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Abstract

Mobile elements (MEs) collectively constituted to at least 51% of the human
genome. Due to their past incremental accumulation and ongoing DNA transposition of
members from certain subfamilies, MEs serve as a significant source for both inter- and
intra-species genetic diversity during primate and human evolution. Since MEs can
exert direct impact on gene function via a plethora of mechanism, it is believed that the
ME-derived genetic diversity has contributed to the phenotypic differences between
human and non-human primates, as well as among human populations and individuals.
To define the specific contribution of MEs in making Human sapiens as a biologically
unique species, we aim to compile a complete list of MEs that are only uniquely present

in the human genome, i.e., human-specific MEs (HS-MEs).

By making use of the most recent reference genome sequences for human and
many other primates and a unbiased more robust and integrative multi-way comparative
genomic approach, we identified a total of 15,463 HS-MEs. This list of HS-MEs
represents a 120% increase from prior studies with over 8,000 being newly identified as
HS-MEs. Collectively, these ~15,000 HS-MEs have contributed to a total of 15 million
base pair (Mbp) sequence increase through insertion, generation of target site
duplications, and transductions, as well as a 0.5 Mbp sequence loss via insertion-
mediated deletions, leading to a net total of 14.5 Mbp genome size increase. Other new
observations made with these HS-MEs include: 1) identification of several additional ME
subfamilies with significant transposition activities not visible with prior smaller datasets
(e.g. L1HS, L1PA2, and HERV-K); 2) A clear similarity of the retrotransposition
mechanism among L1, Alus, and SVAs that is distinct from HERVs based on the pre-

integration site sequence motifs; 3) Y-chromosome as a strikingly hot target for HS-MEs,


http://dx.doi.org/10.1101/083295

P o teviowad) fs the authorffunder. All ighte reserved. No reuse alowed wihout permission.—+ o /2 1t
particularly for LTRs, which showed an insertion rate 15 times higher than the genome
average; 4) among the ME types, SVAs seem to show a very strong bias in inserting
into existing SVAs. Among the HS-MEs, more than 8,000 elements were integrated into
the vicinity of ~4900 unique genes, in regions including CDS, untranslated exon regions,
promoters, and introns of protein coding genes, as well as promoters and exons of non-
coding RNAs. In seven cases, MEs participate in protein coding. Furthermore, 1,213
HS-MEs contributed to a total of 3,124 experimentally identified binding sites for 146 of
the 161 transcriptional factors in association with 622 genes. All these data suggest that
these HS-MEs, despite being very young, already showed sufficient sign for their
participation in gene function via regulation of transcription, splicing, and protein coding,

with more potential for future participation.

In conclusion, our results demonstrate that the amount of MEs uniquely occurred
in the human genome is much higher than previously known, and we predict that the
same is true regarding their impact on human genome evolution and function. The
comprehensive list of HS-MEs provides an important reference resource for studying

the impact of DNA transposition in human genome evolution and gene function.
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Introduction

Like in most genomes of higher organisms, transposable elements or mobile
element insertions (MEs hereafter) constitute a major component in the human genome.
Reported percentages of MEs in the human genome ranges from 45 to 48.5% [1-3] and
our analysis in this report showing as 52.1% based on the most recent reference
genome sequences. This percentage is likely to increase slightly with further
improvement of the genome sequences, especially those covering the constitutive
heterochromatin regions, which tend to have a higher proportion of repetitive sequences
than the genome on average, and with better tools for detecting old and more diverged
MEs. In the human genome, MEs are mainly represented by retrotransposons, which
propagate in a copy and paste fashion via transcribed RNAs as the intermediates, and
they can be classified as the LTR (long terminal repeats) and non-LTR
retrotransposons([2, 3]. The LTR group is characterized by the presence of LTRs at the
two ends of internal sequences of viral origins and includes mainly the endogenous
retrovirus (ERVs) or human ERVs (HERVS) for those in the human genome. These
ERVs came from virus affecting germlines and integrated into the genomes during
different stages of primate and human evolution, and together they constitute
approximately 8% of the human genome[4]. The non-LTR retrotransposon group
consists of several very distinct subtypes including short-interspersed elements (SINEs),
Long interspersed elements (LINEs), and a chimeric type of elements (SINE-
R/VNTR/Alu or SVA for short). They share the common properties of having a poly (A)
3’-end, possessing internal promoters, and retrotransposing by a L1-based target-
primed reverse transcription (TPRT) mechanism [4, 5]. Among these, Alu elements,
representing the relative young and most successful SINEs by number, have more than

1 million copies and contribute to ~13% of the human genome[4, 6]. L1s, representing
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the LINEs, have more than half million copies and make the largest contribution to the
human genome by size (~17%), and members from this family with full coding capacity
are responsible for transposing all non-LTR MEs [7-10]. Outside of SINEs and LINEs,
SVAs emerged as the newest group of retrotransposons that are mainly found within
the hominid group of primates with a relative small copy number in the human genome

due to their short history [11, 12].

Despite initially considered to junk DNA implying that they had no function [13],
research mostly from in last two decades has convincingly demonstrated that MEs
make very significant contributions in shaping evolution of genomes and impacting gene
function via a plethora of mechanisms. These mechanisms range from generation of
insertional mutations and genomic instability, creation of new genes and splicing
isoforms, and exon shuffling to alteration of gene expression and epigenetic regulation
[14-20] [18, 21-24]. As endogenous insertional mutagens, MEs are also known to be

responsible for causing certain genetic diseases in humans [25, 26].

More recently, MEs are also shown to contribute to the generation of tandem
repeats and providing definitive regulatory function or regulatory potentials. It was
shown that at least 23% of all tandem repeats, another type of repetitive elements
apparently very different from transposable elements, is derived from transposable
elements [27]. In a recent study, Ward and colleagues very interestingly demonstrated
that under a heterologous regulatory environment, regulatory sites in MEs, including
those specific to humans, can be activated to alter histone modifications and DNA
methylation, as well as expression of nearby genes in both germline and somatic cells
[28]. A profound implication of this result is that lineage- and species-specific MEs

provide novel regulatory sites to the host genome, which can potentially offer regulation
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of nearby genes’ expression in a lineage- and species-specific manner, which ultimately
leads to phenotypic differences. A very recent study nicely added such an example by
showing that an ERV element is responsible for regulating innate immunity in humans

by controlling the expression of adjacent IFN-induced genes [29].

Ongoing retrotransposition generates genetic diversity among species and
among individuals within the same species [3, 7, 30, 31]. Therefore, analysis of species-
specific MEs can help understand the roles of MEs in speciation and in species-specific
phenotypes, with the study of HS-MEs attracting most of interest for many obvious
reasons. In the human genome, certain members from L1, Alu, SVA, and HERV
families are still active in retrotransposition. They are responsible for generating HS-
MEs and MEs that are polymorphic among humans [10, 32, 33]. So far, a few studies
have examined HS-MEs as being present in the human genome, but not in the
orthologous regions of any other primate genomes [31, 34-36]. Among these, the study
by Mills and colleagues, representing the most comprehensive analysis of species-
specific at the genome-scale covering all types of MEs, identified a total of 7786 and
2933 MEs that are specific to human and chimpanzee, respectively [31]. This study was
done with earlier versions of the human and chimpanzee genome sequences
(GRHc35/hg19 and CGSC1.1/panTrol1.1), which contained more unsequenced regions
and assembly errors, in particular for the chimpanzee genome, and with no other
primate genome sequence available. The identification of species-specific MEs was
based on a blastz-based pair-wise alignment of the human and chimpanzee genome
sequences to detect deletions in one genome that correspond to MEs with detectable
target site duplications (TSDs) in the other genome. Since then, the genome sequences

of human and chimpanzee both have been improved with several major updates, and


http://dx.doi.org/10.1101/083295

bioRxiv preprint first posted online Nov. 2, 2016; doi: http://dx.doi.org/10.1101/083295. The copyright holder for this preprint (which was not
peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

the genome sequences of several additional closely related primates have also become
available [37-44]. These additional primate genomes can be useful in providing
complementary information to chimpanzee genome sequences. Therefore, we
reasoned that it worthwhile to re-exam the human-specific MEs based all available new
genome sequences. In this study, we developed a more sensitive 4-way comparative
genomic approach involving pair-wise comparison of the human genome with that of
chimpanzee, gorilla, orangutan, and rhesus monkey. We identified a total of more than
15,000 HS-MEs, among which more than 8,500 were reported as HS-MEs for the first
time. This dataset represents a major improvement over prior studies and permits us to
provide a more complete and accurate picture about the recent DNA transpositions in

the human genome.

Materials and Methods:

Sources primate genomic sequences

The human genome sequences used in this study was the February 2009 human
reference sequence (GRCh37/UCSC hg19). Four other non-human primate genome
sequences included as outgroup species to the human genome included the
chimpanzee genome (Feb. 2011, CSAC Pan_troglodytes-2.1.4/panTro4), orangutan
genome (Jul. 2007, WUSTL version Pongo_albelii-2.0.2/ponAbe2), gorilla genome (Dec
2014, NCBI project 31265/gorGor4.1), and rhesus monkey genome (Oct. 2010
GCA_000230795.1/rheMac3). The gibbon genome was not included in this study, as
the data was unavailable at the UCSC genome browser until very late stage of our

study. All involved genome sequences in fasta format and the RepeatMasker annotation
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files were downloaded from the UCSC genomic website (http://genome.ucsc.edu) onto

our local server for in-house analyses.

Identification of human-specific mobile element sequences (HS-MEs)
Pre-processing of human MEs: The starting list of all mobile elements we used is the
repetitive elements annotated in the human genome using RepeatMasker

(http://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/rmsk.ixt.gz). Since

RepeatMasker reports fragments of MEs interrupted by insertions (mostly by MEs and
low complexity sequences), internal inversion or deletions as individual ME entries, we
performed a pre-process to integrate these fragments back to ME sequences
representing the original retrotransposition events. Doing so permits us to obtain a more
accurate counting of the retrotransposition events and also importantly to collect the
correct flanking sequences for identifying HS-MEs and TSDs. Briefly, we examined the
MEs that are next to each other with distance up to 50 kb, and check their mapping
positions in the repeat consensus sequence and orientation. If two neighboring MEs
mapped to the same repeat consensus sequences in the neighboring non-overlapping
regions and in the orientation, plus the presence of TSDs at the revised ME ends, we
then treat these ME segments as one ME entry with the start and end positions
adjusted accordingly. For LTR retroransposons, RepeatMasker reports the two LTRs
and the internal viral sequences each as separate entries, (e.g., a full-length LTR is
reported as three separate entries). For our purpose, we grouped all components of a

full-length LTR as one entry.

Identification of HS-MEs: Our strategy for identifying HS-MEs is to examine the
sequences at the insertion and its flanking regions for each of the MEs (after

integration) annotated in the human reference genome and compare with the
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sequences of the orthologous regions in multiple closely related non-human primate
genomes. If a ME is determined with confidence to be absent from the orthologous
regions of all examined non-human primate genomes, then it is considered to be
human-specific. Briefly, we used two tools, BLAT [45] and liftOver

(http://genomes.ucsc.edu) for determining the orthologous sequences and the human-

specific status of MEs using the aforementioned integrated RepeatMasker ME list as
input. Only the MEs that are supported to be unique to human by both tools were
included in the final list of HS-MEs. A flow chart of the method is shown in Fig. 1, and

the detailed description is provided in the supplementary materials.

Validation of HS-MEs:

To assess the accuracy of our HS-MEs both in terms of false-positive and false-
negative errors, we performed manual inspection using the UCSC genome browser with
a set of 100 randomly sampled HS-MEs, and performed further validations using the

following three approaches.

Method 1: We compared our list against the previous HS-MEs list done by Mills et al in
2006, which was generated based on earlier versions of the human genome sequences

using a different method (GRC35/UCSC hg17, May 2004).

Method 2: a set of reference MEs, which were detected as polymorphic as “deletions”
by the 1000 Genome Project team [46, 47] and not yet covered by dbRIP, were

collected and cross-matched with the list of HS-ME candidates.

Method 3: A total of randomly selected 16 HS-RE entries were sent to Kyudong Han’s
research lab for PCR validation using a group of primate genome DNA samples (Details

see supplementary materials and methods).
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Identification of TSDs and analysis of sequence motifs at the ME integration
sites:

The TSDs, as well as transduction and reotransposition insertion mediated-deletions
(RIMDs) for all HS-MEs were identified using in-house Perl scripts incorporating the
utility of the NCBI bl2seq and UCSC liftOver. It takes the human genomic sequence
covering a HS-ME, plus flanking sequence on each side and aligns to the
corresponding orthologous sequence from the chimpanzee genome (or the next closest
genome with available orthologous sequences), which represents the pre-integration
allele. In order to retrieve the pre-integration allele sequences, both flanking regions of
HS-ME were liftOver’ed onto the out-group genomes. For typical category | HS-MEs,
liftOver can find orthologous regions of the immediate flanking region. However, the
immediate flanking of a HS-ME in human genome may not represent the pre-integration
sequence due to possible transduction or RIMD. Therefore, our scripts liftOver'ed
multiple subsequent blocks of flanking sequences retrieved in human genome onto the
out-group genomes (100bp per block for up to 5Kb). The liftOver results were then
grouped together to identify the shortest orthologous region containing the pre-
integration site, which was aligned against the two human flanking sequences using
blast. The overlapped region between the two aligned sections on the human sequence
represents the TSD. For those with TSDs successfully identified, a 30-bp sequence
centered at each insertion site in the predicted pre-integration alleles by removing the
sequence of the ME and one copy of the TSDs from the ME alleles were extracted. The
frequency of each of the 4 nucleotides at each position from 15 bp before and after the
insertion site was calculated based on these pre-integration allele sequences, and

plotted using the weblogo tool (http://weblogo.berkeley.edu/logo.cgi).
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Identification of ME-mediated transductions and deletions: Entries with identified TSDs

and extra sequences between the ME and either copy of the TSD are considered as
potential candidates for ME-mediated transductions and were subject to further
validation (see details in supplementary materials and methods). For entries without
TSDs, if there are extra sequences at the pre-integration site in the out-group genomes,
they were considered to be candidates for ME-mediated deletions in the human

genome, which were subject to further validation.

Analysis of HS-MEs in chromosome Y

The analysis of HS-MEs for chromosome Y required some special considerations for
two reasons. First, authentic chromosome Y sequences are currently available only for
chimpanzee and human, and they are not as complete as for autosomes|[48]. Therefore,
the analysis of HS-MEs can only be based on comparison with the chimpanzee
sequences. Second, since the sequences for the pseudoautosomal regions (PARS)

were basically copied from chromosome X, we excluded these from the analysis.

Analysis of HS-ME distribution patterns in the human genome:

The distribution patterns of HS-MEs in the human genome were examined by the
density among different chromosomes and in the context of GC content and different
regions of genes. For calculating GC content, 1500 bp sequences from both upstream
and downstream of the ME insertions were used. These analyses were performed for
each main type of MEs separately. The genomic coordinates of genes down to
individual exons and coding regions were based on ENCODE[49] and NCBI RefSeq
annotation[50] provided in the UCSC Genome Browser. The entire genome was divided
into a non-redundant list of categorized regions in gene context as CDS, non-coding

RNA, 5’-UTR, 3’-UTR, promoter (1kb), intron, and intergenic regions using an in-house
11
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perl script. This order of different genic region categories was used to set the priority
from high to low in handling overlapping regions between different splice forms of the
same gene or different genes. For example, if the same region is the coding region for
one transcript and is an intron region for another transcript or for another gene, then this
region would be categorized as coding region. For identifying HS-MEs overlapping with
known transcriptional factor binding sites, we used the ENCODE Transcription Factor
ChlIP-seq contained in the wgEncodeRegTfbsClusteredV3.bed.gz available from the

UCSC Genome Browser site.
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Result:
1. A revised list of MEs in the human genome and a summary of HS-MEs

Our analysis of HS-MEs was based on the RepeatMasker annotation of repetitive
elements in GRCh37/UCSC hg19 (February 2009), which were provided in the UCSC
Genome Browser. To improve the accuracy in identifying HS-MEs and the TSDs and in
calculating the rate of retrotransposition, we performed integration of fragmented MEs
back to represent original ME events as detailed in the method section. This integration
led to a reduction of almost one million (971,333) in ME counts from the 5,205,837
RepeatMasker ME entries in NCBI37/hg19 to 4,234,506 (Table S1). In the meantime, it
resulted an increase of full-length MEs by 21% (data not shown). The number of
annotated MEs showed a consistent increase in newer versions of the human reference
genomes, especially among the earlier versions, mainly due to improved coverage of
sequenced regions. The proportion of MEs in the genome increased from the earlier
48.8%[3] to 52.1% in the latest version (Table S1).

Using a multi-way comparative genomics approach involving comparison of
human genome sequences to that of 4 other closely related primates including
chimpanzee, gorilla, orangutan, and rhesus monkey, we identified a total of 15,463
human-specific HS-MEs. These HS-MEs consist of 9,764 Alus, 3,710 L1s, 1,486 SVAs,
and 503 HERVs by ME types, and 14,822 category | and 641 category |l entries by the
presence/absence of flanking sequence in the non-human primate genomes (Table 1).
The complete list of HS-MEs is provided in supplementary file1 and in the dbRIP
database. Among the HS-MEs, a total of 8,519 MEs were reported as HS-MEs for the
first time, while 7,024 entries were shared with the previously reported HS-MEs[51]

(Table S2).
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2. Validation of HS-MEs

Due to the complexity of the task in identifying species-specific MEs as further
discussed later, data generated by computational methods are very likely to have both
false positives and false negatives. While it is not feasible for us to experimentally
validate all 15,543 HS-MEs, mainly due to the extremely large number, we managed to
validate the accuracy of our HS-ME list in three ways. First, we used the second half of
the known polymorphic MEs documented in dbRIP [52] as a test dataset to check the
rate of false negatives (i.e., sensitivity). Here, we reason that polymorphic MEs
represent most recent insertions into the human genomes, and thus should be mostly
human-specific. By cross-checking the HS-MEs with the 3110 polymorphic MEs (2331
from dbRIP and 779 from the 1000 genome project), which are included in the reference
genome, we obtained an excellent rate of sensitivity of 95.5% (2972/3110).

Second, we cross-checked the HS-MEs with the 7,786 previously reported HS-
MEs by Mills and colleagues [31], and we obtained 6,873 entries as shared. Among the
913 entries not on our list, we found that 787 actually represented false positives from
the previous study and 8 were absent in the new version of the genome sequences, 47
entries for ME types not included in our input list, and 71 entries represent false
negatives in our list (these were added to the final list of HS-MEs). This converts to a
sensitivity of 98.9% (6,873/6,944) for our method. Since both the polymorphic MEs and
those reported by Mills et al [31] are mostly from non-repetitive regions, which are less
susceptible to errors in sequencing and computational analysis, the high ratio of
overlapping is expected, and these were mostly identified as category | HS-MEs in our
analysis as with matching orthologous sequences flanking the MEs in one or more non-
primate genomes. We further compared our list with the human-specific HERVK list

published by Shin and colleagues [36]. Among the 28 ME_IN entries, 26 of them
14
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overlap with our list while the other entries were not included in the final list due to low
confidence.

Third, we performed validation using PCR, which is the gold stand for
ascertaining MEs. Among the 16 loci we randomly selected, for which PCR was feasible
for primer specificity and PCR product length, we were able to validate 92.3% (12/13),
giving us a 7% of false positive rate. The entry failed to be validated in fact represents a
chimpanzee-specific Alu-recombination mediated deletion, thus a chimeric Alu in the
human genome, which was not handled by our method. Representative PCR results
can be seen in Fig. S1 and full details of all examined loci are provided in Table S3.

Overall, combining the results from the above 4 types of validation analyses, the
sensitivity and specificity of our HS-MEs is 95.4% (average of 98.1 and 92.3%) and

97%, respectively.

Main sources for newly identified HS-MEs

We were interested to know the sources for these 8,469 novel HS-MEs. As
shown in Table 2, the major contributors of novel HS-MEs are the MEs inserted into
other MEs (3,089), a multiple factor group (“Others”) which include false negatives from
prior study, less complete chimpanzee genome sequence, etc. (2,543), followed by non-
canonical cases which involve transductions and insertion-mediated deletion or lack of
TSDs (3,043). These 3 sources collectively contributed to 7,057 (83%) unique novel
HS-MEs. Among the remaining 1,412 entries, consolidation of fragmented MEs
contributed 830 entries and the use of more primate genome sequences beyond the
chimpanzee genome added 526 entries, while the newer human genome sequences

(from hg17 to hg19) added a modest of 56 entries.

15
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HS-MEs contributed to a 14 Mbp net size increase in the human genome

ME insertions can lead to genome size increase via insertion of MEs, generation
of TSDs, and transductions, and they can also reduce genome size via
retrotransposition insertion-mediated deletion (RIMD) of flanking sequences. As shown
in Table 3, each type of MEs impacted the genome size using all 4 mechanisms and all
made a net increase to the genome size. Collectively, all HS-MEs contributed to a total
of 14.4Mb net genome size increase. Among the four types of MEs, L1s made the
largest net increase (~8.2 Mb), followed by Alus (~3.0 Mb), SVAs (~2.4Mb), and HERVs
(~0.7Mb). HS-L1s contributed to the largest size changes using all mechanisms except
for TSDs, and this is expected because of their large insert sizes and high copy number.
Also as expected, HS-Alus contributed to the largest size increase via TSDs by having
the largest number. However, it is interesting to observe that L1s also contributed to the
most transductions and RIMDs (Table 3). Despite having low retrotransposition activity,
LTRs did contribute ~750kb size increase to the genome with 503 human-specific

copies. Examples of HS-MEs carrying transductions and RIMDs can be seen in Fig. S2.

Recent retrotransposition activity level of MEs in the human genome

The comprehensive list of HS-MEs provided us an opportunity to re-examine
more accurately the activities of MEs during human evolution, specifically since
separation from chimpanzees. As shown in Table S4, while many observations were
similar with what we learned from prior studies based mostly on younger polymorphic
MEs ([3, 10, 31, 32]). These include that Alu, L1, SVA, and HERVs are the only four
types of MEs with retrotransposition during human evolution, and AluYa5 and AluYb8/9,
L1HS, SVA_E/D, and HERV_K are the most active subfamilies within the families of Alu,

L1, SVA, and LTR, respectively. There are also several notable differences between the
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profiles of HS-MEs and polymorphic MEs. First, the ratio of HS-MEs in relation to all
MEs in the active subfamilies were much higher (10 times or more) than the
corresponding ratios of polymorphic MEs [10, 32] (Table S4). This might be a result of
several factors, including a longer evolutionary span covered by HS-MEs, a likely
decreasing retrotransposition during more recent human evolution, and an incomplete
list of polymorphic MEs. Second, a few subfamilies extra to those represented by
polymorphic MEs were seen among HS-MEs, including the AluYf and AluYk subfamilies
from the Alu family, the L1P4 and L1M subfamilies from the L1 family, the SVA_A
subfamily, and the ERV1 subfamilies from LTRs (Table S4). We reason that this is also
likely due to the longer evolution span covered by HS-MEs and also likely that
retrotransposition activity levels of these subfamilies have dropped to an undetectable

level in the current human genomes.

Patterns of MEs and HS-MEs in the repetitive regions

With our HS-MEs covering those in repetitive regions for the first time, we were
interested in knowing whether there were any biases among the MEs both as insertion
targets and as sources of insertions. We first examined the percentage of MEs inserting
into other MEs for each ME type for all MEs and HS-MEs separately. For all MEs, there
seems to be an increasing trend from LINEs (18.2%), DNA transposons (23%), LTRs
(30.6%), SINEs (31.6%), and SVAs (44.5%) with the ratio of SVAs being more than
doubled of that for LINE (Table S5a). We think these numbers reflect the relative overall
age of ME types based on the amount of MEs existing in the genome during the span of
propagation for the specific type of MEs. When only HS-MEs were considered (Table

S5b), the ratio of those inserting into other MEs, showed a similar trend (with DNA
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transposons absent due to lack of human-specific members), but the degree of
differences are smaller than for all MEs. This is expected since HS-MEs from all
families share the approximately same time span during the human genome evolution,

i.e. all types of HS-MEs had the same amount of MEs in the genome. Nevertheless,
significant differences among the ME types are still observed, among which Alus have
the highest percentage of entries inserted into MEs (46%), followed by SVAs (42.5), and
LTRs (39.1%), and L1 still have the lowest rate (35.8%) (Table S5b). Since HS-MEs
from all families share the same time span during the human genome evolution, their
ratios into MEs should provide a more accurate reflection of the preferences for MEs

among ME types.

For MEs as the insertion targets of HS-MEs, we calculated the frequency of HS-
MEs as the number of HS-MEs per million base pair of host ME sequences for each
type of target MEs and HS-MEs (Table S5c). Among the ME types as targets, the HS-
ME density follows a decreasing trend from high to low among LINEs (7.3), DNA
transposons (5.0), LTRs (4.0), SINEs (1.8), reflecting their overall age in the genome
from old to new. Very interestingly, SVA seems to be the exception to this trend as
having the highest density of HS-MEs (13) despite being the youngest ME type (Table
S5c¢). By HS-ME types, Alus seem to be more frequently inserting into MEs than all
other ME types except for SVAs as the targets. Remarkably, SVAs seem to show an
unusually high self-preference. Specifically, HS-SVAs are inserted into SVAs at a
frequency that is more than 18 times higher than into any other ME types (12.7 vs. 0.7),
and SVAs as the targets received HS-SVAs at a frequency that is more than 60 times

higher than other MEs (12.7 vs. 0.2; Table S5c). The mechanism for this unusual bias of
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SVAs inserting into SVAs and the functional implication are to be investigated in future

studies.

The characteristics of HS-MEs

To study the characteristics of HS-MEs, we examined the characteristics of HS-
MEs, including the patterns of TSDs, integration site sequence motifs, distribution
among chromosomes, and the GC content.

For distribution among chromosomes, we measured the HS-ME density (the
number of HS-MEs per million base pairs of non-gaped chromosome sequences) and
the ratio of HS-MEs among the same type of MEs in the chromosomes. As shown in Fig.
2 and Table S6, with all types of HS-MEs combined, the HS-ME density varies across
chromosomes with Y chromosome showing the highest density (33.7 copies/Mb), more
than 4 times higher than the genome average (7.3 copies/Mb) and more than 6 times
higher than the lowest chromosome (chr22 at 5.0 copies/Mb). The distribution pattern is
different among the 4 major types of MEs (Fig. 2). HS-Alus showed a more or less
homogenous distribution among the autosomes. However, Y chromosome also showed
the highest density among all chromosomes, being more than double of that for the
chromosome with the lowest. For L1s, the relative densities among chromosomes were
more or less similar to Alus for autosomes, while the density in Y chromosome is more
than 3 times higher than the genome average. SVAs showed relatively similar densities
among autosomes, except for chromosome 19, which has a density that is 2 times
higher than the genome average, but it is extremely low (10 times lower than the
genome average) in Y chromosome. LTRs showed the most biased distribution among
chromosomes, with very low densities for most chromosomes, but with high, higher, and

extremely high density in chromosome 19, 1, and Y, respectively. The HS-LTR density
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in Y chromosome (25.7 copies/100Mbp) is more than 15 times higher than the genome
average (1.6 copies/100Mbp) and 30 times higher that of the chromosomes 10 and 13
(2.7 copies/100Mbp) (Table S6). Therefore, Y chromosome seems to be a hot target for
Alus, L1s, and LTRs with LTRs showing the highest preference over the rest of the
genome, but it is the least preferred target for SVAs. Among other chromosomes,
chromosome 19 stands out as having the highest density of all MEs, genes, HS-SVAs,
and HS-LTRs, while chromosome 22 seems to have the least HS-Alus, and HS-L1s.
Correlation analysis showed a strong positive correlation of HS-SVA density with that of
genes and with that of all MEs (R=0.9 in both cases), while the densities of HS-Alus and
HS-L1s showed a moderate positive correlation (R=0.6), and HS-L1s showed a
moderate negative correlation with gene density (R=-0.4) (data not shown).

We calculated and compared the GC content for each ME type by using 1500 bp
sequences both upstream and downstream of the ME insertions. Our data agrees with
the pattern observed before that L1s tend to insert into GC-poor region and Alus tend to
insert into GC-rich regions[53], with the average GC content for being 42.1% and 39.0%
for Alus and L1, respectively in our data (data not shown). While HS-L1s are still
inserting into GC-poor regions (37.8%), HS-Alus tend to insertion into GC-poor region
(39.4%) instead of GC-rich region. Both HS-SVAs and HS-LTRs tend to insert into GC-
rich regions similar to their older, shared counterparts (Fig. S3).

We examined the sequence motifs at the integration sites for each ME type. As
demonstrated by the sequence logos in Fig. 3A, Alus, L1s, and SVAs showed an
identical core sequence motif of “TT/AAAA”, confirming that all non-LTR
retrotransposition events are driven by the TPRP mechanisms [54] [32] [55] [11]. The
data also clearly show the distinction in site preference between LTR- and non-LTR

retrotransposons with LTRs showing basically no recognizable target site motif, an
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observation not reported before despite their reported site preferences [56].

While the insertion site of MEs is determined by the involved endonucleases, we
reason that the length of TSDs might reflect characteristics of different types of MEs
beyond the involved endonucleases. As shown in Fig. 3B, all three non-LTR ME types
showed a more or less similar distribution pattern peaking at the 15 bp. In the meantime,
minor differences in the detailed shapes of the length distribution curves are also
notable. For example, SVAs had a narrower peak, while Alus showed a flatter peak
covering 14 to 16 bp. Interestingly, L1s showed a secondary peak at 8 bp in addition to
the main peak at 15bp, while LTRs also showed a bi-modular pattern with a main peak
at 8 bp and a secondary peak at 6 bp. The latter is the feature for most ERVs. Again,
these data clearly indicate the differences of the retrotransposition mechanisms used by
LTR and non-LTR insertions, as well as some minor differences among different types
of non-LTR insertions, which might reflect the impact of different characteristics of the
ME sequences (lengths, GC composition, etc.) on the generation of the second nick,

which determines the length of TSDs.

HS-MEs’ Impact on genes and regulatory elements

To predict the functional impact of HS-MEs, we analyzed their genomic locations
in gene context using the most updated version (Release 23, July 2015) of gene
annotation data from the GENCODE project [49] combined with those in NCBI RefGene
[50]. A total of 8,001 HS-MEs, representing more than half of all HS-MEs, are located
inside or in the 1kb promoter regions of genes for protein coding, non-coding RNAs, as
well as transcribed pseudogenes, representing a total of 4,713 unique genes/transcripts.
As summarized in Table 4, while majority of these HS-MEs are located inside introns, a

significant number (284) of them also directly participated in the transcriptomes as part
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of exon regions of protein coding genes, non-coding RNAs, and transcribed
pseudogenes. Among those involved in the exons of protein-coding genes, 7 also
contribute to protein coding. In all of these 7 cases, the involved transcripts represent
rare splice forms that have not been documented in the NCBI's refSeq genes, but
reported in the GENCODE dataset.

We also examined the contribution of HS-MEs in regulatory elements, specifically
the ENCODE CHIP-seq transcriptional factor binding sites (TFBSs) for 161 factors[57].
Among the HS-MEs, 1,213 elements are overlapped with a total of 3,124 TFBS for 146
of the 161 transcriptional factors that are associated with 622 genes. Interestingly, by
ME type, HS-LTRs have the highest ratio (15%) contributing to TFBS, followed by HS-
SVAs (12%), which are much higher than the ratio for LINEs (8.1%) and SINEs (6.9%),
although SINEs contribute to the largest number of TFBS (1,843), followed by LINEs
(642), SVAs (444), and LTRs (195).

Our data suggest that these young HS-MEs have started making their ways in
participating in the protein coding, transcripts, and regulation of splicing and

transcription.

Deposition of HS-ME data in dbRIP:

In order for other researchers to easily access the HS-ME list, we deposited the
data into the dbRIP database under a study ID of 2015-01. In dbRIP, the HS-MEs can
be visualized in the same as the polymorphic MEs, i.e. in the UCSC genome browser
along with other available data tracks or in detailed data page. To distinguish the HS-
MEs from polymorphic MEs, all dbRIP IDs of the HS-MEs carry a letter of “h” at the end.

The HS-ME data is also available for downloading at the dbRIP website (dbrip.org).
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Discussions:

In this study, we aimed to provide an accurate compilation of mobile elements
that are uniquely present in the human genomes, as a starting point for providing a
comprehensive assessment about the impacts of mobile elements on human biology.
By taking the advantages of the much-improved reference genome sequences for
humans and the closely related non-human primates, including the mobile elements
inside repetitive sequences, and utilizing a more robust analysis strategy, we were able
to identify a total of 15,564 HS-MEs, at an estimated sensitivity and specificity of 98.6%
and 99%, respectively. Among these, more than half (8,519) was reported as HS-MEs
for the first time, thus achieving a significant improvement in compiling HS-MEs. Such a
comprehensive list of HS-MEs provides unique opportunities in examining the patterns
of retrotransposition during human genome evolution since the divergence from
chimpanzee and gaining new insights regarding the roles of mobile elements in human

evolution.

Challenges in identifying HS-specific MEs

Despite constant improvement in the quality of the reference genome sequences
for human and other primates and of the related bioinformatics tools, obtaining a precise
list of mobile elements uniquely present in the human genomes faces with many
challenges. Several factors contribute to the complications in this task, and these
include but are not limited to: 1) incomplete coverage of the reference genome
sequences for human and more so for other primates as exemplified in a few recent
publications related to human and other primates[39, 58]; 2) assembly errors,

particularly in regions rich of MEs; 3) genome rearrangements occurring in a lineage-
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and species-specific fashion, often involving or mediated by MEs [19-22]; 4) mis-

annotation of MEs.

As shown in Table S1, the number of MEs annotated in the human reference
genome increased significantly in the most recent version (GRC38, December 2013)
compared to an earlier version released in 2004 (GRC35, UCSC hg17)[59], which
covered the first major updates since the initial publication of the human draft genome in
2001[1]. The total number of MEs increased ~300,000 (for a 86Mbp increase in non-gap
sequences), leading to the increase of ME percentage in the genome from 48.8% in
GRC35 to 52.1% in GRC38. The largest increase by ME type is for ERVs, both in terms
of the number (366,603) and total sequence size (120.6Mbp), followed by L1, which had
an increase of 49,000 in number and 21.8Mbp in size. Interestingly, the change for Alu
is minimal with the increase in number being ~8,000 and in size being 675Kb. This bias
of the degree of improvement, which seems to be correlated with the ME size, is
probably due to the fact that the larger the MEs, the more susceptible they are for
sequences being incomplete and annotation being incorrect. Apparently, a lot of ERVs
were mis-annotated in the earlier versions, and this contributed partly to largest

increase in ERVs, and a reduction of “Others” (ME types not specified in Table 1S).

Prior similar studies, best represented by Mills et al[31], were limited by all these
factors, as well as by the limitation of methodologies and study scope that either
focused on a specific type of MEs or part of the genome[10, 35, 60, 61]. For example,
most of the MEs in the repetitive regions, including these in the ME-rich regions, were

excluded from all prior studies.

In this study, we tried to address all of these issues. In addition to the use of the

best available reference genome sequences for human and other primates, we took an
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unbiased approach to cover all annotated MEs in the human reference genome, thus
representing the first study to include MEs in the repetitive regions, particularly those
within other ME rich regions. This has contributed to 3,168 HS-MEs or 37% of the 8,586
novel HS-MEs. Furthermore, we pre-processed the mobile element entries annotated
by RepeatMasker to integrate the fragments belong to one original ME but later being
interrupted by insertions of other sequences, often by newer MEs or internal
rearrangements, such as inversion and deletions. In the case of a full length LTR,
RepeatMasker reports three separate entries, representing the two LTR segments and
the internal viral sequences. This integration step is important as it restores data to
reflect the original number of DNA transposition events and identifies the correct
flanking sequences characterizing unique genomic locations of individual MEs. The
former corrects the calculation of DNA transposition rate, while the latter is critical for
identifying HS-MEs and characterizing their sequences including the TSDs, which is the
hallmark of DNA transposition. As shown in Table S1, the fragmentation affects a
significant proportion of MEs (as high as 20% in L1s) with the rates seemly to be
positively correlated with the element length and the relative ages (data not shown).
While impacting mostly older MEs, a total of 845 HS-MEs are also affected, similarly
mostly being HS-L1s, likely due to their large insertion size and number of HS-L1 (Table
2.2). The use of multiple non-human primate genomes not only helps reduce the false
positive by providing orthologous sequences for gaps or regions of rearrangements in
the chimpanzee genome, but also helps increase sensitivity by contributing to 926 novel

HS-MEs (Table 2.2).

The use of two sequence alignment tools, blat and liftover, in identifying the

orthologous sequences helps reduce the false positives that can be caused by many of
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the aforementioned complicating factors. Liftover uses alignment data linking closely
related genomes through blastz [62], which focuses on large-scale synteny
conservation, and is basically the strategy used in the previous analysis of human- and
chimp-specific MEs [31]. The method works well for conserved regions, but usually
performs poorly for regions involving local rearrangements or with high density of
repetitive sequences or misplacement of contigs during assembly. Therefore, it may
miss to detect the presence of orthologous MEs and generate high false positives, most
like as category Il HS-MEs (missing orthologous flanking regions). In contrast, the blat
method focuses on identifying local alignments and performs better in handling regions
with species-specific sequence changes near MEs, but it may miss some true HS-MEs
by generating some false positive detection of orthologous MEs from non-orthologous
sequence similarity. Therefore, by requiring the support of both methods for the HS-ME
status, we are able to achieve a minimal level of false positive rate in HS-ME detection.
We believe that our current list of HS-MEs may represent an underestimate of all HS-
MEs that may exist in the human genomes due to the many complications associated

with ME analysis and our focus on reducing the false positives.

The retrotransposition activity level during early human evolution

In the last decade, we and others have extensively studied the profiles of active
mobile elements and their relative retrotransposition levels in the human genome mostly
based on analysis of polymorphic MEs from personal genomes [10, 32, 33, 36, 46, 47,
52, 61, 63-67]. These studies show that L1s, Alus, SVAs, and HERV-K are the only
types of MEs remaining ongoing retrotransposition activity. The most active subfamilies
for each ME type have also been established. It is worth to point out that the data reflect

the retrotransposition profiles in the current human genomes and during the most recent
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phase of modern human evolution, and do not reflect the situations during the earlier
part of human evolution. The availability of a comprehensive list of ME that uniquely
occurred in human in relation to chimpanzee can be used to fill this gap. Based on the
assumption that the period for evolution of the Homo species is much longer than that
for the evolution of modern human populations, we can expect that majority of these
HS-MEs occurred during the early phase of human evolution since the separation from
chimpanzee. These early HS-MEs would be shared by other archaic human
species/subspecies, notably the Neanderthals and Denisovans. Since such data had
not been made available before, we can expect to gain new insights about the DNA

transposition profiles during the earlier phase of human evolution.

As expected, our data confirmed the previously established most active
retrotransposon subfamilies, i.e., Ya5 and Yb8/9 for Alus, L1HS for L1s, the F-
subfamilies for SVAs, and HERV-K for LTR retrotransposons (Table 4). In the meantime,
notable differences were also observed: the much higher ratio of HS-MEs in relation to
all MEs in the same subfamilies and the presence of many extra active subfamilies,
including the AluYf and AluYk subfamilies from the Alu family, the L1P4 and L1M
subfamilies from the L1 family, the SVA_A subfamily, and the ERV1 subfamilies from
LTR retrotransposons (Table S4). While the high ratios of HS-MEs than that of
polymorphic MEs in each active subfamilies may be explained merely by the different
time spans, the presence of the extra active subfamilies not seen based on polymorphic
MEs may be much better explained by the dropping retrotransposition activity in the

modern human genomes.

Y chromosome as a hot target for HS-LTRs
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As shown in Table S6 and Fig. 2, the HS-ME density on the Y chromosome is
significantly higher than all other chromosomes. By ME type, Alu, L1, and LTR MEs all
show higher density for Y chromosome. For HS-Alus and HS-L1s, the density in Y
chromosome is at least 2 times higher than the genome average, while for HS-LTRs,
the density in Y chromosome is close to 40 times higher than the genome average. This
is really highly unusual and unexpected to us. This extreme bias for Y chromosome
cannot seem to be explained by any factors that we are aware for impacting the ME
distribution in the genome, such as gene density, GC content, poorer sequence quality.
For gene density, chromosome 13 is similarly low in gene density as Y chromosome,
but its HS-LTR density is in fact higher than many other autosomes that have higher
gene density (Table S6). Contrary to HS-LTRs, HS-SVAs showed a strong bias against
Y chromosome with the density being ~10% of the genome average, which can be
partially explained by HS-SVAs’ strong preference for gene rich regions (Pearson
coefficience=0.9 with gene density). However, the density of HS-SVAs in chromosome
13, which has a similar gene density as Y chromosome, is close to the genome average
and is more than 6 times higher than of Y chromosome. If such bias is caused by lower
sequence quality (more sequence gaps) in both human and chimpanzee for Y
chromosome and less sequence available for non-primates, we would expect to see a
similar trend for all types of MEs, and not see an opposite pattern between SVAs and

LTRs.

According to the male germline hypothesis, the densities of MEs on each
chromosome should positively correlate with the amount of time spent in the male
germline. Assuming cell division is mutagenic and the number of germ cell divisions is

larger in males than in females (as is likely in most mammals), male is expected to be
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main source of mutations. The autosomes have a %2 chance carried by the male while
chromosome Y is always carried by the male. Chromosome X, however, has a 1/3
chance carried by the male. In theory, as per generation, the maximum mutation
frequency between autosomes and sex chromosomes would be Y:A:X = 6:3:2 [67]. This

hypothesis is supported by the observed Y>A>X by density of young Alus [68].

Another hypothesis is that the ME density on Y chromosome is facilitated by the
low recombination-driven deletion in chromosome Y. As Y chromosome does not
recombine with chromosome X outside of the pseudo-autosomal regions, it would have
higher ME density than the autosomes. However, this hypothesis is not supported by
our results that the HS-RE density and shared RE density are higher on the pseudo-

autosomal regions than the male specific regions on chromosome Y (data not shown).

Natural selection might also be contributing to the Y chromosome bias: Y
chromosome has a lower frequency of DNA recombination due to lack of homologous
regions [69]. DNA recombination-mediated deletion can serve as a mechanism for
removing ME insertions in a way biased for those with negative functional impact via
selection. Because Y chromosome has much fewer genes than any other
chromosomes, it is facing a lower level of selection pressure and lower rate of insertion

removal.

However, none of these mentioned hypotheses could explain why this bias is
observed for HS-MEs but not for older ME that are shared with other primates, nor can
they explain why HS-SVAs is showing the opposite. Although genetic decay may be the
principal dynamic in the evolution of chromosome Y, recent studies suggested that

remodeling and regeneration have dominated chimpanzee and human male specific Y
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chromosome evolution during the past 6 million years [48]. This could potentially explain

the success of HS-MEs on chromosome Y.

Assuming this bias is valid, how would it affect chromosome Y? Recently, there
has been a heated debate among the science community about whether chromosome
Y is disappearing or not [70]. Our result could serve as evidence that “chromosome Y
has not disappeared yet” and HS-MEs may have contributed to the observed fast
evolving pattern on chromosome Y after the human and chimpanzee divergence [48].
However, the potential functional impact about the preferential insertion of HS-MEs,

particularly the LTR retrotransposons on Y chromosome is still unknown.

The impact of MEs on human genome evolution and gene function

The 15,586 HS-MEs collectively contribute a net increase of the genome size by
14.5 million base pairs. This may be the only defined significant change in the human
genome during human evolution. This size change is significant in a relatively short
period of time by a single molecular mechanism by way of retrotransposition. This size
of genome increase is close to one quarter of the Y chromosome and is larger than the
genomes of free-living eukaryotic organisms, such as yeast [71]. The only other
molecular mechanism that could contribute a significant size change to the human
genome would be genomic segmental duplication [72]. However, no data is available
about the exact amount of human-specific segmental duplication occurred for the same

period of human evolution.

Among the HS-MEs, a total of 8,001 or 52% of HS-MEs are located inside or in
the 1kb promoter regions of genes for protein coding, non-coding RNAs, as well as

transcribed pseudogenes, representing 4,713 unique genes/transcripts (Table 4). In
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284 cases, these HS-MEs are part of transcripts, representing mostly alternative splice
forms. Interestingly, in 7 of these cases a HS-ME contribute to part of the coding region
in the transcripts, albeit all being rare splice form documented the GENCODE
transcripts, not in NCBI RefGene list. Furthermore, 1,213 of the HS-MEs contribute to
3,124 binding sites for 146 of the 161 examined transcriptional factors in association
with 622 genes (data not shown). For those in the intron regions that represent most of
the 8,001 HS-MEs in genic regions, while a direct functional impact would be hard to
predict, they may have potential in participating in regulation of transcription and

alternative splicing as demonstrated by documented examples[16, 23].

In summary, we data suggest that, despite being very young in the genome,
many of these HS-MEs already have already participated in gene function via regulation
of transcription, splicing, and protein coding, and there may be more potential for their

future participation as demonstrated by Ward et al [18, 28].

Future directions

Due to the technical challenges associated with the analysis of mobile elements
and deficiencies of reference genome sequences for human and other primates, our list
of HS-MEs still suffers a certain level of false negatives and false positives. We can
expect that the number of HS-MEs continue to increase from regions with sequencing
gaps, especially regions in highly rich of repetitive sequences, such as the centromere
and telomere regions, which may be hot spots for certain types of ME insertion, such as
LTRs [73]. While the current list of HS-MEs covers those appeared in the human
genome after human and chimpanzee separation, we can further divide these HS-MEs
to those unique to Homo sapiens vs. those in all Homo species by comparative analysis

of such genome sequences (e.g. the neanderthal and Denisovan genomes) [74]. An
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additional note is that since the identification of HS-MEs is based on a consensus
genome sequence, which is mostly of a Caucasian origin, some of these MEs are
polymorphic being present in some but not all humans. In the meantime, we are missing
the non-reference MEs. In the future, it should be useful to generate a list of HS-MEs
common to all humans (minimal set of MEs) and another list of HS-MEs that are
polymorphic. The former would be useful for analyzing MEs’ impact on evolution of all
modern humans, while the latter would be useful for studying MEs’ contribution to

genetic and phenotypic diversity among human populations and individuals.

To better understand the potential functional impact of these HS-MEs, we may
be able to use transcriptome data, as well as epigenetic and other functional genomic
data, such as genome-wide DNA methylation, histone modification profiling data, and
transcroptome data for transcriptional factors, with representation of individuals from
diverse population backgrounds and for all human tissues. These data that are being
accumulated rapidly will help us better assess the role of these HS-MEs in generating
new regulatory elements, alternative splicing, novel transcripts, and epigenetic

regulation.
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Table 1: Summary of HS-MEIs

MEI RM count Integrated HS-MEIs

type count |Category I Category ll| Total | HS%
L1 938,568 542,746 3,474 236| 3,710 0.7
Alu 1,175,329| 1,077,671 9,526 238| 9,764 0.9
SVA 3,608 3,298 1,408 78| 1,486| 45.1
LTR 708,332 496,952 414 89 503 0.1
Total | 2,825,837| 2,120,667 14,822 641| 15,463 0.7
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Table 2: Sources for novel HS-MEIs (each factor considered by itself)

. Entries .
Extrain consolidate| MEIs in 3 more [Transductio
MEI type | hgl9 (vs. primate [n/RIMD/no
d from MEIs
hgl7) genomes TSD
fragments

L1 10 555 739 254 1226
Alu 36 31 2099 541 1232
SVA 5 109 200 49 296
LTR 5 135 124 37 289
Total 56 830 3162 881 3043
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Table 3: Impact of HS-MEIs on genome size (Kb)

MEI type |MEl insertions| TSDs [Transducitons| RIMDs Total
L1 7,860.0 36.4 444.8 -144.7 |8,196.5
Alu 2,833.8 118.7 |155.2 -64.5 3,043.3
SVA 2,140.9 19.2 272.7 -14.0 2,418.8
LTR 713.9 1.8 89.6 -46.5 758.9
Total 13,548.6 176.1 |962.4 -269.7 (14,417.5

*RIMD, rertotransposition insertion-mediated deletion
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Table 4. HS-MElIs in genic regions

Protein |\o" Transcribed
Gene region . coding Total |ratio (%)
coding RNA pseudogenes
1kb Promoter 59 88 4 151 2.0
CDS exon 7 NA NA 7 0.1
non-coding exons | 144 130 3 277 3.6
Intron 5630 1532 118 7280 |94.4
Total 5840 1750 125 7715 |100.0
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