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Co-option of transposable elements (TEs) to become part of exist-
ing or new enhancers is an important mechanism for evolution of
gene regulation. However, contributions of lineage-specific TE in-
sertions to recent regulatory adaptations remain poorly understood.
Gibbons present a suitable model to study these contributions as
they have evolved a lineage-specific TE called LAVA (LINE-AluSz-VN-
TR-AluLIKE), which is still active in the gibbon genome. The LAVA
retrotransposon is thought to have played a role in the emergence
of the highly rearranged structure of the gibbon genome by dis-
rupting transcription of cell cycle genes. In this study, we investi-
gated whether LAVA may have also contributed to the evolution of
gene regulation by adopting enhancer function. We characterized
fixed and polymorphic LAVA insertions across multiple gibbons and
found 96 LAVA elements overlapping enhancer chromatin states.
Moreover, LAVA was enriched in multiple transcription factor bind-
ing motifs, was bound by an important transcription factor (PU.1),
and was associated with higher levels of gene expression in cis. We
found gibbon-specific signatures of purifying/positive selection at
27 LAVA insertions. Two of these insertions were fixed in the gib-
bon lineage and overlapped with enhancer chromatin states, repre-
senting putative co-opted LAVA enhancers. These putative enhancers
were located within genes encoding SETD2 and RAD9A, two proteins
that facilitate accurate repair of DNA double-strand breaks and pre-
vent chromosomal rearrangement mutations. Co-option of LAVA in
these genes may have influenced regulation of processes that pre-
serve genome integrity. Our findings highlight the importance of
considering lineage-specific TEs in studying evolution of gene
regulatory elements.

transposable element | co-option | cis-regulatory element |
transcription factor binding | DNA repair

Transposable elements (TEs) comprise nearly half of mam-
malian genomes and provide a major source of genetic and

epigenetic variation during evolution. While many studies have
focused on the disruptive consequences of TE insertions, espe-
cially those that impact human health (1), growing evidence is
revealing the widespread presence of advantageous TE inser-
tions across lineages (2). Depending on their impact on the host,
TEs face different evolutionary fates. Most TE insertions are
neutral and therefore, drift randomly in the population, while
disruptive insertions are actively selected against and removed
from the population. The occasional adaptive TE insertions,
however, are favored and preserved by selection, and they may
ultimately become incorporated into the host genome, in a
process known as “co-option” or “exaptation.” To date, several
examples of co-opted TEs have been reported across vertebrates
(reviewed in ref. 3).

Many co-opted TEs are capable of modifying gene expression
in a tissue- or time-specific manner by forming new cis-regulatory
elements (i.e., enhancers) or by being incorporated into already
existing enhancers (4). Since regulatory TEs often contain
transcription factor (TF) binding sites, their transposition in the
genome can reshape entire gene regulatory networks by intro-
ducing similar regulatory modules near multiple genes (5).
Furthermore, since the distribution of regulatory TE insertions
often varies across lineages, co-option of these elements likely
represents a major mechanism for evolution of lineage-specific
gene regulation patterns (5–7). Indeed, a recent comparative
study in primates demonstrated that nearly all human-specific
regulatory elements overlapped TE sequences and that most
TE families enriched at cis-regulatory regions were relatively
young and lineage specific (7). These and other findings highlight
young regulatory TEs as an important source for evolution of
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gene regulatory elements in primates (7–9). However, due to
technical challenges associated with studying recent TE inser-
tions (e.g., low mappability), their contributions to the evolution
of gene regulatory adaptations still remain poorly understood,
especially in nonhuman primates.
Among primates, the endangered gibbons (Hylobatidae) pre-

sent an attractive model for exploring functional contributions of
a lineage-specific TE. Gibbons (or small apes) occupy an im-
portant node in the primate phylogeny between Old World
monkeys and great apes; they have an intriguing evolutionary
history and have evolved many unique traits [e.g., locomotion via
brachiating and monogamy (10)]. Most notably, the gibbon
lineage has experienced drastic genomic rearrangements since its
divergence from the common Hominidae ancestor ∼17 Mya
(11). These evolutionary rearrangements are not only evident
through comparisons with great ape genomes but also in the vastly
different karyotypes of the four extant gibbon genera: Nomascus
(2n = 52), Hylobates (2n = 44), Hoolock (2n = 38), and Siamang
(2n = 50), which split almost instantaneously around 5 Mya.
Factors leading to these evolutionary genome reorganizations are
not fully understood, but a gibbon-specific retrotransposon called
LAVA (LINE-AluSz-VNTR-AluLIKE) (Fig. 1A) may have played a
role (12).
LAVA is a nonautonomous retrotransposon that relies on the

L1 protein machinery for its retrotransposition via target primed
reverse transcription (13, 14). The full-length ∼2-kb-long com-
posite LAVA element is found only in gibbons, but its structure
is composed of portions of TEs commonly found across all pri-
mate genomes, namely the 5′ portion of SVA (SINE-VNTR-
AluLIKE; SINE, short interspersed nuclear element, VTNR, vari-
able number tandem repeat), as well as pieces of AluSz and
L1ME5 elements (Fig. 1A). Despite sharing much of their overall
structure, SVA and LAVA elements have had drastically different
propagation success in the gibbon lineage. The SVA element,
which has thrived in all great apes, is only present in ∼30 copies in
the gibbon genome (15, 16), whereas LAVA is estimated to be 20
to 40 times more abundant across gibbon genera (12, 13).
In the original analysis of the reference gibbon genome

(Nleu3.0), which was derived from a northern white-cheeked
gibbon (Nomascus leucogenys [NLE]), nearly half of the >1,000
identified LAVA insertions were located within or near genes,
particularly genes involved in regulation of cell cycle and chro-
mosome segregation (12). Since some intronic LAVA insertions
are capable of terminating gene transcription prematurely, dis-
ruption of cell cycle genes by LAVA was considered a contributing
cause for the abundant evolutionary genomic rearrangements in
the gibbon lineage (12). However, LAVA’s successful and ongoing
propagation in the gibbon genome (14), despite its disruptive ef-
fects, may have allowed a subset of insertions to adopt adaptive
functions. In fact, TEs that are prevalent near genes have a
stronger propensity for adopting enhancer function and modu-
lating expression of adjacent genes (17). Thus, adaptive contri-
butions from LAVAmay have involved regulation of nearby genes
and might have ultimately resulted in its co-option as a cis-
regulatory element in the gibbon genome.
In this study, we characterized LAVA insertions across mul-

tiple gibbon genomes and used genomic, epigenetic, and evolu-
tionary analyses to investigate evidence of LAVA’s functionality
and co-option in the gibbon genome.

Results
Genome-Wide Identification and Genotyping of LAVA Insertions
Across Gibbons Reveals Genus-Specific Expansion Patterns. Since
the LAVA element is still able to retrotranspose in the gibbon
genome (14), its distribution is expected to vary across unrelated
gibbons. To this end, we generated whole-genome sequencing
(WGS) datasets from 23 unrelated gibbons across the four extant
genera (Nomascus, Hylobates, Siamang, and Hoolock) (18) (Fig. 1B

and Dataset S1). We selected the Mobile Element Locator Tool
[MELT (19)] to identify and genotype LAVA insertion loci from
our short-read data, as this software was found to effectively
identify SVA elements from human WGS datasets (19, 20). MELT
uses discrepancies in the alignment of WGS data to a reference
genome to identify nonreference TE insertions and to detect ab-
sence of TE insertions that are represented in the reference ge-
nome (referred to as “deletions”). MELT can then combine this
information across multiple datasets to characterize and genotype
TE insertions (based on presence/absence) in a population.
Through in silico simulation analyses, we first validated

MELT’s ability to identify insertions and deletions (indels) of the
LAVA element relative to the reference gibbon genome se-
quence and showed that ≥10× WGS coverage is required for
identifying ≥75% of LAVA indel sites within 10 bp of their true
position with high sensitivity and specificity (SI Appendix, Fig.
S1). We then used MELT to identify LAVA indels across our 23
WGS datasets, which all had >10× coverage (Dataset S1). Since
all WGS datasets were aligned to the same gibbon reference
genome [Nleu3.0, generated from the NLE species (12)], we
were able to use MELT to identify and genotype syntenic LAVA
insertion loci across genera. We identified an initial list of 20,734
nonreference LAVA insertion sites that we combined with 1,118
LAVA insertions previously identified in the Nleu3.0 assembly
(12). To minimize false positives, we filtered these 21,852 LAVA
insertions based on strict quality, length, and population fre-
quency criteria, which reduced the total number of LAVA in-
sertion loci to 5,490 high-confidence hits (Dataset S2). We found
a significant effect of genus on the number of LAVA insertions
identified (ANOVA, P < 0.0001) (Fig. 1C), as well as a signifi-
cant effect of WGS coverage within each genus (P < 0.0001).
The smallest numbers of LAVA insertions were found in the
Nomascus genus, and the highest numbers were found in the
Hoolock, the same genus in which LAVA was first discovered
and found to form long centromeric expansions (13, 21).
Since LAVA is rarely deleted postinsertion (12), genotype

differences at LAVA insertion loci are expected to mainly reflect
differential insertions. Of the 5,490 LAVA insertion loci char-
acterized in this study, 16.5% (905) appeared to be fixed in the
gibbon lineage (i.e., homozygous for the presence of LAVA in all
23 gibbons), suggesting that LAVA insertion at these sites pre-
dated the genera split. In contrast, over half (2,888 or 52.6%) of
LAVA insertions were genus specific (i.e., LAVA present in
some or all individuals of a single genus), indicating that LAVA’s
insertion at these sites likely occurred following the split of the
four gibbon genera ∼5 Mya (12). The rest of LAVA insertion
loci displayed presence/absence polymorphism both within and
across genera, likely reflecting a mix of true evolutionary events,
incomplete lineage sorting, and genotyping errors. Logarithmic
principal component analysis (PCA) of LAVA genotypes at
4,585 unfixed insertion loci grouped individuals of the same
genus together (Fig. 1D), and unsupervised clustering analysis
organized gibbons in a pattern resembling a potential LAVA-
based gibbon phylogeny (Fig. 1E). While this dendrogram re-
capitulates some of the published phylogenies obtained from
gibbon mitochondrial DNA (22, 23), it does not match more
recent phylogenies obtained based on nuclear genomes (24, 25).
Therefore, it should be interpreted merely as a validation of our
LAVA genotyping pipeline, rather than a true gibbon phylogeny,
which still remains elusive.

LAVA Insertions Vary in Population Frequency and Are Unevenly
Distributed in the Genome. To reduce errors from cross-species
alignment of WGS datasets, we focused all downstream analy-
sis on the LAVA identified in NLE gibbons, the same species used
to build the gibbon reference genome (12). Of the total of 2,266
LAVA insertion loci found among NLE individuals, 48% (1,095)
had homozygous LAVA insertions in all 11 NLE individuals.
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These LAVA insertions, which have reached fixation/high fre-
quency due to selection or drift, were called fixed LAVA. The
remaining 1,171 LAVA insertions sites were present in lower
population frequencies (<95%) and displayed presence/absence
of polymorphism; hence, they were called polymorphic LINE-
AluSz-VNTR-AluLIKE (poly-LAVA) (Fig. 2A and Dataset S2).
In general, LAVA insertion loci were unevenly distributed

across chromosomes [χ2fixed-LAVA(25,n=1,095) and χ2poly-LAVA(25,n=1,171),
P < 0.001] (Fig. 2A and SI Appendix, Fig. S2A) and formed broad
clusters within chromosomes (one-tailed permutation P < 0.001)
(SI Appendix), likely due to genomic context such as repeat and
gene density. Consistent with observations for other retro-
transposons (26), LAVA insertions were enriched near repeats
(permutation q < 0.05) (SI Appendix, Fig. S2B). Furthermore,
both fixed and poly-LAVA insertion loci were significantly closer
to genes than expected by random chance and were overrepre-
sented in noncoding regions of genes (i.e., introns, promoters, or
terminators; permutation P < 0.001) (Fig. 2B) (27). In line with
these observations, we also found significant correlation between
LAVA and gene density across chromosomes (R2

fixed-LAVA = 0.23,

P = 0.008 and R2
poly-LAVA = 0.48, P = 0.0006) (Fig. 2C). Hence,

both fixed and poly-LAVA insertion sites have uneven distribu-
tion in the genome and are overrepresented near genes, likely
as a result of LAVA’s preferential insertion into open chroma-
tin (28, 29), effects of postinsertion selection, or a combination
of both.

Several LAVA Elements Show Chromatin Signatures of Enhancer
Activity. To investigate if LAVA elements have evolved regula-
tory function in the gibbon genome, we sought to identify LAVA
elements displaying epigenetic hallmarks of enhancer activity.
We performed chromatin immunoprecipitation sequencing
(ChIP-seq) against three activating (H3K4me1, H3K27ac, and
H3K4me3) and two repressing histone marks (H3K27me3 and
H3K9me3), using Epstein-Barr Virus (EBV)-transformed lym-
phoblastoid cell lines (LCLs) established from three unrelated NLE
individuals previously (12, 30) and in this study (Dataset S4) (18). We
annotated the epigenetic landscape of the gibbon genome using nine
chromatin states, each of which represented a different combination of
histone marks (Fig. 3A). Since chromatin-state assignment is restricted

Fig. 1. The LAVA element displays genus-specific expansion patterns. (A) The full-length composite LAVA element shares structural components with SVA.
TSD, target site duplication; U, unique nonrepetitive sequence; CT, cytosine-thymine; L1ME, long interspersed nuclear element subfamily L1ME; SINE-R, short
interspersed nuclear element subfamily R. (B) Representative species of the four extant gibbon genera shown along with our WGS sample sizes below each
photo. (C) The number of LAVA insertion loci per individual varies greatly across genera. (D) Logarithmic PCA of LAVA genotypes groups individuals based on
genus. PC, principal component. (E) Unsupervised hierarchical clustering of individuals, using LAVA genotype at 4,585 unfixed LAVA insertion loci, groups
gibbons based on genus. In the heat map, dark gray indicates presence of LAVA, light gray indicates absence of LAVA, and white indicates missing data.
Species abbreviations are as follows: Nomascus (Nomascus gabriellae [NGA]), Hylobates (Hylobates lar [HLA], Hylobates moloch [HMO], Hylobates muelleri
[HMU], Hylobates pileatus [HPI]), Siamang (Siamang symphalangus [SSY]), and Hoolock (Hoolock [HLE]).
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to sequences present in the reference genome, we were only able
to investigate and report chromatin states for the subset of
LAVA insertions represented in the Nleu3.0 assembly (all 1,095
fixed LAVA and 23 poly-LAVA). We calculated “fold enrich-
ment” of chromatin states overlapping these elements by ac-
counting for the collective length and prevalence of LAVA and
chromatin states in the genome. Of states overlapping fixed and
poly-LAVA elements, constitutive “heterochromatin” and “polycomb-
repressed” states had the highest fold enrichment, respectively
(Fig. 3A). However, the chromatin state covering the most col-
lective length (77% of fixed and 75% of poly-LAVA) (SI Ap-
pendix, Fig. S4A) and the greatest number of LAVA elements
(86% of fixed and 87% of poly-LAVA) (Fig. 3B) was low signal/
mappability, reflecting the difficulty in aligning short-read se-
quences to repetitive elements. While overlaps between LAVA
and repressed chromatin states were expected, we were surprised
to also find several LAVA elements overlapping enhancer
chromatin states; specifically, 13 fixed LAVA overlapped biva-
lent enhancer chromatin, 72 fixed and 1 poly-LAVA colocalized
with poised enhancer chromatin, and 23 fixed LAVA overlapped
with active enhancer states (Fig. 3C). In total, 95 (8.7%) fixed
LAVA insertions and 1 (4.3%) poly-LAVA element colocalized
with at least one enhancer chromatin state. These overlaps
ranged from 10 to 1,474 bp in length (median = 182 bp), con-
sistent with the typical length of enhancers [10 to 1,000 bp (31)],
and covered ∼3.5% of the collective length of LAVA elements in
the reference genome (SI Appendix, Fig. S4A).
LAVA elements that overlapped enhancer states rarely colo-

calized with any additional states other than low signal/mapp-
ability. Similar patterns were observed for those elements
overlapping silenced chromatin (SI Appendix, Fig. S4B). Con-
sistently, PCA analysis of LAVA chromatin-state composition

(excluding overlaps with low signal/mappability chromatin state
and the 725 LAVA elements entirely covered by this state) in-
dicated that three epigenetically distinct groups of LAVA may
exist in the gibbon genome; one group consisted mostly of pu-
tatively functional LAVA overlapping enhancer states (Fig. 3D),
while the other two groups consisted of putatively silenced
LAVA elements that were almost exclusively within either con-
stitutive heterochromatin or polycomb repressed chromatin (SI
Appendix, Fig. S4 B and C).

LAVA Elements Provide TF Binding Motifs, and Some Elements Are
Bound by PU.1. Regulatory TEs contribute roughly 20% of all TF
binding sites in mammalian genomes (32). Using two different
pipelines, we identified a conservative list of six TFs whose
recognition motifs were significantly (q < 0.05) overrepresented
in LAVA sequences and were predicted to bind LAVA with high
affinity: PU.1 (encoded by SPI1), STAT3, SRF, SOX10, SOX17,
and ZNF143 (SI Appendix, Fig. S5A). Since motif enrichment
analysis on highly similar and repetitive sequences may lead to
false positives, we sought to experimentally validate binding of
one candidate TF to LAVA. We focused on PU.1, an important
TF in the development of B-lymphoid cells (33), whose recog-
nition motif was highly enriched in the VNTR (variable number
of tandem repeats) of LAVA (Fig. 4 A and B). The LAVA
VNTR is composed of variable numbers of 30- to 50-bp tandem
repeat units, leading to most LAVA elements containing several
closely spaced PU.1 binding motifs (12.8 ± 11; mean ± SD). To
validate binding of PU.1 to LAVA, we performed ChIP-seq
against PU.1 in two gibbon LCLs (Dataset S4) (18). We first
used the RepEnrich2 software (34), which takes advantage of both
unique and multimapping sequencing reads to assess overall en-
richment of repeat families in ChIP-seq samples relative to input

Fig. 2. Fixed and poly-LAVA insertions have similar and uneven genomic distribution. (A) LAVA insertions present at 100% frequency in the population were
classified as fixed LAVA (blue), and the rest were classified as poly-LAVA (red). Circos plot (Upper) shows the nonhomogeneous distribution of fixed (blue) and
poly-LAVA (red) insertions across the gibbon chromosomes. Chromosome numbers are annotated on the outer circle, and 11 inner circles represent the
genomes of the 11 NLE gibbons included in this study. (B) Proportion of LAVA observed in different positions with respect to genes is shown in bold, and
mean ± SD expected percentages are reported below. *Significant deviation from expectation (permutation P < 0.01). UTR, untranslated region. (C) Cor-
relations between gene density and LAVA density (counts per megabase) are shown across chromosomes for fixed (blue) and poly-LAVA (red).

Okhovat et al. PNAS | August 11, 2020 | vol. 117 | no. 32 | 19331

EV
O
LU

TI
O
N

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006038117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006038117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006038117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006038117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006038117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006038117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006038117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006038117/-/DCSupplemental


(indicating binding), without the need for high mappability or
peak calling. Of the 16 repeat families significantly enriched in
gibbon PU.1 ChIP-seq samples, the “SVA repeat family,” which is
composed of SVA and LAVA elements, was the most significantly
enriched (log fold change= 0.4, q = 1.52e-59) (Fig. 4C). It should
be noted that in gibbons, enrichment of the SVA repeat family can
be equated to enrichment of LAVA because SVA elements have
only ∼30 insertions genome wide and make up a negligible pro-
portion of this family (15, 16).
To characterize sites of PU.1 binding within LAVA elements,

we used multimapping and uniquely aligning reads to identify
22,264 peaks between our two PU.1 ChIP-seq replicates. Of
these, the apex (i.e., summit) of 138 peaks overlapped LAVA
elements in the reference gibbon genome. Using an approach
similar to Fernandes et al. (35), we marked the positions of these
overlapping summits within a consensus full-length LAVA ele-
ment to generate a pileup of summit positions (Fig. 4D). Apexes
of this pileup (i.e., metasummits), which represent putative PU.1
binding sites, were all located inside the VNTR subunit and were
in overall agreement with the distribution of in silico predicted
PU.1 recognition motifs (Fig. 4D). Lastly, to localize specific
LAVA insertions bound by PU.1 in the gibbon genome, we

performed peak calling using only uniquely mapping reads. We
identified 13,920 unique peaks, which were collectively enriched
for the consensus PU.1 recognition motif and co-occurred with
active histone marks (SI Appendix, Fig. S5 C and D). In this
approach, most overlaps between PU.1 peaks and LAVA are
expected to be missed due to removal of multimapping reads.
Nonetheless, we found significant PU.1 peaks inside the VNTR
of two fixed LAVA elements. Based on our previous chromatin-
state analysis, one of these elements (fixed LAVA.1257) over-
lapped bivalent enhancer chromatin state (Fig. 4E), while the
other (fixed LAVA.1087) was entirely covered by low-signal/
mappability chromatin state.
Since PU.1 appears to bind LAVA at the VNTR, a structure

shared between LAVA and SVA elements (Fig. 1A), we inves-
tigated whether the ability to bind PU.1 was specific to LAVA or
shared with SVA. After repeating our analysis on public human
data from the Encyclopedia of DNA Elements (ENCODE), we
did not detect any enrichment of the SVA repeat family in hu-
man PU.1 ChIP-seq datasets (q = 0.8) (SI Appendix, Fig. S6A)
(36, 37). Moreover, there were no PU.1 ChIP-seq summits that
mapped to the consensus human SVA sequence. Consistently,
comparison of PU.1 recognition motifs between LAVA and SVA

Fig. 3. Several LAVA elements display epigenetic signatures of enhancers. (A) Chromatin states were characterized based on histone ChIP-seq signal. Fold
enrichment (relative to random expectation) of states overlapping reference-present fixed (blue) and poly-LAVA (red) is shown. TSS, transcription start site.
(B) Percentages of LAVA insertions with ≥10-bp overlap with each chromatin state are shown. Colors and numbers on the x axis correspond to chromatin
states from A. (C) Example of a fixed LAVA that overlaps active enhancer chromatin state. ChIP-seq fold enrichment tracks (relative to input) are shown below
the chromatin states. (D) PCA biplot analysis of LAVA elements based on their chromatin-state composition groups LAVA elements into three broad epi-
genetic groups (outlined with dashed circles). Shading elements based on their mappable percentage base pair overlap with enhancer states (state 4, 5, or 6)
reveals one of these groups to be mostly composed of putatively functional LAVA (orange dashed circle). PC, principal component.
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sequences revealed that 1) the consensus SVA sequence con-
tained fewer predicted PU.1 recognition motifs compared with
LAVA (5 vs. 32) (SI Appendix, Figs. S5B and S6B), 2) a smaller
proportion of SVA repeats in the human reference genome
contained PU.1 motifs (56% of SVAs vs. 41% of random size-
matched background sequences) compared with LAVA in the
gibbon genome (100% of LAVAs vs. 56% in background), and
3) the average density of PU.1 motifs in SVA repeats (2.5 ± 4.2;
mean ± SD motifs per 1 kb) was lower than LAVA (8.6 ± 4.1;
Mann–Whitney–Wilcoxon Test, P < 2.2e-16). Thus, despite the
close relationship between LAVA and SVA, major differences
exist in their ability to bind PU.1, and potentially other TFs,
likely as a result of sequence differences that have evolved in the
VNTR region since LAVA diverged from SVA in the gibbon
lineage (38).

Genes Near LAVA Have Overall Higher Expression Compared with the
Rest of the Genome. To investigate LAVA’s potential effect on
expression of nearby genes, we generated RNA-sequencing
(RNA-seq) data from nine NLE gibbon LCLs generated previously

(12, 27, 30) and in this study. We considered genes with depth-
normalized read counts (counts per million) higher than 0.5 in at
least two of the nine gibbons to be “actively expressed.” Using
this proxy, 72% of the nearest genes within 3 kb of fixed LAVA
(448 of 620 genes) and 69% of the nearest genes within 3 kb of
poly-LAVA (478 of 694) were considered actively expressed.
These proportions were not significantly different from each
other (two-tailed Fisher’s exact test, P = 0.58) but were both
significantly higher than the 39% of genes (15,715 of 40,504) that
were actively expressed genome wide (two-tailed χ2 test with Yates
correction, P < 0.0001). Moreover, among actively expressed
genes, those located near fixed and poly-LAVA had significantly
higher median expression compared with the null distribution in
the whole genome (two-tailed permutation test, P < 0.0001)
(Fig. 5A).
Next, we took advantage of the presence/absence of poly-

LAVA insertions and examined correlation between LAVA ge-
notype and the expression level of genes within 1 Mb of LAVA
insertion loci. Despite being underpowered due to our small sample
size of nine, we found two poly-LAVA insertions associated with

Fig. 4. The PU.1 TF binds LAVA at the VNTR subunit. (A) PU.1 consensus binding motif from HOMER. (B) Proportions of LAVA’s predicted PU.1 binding motifs
found in each subunit (based on 20 randomly selected full-length LAVA elements). U, unique nonrepetitive sequence. CT, cytosine-thymine; L1ME, long
interspersed nuclear element subfamily L1ME. (C) Volcano plot displays enrichment of repeat families in gibbon PU.1 ChIP-seq. FDR, false discovery rate;
rRNA, ribosomal RNA. (D) PU.1 ChIP-seq summit pileups are shown along the full-length LAVA consensus. Putative PU.1 binding sites (i.e., metasummits) are
marked with green arrows. Blue ticks indicate predicted PU.1 binding motifs. (E) The fixed LAVA containing a significant PU.1 ChIP-seq peak (marked with
green bar) and overlapping bivalent enhancer chromatin state (state 8 in purple). Predicted PU.1 binding motifs are marked with blue ticks. Chromatin-state
colors and numbers match those in Fig. 3A.
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significant increase in expression of a nearby gene (q < 0.05)
(Fig. 5B). One of these genes was TRPV1 (transient receptor po-
tential cation channel subfamily V member 1), whose expression
was significantly higher in an individual with a LAVA insertion
∼300 kb downstream (P = 8.38e-07, q = 0.01) (Fig. 5 B, Left). In
humans, TRPV1 is highly expressed in the central nervous system
and has a human-specific SVA insertion hypothesized to have
contributed to the evolution of human-specific behaviors (39). The
other gene encodes the secreted frizzled related protein (SFRP1), a
Wnt antagonist implicated in cell cycle regulation and senescence
(40, 41), which was more highly expressed when a LAVA insertion
was present ∼800 kb upstream (P = 3.8e-06, q = 0.04) (Fig. 5 B,
Right). While our correlative analyses are consistent with these poly-
LAVA elements functioning as cis-regulatory elements, neither in-
sertion was present in the reference genome, and therefore, their
chromatin state could not be determined. Also, changes in expres-
sion may be linked to other causal genetic variants located closer to
the target genes.

Several LAVA Insertions Show Signatures of Gibbon-Specific Selective
Constraint. To investigate co-option of LAVA, we examined
LAVA insertion loci for evidence of selection. We used Tajima’s
D (42), a summary statistic that measures difference between

two estimates of population genetic diversity (θ). Significantly
negative Tajima’s D values indicate an excess of low-frequency
alleles compared with expectation, a pattern of genetic variation
often found surrounding sites that have been under strong recent
positive selection (i.e., selective sweep) or around sites subjected
to negative selection (i.e., background selection). We measured
mean Tajima’s D in two 10-kb windows directly flanking each
side of LAVA insertion sites and found that 11 of 808 poly-
LAVA and 19 of 734 fixed LAVA elements included in our
evolutionary analysis had Tajima’s D values within the 5% most
negative values in the genome (i.e., P < 0.05 based on an em-
pirical distribution of 10-kb pairs genome wide). These loci had
Tajima’s D values <−2.0, compared with a genome-wide esti-
mate of −0.95, suggestive of selection occurring on either side of,
and presumably within, these LAVA elements. The most note-
worthy was an ∼300-kb cluster of four fixed LAVA insertions on
chromosome 18, which overlapped a major dip in Tajima’s D and
displayed some of the lowest Tajima’s D values in the whole
genome (SI Appendix, Fig. S7). We also fit a demographic model
to the NLE allele frequency spectra at a set of putatively neutral
loci using ∂a∂i (43) and generated coalescent simulations under
neutrality, to estimate a simulation-based P value for each
LAVA element. Except for two of the fixed LAVA loci, all
LAVA insertions with P < 0.05 based on the empirical criteria
described above also had P < 0.001 based on this simulation
framework and P < 0.05 even under the most conservative
simulation regime of no recombination, which artificially de-
creases null Tajima’s D values (44).
If the selection signals identified in gibbons were independent

of LAVA (for example, if they merely reflected background
purifying selection due to their proximity to genes), we may ex-
pect orthologous sequences in a sister taxon to show similar se-
lection signals. We examined genetic diversity among humans
within orthologous regions to the windows flanking LAVA ele-
ments. We successfully identified orthologous regions for 8 (of
11) poly- and 13 (of 17) fixed LAVA elements that displayed
significant signatures of selection in gibbons, under both em-
pirical and conservative simulation frameworks. Of these
orthologous regions, none had significant Tajima’s D values in
human, with the exception of one poly-LAVA. Therefore, in
total we found 10 poly- and 17 fixed LAVA elements that
showed significant signatures of positive/purifying selection in
gibbon, but not in human (when orthologs were found) (Dataset
S5), suggesting that they, or their immediately surrounding re-
gions, have acquired gibbon-specific functional properties.

Enrichment and Potential Co-option of a Subset of LAVA Insertions
Near DNA Repair Genes. By investigating genes located near
LAVA insertions, we can identify candidate biological processes
influenced by LAVA. While no significant gene ontology (GO)
term was enriched among genes near (≤3-kb) poly-LAVA, those
near fixed LAVA insertions displayed significant enrichment
(q < 0.1) for 15 biological functions, all related to DNA repair
(e.g., double- and single-strand break repair), and 5 cellular
components important in cell cycle (e.g., spindle-pole centro-
some) (Fig. 6A and Dataset S6). Enrichment of these GO terms
was validated using permutation analyses that accounted for
gene length and LAVA’s preferential insertion near genes
(two-tailed permutation P < 0.001) (SI Appendix). Overall, these
results recapitulated the previously described association of
LAVA with cell cycle and chromosome segregation genes (12).
However, by characterizing LAVA insertions across multiple
individuals and classifying them based on frequency in the pop-
ulation, we were able to also unravel an association between
fixed LAVA and DNA repair pathways.
We then searched for co-opted regulatory LAVA insertions,

which are expected to 1) be fixed in the gibbon genome, 2) show
signatures of selection, and 3) overlap enhancer chromatin state.

Fig. 5. LAVA is associated with higher expression of genes in cis. (A) Violin
plots demonstrate distribution of median normalized gene expression for
genes not located near LAVA insertions (white) vs. those ≤3 kb of fixed
(blue) and poly-LAVA (red). ***Permutation P < 0.0001; NS, not significant.
(B) Normalized expressions of TRPV1 (Left) and SFRP1 (Right) are shown
against genotype at corresponding poly-LAVA. Bar heights represent mean
normalized expression, and error bars are SD. All y axis are rlog-transformed
gene counts normalized for gene length, GC (guanine-cytosine) content, and
sequencing depth (i.e., log2 scale). *q < 0.05.
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Based on these criteria, we found two putatively co-opted reg-
ulatory LAVA elements that were fixed across gibbon genera,
had some of the smallest Tajima’s D values in the NLE genome
(Fig. 6B), and overlapped poised enhancer state in gibbon LCL.
These two LAVA insertions were located within introns of DNA
repair genes encoding SETD2 (a histone methyltransferase) and
RAD9A (a cell cycle checkpoint protein), which are specifically
involved in facilitating accurate repair of DNA double-strand
breaks (45–47). Considering the enrichment of several TF
binding motifs in LAVA sequences (for example, that of STAT3
[SI Appendix, Fig. S5A], a major regulator of the DNA repair
response), co-opted LAVA in these genes might be under se-
lection to facilitate binding of TFs and alter regulation of DNA
repair response globally or in a tissue-/time-specific context.
Of note, four additional LAVA elements under selection were

located in genes implicated in the timely detection and precise
repair of DNA lesions [TET3 (48, 49), KMT2C (50), NSD2 (51),
and SMARCB1 (52)]. However, these LAVA elements did not
overlap enhancer chromatin states in gibbon LCL and may
perhaps function in other developmental/tissue contexts or via
other mechanisms.

Discussion
In this study, we characterized insertions of the gibbon-specific
LAVA retrotransposon across four extant gibbon genera using
the largest set of whole-genome sequencing data generated from
these endangered species to date. We found epigenetic and
evolutionary evidence for the functionality of several LAVA
insertions and showcased two putative co-opted LAVA en-
hancers within genes implicated in the accurate repair of DNA
double-strand breaks.

We focused our investigation of LAVA’s functionality and co-
option on the northern white-cheeked gibbon (NLE), as this is
currently the only gibbon species with a published reference
genome (12). Among the subset of fixed and poly-LAVA in-
sertions that were present in the NLE reference genome, we
found 96 unique elements overlapping active, poised, or bivalent
enhancer chromatin states in gibbon LCLs. Consistent with
known characteristics of enhancers (53), LAVA sequences were
enriched in TF binding motifs including that of PU.1, an im-
portant regulator of gene expression in lymphocytes. After vali-
dating binding of PU.1 to LAVA in gibbon LCL, we showed that
binding was mainly confined to the VNTR subunit, which har-
bors a tandem of PU.1 binding motifs. Although LAVA’s VNTR
originates from SVA (Fig. 1A), PU.1 did not appear to bind SVA
elements in the human genome. This finding was consistent with
previous reports that LAVA’s VNTR has evolved distinct ge-
netic features following its divergence from the SVA element
(38). Furthermore, it indicated that LAVA has acquired unique
epigenetic and functional properties, which might also be re-
sponsible for its successful propagation in the gibbon lineage (14,
16). Overall, we demonstrated that insertion of LAVA can in-
troduce clusters of TF binding sites, which may alter the regu-
lation of nearby genes (54, 55). Notably, genes near LAVA had
overall higher expression compared with the rest of the genome.
Also, despite low statistical power, we found two positive corre-
lations between the presence of poly-LAVA loci and expression of
a gene in cis. It should be noted, however, that these observations
were correlational and may, at least partially, reflect LAVA’s
preferential insertion into actively transcribed chromatin.
Since biochemical activity of TEs could reflect selfish strate-

gies for their survival and propagation rather than adaptive

Fig. 6. DNA repair genes are overrepresented near fixed LAVA and putatively co-opted elements. (A) Significant GO terms among genes ≤3 kb of fixed LAVA
are shown. The −log P values reported by Enrichr are shown for GO terms with q < 0.1. UV, ultraviolet. (B) The (up-/downstream) combined Tajima’s D values
of two putatively co-opted fixed LAVA enhancers are shown (orange lines) against the corresponding genome-wide null distributions (blue bell curves).
Dashed blue and green lines mark the 95th and 99th percentiles of the null distribution (SI Appendix has details).
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function (29), we also investigated signatures of selection at
LAVA insertion sites. We found significant signal of positive or
purifying selection at 27 LAVA elements in gibbon, but not in
any of the available orthologous regions in human, suggesting
that the observed selection signal is specific to LAVA elements.
Two of these evolutionarily significant fixed LAVA insertions
also overlapped with poised enhancer chromatin state in gibbon
LCL, representing two putative co-opted cis-regulator LAVA
elements. Considering that these elements overlap with poised
enhancer states and knowing that TE-derived enhancers often
have tissue-specific activity (4), we predict that these putative co-
opted LAVA enhancers are active in tissue/developmental con-
texts other than LCL. We also expect the true number of func-
tional and co-opted LAVA insertions across gibbon tissues and
genera to be larger than those identified here, considering all of
the challenges that limited our analysis, including the lack of
high-quality genome assemblies from all genera, exclusion of
many LAVA elements from our epigenetic and evolutionary
analyses, low mappability of short-read sequences to LAVA (56),
and limited availability of tissues from the endangered gibbons.
While disruptive LAVA insertions are thought to have con-

tributed to the emergence of genomic rearrangements in gibbons
(12), evolutionary contributions of functional LAVA elements
are not yet clear. Nonetheless, genes located near co-opted
LAVA may provide insight. The two putative co-opted cis-
regulatory LAVA elements identified in this study were located
in the introns of SETD2 and RAD9A, both of which are crucial
genes in maintaining genome integrity. SETD2 is an H3K36 his-
tone methyltransferase that modifies chromatin at the site of DNA
double-strand break to ensure its faithful repair via homologous
recombination, rather than error-prone nonhomologous end
joining (45, 57). RAD9A is a cell cycle checkpoint control protein
that facilitates homologous recombination repair and prevents cell
cycle progression before DNA double-strand breaks are repaired
(46, 47). Regardless of how, or in which context, the co-opted
LAVA insertions may alter regulation of these genes, any adap-
tive regulatory changes resulting in improvement of DNA repair
and genome integrity would be favored/preserved by natural se-
lection. As computational tools for studying TEs improve (58) and
gibbon-induced pluripotent stem cells (iPSC) provide access to
currently unavailable tissues, we will be able to further investigate
functional roles of co-opted LAVA across tissues, particularly in
the context of DNA double-strand repair. Insights from this and
future studies will advance our understanding of how young TEs
can contribute to lineage-specific evolution of gene regulatory
novelty.

Materials and Methods
SI Appendix has further details on most of the sections described below.

Genome-Wide Identification, Genotyping, and Characterization of LAVA
Insertions. Genomic DNA from blood of 23 unrelated gibbons across the
four extant genera (Nomascus = 13, Hylobates = 5, Hoolock = 3, Siamang =
2) was used to construct WGS libraries as described before (12). Libraries
were sequenced paired end on Illumina HiSeq platforms. Reads were aligned
to the gibbon reference genome (Nleu3.0) using BWA (59) with default
settings. MELT v2.1.3 (19) was used to identify nonreference presence and
absence of LAVA elements (referred to as insertion and deletion, respec-
tively) and genotype all LAVA insertion sites from WGS alignments, similar
to our simulation analysis (SI Appendix). LAVA elements were annotated
based on their insertion position relative to the closest gene: exonic,
intronic, promoter (<3 kb upstream of gene) or terminator (<3 kb down-
stream of gene), or intergenic. LAVA predictions were filtered to remove 1)
low-quality inserts (as determined by MELT), 2) insertions present in only one
copy in the population of 23 diploid genomes (i.e., heterozygous presence in
only one genome), 3) insertions shorter than 290 bp (the minimum length
required to discriminate a composite LAVA from its non-SVA subunits), and
4) inserts found on unplaced Nleu3.0 contigs. We generated binary LAVA
genotype profiles for all individuals (heterozygous or homozygous LAVA
insertion =1, absence of LAVA =0), performed hierarchical clustering using

the hclust function with the ward D2 method in R 3.6.1, and visualized the
results with heatmap.2 function in the ggplot2 package. Logistic PCA was
carried out using the logisticPCA package in R (k = 2 and m = 4).

To reduce erroneous LAVA predictions due to cross-species WGS align-
ment, only LAVA insertions identified in the 11 NLE gibbons were used in
downstream analysis. LAVA insertions found in two copies in all NLE indi-
viduals were called fixed LAVA, while the rest were called poly-LAVA. Due to
sequence ambiguity and absence of many poly-LAVA insertions from the
reference genome, we did not consider sequence polymorphism in our
characterizations. We used permutation tests to characterize LAVA’s distri-
bution across and within chromosomes and relative to repeats and genes (SI
Appendix has details).

Histone ChIP-Seq and Chromatin-State Characterization. ChIP-seq was per-
formed on gibbon EBV transformed LCLs from three unrelated NLE indi-
viduals, as previously described (12) and outlined in SI Appendix. Raw reads
were quality controlled with FastQC v0.11.5 (60). All reads were aligned to
Nleu3.0 using BWA (59) with default single-end settings, and low-quality/
multimapping read alignments (mapping quality < 30) were removed. ChIP-
seq replicates displayed high correlation (Pearson correlation coefficient
75–96%) (SI Appendix, Fig. S3) (61) and were therefore combined (SI Ap-
pendix, Fig. S3). ChromHMM (62) was used to identify and characterize nine
chromatin states based on the histone ChIP-seq alignments. Fold enrichment
of each chromatin state at reference-present LAVA was calculated as (C/A)/
(B/D), where: “A” is the genome-wide number of bases in the state, “B” is
the collective length (base pairs) of LAVA elements in the genome, “C” is the
collective length (base pairs) of overlaps between state and LAVA, and “D” is
the total size of genome (base pairs). Lastly, we used BEDtools (63) to
characterize overlap of chromatin states with reference-present LAVA ele-
ments, requiring each overlap to be ≥10-bp long. The chromatin composi-
tion of each LAVA was characterized by removing overlaps with low-signal/
mappability state and calculating percentage length overlap of the
remaining sequences with each chromatin states. The 725 LAVA elements
that fully overlapped with low signal/mappability were removed. The
chromatin composition matrix for the remaining 393 elements was used to
perform PCA analysis in R and visualize epigenetically distinct groups of
LAVA elements.

TF Motif Enrichment and PU.1 Binding to LAVA. Sequences of all LAVA inser-
tions represented on the assembled chromosomes of Nleu3.0 were used to
perform motif enrichment analyses with the HOMER suite (64) and the
Transcription factor Affinity Prediction [TRAP (65)] web tool. To meet length
restrictions, 24 LAVA sequences that were longer than 3 kb were removed in
TRAP analysis. P values were corrected using the Benjamini–Hochberg
method (66), and only significant motif enrichments (q < 0.05) that agreed
between the two methods were considered (Dataset S3). LAVA and SVA_A
(SINE/VNTR/Alu composite subfamily A) consensus sequences were obtained
as described in SI Appendix, and their PU.1 motifs were predicted using the
HOMER suite (64). To assess distribution of PU.1 motifs across subunits of
LAVA, we randomly selected 20 full-length LAVA elements, predicted their
PU.1 motifs using the HOMER suite, and determined percentage of motifs
found in each LAVA subunit. PU.1 ChIP-seq was performed on two gibbon
LCLs, analyzed, and compared with public human LCL PU.1 ChIP-seq data
from ENCODE [Gene Expression Omnibus (GEO) accession nos. GSM803531
and GSM803398 (36, 37)], as described in SI Appendix.

Characterization of Gene Expression Patterns Near LAVA. RNA-seq gene count
data were collected from two previously (12, 30) and seven newly estab-
lished NLE LCLs and normalized as described in SI Appendix. We used the
GraphPad tool (https://www.graphpad.com/quickcalcs/contingency1.cfm) to
perform a two-tailed χ2 test with Yates correction and compare the pro-
portion of actively expressed genes nearby fixed and poly-LAVA with the
rest of the genome. We used custom R scripts described in SI Appendix to
compare the (median of medians) expression level of genes near LAVA, and
genes located elsewhere in the genome (27). Linear regressions between LAVA
(presence/absence) genotypes at each poly-LAVA locus and expression of genes
within 1 Mb were performed using Matrix-eQTL with default settings (67).

Assessing Selection Around LAVA Insertion Sites. A detailed description of
evolutionary analyses is available in SI Appendix. Briefly, we used ANGSD (68)
to estimate folded allele frequency spectra and Tajima’s D in 10-kb windows.
After filtering LAVA elements based on WGS coverage, we compared
Tajima’s D in 10-kb windows upstream and downstream of these elements
with randomly sampled loci in the genome and generated empirical P values.
We considered a LAVA element under selection only if P was <0.05 for both
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upstream and downstream regions. In our simulation analyses, we gener-
ated simulated P values by comparing observed Tajima’s D in 20-kb windows
centered at LAVA insertions with expectation under neutrality. To generate
comparative human data, alignments from 20 Yoruba individuals from the
1000 Genomes Project (69) were used to calculate genome-wide Tajima’s D.
We then used the multiz100way alignment to find orthologous human re-
gions (Hg19) for the 10-kb windows flanking LAVA elements and assessed
significance of Tajima’s D in these regions using the empirical framework
used for gibbons.

GO Analysis of Genes Nearby Fixed and Poly-LAVA. We used Enrichr (70) with
GO Biological Process 2017b, GO Cellular Component 2017b, and GO Mo-
lecular Function 2017b libraries to test GO enrichment among the nearest
genes (within 3 kb) of fixed and poly-LAVA. Significance of all GO terms that
had P < 0.05 and q < 0.1 was validated using two permutation tests de-
scribed in SI Appendix.

Data Availability. All WGS, ChIP-seq, and RNA-seq data are available at Gene
Expression Omnibus (GEO accession no. GSE136968). The gibbon gene anno-
tation file is available on Dryad (https://doi.org/10.5061/dryad.7wm37pvq9).
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