Cell

An atlas of transcription initiation reveals regulatory
principles of gene and transposable element
expression in early mammalian development
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option of evolutionary old elements for
genome regulation.

¢? CellPress


mailto:torres-padilla@helmholtz-muenchen.de
https://doi.org/10.1016/j.cell.2024.12.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2024.12.013&domain=pdf

Cell

¢? CellPress

OPEN ACCESS

An atlas of transcription initiation reveals
regulatory principles of gene and transposable
element expression in early mammalian development

Marlies E. Oomen,’-° Diego Rodriguez-Terrones,'-° Mayuko Kurome,? Valeri Zakhartchenko,? Lorenza Mottes,’
Kilian Simmet,? Camille Noll," Tsunetoshi Nakatani,” Carlos Michel Mourra-Diaz," Irene Aksoy,* Pierre Savatier,>*
Jonathan Goke,5-¢ Eckhard Wolf,2 Henrik Kaessmann,” and Maria-Elena Torres-Padilla’-2-10-*

TInstitute of Epigenetics and Stem Cells, Helmholtz Munich, Munich, Germany

2Genzentrum, Ludwig-Maximilians-Universitat, Munich, Germany

3Université Lyon 1, INSERM U1208, INRAE USC 1361, 69500 Bron, France

4Platform PrimaStem, INSERM U1208, INRAE USC 1361, 69500 Bron, France

5Genome Institute of Singapore, Agency for Science, Technology and Research, Singapore, Singapore

SDepartment of Statistics and Data Science, National University of Singapore, Singapore, Singapore

7Center for Molecular Biology of Heidelberg University (ZMBH), DKFZ-ZMBH Alliance, Heidelberg, Germany

8Faculty of Biology, Ludwig-Maximilians Universitat, Munich, Germany

9These authors contributed equally

10l ead contact

*Correspondence: torres-padilla@helmholtz-muenchen.de

https://doi.org/10.1016/j.cell.2024.12.013

SUMMARY

Transcriptional activation of the embryonic genome (EGA) is a major developmental landmark enabling the
embryo to become independent from maternal control. The magnitude and control of transcriptional reprog-
ramming during this event across mammals remains poorly understood. Here, we developed Smart-seq+5’
for high sensitivity, full-length transcript coverage and simultaneous capture of 5’ transcript information from
single cells and single embryos. Using Smart-seq+5’, we profiled 34 developmental stages in 5 mammalian
species and provide an extensive characterization of the transcriptional repertoire of early development
before, during, and after EGA. We demonstrate widespread transposable element (TE)-driven transcription
across species, including, remarkably, of DNA transposons. We identify 19,657 TE-driven genic transcripts,
suggesting extensive TE co-option in early development over evolutionary timescales. TEs display similar
expression dynamics across species and species-specific patterns, suggesting shared and divergent regu-
lation. Our work provides a powerful resource for understanding transcriptional regulation of mammalian

development.

INTRODUCTION

A hallmark of preimplantation development is embryonic gen-
ome activation (EGA), during which the embryo transitions
from inherited maternal transcripts to genes transcribed from
its own genome.’** EGA coincides with extensive reprogram-
ming of both parental chromatins,® as histone modifications
are reestablished®” and transcription factors (TFs) regain bin-
ding.® However, how the exquisite control of transcriptional
regulation of thousands of genes at this precise time is achieved,
is unknown.

Around half of the mouse and human genome is composed of
transposable elements (TEs) and their remnants,” since many
TEs have become fragmented over evolutionary timescales.
TEs have been shown to be part of the embryonic transcriptome
at EGA in some species.”'" Similar to genes, TE sequences
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contain cis-regulatory elements that enable recruitment of TFs
and chromatin remodelers, which in turn regulate and initiate
transcriptional activity.'>'® Intriguingly, it has been shown for
few individual TEs that transcriptional activation is not merely a
side effect of heterochromatin remodeling after fertilization but
that TEs play a role in early development.'*'® These include
the mouse ERVL (mERVL) LTR MT2_Mm,®'5'” which shows
similar expression pattern and regulatory sequences as human
ERVL (hERVL),>'® and LINE L1,"" which regulate global chro-
matin accessibility in early mouse embryos.'® However, a
comprehensive study on the role and dynamics of TE expression
across mammals enabling evolutionary investigations is lacking.

A significant obstacle in our understanding of TE transcription
is the technical challenge to robustly differentiate transcription
initiated within the TE as opposed to transcriptional initiation at
neighboring genes. This has been particularly limiting in low-input
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RNA sequencing (RNA-seq) techniques that do not provide infor-
mation on transcription initiation.'® To circumvent this, we devel-
oped a method based on Smart-seq2,°%*' Smart-seg+5', which
allows robust profiling of 5’ ends of transcripts as well as of inter-
nal fragments. Smart-seg+5’ builds upon Smart-seq2 sensitivity
and incorporates an alternative tagmentation strategy for the
identification of transcription start sites (TSSs). Using this
method, we undertook an evolutionary approach to profile and
systematically characterize EGA in five mammalian species:
mouse, rhesus, rabbit, cow, and pig. We report on their transcrip-
tional genes and TE repertoire, which indicates evolutionary
conserved patterns of expression and transcriptional regulation
of TEs in mammalian preimplantation development. Our work
constitutes an outstanding resource for the systematic investiga-
tion of the principles underlying transcriptional regulation at large
during early mammalian development.

RESULTS

SMART-seq+5’ allows capture of 5’ end transcript
information and reliable TE quantification

A challenge when studying TE expression and their regulation is
to distinguish transcription events initiated from TE sequences
themselves as opposed to read-through transcription driven by
neighbouring host genes.'®?> Mapping TSSs—and hence pro-
moters—using approaches like cap analysis of gene expression
(CAGE) based on capture of capped RNAs, indicative of tran-
script start,>® can overcome this problem. Here, we devised a
technique to quantify TE expression from single embryos,
Smart-seg+5’, which allows for the detection and quantification
of transcripts originating from TEs based on TSS information, as
well as transcript body coverage. By revealing the 5’ end of tran-
scripts, Smart-seg+5’ also provides information on TSS usage of
single-copy genes. Briefly, we modified the Smart-seqg2 proto-
col, which generates full-length transcript coverage based on
polyA selection and template switching,”**' by incorporating
molecular crowding® for improved reverse transcription effi-
ciency and modified the tagmentation-based library preparation
to enable identification of the 5’ transcript end (Figure 1A). To
capture and differentiate 5’ fragments and internal fragments,
we employed sequencing adaptors complementary to the
Smart-seq2 adaptors to enable sequencing of the terminal
ends in addition to the internal fragments generated during the
standard tagmentation reaction (Figure 1A). We refer to this
method as Smart-seq+5’ (see also STAR Methods). We vali-
dated the accuracy of Smart-seq+5’ for 5 end mapping and
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therefore TSS identification.?® First, we mapped internal and 5’
reads onto ERCCs. This confirmed that the first base pair (bp)
of the 5’ reads corresponds to the synthetically defined 5’ coor-
dinate of each ERCC molecule, contrary to the internal reads
(Figures S1A and S1B). Second, we verified that Smart-seq+5’
recovers known TSSs by aligning 5' reads over all annotated
TSSs in refTSS (n = 97,682) (Figures S1C-S1E), compared to in-
ternal fragments, which span along the gene body (Figure S1C).
Third, we generated Smart-seq+5’ of mouse embryonic stem
cells (ESCs) and compared it with published CAGE data.?® Map-
ping 5 reads obtained using Smart-seg+5’ indicates a high
concordance with TSSs captured using CAGE (Figure S1F).
Fourth, we asked if Smart-seq+5’ captures well-studied mouse
TEs and find indeed that 5' reads map effectively to known
TSSs of young LTRs (MT2_Mm), LINEs (L1 Mur2), and SINEs
(B1 Mus1) (Figure S1G). Lastly, and importantly, Smart-seq+5’
produces results as robust as Smart-seq2, as validated against
a published dataset®® (Figure S1H). Thus, our protocol retains
the high sensitivity, full-length transcript coverage and
throughput of Smart-seq2 but also allows for simultaneous iden-
tification of TSSs, and hence promoters, which otherwise re-
quires the use of additional techniques such as CAGE.?**"?8

Genes and TEs are expressed in a stage-specific
manner throughout mammalian preimplantation
development

We applied Smart-seg+5’ to 332 single preimplantation em-
bryos from five eutherian species: mouse (Mus musculus), pig
(Sus scrofa), cow (Bos taurus), rabbit (Oryctolagus cuniculus),
and rhesus macaque (Macaca mulatta) (Figure 1B). These spe-
cies were chosen because (1) they cover a substantial evolu-
tionary time within the mammalian clade, (2) their genomes
are relatively well annotated, and (3) they are common model
systems for mammalian development. EGA occurs at different
stages in these species,”??°? and thus we collected embryos
to cover the window before, during, and after EGA. Smart-
seg+5’ libraries from 34 developmental stages were generated
and filtered for quality control (Table S1). For TE analyses, we
used the Dfam annotation since it is the best available annota-
tion and is used in large-scale projects such as zoonomia,**>*
thereby enabling direct comparisons between datasets.
Notably, the majority of the reads mapped uniquely across
the five species (Figure S1l; Table S1) and could be assigned
to either a gene or a TE (Figure S1J). A global inspection of
transcript abundance from genes vs. TEs revealed the pres-
ence of TE transcripts in all species and at all developmental

Figure 1. Developmental progression through mammalian EGA is demarcated by distinct TE expression

(A) Smart-seg+5’ overview.

(B) Single-embryo Smart-seq+5’ datasets. Number of embryos collected per stage passing QC is indicated.

(C—G) Fraction of 5’ fragments counted toward genes or TEs in mouse (C), pig (D), cow (E), rabbit (F), and rhesus (G) embryos.

(H-Q) PCA of single embryos by genes (H-L) and TEs (M-Q) in mouse (H and M), pig (I and N), cow (J and O), rabbit (K and P), and rhesus (L and Q) showing
separation of pre-EGA (short-dashed line) and post-EGA stages (long-dashed lines). Each dot represents a single embryo at indicated developmental stage by

color.

(R-V) PCA projections corresponding to (Q) in mouse (R), pig (S), cow (T), rabbit (U), and rhesus (V) showing the contribution of TE families to PC1 and PC2. Each

dot is colored to represent TE (sub)class.
In (B) and (C)—(G), EGA timing for each species is marked in yellow.
See also Figures S1 and S2.
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stages examined (Figures 1C-1G). Principal-component anal-
ysis (PCA) of Smart-seq+5’ genic reads resulted in a clear sep-
aration of pre- and post-EGA stages along the first principal
component (PC1) (Figures 1H-1L), as before.”® PCA using
exclusively TE reads also revealed separation of pre- and
post-EGA stages (Figures TM-1Q). In addition, the PCA loading
position of TEs suggests that LTRs contribute most dominantly
to PCA1, reflecting EGA timing (Figures 1R-1V). Thus, develop-
mental progression through EGA in mammals is demarcated
by expression of specific TEs.

Systematic investigation of EGA genes in five
mammalian species using Smart-seq+5’

A pre-requisite to our molecular understanding of EGA is the
identification of genes activated at EGA.>* While this has
been done for some mammalian species,** ¢ the protocols
used are disparate, preventing robust cross-species compari-
sons. Our systematic single-embryo Smart-seq+5’ datasets
provide an opportunity to deliver a resource to compare EGA
genes across mammalian species. To identify EGA genes, we
searched for genes differentially upregulated between zygotes
and the respective stage of EGA in each species, using DE-
seq.®? Additionally, we only selected genes differentially down-
regulated between EGA and 16-cell/morula stages at which
EGA has completed across all species (Table S2). By doing
this, the summed expression levels of all identified EGA genes
delineate the known temporal species-specific EGA profile
(Figure S1K). Gene Ontology (GO) of EGA genes®”*? revealed
shared terms across species, listed in Table S2. For example,
we find GO terms associated with gene expression. EGA genes
corresponding to these terms display similar expression pro-
files across species (Figure S1L). Notably, the number of genes
in the GO analysis is limited, in part due to different degrees of
annotation, and thus the relevance of GO remains to be
determined.

To explore potential conserved regulatory networks of EGA
across species, we performed a TF motif search on EGA genes
in all five species and analyzed their expression at EGA. We
identified 26 TFs with motifs at EGA genes in two or more spe-
cies, which included, for example, DUX and KLF proteins but
also general TFs such as TBP and SP1 (Figure S2A). Individual
TF motifs are rarely present at EGA genes in more than three
species, except for the KLF family, which have motifs in EGA
genes in all species excepting the rabbit, and the correspond-
ing KLF TFs are expressed at EGA (Figure S2A). This suggests
certain species specificity in the TF network regulating EGA.
Indeed, expression analysis of TFs with known EGA functions
in mouse revealed that while DUX orthologs show an EGA
expression pattern in all species, NR5A2 is more variable and
becomes activated post-EGA in all species excepting pig and
rabbit (Figures S2B and S2C). This aligns with work showing
that rodent-specific factors like OBOX contribute to mouse
EGA regulation, while primate-specific factors like TPRX
contribute to EGA in human embryos.***"

While our subsequent analyses focus on TEs, our datasets
provide a rich resource for the systematic investigation of genic
expression and regulatory factors at large during early mamma-
lian development.
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TE subclasses show both species-specific and shared
patterns of developmental expression

The importance of TEs in shaping developmental programs
prompted us to perform an in-depth TE transcriptomic analysis.
We first examined the ability of Smart-seq+5’ to capture TEs,
compared with Smart-seq2, and whether this is sensitive to
poly-adenylation by performing Smart-seg2 with and without
an in vitro poly-adenylation step using mouse 2-cell embryos.
In general, Smart-seq+5’ detects TEs more efficiently than
Smart-seq2 (Figure S2D), and a poly-adenylation step does
not increase TE detection, with a few notable exceptions, includ-
ing ERVL-MaLR and SINE B1/Alu but not LINE elements or other
LTRs and SINEs (Figures S2E-S2H). This is in line with work indi-
cating that some SINE B1s are not poly-adenylated.**** We also
asked whether the 5’ reads in Smart-seg+5’ detect known TSSs
from retrotransposons. As expected, 5 reads detect LTR se-
quences but not internal, coding ERVL sequences (Figure S2I).
Interestingly, we find 5’ reads mapping to all LINE L1 structural
elements, including 5’ end, ORF2, and 3 end, suggesting that
LINE L1 can initiate transcription from their internal elements
(Figure S2J). Because many LINE L1 are ancient, fragmented el-
ements, this suggests that LINE L1 fragments have retained and/
or acquired the ability to be transcribed, despite having lost their
structural integrity. We addressed this by comparing the young
Mus-specific LIMdTf_| with the older, eutherian L1M5_orf2,
which has become severely fragmented over evolutionary time
in mouse (Figure S2K). We find that L1M5_orf2 fragments are ex-
pressed throughout mouse preimplantation development at
levels comparable to those of LIMdTf_I, albeit with differences
in their insertion frequency (Figure S4H). Finally, we examined
the well-known SINE B1_Mus1, which was more efficiently de-
tected by Smart-seq+5’ than Smart-seq2 (Figure S2L), likely
due to increased efficiency of Smart-seq+5’ to capture shorter
transcripts.

Having assessed the performance of Smart-seq+5’ to capture
TEs, we analyzed their developmental and evolutionary expres-
sion patterns. We first focused on retrotransposons, which
exhibit the highest regulatory potential described so far,'?#44°
Specifically, we focused on the LINE, LTR, and SINE subclasses,
present in high copy numbers in the genomes of all five species
(Figure 2A). The absolute and relative copy numbers of TEs differ
across species, with rhesus containing ~2 million insertions of
SINEs and pig only about 750,000 copies, for example (Fig-
ure 2A), while the genome length of all these species is compa-
rable (2.5-2.85 Mbp). Notably, the mouse possesses the highest
absolute number of LTRs (~1.1 million), suggesting a more effi-
cient LTR expansion strategy in this species (Figure 2A). Most
TEs are located distally to genes (>5 kb), except for SINEs in
the mouse and rhesus, where SINEs reside mostly inside genes
or are equally enriched inside and distal to genes, respectively
(Figure S3A). Despite their different copy numbers across spe-
cies (Figure 2A), in general, LTRs show an expression increase
at EGA, followed by a stark decrease after EGA in all species,
except in bovine embryos in which maternal levels of LTR tran-
scripts are globally similar to EGA levels (Figure S3B). In contrast,
we observe more species-specific expression patterns for LINEs
and SINEs, both in their temporal dynamics and abundance (Fig-
ure S3B). Importantly, insertion number alone does not explain
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different expression dynamics between species (Figure 2A). To
determine whether species-specific expression patterns and,
in general, TE expression are linked to their evolutionary age,
we categorized TEs as amniota (~319 mya), mammalia (~180
mya), eutheria (~99 mya), superorder (~87-94 mya), or order
and species specific (less than ~70 mya) (Figure S3C). Analysis
of the number of TE insertions according to their evolutionary
origin revealed, for example, that mouse contains primarily
younger, order- and species-specific elements (Figure 2B).
SINEs are also mostly order and species specific in the bovine
genome and, albeit to a lesser extent, in the rhesus genome (Fig-
ure 2B). In contrast, most LINEs tend to be mammalian and
eutherian specific in the porcine, bovine, and rabbit genomes,
suggestive of a less successful colonization in these species
(Figure 2B). Examining the expression of these TE groups re-
vealed species-specific patterns according to their age. Namely,
rabbit embryos express primarily TEs conserved in eutheria
rather than order-specific TEs (Figures 2C-2G). Additionally,
expression patterns of order-specific TEs differ between spe-
cies. LTRs and SINEs expressed in mouse embryos are largely
species specific, whereas all SINEs transcripts in porcine em-
bryos derive from species-specific SINEs (Figures 2C-2G).
Thus, TE expression in early development is not exclusively
restricted to young TEs. Additionally, while some species tend
to express more young, species-specific TEs, others tend to ex-
press mostly TEs conserved throughout eutherians.

Because TE subclasses are highly sequence and evolutionary
divergent,”** we further studied the main superfamilies of each
subclass. For LTR elements, ERVL-MalLR sequences were the
most highly expressed in all species at almost all developmental
stages, showing highly similar expression patterns relative to
EGA across all species studied (Figure S3D). This contrasts to
non-MaLR ERVL, ERV1, and ERV2 (also called ERVK) superfam-
ilies, which show strong species-specific dynamics. For
example, bovine embryos upregulate ERV1/2 after EGA,
whereas in rabbit embryos ERV1/2 and ERVL transcripts are
practically undetectable (Figure S3D). Interestingly, despite their
proposed different evolutionary origin,** expression dynamics of
LINE L1 are shared across all species, showing a consistent in-
crease during and after EGA (Figure S3E). This suggests a de-
gree of conservation in the transcriptional regulation of LINEs
across species. Lastly, SINEs show the most striking species-
specific patterns (Figure S3F). For example, the majority of
SINEs detected in mouse embryos derive from tRNA sequences,
whereas rhesus embryos express predominantly Alu elements
(Figure S3F).

Because our observations rely on the analysis of transcription
initiation at TE sequences and their expression abundance does
not simply correspond to genomic abundance (Figure 2A), we
conclude that there is both shared and species-specific TE
expression at different stages of development. Thus, robust
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transcriptional activation of TEs during preimplantation develop-
ment is a shared feature among mammals.

Retrotransposons with dynamic EGA expression share
conserved transcriptional profiles

Next, we searched for TEs with potential regulatory roles
throughout EGA. We used two criteria based on the assumption
that such TEs should be highly expressed at EGA, compared
with other stages. We extracted TEs that (1) undergo a stage-
specific increase at EGA, similarly to the LTR of mERVL,
MT2_Mm,% %46 and/or (2) display a strong decrease in expres-
sion at or after EGA. We show examples of the analysis pipeline
of LTRs in pig (Figures 3A-3C) and of LINEs and SINEs in rabbit
and mouse, respectively (Figure S4). We first computed TE
expression level as Z score values (Figures 3A, S4A, and S4E).
Second, we used k-means clustering to categorize TEs by their
expression profiles. This allowed us to identify specific patterns
based on the criteria above (Figures 3B, S4B, and S4F). Lastly,
we analyzed read counts of all individual TEs within these clus-
ters to select for robust expression of the profile of interest
(Figures 3C, S4C, S4D, S4G, and S4H). For example, within clus-
ter 2 for pig LTRs, we identified several ERVL-MaLRs expressed
during EGA undergoing a sharp downregulation after EGA (Fig-
ure 3C). Performing this analysis across species revealed 13 mu-
rine, 10 porcine, 15 bovine, 9 rabbit, and 11 rhesus TEs, which
display a specific and robust EGA expression pattern represent-
ing all retrotransposon subclasses (Table S3). Many of these
EGA TEs are ancient, highly conserved, and present throughout
eutherians, except for the identified SINEs, which are either
present throughout mammals (MIRs) or are conserved only at
the order level (tRNAs) (Table S3). MT2_Mm was among those
TEs in mouse embryos, as expected,® validating our analysis
(Table S3). Additionally, while the developmental stages are
not fully concordant with published human datasets, MLT2A1,
which is expressed at EGA in rhesus (Table S3), is also ex-
pressed in day 3 human embryos.*”*® Thus, a defined set of
TEs shares expression dynamics at EGA during mammalian pre-
implantation development.

We next focused specifically on TEs with shared expression
dynamics. Eleven TEs with an EGA profile are shared by two or
more species (Figure 3D). Most notable was the LTR MTL1AOQ,
an ERVL-MaLR, which we identified through our analysis in all
species excepting the mouse. Indeed, MLT1AQ is robustly ex-
pressed at around 1,000 rpm (reads per million) value or more
across all identified species and with similar temporal pattern,
increasing its expression at EGA relative to the zygote, followed
by a sharp downregulation after EGA (Figures 3E-3I). Addition-
ally, oocytes from several species contain MLT1AQ transcripts,
suggesting maternal inheritance (Figures 3E-3l). MLT1AQO did
not appear as an EGA-related TE in mouse in our analysis
because its expression is substantially lower compared with

Figure 2. Retrotransposon classes, their presence, and expression patterns relative to their evolutionary age

(A) Number of genomic insertions per retrotransposon (sub)class.
(B) Number of genomic insertions per evolutionary age group.

(C-G) Expression of retrotransposons according to the evolutionary age of TE families per Dfam annotation. Bubble size reflects mean expression levels at a given

stage. Timing of EGA is highlighted in yellow.
See also Figure S3.
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other species (Figure 3E). However, MLT1AQ displays a similar
pattern during mouse preimplantation development, albeit with
a less pronounced increase at EGA (Figures 3F-3l). Likewise,
TEs that passed the above selection criteria in at least two of
the five species show highly similar expression patterns relative
to EGA timing in all species (Figure 3J). Additionally, among
LTRs, our analysis identified primarily ERVL-MaLR LTRs display-
ing an EGA profile (Figure 3D; Table S3). Overall, our data reveal
the full repertoire of TE transcription across preimplantation
development and identify MLT1AO as a TE with shared expres-
sion dynamics at EGA.

Retrotransposons employ characteristic types of TSS
during early development

Several types of promoter architecture exist in metazoans,
which are linked to transcription initiation regulation and to
groups of genes with specific functions.”® Sharp promoters
are characterized by a single well-defined TSS, whereas broad
promoters, in which transcription initiates at multiple positions,
use several TSSs.*® Typically, sharp promoters occur at
cell-type-specific genes of terminally differentiated cells,
whereas broad promoters are more common in house-keeping
genes across cell types and, in mammals, of developmental
regulators.

We reasoned that an analysis of TSS usage could shed light on
the regulation of transcriptional initiation of retrotransposons at
EGA. Thus, we next asked whether TEs display specific promo-
ter architecture in early mammalian embryos. The 5’ fragments in
Smart-seq+5’ provide strand-specific, single-base-pair resolu-
tion to map TSSs, similarly to CAGE.?® We investigated whether
we could position the TSS within a TE. As a proof of principle, we
first focused on MT2_Mm insertions in the mouse genome and
aggregated the 5’ signal, which indicated a sharp positioning
of one predominant TSS across all stages, with the strongest
signal at the 2-cell stage (Figure 4A). Visualization of the 5’ signal
as a heatmap, where each row is an individual MT2_Mm inser-
tion, indicates that the vast majority of insertions are expressed
and utilize the same TSS position (Figure 4B). We also asked
whether MT2_Mm produces antisense transcripts but found pre-
dominantly sense transcripts (Figure 4C).

Next, we set out to compare TEs across species by categoriz-
ing EGA profiles, TSS profiles, and sense or antisense transcrip-
tion specifically for retrotransposons that displayed EGA profile
(Table S4). First, we distinguished four expression patterns, (1)
upregulation specifically at EGA, (2) upregulation at EGA fol-
lowed by a plateau in expression, (3) upregulation after EGA,
and (4) downregulation at EGA (examples of each pattern are

27,28
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shown in Figures S41-S4L). Overall, we found that several
LTRs upregulated specifically at EGA. Downregulation of
selected LTRs after EGA is a common feature of all the mamma-
lian species studied, regardless of their expression pattern prior
to EGA (Figure 4D), fitting with the overall trend observed for
LTRs (Figure S3D). Conversely, LINEs display distinct expres-
sion behaviors, indicating dynamic regulation during early devel-
opment in all species (Figure 4D). In general, SINEs with an EGA
pattern tend to have more extended expression periods that
typically plateau until later stages (Figure 4D), in line with work
in the mouse blastocyst.”® Second, we characterized six
different TSS patterns: (1) a sharp sense-only TSS (Figure S4M),
(2) one predominant sense TSS peak with a flanking antisense
TSS (Figure S4N), (3) one predominant sense TSS with a weaker
flanking antisense TSS (Figure S40), (4) a sense TSS at the 5
start of the TE sequence (Figure S4P), (5) a sense TSS at the 3’
end of the TE and antisense TSS at the 5’ start of the TE (Fig-
ure S4Q), and (6) a depletion of signal inside the TE (Figure S4R).
The latter is primarily due to transcription initiation immediately
downstream, within 500 nt, of the SINE element, for example,
MIRb in the cow (Figure S4R). Remarkably, this analysis revealed
very uniform TSS patterns for LTRs, LINEs, and SINEs (Figure 4D;
Table S4). LTRs often rely on a single, sharp sense-only TSS (Fig-
ure 4E). Conversely, LINEs typically exhibit a sense TSS at the 3’
end and show antisense transcription from a TSS at the 5’ of
ORF2 (Figure 4F), a feature previously described for a few indi-
vidual full-length human L1 elements.®’® SINE elements
display transcriptional initiation characterized by a sharp TSS
in the sense orientation at the 5’ start of the TE signal across spe-
cies (Figure 4G). Globally, we detect antisense transcription from
within all LINEs but rarely at SINEs or LTRs. Also, some LTRs and
SINEs with EGA profile are expressed at higher levels than LINEs
(Figures 4E-4G), reflecting potentially higher promoter strength.
These analyses of expression and TSS usage suggest a
conserved mechanism of transcriptional regulation that is
inherent to the TE and its subclass but not to the host or insertion
frequency.

DNA transposons are transcriptionally active

throughout mammalian preimplantation development
DNA transposons remain largely underinvestigated in mammals,
mainly because they are considered predominantly extinct in
terms of transposition potential in mammalian genomes.**
Indeed, the last detected wave of DNA transposon amplification
occurred over 40 mya, except in some bat species.”"**> However,
remnants of DNA transposons remain abundant,” with between
200 and 600 thousand copies in the species we analyzed

Figure 3. Analysis of TE families identifies shared TEs with EGA expression profile during early mammalian development

(A) Example of TE analysis pipeline using LTRs. Hierarchical clustering based on expression of individual LTR families per row in pig by Z score.
(B) k-means clustering (k = 6) of LTR family expression from (A) by Z score. Number of LTR families per cluster is indicated.

(C) Expression values from all embryos as mean rpm of individual TEs within cluster 2 from (B). Subclasses are indicated with color code.

(

D) List of TEs with an EGA profile in two or more species analyzed.

(E-I) Expression levels of MLT1AQ. Each dot represents sum rpm of all insertions per embryo. Shading indicates SD; number of MLT1AO insertions per species is

indicated.

(J) Heatmaps of expression profiles by Z score of 11 TEs from (D). SINE elements AmmLer-1.137 and GirTip-1.94 are only present in pig and cow. For mouse, late
2-cell stage is shown. Number of insertions (n) of TE in given species is indicated.

See also Figure S4.
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Figure 4. Analysis of TSS and expression patterns suggests a conserved mechanism of transcriptional regulation inherent to TE classes
(A) 5’ signal of mouse LTR MT2_Mm sequence across developmental stages in sense orientation indicating a sharp TSS within the LTR. Start and end refer to the

position of MT2_Mm.

(B) Heatmap of 5’ sense signal illustrating the TSS across individual MT2_Mm insertions in late 2-cell embryos. Number (n) of insertions shown is indicated.
(C) 5’ signal from sense (blue) and antisense (green) transcripts over MT2_Mm sequences at late 2-cell stage. Start and end refer to the position of MT2_Mm.
(D) Summary of EGA TEs showing expression pattern and TSS profile. Bubble size represents the number of insertions showing a given expression pattern or TSS

profile.

(E-G) Examples of conserved TSS patterns for LTRs, LINEs, and SINEs depicted as a heatmap of sense or antisense 5’ signal over the genomic insertions of each
TE. Only uniquely mapped reads were used. Lower mappability within the TE cannot be excluded. Number (n) of insertions shown are indicated.

See also Figure S4.

(Figure S5A). Remarkably, we observed transcription of DNA
transposons at all stages of development in all investigated spe-
cies (Figure S5B). Their combined transcriptional dynamics var-
ied across species, with a strong maternal contribution of DNA
transposon transcripts in pig, cow, rabbit, and rhesus but less
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in mouse (Figure S5B). We asked whether specific DNA transpo-
sons are transcribed at EGA. Hierarchical clustering of DNA
transposons indicated several types of expression patterns, for
example, as seen in cow embryos (Figure 5A). These include
not only maternally inherited DNA transposon transcripts but



Cell

™

A Cow - DNA transposons (zscore)
2

(=}
91008z

c Cluster 5 (rpm)

>
S

3
A %, ?
%y, % 5
3
B  kmeans cluster k=5 (zscore) 2
A
Cluster 1 1-_—|
Size: 46 -
A |
Cluster 3 Y, (130
Size: 48 OR —:%g
; fiogertes
|
I ?usters 1 §SH¥3
| ize: 68 Tigger17
I Tt
He
Cluster 2 UCON37
Size: 73 HCON99
N
e
Cluster 4 gég?é“ﬁﬁ
Size: 48 LBa BNA
s R & mi X6b_DNA
QU R R e Q.Y s,
o“% % % % Yy \OG//O/% o‘}?g"o,‘«9 \0&,, \051// \oe// \os//%%
D Class Superfamily Family Identified in
DNA hAT-Charlie MER5A o R ™ e ow
MERS5B - ™ » >
Charlie4z el o |
hAT-Tip100 FordPrefect - »
TcMar-Tigger MER2 o’ »
Tigger1 - b3
J .
MER5A MER5B Charlie4z FordPrefect
Mouse Mouse
n=7646 n=5157

Pi
n 2 27157

Cow.
n = 26206

Rabbit
n = 19069

Rhesus
n =32761

n
n < 20643

Cow.

n = 22449
Rabbit

n = 15253

Rhesus
n=27674

3500
3000
2500
20003
1500
1000
500

0

Crypton

DNA

hAT

hAT-Ac
hAT-Blackjack
hAT-Charlie
hAT-Tip100
Kolobok

Merlin
MULE-MuDR
PIF-Harbinger
TcMar
TcMar-Mariner
TcMar-Pogo
TcMar-Tet
TcMar-Tc2
TcMar-Tigger
Tigger

MER2

¢? CellPress

OPEN ACCESS

E MER5A

7,646 insertions

~or

F MER5A

G MERS5A

27,157 insertions R

QT2 %0 % 8 %

. %,
% S & Sy g, //’%

%

™

26,206 insertions

0[12.3% expressed

OS QVKL & 1
%205, e, .00 2
%g,%/@ %Sy \"s,/%

H MER5A

19,069 insertions

»

pm

r|

[V
e ok o\o%z
Y %o VY %

MER5A

32,761 insertions kp

ooo% é’\ov R 75,\
_/?,@ O’S @// G// 0// Os//

Tigger1

Mouse B
n=93 !

Pig
n=13359 0

8100S8-Z

Cow
n=12705

Rhesus
n=13041

Figure 5. DNA transposons are actively transcribed during early mammalian development and some show conserved EGA-specific

expression

(A) Example of TE analysis pipeline for DNA transposons. Hierarchical clustering based on family expression in cow by Z score. Each row corresponds to an

individual transposon.

(B) k-means clustering (k = 5) of DNA transposon family expression from (A) by Z score. Number per cluster is indicated.

(C) Expression values from all embryos as mean rpm values of individual TEs within cluster 5 in (B). Subclasses are indicated with color code.
(D) List of TEs with an EGA profile in two or more species analyzed.

(legend continued on next page)
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also transcripts displaying increasing levels at different stages of
preimplantation development (Figure 5A). k-means clustering
(Figure 5B) followed by the identification of clusters displaying
dynamic expression patterns throughout EGA and a robust
signal allowed for selecting specific DNA transposons within
such clusters (Figure 5C; see cluster 5). This led to the identifica-
tion of a handful of DNA transposon families with an EGA profile
for each species, listed in Table S3, several of which are sha-
red across species (Figure 5D). Most notably, MER5A is strongly
expressed in all five species with an EGA-specific pattern
(Figures 5E-5l). MER5A is a DNA transposon from the Charlie-
hAT superfamily found across the eutherian clade and therefore
>99 mya.**°® Only 9%-14% MER5A insertions are transcribed
(694 in mouse, 2,366 in rabbit, 3,797 in pig, 3,215 in cow,
3,111 in rhesus; Figures 5E-5I), perhaps due to their old evolu-
tionary age and loss of sequence integrity. While there is no
strong correlation between expression levels and sequence
fragmentation, the MER5A insertions that are expressed tend
to be less fragmented, most visibly in rhesus, bovine, and pig
(Figure S5C). Over 30% of transcriptionally active MER5A inser-
tions in mouse (33%), pig (35%), rabbit (36 %), and rhesus (47 %)
have an orthologous insertion in human, which is highly similar
to the total number of MER5A insertions that is syntenic with
human (33%, 33%, 34%, and 43%, respectively). TSS analysis
confirmed that MER5A initiates transcription from its own
sequence (Figures S5D-S5H). Additionally, and in contrast to
LTRs, MERS5A uses a broad promoter type, with several initiation
sites within the TE as well as directly downstream of the TE (Fig-
ure S5I1). We observed sense and antisense transcription, likely
because MER5A is a palindrome.®**> We next analyzed enrich-
ment of TF motifs across all MER5A insertions in the five species
to address whether a similar TF network is associated with
MERS5A across species. We identified motifs for 21 TFs in total,
among which ZNF692 contains a motif across at least ~31%
MERS5A insertions in all species (Figure S5J). Additionally, while
the TEAD2 motif is enriched in rabbit, pig, cow, and mouse
MERS5A, it is not present in rhesus, which instead has >59% of
MERSA insertions containing a TEAD4 TF motif. Thus, we find
conserved motifs as well as diverse TF motifs across MER5A
insertions.

We extended our expression analysis toward other DNA
transposons, which revealed several additional DNA transpo-
sons with an EGA profile in at least two species (Figure 5J).
Thus, DNA transposons share the regulatory burst of tran-
scriptional activation of retrotransposons during mamma-
lian EGA.

These findings are particularly important because DNA trans-
posons are much more ancestral sequences.®® Despite their
assumed loss of transposition potential, our data indicate that
DNA transposons are transcriptionally active and show that spe-
cific DNA transposons become activated in early development
with expression patterns shared across species.

Cell

MLT1AO shows evolutionary conservation and can drive
gene expression across species

To further understand the potential roles of TEs at mammalian
EGA, we focused on the ERVL-MaLR LTR MLT1AOQ as it displays
conserved EGA expression dynamics. To study the conservation
of MLT1A0, we first generated species-specific consensus
MLT1AO sequences®®°? including seven additional mammalian
species, using all predominant full-length MLT1AQ insertions in a
given genome (Figure S6A). It is notably full-length MLT1AQ that
contributes most to its EGA profile (Figure S6B). To reveal the
evolutionary relationship of MLT1AO sequences, we performed
a phylogenetic analysis of consensus sequences of 12 mamma-
lian species and the MLT1AOQ consensus curated by Dfam.** As
expected, the Dfam consensus clusters most distantly (Fig-
ure 6A). The phylogenetic MLT1AOQ tree follows a highly similar
structure to the general genome diversification of species and
orders.*° Specifically, MLT1AOQ of primates (gorilla, rhesus, chim-
panzee, and human) clusters together, the glires (rabbit, mouse,
and rat) form a second cluster, and a third cluster forms with
artiodactyls (goat, alpaca, pig, cow, and sheep) (Figure GA).
Additionally, MLT1AO consensus displays very high sequence
identity with the Dfam consensus (between 92% and 96% iden-
tity) (Figure 6B).

MLT1AOQ LTR possesses a strong sense-only TSS in pig, cow,
rabbit, and rhesus embryos, but not in mouse embryos, at the
time of EGA when MLT1AOQ expression in mice is low (Fig-
ure S6C). To investigate whether MLT1AQ regulation is
conserved, we first sought to identify its transcriptional regula-
tors. We performed a TF motif search and identified known mo-
tifs within the MLT1AO consensus (Figure 6B). These TF motifs
were also found when performing a de novo motif search on in-
dividual full-length MLT1AQ insertions (Figure 6C). Several TFs
with binding motifs in MLT1AQ are conserved and include
OTX2 and ZKSCANS5, which are expressed throughout preim-
plantation development (Figures S6D and S6E), further support-
ing that these TFs could be involved in the transcriptional regu-
lation of MLT1AQ. Interestingly, OTX2 has been suggested as
regulator of human EGA,*' and we find MLT1AOQ is also ex-
pressed in early human embryos from publicly available data.*”

Second, we assessed whether MLT1AQ possesses intrinsic
transcriptional potential across species. We tested whether
MLT1AO can drive expression of a flanking gene in a heterolo-
gous reporter, for which we cloned MLT1A0 LTR from eight
different species of rodents, lagomorphs, primates, and artio-
dactyls upstream of the coding region for red fluorescent protein
Ruby (Figures 6D and S6F). Remarkably, we find all can drive re-
porter expression when transfected into mouse or rabbit ESCs,
compared with the control plasmid lacking a promoter (Fig-
ure S6F). Interestingly, the transactivation capacity of MLT1AO,
as measured based on expression levels of the reporter, follows
the tree structure of the phylogeny analysis. Thus, we conclude
that MLT1AO possesses transcriptional activity across species.

(E-1) Expression levels of MER5A. Each dot represents sum rpm of all insertions in each species, per embryo. Shading represents SD; number of MER5A in-
sertions for each species and percentage expressed (>1 rpm in at least two replicates) are indicated.

(J) Heatmaps of expression profiles by Z score of the six DNA transposons with EGA profile in (D). For MER2 and Tigger1, only data for the species in which they
are annotated are shown. For mouse, late 2-cell stage is shown. The number of insertions (n) per species is indicated.

See also Figure S5.
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Lastly, to directly probe regulation of MLT1AOQ by specific TFs,
we performed deletions of the TF motifs we identified above. We
used the mouse and the rabbit MLT1AO0 sequences on which we
performed individual deletions of predicted DUX, ZBTB26, and
ZKSCANS motifs, as these were present in most species. We
performed reporter assays with either wild type or MLT1AO con-
taining deletions in mouse and rabbit ESCs. The MLT1AO re-
porter activity was reduced upon deletion of ZBTB26 or
ZKSCANS5 motifs but not that of DUX (Figure 6E). Examining
the expression of MLT1AQ insertions based on whether they
possess DUX, ZBTB26, or ZKSCANS5 motifs indicated that those
insertions containing the DUX motif are expressed at lower levels
than those containing the ZBTB26 and ZKSCAN5 motifs (Fig-
ure 6F), in line with the expression abundance of these TFs in
ESCs (Figure 6G). Thus, we conclude that ZBTB26 and
ZKSCANS contribute mostly to MLT1AO transcriptional activity
in stem cells.

Systematic identification of chimeric transcripts reveals
widespread influence of TEs initiating genic
transcription in mammalian embryos

Our observations above indicate that TEs occupy a vast place in
the embryonic transcriptome. To investigate whether TEs have
potential regulatory functions, we asked whether TEs can initiate
genic transcription. To address this and taking advantage of our
ability to capture TSSs, we set out to identify chimeric transcripts
initiating at a TE (Figure 7A). We employed ChimeraTE,®® which
uses directionality information to distinguish chimeric reads
that use TE sequences to initiate or terminate a chimeric tran-
script as well as exonized TE transcripts. Applying ChimeraTE
to all developmental stages and species, we identified a total
of 19,657 unique chimeric transcripts initiated at a TE (Figure 7B;
Table S5). All retrotransposon subclasses and DNA transposons
can initiate chimeric transcripts in embryos (Figure 7B), albeit at
different proportions between stages and species (Figures 7B
and 7C). Some species have a preference for using certain retro-
transposons as transcript-initiating TEs, reflecting in part their
higher genomic content in the respective species (Figure 2A).
For example, LTRs are the dominant TE-initiating transcripts in
mouse embryos (59%, 3,614 out of 6,112), but LINEs are most
common in rabbit (40%, 646 out of 1,612), and SINEs in rhesus
(42%, 3,910 out of 9,121). Despite their typically evolutionary
younger origin, SINEs form chimeric transcripts in all species:
1,863 transcripts in mouse, 356 in rabbit, 112 in bovine, 3,910
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in rhesus, and 495 in pig embryos (Figure 7C). We find that there
are specific stages at which chimeric reads are more abundant:
TE-initiated chimeric transcripts are most prevalent in oocytes
followed by the EGA stage (Figure 7C). This pattern is conserved
in all analyzed species.

We also investigated whether TEs have a different ability to
regulate neighboring genes in different species by performing a
distance analysis between the TE-initiating transcription and
the start position of the host gene in the chimeric transcript.
The vast majority of TE-gene interactions occur at <50 kb (Fig-
ure S7A). SINEs initiate host transcripts at the shortest distances
(mostly within 5 kb) in all species, except for cow (Figure S7B).
Inversely, LTRs typically initiate transcription of host genes
over larger genomic distances, which is a conserved feature
(Figure S7B). Importantly, the relative representation of LTRs
(Figure S7C), LINEs (Figure S7D), and SINEs (Figure S7E), which
initiate chimeric transcripts as alternative promoters, does not
necessarily reflect their expression levels (compare Figures
S7C-S7E with Figures S3D-S3F).

Finally, we asked whether MER5A and MLT1AO can initiate
expression of host genes. We find that MER5A can act as alter-
native promoter for host genes in all species, amounting to 210
genes in all 5 species and stages, including protein-coding and
noncoding transcripts (Table S5). Likewise, MLT1A0 forms
chimeric transcripts in all 5 species (93 in total), indicating that
MLT1AO can regulate transcription of host genes in embryos.
Among those, C1D, a nuclear co-repressor is among the highest
expressed TE-gene chimera in porcine, bovine, and mouse em-
bryos (Table S5). While MLT1AO initiates C1D transcription in
porcine and bovine embryos, it is MT2C, a ~30-mya-old LTR
ancestor to MT2_Mm, that initiates C1D transcription at EGA in
mouse (Figures 7D-7F). Visualization of TSS usage®'*®? indicates
that the TE TSS is most used at EGA, regardless of whether
MLT1AO or MT2C_Mm are used as alternative promoter (Figures
7D-T7F). However, across all chimeric transcripts, we did not find
shared ortholog genes that use the same TE as alternative TSS in
all five mammalian species (Table S5). We further probed directly
whether MLT1AO can drive transcription in embryos during EGA
by performing microinjections of the MLT1AOQ reporters into
mouse and bovine embryos (Figure 7G). MLT1AQ drives reporter
transcription in bovine embryos shortly before major EGA, at the
eight-cell stage (Figure 7H). In addition, while the Mus-specific
MERVL MT2_Mm drives transcription of the Ruby reporter
in mouse embryos at the 2-cell stage, MLT1AO does not

Figure 6. MLT1A0 shows conserved sequence, expression features, and intrinsic transcriptional activity
(A) Maximum likelihood phylogenetic tree of MLT1AO LTR consensus sequences in 12 species and Dfam consensus. Numbers indicate relative genetic distance

between nodes.

(B) Alignment of species-specific full-length MLT1AQ consensus and Dfam consensus with indicated TF motifs.

(C) De novo TF motif enrichment across all full-length insertions in each species. Bubble size represents the percentage of insertions in each genome enriched for
a given motif over genomic background. Only TFs shared across at least two species are shown. Motifs belonging to the same TF were pooled.

(D) Experimental design to test transcriptional activity of mouse and rabbit MLT1AQ consensus in mouse (MESCs) and rabbit (rbESCs) stem cells.

(E) Mean intensity of Ruby fluorescence by flow cytometry in mESC (top) and rbESC (bottom) upon transfection of relevant species-specific MTL1AQ consensus
and TF-motif deletions. Barplots show median + SD; individual biological replicates are shown as dots. p values below 0.1 are shown, p values above 0.1
indicated as non-significant.

(F) Mean expression of individual MLT1AQ insertions with indicated TF motifs in mESC (top) and rbESC (bottom). Boxplots indicate median with upper/lower
quartiles as box limits and quartile range as whiskers. p values are shown above boxplots.

(G) Expression of indicated TFs in mESC (top) and rbESC (bottom).

See also Figure S6.
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(Figure 7H). These observations are in line with our findings that
MLT1AO has an EGA pattern in all species but with substantially
lower expression in mice, especially compared with the Mus-
specific LTR MT2_Mm, and they demonstrate that MLT1A0
can drive transcription in vivo at EGA. Overall, these data sugg-
est that mouse-specific LTRs such as MT2_Mm and MT2C_Mm
have overtaken the role of older, eutherian LTRs like MLT1AO
during evolution in driving chimeric gene expression.

DISCUSSION

Here, we developed a protocol and generated a resource
enabling the systematic interrogation of the transcriptional regu-
latory landscape of mammalian preimplantation development. In
addition to providing reference EGA datasets, we provide a
comprehensive dissection of the TE transcriptional repertoire.

A long-standing hypothesis is that transposition of TEs in their
host genomes allowed for dispersed integration of TF motifs, pro-
moter, enhancer, and/or repressive sequences.'?'4#8:63:64
Although the majority of TEs in vertebrate genomes are no longer
mobile,®® their transcriptional regulation would allow simulta-
neous regulation of many genes flanking TEs'*"%%% and chro-
matin regulation genome-wide,'® orchestrating entire networks
of genes."'*® Using our low-input Smart-seq+5’, we identified
TEs with conserved dynamics at and around mammalian EGA,
when large gene networks are turned on simultaneously,®” hint-
ing toward a co-option for regulatory roles. Alternatively,
conserved TE regulation may be a testament of TE colonization
of cellular niches promoting their evolutionary persistence. The
preimplantation embryo may be a desirable niche for TE expres-
sion, providing an opportunity to produce inheritable insertions.®”
The findings presented here are consistent with this idea and sug-
gest that TEs’ strategy to hijack EGA is evolutionary stable.

Expression profiles and TSS features are shared across sub-
classes of TEs and individual TE families, suggesting evolu-
tionary conservation of certain TE characteristics and regulation.
Among them, the eutherian LTR MLT1AO0 shows strong evolu-
tionary conservation of its expression patterns, sequence, TF
motifs, and ability to drive gene expression. While the EGA profile
of MLT1AQ had been observed in bovine embryos,®® our work
extends these observations to other species and provides func-
tional and evolutionary characterization.

Smart-seq+5’ will allow for accurately quantifying TE expres-
sion in low-input samples and single cells. We anticipate that
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our data will be key to explore the use of alternative isoforms
and promoter usage during mammalian development. This will
be particularly relevant to further uncover promoter architectures
across TE families and mammalian species, of which only few
have been characterized. For example, human LINE L1 pro-
moters have been functionally characterized but remain largely
unstudied in other species.

We expect our Smart-seg+5’ datasets will allow to address
many other outstanding questions beyond TE biology, as shown
by the characterization of EGA genes across species, including
deciphering genome-wide rules of core promoter usage of
genes and characterization of TFs that regulate EGA in different
mammalian species.

In sum, our work highlights evolutionary conservation of TEs
and their transcriptional activity while providing a powerful
resource for understanding transcriptional regulation of host
genes and TEs and their potential co-option during mammalian
development.

Limitations of the study

Like many, our RNA-seq methodology cannot distinguish be-
tween steady-state and nascent transcripts. Additionally, quality
differences between genome assemblies and annotations
remain challenging for comparative genomics approaches.
Also, some aspects for mapping repetitive elements, including
TEs, remain technically complex. While our study presents
both experimental and computational efforts in this direction,
we cannot formally exclude loss of signal due to loss of multi-
mapping reads, for example, in the visualization in heatmaps.
While we cannot exclude additional roles of MLT1A0, MER5A,
and other ancient TEs, for example, as enhancer, in splicing
donor sequencing, or through non-coding functions, our data
indicate that one of their functions may be to generate chimeric
transcripts. Whether these alternative transcripts are translated
and result in functional proteins remains to be determined.
Indeed, Smart-seq+5’ cannot be used to assemble full-length
transcripts since internal fragments lack strand information.
Furthermore, investigating the expression and regulation of
and by MTL1AO would be of interest in the context of early em-
bryonic-like cells®® such as mouse 2-cell-like cells (2CLCs)"*""
and human 8-cell-like cells (8CLCs).”” The deployment of tar-
geted approaches such as CRISPRi/a will allow for functional
studies of TEs expressed during early embryogenesis in the
future. Currently, performing such analyses in non-mouse

Figure 7. TE insertions are used as alternative TSS for genic transcription during mammalian preimplantation development

(A) Schematic of TE usage as promoters. Owing to sequence read length, full-length transcripts are not always captured, indicated by slashed lines.

(B) Relative abundance of chimeric TE-gene transcripts per type and per species across stages. Absolute numbers of chimeric TEs by subclass are indicated.
(C) Number of chimeric TE-gene transcripts per species and subclass. EGA timing is highlighted in yellow. Only chimeric transcripts expressed in at least two

embryos in at least one stage are shown.

(D) Promoter usage (TSS score) of C1d in mouse embryos. The position of MT2C_Mm or canonical (genic) TSS is indicated.

(E and F) As in (D), for pig (E) and bovine (F). Shown are the positions of the MLT1AQ TSS and the canonical (genic) annonated TSSs. Heatmap indicates the TSS
usage as TSS score at indicated stages. (D-F) End of transcript information is indicated by slashed lines.

(G) Schematic of TE-Ruby reporter plasmid microinjected in mouse and bovine zygotes.

(H) Representative bright-field and fluorescence images at timing of EGA in mouse 2-cell and bovine 8-cell embryos after microinjection with indicated plasmids.
n, number of embryos with fluorescence signal over total number of embryos microinjected in two independent experiments (N = 2). Fluorescence intensity is
heterogeneous between blastomeres in bovine embryos, reflecting known asynchrony of cells entering EGA in cow.

See also Figure S7.
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mammalian models remains challenging. An interesting question
is why certain insertions of a TE family become expressed during
development while others do not. Techniques such as assay for
transposase-accessible chromatin using sequencing (ATAC-
seq) could address whether accessibility of certain genomic re-
gions affects the transcription of a TE insertion. Indeed, recent
work on the TF NR5A2 in mouse embryos suggests that chro-
matin accessibility, TF binding, and TE expression are not neces-
sarily always correlated.”® Similarly, analysis of chromatin state
across species will shed molecular information on why some
TEs are expressed more robustly in different species.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

E. coli competent cells Torres-Padilla lab N/A
Biological samples

Mouse preimplantation embryos (oocyte to 16-cell) Torres-Padilla lab N/A

Pig preimplantation embryos (oocyte to Morula) Wolf lab N/A

Cow preimplantation embryos (oocyte to Morula) Wolf lab N/A
Rabbit preimplantation embryos (oocyte to Morula) Wolf lab N/A
Rhesus Macaque preimplantation Savatier lab N/A
embryos (oocyte to 16-cell)

Chemicals, peptides, and recombinant proteins

10x lysis buffer Clontech 635013
Hyaluronidase Sigma H3506
0.1% polyvinylalcohol Sigma P8136
DMEM-Glutamax Gibco 31966047
Fetal Bovine Serum for mESC culture Panbiotech P303302
Non-essential Amino Acids ThermoScientific 11140-035
recombinant hLIF Produced in-house N/A
penicillin-streptomycin Gibco 15070063
2-mercaptoethanol ThermoScientific 31350010
CHIR99021 Cayman 13122-25
PD0325901 Miltenyi 130-106-541
Gelatin Panbiotech P06-20410
DMEM/F12 media ThermoScientific 21331020
KOSR LifeTechnologies 10828-028
Fetal Bovine Serum for roESC culture Gibco 10270-106
Sodium pyruvate LifeTechnologies 11360-039
Puromycin Sigma P8833
Accutase Sigma AB964
Mitomycin-C Sigma M4287
dNTP mix ThermoFisher R0192
RNAse inhibitor TAKARA 2313A
Superscript Il RT ThermoFisher 18064014
Betaine Sigma B0300
PEG-8000 Sigma P1458

HiFi ReadyMix KAPA KM2605
EVAGreen Biotium 31000
Poly(A) polymerase NEB M0276
Dextran 488 Thermo D34682
Critical commercial assays

Q5 mutagenesis kit NEB E0554S
NucleoSpin Plasmid EasyPure, Mini Kit Macherey-Nagel 740727.50
AMPure RNA magnetic beads Beckman Coulter AB3987
AMPure XP DNA magnetic beads Beckman Coulter A63881
Nextera XT lllumina 15032354

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
ReliaPrep RNA extraction kit Promega 26011

Q5 mutagenesis kit NEB E0554S
NucleoSpin Plasmid EasyPure, Mini Kit Macherey-Nagel 740727.50
NucleoBond Xtra Midi Kit Macherey-Nagel 740410.50
JetPrime transfection reagent Polyplus 101000015
Deposited data

mESC CAGE data Lloret-Llinares et al.>® GSE115727
Mouse Embryo Smart-seq2 data Deng et al.® GSE45719
All Smart-seq+5, Smart-seg2 and Smart-seq2-polyA This study GSE225056

data generated in this study

Experimental models: Cell lines

Mouse: E14 embryonic stem cells

Miyanari and Torres-Padilla’*

RRID:CVCL_C320

Rabbit ESC cell line AKSL20-EOS Osteil et al.”® N/A
Mouse embryonic fibroblast cells Derived from mouse N/A
embryos in Torres-Padilla lab
Oligonucleotides
ERCC RNA spike ins Ambion 4456653
Oligo-dT30 Sigma https://github.com/meoomen/Smartseq5
rGrG+G TSO TIB MolBiol https://github.com/meoomen/Smartseg5
Sequencing adaptor mix IDT https://github.com/meoomen/Smartseq5
Primers for Q5 mutagenesis Eurofins N/A
Species-specific MLT1AO sequences (see Figure 6B) Synthesized by Eurofins N/A
Recombinant DNA
Plasmid pcDNA3-mRuby? (#40260) Addgene 40260
Software and algorithms
Trimmomatic Bolger et al.”® https://anaconda.org/bioconda/

trimmomatic

STAR Dobin et al.”” https://anaconda.org/bioconda/star
TEtranscripts & TElocal Jinetal.”® https://hammelllab.labsites.
cshl.edu/software/
DEseqg2 Love et al.*® https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html
clusterProfiler Wu et al.”® https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html
Deeptools Ramirez et al.?® https://anaconda.org/bioconda/deeptools
Muscle Edgar et al.””*® https://www.drive5.com/muscle/
Trimal Capalla-Gutierrez et al.*® https://anaconda.org/bioconda/trimal
IQ-TREE Nguyen et al.®’ http://www.igtree.org
HOMER Heinz et al.®” http://homer.ucsd.edu/homer/
ChimeraTE Oliveira et al.®° https://github.com/OliveiraDS-
hub/ChimeraTE
Bambu Chen et al.®’ https://github.com/GoekeLab/bambu
proActive Demircioglu et al.® https://github.com/GoekeLab/proActiv
Other

Resource for computational code for this paper
TE annotations (as listed in Table S5)

Genomes (as listed in Table S5)
Gene annotations (as listed in Table S5)

Torres-Padilla lab
Dfam consortium

NCBI
Ensembl

https://github.com/meoomen/Smartseq5

https://github.com/Dfam-
consortium/FamDB

https://ncbi.nim.nih.gov/datasets/genome/
https://jul2019.archive.ensembl.org/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse embryo collection
C57BL6J mouse embryos were collected from natural mating and washed in PBS, prior to transfer into single-embryo aliquots in
Smart-seq+5’ lysis buffer mix. Embryos were snap frozen and stored at -80°C until further processing.

Pig and cow embryo collection

Pig and cow embryos were produced in vitro as described previously.®*®° Briefly, cumulus-ooycte-complexes (COCs) were aspi-
rated from abattoir derived ovaries and for sampling of germinal vesicle (GV) stage oocytes, cumulus cells were immediately removed
by repeated pipetting in medium containing 0.1 mg/mL hyaluronidase. For in vitro fertilization, COCs were matured and subsequently
fertilized with frozen-thawed semen from a commercially available Duroc boar and a Fleckvieh bull, respectively. In pig, zygotes,
2-cell and 4-cell stage embryos and morulae were collected 10h, 25h, 34h and 97h after fertilization, respectively. Due to a high lipid
content, it is not possible to doubtlessly identify 8-cell and 16-cell embryos. Therefore, we preselected pig 2-cell stage embryos at
25h and subsequently 4-cell stage embryos at 34h after fertilization to avoid sampling of abnormal embryos. From this population, we
collected 5-8-cell embryos 48h and embryos consisting of approximately 16 cells 72h after fertilization. In cow, zygotes, 2-cell and
4-cell stage embryos were collected at 18h, 22-27h and 40-42h after fertilization, respectively. Similar to the sampling of pig embryos,
2-cell stage and 4-cell stage embryos were preselected at 27h and 42h. From this population, 5-8-cell and approximately 16-cell
embryos and morulae were collected at 48-50h, 72h and 120h after fertilization, respectively. Finally, pig and cow samples were
washed twice in PBS supplemented with 0.1% polyvinylalcohol (PVA) and once in PBS without Mg?*/Ca2* before transfer to
Smart-seq+5’ lysis buffer. After shock-freeze in liquid nitrogen, samples were stored at -80° C until further analysis.

Rabbit GV oocytes and in vivo preimplantation stage embryos

Non-superovulated Zika female rabbits served as donors of GV oocytes and in vivo embryos. GV oocytes were obtained by follicular
aspiration of the ovaries. In vivo embryos were obtained by natural mating of donor females with Zika males and collection at appro-
priate hours post-mating (hpm); zygote (18-20 hpm), 2-cell (24-26 hpm), 4-cell (30-32 hpm), 8-cell (38-40 hpm), 16-cell late (46-48
hpm) and morula (54-56 hpm). Embryos were flushed from the oviducts of donor females using PBS supplemented with 4 mg bovine
serum albumin (BSA). Finally, isolated rabbit embryos were washed twice in PBS supplemented with 0.1% PVA and once in PBS
without Mg?*/Ca* before transfer to Smart-seq+5’ lysis buffer mix. After shock-freeze in liquid nitrogen, samples were stored at
-80° C until further analysis.

Rhesus macaque embryo collection

Procedures for superovulation, oocytes collection, fertilization and embryo culture were performed as previously describe
brief, healthy female rhesus monkeys with regular menstrual cycles were selected for superovulation. Starting at days 1-4 of the men-
strual cycle, females received twice-daily injections of recombinant human FSH for 8 days and recombinant human LH on days 7-8 of
the stimulation protocol. In addition, animals received a GnRH antagonist and human chorionic gonadotropin on day 7 of the proto-
col, approximately 36hr prior to laparoscopic follicle aspiration and oocyte retrieval. Cumulus-oocyte complexes were collected from
anesthetized females by laparoscopic follicular aspiration and placed in HEPES-buffered TALP (modified Tyrode solution with albu-
min, lactate, and pyruvate) containing 0.3% bovine serum albumin (TH3) at 37°C and treated with hyaluronidase to remove cumulus
and granula cells. Oocytes were then placed in hamster embryo culture medium (HECM-9) covered with LP at 37°C in 5% CO,, 5%
0,, and 90% N, and covered with liquid paraffin (LP) until use. Only oocytes at the metaphase Il (MIl) stage were used to perform
intracytoplasmic sperm injection (ICSI). Injected oocytes were transferred in HECM-9 medium covered with LP and cultured at
37°Cin 5% CO,, 5% O,, and 90% N,. Embryos at the eight-cell stage were transferred to fresh plates of HECM-9 medium supple-
mented with 5% fetal bovine serum with medium change every other day.

d.31,86,87 In

mESC cell culture

For the purpose of the MLT1A0-Ruby reporter experiment, mouse E14 ESC line’* was cultured in DMEM-Glutamax (Gibco #
31966047) containing 15% FBS (Panbiotech #P303302), NEAA (ThermoScientific #11140-035), recombinant hLIF (produced in-
house), penicillin-streptomycin (Gibco #15070063), 0.1 mM 2-mercaptoethanol (ThermoScientific #31350010), 3 uM CHIR99021
(Cayman #13122-25) and 1 uM PD0325901 (Miltenyi #130-106-541) on plates coated with 0.1% gelatin in PBS (Panbiotech
#P06-20410).

rbESC cell culture

RbESC cell line AKSL20-EOS’® was used for the MLT1AO-Ruby reporter assay. Cells were grown in DMEM/F12 media
(ThermoScientific #21331020) containing 10% KOSR (LifeTechnologies #10828-028), 10% FBS (Gibco #10270-106), 1% NEAA
(ThermoScientific #11140-035), 1mM sodium pyruvate (LifeTechnologies #11360-039), 1x PSG (ThermoScientific #10378-016),
50mM 2-mercaptoethanol (ThermoScientific #31350010), 0.1% hLIF (gift from Savatier lab) and 0.5ng/mL puromycin (Sigma
#P8833). Cells were cultured at 38°C in a gas-filled incubator chamber (5% CO,, 5% O, and 90% N,). Media was changed
daily. Cells were passaged every 2-3 days using Accutase (Sigma #A6964). Cells were grown on a layer of mitomycin-C
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(Sigma #M4287) treated mouse embryonic fibroblast (OF-1) feeder cells. OF-1 cells were grown in DMEM-Glutamax (Gibco #
31966047) supplemented with 10% FBS, 1% PSG and 1% NEAA prior to mitomycin treatment. Treated feeders were plated on
6-well plates coated with 0.1% gelatin in PBS (Panbiotech #P06-20410).

METHOD DETAILS

Embryo collection for Smart-seq+5’

Clontech 10X lysis buffer (Cat. #635013) was used for all embryo collections. ERCC RNA spike-ins were added at the moment of lysis
buffer preparation at a final concentration of 1:581,000. Aliquots of this lysis buffer mix preparation were used throughout embryo
collection of all species. Timing and mating strategies for all embryo collection can be found in Table S6.

Stem cell collection for Smart-seq+5’

Mouse and rabbit stem cells were harvested after 2-3 days of culture since passage (described above). rbESC were separated from
feeder cells by flow cytometry using the Oct4-GFP label.”® RNA was extracted from cells using the reliaprep kit (Promega #26011)
and 250pg diluted in ultrapure MilliQ was used as input for the Smart-seq+5’ protocol.

Preparation of Smart-seq+5’ samples

Samples were prepared largely following the Smart-seq2 protoco with several modifications. We specifically chose to adapt
Smart-seg2 because of its high sensitivity, full-length transcript coverage and adequate throughput and because Smart-seg2 has
been robustly used for early embryos to efficiently study the maternal-to-zygotic transition.>®* Briefly, following unfreezing of the
embryo lysates at room temperature, RNA was purified using AMPure RNA magnetic beads (Beckman Coulter #A63987), washed
once in 100 pL of 80% ethanol and resuspended in 3 uL of annealing mix containing 1 uL dNTP mix (ThermoFisher, R0192), 1 uL
oligo-dT30 (Sigma, 5’-AAGCAGTGGTATCAACGCAGAGTACT30V-3’) at 10 uM and 1 uL nuclease free water with 5% RNAse inhib-
itor (Clontech 2313A). Following a 3 min incubation at 72° C, samples were held at 4° C or in ice. Afterwards, 7 uL of reverse tran-
scription mix was added (2 pL Superscript Il RT buffer (ThermoFisher, 18064014), 2 uL 5M Betaine solution (Sigma, BO300-1VL),
0.5 uL DTT, 0.5 pL Superscript Il RT, 0.25 pL RNAse inhibitor (TAKARA 2313A), 0.1 uL rGrG+G TSO (TIB MolBiol, 5’-AAGCAGTGGT
ATCAACGCAGAGTACATrGrG+G-3’) at 100 uM, 0.06 uL 1M MgCl, (Sigma, M1028) and 1.6 pL of 40% PEG-8000 solution (Sigma,
P1458)). Samples were then incubated for 90 min at 42° C and the enzyme was afterwards inactivated at 70° C for 15 min. PCR was
performed using KAPA HiFi ReadyMix (KM2605) for 14 cycles as described in the Smart-seq2 protocol and purification was carried
out using 12.5 puL of AMPure beads. The optimal number of PCR cycles was determined beforehand by performing a gPCR on a
representative sample using identical PCR conditions but supplemented with 1 uL EVAGreen (Biotium, 31000). Finally, tagmentation
was carried out with the Nextera XT kit (lllumina, 15032354) as described in the Smart-seq2 protocol, with a few modifications; 2.5 puL
of 120 pg/uL cDNA were used per reaction (for a total of 300 pg) and mixed with 2.5 uL of Amplicon Tagment Mix and 5 pL of Tagment
DNA buffer. After incubation for 5 min at 55° C, 2.5 uL of NT buffer were pipetted into each sample and another incubation for 5 mi-
nutes at room temperature was performed. Finally, 5 uL of a custom sequencing adaptor mix (IDT) was added, containing two stan-
dard i5 and i7 Nextera Unique Double Indexes and an additional tailed i7 index with an overhang complementary to the Smart-seq2
adaptors (Index and overhang shown in bold: 5’-CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAGAAGCAGTGGTATCAACGC*A*G-3’), all at 2.5 uM concentration. 7.5 pL of NPM mix was added and PCR was
carried out for 12 cycles. Libraries were sequenced in a Hiseq4000 using 2 x 150 bp reads. All oligo sequences will be available for
download through github code repository (https://github.com/meoomen/Smartseqg5).

[20.21

Smart-seq2 with poly-adenylation step

2-cell stage mouse embryos were collected in 10 uL Qiagen TCL lysis buffer (Cat. #1031576) and flash frozen. Upon thawing, RNA
was purified using AMPure RNA magnetic beads (Beckman Coulter, A63987), washed once in 100 pL of 80% ethanol and resus-
pended in 10 pL of Polyadenylation mix containing 7 uL water, 0.5 uL E. coli Poly(A) polymerase (NEB, #M0276), 1 uL 10 Polymerase
reaction buffer, 1 uL ATP and 0.5 uL. RNAse inhibitor (Clontech 2313A). Following a 10 min incubation at 37° C, RNA was purified using
magnetic beads once again and resuspended in annealing mix as per the standard Smart-seq2 protocol.?%?"

MLT1AO-reporter assay in stem cells

Addgene Plasmid pcDNA3-mRuby2 (#40260)%® containing mRuby was mutated using the Q5 mutagenesis kit (NEB # E0554S) to re-
move the full CMV promoter sequence. MLT1AO0 species-specific consensus sequences were ordered from Eurofins and cloned into
the CMV-less plasmid upstream of the mRuby?2 sequence. TF motifs were removed from consensus sequence using Q5 site-directed
mutagenesis kit (NEB #E0554S). Mini- and midipreps kits were used to isolate the plasmid (MN# 740727.50 and #740410.50). Plas-
mids were sequenced to ensure correct directionality and integrity of the inserted MLT1AO sequences. Cells were transfected with
2ug of plasmid during passaging as described above using JetPrime (PolyPlus #101000015) and plated in individual wells of a 6-well
plates. Media was exchanged for fresh media after 24hr post-transfection. 48hr after transfection, Ruby signals were measured by
flow cytometry. For Ruby quantification, Oct4-GFP labelled rbESC cells’® were separated from uncolored MEF feeder cells during
analysis.
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LTR reporter assay in mouse embryos

F1 female mice (C57BL/6J x CBA) were super-ovulated by intraperitoneal injection of 10 U of pregnant mare serum gonadotropin
(PMSG) followed by 10 U of human chorionic gonadotropin (hCG) 48 hours later, and then mated with same genetic background of F1
male mice. Zygotes were collected at 18-19 hours post-hCG injection. 20 ng/uL MT2_Mm, MLT1AO, or negative control (no promoter)
reporter plasmids were injected into zygotes at 18-19 hours post-hCG injection and embryos were cultured until the late 2-cell stage.
At 46-48 hours post-hCG, the ruby signal was observed under a fluorescence microscope and the number of positive and negative
2-cell embryos were counted.

LTR reporter assay in bovine embryos

In vitro fertilized (IVF) bovine embryos were produced as described above for Smart-seq+5’ data generation. MLT1AQ or negative
control reporter (no promoter) plasmids were diluted to a concentration of 10ng/uL with Tris-EDTA buffer (pH 7.4) containing dextran
488 (0.1mg/mL; Thermo # D34682) to detect successfully DNA-injected embryos. Cytoplasmic injection of the plasmids was per-
formed on presumptive zygotes at 15 hours after IVF. After culturing for 3 days, FITC signal-positive 5-8-cell embryos were collected,
and the ratio of Ruby-positive embryos over all injected embryos was quantified with N=2.

Mapping and downstream processing of Smart-seq+5’ libraries

Sequence quality of all datasets was checked using FastQC and trimmed for adaptor sequences and low-quality sequence ends
using trimmomatic.”® Reads originating from 5’ transcript ends or internal transcript fragments were sorted based on adaptor
sequence using a custom python script available on github upon publication (https://github.com/meoomen/Smartseqg5). Further
downstream processing was done separately and in parallel for 5’ reads and internal reads. Reads were mapped to the appropriate
reference genome using STAR”” and filtered for quality, secondary alignments, singletons and unmapped reads using samtools.®’
Two files were created for unique-mapping only reads and multimapping + unique-mapping reads to be used for further analyses as
indicated below. Only lllumina-format read2 was used for downstream analyses of 5’ reads, as this contains the true 5’ transcript
information. rRNA reads were removed using repeatmasker annotated positions and tools provided by bedtools and picard. In order
to assign multimapping reads, we used TEcount, TElocal and chimeraTE as described below. For downstream analysis using deep-
tools and bambu, we solely used unique mapping reads and excluded all multimapping reads. For quantification of gene and TE
counts, we used TEcount from the TEtranscript toolkit.”® To generate genome browser tracks, we used unique mapping reads
only, using tools from ucsc bedgraphToBigWig and bedtools.”*°! All reference genomes and genome annotations used in this study
are listed in Table S6.%* Several R/Bioconductor packages were used for the downstream processing and visualization of the data in
R; SingleCellExperiment,® pcaMethods,”® Gviz,** ggplot2,°® biomaRt,”® pheatmap and scMerge.®”

Mapping and analysis of Smart-seq2 libraries

Smart-seq?2 libraries from the study by Deng et al. were obtained from GEO access number GSE45719.?° Both publicly available
libraries as well as the in-house generated Smart-seg2 and Smart-seg2+polyA libraries were processed similar to Smart-seq+5’
samples with few adaptations. As Smart-seq?2 libraries only captures internal transcripts fragments, reads were not separated as
5’ or internal fragments. Additionally, the Deng et al. dataset was sequenced as a single-end library and therefore mapped accord-
ingly using STAR to the mouse genome mm10/GRCm38.

Analysis of CAGE data
Processed CAGE data of mESCs were downloaded from GEO (accession code GSE115727)?° and signal was aggregated on the
annotated TSS from refTSS® using deeptools.®’

EGA gene candidate selection

EGA genes were selected using DEseq2°° using the raw read count table containing only 5’ fragments mapping to genes. Only genes
containing more than 10 reads in at least 10 or more datapoints were used. An exemption was made for rhesus as fewer embryos were
available for collection and genes containing more than 10 reads in at least 3 or more datapoints were used instead. To identify genes
as EGA genes, we compared their expression between zygote to timing of EGA and from timing of EGA to the 16-cell/Morula stage.
Specifically, EGA genes were selected as differential genes with a LFC of >1.5 from zygote to timing of EGA (mouse Late-2-cell; pig,
cow and rhesus 8-cell; rabbit 4-cell) and padj<0.05, followed by a LFC<-0.25 and padj<0.1 from timing of EGA to the latest stage avail-
able in the dataset (Morula for pig, cow and rabbit, 16-cell for mouse and rhesus). As mouse has a very strong EGA profile, a cutoff of
LFC<-0.5 was used for the selection of differential downregulated genes post-EGA for mouse EGA genes. These criteria were chosen
because not all species have a clearly sharp and distinct EGA time. Instead, species like cow and rabbit undergo a slower ramp up of
transcription activation. Thus, the criteria that we used to extract EGA genes, namely using the zygotes as pre-EGA reference point, is
expected to include all EGA stages (and genes). Enriched GOterms were found using Enricher in the clusterProfiler toolbox.”®

TSS profiling of TEs

Unigue mapping 5’ reads were used to visualize the TSS profile of TE inserts with deeptools computeMatrix, followed by plotting of
signal using plotHeatmap and plotProfile.®° Signal was plotted using scale-regions feature, setting the average full length TE size as
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regionBodylength, and a window of 500bp around the TE sequence. TE insertions with no signal were omitted from the analysis (us-
ing —skipZeros parameter) unless stated otherwise.

TE age analysis
Evolutionary age of TE families was extracted from the Dfam annotation (v3.8),”” using the famdb tools available on github (https://
github.com/Dfam-consortium/FamDB). The TimeTree database was used to estimate the evolutionary age for each category.®®

)99
’

TElocal MTL1AO analysis

For the analysis of MLT1AOQ expression of insertions with specific TF motifs (Figure 6F), we quantified insertions level specific expres-
sion levels using TElocal,”® following the same mapping and normalization strategies as described above. ZKSCANS5, ZBTB26 and/or
DUX motifs were found in the respective genome using HOMER (scanMotifGenomeWide.pl) and MLT1AQ insertions were catego-
rized as having one or more TF motifs based on overlap with these found motifs.®”

Phylogeny maximum likelihood analysis

We used the Dfam.hS5 file curated by the Dfam consortium®* and repeatMasker'° to annotate the additional 7 mammalian genomes
used in the phylogeny analysis. After selecting for insertions of appropriate insert length, we retrieved all insert sequences using bed-
tools getfasta.’® These sequences were aligned using muscle,®”+*® followed by trimming by trimAl using settings -gt 0.01 -clustal®® to
compute the specific-specific consensus sequence. The species-specific consensus sequences were then in turn aligned using
muscle with default parameters, as recommended for small data sets®” and non-informative regions were trimmed from the
consensus alignment using Trimal with a gap threshold of 0.01.°° The resulting alignment was analysed with IQ-TREE (v2.2.5) using
the ’-m MFP’ option for automatic model selection, a minimum split support value of 0.95 for internal node reconstruction, and a seed
value of 42 for replicability.®’ The resulting phylogenetic trees were uploaded to iTOL (v6.9) and re-rooted to the Dfam consensus,
which was used as a reference point.'®"

De novo motif search on TEs

Enriched motifs were identified at TE insertions and TE consensus sequences using HOMER scripts findmotifs.pl and findMotifsGe-
nome.pl with parameters -mset vertebrates and -size given.®” De novo motifs were matched with known motifs in the HOMER verte-
brate database for motif searches at TE sequences. Known motifs were shown for enrichment at EGA genes together with their
expression level at timing of genome activation when annotated in the listed gene annotation.

Chimeric TE-gene interaction analysis

Chimeric TE-gene interactions were identified using mode1 of the chimeraTE analysis tool.?° We used only read 2 (R2) of our paired-
end Smart-seq+5’ data containing the 5’ fragment barcode, as this contains the 5’ fragment end of the transcripts. ChimeraTE was
ran using —strand rf-stranded and —window 150000 as parameters, and using TE and gene annotations as listed in Table S6, except
for the bovine chimeric analysis. Due to a lower quality in gene annotation of the bosTau5 genome assemble, we instead used the de
novo repeatmasker annotation of latest genome assembly bosTau9/ARS-UCD1.2 using the Dfam v3.5 consensus sequences and
the corresponding refSeq gene annotation. Only TE-initiated chimeric transcripts present in 2 or more replicates per stage were
used in downstream analysis and visualization, with the exception of the rhesus data as the low sample count did not allow us to
use this filter. De novo transcript isoforms were annotated using bambu®' providing bam files containing only R2 originating from
5’ fragment in our Smart-seq+5’ data as input and genome information as listed in Table S6 (except for bovine, for which we
used bosTau9 as mentioned above). Lastly, relative promoter usage of canonical or chimeric promoters were visualized using
proActiv.®?

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed using R (version 4.2.2). Smoothing of expression profiles in Figures 3E-3I, 5E-5I, S1K, S1L,
S2B, S2C, S2K, S3B, S3D-S3F, S41-S4L, S5B, S6B, S6D, and S6E was done using the stat_smooth function (level=0.95) and indi-
cating the standard error in grey.

Barplots in Figures 6E and S6F indicate the median + s.d. with individual biological replicates shown as dots. Boxplots in Figure 6F
indicate the median with upper and lower quartiles as box limits and quartile range as whiskers. In Figures S1l and S1J, the box plots
indicate mean and upper and lower quartiles for all single embryos analyzed per stage and for the species indicated. For statistical
tests in Figures 6E and 6F, a Welsch t-test was used. In Figures 3J, 4B, 4E-4G, 5J, S1C, S1F, S1K, S1L, S5D, S6B, S7A, and S7B, n
indicates number of genomic elements represented in the analysis. Number of embryos included in the Smart-seq+5’ dataset (and
passed QC) is listed per stage and per species in Figure 1B. For mouse and bovine embryo experiments in Figure 7, N represents the
experimental replicates performed on separate days. No specific method was used to determine statistical assumption. All statistical
details for experiments can be found the corresponding figure legends.
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ADDITIONAL RESOURCES

Detailed description, example scripts and software versions related to bioinformatic analyses used in this study can be found on gi-
thub (https://github.com/meoomen/Smartseq5/). Data can be explored on embryo.helmholtz-munich.de.
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Figure S1. Smart-seq+5’ robustly detects 5’ transcript ends and improves quantification of TE expression and curation of EGA genes and
their GO terms, related to Figure 1

(A and B) Smart-seq+5’ signal from all ERCC RNA spike-ins split by internal vs. 5’ fragments averaged (B) and over the first 5 base pairs (C) originated from single
mouse 16-cell stage embryo libraries. Note that Smart-seq+5’ leads to a robust coverage of the full-length ERCC from the internal fragments as well as of the 5’
end of the transcript.

(C) Aggregate sense signal of 5’ fragments (left) on all annotated TSSs with signal and internal fragments (right) on all annotated genes scaled from gene start to
gene end, using Smart-seq+5’ 16-cell mouse embryo data, represented as an heatmap. Rows are sorted by signal intensity, shown over a 1-kb window from the
annotated TSS or scaled relative from gene start to gene end. The number of genomic elements is listed along the y axis.

(D) Aggregate signal of 5’ fragments of Smart-seq+5’ 16-cell mouse embryo data on all annotated TSS, separated by sense (blue) and antisense (green) signal and
shown over a 10-kb window from the annotated TSS.

(E) Transcriptional profiling with Smart-seq+5’ captures internal fragments (top) and 5’ fragments (bottom) of transcripts exemplified by B-actin in 16-cell-stage
mouse embryos.

(F) Aggregate sense signal of public CAGE data® and 5’ fragments from Smart-seq+5’ (right) in mESCs on all annotated TSSs from the refTSS database.’® The
number of annotated TSSs is indicated on the y axis.

(G) 5’ fragment signal Smart-seq+5’ of representative TE insertions of LTR MT2_Mm in the late 2-cell mouse embryo (G), L1_Mur2_orf2 in the late 2-cell mouse
embryo (H), and B1_Mus1 in the eight-cell mouse embryo (I). Exact chromosome position of the TE insertion are listed along the x axis.

(H) Quantification (rpm) of reads mapped to repeat elements (TE and non-TE repeats) using only 5’ fragments or all reads from single-embryo Smart-seq+5’
libraries in the indicated mouse preimplantation stages, compared with rpom quantification of reads aligned to repeat elements from a published Smart-seq2
dataset of the same stages.”®

(I) Unique (red) or multimapping (blue) reads using the 5’ fragments of Smart-seq+5’. The boxplots indicate mean and upper and lower quartiles for all single
embryos analyzed per stage and for the species indicated. The number of embryos per stage and per species is indicated in Figure 1C.

(J) Fraction of 5’ fragments mapped to a gene or repeat (all annotated TE and non-TE repeats), labeled “element” or not assigned to either, labeled “interelement.”
The boxplots indicate mean with limits at upper and lower quartile for all single embryos analyzed per stage and for the species indicated. The number of embryos
per stage and per species is indicated in Figure 1C.

(K) EGA genes were selected based on differential increased expression from zygote to timing of EGA and differential decreased expression from timing of EGA to
16-cell/morula in all species. Summed expression levels as rpm values of all EGA genes are shown in mouse, pig, cow, rabbit, and rhesus.

(L) Summed expression values as rpm of EGA genes that have GO terms associated with gene expression (GO:0010468 and GO:0010628) in mouse , pig, cow,
rabbit and rhesus.

In all panels, each dot represents the summed rpm value per embryo for each stage and species. The shaded line indicates SD, and the yellow rectangle depicts
the time of EGA.



Cell ¢ CelPress

OPEN ACCESS

Shared known motifs at EGA genes (-500bp/+50bp window around TSS)

Expression (rpm)
.4 o o ® o @ . Eso
- [ () o e 00 O 0
Not annotated
~ [ ] ® [ Motif present at
EGA genes (pct)
» ° o - ® 0%
» ° @ 5
S Gy e e e e e e e e e e 5 S b 5 5, @
2% A 7 " re) 0 0.
AN <,% (A\Or Q}"r %@ /%_2 <%<A% % ee% s %%«9% %’"r» %, e, e, ‘/g\%%’%
% v Y] Q
ey, 7 %Y 7 Ty D A i
7y N
4 7 7
fazaS DUXA ~ DUXA »
2 N
6000 . 00
Not annotated £4000 ! 150 .
in pig a - S 100 — EGA
2000 50 i } AN
o =} ol t L] . {
[ RN R QS RRE 2el PR QS R %S
O, S, (3 oL o 0. %, L. S 6. %, Z. A 6
%\9% %\v’i‘\;\o@//\os,/ \“s,, C}%?o,é\“s//\o@,/ Y \“s,;% 0%&0%\0@// Oo,/\"'s/, Y’e///% %%\90,;“@,/\0@,/ N \o@//
Oo/,os//
Nr5a2 - NR5A2 -, NR5A2 >~ NR5A2 »
: : 150] . : :
300 HE . 20 300 i
100 :
E200 A £ ) £ £ 200 g oA
= : = 0 = 10 : %
100 v . %0 e I ) ¥ 100 H
0 g 8 of ——/t - o = i o L e |
OSQG % & 7 QI RVLE QSR KL el [T & 7
2.9 5, o 0. 6. PRV 6. %, N 6. %, 2.2 S 6. %, <, S G}
97@90,@ %‘v’f\@\ /,Oe/,\os// 9%00"@ O@,}’s/,\“s,,‘o@//’% 9%90@\“@//\0@,/00,/\0@//% %\90,;“@,,"0,/\"0// \.s&//*% q—’%@o,;“@,/oo,}‘s/, \a&//
"@/,os//
D Gene vs TE counts E Retrotransposons F LTRs I ERVL
» Mouse Late-2-cell Mouse Late-2-cell Mouse Late-2-cell Mouse Late-2-cell
o ) [ ]
@
S LTR ERVL internal
= ® n-7,145,126 ® Z964,704 ® sequences
8 ® Genes n=167,663
k] @ LINE @ ERVL-MalR
5 ® TEs n=1,271.921 n="573,767 o LR
c SINE ERV1/2 sequences
S ® n=1735296 ® n=313369 n=977,463
8
0, 0,
% S % S 9055, s
K . G LINEs J L1
Young intact LINE-1 element (L1MdTf_I) Mouse Late-2-cell Mouse Late-2-cell
[ ] [ ] L1 5end
L1MdT?_|_3end L1MdTf_|_5end L1MdTf_|_Send 1.5e¢ L1 . ®n-726503
8@ L6651 7.5¢° oo
L1MdTY_|_orf2 L1MdT?_I_Send en
L - 1et L2 =735,664
F T T S S S S 5 ® Tosi27 " ’
55.605 Mb 55.610 Mb 0.5¢* @ CRi h1=°2'f921,37s
chr1:55,602,600-55,610,600 e o g n=8247 L1 fragments
0 s 9& n= 12876
Old fragmented LINE-1 element (L1M5_orf2) P 0y &,,:@,
LSRN ‘-S‘@
L1M5_orf2 R % b, s
© > s,
w0570 M5 s03575 > —{Sond JOREIE. ORe? g~
chr1:40,896,750-40,897,750
L1MdTf_|_5end L1M5_orf2 H L
2,023 insertions J 27,632 insertions _\‘ SINEs B1_Mus1
: Mouse Late-2-cell Mouse Late-2-cell
a
£ B2 4¢
& n = 382,446 369
= B4 £ @ B1_Must
n = 489,837 2 2e° n =86,966
B1/Al
n = 605,514 Te?
0 S, S
2, S
20,7, %,
7“‘94'47 2%

(legend on next page)




¢ CelPress Cell

OPEN ACCESS

Figure S2. TF motif analysis of EGA genes and TF expression levels across species, capture of genes and TEs by Smart-seq+5’ vs. Smart-
seq2 and polyadenylated Smart-seq2, related to Figure 1

(A) Known TF motifs found in a +500-bp window around the TSS of all EGA genes in a given species. Size of the dots indicate the pct of EGA genes that were found
to contain the TF, and color of the dot shows the expression level of this TF in a given species at timing of EGA. Only TF motifs that are shared across two or more
species are shown. Note that DUX is known to bind neighboring MT2_Mm to EGA genes, but it is not enriched at EGA genes.

(B) Expression levels for Duxf3, DUXA, or Duxbl orthologs across early developmental stages in mouse, pig, cow, rabbit, and rhesus. Note that there is no
annotated DUXA or Duxbl ortholog in pig and that Duxbl and DUXA share the same annotated binding motif. Expression levels are plotted as rpm values for the
indicated genes in individual embryos, represented by dots. The shading indicates SD and the yellow rectangle the EGA time for the corresponding species.
(C) Expression levels as in (L) for Nr5A2 orthologs across early developmental stages in each species.

(D) Relative fraction of genic and TE counts in late 2-cell mouse embryos, detected by variations of Smart-seq. Dots represent values of individual embryos.
(E) rom-normalized expression levels of retrotransposons in late 2-cell mouse embryos, detected by variations of Smart-seq as indicated. Dots represent values
of individual embryos. The number of insertions (n) of the reflected TE subclass is listed in the color legend.

(F-H) rpm-normalized expression of LTR (F), LINEs (G), and SINEs (H) elements by superfamilies, detected by variations of Smart-seq as indicated. Dots
represent values of individual embryos. The number of insertions (n) of the reflected TE super family is listed in the color legend.

(I) Expression levels of different sequences features from ERV/LTR TEs in the mouse late 2-cell embryo, as detected by variations of Smart-seg2 as indicated.
Dots represent values of individual embryos. A schematic figure below represents the typical ERV/LTR element structure originally inserted at time of trans-
position. Number of insertions (n) of ERVL internal sequences and number of ERVL LTRs are listed in the color legend.

(J) Expression levels of different sequence features from L1 LINE elements in the mouse late 2-cell embryo, as detected by variations of Smart-seq2 as indicated.
Dots represent values of individual embryos. A schematic figure below represents the typical L1 element structure originally inserted at time of transposition. The
number of insertions (n) of L1 structural elements is listed in the color legend. The structural elements (L1_5end, L1_3end, L1 orf, and L1 fragments) are from Dfam
annotation, but Repbase does not distinguish such structural elements.

(K) Representative view of a young intact LINE L1 element L1MdTf_| on chromosome 3 (top) and ancient fragmented LINE L1M5_orf2 on chromosome 1 (bottom)
in the mouse genome. For visualization, we only show structural elements belonging to these LINE L1 elements at this genomic location. Left panels show the
expression levels of all LIMdTf_|_5end (top, 2,023 insertions) and L1M5_orf2 (bottom, 27,632 insertions) across mouse developmental stages. In all panels, each
dot represents the rpm value per embryo for each stage and species. The shaded line indicates SD, and the yellow rectangle depicts the time of EGA.

(L) Expression levels B1_Mus1 in the mouse late 2-cell embryo as detected by variations of Smart-seq2 as indicated. Dots represent values of individual embryos.
A schematic figure below represents the typical SINE structure found in mammalian genomes. Number of B1_Mus1 insertions (n) is listed in the color legend.
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Figure S3. TE localization across genomes relative to genes and expression of the retrotransposon subclasses of LTRs, LINEs, and SINEs
across stages and species, related to Figure 2

(A) Relative frequency of LTRs, LINEs, SINEs, and DNA transposons by genomic context (internal to genic sequence, proximal [<5 kb to gene], and distal [>5 kb to
gene)) in mouse, pig, cow, rabbit, and rhesus.

(B) Expression of retrotransposon classes LTR, LINE, and SINE at the developmental stages indicated in the mouse, pig, cow, rabbit, and rhesus. Individual dots
represent the summed rpm value per class per single embryo. The shade indicates SD.

(C) Evolutionary age throughout speciation. Approximation of age at each node and/or species emergence derives from the TimeTree database.*® Dots are color
coded to reflect evolutionary age of TE families shown in Figures 2B-2G.

(D-F) Expression profiles of LTR superfamilies ERV1 and ERV2 (ERVK) combined; ERVL and ERVL-MaLR (D); LINE superfamilies CR1, L1, and L2 (E); and SINE
superfamlies Alu, MIR, and tRNA (F) in all species at the indicated stages, where each dot represents the summed rpm value of all elements per subclass, per
single embryo. The shade indicates SD.
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Figure S4. Analysis pipeline and examples of selected LINEs and SINEs with an EGA profile and examples of conserved expression patterns
and TSS profiles for TEs with an EGA profile , related to Figures 3 and 4

(A) Hierarchical clustering based on expression of LINE families in rabbit embryos by Z score, whereby each row corresponds to an individual LINE from the
different subclasses as indicated by the color code.

(B) k-means clustering (k = 5) based on the expression of LINE families by Z score from (A). Number of elements per cluster is indicated.

(C and D) Expression values as mean rpm (C) and Z score (D) of the individual LINEs from cluster 1 in (B), in all embryos from indicated stages. Corresponding
subclasses are indicated by the color code.

(E) Hierarchical clustering based on expression of SINE families in mouse embryos by Z score. Each row corresponds to an individual SINE from the different
subclasses as indicated by the color code.

(F) k-means (k = 4) clustering based on the expression of SINE families by Z score from (E), with number of elements per cluster as indicated.

(G and H) Expression values as mean rpm (G) and Z score (H) of the individual SINEs from cluster 4 in (B), in all embryos from indicated stages. Corresponding
subclasses are indicated by the color code.

(I) Mouse LTR MT2_Mm increases expression specifically at the time of EGA.

(J) Rhesus SINE AluSz becomes expressed at the time of EGA in eight-cell-stage rhesus embryos, and its expression persists after EGA.

(K) Bovine LINE L1MAS9 continues to increase expression after EGA.

(L) Pig LTR MLT1K is an example of a TE that decreases in expression after EGA.

From () to (L), individual dots represent single embryos and indicate the rpm value of the sum of the 5’ reads mapping to all insertions for each indicated TE. The
shaded line indicates SD, and the yellow rectangle indicates the timing of EGA for each species.

(M) Mouse LTR MT2_Mm contains a sharply positioned TSS, transcribed in the sense direction only in late 2-cell-stage mouse embryos.

(N) Mouse LTR MT2B2 shows transcription in both sense and flanking antisense direction at its TSS in the late 2-cell-stage embryo.

(O) Mouse LTR RLTR45 is transcribed in eight-cell embryos from its TSS in sense direction with weak flanking antisense transcription (note the adjusted y axis
scale for antisense signal).

(P) Pig SINE AmmLer-1.137 contains a sharply positioned TSS at the start of the TE sequence.

(Q) Rabbit LINE L1M5_orf2 contains two TSSs, initiating transcription in sense direction at the end of the TE sequence and in antisense direction at the start of the
TE sequence.

(R) Cow SINE MIRb is an example of a TE that shows a depletion of signal around the TE sequence.

From (M) to (R), shown are aggregate signals of all genomic insertions with uniqgue mapping signal. Reads in the sense direction are indicated in blue and in the
antisense direction in cyan. Number of insertions with captured unique mapping signal is indicated.
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Figure S5. MER5A shows similar TSS profiles across species and shared de novo TF motifs, related to Figure 5

(A) Number of total DNA transposon genomic insertions per species.

(B) Expression levels of all DNA transposons calculated as rpm of the sum of 5’ fragments aligned to DNA transposons in mouse, pig, cow, rabbit and rhesus. Each
dot represents the rpm value per embryo for each stage and species. The dashed line depicts SD. The number of embryos per stage and per species is indicated
in Figure 1B. The number of DNA transposon families represented in expression profiles is listed.

(C) Density plots of MER5A insert size distrutions for all insertions (gray) and all transcriptionally active insertions (purple).

(D-H) Aggregate signal analysis of MER5A in mouse early 2-cell (D), pig 4-cell (E), cow 4-cell (F), and rabbit 2-cell (G) embryos and in rhesus oocyte (H). Pileup of
sense (blue) and antisense (green) signal on MERS5A insertions at a representative development stage (top). Heatmap of the 5’ fragment sense and antisense
signal illustrating the TSS across individual MER5A insertions in embryonic stage as listed. Number (n) of insertions shown in the heatmap is indicated along the y
axis. Insertions with no Smart-seq+5’ signal were excluded from this analysis.

(I) Schematic drawing of MER5A element features.

(J) De novo TF motif enrichment across all MER5A insertions in the mouse, pig, cow, rabbit, and rhesus genomes. Bubble size represents the percentage of TE
insertions in each genome, which were enriched for a given TF motif over the background genomic sequence. Only TFs that were shared across at least two
species are shown. Motifs that belong to the same TF were pooled.
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Figure S6. Analysis of MTL1AO LTR sequence conservation, related to Figure 6

(A) Histograms of MLT1AO LTR insert length (in bp) distribution of all the corresponding insertions in 12 different mammalian genomes. Dashed lines depict the
size cutoffs used for phylogeny analysis.

(B) Expression of MLT1AO LTR insertions split by the size of the LTR in either larger than 300 bp (red) or shorter than 300 bp (blue). Number of insertions (n) in each
category is listed. Each dot represents the rpm value for all insertions in the corresponding size class per embryo, normalized by the number of insertions of that
class across the genome of each species. The shaded line indicates SD, and the yellow rectangle depicts the time of EGA.

(C) TSS profile of size-selected MLT1AO LTR sequences (as shown in Figures S7A-S7L) in mouse, pig, cow, rabbit, and rhesus embryos at the indicated
developmental stages. The plots show the aggregate of 5’ transcript signal over the MLT1AO LTR insertions, relative to its “start” and “end,” in the sense (blue)
and the antisense (cyan) direction and thus an approximation of the position of the TSS relative to the start and end of MTL1AQ. Number of insertions reflected in
this analysis is listed.

(D) Otx2 or Otx2 ortholog expression across early developmental stages in mouse, pig, cow, rabbit, and rhesus. Expression levels are plotted as rpm values for
the indicated genes in individual embryos, represented by dots. The shading indicates SD and the yellow rectangle the EGA time for the corresponding species.
(E) Expression levels as in (D), for Zkscan5 or Zkscan5 orthologs across early developmental stages in each species as indicated.

(F) MLT1A0-Ruby reporter assay as measured by flow cytometry in mouse ESCs (left) and rabbit ESCs (right), following experimental setup as shown in Figure 6D.
Species-specific consensus sequences were used as shown in Figure 6B.



Cell

Distance TE - gene start Distance TE - gene start
26 n=3614LTRs n=671LTRs
n= 524 LINEs ) n =881 LINEs
> n = 1863 SINEs >].5e n =495 SINEs
= n=111DNA £ n =289 DNA
c g c
[} [}
© T,
o o
T B B K
absolute distance (kb) absolute distance (kb)
Distance TE - gene start Distance TE - gene start
e n=987 LTRs n=282LTRs
n =133 LINEs n =262 LINEs
> n=338 SINEs  >1-5@ n = 102 SINEs
3 n=20DNA G n =92 DNA
c 1e c le
S S
0.5e
o
o S 0 1‘? o S ,0 )‘5\
absolute distance (kb) absolute distance (kb)
M LTRs
Chimeric LTRs Chimeric LTRs
400
(72} (2}
it} i}
~ ~ 300
L L
5] @ 200
£ E
s S 100 I
H H* o
e <<\ L4 16, 2, Q< QXS 2l
X 9%, o 00 0%,
9%;90 4,\ 5;\\3 0@//0@// Oo//&o %\9% Cs, //o@//@//\os/;%
"s/,%’//
Chimeric LINEs Chimeric LINEs
(7] (7}
it} i}
~ ~ 400
L L
5] 5]
£ £ 200 I
< <
o o
* Y I
0
Q< RKE el
0 Y SNA TN 7%,
Chimeric SINEs
300,
a 500 @
& 400 5 200
2 300 2
[ [}
_E 200 E 100
S 100 3] I.
** **
0 o
[ TRIRS & 78 W, e Ed 0 4,
RV 2 WY
EACIAN ;,o @//\09//\5‘9, e J7 % 5550, A
\0\0@//

™

Distance TE - gene start

n=104 LTRs
n =170 LINEs
4e9 n =112 SINEs

n =90 DNA

S V. e
o % %

absolute distance (kb)

Distance TE - gene start

n=43LTRs
n=72LINEs
> 4e? n =54 SINEs
B n=31DNA
=
3 2e9
0
o S )’0 76\
absolute distance (kb)
M LINEs M SINEs
Chimeric LTRs
50
@ 40
o
L2 30
8 20|
S 10
**
ol
QIR & el
5 %A %8 %,
C},@‘Qo,é Sy @/,\o@//’oé
Il ERVL B ERVL-MaLR
Chimeric LINEs
o 80 R—
w
= 60
L
© 40
£
S 20
*+
0
[ORTR RN
(7 oo X 6%,
C},@‘Qo,é 8 e//c'@//\o@//’oé
| QR o L2
Chimeric SINEs
1]
w
= 40
L
5]
£ 20
<
o
H*
0
QUR % R 4¢
_1?00,08//00//\00//\0
B MR M Au

density

»

Distance TE - gene start

n =369 LTRs
6e9] n =646 LINEs
n =356 SINEs
169 n =241 DNA

%

% %
absolute distance (kb)

Distance TE - gene start

n=172LTRs
n =239 LINEs
n =118 SINEs
n =80 DNA

s
absolute distance (kb)

o s

Il DNA transposons

¢? CellPress

OPEN ACCESS

Distance TE - gene start

n=2364 LTRs
6es n = 2045 LINEs
> n =3910 SINEs
Z 465 n =802 DNA
c
[}
T e

%

K
absolute distance (bp)

Distance TE - gene start

n=1191LTRs
6e9| n =892 LINEs
> n = 1466 SINEs
B 4o n =304 DNA
2 4e”
o)
© 2¢9|

0
o

)
absolute distance (kb)

o s

Chimeric LTRs h Chimeric LTRs
o 150 » 1200 ;
g @
8 100| _g 800
£ £
3 ||| | T
* 0 l. ® 0
3 Q . \ & 16,
%goé’s//\oo// 0@//‘0@;’%6:90 % 90, 8 %y os,/ %,
ERV1/2
Chimeric LINEs Chimeric LINEs
h 1200 M
&G 800 4
[= [=
£ 200 k]
£ £
= 100 =
o o
s i
QSR X QTR R R %
J?é,o%o /\"@//O/O@///%o RS
CR1
Chimeric SINEsh Chimeric SINEs
@ L‘ﬁzooo 7 ;
150 F 1500
L ke
g 100 S 1000
£ £
: In :-N=Eel
F F*
o 0
9 é ‘7\ 6%,
% o, o//"s// AN 0,6:90 17 \90, Os/, “o// Sy \oQ//
B2/tRNA

Figure S7. Genomic distance between TE and gene start across all chimeric TE-gene 5 fragments from Figure 7
(A and B) Density plot of absolute distance between gene start and TE found in chimeric 5’ fragments separated by subclass in mouse, pig, cow, rabbit, and
rhesus on a unrestricted x axis (top) and zoomed in to 0-15 kb distance (bottom). Number of chimericTEs reflected in the density plots (n) is listed, following the

color coding of the plots.

(C-E) Number of chimericTEs indicated by superfamily in LTRs (C), LINEs (D), and SINEs (E) across species and across developmental stages.
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