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Long terminal repeats power evolution of genes
and gene expression programs in mammalian oocytes
and zygotes
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Retrotransposons are “copy-and-paste” insertional mutagens that substantially contribute to mammalian genome content.
Retrotransposons often carry long terminal repeats (LTRs) for retrovirus-like reverse transcription and integration into the
genome. We report an extraordinary impact of a group of LTRs from the mammalian endogenous retrovirus-related ERVL
retrotransposon class on gene expression in the germline and beyond. In mouse, we identified more than 800 LTRs from
ORRI, MT, MT2, and MLT families, which resemble mobile gene-remodeling platforms that supply promoters and first ex-
ons. The LTR-mediated gene remodeling also extends to hamster, human, and bovine oocytes. The LTRs function in a stage-
specific manner during the oocyte-to-embryo transition by activating transcription, altering protein-coding sequences, pro-
ducing noncoding RNAs, and even supporting evolution of new protein-coding genes. These functions result, for example,
in recycling processed pseudogenes into mRNAs or IncRNAs with regulatory roles. The functional potential of the studied
LTRs is even higher, because we show that dormant LTR promoter activity can rescue loss of an essential upstream promot-
er. We also report a novel protein-coding gene evolution—DéErtd527e—in which an MT LTR provided a promoter and the 5
exon with a functional start codon while the bulk of the protein-coding sequence evolved through a CAG repeat expansion.
Altogether, ERVL LTRs provide molecular mechanisms for stochastically scanning, rewiring, and recycling genetic informa-
tion on an extraordinary scale. ERVL LTRs thus offer means for a comprehensive survey of the genome’s expression poten-

tial, tightly intertwining with gene expression and evolution in the germline.

[Supplemental material is available for this article.]

Repetitive mobile sequences are a common genome component
intertwining with genome stability and evolution of new traits.
A particular type is retrotransposons, interspersed repetitive
elements that amplify by a copy-and-paste mechanism entailing
integration of reverse-transcribed DNA into the genome. Retro-
transposon amplification threatens genome integrity through
insertional mutations and chromosomal aberrations; consequent-
ly, defensive mechanisms evolved that suppress retrotransposons
(for review, see Crichton et al. 2014). Retrotransposons, however,
can also provide functional gene parts, such as promoters, enhanc-
ers, exons, terminators, or splice junctions (for review, see de Souza
etal. 2013; Gerdes et al. 2016; Goke and Ng 2016; Thompson et al.
2016). Retrotransposons thus explore the space where their muta-
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genic potential coexists with other occasional contributions to
gene expression.

Retrotransposons are broadly divided by the presence of long
terminal repeats (LTRs) and retrotransposition autonomy (Craig
et al. 2015). Murine LTR retrotransposons can be further classified
into three classes (Mager and Stoye 2015). Here, we focus on a se-
lected set of LTR sequences from class IIIl whose more than 400,000
copies comprise ~5.5% of the mouse genome (Mouse Genome
Sequencing Consortium 2002; McCarthy and McDonald 2004).
Class III is an assorted group of endogenous retrovirus-related
elements termed ERVL (Supplemental Table S1), which includes
autonomous endogenous retroviruses, e.g., Mouse Endogenous
Retrovirus type-L (MuERV-L) (Bénit et al. 1997) and nonautono-
mous Mammalian apparent LTR Retrotransposons (MaLRs)
(Smit 1993) that are sometimes recognized as a separate ERVL-
MalLR group (Crichton et al. 2014). Here, we investigate related
MuERV-L and MaLR LTRs that make remarkable contributions to
maternal and zygotic transcriptomes.

© 2017 Frankeetal. This article, published in Genome Research, is available un-
der a Creative Commons License (Attribution-NonCommercial 4.0 Inter-
national), as described at http://creativecommons.org/licenses/by-nc/4.0/.
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Gene remodeling by LTRs

MuERV-L is a recent endogenous
retrovirus that no longer retrotransposes
although it produces virus-like particles
(Bénit et al. 1997; Costas 2003; Ribet
etal. 2008). MuERV-L LTRs are annotated
as MT2_Mm LTRs and share sequence
similarity with members of the MT2 fam-
ily (MT2A-C) and MaLR LTRs, suggest-
ing a common ancestry (McCarthy and
McDonald 2004; Hubley et al. 2016). In
MaLR elements (~85% of ERVL insertions
[Mouse Genome Sequencing Con-
sortium 2002]), LTRs flank a noncoding
1- to 2-kb internal fragment. Rodent
MaLRs include the ancestral mammalian
MLT family and rodent-specific ORR1
and MT families; ORR1A and MTA sub-
families are the youngest (Smit 1993;
Hubley et al. 2016). About a quarter of
murine MaLR insertions are polymor-
phic, whereas the rest are fixed (Nellaker
etal. 2012).

MalR and MT-2 sequences were
found in transcripts from oocytes and
early embryos, including 5’ exon fusions
with protein-coding transcripts (Peaston
et al. 2004; Veselovska et al. 2015; Karlic
et al. 2017). Furthermore, MuERV-L ex-
pression was associated with zygotic ge-
nome activation (ZGA) and embryonic
stem cell (ESC) potency (Kigami et al.
2003; Svoboda et al. 2004; Macfarlan
et al. 2011, 2012; Schoorlemmer et al.
2014). MaLR and MT2 LTRs thus offer a
unique opportunity for adaptation and

A ORR1 B =2 v @
B P O D & & g
~2.5kb ~19kb a
MuERV-L g & = Mus musculus
| )I gag ” pro-pol-dUTPase | [ ) Mus spretus
MT2 ~6.3 kb MT2 Rattus
Cricetulus
Mesocricetus
D parental element Microtus
Dipodomys
Cavia
Heterocephalus L
ﬁ Oryctolagus 6 4 _2_ 4]
solo LTR full-length insertion Bos - | | Im]
[majority) (minority) Homo Log,, genomic fragments
" € 40 3
B W= R8P C oop
pseudoelement (extremely rare) o 3 %
;r . F 0241 %%
MTA 9202 1485 2438 T c 1
2 5 2 0.6
ORR1A0 1140 182 | 487 3 2 e
2 & 0.08
MT2 658 509 850 El 4 %
0 20 40[%] 60 80 100 O'ODﬁEEiEEHﬁﬂﬁmEHesﬁﬁgs
solo LTR insert full-length insert :2..-' :2.-' o e EEEc = E 5S55s 5 E E =
m pseudoelement insert not classified G Fend [sh=R=R-RsR=]q]
0= ; 1 ] S M T (T A 9 ) B B 5
E enhancers &  Tss D) REBRRS gy nr i a e AR
core promoter / 2z i S o et | o B R M 22 5 D b e
I ) - 1
- — £ 200- GBS B
b = .
100bp A
S 400~
F 205" combined = ® AATAAA @ TGTAAGY
g 1.0 600 & T
b Send Ao e R <muy
e AA -A e R o
o — 1 — 535656566555555355353
Figure 1. Sequence properties of selected ERVL LTRs. (A) Organization of ORR1, MT, and MuERV-L ret-

rotransposons. Internal sequences of ORR1 and MT elements do not encode any protein. (B) Abundance
of selected ERVL LTRs in mammalian genomes. The brown areas indicate misannotated ORR1F, ORR1G,
and MTC LTRs in genomes of other rodents. (C) Nucleotide substitution rate for the closest pairs among
200 random inserts in each LTR subfamily. (D) Three types of LTR retrotransposon inserts and their fre-
quencies among the selected youngest ERVL subfamilies. (E) A schematic depiction of an MT LTR
gene-remodeling platform. (F) A combined SD sequence logo of MT, ORR1, and MT2 LTR families.
(G) Conserved position of the splice consensus sequence at the 3’ end of selected LTRs. Gray rectangles
depict consensus lengths of LTRs aligned by the 3" end to the top. Red or black points represent positions
of TGTAAGY consensus motif or AATAAA polyadenylation signal, respectively, in 200 randomly chosen
LTRs in each subfamily.

separation of maternal/zygotic expres-

sion programs. Here, we provide a systematic analysis of the contri-
bution of MaLR and MT2 LTRs to gene evolution and expression
during the oocyte-to-embryo transition (OET) in rodents and
other mammals, exploring their role as “plug-and-play” promoter
platforms that insert into existing transcriptional units or create
new ones.

Results

Elementary features of ERVL LTRs

MLT, MT, ORR1, and MT2 LTRs (collectively referred to as “ERVL
LTRs” hereafter) provide a unique model of LTR evolution and
co-option during the last 80 million years. These LTRs were orga-
nized into 19 subgroups (Supplemental Fig. S1A), in which
MLT1 and MLT2 represent the ancestral mammalian LTR sub-
groups, and the MT, ORR1, and MT2 subgroups radiated during ro-
dent evolution (Fig. 1A-C; Supplemental Fig. S1B). Sequence
analysis also showed that, except for MT2, ERVL LTRs are depleted
of CpG dinucleotides, suggesting that MT2 LTRs evolved differ-
ently (Supplemental Fig. S1C). Depletion of CpGs in MT and
ORR1 LTRs appears progressive, resulting in a minimal CpG fre-
quency in the most recent subfamilies (Supplemental Fig. S1C).
MalLR LTRs have a relatively uniform chromosome-wide dis-
tribution and exhibit known biases of LTR retrotransposon distri-
bution (van de Lagemaat et al. 2006), such as reduced incidence

of intronic inserts oriented sense to gene expression (Supplemen-
tal Fig. S2). The majority of ERVL genomic inserts are solo LTRs,
which account for ~65%-70% of the annotated inserts in MTA
and ORR1AO subfamilies (Fig. 1D). Solo MT2 LTRs are also com-
mon although less than MaLRs (Fig. 1D).

At the time of insertion, an LTR carries a functional promoter,
a transcription start site (TSS), and a polyadenylation site [poly(A)].
In addition, ERVL LTRs may carry a splice donor (SD) and even a
functional AUG codon (Peaston et al. 2004; Flemr et al. 2013),
but no splice acceptor (SA) (Fig. 1E). Sequence analysis revealed
similar but distinct SDs in MaLR LTRs (Fig. 1F; Supplemental Fig.
S1D) that might have a common ancestry because they are in ap-
proximately the same position at the 3’ end of the LTRs (Fig.
1G). At the same time, SD presence in different subfamilies nega-
tively correlates with evolutionary age suggesting a gradual loss
of SDs in inserted LTRs.

Genome-wide gene remodeling by ERVL LTR co-option
across mammals

Co-option refers to a contribution of an LTR sequence to gene
transcription without necessarily being an exaptation, i.e., a co-
option that provides a novel host function. To annotate co-option
events from retrotransposon reservoirs that could influence OET
in mammals, we annotated overlaps of exons and retrotranspo-
sons in mouse, golden hamster (Mesocricetus auratus), human,
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and bovine genomes, and selected co-options supported by next-
generation sequencing (NGS) data. We used four co-option
categories according to a retrotransposon’s contribution to gene
structure (Fig. 2A): (I) 5’ exon (retrotransposon-derived promoter,
TSS, and/or SD); (II) internal exon (retrotransposon-derived SD
and/or SA); (III) 3’ exon [retrotransposon-derived SA and/or poly
(A)]; and (IV) intraexonic, in which a retrotransposon sequence
does not contribute to mRNA processing. Categories I-III were fur-
ther divided into full or partial contributions depending whether
an exon came fully or partially from the retrotransposon. For ex-
ample, a full 5’ exon co-option means that TSS (the promoter pre-
sumably as well) and SD come from the same retrotransposon (Fig.
2A), whereas a partial contribution means that either TSS or SD
was provided.

Weidentified more than 75,000 gene-affecting events involv-
ing all classes of retrotransposons in mouse (~half were intraex-
onic SINE insertions). Class III (ERVL) LTR retrotransposons have
the highest frequency of 5’ exon contribution in mouse and ham-
ster genomes (Fig. 2B). In humans and cows, Class III LTRs also
substantially contribute to co-option events but their 5’ exon con-
tribution does not stand out as in rodents (Fig. 2B). The difference
seems mainly due to co-option of the MT family insertions (Fig.
2C). Importantly, MaLR 5" exon co-option exists beyond rodents;
252 and 125 5’ exons derived from MLT LTRs were identified in hu-
man and bovine genomes, respectively (Fig. 2C). Because annota-
tions of the human and mouse genomes are more exhaustive, the
extent of co-option in bovine and hamster genomes is likely
underestimated.

Co-option of ERVL LTR promoter platforms

We investigated usage of ERVL LTRs as “plug-and-play” gene-re-
modeling platforms in mouse oocytes and early embryos.
Notably, contributions of LTR subfamilies to 5’ exon co-option
anti-correlated with their age: the youngest ORR1, MT, and MT2
subfamilies showed a remarkably high proportion of 5’ exon co-
option compared to the older subfamilies (Fig. 3A). Most of the
identified 5’ exon co-option events concerned MTA LTRs, whereas
the oldest MTE LTRs made a minimal contribution. The MTA and
MT2 LTRs had the highest frequency of 5’ exon co-option (>3%),
MTA having the highest absolute number of co-option events
(Fig. 3B).

In total, we found 1574 ERVL LTRs contributing to promoters
and first exons of long noncoding RNA (IncRNA) and protein-cod-
ing genes expressed in oocytes and early embryos (Supplemental
Table S2); 509 LTRs in protein-coding genes and 333 LTRs in
IncRNA genes made full 5’ exon contributions (Fig. 3B). These
842 loci thus represent cases of the complete “plug-and-play”
gene remodeling by ERVL LTRs in the reference mouse strain
C57Bl/6. A phylogenetic analysis of MT LTRs that underwent 5’
exon co-option suggested that the bulk of murine 5’ exon co-op-
tions is a consequence of several bursts of retrotransposition of pa-
rental elements (Fig. 3C).

ERVL LTR-mediated control of gene expression during OET

Vertical expansion of retrotransposons requires expression and ret-
rotransposition in the germline. We thus analyzed abundance of
ERVL LTR-derived RNAs in poly(A) RNA
NGS data from the germline cycle (Fig.
4A). Although combining such data sets
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Figure 2. Gene remodeling by LTRs. (A) Four categories of LTR co-option according to the co-opted A P &

exon boundaries. LTR co-options may affect gene expression but not the encoded protein, remodel a
gene and change its protein product, or create a new transcriptional unit, such as an IncRNA gene. (B)
Whole-genome analyses of impacts of LTR, LINE, and SINE elements on gene structure according to
the classification depicted in A. Repeatmasker (Smit et al. 2013-2015) was used for Class I-Ill LTR anno-
tation. The y-scale depicts the ratio of observed co-option events and annotated insertions, which are
listed in Supplemental Tables S2 (mouse), S5 (hamster), S6 (human), and S7 (cow). (C) Impact of
MaLR and MT2 LTRs on gene structure according to the classification depicted in A in four mammals.
The y-scale depicts the number of co-opted insertion events. B and C display both full and partial

contributions.

and ORRI1B inserts, suggesting evolving
transcriptional control within MaLR
subfamilies.

Co-option of ERVL LTR promoters
and 5 exons contributed to phased
gene expression during OET with the ma-
jority of co-opted LTRs supporting mater-
nal expression (Fig. 4C). The ratio LTR
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Figure 3.

[FPKM]/gene [FPKM] suggests that LTRs provide the main promot-
er for IncRNAs during OET, whereas protein-coding genes often
have other promoters supporting higher expression than that con-
trolled by the LTR: 3/333 IncRNA and 56/509 protein-coding genes
had gene FPKM at least 4x higher than the LTR-derived 5’ exon
FPKM value (6/333 and 163/509 for a twofold difference,
respectively).

To estimate the impact of LTR co-option on gene expression
and evolution, we compared transcriptomes of mouse and golden
hamster oocytes. Both rodents have similar parameters of ovula-
tion cycle, gestation period, and litter size. Their maternal tran-
scriptomes retain sufficient similarity (Pearson and Spearman
correlations 0.66 and 0.67, respectively) to analyze expression of
protein-coding genes that co-opted LTR promoters and 5’ exons.
Most of the genes with differentially co-opted LTRs are expressed
in oocytes of both species, although a small group (6%) is ex-
pressed in species in which LTR co-option occurred but not in spe-
cies lacking the co-option (Fig. 4D). Furthermore, genes with co-
opted LTRs have higher expression in oocytes of both species rela-
tive to the whole transcriptome (Fig. 4E). However, a minority of
co-opted LTRs yields high expression. Using DicerI as a benchmark
for MT-driven expression, 20 mouse genes have higher MT-driven
expression. These results imply that ERVL LTR co-option typically
enhances stage-specific gene expression, but it less often yields a
strong LTR-driven expression or adds a new gene into existing
gene expression.

Variability and plasticity of MT LTR promoter activity

in control of gene expression

The impact of an LTR on the local transcriptional landscape de-
pends on many factors. In the Dicer] model case, we identified
plasticity and latency of LTR-controlled expression that demon-

protein- coding

Evolution of exon co-option in mice. (A) Frequency of co-options in selected LTR subfamilies
(full and partial contribution). (B) Numbers of full LTR 5’ exon co-options in protein-coding genes and
IncRNAs expressed in oocytes and early embryos. (C) MT LTR family phylogeny and bursts of gene rewir-
ing events. The /eft tree shows a phylogenetic tree of 5000 randomly selected MT LTRs combined with
596 LTRs co-opted as complete 5’ exons. The right tree highlights in red the co-opted LTRs.

strates how transcriptional activity of a
specific LTR can be influenced by the ge-
nomic context. We reported earlier that
an MTC solo LTR functions as an oo-
cyte-specific promoter for a truncated
Dicer] isoform (denoted Dicer1®) that is
responsible for highly active RNAi in
mouse oocytes (Flemr et al. 2013). The
MTC insertion is present in genomes of
golden and Chinese hamsters (annotated
MTD there) but not in genomes of mole
rat Nannospalax galili, jerboa Jaculus jacu-
lus, or Guinea pig (Fig. 5A), placing the
insertion event ~30-40 million years
ago (MYA) (Supplemental Fig. S4A).
Dicer1® mRNA was detected in rat
and hamster oocytes but not in somatic
cells (Fig. 5B). Despite the common de-
sign of primers, the Dicerl isoform
qPCR in hamster oocytes yielded a
much stronger signal for the somatic
transcript than for the Dicer1© transcript
(Fig. 5B), a result consistent with NGS
analysis of hamster oocytes where the
Dicer1® transcripts had a much lower
NGS signature than full-length Dicerl
transcripts (Fig. 5C). Thus, unlike in mice,
Dicer1° mRNA comprises a minority of
Dicer1 transcripts in hamster oocytes.
The MTC LTR in Dicer1 is essential for fertility, and its loss cor-
relates with up-regulation of transcripts targeted by endogenous
RNAi (Flemr et al. 2013). Interestingly, after crossing mice lacking
the MTC element (Dicer1™"=/7) (Fig. SD) onto a CD1 strain back-
ground, only 25% of the Dicer1™"~/~ females exhibited sterility,
and the rest produced viable progeny, suggesting that the sterile
phenotype is not fully penetrant in this mixed genetic back-
ground. Surprisingly, residual amounts of DICER1® protein were
found in oocytes of Dicer1™"~/~ mice (Fig. 5E) and brought into fo-
cus an MTA LTR insertion localized ~600 bp downstream from the
MTC (Fig. 5A; Supplemental Fig. S4B). We discovered that the MTA
LTR can function as an alternative promoter and produce a second
Dicer1-like transcript. Typical expression from the MTA LTR is
minimal (<10% considering NGS data) (Smallwood et al. 2011;
Abe et al. 2015; Veselovska et al. 2015; Karlic et al. 2017), possibly
because the upstream MTC LTR promoter reduces transcription
from the MTA LTR. Upon the MTC LTR deletion, the MTA LTR pro-
moter activity in the mixed genetic background increases (Fig. SF),
yielding DICER1® protein that can rescue the sterile phenotype.

MTA
MT2A
MT2B
MT2C %

MT2

Scanning of genetic information downstream from ERVL LTRs

The concept of a mobile remodeling “plug-and-play” platform en-
tails an LTR insertion that remodels the local transcriptional land-
scape via transcription extending downstream from the insertion.
Mouse ZGA offers a unique model for examining such transcrip-
tion because the maternal transcriptome has a reduced intronic
and intergenic NGS signal (Abe et al. 2015), thereby facilitating
detection of nascent transcripts in the zygote. Furthermore, pro-
moter activity of several LTRs, including MT2 and ORR1A, appears
during ZGA (Fig. 4A,B). Indeed, low levels of transcripts far down-
stream from MuERV-L are apparent during ZGA, especially in two-
cell embryos treated with aphidicolin (Fig. 6A; Supplemental Fig.
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Figure 4. Transcriptional control by co-option of MaLR and MT2 LTRs. (A) LTR RNA abundance in
transcriptomes of germline cycle stages presented as logjo RPM of selected LTR sequences in poly(A)
NGS data sets (Supplemental Table S3). Included are profiles of LINE1 and IAP, the presently active
mouse autonomous retrotransposons (Maksakova et al. 2006; Sookdeo et al. 2013). (B) Maternal and
zygotic expression of solo LTRs during oocyte-to-embryo transition. UCSC Genome Browser (Kent
et al. 2002) snapshots exemplify expression patterns of co-opted 5’ exons. For each LTR, all stages
were set for the maximum CPM values indicated on the top of each column. Most LTR subfamilies
have distinct maternal or zygotic expression patterns corresponding to the specific patterns shown
here (Supplemental Fig. S3). At the same time, some variability within an LTR subfamily is occasionally
observed as shown for two different ORR1B LTR insertions. Developmental stages: (GV) full-grown GV
oocyte; (MIl) metaphase Il oocyte; (1C) one-cell (fertilized egg); (2C) two-cell; (4C) four-cell; (Mo) mor-
ula; (Bl) blastocyst. MT2xORRT1 is the 3" MT2 LTR of MuERV-L that is preceded by an 87-bp fragment of
ORR1A3 internal sequence. (C) Expression of MaLR and MT2 LTR-derived 5" exons from IncRNAs and
protein-coding genes ordered by the maternal/ZGA expression ratio (GV+MII)/(2C+4C). The heatmap
shows log, FPKM values of the annotated LTR 5" exons (full contribution) with FPKM >0.1 in at least one
sample. The colored bar indicates the LTR family. (D) Expression of genes containing LTR-derived 5’ ex-
ons in mouse and hamster oocytes. Points represent log, FPKM values of genes in mouse and hamster
oocytes (GSE86470). Point colors indicate whether the 5 LTR-derived exon is present in the mouse
(black) or hamster (red) genome or in genomes of both species (blue), and gray points depict remaining
genes. (E) Comparison of oocyte expression of genes that have an LTR-derived 5" exon in mice or ham-
sters with expression of other genes. The x-axis represents gene expression (log; FPKM), whereas the y-
axis is fraction of genes.

Novel multiexon IncRNA genes
may emerge by deploying an ERVL LTR
into a new genomic locus. Of the 333
IncRNA loci co-opting ERVL LTR promot-
er platforms, 87 apparently co-opted
them as sole promoters after separation
of mice from rats (exemplified in Fig.
6C,D). Such co-options are thus key can-
didate events for IncRNA genesis.
“Scanning” of the downstream genomic
flank with transcription, however, does
not universally produce defined spliced
transcripts such as in Figure 6C. Of the
100 most expressed MuERV-L loci, only
16 contained downstream exons recog-
nized during IncRNA transcript model
assembly (Karlic et al. 2017).

Pseudogene recycling by ERVL LTRs

ERVL LTRs bridge IncRNA and protein-
coding gene evolution by providing pro-
moters for retrotransposed mRNAs.
Among 842 LTRs that made the full 5
exon contribution, 78 (9.3%) produced
transcript models that included pro-
cessed pseudogene sequences (Supple-
mental Table S8). Pseudogene recycling
by ERVL LTRs occurs in two ways; an
LTR insertion recycles an already inte-
grated pseudogene, or a pseudogene inte-
grates into a locus that already carries an
LTR (Fig. 6E). The latter case reiterates
that LTR insertions may potentially af-
fect gene expression, which may mani-
fest upon a change in the genomic
context, and that they can retain this ca-
pacity for millions of years.
“Pseudogene recycling” may have
distinct functional outcomes. An anti-
sense-transcribed pseudogene can gener-
ate a IncRNA base-pairing with the
original mRNA. In mouse oocytes, such
double-stranded RNA can give rise to
small interfering RNAs (Fig. 6E) and sub-
ject the parental gene to post-transcrip-
tional regulation by RNAi. If the sense

S5A), which prevents replication-dependent formation of tran-
scriptionally repressive chromatin (for review, see Svoboda et al.
2015). Because the downstream transcript levels appeared mini-
mal at individual loci, we assessed downstream transcription by
analyzing cumulative expression 150 kb around the hundred
most expressed MuERV-L inserts using two independent NGS
data sets (Park et al. 2013; Abe et al. 2015). We found significantly
higher transcript levels in two-cell embryos as far as 40 kb
(Supplemental Fig. S5B; Park et al. 2013) and 120 kb (Fig. 6B;
Abe et al. 2015) downstream when compared with corresponding
upstream regions. Whether the transcription also extends through
active genes could not be determined from the data. A lower but
apparent transcript accumulation was also found downstream
from ORRIA and MT2 solo LTRs that are less expressed during
ZGA (Supplemental Fig. S5C,D).

strand of a processed pseudogene retains protein-coding capacity,
it can be recycled into a protein-coding homolog of the parental
gene (Fig. 6F); should the protein-coding capacity be lost, a new
IncRNA will form.

MaLR LTR contribution to de novo evolution
of a protein-coding gene

In one remarkable case, a co-opted MTD solo LTR contributed to de
novo genesis of a protein-coding gene (Fig. 7). The gene, first anno-
tated as an anonymous expressed DNA segment D6Ertd527e (Piao
et al. 2001), formed between glutamine fructose-6-phosphate
transaminase 1 (Gfpt1) and anthrax toxin receptor 1 (Antxr1) genes
(Supplemental Fig. S6A). Its evolution apparently started from a
IncRNA gene in the common ancestor of mice and hamsters where

1388 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.216150.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.216150.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.216150.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.216150.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.216150.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.216150.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.216150.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.216150.116/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on February 26, 2022 - Published by Cold Spring Harbor Laboratory Press

Gene remodeling by LTRs

A MTE2 RMER ENEES MTA BENEN 'SINE
maouse

oocyte

ooyt s |i o1 r

mouse E [ ]

rat B m ==
hamster E = 1kb

jerboa E

Guinea pig 6}
B rat (R. norvegicus) hamster (M. auratus)
T 20 T 06
2 2
< LA < 04
£ 1.0 £
g 05 % 0.2
© T 0.0
F00 S o s o5 - 0 S 0 s

oocyte liver kidney oocyte oviduct

i _ i
B ==

hamster

D
VIR I H
E F g3
- +[- +/+ a

o< 2

DICER1- Z

DICER1O- e 8 el =1 |_|
20 Y -

MCM6- g o % 0102 § 0102 § 0102§ 0102 §

animal 1 animal 2 animal 1 animal 2
wT Mt

Figure 5. Dicerl rewiring and remodeling by MT LTRs. (A)
Retrotransposon content changes during evolution of Dicerl intron 6 in
rodents. Above the mouse sequence is a snapshot of a UCSC Genome
Browser track with mouse oocyte NGS data. The gray dashed line indi-
cates CPM. O1, O2—two oocyte-specific promoters. (B) qPCR analysis
of Dicerl isoform mRNA expression in rat and hamster oocytes. DicerT®
(O) and full-length somatic Dicerl isoform (S) expression are shown rela-
tive to Hprt. (C) NGS data support minimal Dicer © expression in hamster
oocytes. Shown is a UCSC Genome Browser snapshot. The horizontal
dashed line represents the number of reads. (D) A schematic view of the
intron 6 in Dicer’™™/~ mice with MTC (O1 promoter) deletion. (E)
Oocytes lacking the MTC LTR (O1 promoter) still produce a detectable
amount of DICER1®. Shown is an immunoblot from C57BI/6NCrl oocytes.
A low amount of the full-length DICERT1 is visible above the DICER1" iso-
form. Each lane represents roughly 500 oocytes. (F) qPCR analysis of
Dicer1 transcripts driven by MTC (O1) and MTA (O2) LTRs. Dicer1 expres-
sion is shown relative to Hprt.

it acquired four promoters—A, B, C (MTD-derived), and D—con-
trolling expression of four first exons spliced to a common 3’ ter-
minal exon (Fig. 7A); the 3’ end of the terminal exon sequence is
conserved across mammals. Remarkably, the syntenic human lo-
cus carries an MLT1-derived 5’ exon of an oocyte-specific unanno-
tated IncRNA (Supplemental Fig. S6B). The human and rodent
IncRNAs are unrelated; the conserved D6Ertd527e 3’ exon region
resides in the first intron of the human IncRNA. Thus, this is a
case of evolution of two novel mammalian genes involving two in-
dependent co-options of MaLR LTR promoters in one locus.
D6Ertd527e is expressed maternally (Supplemental Fig. S6C).
In mouse oocytes, the MTD LTR promoter yields high expression,
whereas the remaining promoters are essentially not used. In ham-

ster oocytes, expression is distributed among the promoters (Fig.
7A). D6Ertd527e shows varying protein coding capacity inter-
twined with an expanding CAG trinucleotide repeat ([CAG],)
at the beginning of the terminal exon (Fig. 7A). Analysis of mouse
and hamster D6Ertd527¢ transcript variants (Supplemental
Material) with the Coding Potential Assessing Tool (CPAT) sug-
gested that the locus initially produced IncRNAs that began to ac-
quire coding capacity. In hamster, promoters B, C, and D were
predicted to produce IncRNAs (CPAT scores 0.02, 0.02, and 0.23,
respectively). Promoter A was predicted to produce a protein-cod-
ing transcript (CPAT score 0.87), but the coding sequence (CDS)
producing the high score is preceded by AUG codons for two short
open reading frames. In mice, transcripts from all promoters were
predicted to be protein-coding (CPAT scores for A-D: 0.9998,
0.9087, 0.9998, and 0.9998). However, only the transcript from
the MTD LTR (promoter C) has the first available AUG associated
with the longest open reading frame. In contrast, none of the pu-
tative D6Ertd527e rat transcripts has any predicted protein-coding
capacity (CPAT values 0.15, 0.15, 0.16, and 0.16). The most strik-
ing difference between mouse and rat D6Ertd527¢ loci is a complex
[CAG], expansion in mice that gave rise to a large CDS and, conse-
quently, the CPAT positive scoring of the MTD LTR-driven tran-
script (Fig. 7B). In the rat and hamster, the initiation codon from
the MTD element is not in frame with the expanded repeat.

Unlike rat and hamster, all examined mouse species and
strains have the polyS frame of [CAG], expanded across the entire
CDS (Fig. 7C). CDS variability could be attributed to mutations in
[CAG], and small sequence duplications (Fig. 7C). Mus pahari
(Coelomys), which separated from Mus musculus ancestors about
7 MYA (Veyrunes et al. 2005), has the shortest CDS. Mus spretus,
which separated about 2 MYA (Veyrunes et al. 2005), has an ex-
tended CDS because it underwent a small internal duplication
shared with Mus musculus strains. There is considerable variability
of D6Ertd527e alleles among laboratory strains, whose ancestors ra-
diated in less than 1 MYA. Notably, the C57BL/6N]J strain has the
longest CDS, whereas the nearest C57B/6] strain (mouse genome
reference sequence) has a D6Ertd527e¢ CDS variant like the more
distant BALB/cJ or 12951/Svlm]J strains (Fig. 7C). These data dem-
onstrate that the CDS is dynamically evolving and, despite the or-
igin from a trinucleotide expansion, the coding sequence diverged
from a perfectly homopolymeric amino acid sequence.

We ectopically expressed D6Ertd527¢ fused to a C-terminal
hemagglutinin (HA) tag in cultured mammalian cells (mouse
NIH3T3 and human U20S and HeLa cell lines) and detected a
protein of the expected size (Fig. 7D; Supplemental Fig. S6D).
The protein diffusely localized to the cytoplasm, with no notice-
able effect on the expressing cells (Fig. 7E). Ectopic expression of
D6ERTDS27E-HA demonstrates that the MTD LTR provides a
functional 5 UTR and AUG codon, whereas the [CAG],-derived
CDS is translated into a detectable nonaggregating protein.
Furthermore, D6ERTDS27E peptides were identified in mouse oo-
cyte proteomes (Wang et al. 2010, 2016; Pfeiffer et al. 2011). Thus,
D6Ertd527e encodes an expressed protein implying that [CAG],
expansion can furnish the genetic material to generate a novel pro-
tein-coding gene.

Discussion

Although retrotransposons can be harmful genomic parasites
bringing disease-causing mutations (Hancks and Kazazian 2012)
they also provide distinct paths for genome remodeling. A rapidly
growing body of literature shows in different model systems
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Figure 6. Genome scanning by LTRs and emergence of new genes. (A) Transcription downstream
from MUERV-L is apparent during ZGA, especially in two-cell embryos treated with aphidicolin (2Ca).
Shown is a representative UCSC Genome Browser snapshot of an MuERV-L insertion expressed during
ZGA. The gray horizontal lines represent five CPM. Stages: (GV) full-grown GV oocyte; (1C) one-cell (fer-
tilized egg); (2C) two-cell; (4C) four-cell. (B) Cumulative display of transcription in 150-kb genomic flanks
around the hundred MuERV-L elements most expressed during ZGA. (C-F) UCSC Genome Browser snap-
shots of selected genomic loci with mapped NGS data (Abe et al. 2015; Karlic et al. 2017). Gray dashed
lines indicate CPMs. Positions of repetitive sequences (D-F) are indicated by gray rectangles in rows from
the top: SINE, LINE, LTR, and DNA transposon elements. The conservation tracks (D, F) display homology
with rat (top), rabbit, human, dog, and cow genomes. (C) A IncRNA gene with MuERV-L-derived 5" exons
and downstream exons from the genomic flank. (D) A new IncRNA gene formed by MaLR LTR insertions.
The promoter and exon 1 come from an MTA solo LTR, exon 2 through exonization of an ORR1F solo LTR.
(E) Examples of antisense pseudogene sequence rewiring yielding a INncRNA substrate for endosiRNAs
where an MTB solo LTR was inserted into a locus already containing a pseudogene (Nme3) or a pseudo-
gene (DIgap5) was inserted into a locus already containing an MTA. (F) An example of a sense pseudo-
gene (Speer4E pseudogene) rewiring yielding a CPAT positive transcript.

2004) and MT2 association with gene ex-
pression has been explored in consider-
able detail in ESCs (Macfarlan et al.
2011, 2012; Maksakova et al. 2013), we
extend these data by showing that ERVL
LTRs provide a widespread system for
evolving rodent maternal/zygotic pro-
grams in terms of both temporal control
of gene expression and modification of
gene-encoded information.

MalR elements achieved remark-
able expansion considering their nonau-
tonomous nature. Their survival and
expansion during >75 million years of ro-
dent evolution required endogenous ret-
roviruses, which typically invade a host,
burst in copy number, and eventually be-
come fossils (Katzourakis et al. 2005;
Maksakova et al. 2006; Mager and Stoye
2015). The number of MaLR insertions,
which exceeds by an order of magnitude
the number of protein-coding genes,
may be regarded as much a success of a
parasite as a benefactor to the host.
“Domesticated” MaLRs producing main-
ly solo LTRs could be beneficial in re-
straining bursts of autonomous ERVLs
by competing for retrotransposition fac-
tors and using them for less damaging
MaLR retrotransposition. MaLRs thus
combine features of genome parasites,
gene remodelers, and genome mainte-
nance factors.

MalLR LTRs exhibit several features
that could contribute to their evolu-
tionary success and affect the germline
gene expression. First, we observed re-
duced frequency of CpG dinucleotides,
possibly from purifying selection of
CpGs through methylation and subse-
quent deamination (Sved and Bird
1990). Human promoters with low CpG
density show no significant correlation
between DNA methylation and promot-
er activity (Weber et al. 2007). If the
same applies to mice, recent MaLR LTR

diverse contributions of LTR retrotransposons to gene function by
providing promoters, enhancers, splice sites, or polyadenylation
sites (for review, see de Souza et al. 2013; Gerdes et al. 2016; Goke
and Ng 2016; Thompson et al. 2016). Co-option of LTR sequences
may have clear biological implications, as shown for human innate
immunity (Chuong et al. 2016), mammalian development
(Chuong et al. 2013; Lynch et al. 2015; Nishihara et al. 2016), evo-
lution of mammalian gene regulatory networks (Xie et al. 2010;
Sundaram et al. 2014), or RNA interference in mice (Flemr et al.
2013). Our study represents a remarkable case of ERVL LTRs that
function as gene-remodeling platforms that stochastically sculpt
gene expression and function in oocytes and zygotes. In compari-
son to enhancer evolution, LTR co-option presented here is more
complex (involving simultaneous co-option of TSSs and SDs) and
occurring at a large scale. Although fusion of ERVL LTRs with
mRNAs was reported more than a decade ago (Peaston et al.

promoters would have reduced sensitivity to repressive DNA meth-
ylation. Second, a distinct ERVL LTR feature is the conserved SD at
the 3’ end and its more frequent presence in younger ERVL LTR
subfamilies. The consensus sequence AASTgtaag (S=G/C) was
found in human and mouse MaLRs (Peaston et al. 2004). Thus, se-
quence data suggest that the functional SD is an ancestral feature
retained during ERVL expansion in rodents, implying that it con-
fers benefit for ERVL elements. NGS data show that splicing has no
apparent use for internal ERVL transcripts because partnering SAs
are downstream from the LTR insertion (Veselovska et al. 2015;
Karlic et al. 2017). We speculate that mimicking the exon-intron
gene structure and recruiting the splicing machinery to MaLRs
has a positive effect on MaLR expression. This proposal is consis-
tent with experience from transgenic mice, in which adding
exon-intron boundaries improves transgene expression, whereas
transgenes lacking introns (i.e., intronless insertions in the
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Figure 7. A solo MTD LTR contribution to de novo evolution of a protein-coding gene. (A) Genomic
organization of the D6Ertd527e locus in Mus musculus and Mesocricetus auratus. Shown are UCSC
Genome Browser snapshots of D6Ertd527e loci with mapped oocyte RNA NGS. The gray dashed lines
indicate CPMs. Below the conservation track is the RepeatMasker track with MT LTR insertions in red,
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CAG trinucleotide density in MTD-driven transcripts in mice, rat, and hamster. Each CAG is represented
by a vertical line. The widening depicts the coding sequence; the initiation codon is in the MTD exon. (C)
Virtual translation of MTD-driven D6Ertd527e transcripts from rodent species (black) and mouse strains
(blue). The phylogenetic tree was adopted from Nellaker et al. (2012). (D) D6ERTD527E protein expres-
sion in NIH3T3 cells. Transiently transfected cells expressing C-terminally HA-tagged D6ERTD527E or N-
terminally HA-tagged PACT (control) were analyzed 48 h post-transfection by immunoblotting. (E)
Ectopically expressed C-terminally HA-tagged D6ERTD527E protein (red) has cytoplasmic localization
in mouse NIH3T3 cells. DNA (blue) was stained with DAPI. Untransfected cells lacking the HA signal dem-

group of repetitive sequence contribu-
tions to gene structure and expression.

Interestingly, the co-option fre-
quency of MTA and MT2, the most recent
ERVL subfamilies, is more than an order
of magnitude higher than the average 5
exon co-option frequency for LTRs of
the entire ERVL class, suggesting that 5’
exon co-options are transient and mostly
lost during evolution. In other words, we
observe an evolutionary gradient of 5’ co-
option events, ranging from the highest
occurrence in the youngest LTR subfami-
lies and lowest in the more ancestral ones.
The lower co-option rates of ORR1A LTRs
than those of MTA, MTB, and MT2 LTRs
suggest that MT and MT2 LTRs could
have some selective advantage for co-opt-
ing 5’ exons. Co-option of MTA LTRs as
promoters and full 5’ exons occurring
with a 3.6% frequency (two-thirds are
protein-coding genes) contrasts with B2
SINE elements that were reported to cre-
ate regulated Pol II transcription at novel
genomic sites (Ferrigno et al. 2001). We
find that 0.1% (142) of B2s contribute to
promoters and first exons of genes ex-
pressed during OET, but none made a
full 5’ exon contribution.

It is unknown how many LTR inser-
tions acquired function in reproduction,
although some of the co-option events
suggest such a role. For example, an
MTD insertion in mice and hamsters
yields abundant oocyte-specific mRNA

onstrate staining specificity. Scale bar, 10 um.

genome) are prone to silencing (van de Sluis and Voncken 2011).
In any case, this SD is the key feature for the gene-remodeling plat-
form because it defines the intrinsic 5 ERVL LTR-derived exon that
is poised to splice with exons downstream from the insertion site.

Importantly, each new LTR insertion is by definition a copy of
an active LTR promoter with the potential to initiate germline
transcription extending tens of kilobases downstream from the in-
sertion site. This scenario implies that during the last 75 million
years, essentially each sequence in the lineage leading to mice
might have been transcribed in the oocyte or early embryo from
a MaLR or MT2 LTR promoter and probed as a potential down-
stream exon. Oocytes or early embryos would thus be a major test-
ing ground of phenotypic manifestations of LTR-mediated gene
remodeling, which is somewhat counterintuitive given assump-
tions about the critical need to protect the germline.

The outcome of this impressive genome-recycling machine
underscores the low probability at which new traits emerge. More
than 99% of ERVL insertions show no sign of co-option; the num-
ber of full 5" exon co-options appears relatively modest: 333 LTRs in
IncRNA and 509 LTRs in protein-coding genes. These results, how-
ever, must be considered from an evolutionary perspective, in
which novel beneficial traits emerge with a low probability. In
fact, the number of MaLR and MT2 5" exon co-options reported
here is the highest observed number among vertebrates of a single

encoding a truncated estrogen receptor

beta. MTB LTRs function as the main pro-

moters of Spinl, a maternal gene essen-
tial for OET (Chew et al. 2013). We showed a bona fide
exaptation in Dicer1, which is essential for normal meiotic progres-
sion (Flemr et al. 2013). In any case, the more than 800 LTR pro-
moters engaged during OET in mouse represent a strong
regulatory potential, in which ERVL LTRs support evolution of ma-
ternal/zygotic gene expression programs. This concept extends
previous studies on MuERV-L in ESCs (Macfarlan et al. 2012;
Schoorlemmer et al. 2014) into the physiological regulation of ma-
ternal/zygotic gene expression and expands the scale of effects on
gene expression by an order of magnitude relative to earlier obser-
vations (Peaston et al. 2004).

Several studies provided insights into transcriptional control
of ERVL LTRs, which could explain the distinct maternal/zygotic
expression patterns seen in Figure 4. These patterns are defined
by transcriptional activation mediated by maternal or zygotic tran-
scription factors and transcriptional repression. Multiple mecha-
nisms can mediate retrotransposon recognition and silencing
(for review, see Crichton et al. 2014; Friedli and Trono 2015;
Wolf et al. 2015; Thompson et al. 2016). Transcriptional silencing
involves distinct histone modification patterns, such as the loss of
“active” (e.g., acetylation or H3K4me3) and emergence of “repres-
sive” histone marks (e.g., H3K9me2/3 or H3K27me3). It remains
unknown whether silencing of ERVL elements also employs
Kriippel-associated box zinc-fingers proteins (KRAB-ZFPs), which
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function as sensors guiding silencing of Class II elements (Rowe
et al. 2010, 2013; Maksakova et al. 2013; Ecco et al. 2016).
Although LTRs exhibiting the maternal expression pattern (e.g.,
MT family) seem to be targeted by maternal silencing mechanisms
associated with nuage and small RNAs (Lim et al. 2013, 2016), they
overcome this repression and remain expressed during the growth
phase. These LTRs utilize not yet identified maternal transcription
factors, which disappear before ZGA, resulting in lack of expression
in the zygote. LTRs with zygotic expression, exemplified by MT2,
are expressed during ZGA and then become silenced (Kigami
et al. 2003; Svoboda et al. 2004). The silencing involves the
H3K4 demethylase KDM1A, transcriptional corepressor TRIM28
(also known as KAP1), and H3K9 methyltransferases EHMT2
(also known as G9a) and EHMT1 (also known as GLP)
(Macfarlan et al. 2011; Maksakova et al. 2013).

Dicer1 gene remodeling and pseudogene sequence recycling
integrate LTR co-option with endogenous RNAi more than previ-
ously thought (Tam et al. 2008; Watanabe et al. 2008; Flemr
et al. 2013; Karlic et al. 2017). We also show that Dicer] has been
twice remodeled and rewired by LTR insertions into intron 6 dur-
ing rodent evolution. Unknown selective pressures yielded low
Dicer1® expression in hamster and high in mice from an MTC
solo LTR insertion in their common ancestor. Although the addi-
tional recent MTA LTR insertion contributes little to Dicer1® ex-
pression in mice, LTR insertions nevertheless may retain gene
rewiring and remodeling potential for millions of years that be-
come manifest upon a genetic (or possibly epigenetic) change.
Furthermore, the high expression observed at a small number of
specific loci such as Dicer1 in mice likely represents a later adapta-
tion rather than the original state. It is conceivable that lower tran-
scriptional output of a newly inserted LTR would be better
tolerated while allowing for accumulating additional mutations
that would tune or eliminate the LTR promoter activity.

Finally, ERVL LTRs contribute to evolution of new genes.
Given the properties of these LTRs, emergence of new IncRNAs
and recycled pseudogenes is predictable. Nevertheless, we discov-
ered a case of de novo emergence of a protein-coding gene.
There are several vertebrate de novo protein-coding genes de-
scribed in the literature that are of a comparable age or even youn-
ger than D6Ertd527e (for review, see Long et al. 2003; McLysaght
and Hurst 2016). D6Ertd527e is unique, however, in how its pro-
tein-coding potential emerged from two common mutations: an
LTR insertion provided transcriptional control and functional
translation start, which combined with CDS formed through
[CAG], expansion. Notably, [CAG], provides an effective substrate
for de novo evolution of a diversified CDS. Reading frames in
[CAG],, encode three possible amino acid chains: polyQ, polyS,
or polyA. The murine D6Ertd527e CDS variants always use the
polyS reading frame (Fig. 7C). The unused polyQ frame accumulat-
ed stop codons (Supplemental Fig. S6E), presumably because a sin-
gle point mutation in [CAG],, can form a stop codon only in this
frame. Natural selection might also contribute to the demise of
the polyQ frame because polyglutamines from expanding
[CAG], are associated with protein aggregation, toxicity, and pa-
thologies (Blum et al. 2013). Importantly, point mutations in oth-
er frames of [CAG], are either silent or cause amino acid changes,
thus leading to diversification of the originally homopolymeric
amino acid chain. The expansion of a low-complexity sequence
is reminiscent of convergent evolution of antifreeze proteins in
fish, where a tripeptide expansion was found (Chen et al. 1997a,
b). In contrast to D6Ertd527e, antifreeze proteins were derived
from bona fide protein-coding genes, whereas D6Ertd527e¢ evolved

completely de novo. In any case, a further systematic analysis of
simple repeats in different genomes should clarify how common
orisolated is this seemingly simple mechanism of a protein-coding
gene evolution.

Methods

Oocyte and embryo collection and gene expression analysis

Animal experiments were approved by the Institutional Animal
Use and Care Committees and were carried out in accordance
with the law. Oocytes and early embryos were isolated and cul-
tured as described previously (Nagy 2003; Flemr et al. 2013).
Hamster and rat full-grown GV oocytes were collected as mouse
oocytes without superovulation. Gene expression in oocytes and
early embryos was analyzed in triplicates by qPCR as described pre-
viously (Flemr et al. 2013). Data were normalized to Hprt by the
AACt approach using in-house software. The primers and PCR con-
ditions are shown in the Supplemental Table S4.

DNA cloning: DéErtd527e expression vector

Mouse D6Ertd527e (NM_001167937.1) cDNA was obtained from
Nugen (clone: B020023E12). CDS was amplified using primers
introducing Nhel and Notl restriction sites and the C-terminal
HA-tag (5-GAGCTAGCGGAGCAAGCCTGTAACAAGTTC and 5'-
GTGCGGCCGCAGAACCTTATCTAGAAGCGTAGTCTGGGACGT
CGTATGGGTAGGCTTCCCATGGTGTGCGACTGTG). The PCR
product was cloned via pCR4.1 plasmid (Invitrogen) into
pcDNA3.1 expression vector using Nhel and Notl sites.

Cell culture and transfection

Mouse fibroblasts NIH3T3, human sarcoma U20S, and adenocar-
cinoma HelLa cells were cultured at 37°C in 5% CO, in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal calf
serum (Sigma) and penicillin/streptomycin (100 units/mL;
Invitrogen). Lipofectamine 3000 Reagent (Invitrogen) was used
for cell transfection using manufacturer’s instructions.

Immunoblotting

Whole-cell extracts 48 h post-transfection were prepared by lysing
cells in cold RIPA buffer with protease inhibitors (Protease
Inhibitor Cocktail; Calbiochem). After centrifugation (16,000g,
15 min, 4°C), supernatants were collected and protein concentra-
tion was measured using Bio-Rad Protein Assay kit. Equal amounts
of total protein were resolved in a 7.5% polyacrylamide gel and
transferred to PVDF membrane (Millipore). Primary anti-HA
(Roche) and secondary HPR-conjugated anti-rat antibodies and
SuperSignal WestFemto Chemiluminescent reagents (Pierce)
were used for immunodetection.

Next-generation sequencing

Total RNA was extracted from 25 oocytes using PicoPure RNA
Isolation Kit with on-column genomic DNA digestion according
to the manufacturer’s instruction (Thermo Fisher Scientific).
Each sample was spiked in with 0.2 pg synthesized Renilla lucifer-
ase mRNA before extraction as a normalization control. RNA-seq
libraries were constructed using the Ovation RNA-seq system V2
(NuGEN) followed by Ovation Ultralow Library system (DR
Multiplex System, NuGEN). RNA-seq libraries were pooled and se-
quenced by 125-bp paired-end reads using [llumina HiSeq.

Bioinformatics analyses

All bioinformatics analyses are described in detail in Supplemental
Methods. Relevant R scripts are provided in the file archive
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Supplemental_File_S1.rar. We used mouse genome reference ver-
sion mm10/NCBI38. Data for analysis of LTR insertions were ob-
tained from RepeatMasker Viz. mm10 track in the UCSC
Genome Browser (http://genome.ucsc.edu/) (Kent et al. 2002).
NGS data were mapped and analyzed as described earlier (Abe
et al. 2015; Karlic et al. 2017).

For the nucleotide substitution rate analysis, 200 randomly
selected sequences were aligned for each LTR group, and a distance
matrix of substitution rates (defined as a fraction of mismatches
with indels omitted) was extracted from the multiple alignment
and subjected to hierarchical clustering by mean distance. The dis-
tribution of the normalized shortest distances (i.e., normalized
substitution rates between closest neighbors) within each LTR
group were represented in the final box plot (Fig. 1C).

The MT LTR phylogenetic tree (Fig. 3C) was built from 5000
randomly selected LTRs and 773 5 exon LTRs aligned using
Clustal Omega (version 1.2.3, default parameters) (Sievers et al.
2011) and FastTree (version 2.1.9, parameters: -gamma -nt -gtr).

For the annotation of retrotransposon co-option, we collect-
ed transcript annotations from the UCSC mm10 database and
combined them with IncRNA transcript models generated from
oocyte and early embryo NGS data (Supplemental Table S3). LTR
sequence co-option was classified into four categories according
to the LTR sequence (entire sequences for non-LTR retrotranspo-
sons) overlap with annotated exons:

I. 5’ Exon contribution (retrotransposon-derived promoter, TSS,

and/or SD)

II. Internal exon contribution (retrotransposon-derived SD and/
or SA),

III. 3' Exon contribution (retrotransposon-derived SA and/or
poly(A))

IV. Transcript tagging, in which a transcript contains a retrotrans-
poson sequence that does not contribute to mRNA formation.

For categories I-11I, a full contribution designates that the ret-
rotransposon overlaps both exon borders; a partial contribution,
one of the two. Classification criteria included NGS support by
10 or more mapped reads from the overlapping exon in at least
one of the NGS samples. For classes I-111, at least two spliced reads
in at least two samples were required to support splicing.

For the analyses of cumulative RNA expression, we used 100
most-expressed MuERV-L elements and estimated FPKM values
150 kb upstream and downstream. To reduce the transcriptional
signal from other promoters while retaining the signal down-
stream from inserts, we masked regions with FPKM >1. Because
our NGS experiments were performed on total RNA (Abe et al.
2015), this cutoff is an equivalent of FPKM ~4-5 of rRNA-depleted
samples. One-base resolution coverage for flanking regions was
summed up and binned into 10-kb bins; combined FPKM values
were calculated for each bin.

Data access

The sequencing data from this study have been submitted to the
NCBI Gene Expression Omnibus (GEO; http:/www.ncbi.nlm.
nih.gov/geo/) under accession number GSE86470.
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