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Long terminal repeat (LTR) retrotransposons are widely distributed across the human genome. They have accumulated
through retroviral integration into germline DNA and are latent genetic modules. Active LTR promoters are observed
in germline cells; however, little is known about the mechanisms underlying their active transcription in somatic tissues.
Here, by integrating our previous transcriptome data set with publicly available data sets, we show that the LTR families
MLT2AI and MLT2A2 are primarily expressed in human four-cell and eight-cell embryos and are also activated in some
adult somatic tissues, particularly pineal gland. Three MLT2A elements function as the promoters and first exons of the
protein-coding genes ABCEI, COL5Al, and GALNTI3 specifically in the pineal gland of humans but not in that of macaques,
suggesting that the exaptation of these LTRs as promoters occurred during recent primate evolution. This analysis provides

insight into the possible transition from germline insertion to somatic expression of LTR retrotransposons.

[Supplemental material is available for this article.]

Retrotransposons (LTRs, LINEs, and SINEs) are genetic elements
that account for >40% of the human genome (International Hu-
man Genome Sequencing Consortium 2001). Retrotransposons
are an essential source of regulatory sequences (Rebollo et al.
2012; Chuong et al. 2017) and contribute to primate-specific
gene regulation (Jacques et al. 2013; Trizzino et al. 2017). LTR retro-
transposons might have the greatest potential to be adapted as reg-
ulatory elements because of their unique structure (Thompson
et al. 2016). The full-length elements typically consist of two or
three genes encoding viral proteins flanked by two identical
LTRs. Homologous recombination facilitated by LTRs leads to the
elimination of internal open reading frames (Mager and Goodchild
1989; Belshaw et al. 2007) and yields solitary LTRs containing reg-
ulatory elements, such as promoters, transcription factor binding
sites, and splice sites.

Relics of LTR retrotransposons, including solitary LTRs, origi-
nate from exogenous retroviruses that were repeatedly integrated
into germline genomes during evolution, enabling transmission
to subsequent generations (Belshaw et al. 2004). Human germline
cells express multiple distinct LTR families, such as human endog-
enous retrovirus L and H (HERV-L and HERV-H) (Goke et al. 2015).
During embryonic genome activation (EGA), HERV-L elements
are activated by the homeobox transcription factor DUX4
(Hendrickson et al. 2017). DUX4 also activates retrotransposons,
thereby creating new promoters and fusion transcripts in faciosca-
pulohumeral muscular dystrophy (Young et al. 2013; Mitsuhashi
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et al. 2021). The function of HERV-L derived transcripts in early
embryos remains unknown, whereas a long noncoding RNA de-
rived from HERV-H may be involved in the maintenance of pluri-
potency of embryonic stem cells and inner cell mass (Lu et al.
2014). Some LTR elements may have been recruited as functional
components in germline development (Fort et al. 2014; Durruthy-
Durruthy et al. 2016; Zhang et al. 2019).

Because LTRs originate from germline integration events, it is
somewhat surprising that LTRs are also transcribed in various
somatic tissues (Faulkner et al. 2009). Although transcription
from LTRs tends to be less active in somatic tissues than in embry-
onic tissues, some LTR elements act as primary promoters in
somatic tissues (Cohen et al. 2009). However, the evolutionary
mechanisms underlying the transition from germline insertion
to somatic expression of LTR retrotransposons remain unclear.

Using single-cell-tagged reverse transcription (STRT), we have
profiled the expression levels and transcription start sites (TSSs) of
maternal and embryonic transcripts in more than 300 human oo-
cytes, zygotes, and four- and eight-cell blastomeres (Téhonen et al.
2015).

Here, we integrate our previous transcriptome data set with
public resources that cover stages from early embryos to somatic
tissues across human, macaque, and marmoset to define LTR fam-
ilies most transcriptionally active in the early stages of embryonic
development, and we explore the transcriptional activity of these
LTR families in a wide range of somatic cells.
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bor Laboratory Press for the first six months after the full-issue publication date (see
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Results

MLT2A elements are transcribed in four-cell embryos

Using our STRT data set (Tohonen et al. 2015) and another single-
cell RNA-seq data set (Supplemental Fig. S1A; Petropoulos et al.
2016), we explored repetitive elements that are activated at the be-
ginning of EGA. The LTR families MLT2A1 and MLT2A2 were up-
regulated with the lowest false discovery rate (FDR) at the four-cell
stage compared with oocytes and zygotes (Fig. 1A; Supplemental
Fig. S1B). This observation is consistent with the earlier finding
of the MLT2A1 activation in the cleavage stage (Hendrickson
et al. 2017). MLT2A1 and MLT2A2 are closely related HERV-L ret-
rotransposons; each family has more than 3000 copies in the hu-
man genome. The total expression of all MLT2A copies was
markedly increased from zygote to the four-cell stage, followed
by a rapid decrease after the eight-cell stage (Fig. 1B; Supplemental
Fig. S1C), similar to that of other embryonic genes such as ZSCAN4
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(Supplemental Fig. S1D). Most transcription occurred from MLT2A
copies longer than 200 bp (“long” elements), whereas truncated el-
ements (200 bp or less; “short” elements) were rarely transcribed
(Supplemental Fig. S1E,F). Therefore, in this study, we analyzed
only transcripts from long MLT2A1 elements (N=2416; median
length, 413 bp [range, 200-572 bp]) and MLT2A2 (N = 3069; medi-
an length, 517 bp [range, 200-636 bp]). Coordinates of all the ele-
ments and their expression values are provided in Supplemental
Tables S1 and S2.

We identified 280 copies of MLT2A1 and 81 copies of
MLT2A2 that are expressed in at least five different cells in the
four- or eight-cell stage, and we defined these 361 copies as ac-
tive elements. They were transcribed from nearly identical posi-
tions (Fig. 1C), corresponding to positions 205-215 in the
consensus sequences of MLT2A1 (total length, 444 bp) and
MLT2A2 (total length, 549 bp) defined in Repbase (Jurka et al.
2005). The TSSs were enriched within AG-rich regions in the
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Figure 1. Activation of MLT2A1 and MLT2A2 copies in four-cell stage human embryos. (A) Scatter plots of —log;(FDR) values for differential expression
between four-cell embryo and oocyte (x-axis) and between four-cell embryo and zygote (y-axis) by using single-map reads; the plots, including multimap
reads, are shown in Supplemental Figure S1B. Each dot represents a family of LTR, LINE, or SINE. (B) Normalized expression values (tags per million mapped
tags [TPM]) of MLT2A1 and MLT2A2 in each single-cell: (Oc) oocyte; (Zy) zygote; (4C) four-cell embryo; (8C) eight-cell embryo; (E4 to E7) embryo on day 4
to day 7. STRT data from oocyte to eight-cell embryos are shown in the /eft panels, and RNA-seq data from eight-cell embryo to embryo on day 7 are shown
in the right panels. (C) Location of transcription start sites (TSSs) on the active MLT2A1 and MLT2A2 elements. The middle panel shows the frequency of

TSSs at each position. Asterisks indicate two most frequent positions.
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middle of the MLT2A copies; TATA boxes were found upstream
of the TSSs (Fig. 1C). These results indicate that more than 300
MLT2A copies retain promoters functional in four- or eight-cell
blastomeres.

MLT2A loci become accessible in two-cell embryos

To explore the mechanism of MLT2A activation in four-cell blasto-
meres, we used a publicly available ATAC-seq data set for human
preimplantation embryos (Supplemental Fig. S2A; Wu et al.
2018). We found that the chromatin in thousands of long
MLT2A elements with flanking regions, either transcriptionally ac-
tive or not, becomes accessible during the transition from zygote
to the two-cell stage (Fig. 2A; Supplemental Fig. S2B). Searches
for the DUX4 binding motif in all long MLT2A elements revealed
that both MLT2A families contained two DUX4 motif-like se-
quences in forward or reverse orientation upstream of the promot-
er (Fig. 2B). The vast majority of active elements had one or two
DUX4 motifs (Supplemental Fig. S2C). The DUX4 binding motif
was highly similar to the nucleotide patterns enriched in the two
MLT2A families (Fig. 2C), suggesting that DUX4 might be respon-
sible for initiating transcription of MLT2A elements. We analyzed
the public ChIP-seq and RNA-seq data sets (Geng et al. 2012;
Eidahl et al. 2016) for human myoblasts overexpressing DUX4
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(Supplemental Fig. S2A). The ChIP-seq data revealed that DUX4
bound to two motifs in MLT2A elements (Fig. 2D; Supplemental
Fig. S2D), and the RNA-seq data revealed that MLT2A elements
were up-regulated upon DUX4 overexpression (Supplemental
Fig. S2E). However, the loss of DUX has only a minor effect on
the mouse EGA transcriptome (Chen and Zhang 2019), suggesting
the presence of additional regulators.

In addition to MLT2A1 and MLT2A2, the human genome
harbors 10 other MLT2 families. But unlike the A1 and A2 families,
they were not expressed in a family-wide manner in early embryos
(Supplemental Fig. S2F). This is possibly explained by our finding
that DUX4 binding motifs and sites are rarely found in these fam-
ilies (Supplemental Fig. S2G-I).

MLT2A elements supply promoters and splicing sites
in primate embryos

We examined whether the embryonic activation of MLT2A is ob-
served in other primates. There are about 2000-3000 copies of
MLT2A in the genomes of simian primates, including rhesus
macaque (Macaca mulatta) and common marmoset (Callithrix
jacchus), but not in the genomes of other primates or mouse
(Fig. 3A). This indicates that both MLT2A1 and MLT2A2 were in-
serted in the genome of the common ancestor of simian primates
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Chromatin states of MLT2A1 and MLT2A2 elements. (A) Chromatin states of all MLT2A elements and flanking regions (+1 kb) in five stages: (Zy)

zygote; (2C) two-cell embryo; (4C) four-cell embryo; (8C) eight-cell embryo; (ICM) inner cell mass. All elements are scaled to the same size, with 5 and 3’
denoting their ends. The elements are sorted from the top to the bottom according to ATAC-seq signal intensity. (B) Distribution of DUX4 binding motifs
(MA0468.1) in all MLT2A elements; the motifs were identified by using MAST software. Motifs in the reverse and forward orientations are denoted as brown
and gold circles, respectively. (C) Sequence logos of DUX4 motif-enriched regions in MLT2A1 and MLT2A2 and logos of the original DUX4 motif in the
reverse (Rev) and forward (Fw) orientations. (D) DUX4 binding states in all MLT2A elements and flanking regions (1 kb) for three replicates of ChIP-seq

samples and one input sample.
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Figure 3. Activation of MLT2A1 and MLT2A2 elements in primate embryos. (A) Numbers of MLT2A1 and MLT2A2 elements in seven primate genomes
and the mouse genome. Numbers of human MLT2A elements are denoted by dashed lines. The phylogenetic tree is shown on the right side. (B) Box plots of
normalized expression values (reads per million mapped reads [RPM]) of MLT2A1 elements: (Oc) oocyte; (Pn) pronuclei; (2C, 4C, and 8C) two-cell, four-
cell, and eight-cell embryos, respectively; (Mo) morula; (ICM) inner cell mass. (C) Normalized expression values of individual MLT2A1 elements in macaque
versus human and marmoset versus human embryos. The numbers of elements robustly transcribed in two species (more than 5 TPM and 5 RPM) are seven
for macaque versus human and 13 for marmoset versus human: (p) Spearman’s correlation coefficients. (D) Frequency of splicing events in MLT2A1 ele-
ments of human, macaque, and marmoset. (E) Sequence logos of splice sites in MLT2A1 elements found in four-cell and eight-cell embryos of human,
macaque, and marmoset. The /eft side shows donor sites inside MLT2A1, and the right side shows acceptor sites outside MLT2A1.

about 45-65 million years ago. To examine the expression of
MLT2A families in early embryos of simian primates, we used pub-
licly available transcriptome data sets of macaque (Wang et al.
2017) and marmoset (Supplemental Fig. S3A; Boroviak et al.
2018). As in human embryos, MLT2A families were activated in
the four-cell stage, and quickly down-regulated before the morula
stage (Fig. 3B; Supplemental Fig. S3B). The DUX4 binding motifs in
the MLT2A elements were distributed in a similar way to those in
humans (Supplemental Fig. S3C). On the other hand, the expres-
sion patterns of individual MLT2A elements differed among pri-
mates. Spearman’s correlation coefficients between human and
corresponding macaque or marmoset elements ranged from 0.08
to 0.24 (Fig. 3C; Supplemental Fig. S3D). Taken together, our re-
sults suggest that the family-wide activation of MLT2A in four-
cell blastomeres, but not the expression patterns of individual ele-
ments, is conserved among simian primates.

We cloned RNAs transcribed from an MLT2A1 element on
Chromosome 1 and an MLT2A2 element on Chromosome 9 in a
human eight-cell embryo and sequenced them. All nine tran-
scripts obtained were spliced within the MLT2A element (Europe-
an Nucleotide Archive [ENA; https://www.ebi.ac.uk/ena/browser/
home] accession numbers LR694124-126 for MLT2A1 and
LR694118-123 for MLT2A2). To globally determine the splice pat-
terns of activated MLT2A elements, we examined spliced reads in
the RNA-seq data sets used above. Splice sites were enriched
around nucleotide positions 350 in MLT2A1 (Fig. 3D) and 350

and 450 in MLT2A2 (Supplemental Fig. S3E). DNA sequence anal-
ysis of splice sites identified canonical dinucleotides GT for donor
sites within MLT2A elements and AG for acceptor sites (Fig. 3E;
Supplemental Fig. S3F). We identified 1504 robust splice acceptor
sites supported by at least three different samples. About 97% of
the acceptor sites were located in unannotated regions or noncod-
ing exons, whereas 25 human, 4 macaque, and 18 marmoset
MLT2A elements were connected to protein-coding genes (Supple-
mental Fig. S3G). Only one gene, SH3BGRL, was detected in all
three primates (Supplemental Fig. S3H), most likely because of
the low conservation of the expression values of individual
MLT2A elements.

Multiple copies of MLT2A are transcribed in pineal gland
and amniotic membrane

LTR retrotransposons show tissue-specific or stage-specific activity
(Faulkner et al. 2009; Hashimoto et al. 2015), consistent with the
stage-specific embryonic expression pattern of MLT2A elements.
To check whether MLT2A families are reactivated in any somatic
cells, we analyzed total expression of MLT2A elements in 178 tis-
sues and 540 primary cells in data from the FANTOMS consortium
(Supplemental Table S3; The FANTOM Consortium and the RIKEN
PMI and CLST [DGT] 2014). Among all samples, the triplicate sam-
ples of pineal glands derived from three independent donors
showed the highest total expression levels of MLT2A1 and
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MLT2A2 (Fig. 4A,B, y-axes). Most expression was attributed to a
small number of these elements (Fig. 4A,B, x-axes), and >92% of
MLT2A elements remained silenced in each of the three pineal
glands. We identified eight MLT2A1 and six MLT2A2 elements
that were robustly (mean TPM >5) and specifically expressed in
the three pineal glands (Fig. 4C,D). Triplicate amniotic membrane
samples also showed high levels of total MLT2A2 expression rela-
tive to the other samples; seven robustly expressed MLT2A2
elements differed from those expressed in pineal gland (Supple-
mental Fig. S4). Thus, a small number of MLT2A elements are ac-
tively transcribed in somatic tissues, such as pineal gland and
amniotic membrane.

MLT2A elements supply novel promoters for ABCEl, COL5AI,
and GALNTI3 genes

We then asked whether the transcription of MLT2A elements plays
a role in the pineal gland. We used a publicly available RNA-seq
data set for human pineal glands derived from six donors (NCBI
Gene Expression Omnibus [GEO; https://www.ncbi.nlm.nih
.gov/geo/] accession number GSE100472) to investigate tran-
scripts that initiate from the 14 robustly expressed MLT2A ele-
ments. In 12 cases, we found multiexon transcripts, where the
first exon was entirely contained within MLT2A elements (Fig.
5A; Supplemental Fig. S5A). The promoter architecture and splice
sites in the pineal gland was similar to those in embryos (Fig. 5B).

None of the first exons in the 12 MLT2A elements is annotat-
ed as a part of protein-coding genes in GENCODE release 32
(Frankish et al. 2019). However, three MLT2A-derived transcripts
showed a coding probability of nearly 1.0 (100%) according to

the Coding Potential Assessment Tool (CPAT) (Supplemental Fig.
S5B; Wang et al. 2013). Indeed, these three transcripts overlapped
with protein-coding genes ABCE1, COL5A1, and GALNTI13. In
these transcripts, a novel exon transcribed from the associated
MLT2A element was used as the first exon instead of the common
first exon (Fig. 5C-E). Replacement of the first exon did not affect
the amino acid sequences of ABCE1 or GALNT13 because their
start codons were in the second exon, and the new first exons con-
tained no in-frame start codons. On the other hand, COL5A1 pro-
teins encoded by transcripts from MLT2A1 would be expected to
be shorter because of the loss of a start codon in the first exon.

We explored whether the same splicing events occurred in
four- and eight-cell embryos. The three MLT2A elements connect-
ed to protein-coding genes (A1_01, A1_04, and A2_03) were not
expressed or were expressed at low levels in early embryos (Fig.
5F), and no spliced reads between MLT2A elements and coding ex-
ons were detected (Supplemental Fig. S3H). No strong correlation
was found between expression values in embryo versus pineal
gland and amniotic membrane (Fig. SF; Supplemental Fig. S5C),
suggesting that MLT2A elements are activated differently in em-
bryo and these somatic tissues.

MLT2A promoters for human pineal gland are not
activated in macaque

To evaluate the transcriptional balance between the common and
novel promoters, we used publicly available RNA-seq data for four
brain and six non-brain human tissues (Supplemental Fig. S5D,
DDBJ Sequence Read Archive [DRA; https://www.ddbj.nig.ac.jp/
dra/index-e.html] accession number DRA000991); Hon et al.
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Figure 5. Pineal gland-specific novel promoters and splice junctions derived from MLT2A elements. (A) Expression patterns of individual MLT2A1 ele-
ments actively transcribed in pineal gland. CAGE captures the 5’ ends of the transcripts, whereas RNA-seq captures entire exons. Spliced sites are denoted
by dashed lines. (B) DNA sequences of splice sites in the MLT2A1 and MLT2A2 elements. (C-E). Novel promoters used in pineal glands for ABCET (C),
COL5AT1 (D), and GALNTTI3 (E) genes. The novel promoters overlapped with MLT2A elements are denoted by green triangles. The transcript models
(ENST00000296577.8 for ABCE1, ENST00000371817.7 for COL5A1, and ENST00000392825.7 for GALNT13) are from GENCODE. Expression signals
of CAGE (tags per million mapped tags [TPM]) are shown in green peaks. (F) Normalized mean expression values (TPM) of individual MLT2A1 and
MLT2A2 elements in early embryo (N= 225, all at four-cell or eight-cell stage) and pineal gland (PG, N=3). The 14 elements actively transcribed in pineal
gland are shown in brown. (G) Schematic representation of splice sites of ABCET and COL5A1. Novel splice junctions derived from MLT2A1 elements are
denoted as S1 and S2, whereas common splice junctions are denoted as SO. (H) Normalized splice counts (spliced reads per million mapped reads [RPM]) in
four human brain (gold) and six non-brain (green) tissues for ABCET (upper) and COL5A1 (lower). Pineal glands (PG) are denoted by gold circles. (/)
Normalized splice counts in human and macaque pineal gland for ABCET (upper) and COL5AT (lower). The human samples are from six different donors
(GSE100472), and the macaque samples are from 12 different individuals (GSE78165).
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2017). We estimated the alternative exon usage on the basis of the
numbers of spliced reads that spanned exon—-exon junctions; the
common exon junctions were denoted as SO, and novel ones as
S1 and S2 (Fig. 5G; Supplemental Fig. SSE). The novel exon junc-
tions were specifically used in pineal gland, whereas the common
ones were typically used in multiple tissues including pineal gland
(Fig. SH; Supplemental Fig. SSF). In pineal gland, the expression
levels of novel exons were the same as, or greater than, those of
the common exons, indicating that these MLT2A elements act as
the main promoters for ABCE1, COL5A1, and GALNT13.

These three MLT2A elements are conserved among most of
the primate genomes according to the phastCons track in the
UCSC Genome Browser (Lee et al. 2020). To explore whether these
elements are transcribed similarly in macaque and human pineal
glands, we used public RNA-seq data for pineal gland extracted
(Supplemental Fig. SSD;
Backlund et al. 2017). We detected SO in nearly all samples but
did not identify any spliced reads that would support junctions
corresponding to human S1 (Fig. 5I; Supplemental Fig. S5G). The
finding that ABCE1, COL5A1, and GALNTI13 are transcribed
from common promoters rather than MLT2A promoters in ma-
caque pineal gland suggests that these MLT2A elements might

from 12 adult rhesus macaques

have evolved differently in primate lineages. The coordinates of
the exon—exon junctions are listed in Supplemental Figure SSH.

OTX2 is a potential regulator of MLT2AI elements
in pineal gland

Finally, we explored the mechanism of MLT2A element activation
in pineal gland. We analyzed single- and multimap reads from
DUX4 loci, including DUX4L1 to DUX4LS, and detected no ex-
pression in pineal gland. To check whether the MLT2A elements
are activated by different transcription factors specific to pineal
gland, we evaluated the expression values of 1665 transcription
factors in 718 samples of human primary cells using the
FANTOMS expression atlas. We identified several transcription
factor genes, including the homeobox genes BSX, CRX, OTX2,
LHX3, LHX4, and RAX4, that are predominantly expressed in pine-
al gland (Fig. 6A,B). We also searched for transcription factor bind-
ing motifs enriched in promoter regions of the genes that are
specifically expressed in pineal gland. We identified a TAATCC
motif commonly recognized by some homeobox transcription fac-
tors (Fig. 6C). Among them OTX2 and CRX are reportedly key reg-
ulators in murine pineal glands (Rohde et al. 2019). According to
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Figure 6. OTX2 as a potential regulator of MLT2A elements in pineal gland. (A) Scatter plot of the levels of pineal gland expression of 1665 human tran-
scription factors. The x-axis indicates the specificity of pineal gland expression (pineal gland expression as a percentage of the total expression of all sam-
ples). Gene names of the top 10 transcription factors (displaying the highest pineal specificity) are listed. (B) Normalized expression values of OTX2 and CRX
genes in three pineal glands (PG) and 715 other samples. (C) The top 10 transcription factors significantly enriched in promoter regions of pineal-specific
genes identified by using HOMER. (D) Distribution of OTX2 binding motifs (MA0712.1) in eight MLT2A1 elements; the motifs were identified by using
MAST software. (E) The percentages of MLT2A elements that have TAATCC, TGATCC, or other hexamer sequences. (F) Sequence logos of OTX2 motif-
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retrotransposons from full-length to the solo-LTR fused to a protein-coding gene.
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Liuetal. (2019), MLT2A1 elements contain the OTX2 binding mo-
tif. We detected this motif (MA0712.1) in five of the eight MLT2A1
elements expressed in pineal gland (Fig. 6D). The TAATCC motif
was located around nucleotide position 50 between two DUX4-
binding sites. However, the most frequent sequence at this posi-
tion in MLT2A1 elements is not TAATCC (11.8%) but TGATCC
(55.2%) (Fig. 6E,F). Thus, the presence of TAATCC at this position
might be important for activation by OTX2 in pineal gland.

To examine whether OTX2 binds to MLT2A1 elements, we
used a publicly available OTX2 ChIP-seq data set for a human me-
dulloblastoma cell line, D283 (GEO accession number GSE92582)
(Boulay et al. 2017). We found that MLT2A1 elements with
TAATCC (N=286) have clear OTX2-binding signals (Fig. 6G), un-
like those with TGATCC (N=1334) and others (N=796) (Fig. 6H;
Supplemental Fig. S6A). Phylogenetic analysis indicated that the
pineal-active MLT2A1 elements with TAATCC are not a single lin-
eage (Supplemental Fig. S6B). These results suggest that OTX2
might activate MLT2A1 elements that happened to have the
TAATCC motif in the course of evolution (Fig. 6I). Because hun-
dreds of MLT2A1 elements with TAATCC motifs in human and
macaque genomes were not expressed in pineal gland, the pres-
ence of TAATCC does not necessarily indicate the expression by
OTX2 in pineal gland. Conversely, because few MLT2A2 elements
have the TAATCC motif and ChIP-seq signals (Supplemental Fig.
S6C,D), other transcription factors probably activate MLT2A2 ele-
ments in pineal gland.

Discussion

We identified the embryonic LTR families MLT2A1 and MLT2A2,
which start to be transcribed at the four-cell stage. The family-
wide activation in embryos is conserved among simian primates
(human, macaque, and marmoset), whereas individual elements
are expressed differently. We observed that, after the eight-cell
stage, the MLT2A families are repressed, and they generally remain
silenced in somatic tissues. However, we discovered that 21 MLT2A
elements are expressed in human pineal gland or amniotic mem-
brane; in the former, three of them serve as novel promoters of pro-
tein-coding genes. The pineal gland is a neuroendocrine organ
responsible for synthesis of the hormone melatonin (Maronde
and Stehle 2007), in which homeobox genes play essential roles
(Rath et al. 2013). Our results that the pineal homeobox transcrip-
tion factor OTX2 binds to a subset of MLT2A1 elements suggest
that MLT2A elements started to be used or optimized during evo-
lution as parts of genes expressed in pineal gland.

How can embryonic MLT2As create promoters for somatic tis-
sues? Our hypothesis is that a subset of MLT2A elements altered
their tissue specificity and gained the ability to be expressed in
somatic tissues by tissue-specific local transcription factors (Fig.
6I). First, about 45-65 million years ago, many copies of the
MLT2A families were inserted into genomes, most likely by the ac-
tivity of DUX4 during early embryogenesis. Next, the inserted full-
length MLT2A elements were gradually transformed into solo-
LTRs, which lost their open reading frames. The formation of
solo-LTRs through homologous recombination between 5’ and
3’ LTRs is a unique feature of LTR retrotransposons and might be
beneficial to the host genome evolution (Huh et al. 2006;
Belshaw et al. 2007). The advantage of the transformation is to
fix LTRs as potential regulatory elements without the threat of fur-
ther genomic damage. Eventually, thousands of MLT2A elements
were fixed in the population as a large pool of promoter modules.
These elements did not necessarily confer immediate selective ad-

vantage to the host, and therefore their sequences were free to ac-
cumulate mutations. Later, a small subset of MLT2A elements
started to be expressed in somatic tissues by local transcription fac-
tors. In pineal gland, three MLT2A elements fused to ABCE],
COL5A1, or GALNT13 as their novel promoters. COL5A1 encodes
collagen type V alpha 1 chain; transcription from the MLT2A1 pro-
moter would result in in-frame translation of a shortened COL5A1
protein. COL5A1 is the most commonly mutated gene in
classic Ehlers-Danlos syndrome type 1, with hyperelasticity and
dystrophic scarring of the skin and joint laxity as hallmarks
(Villefranche criteria), as well as muscular hypotonia with variable
presentation in some patients (Symoens et al. 2012). Inappropriate
activation of DUX4 in facioscapulohumeral muscular dystrophy
might contribute to its pathogenesis by activating MLT2A1 and in-
terfering with COLS5A1 synthesis.

OTX2 binds the TAATCC motif (Bunt et al. 2012), which was
present in ~12% of MLT2A1 elements. Indeed, the MLT2A1 ele-
ments with TAATCC were bound by OTX2, according to the
ChIP-seq data of a human medulloblastoma cell line. In pineal
gland, OTX2 alone cannot explain the expression of all the
MLT2A elements. This study suggests an evolutionary process in
which embryonic LTR retrotransposons supply novel promoters
to a somatic tissue.

Methods

Differential expression analysis using STRT data

STRT raw sequence data under European Nucleotide Archive
(ENA; https://www.ebi.ac.uk/ena/browser/home) accession num-
ber PRJEB8994 were aligned to the human genome (hg38/
GRCh38) by using BWA (Burrows-Wheeler Aligner) version
0.7.15 with “mem -L 5,0” options (Li and Durbin 2009). Uniquely
mapped reads (single-map reads) with a minimum mapping qual-
ity of 10 were used in this study except for two analyses shown in
Supplemental Figure S1C and S2F, denoted as multimap. The reads
were counted for each family of LINE, SINE, and LTR retrotranspo-
sons according to the definition in RepeatMasker (http:/www
.repeatmasker.org) by using the intersectBed command in BED-
Tools version 2.26.0 (Quinlan and Hall 2010). Differentially ex-
pressed repeat families were identified by using the Bioconductor
package edgeR version 3.14.0 with estimateCommonDisp, estima-
teTagwiseDisp, and exactTest functions (Robinson et al. 2010).
The coordinates were transformed to local coordinates on consen-
sus sequences of MLT2A1 and MLT2A2 on the basis of the pairwise
alignment between the individual elements and consensus se-
quences in Repbase (release 21.04).

Expression and splicing analysis using RNA-seq data

We downloaded publicly available RNA-seq data for human embry-
os from ArrayExpress (https://www.ebi.ac.uk/arrayexpress) acces-
sion number E-MTAB-3929, macaque embryos from NCBI Gene
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo)
accession number GSE86938, marmoset embryos (ArrayExpress ac-
cession number E-MTAB-7078), immortalized human myoblasts
transfected with plasmids encoding DUX4 (GEO accession number
GSE85935), 10 human somatic tissues from DDB]J (https://www
.ddbj.nig.ac.jp) accession number DRA000991, human pineal
glands (GEO accession number GSE100472), and macaque pineal
glands (GEO accession number GSE78165) (Supplemental Figs.
S1A,S2A,S3A, and SSD). The raw sequences were aligned to the hu-
man (hg38/GRCh38), the macaque (rheMac8), or the marmoset
(calJac3) genome, by using STAR with “--outSAMattributes NH HI
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AS nM NM XS --outSAMattrIHstart O --outSAMstrandField intron-
Motif --outFilterIntronMotifs RemoveNoncanonical” options
(Dobin etal. 2013). Genomic coordinates of high-confidence splice
junctions reported in “SJ.out.tab” by the STAR aligner were used to
evaluate the frequency of splice events within MLT2A elements
and to identify exon-exon junctions between MLT2A elements
and protein-coding exons. RNA-seq alignments were visualized
by using ZENBU (Severin et al. 2014).

In the analysis of pineal gland, transcripts were assembled by
using StringTie version 1.3.5 (Pertea et al. 2015) with the “--fr” op-
tion. The assembled transcripts were merged into a single file by
using StringTie with the “--merge” function. Spliced reads with
S0, $1, and S2 exon-exon junctions were counted on the basis of
the mapped positions and CIGAR strings reported in BAM files.
Spliced reads were considered to be true if the donor and accepter
positions of the read exactly matched the coordinates listed in
Supplemental Figure SSH.

Chromatin accessibility and DUX4 binding analysis

We downloaded ATAC-seq data for human embryos (GEO acces-
sion number GSE101571), ChIP-seq data of DUX4 for human
myoblasts transduced with lentivirus carrying DUX4 (GEO acces-
sion number GSE33838), and ChIP-seq data of OTX2 for a human
medulloblastoma cell line, D283 (GEO accession number
GSE92582). The raw sequences were aligned to the human genome
(hg38/GRCh38) by using BWA version 0.7.15 with the “mem” op-
tion. Coverage track files were generated by using deepTools2 with
“bamCoverage binSize 20 --normalizeUsing RPKM --minMapping
Quality 10 -ignoreDuplicates” options (Ramirez et al. 2016).
Signal scores within 1 kb from individual MLT2 elements in 20-
bp bins were calculated by using deepTools2 with “computeMatrix
scale-regions -a 1000 -b 1000” options, and the scores were visual-
ized as heatmap and intensity plots with the “plotHeatmap”
function.

A position-specific scoring matrix file of the DUX4 binding
motif (MA0468.1) was downloaded from footprintDB (Sebastian
and Contreras-Moreira 2014). DNA sequences of individual
MLT2 elements were extracted from the human genome (hg38/
GRCh38) by using fastaFromBed command in BEDTools. DUX4-
binding sites in MLT2 sequences were identified by using MAST
(Bailey and Gribskov 1998) with the “-hit_list” option. Sequences
of DUX4-binding sites in forward and reverse orientations, TATA
boxes, TSSs, and splice sites were identified from multiple se-
quence alignments of MLT2A elements constructed by MAFFT ver-
sion 7.307 with the “--maxiterate 1000” option (Katoh and
Standley 2013), and sequence logos were generated by using
WebLogo version 3.6.0 (Crooks et al. 2004).

Phylogenetic analysis

The RepeatMasker tracks of seven primates (genome assemblies:
panTro6, panPan2, rheMac8, caljac3, saiBoll, tarSyr2, micMur2)
and mouse (mm10) were downloaded from the UCSC Table
Browser (Karolchik et al. 2004). Copy numbers of long MLT2A1
and MLT2A2 elements (>200 bp) were counted for each genome
on the basis of the RepeatMasker definition of these elements.

The genomic coordinates of macaque and marmoset MLT2A
elements were converted to the coordinates in the human genome
using liftOver with the “-minMatch=0.5" option. A phylogenetic
tree was constructed using the ngphylogeny.fr pipeline with
MAFFT alignment, BMGE curation, FastME tree inference, and
iTOL visualization (Lemoine et al. 2019).

cDNA cloning

Embryos were collected in Sweden (Dnr 2010/937-31/4 of the
Regional Ethics Board in Stockholm), and three cDNA libraries de-
rived from different human eight-cell embryos were prepared
(Tang et al. 2010; Tohonen et al. 2015). MLT2A transcripts were
PCR amplified from the cDNA libraries by using Phusion High-
Fidelity DNA polymerase or HotStarTaq Plus DNA polymerase.
Each PCR product was cloned into a pCR4Blunt-TOPO vector
(for the product by Phusion polymerase) or a pCRII-dual promoter
TOPO vector (for the product by HotStarTaq Plus polymerase) and
sequenced using T7 primer at Eurofins Genomics, Germany.

Expression analysis of MLT2Al and MLT2A2 in 718 samples

We downloaded CAGE data in the ctss.bed format from the
FANTOMS web sites (https:/fantom.gsc.riken.jp/S/datafiles/
reprocessed/hg38_latest/basic/human.tissue. nCAGE/ and https://
fantom.gsc.riken.jp/5/datafiles/reprocessed/hg38_latest/basic/human
.primary_cell. h\CAGE/). Expression values of individual MLT2A
elements were calculated for samples of the 178 tissues and 540
primary cells that had at least 1 million reads. The full sample
list is available in Supplemental Table S3.

OTX2 binding analysis

Expression values of 1665 human transcription factors for 718
samples were obtained from the FANTOMS expression atlas. For
each transcription factor, expression specificity in pineal gland
was calculated as the total expression of pineal gland samples di-
vided by the total expression of all samples.

Known motif enrichment analysis was performed by using
the findMotifs.pl script in HOMER version 4.9.1 (Heinz et al.
2010). The input DNA sequences were extracted from transcrip-
tion start sites with upstream 150-bp sequences of selected genes.
Pineal-specific genes (>50% specificity) were selected for the fore-
ground, and pineal unexpressed genes (0% specificity) were select-
ed for the background from all genes expressed at least 100 TPM in
total of all samples.

Data access

Sequences of cDNA clones generated in this study have been sub-
mitted to the European Nucleotide Archive (ENA; https://www.ebi
.ac.uk/ena/browser/home) under accession numbers LR694118—
LR694126.
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