2020), with
the intention of producing a set of reconstructed sequences com-
plementary to some of the “best” (as defined above) full-length
Ancestors-derived progenitors. We selected the subfamilies
L1MA2, LIMA4, L1MD1 (derived from the Ancestors 1.1 recon-
structed ancestral simian genome), and LIMD2 and 3 (primate),
and reconstructed these using the Cactus genomes representing
the same ancestor (Supplementary Fig. 5). These subfamilies
were selected as test cases because (1) they are ancient (found
across all primates, and all eutherian mammals in the cases of
L1IMD1-3). In addition, (2) the “best” reconstructed sequences de-
rived from the Ancestors genomes are full-length and bear rela-
tively high identity to their reference Repbase 3’ end consensus
sequences (~97-99%), with the exception of LIMD3. LIMD3
serves as a lower-quality reconstructed sequence for compari-
son.

In general, the Cactus-derived reconstructed sequences dem-
onstrated high sequence identity to the Ancestors-derived L1s
over the majority of each element, with the exception of the 5
ends (Supplementary Fig. 5a). We were intrigued by the low se-
quence identity over this region, which could be primarily attrib-
utable to the ancestral genomes used, or uncertainty introduced
by the subsequent L1 reconstruction process. To investigate the
latter, we took advantage of the posterior probabilities computed
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by FastML for all 4 nucleotides at each sequence position (the nu-
cleotide with the highest probability is considered the
“maximum-likelihood nucleotide”). Consistent with our expecta-
tion and previous findings, the low sequence identity over the 5
region corresponded to greater uncertainty in the reconstructed
L1 sequences, whether those sequences were obtained from
Ancestors- or Cactus-derived ancestral genomes (Supplementary
Fig. 5a). The uncertainty at a particular position typically coin-
cides with the reduced number of aligned bases in the FastML in-
put alignment (Supplementary Fig. 5b). We note, however, that
while the Lls reconstructed from Cactus-derived ancestral
genomes generally had a larger number of input sequences
(instances greater than the 3kb inclusion threshold)
(Supplementary Fig. 5b), this translated to only marginally higher
posterior probabilities over the 5 ends, with a smaller difference
for the older L1MD subfamilies (Supplementary Fig. Sa).

As an additional comparator, we searched the sequences
against NCBI's Conserved Domain Database (CDD) (Lu et al. 2020)
in all 3 forward frame translations, with the intention of detect-
ing 6 functional domains characteristic of eutherian L1s (the
ORF1 coiled-coil domain, RRM and CTD domains, and the ORF2
APE, RT and DUF1725 domains) (Mathias et al. 1991; Feng et al.
1996; Khazina and Weichenrieder 2009) (Supplementary Fig. 6a).
The domains detected for both alternate reconstructed sequen-
ces were broadly comparable, with Cactus L1MA4 and LIMD1
containing a single additional domain relative to the Ancestors
counterparts, and Cactus LIMD3 containing 2 detectable ORF2
domains. We note that the pipeline’s subsequent ORF reconstruc-
tion step addresses this deficit in the full-length reconstructed
sequences derived from Ancestors ancestral genomes (see the
next section). Thus, while the Progressive Cactus-derived ances-
tral genomes may offer some improvement, it appears to be mar-
ginal, and may be offset by subsequent processing steps.

Given the utility of the FastML posterior probabilities in evalu-
ating reconstructed sequence accuracy, we sought to quantify
the uncertainty in the remaining “best” full-length sequences de-
rived from Ancestors genomes. Consistent with expectation,
highly divergent older subfamilies were associated with greater
uncertainty, i.e. a greater percentage of the sequence is projected
to be incorrectly reconstructed (Supplementary Fig. 6b). However,
the majority of positions across reconstructed sequences had
high posterior probabilities for the maximum-likelihood nucleo-
tide (Supplementary Fig. 6c). The subset of uncertain sites was,
as observed in the Cactus comparisons, strongly biased toward
the more divergent and frequently truncated 5’ ends for most ele-
ments (Supplementary Fig. 6d).

Codon-aware alignment improves homology to
expected protein domains

We next examined the ORFs in the reconstructed L1s. While vir-
tually all of them contained sequences homologous to the
Repbase ORF regions, they typically contained frameshifts, which
presumably explains the fact that the expected protein domains
are not detected (Supplementary Fig. 7, a and b). We reasoned
that a codon-aware alignment would reduce the number of fra-
meshifts, and that a simultaneous increase in the expected do-
main content would be indicative of a bona fide improvement in
reconstructing the original sequence. To ask if this is the case, we
extracted the ORF1- and ORF2-homologous regions from each of
the L1 subfamily instances used in the initial reconstruction step,
and aligned them with the codon-aware aligner MACSE (Ranwez
et al. 2018) prior to conducting ASR with FastML (Supplementary
Fig. 8). Briefly, MACSE assumes that all nucleotide sequences in

an alignment originated from a common protein-coding ances-
tor, and extends the classical Needleman—Wunsch alignment
generation and scoring method to penalize more severely the in-
troduction of mismatches and indels that introduce amino acid
changes or frame shifts. This operation produced a total of 865
reconstructed sequences for ORF1, and 905 for ORF2 (multiple
ORF1/2 homologous regions were not detected in all cases). As
anticipated, these reconstructed ORFs contained many fewer fra-
meshifts, and were much longer than ORFs detected in the initial
reconstructed sequences (Supplementary Fig. 7b). In addition,
the expected protein domains were more readily detected, indi-
cating that they are more similar to the ancestral protein sequen-
ces (Supplementary Fig. 7b).

The translated ORF protein domain scores and ORF statistics
(length and number of frameshifts) provided criteria to select a
single representative from among the multiple versions of each
reconstructed L1 subfamily (Supplementary Figs. 8 and 9; see
Materials and Methods for details). Briefly, we scanned translations
in all 3 reading frames with Conserved Domain Search (Lu et al.
2020), and progressively filtered to identify those with the largest
number of complete domains, those with the smallest number of
ORFs across which complete domains are detected, those with a
minimal number of stop codons within the complete ORF, those
closest to the ORF lengths of L1HS, and, in the unlikely event of
ties, those from older genomes. Reconstructed ORFs were
obtained for all subfamilies other than the ancient L1IME3D, for
which no ORF2 could be obtained, and L1IME3E, for which neither
ORF could be reconstructed.

Of the 66 best reconstructed ORF1s, the vast majority (62/66)
contained strong and complete matches to the RRM and CTD do-
main models (Supplementary Fig. 9). Only 41 were at least 90% of
the 338 amino acid expected length for the ORF1p protein, how-
ever, with a clear bias toward more recent L1s (Supplementary
Fig. 9). In addition, only 33 of the best reconstructed ORF1 pro-
teins exhibit a significant match to the coiled-coil domain
(Supplementary Fig. 7c). We suggest that the domain model may
not capture all instances of the coiled-coil domain, because virtu-
ally all of the reconstructed ORF1 proteins do contain a region
that is clearly homologous. This region is computationally pre-
dicted to form a coiled-coil in most of the reconstructed ORF1p
sequences that were not matches for the coiled-coil domain
(Supplementary Fig. 7c).

We also observed that many of the reconstructed ORF1 pro-
teins were truncated at either the N or C terminus
(Supplementary Fig. 10). Truncations at the C terminus were
short (typically ~10 AA), and more often found in older Lls
(Supplementary Fig. 10b). We believe these represent a technical
artifact due to the fact that, in our procedure, ORF1 regions are
delineated on the basis of BLAST homology to ORF1 from L1HS
(the most recent L1). In support of this notion, DNA correspond-
ing to this region is clearly present in the initial reconstructions
of older L1s (e.g. LIMA1, L1IMA2) (Supplementary Fig. 11, a and b).
Truncations at the N-terminal end of the L1 sequence are typi-
cally much longer (Supplementary Figs. 10a and 11c, left) (up to
~130AA) (note that the LIMA sequences in Khan et al. carry these
same N-terminal L1 truncations; Supplementary Fig. 11c). We
reasoned that truncations at the beginning of ORF1 might be
accounted for by the fact that L1 instances in the genome are
generally truncated at the 5 end. Several of the ORF1 proteins
missing the N-terminus, however, are from more recent subfami-
lies (e.g. LIMA2, 3, 4, 5A, 6, 7, 8) which appear to be reconstructed
in what is the expected full length, including a 1-2kb 5 UTR
(Supplementary Fig. 4; also see Supplementary Fig. 12 described
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below). We note that this region is known to be disordered and
poorly conserved [it may have been under diversifying selection
multiple times throughout mammalian evolution (Khan et al.
2006; Boissinot and Sookdeo 2016)]. It is possible that, as with the
C-terminal extension, this region is simply not detected by our
initial ORF detection strategy, which relies on homology.
Consistent with the poor conservation over the region and the
well-characterized variability in mammalian L1 coiled-coil length
(Boissinot and Sookdeo 2016), it is also conceivable that these
ORFls contained bona fide truncations (Khazina and
Weichenrieder 2009), or underwent a period of intense variability
that has reduced alignment quality, as has been documented to
have occurred in L1PA7-L1PA3 (Khan et al. 2006; Furano et al.
2020).

Reconstructed versions of ORF2 more frequently approached
the expected length and domain composition: of the 65 that were
successfully reconstructed, 60 were at least 90% of the 1,275
amino acid expected length for the ORF2 protein, and 61 exhib-
ited homology to nontruncated copies of both Endonuclease and
RT domains (Supplementary Fig. 9).

Composite ancestral L1s reconstructed from
high-scoring subsequences are supported by
multiple lines of evidence

To produce a final representative sequence for each L1 subfam-
ily, we identified the regions of the “best” full reconstructed
sequences homologous to the L1HS ORF1 and ORF2 using blastx.
We then replaced these regions with the same subfamily’s “best”
MACSE-aligned reconstructed ORFs. Overall, 65/67 CSs were pro-
duced with inserted reconstructed ORF1 and ORF2s (with ORF
reconstructions failing for 2 subfamilies from the ancient LIME3
family, as noted above) (Supplementary Figs. 12 and 13). Most of
the CSs contained segments derived from multiple genomes;
only 6 were derived entirely from a single genome [L1HS from
hg38, LIME3F from the hominin ancestor (Chimpyg), LIMB1 from
the hominid ancestor (Orangutanyg), and L1PA7, L1PA8, and
L1PA11l from the catarrhine ancestor (Green Monkeyyg)]
(Supplementary Fig. 13a).

Three independent lines of evidence support the validity of
the CSs. First, those representing the most recent L1s (L1HS to
L1PAS) contain ORFO, while CSs representing older subfamilies do
not, consistent with expectation (Denli et al 2015)
(Supplementary Fig. 14). Second, the phylogeny obtained from
the full-length CSs largely recapitulates other phylogenetic stud-
ies of L1 elements, including the expected ordering from which
the nomenclature was derived. An initial phylogeny of the 67 CSs
revealed that 13 varied incommensurably from their established
phylogenetic relationships (Smit et al. 1995) (Supplementary Fig.
15a). These 13 subfamilies all belong to the Eutheria-wide L1MC
and L1ME clades, and so represent some of the oldest (and most
difficult to confidently reconstruct) subfamilies. These CSs also
tended to be derived from many fewer input sequences, were
much shorter, and had lower % ID to their respective gold-
standards than CSs that did not exhibit drastic differences from
the expected phylogeny (Supplementary Fig. 16). When these 13
were removed, the phylogeny of the remaining 54 full-length CSs
closely resembles the phylogeny of 67 Dfam 3’ end gold standard
consensus models (which are typically composed of ~700bp
from ORF2, and ~200 bases of the 3' UTR) (Fig. 4). Furthermore,
the tree topology is consistent with other phylogenetic studies of
L1 elements, with L1PA subfamilies evolving as a single lineage,
and presumably coexisting with active L1PB elements during
early primate evolution (Smit et al. 1995; Khan et al. 2006).

As recombination of the 5" UTR is known to have occurred
throughout L1 evolution, making the region nonhomologous
among various eutherian L1 clades (Khan et al. 2006), we pro-
duced separate phylogenies based on the different CS compo-
nents (Supplementary Fig. 15, b and e). A phylogeny of the highly
conserved ORF2 largely agreed with those of the full-length CSs
and Dfam 3’ ends, while a phylogeny using just ORF1 has a
greater number of topological discrepancies, potentially due to
the rapid rate of evolution of the ORF1 coiled-coil domain, differ-
ing from the more highly conserved C-terminal half of the protein
(Boissinot and Furano 2001; Khan et al. 2006; Furano et al. 2020).
In addition, the clades formed in the 5" UTR phylogeny partially
reflect the UTR recruitment scenario posed previously (Khan et al.
2006), such as L1PA14-L1HS possessing a similar 5 UTR, and
L1PB3-L1PB1 possessing a unique 5 UTR (Supplementary Fig.
15¢).

A third line of evidence demonstrating that the reconstructed
L1 sequences are valid is that they are consistent with gain and
loss of PWM motif matches for KZFPs that display differential
binding to remnants of the same L1s in the extant human ge-
nome. Figure 5 shows 2 examples (ZNF337 and ZNF8) of
subfamily-specific gain and loss of motif matches throughout the
L1Ms, with corresponding gain and loss of binding enrichment in
published ChIP-exo data (Imbeault et al. 2017). Unlike the general-
ized Dfam models, which can represent multiple subfamilies, the
reconstructed full-length sequences enable base-level evaluation
of gain and loss of binding at individual subfamily resolution. For
example, ZNF337 motif matches and ChIP-seq binding enrich-
ment appear to be both lost in LIMA?7, but present in both LIMA6
and L1MA8—a subfamily-specific binding site loss that would not
be detected based on the single generalized 5 UTR model in
Dfam (Fig. 5b). The changes in nucleotide sequence that underlie
loss of binding and/or KZFP hit are generally subtle, single nucle-
otide changes, unlike the dramatic deletions that underly prior
examinations of the arms race model (Jacobs et al. 2014).

We note that, at least in the case of ZNF337, the L1 subfamilies
significantly bound in ChIP-exo (indicated with black squares) are
biased toward C in position 6 of the motif (Fig. 5b), while the motif
gives higher weight to a T at this position (Fig. 5c). Motif deriva-
tion is empirical, and this particular motif was derived from the
same ChlIP-exo data analyzed here (Barazandeh et al. 2018). Motif
searches in which most of the binding sites are retroelements is
inherently error-prone, because the sequences are related by
common descent, while the motif derivation algorithms assume
they are independent. We propose that better consideration of
this issue, coupled with knowledge of the progenitor sequences
and their phylogeny, could lead to more accurate motif models.

RepeatMasker searches with reconstructed L1
sequences

Finally, as an additional confirmation of the reconstructed L1s,
we scanned the human genome (hg38) with all 67 L1 models, us-
ing RepeatMasker. Briefly, we created a custom library in which
all L1 sequences are removed from the 20170127 RepeatMasker
library, and the 67 CS models added (see Materials and Methods for
full details). The 13 CSs lacking phylogenetic support behaved ab-
errantly in this analysis as well, and results for only the remain-
ing 54 are shown here. Some deviation between the 2 libraries is
expected because the CS models are nonprobabilistic single
sequences, while the original RepeatMasker Dfam models are
HMMs, and thus the primary sequence scan is done differently.
Nonetheless, for most of the subfamilies, the proportion of the
genome recovered for each, the number of hits, and their lengths
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Fig. 4. Phylogenetic relationships between CSs, compared with expected subfamily relationships. a) Phylogeny built using a Muscle (Edgar 2004)
alignment of full (typically 6-8 kb) CSs for 54 of the 67 L1 subfamilies. The maximum likelihood phylogeny was produced using FastTree (Price et al.
2009) with a general time reversible substitution model. b) Phylogeny built using Dfam 3’ end consensus models (median length: 925 bp) for 67 L1

subfamilies, using the same method as (a).

were all similar whether we used the default Dfam-based
RepeatMasker library (as HMMs), or the custom library with the
reconstructed L1 CSs (Fig. 6, a—c). In addition, the specific bases
identified for each subfamily typically overlap strongly (Fig. 6d).

The major difference between the CS- and Dfam-based scans
was that, almost uniformly, the CS library resulted in elements
that were previously ascribed to generalized (i.e. ambiguous)
Dfam L1 models being assigned instead to a specific subclass in
the CS library (i.e. the overall increase in Fig. 6, a and b, and the
vertical line on the right in Fig. 6d). This outcome may be a conse-
quence of the fact that the CS library contains no generalized
model(s), but it can also be readily explained by the fact that the
subfamily-specific Dfam models are composed exclusively of 3’
ends, and thus have reduced capacity to discriminate between
specific subfamilies. The subfamily-specific assignments in CS-
vs Dfam-based scans are particularly prominent for older subfa-
milies (LIMC through L1ME), for which the CS library generally
identified fewer hits.

To confirm that this observation is not a consequence of the
RepeatMasker scanning methodology, we used BLAST searches
to identify sequences in the genome that match the CS models,
and parsed the outputs to group overlapping and adjacent
matches to assign them to a single best-matching subfamily
(Supplementary Fig. 17). The BLAST-based process produced
assignments consistent with RepeatMasker outputs with the CS
library (Fig. 6e), indicating that the subfamily-specific assign-
ments are a property of the CS sequences, not the search process.
Despite the overall reduced sensitivity of the older CS models, we
conclude that the reconstructed sequences can empower

subfamily-specific assignments for a considerable subset of an-
cient L1 remnants not currently reflected in mammalian genome
annotations. We note that there are a particularly large number
of genomic instances corresponding to LIME3D CS model, which
were previously assigned to the generalized RM model (Fig. 6).

Discussion

We present the first-ever collection of full-length reconstructed
L1 sequences spanning human ancestry to the beginning of the
eutherian mammals (Supplementary Fig. 18). This collection will
be useful in several avenues of further exploration, including
more extensive functional analysis of the L1s and their evolution,
their interactions with host factors such as C2H2-ZFs, and meth-
odology for repeat annotation of genomes.

We did not undergo a comprehensive exploration of parame-
ter space due to run-time and complexity of the project. As a re-
sult, of potential methodological
improvements that could be made to our reconstruction pipeline
in future iterations. The ancestral genomes are a foundation of
the entire process, but cursory analysis indicated that the new
Progressive Cactus reconstruction (Armstrong et al. 2020) would
not offer dramatic improvement to our process. An obvious alter-
native source would be the L1 instances found in extant
genomes. These sequences would not have the benefit of reduced
sequence divergence among input elements conferred by the an-
cestral genome reconstructions (Fig. 3a), but published resources
do contain greater numbers of full-length sequences than any

there are a number


https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac074#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac074#supplementary-data

10 | GENETICS, 2022, Vol. 221, No. 3

(@)

HiicT
il t
il A
fatrl
i - T
i - -
Rt = |
= Hi ' u ZNF
E ik
£ = =i W ZnF33y
o b —
@ G B znFe
g o
128 [ -
et
Lithi7 —— PWM
bee ekt
EieaTs
HEAE
LipRE: chip
Lieato l Peak
Lieada
ke ]
LR
L1PABE
LR
Cibng
L1PA3
]
LiHS
0 2000 4000 6000
Position
LiME3E
HMEEE
M
LiniEs) &
LIME2
Filed
PWM L1MD2
] Match PMD‘
|H§g .
ChiP LIt
a LM
binding Hm@
] snriched LIk
e LIMB1
LTMAT i
=== AR
=
LIMAT
LIMAG
E L‘U %
AA L";ﬂi?\;ﬂ i
T He HYER
U:g:a' L%m T
N PBE] F1ERS
PE2 LipB2
PE1 L1PB1
e HEAE B
Upmg CiPA1S
——1 H}E—l‘m‘ Hgﬂg
pég L1PAT2
—U'ﬁ"h (122 1PRECS B
N L1PAT1 L1PAT1
Lb L\F‘Aq
t‘ﬁ’? LieA
1PAG 1PAB
L1PAS L1PAS B
L1PA4 HEM I
Hig R
(c) L1HS L1HS
T i
5?2 E 2
§1s5 g
. g
§15
c )
s 1 P
z A S 1
E 05 1\ — | L £ 05 3N |
£ —_ < L& | . L | - =
E o=t - L B A = N A—
T T T T T T T T T T T T T T 1 £ 1] T T T T T )
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2

Position

©
a
™

Fig. 5. Comparison of KZFP motif matches in reconstructed L1 subfamilies to binding measured by ChIP-seq in human cells. a) Mapping of motif
matches (vertical lines) and ChIP-seg/exo peak enrichment (horizontal lines) along an alignment of 54 reconstructed CSs, for the KZFPs ZNF337 and
ZNF8. PWM hits are extended by 75 nt on either end, and columns containing large gaps have been trimmed to improve visibility. Aligned bases not
overlapping a peak or motif match are represented in white, and gaps in light gray. b) Alignments of ZNF337 (left) and ZNF8 (right) binding sites across
subfamilies. Boundaries of alignment correspond to the span of the motifs (shown in c). Subfamilies with motif matches are indicated by horizontal
bars to the left of the subfamily labels, and binding enrichment in ChIP data indicated by black squares. A large insertion in LIMA9 has been removed
to improve legibility. ¢) DNA binding motifs of ZNF337 and ZNF8, generated in Barazandeh et al. (2018), and derived from ChIP-exo data in Imbeault

etal. (2017).

individual reconstructed ancestral genome (Ivancevic et al. 2016,
2018), which could potentially compensate.

Technical aspects of the pipeline to explore are also apparent;
for example, the reconstructed ancestral coding sequences de-
rived here (and/or those from nonhuman genomes) may be use-
ful for identifying additional L1 instances, and for refinement of
ORF ends. The reconstruction process could also leverage existing
progenitor models by more heavily weighting sequences that are
similar to pre-existing models.

We caution that the reconstructed sequences, particularly
those of the older subfamilies, are imperfect. They have not been
tested for retrotransposition, and it is unlikely that they would be
functional. A recent study found that most tri-alanine mutations
in the protein-coding regions of L1HS reduce its function to some
degree (Adney et al. 2019). The reconstructed 5" ends of the older
reconstructed sequences are inaccurate, which would likely

impact the promoter activity. Even if the sequences were
completely accurate, retrotransposition assays in human cells
would be frustrated by the presence of mechanisms that have
evolved to suppress their activity, such the KZFPs. While several
resurrected L1PAs successfully retrotranspose in modern or taxo-
nomically distant cells (e.g. mouse) (Ostertag et al. 2002; Wagstaff
et al. 2013; Naufer et al. 2016), it remains possible that host factors
utilized by the older LINE-1 elements may also be missing from
modern mammalian cells, or incompatible due to divergence
from their ancestral counterparts. The reduced retrotransposi-
tion activity of a resurrected L1PA13A in human and hamster
cells relative to a resurrected L1PA8, for example, is potentially
due to its maladapted ORF1 protein (Wagstaff et al. 2018).

The reconstructed sequences, including the ORFs, largely re-
capitulate the expected phylogeny, suggesting that they will be
useful for examining the evolution of their sequence features.
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assignments with BLAST and CS annotations (see also Supplementary Fig. 15).

One clear example is the N-terminal coiled-coil domain of ORFZ,
which does display coiled-coil structural features in the more dis-
tant progenitors, despite not matching the domain model. This
observation supports the accuracy of the reconstructed sequen-
ces, and their utility in investigating evolution (Supplementary
Fig. 7c). Recently, the elucidation of a crystal structure for the
coiled-coil domain has led to the suggestion that the apparent di-
versifying selection acting on the coiled-coil domain (Boissinot
and Furano 2001; Khan et al. 2006) could have instead resulted
from compensatory mutations following an initial destabilizing
deleterious mutation (Khazina and Weichenrieder 2018).
Similarly, analyses of coiled-coil variation in L1PA subfamilies
demonstrated that the rapid evolution of this region may be at-
tributable to its genetic robustness, resulting in the persistence of
a variety of distinct coiled-coil sequences during primate L1 evo-
lution (Furano et al. 2020). The reconstructed sequences described

here could be used in experiments to test for self-specificity to
evaluate the diversification of the domain, i.e. whether ORF1s
prefer to form homo-oligomers. This use-case is also relevant for
testing how simultaneously active ORFl1ps with distinct coiled-
coils avoided hybrid trimer formation, an implication of the men-
tioned study.

The reconstructed L1s also present an opportunity to isolate
the specific sequence changes that led to gain and loss of KZFP
binding sites, which are expected to be more subtle overall than
the 129bp deletion eliminating the ZNF93 binding site in L1PA3-
L1HS (Jacobs et al. 2014; Imbeault et al. 2017). Such analyses are
complicated by their dependence on accurate models of se-
quence specificity, which are more difficult to obtain for KZFPs
than for other TFs (Barazandeh et al. 2018), and may not conform
to standard PWM models, if different portions of the C2H2 zinc
finger arrays are used at different sites. Still, in the examples of
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ZNF337 and ZNF8 shown in Fig. 5, a classical motif model almost
perfectly explains observed subfamily-specific genomic binding
assayed by ChIP-seq.

Finally, the reconstructed L1 sequences may be useful in scan-
ning genomic sequences for transposon remnants. Association of
regulatory sites with ancestral retroelements is valuable beyond
the academic appeal of mapping evolutionary origins: the ele-
ments often contain binding sites for specific regulatory proteins
(Kunarso et al. 2010), and at some point in their history, the ele-
ments had been active in the germline. Our initial finding is that
the reconstructed L1s identify many of the same L1-derived ele-
ments as the Dfam 2.0 HMM models, and provide a fresh perspec-
tive on older L1s. Ultimately, we expect such analyses to further
illuminate how this large class of mobile elements—and the larg-
est class of human transcription factors—have evolved to estab-
lish the dynamic regulation of the human genome.

Data availability

All sequences used in reconstructions, the CS models, the data
used in constructing figures, and the RepeatMasker results are
available on our project website (http://datah.ccbr.utoronto.ca/
L1_Reconstruction), or on Zenodo at https://doi.org/10.5281/zen
0d0.6338536.

Supplemental material is available at GENETICS online.
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