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1 Summary

Transposable elements (TEs) are mobile genetic elements that make up a significant portion of
mammalian genomes. They have evolved cis-regulatory elements to hijack host-encoded
transcription machinery for their own expression. While typically silenced in somatic cells, TEs
undergo a dramatic and stage-specific surge in transcriptional activity during early mammalian
development, particularly around the time of genome activation. Once considered a byproduct of
epigenetic reprogramming, TE expression is now emerging as a tightly regulated process with
critical biological implications. Understanding the molecular mechanisms mediating TE
expression, particularly during critical stages such as preimplantation development, is of utmost
importance. We hypothesized that, like genes, TEs are regulated by sequence-specific
transcription factors (TFs) and are under evolutionary pressure to preserve TF binding sites
(TFBS) for factors expressed during these developmental stages. In this study, we aimed to
identify novel TFs involved in regulating six highly expressed TE families in the mouse embryo.
By analyzing chromatin accessibility data, we identified 54 candidate TFs potentially involved in
TE regulation. Phylogenetic analysis, combined with TFBS profiling over individual insertions,
revealed correlations between TE subfamilies, TFBS and expression patterns during
development. We reconstructed the evolutionary history of MERVL LTRs, identifying SRF as a
regulator of MT2, and pinpointed the acquisition of SRF and DUX binding sites during MT2
evolution. A targeted gain-of-function screen in mESCs showed that 10 TFs induced TE
transcription, and luciferase reporter assays confirmed the role of SRF as an activator of MT2.
Three TFs, SRF, FOXJ3 and TBP, were further investigated for their functional roles in TE
regulation in-vivo. Loss of function (LOF) experiments confirmed the role of SRF as a regulator of
MERVL at the 2-cell stage, while TBP was found to regulate MaLR ORR. Together, this work
sheds light on TE regulation during early mammalian development, and identifed SRF and TBP
as novel regulators of TEs, expanding our understanding of the dynamic interplay between TFs

and TEs in early embryogenesis.



2 Introduction

To contextualize the questions addressed during my PhD, | will first introduce transposable
elements (TEs), with an emphasis on the structure of cis-requlatory regions of major mouse TE
families. To situate the relevant biological framework, | will then outline preimplantation
development, focusing on key events following fertilization such as zygotic genome activation and
epigenetic reprogramming. Finally, | will present how TE expression during preimplantation
development is not merely a spurious wave of transcription, but rather a regulated mechanism,
likely governed by transcription factors (TFs). These TFs are recruited to TE cis-regulatory
regions, and the resulting TE transcription comes along, in some cases, with the activation of
genes specifically active during the time of zygotic genome activation. Hence, through the binding
of TFs, from parasites, TEs become co-opts, whose transcriptional activation can be beneficial to
the host. During my PhD | set out to understand how TEs are regulated, looking for new TFs

involved in TE regulation.

2.1 Transposable elements
Transposable elements (TEs) are DNA sequences that have, in principle, the ability to move

within the genome. Roughly 46% and 37% of the human and mouse genomes, respectively, have
been identified as remnants of TE insertions, meaning that a substantial fraction of mammalian
genomes are composed of TE fossils (Lander et al. 2001; Waterston et al. 2002). The true fraction
of mammalian genomes derived from TEs may be underestimated, given significant decay that
older insertions have undergone (de Koning et al. 2011). Regardless, TEs have proven to be

remarkably successful at colonizing mammalian genomes.

2.1.1 Classification and transposition mechanisms of TEs
Based on the transposition mechanism and intermediate used, TEs are divided into two major

classes: Class | TEs, or Retrotransposons, and Class Il TEs, or DNA transposons (Finnegan
1989; Wicker et al. 2007). Class | TEs spread throughout the genome via a copy-and-paste
mechanism that relies upon the reverse transcription of a full-length RNA intermediate (Figure
1A), Class Il TEs directly cut-and-paste themselves in and out the genome (Figure 1B) (Wicker
et al. 2007).
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Figure 1. Schematic representation of the two major classes of TEs and their transposition
mechanism. (A) Transposition mechanism of Class | transposons (Retrotransposons), which require
transcription of a full-length transcript, followed by reverse transcription. (B) Transposition mechanism of
Class Il transposons (DNA transposons), involving direct excision of the DNA fragment and integration
elsewhere in the genome. Figure adapted from (Jansz 2019), licensed under CC BY 4.0.

Whether they belong to Class | or Class Il, TEs have the ability to transpose independently of
host genome DNA replication. Autonomous TEs encode their own machinery for replication.
Others, known as non-autonomous TEs, rely on the transposition machinery of other TEs to
mobilize.

Perhaps because the copy-and-paste replication mechanism facilitates waves of copy number
increase (Gifford et al. 2013), retrotransposons largely dominate the mammalian TE repertoires
(Lander et al. 2001; Waterston et al. 2002; Rodriguez-Terrones and Torres-Padilla 2018;
Osmanski et al. 2023). Based on structural components, retrotransposons are further divided into
two maijor groups: the long terminal repeats (LTR)-containing elements and the elements which
do not contain an LTR. LTRs are sequences that range from 100bp to over 5kb in size and flank
the element on each end (Mager and Stoye 2015). While not exclusively, LTR-containing
elements are primarily composed of Endogenous Retroviruses (ERVs). Non-LTR
retrotransposons include two major subclasses: Long Interspersed Nuclear Elements (LINEs) and
Short Interspersed Nuclear Elements (SINEs) (Goodier and Kazazian 2008). Within these
subclasses, TEs are categorized in superfamilies, themselves further divided into families.

TEs must be transcribed to mobilize. Retrotransposon transposition relies upon a full-length RNA
intermediate. While DNA transposons do not need this RNA intermediate, they do need to
transcribe and translate a functioning transposase, necessary for transposition. While replication
itself is self-encoded and independent from that of host DNA, TEs depend on the recruitment of
the host transcription machinery. To do so, TEs have evolved cis-regulatory sequences, of
different forms and structures that effectively mimic host promoters by recruiting host-encoded

factors such as RNA polymerases or transcription factors (TFs).
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2.1.2 Structure of major murine retrotransposons

21.21 Endogenous Retroviruses (ERVSs)
As their name indicates, ERVs are remnants of ancient retroviral infection which, when integrated

into the germline, were subsequently vertically transmitted, and eventually endogenized
(Eickbush and Malik 2007). ERVs exist in a wide variety of different structural configurations within
the mouse genome, most of which are incomplete or truncated, and constitute about 11.5% of
the mouse genome (estimates from mm10 and RepeatMasker). A complete ERV is structurally
similar to a provirus, as it contains an internal coding sequence for the viral proteins Gag, Pol and
occasionally Env, surrounded by two initially identical LTRs (Figure 2). A significant fraction are
also present as solo LTRs, which result from homologous recombination between two LTRs of a
complete element. ERVs have been classified according to phylogenetic analysis of the reverse
transcriptase (RT) encoded by the Pol gene. Three major superfamilies result from this
classification system: ERVI, ERVII and ERVIII which are related to gammal/epsilon, alpha/beta
and spuma viruses, respectively (Rowe and Trono 2011; Mager and Stoye 2015). This work
mainly focuses on ERVIII retrotransposons, which have lost the env gene (Figure 2). Mammalian
apparent LTR Retrotransposons (MaLRs), which is a large category of elements (~4.8% of the
mouse genome according to the initial mouse genome sequencing consortium (Waterston et al.
2002)), are internally depleted: their internal sequence is short and non-coding (Figure 2). Based
on slight homology with the Gag gene, they are commonly classified as belonging to ERVIII.

MaLRs are non-autonomous TEs and rely upon the replication machinery of ERVIII to propagate.

LTRs emerge from the reverse transcription process and contain the cis-regulatory elements
required for activating and regulating transcription. An LTR can be divided into three regions: U3,
R and U5 (Figure 2). U3 is the fragment at the 5’ end of the LTR and corresponds to the sequence
unique to the 3’ end of the RNA. Conversely, U5 is the 3’ most region of the LTR and is exclusively
found at the 5’ end of the RNA (Figure 2). U3 and U5 are duplicated upon reverse transcription.
Finally, the R region, located in between U3 and U5 within the LTR, is repeated at both sides of
the RNA (Mager and Stoye 2015; Vogt 1997) (Figure 2). The transcription of a full-length RNA is
therefore expected to begin at the U3/R boundary and end at the R/U5 boundary (Vogt 1997;
Boeke and Corces 1989) (Figure 2). Most of the control elements of a provirus, such as the RNA
polymerase Il (RNAPII) promoter and several enhancer sequences responding host TFs are
found within U3 regions (Vogt 1997; Mager and Stoye 2015; Chuong et al. 2017).
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Figure 2. Schematic representation of ERVIII, MaLR and their regulatory elements. Boxes represent
the different elements as indicated. Arrows represent the transcription start sites (TSSs). The full-length
RNA structure is displayed, with highlighted the positions of the R, U3 and U5 regions of the LTR. (LTR)
long terminal repeat, (ERV) endogenous retrovirus, (MaLR) mammalian apparent LTR retrotransposon.
Figure adapted from (Hermant and Torres-Padilla 2021), licensed under CC BY-NC 4.0.

21.2.2 Long Interspersed Nuclear Elements (LINEs)
LINEs can be divided into many different clades (Malik et al. 1999; Bao et al. 2015; Rodriguez-

Terrones and Torres-Padilla 2018). Three of these are widely distributed across mammals and
not restricted to certain taxonomic groups: LINE1 (L1), LINE2 (L2) and CR1 (Rodriguez-Terrones
and Torres-Padilla 2018). CR1 and L2 are older, and expanded earlier during mammalian
evolution (Chalopin et al. 2015), but all three are found in all mammals indicating that their entry
within the genome predates mammalian radiation which happened around 100 million years ago
(MYA). In nearly all mammals, L1 consistently outnumbers L2 genomic content (Rodriguez-
Terrones and Torres-Padilla 2018). In fact, L1 is the most successful retrotransposon in many
mammals, and accounts for nearly 20% of the mouse genome (~19.9% according to mm10 and
RepeatMasker annotations). Full-length L1 elements are composed of two open reading frames,
Orf1 and Orf2, which encode proteins involved in transposition (Figure 3). A5’UTR and a 3'UTR
surround the coding regions (Figure 3) and many, if not most, copies in the mouse genome are
truncated at the 5’ end (Voliva et al. 1983).

In contrast to ERVs, L1s do not harbor an LTR sequence. A typical RNAPII promoter initiates
transcription downstream of its promoter region. LTRs facilitate ERV transcription and reverse
transcription without loss of promoter elements. Murine L1s have evolved a different, bipartite
promoter system with a series of tandem repeats, called the monomers, which are associated to
the coding regions through a structure termed the tether (Padgett et al. 1988; Naas et al. 1998)
(Figure 3). Monomers are around 200bp in length, and repeated on average three times in young
L1 families (Zhou and Smith 2019). Each monomer of the tandem repeat is sufficient to drive the

expression of a reporter (Padgett et al. 1988; Naas et al. 1998; Furano 2000). Therefore, in the
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case of monomer loss, transcription can, in principle, still be initiated. This monomeric system
provides the mouse L1 with a platform for recruitment of transcription regulators and explains the
persistent 5’ truncations observed in the genome (Voliva et al. 1983; Loeb et al. 1986). However,
some monomers may be recovered through unequal homologous recombination between
misaligned monomers during meiosis, leading to non-reciprocal exchange events that duplicate

deleted monomers from the homologous template (Loeb et al. 1986).
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Figure 3. Schematic representation of murine L1 and its regulatory elements. Boxes represent the
different elements as indicated. Arrow represents the TSS. (ORF) open reading frame, (UTR) untranslated
region. Figure adapted from (Hermant and Torres-Padilla 2021), licensed under CC BY-NC 4.0.

21.23 Short interspersed elements
SINEs are non-autonomous retrotransposons, which do not encode for any protein and rely on

the transposition machinery of LINEs to mobilize (Dewannieux et al. 2003; Dewannieux and
Heidmann 2005). Full-length SINEs range between 100 to 600bp in size (Kramerov and
Vassetzky 2011), and display a composite structure including a head on the 5’ end, a body and a
tail on the 3’ end (Figure 4). The origin of the SINE head is used to classify SINE families. SINE1
heads are derived from 7SL RNAs, while SINE2 heads come from tRNAs. Even though SINE1
(SINEB1 in rodents) are present in the mouse genome, the most prevalent SINE family is SINE2
(SINEB2) in mice. These rodent-specific elements, with oldest members found in both rat and
mouse genomes, started expanding around 50 MYA (Schmidt et al. 2012) and make up about
2.4% of the mouse genome.

SINEB2 elements, like the tRNA sequences their 5’ end originates from, are primarily transcribed
by RNA Polymerase Il (RNAPIII). Unlike RNAPII, RNAPIII can initiate transcription upstream of
its promoter. An RNAPIII-driven transcription mechanism enables SINEB2 to be transcribed from
the +1 nucleotide, ensuring that promoter elements are preserved throughout successive
transposition cycles. SINEB2 elements are derived from type Il RNAPIII promoters, which contain
two internal motifs: the A and B boxes. These regulatory boxes are each about 11bp-long and are
involved in recruiting RNAPIII to the promoter (Schramm and Hernandez 2002) (Figure 4).
SINEB2 elements also contain an internal RNAPII promoter that is located outside of the tRNA-

derived regions and drives transcription in the opposite direction (Ferrigno et al. 2001; Allen et al.



2004) (Figure 4). Additionally, many SINEs are found embedded within the 3’'UTR of genes and
pervasively transcribed by RNAPII (Chen et al. 2009; Roy-Engel et al. 2005).

RNAPIII RNAPII
head| core | tail | Figure 4. Schematic representation of SINEB2 regulatory
/ N\ elements. Boxes represent the different elements as indicated. Arrows
L . represent the TSSs. A and B refer to the A and B boxes. Figure
R S adapted from (Hermant and Torres-Padilla 2021), licensed under CC
L_IA[l [B] BY-NC 4.0.

2.1.3 Impact of transposable elements on mammalian genomes

While most TEs in the genome are no longer mobile, many still retain transcriptional potential.
Over waves of transposition and genomic expansion, these cis-regulatory sequences have been
dispersed throughout the genome, contributing to the pool of transcriptional regulators and
causing regulatory innovations. First put forward as an insightful intuition by Barbara McClintock
in the 1950s, following her discovery of TEs in maize (McClintock 1950; Mcclintock 1956), the
impact of TEs in genome evolution is now undeniable. TEs have acted as powerful genetic
elements, profoundly shaping the structure of genomes, whether influencing the proteins the
genome encodes, or the regulatory mechanisms controlling the expression of these proteins
(Feschotte 2008; Chuong et al. 2017; van de Lagemaat et al. 2003; Wang et al. 2007; Cohen et
al. 2009; Bourque et al. 2008; Chuong et al. 2016; Modzelewski et al. 2021).

Indeed, this is now supported by a wealth of evidence, made possible by advances in genomics
techniques, such as genome-wide mapping of promoters or TF binding locations. Using different
methods, consecutive studies showed that at least one fourth of human promoters overlap with
TE-derived sequences, one third of TSSs were located within TEs, and nearly 44% of open
chromatin regions were located within TEs in different cell types and species (Jordan et al. 2003;
Faulkner et al. 2009; Jacques et al. 2013). Further, many TFs were found to bind to TEs.
Numerous TFs have been found to preferentially associate with TEs in a species- and cell type-
specific manner across cancer cell lines, but also pluripotent cells such as stem cells. This
suggests significant evolutionary pressures, on both TEs and the host genome, to maintain
transcription factor binding sites (TFBS) over time (Wang et al. 2007; Bourque et al. 2008;
Kunarso et al. 2010; Sundaram et al. 2014; Ito et al. 2017; Sun et al. 2018; Jiang and Upton 2019;
Du et al. 2024). The selective binding of TFs to specific TEs further reinforces the idea that TEs

originally carry the TFBS, scattering them across the genome during periods of genomic



expansion (Bourque et al. 2008; Chuong et al. 2017; Schmidt et al. 2012; Hermant and Torres-
Padilla 2021).

While the benefit of TEs in host evolution is indisputable, their uncontrolled spread could rapidly
result in lethality. Indeed, given their mobile nature, TEs can compromise genome integrity. For
example, a new insertion landing in an essential gene may be fatal for the cell. In fact, TE activity
is associated with multiple diseases, particularly cancers (Hancks and Kazazian 2016; Kazazian
and Moran 2017; Burns 2017). To avoid TE-induced genome damages, the cell has evolved a
variety of mechanisms involved in restricting TE mobilization at various stages of the transposition
cycle (reviewed in (Goodier 2016)). The host’s first line of defense against transposition is
blocking transcription. In most somatic cells TEs are transcriptionally inert, with a few notable
exceptions, such as neurons or cells in the placenta. TE transcriptional repression is mainly
controlled by the two main components of constitutive heterochromatin: DNA methylation and
H3K9me3. DNA methylation at CpG dinucleotides is initially established by de novo
methyltransferases (DNMT3a, DNMT3b and DNMT3L) and subsequently maintained by DNMT1
(reviewed in (Greenberg and Bourc’his 2019)). H3K9me3 is catalyzed by a group of histone
methyltransferases (HMTs), including SUV39H1, SUV39H2, SETDB1, SETDB2, G9a and
EHMT1 (reviewed in (Padeken et al. 2022)). H3K9me3 is directed to TEs through the action of
KRAB-zinc finger proteins (KZFPs), which possess a DNA-binding domain involved in sequence-
specific recognition of TEs. KZFPs recruit the effector protein KAP/TRIM28, which in turn
mobilizes the heterochromatin inducing machinery to the genomic location (Rosspopoff and Trono
2023).

The prevalence of TEs in mammalian genomes reflects a fine-tuned balance over evolutionary
time between the disruptive potential of TE mobilization and the evolutionary benefits they may

confer by enhancing host fithess and genetic diversity (Oomen and Torres-Padilla 2024).



2.2 Mouse preimplantation development
In mammals, embryonic development begins with the fertilization of the oocyte by the sperm

(Figure 5), both of which are transcriptionally inert. During spermatogenesis, the sperm chromatin
becomes highly condensed as histones are replaced by protamines. Meanwhile, growing mouse
oocytes accumulate transcripts and proteins within the cytoplasm and upon maturation, oocytes
remain arrested in metaphase Il (MIl), with condensed meiotic chromosomes. Fertilization merges
these highly specialized cells, leading to the formation of a totipotent zygote (Figure 5).
Totipotency refers to the ability of a single cell to give rise to a complete new organism by itself.
Following fertilization, the zygote carries the parental genomes which remain physically
segregated in pronuclei until they unite in a process called syngamy. This occurs during
metaphase of the first mitosis and results in the formation of the first diploid nuclei in the 2-cell
stage embryo. During the first few cell divisions, the embryo gradually transits from totipotency to
pluripotency, ultimately forming the blastocyst, which implants into the female uterus (Figure 5).
The formation of the blastocyst marks the allocation of the first lineages, separating
extraembryonic from embryonic tissues. The inner cell mass (ICM), which forms the embryonic
tissues, has lost the ability to generate supportive extraembryonic tissues, but can differentiate
into all three germ layers of the embryo, including the germline, and is therefore referred to as

pluripotent.

2.2.1 Zygotic genome activation
Itis during preimplantation development that the new organism transcribes its genome for the first

time in a process called zygotic genome activation (ZGA). Simultaneously, the pool of maternally
loaded mRNAs is degraded, altogether enabling the maternal-to-zygotic transition (MZT) to occur
(Figure 5). In the mouse, ZGA occurs in two waves: the minor wave starts at the end of the zygote
stage (Mintz 1964), while the major wave happens at the late 2-cell stage and consists of the
transcriptional activation of about 4000 genes simultaneously (Aoki et al. 1997; Hamatani et al.
2004; Jukam et al. 2017) (Figure 5). Concomitant with activation of gene expression, murine
preimplantation development is characterized by a robust activation of TEs (Peaston et al. 2004;
Fadloun et al. 2013), a phenomenon that is also observed in other mammalian species
(Rodriguez-Terrones and Torres-Padilla 2018; Modzelewski et al. 2021; Oomen et al. 2025). TEs
are transcriptionally active as early as the zygote stage for certain elements and sometimes until
the blastocyst stage. For example, ERVLs (ERVIII) are robustly transcribed from the onset of
minor ZGA and peak at the late 2-cell stage (Kigami et al. 2003; Peaston et al. 2004). Young L1s

also get transcriptionally activated with a peak at the late 2-cell stage (Fadloun et al. 2013;



Jachowicz et al. 2017). SINEB2, on the other hand, become transcriptionally activated by the time
of ZGA and peaks later in development around the morula to blastocyst stages (Figure 5)
(Bachvarova 1988; Fadloun et al. 2013). Therefore, TE expression is dynamic, abundant, stage
specific, and involves many, but not all, TE families (Fadloun et al. 2013; Oomen and Torres-
Padilla 2024).

Oocyte Zygote 2-cell 4-cell 8-cell 16-cell Blastocyst
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Figure 5. Murine preimplantation development overview. Sperm, oocyte and cleavage stage embryos
up to blastocyst stage are depicted. The major biological processes occurring during this stage of
development are highlighted as well as expression patterns of main retrotransposons. (ICM) inner cell
mass, (MZT) maternal-to-zygotic transition, (ZGA) zygotic genome activation. Figure adapted from
(Hermant and Torres-Padilla 2021), licensed under CC BY-NC 4.0.

This peculiar embryonic transcription characterized by expression of many repeated elements
tightly silenced in most cell types raises the central question of my PhD project:

How is TE expression during preimplantation development requlated?
2.2.2 Epigenetic reprogramming: a “window of opportunity”?

TE de-repression is not unique to blastomeres during preimplantation development, it has also
been observed in cancer cells, as well as in the germline. These cells have a critical feature in
common: they all undergo extensive epigenetic reprogramming. Indeed, these disease or
developmental contexts are characterized by globally open chromatin structure and high cellular

plasticity, which may promote the robust transcriptional activation of TEs.
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During preimplantation development and following fertilization, large-scale epigenetic changes
and chromatin organization remodeling occur, which are believed to underlie the reprogramming
of highly specialized gametes into totipotent cells and allow zygotic transcription to start (Burton
and Torres-Padilla 2010, 2014; Eckersley-Maslin et al. 2018). At these developmental stages, the
global chromatin structure is largely relaxed (BoSkovi¢ et al. 2014; Wu et al. 2016). While the
changes in the chromatin composition occur at different levels including DNA methylation, histone
post-translational modifications and histone variants (Burton and Torres-Padilla 2014), | will focus
on the two classical marks of heterochromatin involved in TE regulation; DNA methylation and
H3K9me3.

First, the DNA becomes largely demethylated upon fertilization up to the blastocyst stage (Smith
et al. 2014, Eckersley-Maslin et al. 2018). Interestingly, the dynamics of DNA demethylation differ
between the two parental genomes (Smith et al. 2014, 2012; Wang et al. 2014b; Guo et al. 2014).
While paternal DNA demethylation is active and rapid, maternal DNA demethylation is largely
passive. Similarly, H3K9me3 is intensely remodeled. Levels of H3K9me3 fall drastically right after
fertilization occurs, also asymmetrically between the parental genomes (Liu et al. 2004;
Puschendorf et al. 2008; Wang et al. 2018). These atypical chromatin features at the early stages
of development could constitute a “window of opportunity” for pervasive TE transcription, as all
the classical chromatin modifications involved in TE repression in somatic cells are largely absent.
However, the chromatin remodeling described above cannot, alone, explain the pattern of TE
transcriptional activation. Despite an increase in H3K9me3, and stable levels of DNA methylation
deposited over MERVL elements between the zygote and 2-cell stages, these elements are
heavily upregulated upon ZGA at the 2-cell stage (Fadloun et al. 2013; Wang et al. 2018).
Whereas LINEs, ERVL and MaLR are hypomethylated (DNA) after fertilization and highly
expressed at the 2-cell stage, SINEs are hypomethylated upon fertilization, yet their highest
transcriptional activity is observed at the morula and blastocyst stages (Bachvarova 1988;
Fadloun et al. 2013; Smith et al. 2014; Wang et al. 2018). Furthermore, increased H3K9me3 from
Suv39h1 overexpression and removal of heterochromatic marks prior to ZGA do not affect TE

expression (Burton et al. 2020).

This suggests that the pattern of transcriptional activation of TEs during preimplantation
development does not fully trace the chromatin dynamics at these elements, implying that their
transcription is not simply due to the loss of classic heterochromatin signature, but instead

modulated by the action of sequence-specific transcription factors.
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2.3 TE expression in early embryos: from parasites to co-opts

Rather than a spurious wave of transcription, TE expression in the early embryo emerges as a
tightly regulated process of key biological relevance to the host. The stage-specific TE
transcription across classes, families (Rodriguez-Terrones and Torres-Padilla 2018; Oomen et al.
2025) and occasionally even subfamilies (Carter et al. 2022), led us to hypothesize the
involvement of sequence-specific transcription factor-mediated activation and repression. Not all
TE families are expressed at the same level; rather a specific subset is known to be transcribed.
In addition, TE transcription at these stages is not merely a result of read-through transcription of
TEs embedded within genes but is driven by the cis-regulatory elements of the TEs themselves
(Evsikov et al. 2004; Peaston et al. 2004; Fadloun et al. 2013; Oomen et al. 2025). Understanding
how TEs are regulated at this stage of development becomes a central question, at the
intersection of their evolutionary pressures as parasitic elements, reliant upon vertical

transmission, and the biological significance of their transcription for the host.

2.3.1 Evolutionary pressure for vertical transmission
When considering TEs as purely selfish elements, whose fitness is dependent on the ability of

new insertions to be transmitted to the next generation, then a strong selection likely occurs for
their mobilization prior to, or during germline development. In the mouse, primordial germ cells
(PGCs) arise soon after implantation, around 7.5 days after fertilization. It is therefore an ideal
timeframe for TEs to transpose, as cells during preimplantation development will later contribute
to the germline formation. A new insertion within blastomeres of a preimplantation developing
embryo can be transmitted to the germline and therefore, transmitted to the next generation. TEs
likely evolved under the selective pressure to be transcribed during preimplantation development.
This can be fulfilled by recruiting TFs that are specifically expressed at this stage, driving their
expression in a timely manner.

Some examples, mostly regarding human ERVs started to emerge supporting this hypothesis.
For example, it was reported that LTR5Hs, a human-specific ERVK (ERVII), is transcriptionally
activated in human embryos from the 8-cell stage, the time at which human embryonic genome
activation happens. Conversely, LTR5a and LTR5b, the evolutionary predecessors of LTR5Hs
found in non-human primates, are not expressed during preimplantation development. Despite
overall 90% identity between the three consensus sequences, only LTR5Hs harbored a motif for
the TF OCT4 (Grow et al. 2015). In pluripotent cells, OCT4 was found to bind exclusively to
LTR5Hs, and siRNA-mediated knock-down of OCT4 reduced HERVK transcription (Grow et al.
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2015). This suggested that OCT4 regulates HERVK, and is responsible, through the evolution of
a binding site within the youngest LTR, of its expression in pluripotent cells.

Similarly, HERVH (ERVI) is known to be highly expressed in pluripotent cells, specifically in cells
of the ICM, in naive human embryonic stem cells (hESCs) as well as during reprogramming of
somatic cells to induced pluripotent stem cells (iPSCs). Many different studies have reported a
variety of TFs to bind and activate HERVH, including OCT4, NANOG, SP1 and SOX2 (Kunarso
et al. 2010; Santoni et al. 2012; Kelley and Rinn 2012; Wang et al. 2014a; Ohnuki et al. 2014;
Fort et al. 2014; Gbke et al. 2015; Ito et al. 2017; Zhang et al. 2019b; Pontis et al. 2019; Carter et
al. 2022). The HERVH LTRs are subdivided into four families: LTR7, LTR7b, LTR7c and LTR7y.
While only some LTRY insertions were found to be expressed in pluripotent stem cells, 7c and 7y
families were characteristically expressed earlier in development, by the time of human genome
activation (Goke et al. 2015; Carter et al. 2022). Using phylogenetic analysis of all LTR7
insertions, Carter and colleagues were able to partly explain these differences in temporal
expression patterns. Indeed, their phylogenetic analysis of all HERVL LTRs led to the
identification of eight previously unknown subfamilies based on sequence similarity. By deriving
consensus sequences for the subfamilies, they identified an 8bp insertion in the most recent ones,
specifically expressed in pluripotent cells. They could associate this insertion with the introduction
of a SOX2/3 binding motif, which conferred specific expression in pluripotent cells to these
insertions (Carter et al. 2022). This suggests that the evolution of LTR7 was influenced by the
acquisition of TFBS, enabling the colonization of distinct developmental environments for

expression and genome amplification.

2.3.2 TE cooption during mouse preimplantation development

2.3.21 A murine ERV as a regulator of ZGA
The mouse-specific ERV with leucine tRNA primer binding site called MERVL (ERVIII) is

transiently transcribed at the two-cell stage (Kigami et al. 2003; Peaston et al. 2004; Evsikov et
al. 2004; Svoboda et al. 2004). ERVLs are found in all placental mammals, suggesting the
existence of a common ancestor more than 70 MYA (Bénit et al. 1999), but underwent species-
specific expansions. It was suggested, based on studies on a few insertions, that MERVL
experienced two waves of expansion within the mouse genome. A first one soon after the
divergence between Mus and Rattus (~14 MYA), and a second around 2 MYA (Bénit et al. 1999;
Costas 2003). All internal regions are annotated using the consensus MERVL-int, and the most
recent LTR, the only family still associated with complete or fragmented MERVL-int, is MT2_Mm.
The ancestors of MT2_Mm are MT2C_Mm, MT2B and MT2A, among which MT2B and MT2A are

older, as they are also found in the rat genome (Franke et al. 2017).
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At the onset of the 215t century, MERVL was found to have the potential to initiate host gene
transcription in mouse embryos (Peaston et al. 2004). Several years later, mouse embryonic stem
cells (mESCs) were found to spontaneously fluctuate to a “2-cell like cell” state (2CLC) (Macfarlan
et al. 2012). This was initially identified based on the transcriptional activation of MERVL. Several
features have been described to be similar between 2CLCs and the 2-cell stage embryo (reviewed
in (Genet and Torres-Padilla 2020)). At the transcriptome level, MERVL expression in 2CLCs
comes along with the activation of “2-cell specific’ genes, largely corresponding to ZGA,
suggesting a direct role for MERVL in changing embryonic stem cells fate. (Macfarlan et al. 2012).
The discovery of 2CLCs provided the community with a tool to explore the molecular features of
totipotency (Rodriguez-Terrones et al. 2018), and also positioned an ERV as a putative key driver
in the change of fate and reprogramming to totipotency (Torres-Padilla 2020). Recently, by a
combination of knock-downs of MERVL using antisense oligonucleotides (ASO) and CRISPRi-
based repression in the embryo, it was shown that MERVL transcription is indeed important for
development to proceed (Sakashita et al. 2023). Although embryos were not blocked at the 2-cell
stage upon ASO-mediated MERVL knock-down, they failed to develop to blastocyst (Sakashita
et al. 2023). About 1000 genes were differentially expressed at the 2-cell stage, during major
ZGA, suggesting a direct role for MERVL transcription in regulating these genes (Sakashita et al.
2023). Similarly, using CRISPRi-mediated MT2_Mm repression in zygotes, about 1500 genes
were differentially regulated at the 2-cell stage, most of which were downregulated (Yang et al.
2024). Transcription of MT2_Mm and MERVL is therefore functionally important during
preimplantation development and for proper progression through MZT to occur.

Some TFs regulating MT2_Mm and MERVL are known. For example, GATA2 was found to
regulate MERVL in mESCs (Choi et al. 2017). Transcriptional activation by GATA2 was specific
to MT2_Mm, as the evolutionary older MT2A and MT2B1/2 were not affected by GATAZ2 increase
in expression (Choi et al. 2017). In addition, MT2_Mm includes a binding site for the TF DUX
(Duxf3), which is a double homeodomain TF. Human DUX4, the DUX human ortholog, functions
as a pioneer TF, recruiting histone acetyltransferases (HATs) p300/CBP mediating H3K27Ac
deposition and allowing for transcription activation (Choi et al. 2016). The pioneering activity is
conserved in the mouse DUX but the DNA binding homeodomains display low (33%) sequence
homology between mouse DUX and human DUX4 (Eidahl et al. 2016). DUX4 was initially
identified as aberrantly expressed in facioscapulohumeral muscular dystrophy (FSHD) (Geng et
al. 2012; Young et al. 2013). Overexpression of either DUX in mESCs or DUX4 in human iPSCs
induces robust expression of their respective species-specific ERVL: MERVL and HERVL (De
laco et al. 2017; Hendrickson et al. 2017; Whiddon et al. 2017). The regulatory sequences of
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MERVL and HERVL have diverged significantly through species-specific amplification,
suggesting that DUX and DUX4 have evolved independently within their species to perform
analogous functions. In mESCs, transcriptional activation of MERVL upon ectopic DUX
expression is concurrent with the activation of a substantial part of the two-cell transcriptional
program (De laco et al. 2017). However, the overlap of genes regulated by DUX in mESCs and
the two-cell genes activated during ZGA is incomplete. In fact, Dux-/- mice are born, albeit at
submendelian ratios, indicating that DUX is not essential for development (Guo et al. 2019; Chen
and Zhang 2019; De laco et al. 2020). Although DUX is a key regulator of ZGA, other TFs must
exist and play redundant roles in development. When, and how, the DUX binding site appeared
within MT2_Mm, and how this affected MERVL genomic expansion is unknown. The oocyte-
specific homeobox genes (Obox), which constitute a cluster of more than 60 genes all located on
chromosome 7, were also implicated in regulating ZGA and MERVL (Royall et al. 2018; Ji et al.
2023; Guo et al. 2024). The OBOX gene cluster is specific to rodents but occurs in the syntenic
region where human TPRX1, TPRX2 and TPRXL are located (Wilming et al. 2015), which have
also been involved in regulating human ZGA (Royall et al. 2018; Zou et al. 2022). To overcome
potential redundancies between Obox genes when studying knock-out models, 1.2 Mb within the
cluster were deleted including the Obox1/2/3/4/5/7 (which contain both maternal and zygotic Obox
genes). Obox1/2/3/4/5/7-null embryos arrested at the 2-cell stage. ZGA was impaired and
MERVL/MT2_Mm expression downregulated but not entirely abolished, again suggesting the
existence of additional players. While our understanding of the molecular players involved in
MERVL regulation is expanding, it is clear that other factors are also involved in its transcriptional
regulation. Further, the evolutionary path that led to its co-option as a key regulator of ZGA
remains largely unknown.

23.2.2 Other major retrotransposons families

Expression of TEs during preimplantation development includes other elements in addition to
MERVL, encompassing transcription from various other TE families. This includes other ERVs,
such as the MaLRs. MaLRs can be divided into different families, dominated in rodents by the
ORR1 and MT families. MaLR MT can be further divided into six main families, among which
MTA_Mm is the youngest and is exclusively found in mice (Franke et al. 2017). MT MaLRs are
major components of the oocyte transcriptome, and have been coopted as oocyte-specific
promoters in oocyte reprogramming (Peaston et al. 2004; Veselovska et al. 2015; Franke et al.
2017; Modzelewski et al. 2021). The ORR1 MaLRs are also classified into several families and
include the youngest member, ORR1A. Even though ORR1A is the youngest ORR1 MaLR,

ORR1A is not restricted to Mus genomes and therefore is older than both MT2_Mm and
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MTA_Mm. ORR1 MaLRs are highly expressed at the 2-cell stage, in a way that resembles MERVL
patterns more than their oocyte-specific MT MaLR counterparts (Peaston et al. 2004). The
expression of ORR1 during preimplantation development was described more than two decades
ago, and their role as alternative promoters has been documented in several studies for both MT
and ORR1 (Peaston et al. 2004; Veselovska et al. 2015; Franke et al. 2017; Modzelewski et al.
2021; Yang et al. 2024; Honda et al. 2024; Oomen et al. 2025). However, the regulatory
mechanisms underlying their expression are largely unknown. The distinctive expression patterns
of MT MaLRs and ORR1 MaLRs in different developmental contexts suggests the involvement of
sequence-specific TFs.

Beyond ERVs, LINEs and SINEs are also transcribed during development. Young L1 families (Af,
Gf and Tf) are transcribed as early as the zygote stage in mouse (Fadloun et al. 2013; Jachowicz
et al. 2017), and appear to regulate global chromatin accessibility during development (Jachowicz
et al. 2017). Using a sequence-specific targeting approach, timely activation of L1 was shown to
be necessary for development (Jachowicz et al. 2017). The regulators of L1 transcription remain
mostly unidentified. The ubiquitous TF YY1 contains a binding site within the monomers of two
young L1 families, Tf and Gf (DeBerardinis and Kazazian 1999). Very recently, using siRNA-
mediated depletion in embryos, YY1 was shown to be required for L1MdT transcription in morulae
(Sakamoto and Ishiuchi 2024). SINE transcripts are present in oocytes, inherited in zygotes but
their transcription increases upon ZGA and peaks by the morula stage (Taylor and Piko 1987;
Bachvarova 1988; Fadloun et al. 2013). SINEB1s are bound and regulated by NR5A2 during early
embryo development, potentially regulating mouse ZGA (Gassler et al. 2022). Whether NR5A2 is
indeed involved in regulating ZGA is still debated (Lai et al. 2023; Festuccia et al. 2024). A role
for SINEs, particularly SINEB2, in the regulation of chromatin organization has been documented
(Schmidt et al. 2012). CTCF was associated with SINEB2 elements in mESCs, accounting for
33.8% of the CTCF binding regions (Bourque et al. 2008; Kunarso et al. 2010; Schmidt et al.
2012). CTCF, also known as 11-zinc finger protein or CCCTC-binding factor, is a TF that acts as
an architectural protein that promotes loop extrusion by acting as a boundary, leading to the
formation of topologically associating domains (TADs) (Dixon et al. 2012; Nora et al. 2012; Sexton
et al. 2012). While no role has been ascribed to SINEB2 transcription during preimplantation
development, these data collectively suggest that SINEB2 may play a key role in higher order
chromatin organization, and that expansion of these elements has contributed to species-specific
expansion of CTCF binding sites across the genome. The mechanisms governing SINEB2

transcription during preimplantation development nonetheless remain entirely unexplored.
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3 Aims

We hypothesized that transcription of TEs during preimplantation development is modulated by
the action of sequence-specific TFs. The primary goal of my PhD project was to identify novel
TFs involved in modulating TE expression during development. This objective was pursued

through six specific aims:

In-silico:

e Conduct a footprinting analysis to identify TFs potentially activating specific TE families.

¢ Perform a phylogenetic analysis of the different TE families to gain deeper insight into the

sequence determinants of their regulation.

In-cellulo:
e Carry out a targeted gain-of-function screen to assess the role of TFs in TE activation in
mESCs.

e Use a heterologous system based on luciferase reporter to evaluate the ability of TFs to

activate TEs.
In-vivo:
o Describe the expression patterns of selected TFs at both mRNA and protein levels in

embryos.

¢ Investigate the role of TFs in-vivo, determining their function in TE regulation in the

embryo. If possible, define the genomic locations of TF binding within the embryo.
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4 Results

4.1 Identification of candidate TFs regulating TEs during
preimplantation development

4.1.1 Selection of TE families of interest

Aiming to extend the repertoire of TFs that regulate TEs during preimplantation development, |
chose to focus on major families of young, rodent-specific TEs. | first included the well-
characterized MERVL LTR, MT2_Mm. While several TFs have already been identified as
regulators of MERVL both in-vitro and in-vivo (Hendrickson et al. 2017; De laco et al. 2017;
Whiddon et al. 2017; Choi et al. 2017; Zhang et al. 2019a; Ji et al. 2023; Guo et al. 2024), it was
suggested that there may be additional factors involved in MERVL regulation. Using publicly
available high resolution single embryo RNA-seq dataset across the different stages of
preimplantation development, | could confirm the precise expression pattern of MT2_Mm (Figure
6). Importantly, this dataset was generated using a method called Smart-Seqg+5’, which is a
variation of Smart-Seqg2, enabling the capture of the 5’ end of the transcript, representing true TE-
driven transcription (Oomen et al. 2025). As described previously (Peaston et al. 2004; Svoboda
et al. 2004), MT2_Mm was transcriptionally activated at the same time as the major wave of ZGA,
with an induction at the early 2-cell stage, a peak at the late 2-cell stage and silencing by the 8-

cell stage (Figure 6).
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Then, | proceeded to explore additional LTR-containing elements, with a particular focus on
MaLRs. Using the same dataset as described above, | looked at the expression dynamics of

different MaLR families across preimplantation development. The expression of MTA_Mm and
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MTB_Mm was characteristic of oocyte transcription, with high transcript levels found in the oocyte,
decreasing after fertilization (Figure 7A, B), as previously reported (Peaston et al. 2004; Franke
et al. 2017; Modzelewski et al. 2021). MTA_Mm expression peaked at the early 2-cell stage
(Figure 7A), corresponding to the timing of minor ZGA, but decreased substantially by the late 2-
cell stage. ORR MaLRs though, such as ORR1AQ0 and ORR1A1, displayed transcription kinetics
reminiscent to that of MT2_Mm (Figure 7C, D), characterized by high expression at the late 2-
cell stage. In fact, ORR1AO0 and ORR1A1 are among the highest transcribed LTR-containing TEs

at the late 2-cell stage, after MT2_Mm. Therefore, | chose to focus on these latter two families

while excluding the oocyte-specific families.
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Figure 7. Expression patterns of major, recent families of MaLRs: MT MaLRs, MTA_Mm (A) and
MTB_Mm (B) and ORR MaLRs, ORR1A0 (C) and ORR1A1 (D) across preimplantation development.
(A-D) Data was reanalyzed from (Oomen et al. 2025). Each dot represents the sum rpm of all insertions (n)
belonging to the indicated TE family per single embryo at the indicated stage. The trend line connects the
mean values across embryos of individual stages.
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Additionally, | included key families of non-LTR TEs. Notably, L1, and more specifically L1MdTf,
one of the youngest mouse L1 element, stands out for its expression during preimplantation
development (Fadloun et al. 2013; Jachowicz et al. 2017). Because the L1 regulatory elements
are contained within its monomers, | examined the expression of the monomers themselves,
which | re-annotated using the L1MdTf_Il monomer RepBase consensus sequence. As previously
described for complete L1MdTf Il elements (Fadloun et al. 2013; Jachowicz et al. 2017),
L1MdTf_Il monomers transcription was initiated upon major ZGA at the 2-cell stage, and RNA

levels increased through development, with a peak at the 8- to 16-cell stages (Figure 8).
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Finally, | analyzed the expression profiles of SINEB2 across development. The main families of
SINEB2 are the following: B3A, B3, B2_Mm2, B2_Mm1t and B2_Mm1a.

B3A and B3 are phylogenetically closely related, and upon examining their expression using the
same dataset (Oomen et al. 2025), | observed that they exhibit highly similar expression profiles
(Figure 9A, B). B3A and B3 correspond to the oldest SINEB2 families, with their expansion
estimated to have begun around 50 MYA, although B3A is slightly older than B3 (Schmidt et al.
2012). B2_Mm1a and B2_Mm1t are the youngest, Mus-specific SINEB2 families (Schmidt et al.
2012). Similarly to B3A and B3, B2_Mm1a and B2_Mm1t are phylogenetically close to each other
and their expression profiles are similar (Figure 9C, D) (Schmidt et al. 2012). | chose to focus on
the youngest SINEB2, B2_Mm1a, as well as the oldest, B3A, since both exhibit high expression

levels with transcriptional induction coinciding with major ZGA (Figure 9B, D).
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Figure 9. Expression patterns of B3 (A), B3A (B), B2_Mm1t (C) and B2_Mm1a (D) families across
preimplantation development. (A-D) Data was reanalyzed from (Oomen et al. 2025). Each dot represents
the sum rpm of all insertions (n) belonging to the indicated TE family per single embryo at the indicated
stage. The trend line connects the mean values across embryos of individual stages.

In conclusion, | decided to focus on six TE families, all expressed around the time of major ZGA,
for further analysis: MT2_Mm, ORR1A0, ORR1A1, L1MdTf_II, B2_Mm1a and B3A.

4.1.2 A footprinting analysis identifies 54 candidate TFs potentially
involved in TE regulation
This part of my PhD was performed in collaboration with Dr. Natasha Jansz.

To identify potential candidate transcriptional regulators of these six families of TEs, we performed
a transcription factor footprinting analysis using publicly available ATAC-seq data that have been

generated in the mouse preimplantation embryo (Wu et al. 2016). ATAC-seq utilizes a Tn5
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transposase to infer chromatin accessibility; the greater the signal from the Tn5 insertion, the
greater the chromatin accessibility. The binding of proteins can protect the DNA from Tn5
insertion, allowing TFBS to be inferred from signatures in the ATAC-seq reads when mapping the
insertion sites, providing single nucleotide resolution (Figure 10). For each family, we mapped
the Tn5 insertion sites over their promoter: the LTR for MT2_Mm and ORR1A0/A1, the Tf
monomers for L1IMdTf_Il and the complete elements for B2_Mm1a and B3A.
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By manual inspection of the mapped Tn5 insertion frequencies, we identified signatures in the
reads corresponding to local depletion in signal relative to the other stages and to the flanking
regions. As we looked for transcriptional activators of TEs during ZGA, we focused on footprints
that were specifically found at the early 2-cell stage, the late 2-cell stage, or both (Figure 10).

As DUX is a known regulator of MT2_Mm and its binding site within the LTR has been identified
(Hendrickson et al. 2017), we decided to use MT2_Mm and DUX as proof-of-principle for this
analysis. Indeed, we identified two footprints within MT2_Mm present at both early and late 2-cell
stages, as well as two footprints present only at the early 2-cell stage. By examining the sequence
corresponding to the footprint position and comparing it with the known binding site of DUX
(Hendrickson et al. 2017), we could determine that the second early 2-cell specific footprint

(highlighted by the inset in Figure 11) corresponded to DUX binding site (Figure 11).
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Despite ~96% sequence similarity of ORR1A0 and ORR1A1 consensus sequences (Repbase),
we identified different footprints within the Tn5 insertion frequency plots. We found three late 2-
cell specific footprints within ORR1A0 LTRs (Figure 12A), while in ORR1A1 we identified three

early 2-cell footprints and one late 2-cell footprint (Figure 12B).
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Figure 12. Tn5 insertion frequency plots over ORR1A0 (A) and ORR1A1 (B). (A, B) Early 2-cell insertion
frequency is displayed in blue, late 2-cell in red and 8-cell in brown. The sizes of ORR1A0 and ORR1A1
consensus sequences are indicated. The insets are zooms on specific footprints.

In L1MdTf_Il monomers, the Tn5 insertion frequency signal was clearly higher at the late 2-cell

stage and the 8-cell stage compared to the early 2-cell stage (Figure 13), which aligns with the
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transcriptional activation timing of L1AMdTf_Il shown in Figure 8. Nonetheless, we identified one

early 2-cell specific footprint as well as three late 2-cell specific footprints within the monomers.
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Figure 13. Tn5 insertion frequency plot
over L1MdTf_Il monomers. Early 2-cell
insertion frequency is displayed in blue, late
2-cell in red and 8-cell in brown. The size of
the L1MdTf Il monomer consensus
sequence is indicated. The inset is a zoom
on a specific footprint.
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Finally, in both SINEB2 families analyzed, we found two late 2-cell footprints (Figure 14A, B).
Interestingly, for both B2_Mm1a and B3A, one of these footprints was located at the 3’ end of the
element, possibly overlapping with the reverse RNAPII promoter region (Figure 14A, B).
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Figure 14. Tn5 insertion frequency plots over B2_Mm1a (A) and B3A (B) complete elements. (A, B)
Early 2-cell insertion frequency is displayed in blue, late 2-cell in red and 8-cell in brown. The sizes of
B2_Mm1a and B3A consensus sequences are indicated. The insets are zooms on specific footprints.
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At the corresponding position of the identified footprints within the consensus sequence of each
TE of interest, we extracted the DNA sequence. Using the Tomtom tool from the MEME suite
(Bailey et al. 2015), which compares input DNA sequence against the UniPROBE mouse dataset
(Newburger and Bulyk 2009; Hume et al. 2015), we identified putative TFBS (Figure 10). This
analysis resulted in an extensive list of potential TFs, which | then refined by filtering based on
their expression at the 2-cell stage, using publicly available RNA-seq datasets from
preimplantation development (Deng et al. 2014), retaining only those TFs expressed at the 2-cell
stage. Each TF had two binding motifs potentially, a primary and a secondary, which could exist
in either forward or reverse orientation and could be located within different footprints, either within
the same element, or between different elements (Appendix 1). Altogether, this process resulted
in a list of 54 potential TFs, with considerable overlap across the six families, despite large
evolutionary distance separating them (Figure 15). Using the same RNA-seq dataset as for the
filtering step (Deng et al. 2014), | looked at the expression profiles of these TFs, and found that
several TFs had transcripts in zygotes, pointing to maternal inheritance, while others displayed
expression pattern concomitant with ZGA (Figure 16).

To summarize, through a footprinting analysis over six TE families using accessibility data
spanning stages prior, during and after the major wave of ZGA, we identified 54 potential new
TE regulators, which are expressed during development. This work therefore expands the pool

of putative TFs involved in regulating TEs at the onset of development.
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Figure 15. Venn diagram showing the 54 TFs obtained from the footprinting analysis within each

TE family.
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4.2 Sequence heterogeneity and transcription factor binding motifs:
insights from phylogenetic analysis
Setting up the phylogenetic analysis pipeline was performed in collaboration with Luis Altamirano-Pacheco.

To investigate further the regulation of these TE families, | decided to take an evolutionary
approach. While the footprinting enabled me to generate a list of potential new candidate TFs
involved in regulating TEs during development, this analysis was based on the TE families
consensus sequences. By definition, a consensus sequence is an average over a group of
sequences. As a result, this could mask potential heterogeneity among the individual TE
insertions within each family across the genome (Carter et al. 2022). Therefore, | reasoned that
examining the phylogenetic relationships between individual insertions could uncover sequence
heterogeneity, which may reflect underlying regulatory differences. For each TE family, we took
all insertions within the genome and performed a size distribution analysis (Figure 17). Based on
the obtained size distribution, we selected length corresponding to the consensus of intact
elements and therefore excluded fragmented elements from further analysis. We then performed
a multiple sequence alignment (MSA) using MUSCLE (Sievers et al. 2011) which we used as
input for phylogenetic tree reconstruction using IQ-TREE (Minh et al. 2020) (Figure 17).
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Figure 17. Schematic representation of the phyloregulatory analysis pipeline.
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Using semi-arbitrary criteria following a method (a minimum of 10 sequences, on a high
confidence node (>95%) that separates from the rest of the tree with a branch longer than 0.015)
previously used for similar TE analyses of LTR families in the human genome (Carter et al. 2022),
we clustered individual insertions into new subfamilies for each TE family (Figure 17). However,
the criteria that | used were adjusted for each TE family based on the tree structure and in order
to obtain clear clades, that would not lead to a high number of subfamilies containing too few
insertions as these would likely be uninformative. To investigate the biological significance of
these newly defined subfamilies, | first plotted their expression across development. This allowed
me to assess whether the expression patterns or expression intensities between subfamilies
differed (Figure 17). Finally, using the list of TFs identified within the footprints of each family
consensus sequence from section 4.1.2, | scanned individual insertions for the presence of these
TFBS. This approach, which we refer to as phyloregulatory analysis, aimed to identify potential
sequence determinants that might account for observed differences in expression (Figure 17).

| performed this analysis on L1MdTf_Il monomers using the annotation that we generated using
the consensus sequence (see methods section) and used for the expression (section 4.1.1) and
footprinting (section 4.1.2) analyses. The monomers were very homogenous in sequence and
the phylogenetic analysis led to four subfamilies, containing one main large clade and three very
small clades. | therefore decided to remove their description from this section. The results can be

found in Appendix 2.
4.2.1 Phyloregulatory analysis of SINEB2

SINEB2 elements represent large families with a high number of insertions (Figure 9, n numbers),
making phylogenetic analysis particularly challenging. A size distribution analysis of all insertions
annotated as B2_Mm1a revealed that most elements cluster around the consensus length of
193bp (Figure 18A). | restricted the analysis to focus on elements within 189 — 195bp,
encompassing approximately 6700 sequences, while excluding the density distribution tail that

contained numerous slightly shorter elements (Figure 18A).

For B3A, the oldest SINEB2 family, the size distribution was markedly broad, with only a few
elements matching consensus length (Figure 18B). This is consistent with the expected TE
erosion over evolutionary time, eventually resulting in a large proportion of fragmented elements.
To align with the footprinting analysis in which | used the consensus sequence length, | applied a

narrow size distribution around 211bp (Figure 18B), capturing around 1000 sequences.
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Figure 18. Size density distribution plots of B2_Mm1a (A) and B3A (B) full elements. (A, B) For each
family the consensus length is displayed in a red dashed line. The selected size range is indicated in black
dashed lines.

The B2_Mm1a phylogenetic tree exhibited considerable heterogeneity. While the tree structure
featured a central major node with numerous attached branches, the branch lengths were

relatively long (Figure 19A), indicating large genetic distance between insertions.

By increasing the minimum number of leaves required to define a subfamily to 75, and applying
the same other two criteria, | identified 7 distinct subfamilies. These subfamilies varied greatly in
size, ranging from 75 insertions in the smallest to 5971 insertions in the largest, corresponding to
the main node (Figure 19A). Examining the expression of these subfamilies, | observed that while
the patterns appeared similar to each other, small variations were evident (Figure 19B). For
example, subfamilies B2_Mm1a_i, ii, iii and vii all exhibited an expression profile like that of the
entire B2_Mm1a group, with a peak at the 8-cell stage (Figures 19B and 9D). In contrast,
B2_Mm1a_iv and v peaked at the 4-cell stage and declined at the 8-cell stage (Figure 19B).
B2_Mm1a_vi, however, displayed a unique pattern, peaking at the late 2-cell stage and slightly
decreasing by the 4-cell stage (Figure 19B). Analysis of the expression of individual insertions at
the late 2-cell stage revealed that all subfamilies contained insertions that were expressed, with

B2_Mm1a_i containing most the of highest expressed individual insertions (Figure 19C).
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Figure 19. Phylogenetic analysis of B2_Mm1a. (A) Unrooted phylogenetic tree of B2_Mm1a insertions
ranging between 189 and 195bp in length. n is the number of sequences per group indicated. The
sequences in gray correspond to outgroups which did not qualify as subfamily (3 insertions). The tree scale
is indicated. (B) Expression of all B2_Mm1a subfamilies across the different stages of preimplantation
development. Data was reanalyzed from (Oomen et al. 2025). Each dot is the mean rpm of all insertions
belonging to the indicated subfamily (rpm/insertion number) per single embryo at the indicated stage. The
trend line connects the mean values across embryos of individual stages. (C) Expression of single
B2_Mm1a insertions at the late 2-cell stage. Data was reanalyzed from (Oomen et al. 2025). Each point is
the log2 transformed mean rpm value of a single insertion in all late 2-cell stage embryos.

The expression pattern differences led me to investigate the variability in TFBS among individual

insertions and across subfamilies. Scanning for the presence of TFBS identified in section 4.1.2
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revealed a strong prevalence of FOXJ3 and TBP across nearly all B2_Mm1a insertions (Figure
20). B2_Mm1a_vii, which shared expression profile with B2_Mm1a_i, ii and iii, lacked both FOXJ3
and TBP binding sites (Figure 20), suggesting that these binding sites may not be sufficient for
expression at these stages. B2 _Mm1a_iv, which peaked at the 4-cell stage, was characterized
by the presence of a LMX1A binding sites and the absence of FOXJ3 binding sites (Figure 20).
Finally, B2_Mm1a_iii displayed all three binding sites: LMX1A, FOXJ3 and TBP (Figure 20).
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While phylogenetic analysis and transcription factor binding profiling appeared to be related,
subfamily expression did not correlate with the presence or absence of specific TFBS in the case
of B2 _Mm1a. Further, despite heterogeneity among individual B2_Mm1a insertions, their

phyloregulatory analysis revealed near-ubiquitous presence of TFBS for FOXJ3 and TBP.

| further analyzed SINEB2 phylogenies by focusing on the B3A family. It is important to note that
only a very small fraction of B3A elements were selected and therefore the phylogeny only

represents a small subset of B3A elements. The phylogenetic analysis revealed very distinct
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clades, which | classified from B3A_i to B3A_vi, each with a relatively consistent number of

insertions, from 96 in the smallest subfamily to 329 in the largest (Figure 21A).
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Figure 21. Phylogenetic analysis of B3A. (A) Unrooted phylogenetic tree of B3A insertions ranging
between 206 and 216bp in length. n is the number of sequences per group indicated. The sequences in
gray correspond to outgroups which did not qualify as subfamily (15 insertions, in different groups). The
tree scale is indicated. (B) Expression of all B3A subfamilies across the different stages of preimplantation
development. Data was reanalyzed from (Oomen et al. 2025). Each dot is the mean rpm of all insertions
belonging to the indicated subfamily (rpm/insertion number) per single embryo at the indicated stage. The
trend line connects the mean values across embryos of individual stages. (C) Expression of single B3A
insertions at the late 2-cell stage. Data was reanalyzed from (Oomen et al. 2025). Each point is the log2
transformed mean rpm value of a single insertion in all late 2-cell stage embryos.
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Analysis of expression per insertion across these subfamilies revealed strikingly low expression
levels, with highest being B3A_iv in zygotes, barely reaching 1 rpm/insertion (Figure 21B). The
expression of B3A iv was also in sharp contrast with the expression pattern of the entire B3A
family (Figure 9B). Examining individual insertion expression showed that all subfamilies

exhibited very low, if any, expression of individual insertions at the late 2-cell stage (Figure 21C).

POU2F2 and ZSCAN4C were the main two TFs presentin many individual B3A insertions (Figure
22). However, | did not observe any pattern linking the differential expression of B3A iv to the

presence of specific TFBS.
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4.2.2 Phyloregulatory analysis of MaLRs
MaLR LTRs exist in three forms within the genome: the 5’, 3’ and solo LTRs. Size distribution

analysis of ORR1AQ revealed that most insertions correspond to intact LTRs (Figure 23A), with
the majority displaying lengths similar to the consensus sequence (346bp). Insertions ranging
from 282 to 410bp were selected (Figure 23A), covering about 1800 sequences. However, while
most ORR1A1 &’ and 3’ LTRs were approximately 346bp long, matching the consensus length, a
subset of solo LTRs was shorter, ranging from 250bp to 300bp (Figure 23B). Manual inspection
revealed that these shorter insertions, around 300 sequences in total, were primarily truncated
solo LTRs located on the Y chromosome (data not shown). | decided to focus on intact LTRs,
using the same length range as for ORR1AQ (Figure 23), excluding these shorter fragments from

the size selection, and resulting in about 3000 insertions.
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Figure 23. Size density distribution plots of 5°, 3’ and solo ORR1A0 (A) and ORR1A1 (B) LTRs. (A,
B) For each family the consensus length is displayed in red dashed line. The selected size range is indicated
in black dashed lines.

The ORR1AOQ phylogenetic tree resembled that of B2_Mm1a, with a central node and radiating
branches (Figure 24A). While subfamilies were identifiable due to heterogeneity, sequence
variation was less than in B2_Mm1a (Figures 19A and 24A). By defining subfamilies with a
minimum of 20 sequences, | identified seven subfamilies, with insertions counts ranging between
21 to 1666 (Figure 24A). The smallest subfamily, ORR1AQ_vii, was characterized by very long
branches, probably constituting a cluster of very divergent insertions (Figure 24A).

While most ORR1AQ subfamilies shared a global expression pattern with to the entire ORR1AQ
family (Figures 24B and 7C), there were significant differences in expression intensities across
subfamilies (Figure 24B). Specifically, subfamilies ORR1AO i and iv were generally more
expressed than the other five subfamilies (Figure 24B). These subfamilies also contained the
highest expressed individual insertions, even though all subfamilies included insertions expressed
at the late 2-cell stage (Figure 24C). TFBS analysis revealed no consistent TFBS pattern
correlating with expression (Figure 25). In fact, most insertions lacked the examined binding sites,

except perhaps KLF7 which was found in many sequences across subfamilies (Figure 25).
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Figure 24. Phylogenetic analysis of ORR1A0. (A) Unrooted phylogenetic tree of ORR1AQ insertions
ranging between 282 and 410bp in length. n is the number of sequences per group indicated. The tree was
pruned to remove 3 sequences corresponding to an outgroup. The tree scale is indicated. (B) Expression
of all ORR1AQ0 subfamilies across the different stages of preimplantation development. Data was
reanalyzed from (Oomen et al. 2025). Each dot is the mean rpm of all insertions belonging to the indicated
subfamily (rpm/insertion number) per single embryo at the indicated stage. The trend line connects the
mean values across embryos of individual stages. (C) Expression of single ORR1AQ insertions at the late
2-cell stage. Data was reanalyzed from (Oomen et al. 2025). Each point is the log2 transformed mean rpm

value of a single insertion in all late 2-cell stage embryos.
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The ORR1A1 phylogenetic tree displayed a more complex structure than that of ORR1AQ, with
longer branch lengths, suggesting greater heterogeneity (Figure 26A). When aligning the
consensus sequences of ORR1A0, ORR1A1 and their evolutionary predecessors ORR1B1 and
B2 (Franke et al. 2017), | noticed that ORR1A1 is older than ORR1AO, as it is more closely related
to ORR1B elements (data not shown). Therefore, it is perhaps not surprising that ORR1A1
elements show greater divergence from each other. | set the minimum number of insertions per
subfamilies to 50 and increased the minimum branch length required, which resulted in the
identification of 8 clear new subfamilies (Figure 26A). The three was characterized by two major
clades, separating ORR1A1_i to v from ORR1A1_vi to viii (Figure 26A). Subfamilies ORR1A1 i
to v contained most of the insertions and were more similar to each other, as indicated by shorter
branch lengths, whereas subfamilies ORR1A1_vi to viii consisted primarily of long branches
(Figure 26A).

Strikingly, mainly subfamilies ORR1A1 i to v were expressed during preimplantation
development, following the same expression pattern as described for the complete ORR1A1
family, that is, a global increase in expression levels at the late 2-cell stage (Figures 26B and
7D). Indeed, subfamilies vi, vii and viii were almost not expressed at all, and this was also clear
when looking at individual insertion expression (Figure 26B, C). Remarkably, expression during

preimplantation development was correlated with the presence of binding sites for the TFs SRF,
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FOXK1 and FOXJ3 (Figure 27). Indeed, the binding sites for these TFs were mainly found in
subfamilies ORR1A1 i to v, and were either sparser, or in the case of SRF, almost absent from
subfamilies ORR1A1_vi to viii (Figure 27), potentially outlining the observed differences in

expression in the embryo.
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Figure 26. Phylogenetic analysis of ORR1A1. (A) Unrooted phylogenetic tree of ORR1A1 insertions
ranging between 282 and 410bp in length. n is the number of sequences per group indicated. The tree
scale is indicated. (B) Expression of all ORR1A1 subfamilies across the different stages of preimplantation
development. Data was reanalyzed from (Oomen et al. 2025). Each dot is the mean rpm of all insertions
belonging to the indicated subfamily (rpm/insertion number) per single embryo at the indicated stage. The
trend line connects the mean values across embryos of individual stages. (C) Expression of single ORR1A1
insertions at the late 2-cell stage. Data was reanalyzed from (Oomen et al. 2025). Each point is the log2
transformed mean rpm value of a single insertion in all late 2-cell stage embryos.

37



S — — === present
viii absent

vii =
vi

Subfamily
M‘I
il

-' =

L A~~~ S~ S~ S~ S~ — — — —

|

S~~~ o~ S~

Crx

Tfap2e (1°)
Alx1
(17
(1°
(1°
(1°
(1°
(1°
(1°
(2°
(2°
(2°
Obox3
Obox2
Obox1
Otx1
Obox5
(1°
(1°
(2°
(°
(1°
(2°
(°
{1
(2°
(1°
(°
(°
(2°
(2°
(1°

Obox6
Sox 15 (1°)
Gata3 (1°)
Lmxia
Tfap2c
Max
Mtf1
Atf1
Nr2f2
Ehf
EIf3
Zfp281
Zbtb7b

Figure 27. Heatmap showing the presence or absence of TFBS in ORR1A1 insertions. Insertions are
ordered by subfamily indicated by the bar legend on the left, and TFs are clustered based on the number
of insertions that contain the binding site. 1° and 2° refer to “primary” and “secondary” binding sites.

4.2.3 Phyloregulatory analysis of MT2_Mm

This part of my PhD was performed in collaboration with Carlos Michel Mourra-Diaz.

As with the previous four TE families, we began analyzing the evolution of the MERVL LTR,
MT2_Mm by conducting a size distribution analysis. Much like the other LTR families, this analysis
showed that most MT2_Mm insertions, including 5’, 3’ and solo LTRs, are intact, with most
insertions matching the length of the known consensus sequence (Figure 28). We selected

insertions considered full length, ranging from 400 to 586bp in length, encompassing a total of

2307 LTRs.
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Figure 28. Size density distribution plots of 5’, 3’ and solo MT2_Mm LTRs. The consensus length is
displayed in red dashed line. The selected size range is indicated in black dashed lines.
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Figure 29. Phylogenetic analysis of MT2_Mm. (A) Unrooted phylogenetic tree of MT2_Mm insertions
ranging between 400 and 586bp in length. n is the number of sequences per group indicated. The
sequences in gray correspond to outgroups which did not qualify as subfamily (4 insertions). The tree scale
is indicated. (B) Expression of all MT2_Mm subfamilies across the different stages of preimplantation
development. Data was reanalyzed from (Oomen et al. 2025). Each dot is the mean rpm of all insertions
belonging to the indicated subfamily (rpm/insertion number) per single embryo at the indicated stage. The
trend line connects the mean values across embryos of individual stages. (C) Expression of single MT2_Mm
insertions at the late 2-cell stage. Data was reanalyzed from (Oomen et al. 2025). Each point is the log2
transformed mean rpm value of a single insertion in all late 2-cell stage embryos.

Phylogenetic tree reconstruction revealed a tree with two major clades, similarly to ORR1A1
(Figure 29A). We set the minimum number of sequences for a new subfamily to 30, and could
describe five new subfamilies. MT2_Mm_i was the most evolutionary distant subfamily,
constituting by itself one of the two major clades (Figure 29A). This subfamily was characterized

by longer internal branch length suggesting evolutionary more distant MT2_Mm sequences
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(Figure 29A). The other four subfamilies were closer to each other, and the number of insertions
per subfamily varied from 47 in the smallest to 1291 in the largest (Figure 29A).

Interestingly, the expression of these five newly defined subfamilies followed the same overall
pattern as MT2_Mm (Figure 29B and 6). Notwithstanding, the expression intensity between
different subfamilies varied, with the most evolutionary distant subfamily, MT2_Mm_i, showing
lower expression compared to the others (Figure 29B). Similarly, when plotting individual
insertion expression, we observed that MT2_Mm_i did not contain as many highly expressed
insertions as MT2_Mm_ii to v (Figure 29C). Interestingly, TFBS were associated with specific
subfamilies, and some were correlating with differences in expression (Figure 30). DUX binding
site was present in nearly all MT2_Mm insertions (Figure 30). ELF3 and EHF were restricted to
MT2_Mm_iv (Figure 30). SRF and GABPA appeared mutually exclusive, whereby SRF was only
presentin the evolutionary more distant subfamily (MT2_Mm_i) and GABPA was found in all other
subfamilies (Figure 30). Therefore, the presence of the GABPA binding site appeared to be
associated with higher MT2_Mm expression (Figure 30).
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Figure 30. Heatmap showing the presence or absence of TFBS in MT2_Mm insertions. Insertions are
ordered by subfamily indicated by the bar legend on the left, and TFs are clustered based on the number
of insertions that contain the binding site. 1° and 2° refer to “primary” and “secondary” binding sites. We
manually incorporated the DUX motif from (Hendrickson et al. 2017) since it is not present in the UniPROBE
database.
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In conclusion, phylogenetic analysis of five retrotransposon families revealed new subfamilies
and highlighted previously unrecognized heterogeneity. We found that FOXJ3 and TBP binding
sites were nearly ubiquitous in B2_Mm1a insertions. In addition, we found that phylogeny and
early embryonic expression of some subfamilies were linked to specific TFBS. Notably, the
presence of FOXJ3, FOXK1 and SRF binding sites appeared to define the subfamilies identified
through phylogenetic analysis of ORR1A1, while SRF and GABPA (also ELF3 and EHF) were
associated with specific MT2_Mm subfamilies.

These findings suggest that the genomic expansion of these TE families may be linked to the
acquisition and/or loss of these TFBS, and it provided a first foundation for refining the list of TFs

selected for subsequent characterization.

4.2.4 Uncovering the evolutionary history of MT2_Mm

This part of my PhD was performed in collaboration with Carlos Michel Mourra-Diaz.

Given the pivotal role of MT2_Mm as a transcriptional regulator during early embryonic
development (Peaston et al. 2004; Evsikov et al. 2004; Macfarlan et al. 2012), along with the
distinct expression patterns and TFBS variations within MT2_Mm insertions across subfamilies,
we sought to investigate deeper the evolutionary history of these elements.

It has been demonstrated for different TE families that younger elements tend to be more
expressed than older ones, and this has, in some instances, been correlated to TFBS
(DeBerardinis and Kazazian 1999; Goodier et al. 2001; Ito et al. 2017; Carter et al. 2022).
Therefore, we decided to estimate the evolutionary age of each MT2_Mm insertion. We
determined the genetic divergence of each insertion using an outgroup rooting method, whereby
the phylogenetic tree is anchored with a known ancestor. This approach allowed us to estimate
the genetic distance of each insertion to the root, thereby inferring their evolutionary age (Steel
2010; Kinene et al. 2016). MT2C_Mm was previously suggested as the closest ancestor of
MT2_Mm (Franke et al. 2017), which we confirmed by computing the phylogenetic tree of the four
main MT2 lineages (Figure 31).
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Figure 31. Rectangular phylogenetic tree of the consensus sequences of the main MT2 lineages.

41



Thus, we rooted the MT2_Mm phylogenetic tree using MT2C_Mm consensus sequence. The
divergence analysis revealed that MT2_Mm_i, which we already knew was the most evolutionary
distant subfamily (Figure 29A), was also the oldest MT2_Mm subfamily (Figure 32). MT2_Mm_i,
along with MT2_Mm_ii and iii, also contained the most recent MT2_Mm insertions (Figure 32).
This suggests that MT2_Mm_i was the first to expand, and prevailed within the mouse genome
over evolutionary time. MT2_Mm_iv and v, though, seemed to have ceased expanding (Figure
32). Genomic expansion of MT2_Mm started with MT2_Mm_i, followed by that of MT2_Mm_ii, iv,
v and finally iii (Figure 32).
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These substantial variation in subfamily spread over evolutionary time suggests differing
colonization efficiencies. Interestingly, as opposed to what was shown and suggested with other
TEs, we found no link between age and expression. Indeed, when plotting expression against
age, we observed variation in insertion expression independent of their age (Figure 33). The
evolutionary pattern that we describe for MT2_Mm contrasts from the sequential waves of
expansions observed for L1 (Castro-Diaz et al. 2014). This suggests distinct evolutionary forces
at play, whereby MT2_Mm_i may have experienced selective benefits that allowed it to keep

expanding in parallel with other MT2_Mm subfamilies.
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These observations prompted us to investigate further the evolution of the MERVL LTR and
explore the closest ancestor of MT2_Mm: MT2C_Mm. MT2C_Mm is present only as solo LTRs
in the mouse genome, likely due to its evolutionary older age, which may have contributed to the
loss of internal sequences over time. We observed a similar pattern with MT2_Mm, where the
oldest subfamily, MT2_Mm_i, is primarily composed of solo LTRs (80%), while in the younger
subfamilies, solo LTRs comprise no more than 30% of insertions (data not shown). MT2C_Mm
is transcribed during preimplantation development, with an induction of transcription also
characteristic of activation upon major ZGA (Figure 34A). Using the same pipeline, we then
conducted a size distribution analysis, which revealed the presence of a higher amount of
truncated LTRs than observed for MT2_Mm, which may be attributed to the evolutionary age of
MT2C_Mm (Figure 34B). We selected sequences between 385 and 565bp in size, resulting in a
total of 1293 MT2C_Mm insertions (Figure 34B).
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Figure 34. Expression pattern of MT2C_Mm across preimplantation development (A) and size
density distribution plot of MT2C_Mm LTRs (B). (A) Data was reanalyzed from (Oomen et al. 2025).
Each dot represents the sum rpm of all insertions (n) belonging to MT2C_Mm family per single embryo at
the indicated stage. The trend line connects the mean values across embryos of individual stages. (B) The
consensus length is displayed in red dashed line. The selected size range in indicated in black dashed
lines.

Phylogenetic tree reconstruction of MT2C_Mm insertions revealed 9 subfamilies. Importantly, in
that case, the criteria used for subfamily definition were the same as the ones used for MT2_Mm,
to enable comparisons (Figure 35A). The 9 obtained clades were clearly defined, and contained
relatively homogenous number of insertions, from 45 in the smallest to 206 in the biggest
subfamily (Figure 35A).
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Figure 35. Phylogenetic analysis of MT2C_Mm. (A) Unrooted phylogenetic tree of MT2C_Mm insertions
ranging between 385 and 565bp in length. n is the number of sequences per group indicated. The
sequences in gray correspond to outgroups which did not qualify as subfamily (total 12 insertions). The tree
scale is indicated. (B) Expression of all MT2C_Mm subfamilies across the different stages of
preimplantation development. Data was reanalyzed from (Oomen et al. 2025). Each dot is the mean rpm
of all insertions belonging to the indicated subfamily (rpm/insertion number) per single embryo at the
indicated stage. The trend line connects the mean values across embryos of individual stages. (C)
Expression of single MT2C_Mm insertions at the late 2-cell stage. Data was reanalyzed from (Oomen et
al. 2025). Each point is the log2 transformed mean rpm value of a single insertion in all late 2-cell stage
embryos.
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Most of MT2C_Mm transcripts present at the late 2-cell stage derive from MT2C_Mm_v (Figure
35B). In fact, a single insertion was responsible for most MT2C_Mm_v transcripts in late 2-cell
stage embryos (Figure 35C, purple dot at log2(rpm) ~ 12). All subfamilies contained insertions
that were expressed at the late 2-cell stage (Figure 35C) and the patterns of expression during
development were characterized by an increase in transcription upon ZGA for all subfamilies
(Figure 35B). However, the transcript abundance differed between subfamilies, and some
subfamilies remained expressed throughout preimplantation development while others were
specifically only transcribed at the late 2-cell stage (Figure 35B). To pursue an evolutionary
perspective in the characterization of MT2C_Mm subfamilies as an ancestor of MT2_Mm, we
looked at TFBS within single insertions using the same TF list as for MT2_Mm. Many TFs
exhibited scattered motifs across MT2C_Mm insertions, lacking distinct patterns (Figure 36).
Unexpectedly, DUX binding sites were found in subfamilies viii and ix (Figure 36), indicating that
these sites were already present in MT2C_Mm, which predates MT2_Mm. In addition, SRF
binding sites were present throughout all MT2C_Mm insertions but became prominent in

subfamilies vi to ix (Figure 36).
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Figure 36. Heatmap showing the presence or absence of TFBS in MT2C_Mm insertions. Insertions
are ordered by subfamily indicated by the bar legend on the left, and TFs are arranged in the same order
as for MT2_Mm heatmap in Figure 30. 1° and 2° refer to “primary” and “secondary” binding sites.
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Subfamily

This suggested that the binding sites for both DUX and SRF appeared prior to MT2_Mm
expansion. To elaborate on the evolutionary pressures and the colonization strategies in
relationship with TFBS, we computed the genetic divergence of MT2C_Mm insertions, using the
same method as we used for MT2_Mm. In that case, the tree was rooted with MT2B consensus

sequence, MT2C_Mm closest evolutionary predecessor (Figure 31).

A MT2C_Mm

viii

Vii

<.
1

<
1

Subfamily

ey M
..ﬁmﬂt. e
My o PR L

T T T T T

0.2 0.3 0.4 0.5 0.6
Distance from root (MT2B consensus)

4 »
Al L4

OLDER YOUNGER

L= = &
1 1 1

MT2C_Mm + MT2_Mm

MT2_Mm_v -
MT2_Mm_iv -
MT2_Mm_iii 1 Figure 37. Divergence analysis of
MT2_Mm_ii - MT2C_Mm insertions (A) and
MT2_Mm_i - combined MT2_Mm and MT2C_Mm
MT2C_Mm_ix 1 insertions (B). (A, B) Each dot on the
MT2C_Mm_viil 1 plots is an individual MT2C_Mm
“:ATT22%—":A'“—V'! 1 insertion (A) or MT2C_Mm or MT2_Mm
m_vi - ; ; ; ;
sl o A insertion (B), organized by subfamily
&A::g—h'rm-,v "?"m" . they belong to. The position on the x
MTzc_Mm_l'\'/' i ooy S axis is the genetic distance to the root
il [P _t-’w"" R of the phylogenetic tree (MT2B
el I "‘*“ gty consensus sequence)
MT2C_Mm_i - T V5T 21, TR A ' d '
0.4 0.6 0.8
Distance from root (MT2B consensus)
OLDER YOUNGER

47



The pattern of expansion of MT2C_Mm was completely different to that of MT2_Mm. We
observed an evolution in sequential waves of expansion, more similar to what was observed for
L1 (Castro-Diaz et al. 2014), from MT2C_Mm_i, the oldest subfamily, all the way to MT2C_Mm_ix
(Figure 37A). To reconstruct the complete evolutionary history, we merged all MT2_Mm and
MT2C_Mm insertions into a single tree and calculated the genetic divergence of each insertion
(Figure 37B). Since genetic distance is relative, the results combining all insertions showed
noticeable differences from MT2_Mm and MT2C_Mm insertions separately (Figure 37A, B).
Specifically, incorporating MT2_Mm into the MT2C_Mm phylogenetic tree altered its structure,
causing older MT2C_Mm insertions to cluster separately from MT2_Mm. On the combined tree,
it appears that MT2C_Mm_i and MT2C_Mm_ii come from the same common ancestor, but
MT2C_Mm_i goes out of the lineage, and the expansion of MT2C_Mm starts with MT2C_Mm_ii
all the way to MT2C_Mm_ix eventually leading to the appearance of MT2_Mm (Figure 37B).
Combining this information with the TFBS profiling shown in Figures 30 and 36, these data confirm
that the well-described DUX binding site arose prior to MT2_Mm expansion, within the youngest
MT2C_Mm subfamilies and was closely followed by the appearance of MT2_Mm_i. Furthermore,
these results imply that the emergence of the SRF binding site predates that of DUX in the
evolution of MT2C_Mm.

Analyzing individual insertions provides valuable insight into the actual sequences present in the
genome, but it can become cumbersome for further analysis and deeper characterization of
sequence features. To address this, we turned to consensus sequences. We generated new
majority-rule consensus sequences for each of the five newly identified MT2_Mm subfamilies and
the nine MT2C_Mm subfamilies and aligned the obtained 14 consensus sequences together
(Figure 38). We identified a notable 9bp deletion that first appeared in MT2C_Mm_ viii leading to
the creation of the DUX binding motif (Figure 38, purple). We also observed two SNPs,aCto T
leading to a predicted higher affinity binding motif for SRF at the transition from MT2C_Mm_vi to
vii, and a T to A leading to a decrease in predicted affinity from MT2_Mm_i to ii (Figure 38, cyan).
Finally, an A to G mutation between MT2_Mm_i and MT2_Mm_ii led to the emergence of a

GABPA binding motif present in all in of the youngest MT2_Mm subfamilies (Figure 38, orange).
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Figure 38. Multiple sequence alignment of consensus sequences from MT2_Mm and MT2C_Mm
subfamilies. The positions of binding motifs for SRF, GABPA and DUX are highlighted in cyan, orange
and purple, respectively. The SRF or GABPA higher confidence predicted binding site are indicated in
darker cyan or orange, respectively, and the SNPs leading to lower-confidence prediction are in white.
MT2_Mm subfamilies are displayed in dark green, MT2C_Mm in dark blue.
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Using these consensus sequences, we conducted a median-joining network analysis, a method
that estimates the most parsimonious path between sequences. To give this network analysis an
evolutionary orientation, we added MT2B consensus sequence (Figure 39). Through this
analysis, we reaffirmed the findings of the divergence analysis, revealing that MT2 evolution from
MT2B initiated with a shared ancestor of MT2C_Mm_i and ii, and expanded progressively from
MT2C_Mm_ii until the emergence of MT2_Mm_iii, the youngest subfamily (Figure 39). Within this
evolutionary progression, we pinpointed the emergence of the DUX and GABPA binding sites,
both of which appeared later in the evolutionary timeline than the increase in confidence prediction
of the SRF binding site (Figure 39).

Therefore, we successfully reconstructed the full evolutionary history of MT2C_Mm and
MT2_Mm, identifying the timing and emergence of the binding site for the well-known DUX TF.
We discovered GABPA as a potential novel regulator of MT2_Mm, correlating with increased
MT2_Mm subfamily expression. Furthermore, the emergence of the SRF binding site before DUX

suggests SRF as a previously unidentified regulator of MT2 lineages.
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4.3 Investigating TFs functions in regulating TEs in cell culture
models

4.3.1 Targeted gain-of-function screen for TFs activating TE transcription
in mMESCs

Alongside the detailed phylogenetic analysis described in section 4.2, | worked to directly assess
whether the TFs from section 4.1 could drive TE transcription in mESCs. | selected a gain-of-
function (GOF) screen in mESCs to test a larger set of TFs for their ability to activate TEs
endogenously, which is not feasible at the same scale in embryos. Out of the 54 potential
candidates identified in section 4.1, | chose to focus on 40 TFs. These 40 TFs were selected
based on their expression profiles during preimplantation development, the quality of their motif
match to the extracted footprint sequences, and relevant literature review. In addition, most of the

TFs showed low expression in ESCs, except for Gabpa and Atf1 (Figure 40).
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Figure 41. Schematic representation of the experimental

C design of the targeted gain-of-function screen strategy. The
circular arrow refers to the transfection process in mESCs.

RT-qPCR

I cloned all 40 TFs in a vector containing a mammalian expression promoter and transfected each
TF individually in mESCs (Figure 41). By quantitative real-time PCR (qPCR) in three technical
replicates for two biological replicates, | measured TE expression. | analyzed the expression of
IAPEZ, LINE1 (ORF1 and ORF2), MaLR MT, MaLR ORR (LTR and Int), MERVL (LTR and Int)
and SINEB2 using qPCR primers. Except for MaLR ORRs, all primer sets were previously
published and validated for specificity (Peaston et al. 2004; Fadloun et al. 2013; Ishiuchi et al.
2015; Rodriguez-Terrones et al. 2018; Zhang et al. 2019a). ORR1A0 and ORR1A1 LTRs were
difficult to distinguish by gPCR, therefore | used a primer set amplifying both LTRs
(MaLR_ORR_LTR). The “_int” primer set, though, specifically amplified ORR1A1.

The most reliable method for activating TE expression in mESCs is through TF overexpression,
even though this approach does not accurately reflect the endogenous activity of TFs. Previous
studies have shown that this approach effectively induces TE expression, such as DUX
overexpression activating MERVL and its LTR in mESCs (Hendrickson et al. 2017). Therefore, |
used DUX as a positive control to assess the reliability of this experimental design. DUX
overexpression resulted in distinct, robust and specific upregulation of MERVL_int (both primer
sets) and MT2_Mm (Figure 42A). In addition, | verified the overexpression efficiency by
quantifying Dux RNA levels in the same samples (Figure 42B), validating the experimental

design.
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Figure 42. qPCR analysis of DUX overexpression in mESCs. (A, B) Fold change of the indicated TE
families of interest RNA levels (A) and Dux mRNA levels (B) over no vector control by gqPCR. The bar
represents the mean over two biological replicates, the black and red dots represent the mean over three
technical replicates for each biological replicate of transfected cells with either pCMV-Empty or pCMV-Dux,
respectively.

Upon overexpression in mESCs, several TFs triggered the transcription of TEs, with some
affecting multiple TE classes simultaneously (Figure 43). FOXJ3, RFX7, TBP and SRF were
among the most prominent activators of multiple classes (Figure 43). FOXJ3 overexpression
induced IAPEZ, LINE1, MERVL and SINEB2. RFX7 triggered IAPEZ, MaLR, MERVL and SINEB2
(Figure 43). Further, a broad range of TEs was activated by SRF and TBP, two conserved and
ubiquitously expressed TFs. SRF, in particular, induced MERVL, MT2_ Mm, L1 (ORF2) and
IAPEZ (Figure 43). The most notable impact of TBP was observed on MaLR ORR (Figure 43).
More specific effects were observed for SMAD3 and CRX, both primarily activating MERVL, while
OBOX6 was specific to MaLR ORR. LMX1A and GATA3 displayed moderate, yet distinct, effects
on MERVL (Figure 43). Additionally, ZFP410 broadly but subtly activated most TE families
(Figure 43).

These data provided preliminary evidence of TFs driving TE transcriptional activation in mESCs.
None matched DUX in induction capacity, possibly because none of these TFs possess
pioneering activity, as seen with DUX (Eidahl et al. 2016). While indirect effects from TF
overexpression cannot be ruled out, this targeted GOF screen identified 10 potential TFs as

promising candidates for further investigation.
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Figure 43. qPCR analysis of overexpression of 40
TFs in mESCs. Heatmap showing the average fold
change of two biological replicates of the indicated TE
families upon overexpression of each TF over no
vector control by qPCR.
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4.3.2 SRF activates MT2_Mm and MT2C_Mm in reporter assays

In addition to the targeted screen in mESCs and following the detailed phylogenetic analysis of
MT2_Mm and MT2C_Mm in section 4.2.4, | sought to assess the ability of SRF and GABPA to
drive the expression of these elements. | also investigated the validity of the DUX binding site
prediction and whether DUX motif indeed emerged prior to MT2_Mm expansion. | leveraged the

consensus sequences established in section 4.2.4 in a heterologous system based on luciferase
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reporter constructs featuring MT2C_Mm or MT2_Mm subfamilies as promoters. These

experiments were conducted in HEK293 cells to minimize potential confounding effects.

Given that the GABPA binding site was present in all MT2_Mm subfamilies except MT2_Mm_i
(Figure 38), and was associated with higher expression at the 2-cell stage (Figure 29B), | first
cloned MT2_Mm_i and MT2_Mm_ii into a luciferase vector (Figure 44A). | then co-transfected
these vectors with GABPA expression vector to assess GABPA'’s ability to induce LTR
transcription (Figure 44A). Since GABPA requires its obligatory partner, GABPB (Rosmarin et al.
2004), | co-transfected the cells with both TFs (Figure 44A).
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pCMV-MYC-GABPA (500ng) - - + 7 Figure 44. Setting up luciferase
assay to test GABPA/B1
pCMV-MYC-GABPB1 (500ng) - - + + capacity to activate MT2_Mm.

(A) Schematic representation of
the experimental design used to
MYC -2_ 50 kDa test the capacity of
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transcription of different MT2_Mm
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-_—— upon overexpression of the MYC-
— 15kDa  tagged protein. N = 1.

56



| confirmed the overexpression efficiency by western blot for MYC-tagged GABPA and GABPB1
(Figure 44B). However, no increase in luciferase was observed upon GABPA/B1 overexpression
for either MT2_Mm_i or MT2_Mm_ii (Figure 45). | concluded that, in this context, GABPA/B1 did

not induce MT2_Mm transcription and decided to discontinue further investigation of this TF.

4 7 P=0.0136 NS
2 -
E,_?
s °7T I _____ Figure 45. Luciferase activity of MT2_Mm
8 in presence of GABPA/B1. Log2
i transformed fold change of the normalized
2 luciferase activity of MT2_Mm_i and
MT2_Mm_ii in the presence of 500ng of
pCMV-encoding GABPA and GABPB1
-4 coding sequences over control (pCMV-

empty). Bar plots show the mean +/- 95%

GABPA (500ng) - - * ) + confidence intervals (N = 3). For statistical
GABPB1 (500ng) -t -+ analysis, preselected hypotheses compared
subfam-i subfam-ii each group to 0.
pGL2_MT2_Mm

For SRF and DUX, | selected four subfamilies to clone into the luciferase vector. Based on the
evolutionary trajectory of MT2C_Mm and MT2_Mm and the relationships with TFBS (Figure 39),
| cloned MT2C_Mm_vii, which contains only the high-confidence predicted SRF binding motif,
and MT2C_Mm_ix, which includes both the SRF motif and a deletion event that created the DUX
binding motif. Additionally, | used the two main MT2_Mm subfamilies, previously cloned for
GABPA/B1. MT2_Mm_i, like MT2C_Mm_ix, contains both binding sites, whereas MT2_Mm _ii
lacks the high-confidence SRF motif because of a SNP (Figures 38 and 46A). The efficiency of
TF overexpression was verified by western blot for the MYC tag (Figure 46B).
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Co-transfection of the SRF encoding vector with MT2C_Mm-driven luciferase constructs resulted
in transactivation of both MT2C_Mm_vii and MT2C_Mm_ix at similar levels (Figure 47). It
indicated that SRF can transactivate these subfamilies in a luciferase reporter assay, in cells.
Notably, SRF also activated the expression of both MT2_Mm subfamilies. Subfamilies containing
the higher-confidence predicted binding motif appear more responsive to SRF, as MT2_Mm_i,
along with MT2C_Mm subfamilies, reached saturation at lower SRF concentrations than

MT2_Mm_ii, in agreement with the TFBS analysis (Figure 47).

58



NS

4 P—U 012
<1e -04
NS P<1e-04 <1e 04
NS
3 = P<1e-04 P<1e-04

PcTe 04

P=0.009

P<1 e-04

.iﬂ

2 P<1e 04

P<1e -04 P<1e -04

log2(FC)

P=0.006

Zﬂmm ﬁﬂ J1 Il ﬁ

SRF (ng) o 5 10 20 o 5 10 20 0 5 10 20 0 5 10 20
subfam-vii subfam-ix subfam-i subfam-ii
pGL2_MT2C_Mm pGL2_MT2_Mm

Figure 47. Luciferase activity of MT2_Mm and MT2C_Mm subfamilies in presence of SRF. Log2
transformed fold change of the normalized luciferase activity of MT2C_Mm_vii, MT2C_Mm_ix, MT2_Mm_i
and MT2_Mm_ii, in the absence or presence of 5, 10 or 20 ng of pCMV-encoding SRF coding sequence
over control (pCMV-empty). Bar plots show the mean +/- 95% confidence intervals (N > 3). For statistical
analysis, preselected hypotheses compared each group to 0, and 20 ng was compared to 5 ng for each
subfamily.
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Figure 48. Luciferase activity of MT2C_Mm_i in presence of SRF. (A) Schematic representation of the
experimental design decided to test the capacity of SRF to drive transcription MT2C_Mm_i. (B) Log2
transformed fold change of the normalized luciferase activity of MT2C_Mm_i in the absence or presence
of 5, 10 or 20 ng of pCMV-encoding SRF coding sequence over control (pCMV-empty). Bar plots show the
mean +/- 95% confidence intervals (N >3). For statistical analysis, preselected hypotheses compared each

group to 0.
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Importantly, an older MT2C_Mm subfamily which did not contain the higher-confidence predicted
SRF motif (MT2C_Mm_i), showed no transcriptional activation upon SRF overexpression (Figure
48). These results are in line with the TFBS analysis, and suggest that the C to T mutation from
MT2C_Mm_vi to vii plays a more significant role than the T to A from MT2_Mm_i to MT2_Mm_ii
for SRF binding (Figure 38).

Finally, | observed transcriptional activation of both MT2C_Mm_vii and MT2C_Mm_ix upon co-
transfection with the DUX encoding vector, though to varying degrees (Figure 49). Indeed,
MT2C_Mm_ix was activated approximately 25 times more than MT2C_Mm_vii by DUX,
suggesting that the 9bp deletion did create a functional DUX binding site (Figure 49).
Furthermore, the transcriptional activation of MT2C_Mm_ix was comparable to that observed for
MT2_Mm subfamilies, which are known to be activated by DUX (Hendrickson et al. 2017;
Whiddon et al. 2017) (Figure 49). A difference in DUX-induced transcriptional activation strength
between MT2_Mm_i and _ii was noted, correlating with differences in transcript abundance
between MT2_Mm_i and _ii observed in embryos (Figure 49). These data suggest the presence
of additional regulator(s) that bind to MT2_Mm_ii and interact with DUX to enhance transcriptional

activation capacity.
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Figure 49. Luciferase activity of MT2_Mm and MT2C_Mm subfamilies in presence of DUX. Log2
transformed fold change of the normalized luciferase activity of MT2C_Mm_vii, MT2C_Mm_ix, MT2_Mm_i
and MT2_Mm_ii, in the absence or presence of 5 ng of pPCMV-encoding DUX coding sequence over control
(pCMV-empty). Bar plots show the mean +/- 95% confidence intervals (N > 3). For statistical analysis,
preselected hypotheses compared each group to 0 and log2(FC) with 5 ng of MT2_Mm_ii was compared
to that of MT2_Mm_i, MT2_Mm_ito MT2C_Mm_ix and MT2C_Mm_ix to that of MT2C_Mm_vii.

We included controls using luciferase vectors lacking a promoter (pGL2_empty) and containing a
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scrambled LTR sequence (pGL2_scramble), which showed that neither SRF nor DUX
overexpression led to transcriptional activation of either pGL2_empty or pGL2_scramble (Figure
50).
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Figure 50. Luciferase activity of empty and scramble reporters in presence of DUX and SRF. (A)
Schematic representation of the experimental design decided to test the capacity of DUX and SRF to drive
transcription pGL2_empty and pGL2_scramble (B) Log2 transformed fold change of the normalized
luciferase activity of pGL2_empty and pGL2_scramble in the absence or presence of 5, 10 or 20 ng of
pCMV-encoding SRF coding sequence over control (pCMV-empty). Bar plots show the mean +/- 95%
confidence intervals (N > 3). For statistical analysis, preselected hypotheses compared each group to 0.
(C) Log2 transformed fold change of the normalized luciferase activity of pGL2_empty and pGL2_scramble
in the absence or presence of 5 ng of pCMV-encoding DUX coding sequence over control (pCMV-empty).
Bar plots show the mean +/- 95% confidence intervals (N > 3). For statistical analysis, preselected
hypotheses compared each group to 0.
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Altogether, these data confirmed the acquisition of a functional DUX motif through a 9bp deletion
within MT2C_Mm, preceding MT2_Mm expansion, and established SRF as an ancient TF for
MERVL, capable of activating the transcription of both MT2C_Mm and MT2_Mm in a cell culture
model. These results were consistent with the observed impact of SRF on MERVL following
transfection in mESCs (Figure 43). Based on the reporter assay data, GABPA was not pursued
further. | therefore focused on the TFs identified in the targeted screen as potential TE activators
in ESCs, with only SRF further validated in luciferase reporter assay. Of the 10 TFs highlighted in
section 4.3.1, | chose to exclude only OBOX6. Although OBOX6 appeared to specifically affect
MaLR ORR elements, | decided not to follow up on the OBOX family, as these factors have been

extensively characterized elsewhere (Ji et al. 2023; Guo et al. 2024).

Thus, | focused on the remaining nine TFs to investigate their putative roles in preimplantation
development: FOXJ3, RFX7, TBP, SRF, SMAD3, CRX, LMX1A, GATA3 and ZFP410.

4.4 A detailed expression profiling reveals that most candidate TFs
are expressed in the embryo

With this refined selection of candidate TFs, | began investigating their putative role in
preimplantation development by carefully characterizing their expression patterns at both the
mRNA and protein levels. This provided valuable insights for subsequent manipulation of their
expression, and uncovered new information, as most of these TFs have not been studied in the

early embryo.

4.4.1 Expression profiles at the mRNA level

To investigate the mRNA expression levels of these TFs during preimplantation development, |
used publicly available single embryo RNA-seq datasets from oocyte to the 16-cell stage (Oomen
et al. 2025). While all TFs were expressed in early embryos, their expression patterns varied
significantly. Based on these observations, | categorized the 9 TFs according to their expression
profiles. Six of nine TFs; Smad3, Rfx7, Foxj3, Tbp, Srf and Gata3 were present in the oocyte as

maternal transcripts (Figure 51).
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Figure 51. Expression profiles of maternally inherited TFs during preimplantation development.
(A-F) Each dot represents Smad3 (A), Rfx7 (B), Foxj3 (C), Tbp (D), Srf (E) and Gata3 (E) mRNA levels
(rpm) in individual embryos at the indicated stage. The trend line connects the mean values across

embryos of individual stages.
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Smad3 and Rfx7 exhibited transient increases in mRNA levels in zygotes, becoming nearly
undetectable by the 8-cell stage (Figure 51A, B). Foxj3 showed a peak in expression at the early
2-cell stage, coinciding with minor ZGA, before rapidly diminishing to almost undetectable levels
by the 8-cell stage (Figure 51C). In contrast, Tbp and Srf mRNA levels rose during the late 2-cell
stage, coinciding with major ZGA, then quickly declined, but remained detectable throughout
preimplantation development (Figure 51D, E). Gata3 mRNA, after a modest increase during
minor ZGA, dropped to near-zero levels by the 4-cell stage, before sharply rising to its peak at
the 16-cell stage (Figure 51F). As a key marker of the trophectoderm, Gata3 is known to be
expressed from the 4- to 8-cell stage onward and to play a crucial role in the transition from morula
to blastocyst (Home et al. 2009).

The remaining three TFs, Lmx1a, Zfp410 and Crx, followed a major ZGA expression profile, with
no detectable transcripts before the 2-cell stage and a peak of expression at the late 2-cell stage
(Figure 52). While the mRNA levels of Lmx71a and Crx decreased after major ZGA (Figure 52A,
B), the expression of Zfp410 remained elevated through to the 16-cell stage (Figure 52C). Crx

transcript levels were low, and showed substantial variability between embryos (Figure 52B).

In conclusion, and in line with the candidate filtering performed in section 4.1.2, all the selected
TFs were expressed at the mRNA level during preimplantation development. Importantly, their
expression was prominent during the critical time of ZGA, highlighting their potential involvement
in key developmental transitions. This mMRNA expression at ZGA underscores the significance of
these TFs in regulating early embryonic processes, laying the groundwork for further investigation

into their roles in orchestrating transcription at these stages.
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Figure 52. Expression profiles of zygotically expressed TFs
during preimplantation development. (A-C) Each dot
represents Lmx7a (A), Crx (B), Zfp410 (C) mRNA levels (rpm)in
individual embryos at the indicated stage. The trend line
connects the mean values across embryos of individual stages
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4.4.2 Expression profiles at the protein level
Some of the immunostainings were performed by Camille Noll.

During early embryogenesis, mRNA and protein expression are frequently disconnected from
each other. Hence, | decided to also investigate the expression at the protein level of these nine
TFs, by immunofluorescence (IF) at key preimplantation stages: zygote, early 2-cell, late 2-cell,
4-cell and 8-cell. As a matter of fact, | found CRX to be absent in embryos between zygote and
8-cell stages (Figure 53A). To rule out the possibility of technical issues with antibody specificity,
| overexpressed CRX in mESCs and performed IF, successfully detecting nuclear CRX
accumulation (Figure 53B). This experiment confirmed that the absence of CRX in early embryos

was not due to a simple limitation in the experimental procedure.
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Figure 53. Expression profile of CRX at the protein level. (A) Representative images of CRX
immunostainings at the indicated developmental stages. All embryos within each replicate were processed
and acquired using the same conditions, hence the intensity of the fluorescent signal is comparable in all
embryos. Top images are maximum intensity projections, bottom are merged images with DAPI staining
shown as single confocal sections. n is the total number of embryos analyzed per stage. N, number of
independent replicates. Scale bars, 20um. (B) Representative images of CRX immunostaining and GFP
fluorescence upon CRX overexpression in ESCs. n is the total number of cells that were displaying both
GFP and CRX signal. N, number of independent replicates. Scale bars, 10um.
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Figure 54. Expression profiles of zygotically expressed TFs at the protein level. (A-C) Representative
images of RFX7 (A), GATA3 (B) and SRF (C) immunostainings at the indicated developmental stage. All
embryos within each replicate were processed and acquired using the same conditions, hence the intensity
of the fluorescent signal is comparable in all embryos. Top images are maximum intensity projections,
bottom are merged images with DAPI staining shown as single confocal sections. n is the total number of
embryos analyzed per stage. N, number of independent replicates. Scale bars, 20um.
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Three TFs were either absent or barely detectable in zygotes and then became transiently present
at certain stages or remained detectable throughout the stages analyzed after their initial
expression (Figure 54). For instance, RFX7 exhibited a faint, barely detectable signal in zygotes,
but by the early 2-cell stage it displayed clear nuclear localization, which persisted, albeit fainter,
at the 8-cell stage (Figure 54A). For GATAS3, | detected very low levels of the protein, which
transiently formed foci in the nuclei of early 2-cell stage embryos. This signal was still observed
in the late 2-cell stage but was absent in all subsequent stages analyzed (Figure 54B). SRF,
which was undetectable in zygotes, was not observed in the early 2-cell stage either but became
readily detectable starting from the late 2-cell stage onward (Figure 54C). Based on these
findings, | categorized these three TFs as zygotically expressed at the protein level even though
their mRNA was maternally inherited (Figure 51), further confirming the uncoupling of mMRNA and

protein expression during early development.
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Figure 55. Expression profile of SMAD3 at the protein level. Representative images of SMAD3
immunostainings at the indicated developmental stage. All embryos within each replicate were processed
and acquired using the same conditions, hence the intensity of the fluorescent signal is comparable in all
embryos. Top images are maximum intensity projections, bottom are merged images with DAPI staining
shown as single confocal sections. n is the total number of embryos analyzed per stage. N, number of
independent replicates. Scale bars, 20um.

In the case of SMAD3, the protein appeared to localize to the cytoplasm of zygotes (Figure 55).
Importantly, | observed depletion of signal in the zygotic pronuclei, suggesting that the observed
signal was genuine rather than cytoplasmic background (Figure 55). However, | was unable to
definitely differentiate between the two possibilities. To further investigate SMAD3 expression and
disentangle true cytoplasmic signal from background noise, | examined cultured embryos from

F1 females, where ovulation was induced by hormone injection. This approach allowed me for
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more precise timing of the various developmental stages. | collected early zygotes and cultured
them, fixing them at specific time points after hormone injection (Figure 56).

Unexpectedly, | did not observe any nuclear localization of SMAD3 at any of the stages analyzed
(Figure 56). Instead, | observed consistent cytoplasmic signal and nuclear depletion across all
stages analyzed, from the zygote to the late 2-cell stage, reminiscent of the nuclear depletion
pattern observed in zygotes from CD1 mice shown in Figure 55 (Figure 56). Initially, | attributed
these differences to the change in mice strains. To clarify, | directly collected late 2-cell stage
embryos at around 48h post-hormone injection from females to assess whether SMAD3 nuclear

enrichment would be observed in F1 non-cultured late 2-cell stage embryos (Figure 57).
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Figure 56. Expression profile of SMAD3 at the protein level in F1 cultured embryos. Representative
images of SMAD3 immunostainings at the indicated developmental stage (timing post-hCG are indicated).
All embryos within each replicate were processed and acquired using the same conditions, hence the
intensity of the fluorescent signal is comparable in all embryos. Top images are maximum intensity
projection, bottom are DAPI, SMAD3 and merged images with DAPI staining shown as single confocal
sections. n is the total number of embryos analyzed per stage. N, number of independent replicates. Scale
bars, 20um.
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Figure 57. Expression of
SMAD3 at the protein level in
late 2-cell stage F1 non-
cultured embryos.
Representative  images  of
SMAD3 immunostainings at
the late 2-cell stage (48h post-
hCG). Topimage is a maximum
intensity projection, bottom are
DAPI, SMAD3 and merged
images with DAPI staining
shown as single confocal
sections. n is the total number
of embryos analyzed. N,
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N=2 replicates. Scale bars, 20um.

DAPI

Single
sections

SMAD3

Strikingly, | found that there was a clear SMAD3 nuclear enrichment in all the late 2-cell stage
embryos analyzed (Figure 57), suggesting that the absence of nuclear SMAD3 in Figure 56 was
a consequence of ex-vivo embryo culture. Given that SMAD3 is a downstream effector of TGFB
signaling, this raises the possibility that TGFB signaling may be active in early embryos, in the

females, facilitated by maternal tissues, but disrupted under culture conditions.

All other TFs were expressed throughout the stages assessed (Figure 58). ZFP410 was already
visible in zygote pronuclei but exhibited clear nuclear localization from the early 2-cell stage
(Figure 58A). LMX1A showed robust nuclear enrichment in zygotes which persisted until the 8-
cell stage (Figure 58B). FOXJ3 and TBP were localized to the nuclei at all stages, though TBP
became barely detectable by the 8-cell stage (Figure 58C, D).
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Figure 58. Expression profiles of maternally inherited TFs at the protein level. (A-D) Representative
images of ZFP410 (A), LMX1A (B), FOXJ3 (C) and TBP (D) immunostainings at the indicated
developmental stage. All embryos within each replicate were processed and acquired using the same
conditions, hence the intensity of the fluorescent signal is comparable in all embryos. Top images are
maximum intensity projections, bottom are merged images with DAPI staining shown as single confocal

sections. n is the total number of embryos analyzed per stage. N, number of independent replicates. Scale
bars, 20pum.

Thus, with the exception of CRX, whose transcript levels were low and variable across samples,
all candidate TFs were expressed at the protein level in early mouse embryos, though exhibiting
distinct temporal dynamics in their nuclear localization (Figure 59).
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In conclusion, | have delineated the precise temporal expression patterns of nine TFs during the
first few cell divisions of mouse embryonic development. Importantly, some of these TFs,
specifically FOXJ3, TBP and SRF, were either ubiquitously present across insertions of certain
TE families (FOXJ3 and TBP in B2_Mm1a) or their presence correlated with differential subfamily
expression (SRF and FOXJ3 with MaLR ORR1A1) (section 4.2). In addition, FOXJ3 and TBP
exerted specific effects on SINEB2 and ORR MaLR, respectively, upon overexpression in ESCs
(section 4.3.1). Given that both TE families are understudied in preimplantation development,
with their regulatory mechanisms largely unknown, | chose to focus on elucidating the role of

these two TFs in transcriptional regulation during early embryonic development. Finally, the
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importance of SRF in the evolution of MT2 lineage (section 4.2.4) and its capacity to induce
MERVL transcription both in ESCs upon overexpression (section 4.3.1), and in a luciferase
reporter assay (section 4.3.2) prompted further investigations into its regulatory role in the

embryo.

Even though the five other expressed TFs may also play a role in TE regulation during
development, in the final phase of my PhD, | focused on investigating the roles of SRF, FOXJ3
and TBP in mouse preimplantation development. | sought to characterize their function in
regulating both TEs of interest and genes during ZGA, as their involvement in this context remains

unexplored.

4.5 Addressing the function of TFs in regulating genes and TEs in
the early embryo: SRF, FOXJ3 and TBP

Based on the expression profiles, | set-up two methods for TF depletion in mouse preimplantation
embryos. There are different possible methods to deplete or alter the function of a protein in
embryos. One possibility is the use of a dominant-negative, which competes with the endogenous
protein for binding to the sequence of interest, without performing the transcription activation
activity of the endogenous TF. Another possibility is to acutely deplete the protein in the embryo,
by a Trim-Away system of depletion, which induces degradation of the target protein. For SRF,
whose protein is expressed from the 2-cell stage, | initially attempted mRNA depletion using
siRNAs, but this only resulted in depletion by the 4-cell stage (data not shown), making it
unsuitable for analyzing effects on ZGA. Therefore, | turned to a dominant negative approach,
which | will describe in the first part of this section. Since FOXJ3 and TBP are maternally inherited
proteins, | employed a Trim-Away approach for their depletion, enabling acute protein loss in early
embryos, which | will detail in the second part of this section.

Data analysis in this section of my PhD has been done by Carlos Michel Mourra-Diaz (with the help of Dr.

Tamas Schauer) and Dr. Marlies E. Oomen.

4.5.1 SRF regulates genes and MERVL retrotransposons during ZGA

4511 A dominant negative strategy for SRF loss-of-function
In mice, SRF is a protein consisting of 504 amino acids, encoding 7 exons in its largest isoform

(Figure 60) (Deshpande et al. 2022). The C-terminal (C-ter) region contains the transactivation
domain, which spans exons 4 to 6 (Figure 60), while the N-terminal (N-ter) region harbors the
highly conserved DNA-binding and dimerization domain known as the MADS box, spanning
exons 1 to 3 (Figure 60) (Deshpande et al. 2022). MADS is an acronym for the first TFs identified

with this domain: MCM1, Agamous, Deficiens and SRF, which were discovered in yeast, plants
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and humans, demonstrating the conservation of this domain across different kingdoms of life
(Passmore et al. 1989; Yanofsky et al. 1990; Sommer et al. 1990; Norman et al. 1988; Schwarz-
Sommer et al. 1990). The MADS box binds to specific DNA sequences known as CArG motifs,
which in mammals are referred to as Serum Response Elements (SREs). SRF is well-known for
its involvement in controlling the immediate early response to extracellular stimuli and cell
proliferation (Greenberg and Ziff 1984; Treisman 1986, 1987; Greenberg et al. 1987; Norman et
al. 1988; Miano 2010). A study using a knockout mouse model in the late 1990s demonstrated
that SRF is crucial for mesoderm formation in mammals (Arsenian et al. 1998). Although zygotic
SRF knockout leads to gastrulation defects and embryonic lethality by E12.5 (Arsenian et al.
1998), the role of SRF at earlier stages of development remains unexplored, as no studies have

addressed maternal SRF depletion.
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1 238 L X
. . the transactivation domain of
SRF dominant negative (DN) SRF.

To induce a loss-of-function in the embryo, | turned to a dominant-negative approach by replacing
the entire C-ter region of SRF, encompassing the transactivation domain, by GFP (Figure 60).
This DN has been previously reported and used in the literature (Belaguli et al. 1999) and with
the addition of GFP, was comparable in length to the longest SRF isoform (Figure 60). First, |
validated that the DN construct successfully impaired SRF function using the established

luciferase assay system on MT2_Mm_i (Figure 61).

Therefore, | microinjected the DN mRNA in zygote cytoplasm to induce LOF during ZGA and used
dsRed mRNA as a positive control for the microinjection process (Figure 62A, B). GFP from the
DN construct (Figure 60) allowed me to verify nuclear expression such that | only collected
embryos with proper DN subcellular localization (Figure 62B). As a positive control for MERVL
and ZGA effects, | injected embryos with an ASO targeting Dux (Guo et al. 2024), while scramble
ASO and dsRed mRNA injected embryos served as negative controls for all experiments (Figure
62A). After microinjections, | cultured the embryos until the late 2-cell stage (48h post-hCG) and
collected them for single embryo RNA sequencing (Figure 62A).
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Figure 61. DN competition with SRF WT in luciferase assay in
human HEK293 cells. Log2 transformed fold change of the
normalized luciferase activity of MT2_Mm_i in the presence of 5
ng of pCMV-encoding SRF coding sequences with increasing
amounts of pCMV encoding for the SRF dominant negative fused
to GFP (DN) over control (pCMV-empty). Bar plots show the mean
+/- 95% confidence intervals (N = 3). For statistical analysis,
preselected hypotheses compared 5 ng of full-length SRF only,
with 50 and 100 ng of DN construct transfected.
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Figure 63. Single embryo RNA-seq quality controls. (A) Quality control dotplots showing the number of
genic reads (Million), the percent of ERCC reads and of Mitochondrial reads in all experimental conditions
as indicated. Each dot is an embryo. Dashed lines represent the threshold applied for quality control
filtering. (B) Expression levels of Dux and Srf in all experimental conditions as indicated. Each dot is an
embryo. The red arrow points to an embryo that was removed from further analysis due to over-
accumulation of Dux transcripts, while Dux should be knocked-down.

4.51.2 SRF regulates genes and is essential for development

| collected a total of 7 SRF LOF, 9 DUX LOF, 10 DOUBLE LOF and 9 CONTROL embryos (Figure
63). While all libraries passed the general quality controls (QC) (Figure 63A), one DUX LOF

embryo was excluded due to high Dux expression, indicating ineffective knockdown (Figure 63B,
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red arrow). Differential gene expression analysis revealed 763 differentially regulated genes in

SRF LOF (Figure 64A), with slightly more downregulated (438) than upregulated (325).
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Figure 64. Differential gene expression analysis of SRF LOF (A) and DUX LOF (B). (A,B) MA plots
comparing the log2 fold change in SRF LOF vs CONTROL (A) and DUX LOF vs CONTROL (B) embryos
against the log10 RNA-seq mean counts. Differentially expressed genes are labelled in orange (padj <
0.05), non-differentially expressed genes are in gray. Examples of genes are labelled, significant in red,
non-significant in black.

Upon DUX LOF approximately 2600 genes were differentially regulated, with 1049 downregulated
and 1543 upregulated (Figure 64B). Notably, classic Dux targets such as Zscan4 (a-f), Zfp352,
Pramef6, Tmem92, Eif4e3 were downregulated (Figure 64B), in agreement with previous reports
(Hendrickson et al. 2017; De laco et al. 2017). None of these genes were affected in SRF LOF
(Figure 64A). Comparing SRF and DUX LOF revealed minimal overlap in affected genes, with
only 130 common to both (Figure 65), suggesting that SRF and DUX are regulating different gene

sets during ZGA.

To further characterize SRF LOF, we were then curious to know the type of genes affected. Using
the database of transcriptome in mouse early embryo (DBTMEE) (Park et al. 2015), we
categorized the down and upregulated genes (Figure 66). Of the 438 significantly downregulated
genes, roughly 19% were major ZGA genes, while a small subset (about 4%) were maternal
RNAs (Figure 66A). In fact, most of the downregulated genes did not belong to any DBTMEE-
defined categories (Figure 66A). These findings indicate that SRF orchestrates transcription at
the late 2-cell stage during ZGA, exerting an influence on gene expression that extends beyond

the regulation of strictly ZGA-specific genes.
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Figure 65. Comparison of differentially expressed
genes upon SRF LOF vs DUX LOF. Scatterplot comparing
the log2 fold change in SRF LOF vs CONTROL to DUX LOF
vs CONTROL. Non-significant genes in neither of the two
conditions are shown in gray. From top to bottom,
significantly changed genes only in SRF LOF, DUX LOF
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Approximately one third of the upregulated genes were categorized as maternal RNAs, another
third as minor ZGA genes, while the remaining third did not fit any defined category (Figure 66B).

The elevated expression of maternal RNAs and minor ZGA genes at the late 2-cell stage
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suggested a developmental delay, implying an inability to properly degrade maternally inherited
transcripts and suggestive of a disruption in the MZT. Collectively, these findings highlight SRF
as a regulator of gene expression during ZGA, with its absence impairing the proper execution of
the MZT.

We then conducted a principal component analysis (PCA) that included CONTROL, DUX LOF
and SRF LOF embryos, alongside a non-manipulated RNA-seq dataset from embryos at various
preimplantation developmental stages, all generated using the same protocol as employed in this
study (Figure 67) (Oomen et al. 2025). As anticipated, control embryos clustered with late 2-cell
non-manipulated embryos, whereas SRF LOF embryos positioned between early and late 2-cell
non-manipulated embryos along PC1, suggesting that SRF LOF embryos indeed experienced a
developmental delay (Figure 67). Interestingly, DUX LOF embryos grouped with control embryos
(Figure 67).
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Figure 67. Principle component analysis of CONTROL, SRF LOF and DUX LOF embryos together
with embryos from oocyte to 16-cell stage from (Oomen et al. 2025). Triangles are embryos from this
study, color-coded based on the condition. Circles are embryos from Oomen et al. (2025), color-coded
based on the stage. The proportions of variance explained by PC1 and PC2 are indicated.

The observed transcriptional phenotype, coupled with the failure to properly execute MZT,
prompted us to investigate whether SRF was necessary for developmental progression. To
address this, | performed a developmental assay experiment in which embryos were injected with
either DN mRNA or GFP mRNA, and their development was monitored for the first four days of
embryogenesis, up to the blastocyst stage (Figure 68). Remarkably, only half of the SRF LOF

embryos reached the blastocyst stage (14/28), whereas most control embryos progressed to this
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stage (17/19) by day 4 (Figure 68). Primarily the second and third cell divisions appeared to be
impaired: roughly 25% of SRF LOF embryos remained at the 2-cell stage on day 2, and 25% were

still at the 4-cell stage, while 100% of control embryos reached the 8-cell stage by the same time
(Figure 68B).
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Figure 68. Developmental progression of control and SRF LOF embryos. (A) Brightfield images of
CONTROL (left) and SRF LOF (right) embryos at day 4 (116h post-hCG (phCG)) of embryonic
development. N, number of independent replicates. Scale bars, 100 um. (B) Proportion of CONTROL and
SRF LOF embryos in specific stage as indicated by the color code at day 1 (48h phCG), day 2 (72h phCG),
day 3 (96h phCG) and day 4 (116h phCG). N, number of independent replicates. The numbers indicated
at day 1 represent the total number of embryos analyzed over the different independent replicates.

Our findings suggest that SRF is critical for developmental progression, likely through its
regulation of gene expression, though the precise mechanisms underlying this developmental
phenotype cannot yet be definitively determined. Among the differentially regulated genes are
those involved in the cell cycle, such as Cyclin1 and Cdkn1a. Both are essential for proper cell

cycle progression and may be implicated in the observed phenotype.
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4513 SRF controls TEs and host chimeric transcript expression

Subsequently, and perhaps most critically in the context of this project, we investigated whether
SRF regulates TEs in late 2-cell stage embryos. 14 TEs were significantly differentially regulated
in SRF LOF embryos compared to control (Figure 69A). All except two TEs were downregulated
and this included different families of relatively old L1 (L1MCb, L1MA7), some ERVKs
(RLTR31_Mur, RLTR9E, RMER6B, RMER13A1), some old MaLR families (ORR1C2-int, MLT1J-
int, MLTN2), one SINEB1 family (B1_Mur1) and two DNA transposon families (Charlie1a,
Tigger17c). Based on the results obtained in section 4.3.2, we looked more specifically at
MT2_Mm and MT2C_Mm. At the family level, MT2_Mm was not affected in SRF LOF (padj =
0.99), whereas MT2C_Mm was downregulated about 3-fold but was not significant (padj = 0.06)
(Figure 69A). DUX LOF led to about 85 significantly differentially regulated TEs, with about 70%
of these being upregulated (62/85) (Figure 69B). MT2_Mm was among the most downregulated,
showing a significant decrease (padj = 0.0008), as previously reported (Figure 69B) (De laco et
al. 2017, 2020; Guo et al. 2019, 2024). MT2C_Mm though, was barely affected by removal of

DUX (Figure 69B).
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Figure 69. Differential TE expression analysis of SRF LOF (A) and DUX LOF (B). (A,B) MA plots
comparing the log2 fold change in SRF LOF vs CONTROL (A) and DUX LOF vs CONTROL (B) embryos
against the log10 RNA-seq mean counts. Differentially expressed TEs (from general DEseq object, see
methods) are labelled in orange (padj < 0.05), non-differentially expressed TEs are in gray. Example of TEs
(MT2_Mm and MT2C_Mm, considering only full-length insertions, as in phylogeny) are labelled, significant
in red, non-significant in black.
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To dissect more precisely the regulation of these TE families in the embryo, and in light of our
phylogenetic and luciferase assay analysis for MT2C_Mm and MT2_Mm subfamilies, we decided
to look at the effect of the LOFs on the newly established subfamilies. Strikingly, MT2C_Mm_vii
was the strongest affected TE subfamily in SRF LOF, showing a downregulation of about 5-fold
(Figure 70A). Importantly, none of the subfamilies belonging to any TE families other than
MT2C_Mm_vii and MT2C_Mm _iv established by the phylogenetic analysis in Section 4.2 were
affected. MT2C_Mm_vii is the last MT2C_Mm subfamily during the course of its evolution that
does not yet have a binding site for the TF DUX but has a high-confidence predicted binding site
for SRF (Figure 38). When we looked at the effect of DUX removal on MT2 subfamilies, while we
observed that all subfamilies of MT2_Mm were affected, as predicted by the presence of a DUX
binding site in all of them, only the two youngest MT2C_Mm subfamilies, MT2C_Mm_viii and _ix,
were affected (Figure 70B). This is in line with the emergence of a functional DUX binding site
through a 9bp deletion within MT2C_Mm_viii (Figure 38). These observations suggest that
indeed, the subfamilies of MT2C_Mm and MT2_Mm are associated with the occurrence of

specific TFBS.
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Figure 70. Differential TE expression analysis at the subfamily level of SRF LOF (A) and DUX LOF
(B). (A,B) MA plots comparing the log2 fold change in SRF LOF vs CONTROL (A) and DUX LOF vs
CONTROL (B) embryos against the log10 RNA-seq mean counts. Differentially expressed TEs (from
subfamily DEseq object, see methods) are labelled in orange (padj < 0.05), non-differentially expressed
TEs are in gray. Non-significant MT2_Mm and MT2C_Mm subfamilies are labelled in green and blue,
respectively. Significant subfamilies of MT2_Mm and MT2C_Mm are indicated with their roman subfamily
number in purple and orange, respectively.
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To add an additional layer of evidence to the relevance of these findings, we addressed whether
MT2C_Mm_vii, which does not have the binding for DUX, is expressed in the embryo using a

reporter assay. This experiment was performed with the help of Dr. Tsunetoshi Nakatani.

We cloned MT2C_Mm_vii in front of an mRuby gene, and microinjected the plasmid into zygotes,
cultured them until the late 2-cell stage and monitored the mRuby reporter fluorescence. We
observed that MT2C_Mm_vii could drive transcription of the reporter at the 2-cell stage (Figure
71), while no fluorescence was observed in the negative control, without any promoter. As a
positive control and as expected, we also cloned the major MT2_Mm subfamily, MT2_Mm_ii

which was able to drive transcription of the reporter (Figure 71).

Brightfield Ruby

MT2C_Mm_vii

Figure 71. Reporter assay of
MT2C_Mm_vii, MT2_Mm_ii
and no promoter control in
embryos. Representative
brightfield (left) and Ruby
(right) images of late 2-cell
stage embryos after zygotic
microinjection with the
indicated reporter plasmid.
Numbers indicate the total
number of embryos with
fluorescent signal observed at
the late 2-cell stage. N,
number  of  independent
S— replicates. Scale bars, 200um.
N=2

MT2_Mm_ii

No promoter

We conclude that MT2C_Mm_vii, which contains a TFBS for SRF but not for DUX, is
transcriptionally active in-vivo, and regulated by SRF. Collectively, this suggests a shift in the
dependency on different TFs during MT2 evolutionary trajectory. The transition from SRF to DUX

dependency over time supports the hypothesis that the successive acquisition of activating TFBS

84



contributed to waves of TE expansions across the genome. Our findings, therefore, suggest that

SRF and DUX jointly orchestrate the regulation of MT2 expression at the late 2-cell stage.

MT2_Mm is known to function as a potent promoter for adjacent host genes, resulting in the
formation of chimeric LTR-host gene transcripts and contributing to the activation of a portion of
the 2-cell transcriptional program (Peaston et al. 2004; Evsikov et al. 2004; Macfarlan et al. 2012;
Franke et al. 2017). Given that we have demonstrated that MT2C_Mm can drive transcription in
embryos, and is regulated by SRF, we aimed to explore whether MT2C_Mm transcription is
relevant to host biology by initiating genic transcription. As the RNA-seq protocol we used
captures TSSs, we searched for chimeric TE-host gene transcripts initiated at TEs and extending
into genes, using a tool called ChimeraTE (Oliveira et al. 2023). We quantified chimeric TE-gene
transcripts in CONTROL, SRF LOF and DUX LOF embryos. In control embryos, chimeric TE-
genes from all MT2C_Mm subfamilies were found, totaling 64 TE-gene events initiated in
MT2C_Mm (Figure 72). Following SRF LOF, the number of chimeric TE-gene events decreased

across all MT2C_Mm subfamilies, though the extent varied between subfamilies (Figure 72).
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We also identified chimeric TE-genes derived from all MT2_Mm subfamilies, with a notable

predominance of MT2_Mm_i and MT2_Mm_ii, the two major subfamilies, resulting in a total of

134 chimeric events (Figure 73).
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To investigate the evolutionary shift in dependency between SRF and DUX in regulating chimeric
TE-genes, we analyzed the expression levels of chimeric TE-genes identified in control embryos,
categorized by TE subfamilies, in CONTROL, SRF LOF and DUX LOF embryos. We observed
that MT2C_Mm_vii-driven chimeric transcript expression was primarily affected by SRF LOF
(Figure 74). In contrast, MT2C_Mm_ viii-driven transcript expression showed reduction upon both
SRF and DUX LOF, with SRF having a slightly stronger effect (Figure 74). For MT2C_Mm_ix-
driven transcript expression, SRF removal had a weaker impact compared to DUX removal
(Figure 74). This effect was similarly observed on MT2_Mm_i-driven transcripts (Figure 74).
Lastly, MT2_Mm_ii-driven transcripts were exclusively affected by DUX depletion (Figure 74).
Thus, we identified a marked shift in the dependency of chimeric TE-gene expression on TFs
along the MT2 evolutionary path. The emergence of the DUX binding site led to a transition, with

DUX assuming a more dominant regulatory role over SRF.

After demonstrating that MT2C_Mm drives host gene expression via chimeric transcripts in
embryos, and that SRF loss alters their expression, we investigated the promoter activity of these
transcripts. We found that, in control 2-cell stage embryos, transcription of these chimeric TE-
genes initiates within MT2C_Mm. For instance, in control embryos, the canonical promoter of
Bores7 is used less frequently than the MT2C_Mm_vii alternative promoter (Figure 75).
Remarkably, in SRF LOF embryos, the MT2C_Mm_vii promoter is nearly entirely silenced and
that correlates with decreased Borcs7 expression (Figure 75). SRF LOF overall either reduces
the use of alternative promoters, of shifts expression to the canonical gene promoter. Two other

examples of this are provided in Appendix 3.
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Figure 74. Expression of chimeric TE-gene transcripts. Boxplots showing the median and interquartile
range of chimeric TE-gene expression in CONTROL, SRF LOF and DUX LOF by subfamilies. Values for
each TE subfamily are the mean log2 transformed normalized counts for each condition centered on each
chimeric TE-gene mean across conditions. Whiskers display the highest and lowest values within 1.5 times
the interquartile range (IQR). Only chimeric TE-genes found in control embryos are shown.
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Figure 75. Expression and
promoter usage of Borcs7
gene at the late 2-cell stage.
(top) Snapshot of the genomic
regions of chromosome 19
containing the canonical Borcs7
transcript and the alternative, TE-
derived transcript
(MT2C_Mm_vii-derived).
(bottom) Heatmap displaying the
TSS scores of both canonical
and MT2C_Mm_vii-derived
TSSs in CONTROL, SRF LOF
and DUX LOF embryos. The
boxplot shows the expression of
Borcs7, as the median rpm and
the interquartile range of Borsc7
transcripts from internal
sequencing reads. Whiskers
display the highest and lowest
value within 1.5 times the IQR.
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Similarly, we observed MT2_Mm promoter usage over canonical in control embryos, for example
from an insertion belonging to subfamily MT2_Mm_ii driving expression of Gm20767. DUX LOF
results in strong reduction of the MT2_Mm_ii-derived promoter usage and consequently,

decrease in Gm20767 expression (Figure 76).

In summary, we have identified SRF as a novel regulator of MERVL at the 2-cell stage. SRF and
DUX modulate host genome expression, in part by influencing chimeric transcript levels. Both
MT2_Mm and MT2C_Mm serve as platforms for alternative promoter activity, regulated by DUX
and SRF. These TFs interact with specific MT2 subfamilies within a regulatory framework shaped

by successive waves of genomic expansion and evolutionary pressures experienced by TEs.
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4.5.2 TBP regulates genes and MaLR during ZGA

4521 Establishing Trim-Away for TBP and FOXJ3 in the embryo
Finally, | aimed to investigate the role of TBP and FOXJ3 in the regulation of genes and TEs

during early embryonic development. Both TBP and FOXJ3 are maternally inherited proteins
(Figure 58C, D), hence RNA-based depletion was unsuitable. Instead, | employed an acute
protein depletion technique called Trim-Away. This antibody-based method, makes use of
exogenous Trim21 to target and degrade the protein of interest (Clift et al. 2017). Trim-Away was
shown to achieve rapid protein depletion, making it ideal for use in embryos (Clift et al. 2017). |
microinjected early zygotes with antibodies against TBP or FOXJ3 (along with their respective
IgG controls), as well as dextran for injection control. After culturing the embryos for approximately
4 hours, | performed a second microinjection of mMRNA encoding Trim21-mCherry (Figure 77).
The embryos were cultured until the late 2-cell stage, then collected for single-embryo RNA

sequencing, using the protocol for TSS capture (Oomen et al. 2025) (Figure 77).

all dextran blue (.33%) +

mouse anti-TBP (500ng/ul) = TBP LOF
mouse IgG (500ng/ul) = CONTROL

rabbit anti-FOXJ3 (500ng/ul) = FOXJ3 LOF

TBP

or

FOX ¢
OXJ3 | rabbit IgG (500ng/ul) = CONTROL Trim21-mCherry
\ mRNA (200ng/ul)
culture 4h culture
Zygote Late 2-cell
18-19h post-hCG 48h post-hCG

Single embryo
RNA-Seq

Figure 77. Schematic representation of the experimental design used for FOXJ3 LOF and TBP LOF
in the early embryo followed by single embryo RNA-seq at the late 2-cell stage.

| first verified the experimental setup and fixed embryos at the late 2-cell stage (same timing as
for RNA-sequencing collection) (Figure 77). Immunofluorescence confirmed the nuclear
depletion of both TBP and FOXJ3 at the late 2-cell stage, following Trim-Away (Figure 78).
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O Figure 78. Trim-Away efficiency controls at
_ the late 2-cell stage. (A,B) Representative
Maximum images of immunofluorescence of TBP (A) and
projection FOXJ3 (B) following Trim-Away. All images are
maximum intensity projections. n is the total
2 number of embryos analyzed per condition. N,
5 number of independent replicates. Scale bars,
N 20pm.
4.5.2.2 Loss of TBP disrupts ZGA and delays development

| collected a total of 10 TBP LOF and 11 controls, as well as 17 FOXJ3 LOF embryos and 13

controls. Two embryos did not meet general quality control standards (Figure 79A, B), including

one control for TBP LOF embryo and one FOXJ3 LOF embryo. Consequently, we proceeded with
a total of 49 embryos (10+10+16+13) for further analysis (Figure 79A, B).
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Figure 79. Single embryo RNA seq quality control for TBP LOF (A) and FOXJ3 LOF (B). (A,B) Quality
control dotplots showing the number of genic reads (Million), the percent of ERCC reads and of
Mitochondrial reads in all experimental conditions as indicated. Each dot is an embryo. Dashed lines
represent the threshold applied for quality control filtering.

Surprisingly, differential gene expression analysis after FOXJ3 depletion showed minimal effect
on gene expression (Figure 80A), with only four genes (Letm1, Ino80b, Gm20274,
2310039H08RIk) exhibiting significant changes. This suggests that FOXJ3 is largely dispensable
for gene expression during ZGA. In stark contrast, TBP depletion caused a profound effect on the

2-cell transcriptome (Figure 80A), with 5861 genes significantly affected, 96% of which were
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downregulated, underscoring TBP as a critical regulator of transcription during ZGA. These
results are consistent with the central role of TBP in initiating transcription and functioning as a
general TF (Butler and Kadonaga 2002). TBP forms part of the multisubunit complex general
transcription factor (GTF) TFIID, which, along with at least 13 conserved TBP-associated factors
(TAFs), engages gene promoters (Reinberg et al. 1987; Buratowski et al. 1989; Dynlacht et al.
1991; Poon and Weil 1993). This event triggers a sequential recruitment of additional GTFs,
eventually leading to the attachment of RNAPII (Reinberg et al. 1987; Buratowski et al. 1989,

1991).
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Figure 80. Differential gene expression analysis of FOXJ3 LOF (A) and TBP LOF (B). (A,B) MA plots
comparing the log2 fold change in FOXJ3 LOF vs CONTROL (A) and TBP LOF vs CONTROL (B) embryos
against the log10 RNA-seq mean counts. Differentially expressed genes are labelled in orange (padj <
0.05), non-differentially expressed genes are in gray.

A knockout mouse model from the early 215t century demonstrated that embryos deficient in TBP
developed normally until the blastocyst stage, at which point they ceased to grow and underwent
apoptosis (Martianov et al. 2002). However, the absence of maternal knockout prevented from
concluding on the role of TBP in the first few hours following fertilization. Our data indicated that
TBP is important for transcription in late 2-cell stage embryos. Therefore, we sought to further
investigate the affected genes, focusing particularly on those that were downregulated. Using the
DBTMEE classification system (Park et al. 2015), we found that approximately 50% of the genes
annotated as major ZGA gene were significantly downregulated in TBP LOF, indicating that TBP
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impaired major ZGA (Figure 81). Interestingly, upon closer examination of the genes affected by
TBP loss, particularly on typical “2C” markers, including the DUX target genes highlighted in
Figure 64, none appeared to be affected by TBP depletion (Appendix 4).

TBP LOF
Genes down

4796 839 758 Figure 81. Overlap of genes downregulated in TBP LOF
with major ZGA genes. Venn diagram showing the overlap
between downregulated genes upon TBP LOF relative to
CONTROL embryos (padj < 0.05) and major ZGA genes as
defined by the DBTMEE database (Park et al. 2015).

Major ZGA

CDK9, a key component of pTEFb, serves an important regulator of transcription elongation by
modulating the activity of negative elongation factors (NELF) (Chen et al. 2018) and
phosphorylating Ser 2 residue of RNAPII C-terminal domain (CTD) and SPTS subunit of DRB
Sensitivity inducing factor (DSIF) (Kwak and Lis 2013). In line with a major role for TBP in
regulating RNAPII-mediated transcription, we observed an extensive gene overlap between those
downregulated by CDK9 inhibition or SPT5 depletion, and those affected by TBP depletion (60%
and 79%, respectively) (Figure 82) (Abe et al. 2022). Thus, similarly to CDK9 and SPT5 (Abe et
al. 2022), TBP plays a key role in regulating global transcription during ZGA.

TBP LOF TBP LOF
Genes down Genes down
1702 3933 2595 3559 2076 556
SPT5 LOF
CDKQ9 inhibition Genes down
Genes down

Figure 82. Overlap of genes downregulated in TBP LOF and genes affected by CDK9 and SPT5
disruptions. Venn diagrams showing the overlap between downregulated genes upon TBP LOF relative
to CONTROL embryos (padj < 0.05) and genes downregulated in CDK9 inhibition relative to control (left)
or upon SPT5 LOF relative to control (right) (Abe et al. 2022).
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We then conducted a principal component analysis (PCA) including CONTROL and TBP LOF
embryos, alongside non-manipulated RNA-seq dataset from embryos at various preimplantation

development stages, generated with the same protocol (Figure 83) (Oomen et al. 2025).
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Figure 83. Principle component analysis of CONTROL, TBP LOF together with embryos from oocyte
to 16-cell stage from (Oomen et al. 2025). Triangles are embryos from this study, color-coded based on
the condition. Circles are embryos from Oomen et al. (2025), color-coded based on the stage. The
proportions of variance explained by PC1 and PC2 are indicated.

The PCA revealed a slight shift in TBP embryos compared to control embryos along the PC1 axis,
suggesting a developmental delay (Figure 83). This led us to investigate whether these
transcriptional changes affected developmental progression, specifically whether TBP is essential
for proper development. To address this, we microinjected embryos with the Trim-Away system
for TBP and its IgG control, and monitored development up to the blastocyst stage (which was
performed with the help of Mrinmoy Pal) (Figure 84). Cell division between the 4- to 8-cell stages, as
well as blastocyst formation, were delayed (Figure 84). Despite significant transcriptomic
changes, the embryos were not arrested at the 2-cell stage and successfully underwent the
second cell division. Our observed phenotype sharply contrasted with the penetrance of 2-cell
arrest induced by SPT5 LOF, despite substantial gene overlap (Figures 82, 84) (Abe et al. 2022).
Although the transient effect of protein depletion by Trim-Away cannot be entirely excluded, these
results suggested that the 2-cell arrest phenotype may be due to specific downregulated genes

rather than a global transcriptional defect.

94



CONTROL TBP LOF

96h phCG

100
9 | 2-cell
» 80
(2]
o W 4-cell
&
E 60 | 8-cell
g 40 M Morula
'}'g B Blastocyst
g 20
e
a I Degenerated
0 | L = L = L
2 9 2 g g ¢
o o o
Z Z Z
& F & B 8§ E
O O O
48h phCG 66h phCG 96h phCG
N=3

Figure 84. Developmental progression of CONTROL and TBP LOF embryos. (A) Brightfield images of
CONTROL (left) and TBP LOF (right) embryos at 96h phCG. Red asterisks highlight delayed embryos. N,
number of independent replicates. Scale bars, 100 um. (B) Proportion of control and TBP LOF embryos in
specific stage as indicated by the color code at 48h, 66h and 96h phCG. N, number of independent
replicates. The numbers indicated in the bars at 48h represent the total number of embryos analyzed over
the different independent replicates.

Finally, we sought to determine whether the genes affected by TBP loss were directly regulated
by TBP, or if these changes were indirect. To do so, | performed CUT&Tag for TBP in late 2-cell
stage embryos, with four replicates for TBP and two IgG control replicates. Upon analyzing each
replicate individually, we found that while the first replicate showed better signal and coverage
than the others, the four replicates were largely concordant (Appendix 5). Therefore we
combined all the reads for further analysis. We found that most of the downregulated genes were

indeed bound by TBP, suggesting direct transcriptional regulation (Figure 85).
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Importantly, the enrichment of TBP to these genes was clear compared to IgG control (Figure
85). We also observed that some genes which were not transcriptionally affected by TBP removal,
were also bound by TBP (Figure 85). This could be due to residual TBP binding following Trim-
Away, or because TBP binds to these genes without regulating their transcription. On the other
hand, the upregulated genes were not bound by TBP (Figure 85), suggesting that these effects

are largely indirect, potentially resulting from the slight developmental delay observed.

In conclusion, FOXJ3 appears to be non-essential for ZGA, whereas TBP directly regulates nearly
half of major ZGA genes, and deregulation of these targets leads to a developmental delay but

does not prevent blastocyst formation.

45.2.3 TBP directly regulates MaLR in the mouse early embryo

Ultimately, we investigated whether FOXJ3 and TBP are regulating TEs at the late 2-cell stage.
FOXJ3 removal had virtually no impact on TE expression, as no TE family was significantly
differentially regulated upon its depletion (Figure 86A). Notwithstanding, 278 TE families were
significantly differentially expressed upon TBP loss (Figure 86B). All except one family of DNA
transposons (Eulor6D) were significantly downregulated, suggesting that TBP acts mostly as a
transcriptional activator of TEs in the embryo. Several TE families were downregulated, including
evolutionary old families of L1 (L1MEa, L1MCb, L1M8) and some SINEB1 elements (B1Mus1,
B1F, B1_Mur1, B1_Mm) (data not shown). Among the TEs of interest, SINEB2 B3A family was
significantly downregulated (Figure 86B). Consistent with our targeted GOF screen results in
ESCs (Figure 43), ORR1A0 and ORR1A1 were significantly downregulated upon TBP depletion
in embryos. This effect extended beyond ORR1A0 and ORR1A1, affecting other MaLR ORR
families, including ORR1A2 and ORR1A3 (data not shown). Notably, the downregulation
appeared specific to MaLR ORR elements, as MT2_Mm remained unchanged (Figure 86B), and
MaLR elements from the MT family such as MTA_Mm and MTB_Mm showed no significant

changes (data not shown).
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Figure 86. Differential TE expression analysis of FOXJ3 LOF (A) and TBP LOF (B). (A,B) MA plots
comparing the log2 fold change in FOXJ3 LOF vs CONTROL (A) and TBP LOF vs CONTROL (B) embryos
against the log10 RNA-seq mean counts. Differentially expressed TEs are labelled in orange (padj < 0.05),
non-differentially expressed genes are in gray. The six TE families of interest in this project (all insertions
included) are labelled, significant in red, non-significant in black.

We next wondered whether TBP was directly regulating the transcription of ORR1A0 and
ORR1A1. We analyzed our CUT&Tag data for TBP at the late 2-cell stage to assess whether TBP
binds to these elements. Both ORR1A0 and ORR1A1 were found to be bound by TBP, compared
to 1gG control (Figure 87), suggesting that TBP directly binds to and regulates the transcription
of these TEs in the embryo. However, when examining the enrichment over MT2_Mm, whose
transcription was not affected by TBP depletion, we unexpectedly observed TBP CUT&Tag signal
compared to IgG (Figure 88).
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MT2_Mm insertions in 2-cell stage
embryos. Signal aggregate plots and
heatmaps of TBP enrichment (left) and
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We analyzed individual insertion expression using TElocal (Jin et al. 2015). We found that while
there are 2214, 4565 and 2776 ORR1A0, ORR1A1 and MT2_Mm insertions within the mouse
genome, respectively, 582, 424 and 1841 are considered expressed (See method for threshold).
Differential expression analysis revealed that approximately 35% of expressed ORR1AO0
insertions were significantly downregulated upon TBP LOF, with two insertions upregulated
(Figure 89A). Similarly, 50% of expressed ORR1A1 insertions were significantly downregulated
(Figure 89B). In contrast, only 3% of expressed MT2_Mm insertions were downregulated (Figure
89C). We further evaluated TBP binding in relation to the impact of TBP removal on expression.
We found that several significantly downregulated ORR1A0 and ORR1A1 insertions were bound
by TBP, suggesting that TBP directly activates the transcription of these elements in the embryo
(Figure 90).
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Figure 90. TBP enrichment
at expressed ORR1A0 (A)
and ORR1A1 (B) insertions
in 2-cell stage embryos. (A,
B) Signal aggregate plots
and heatmaps of TBP
enrichment (left) and IgG
control (right) from CUT&Tag
reads pooled from the
different biological replicates

(N = 4) over the
downregulated (padj < 0.05),
non-significant and

upregulated (padj < 0.05)
ORR1A0 (A) and ORR1A1
(B) insertions. Start and end
refer to the position of the
LTR. n is the number of
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indicated.



TBP I9G

— MT2_Mm down
1.0 1 7 MT2_Mm n.s.
0.5 4 5 — MT2_Mm up
0.0 -\ﬁ/:\’\-\:vw +— T T
-0.5startend 0.5 -0.5startend0.5
2.5
=== = —— |20

Figure 91. TBP enrichement
= at expressed MT2_Mm
insertions in 2-cell stage
embryos. Signal aggregate
1.5 plots and heatmaps of TBP
enrichment (left) and IgG
control (right) from CUT&Tag
reads pooled from the
different biological replicates
N = 4 over the
1.0 downregulated (padj < 0.05),
non-significant and
upregulated (padj < 0.05)
MT2_Mm insertions. Start
= and end refer to the position
of the LTR. n is the number of
L 0.5 insertions per category as
indicated.

Non-significant
(n=1707)

Up(n=76) [ == 56

-0.5startend 0.5 -0.5startend 0.5
distance (kb) distance (kb)

Importantly, analyzing MT2_Mm revealed that the insertions bound by TBP corresponded to those
significantly downregulated upon TBP removal (Figure 91). Therefore, only a small fraction (3%)
of MT2_Mm are bound and transcriptionally activated by TBP in the early embryo (Figure 91).
Upon closer inspection of these 58 MT2_Mm insertions, we observed that nearly 70% (40/58)
belonged to the MT2_Mm_i subfamily (Appendix 6). This prompted us to investigate TBP binding
to the different MT2_Mm subfamilies, and we found that TBP was predominantly bound to

MT2_Mm_i, the evolutionary oldest subfamily (Figure 92).
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ORR MaLR elements are evolutionarily more ancient than MT2_Mm (Franke et al. 2017). When
we performed a similar analysis on ORR1A0 and ORR1A1, examining TBP enrichment across
subfamilies defined in the phylogenetic analysis, we found no specific enrichment pattern (data

not shown). This suggests that TBP regulates MaLR insertions across all subfamilies,

Collectively, our findings indicate that TBP plays a direct role in regulating ORR MaLR, as well as
a subset of evolutionary old MT2_Mm insertions. These results establish TBP as a regulator of
specific TE families and subfamilies in-vivo, while indicating that its involvement in ZGA is largely
independent of MT2_Mm.



5 Discussion

5.1 Overlap in TFBS across evolutionary distinct TEs
The primary objective of this study was to broaden the repertoire of TFs that regulate TE

transcription at the onset of mammalian development. Through a footprinting analysis of ATAC-
seq data, focusing on six young, rodent-specific TE families, we uncovered 54 novel TFs
potentially involved in regulating TE activity in the embryo. The list we have compiled represents
TFs whose footprint was detected within at least one of the six TE families and are expressed, at
the mRNA level during preimplantation development. While the precise role of most of these TFs
in modulating TE expression remains to be further explored, this work provides a foundation with
a newly identified set of candidates, offering a starting point for future investigations.

In our footprinting analysis of different TE families from ERVL/MaLR, SINEs, and LINEs
superfamilies, we observed a notable overlap of TFs found within their regulatory regions, despite
extensive evolutionary distance separating these superfamilies. The overlap between MT2_Mm
and MaLR ORR LTRs was expected due to their common ancestry (Franke et al. 2017) and the
known tendency of LTRs to accumulate TFBS (Bourque et al. 2008; Feschotte 2008; Ito et al.
2017; Hermant and Torres-Padilla 2021). It was more surprising, though, to observe substantial
overlap with LINEs and SINEs as well. This aligns with the hypothesis that strong evolutionary
pressure is experienced by TEs to acquire TFBS for TFs expressed during preimplantation
development, as it is important for TE fitness to be transcribed (and originally transposed) during
these stages (Hermant and Torres-Padilla 2021). It is possible that these TFs regulate multiple
classes of TEs, suggesting that these TEs may indeed have evolved similar strategies for
amplification and maintenance within the genome.

The effects of overexpressing individual TFs in mESCs were consistent with this concept.
Although we cannot exclude indirect effects arising from TF overexpression, we observed that
many of the TFs activate transcription of several TE families simultaneously upon overexpression.
However, addressing the precise role of these TFs would require further work. While this targeted
screen tested multiple TFs concurrently, it did not validate TF function in-cellulo. Instead, it

provided a basis for selecting candidates for further analyses in the embryo.
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5.2 Contrasting TF impacts: in-cellulo vs in-vivo models
Overexpression of individual TF candidates in mESCs revealed that none match the ability of

DUX to activate MERVL. This may reflect the fact that none of these TFs possess pioneer activity,
as described for DUX (Choi et al. 2016; Eidahl et al. 2016).

Further, we observed notable differences between the effects of TF overexpression in mESCs
and TF removal in embryos. For instance, overexpression of TBP mildly induces MalLR
expression in mMESCs, while TBP removal in embryos strongly impacts MaLR expression.
Embryos exhibit a unique chromatin structure that may facilitate TF binding to TEs and resulting
transcriptional activation (Burton and Torres-Padilla 2014). In comparison, mESCs have a more
compacted chromatin structure, perhaps limiting TF-mediated activation, particularly when the TF
does not have the ability to act as a pioneer TF. This was also observed in the case of YY1, which
has been shown to bind to and activate mouse L1 transcription in embryos (Sakamoto and
Ishiuchi 2024), but only in mESCs with DNA demethylation disruption and upon HDAC inhibitions
(Cusack et al. 2020), conditions that loosen chromatin structure. In contrast, FOXJ3 shows the
strongest effect on L1 transcription upon overexpression in mESCs, whereas FOXJ3 removal in
embryos has virtually no impact on TE expression. One possible explanation is that in mESCs,
FOXJ3 interacts with a factor that is not expressed in the embryo, which could be explored by
pulling down overexpressed FOXJ3 in mESCs to identify interactors.

Interestingly, a recent study using a degron system in mESCs revealed that acute TBP depletion
has minimal impact on RNAPII transcription but significantly affects tRNA expression through
RNAPIII (Kwan et al. 2023). While that study did not assess TE expression, our findings
demonstrate that TBP removal in embryos significantly disrupts both MaLR transcription and gene
expression. This contrasting effect suggests that although TBP may be dispensable for RNAPII-
driven transcription in mESCs, as well as in blastocysts (Martianov et al. 2002), TBP is essential
for the widespread gene activation occurring during ZGA in embryos. It is possible that TBP is
required for transcription reactivation after mitosis, as suggested by studies showing that TBP
depletion impairs gene activation post-mitosis in mESCs (Teves et al. 2018). In contrast,
subsequent activation during interphase may proceed independently of TBP (Teves et al. 2018;
Kwan et al. 2023). The extensive effect on gene expression that we observe upon TBP depletion
in embryos may therefore be linked to the fact that TBP is specifically needed for the activation of
transcription. These findings highlight the need for further investigation into the differing impacts

of TBP depletion in embryos compared to mESCs.
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5.3 Challenging consensus sequences through phylogenetic
analysis

The precise annotation and characterization of TE sequence structure are essential for
understanding their influence on the genomes they inhabit. TE annotations rely upon consensus
sequences representing each family. These sequences are aligned to the genome, and the
alignment with highest score is used to determine genomic insertions. Widely used annotation
tools, such as RepeatMasker (Smit et al. 2013; Flynn et al. 2020), have facilitated the process of
annotating TEs across the genome, often considering families as homogeneous, single clades
where all insertions are regarded as identical. However, phylogenetic analyses have begun to
challenge this approach, revealing distinct subgroups within families and showing that
phylogenetically divergent subfamilies are, in fact, differentially regulated (Carter et al. 2022).

To explore potential diversity among the insertions within our TE families of interest, we conducted
a phylogenetic analysis which revealed previously uncharacterized heterogeneity. Phylogenetic
analysis of SINEB2 families proved particularly challenging due to their large family size. Including
more insertions resulted in long computation times for the phylogenetic tree reconstruction.
Attempting to understand the relationship across an entire SINEB2 family would require
substantial computational resources. As a results, we limited our analysis to a small subset of
sequences from both SINEB2 families, choosing to focus on full-length elements of the same
length as used in the footprinting analysis. Despite considerable heterogeneity within B2_Mm1a
insertions, which appeared to form a monophyletic subfamily with long genetic distances between
mostly individual insertions and small subfamilies, we observed near-complete presence of
binding motifs for TBP and FOXJ3. This suggests, though further investigation is required, that
part of the sequence may be conserved, preserving the binding motifs for these two TFs, while
the remainder of the sequence may be diverging. Neither FOXJ3 nor TBP showed the ability to
transcriptionally regulate these elements during preimplantation development. This implies that,
at least within this developmental window, these binding motifs may not be important for driving
expression of these elements. It could be that these binding motifs are conserved in TEs for other
roles than transcriptional regulation.

In contrast, investigating the phylogenies of LTR-containing families is more straightforward due
to their smaller number of insertions compared to SINEB2 families. However, ORR1AQ0 phylogeny
is reminiscent to that of B2_Mm1a, featuring a monophyletic structure with limited insertion
clustering, yet exhibiting heterogeneity. In contrast, for ORR1A1 and MT2_Mm, we identified two
major clades, indicating distinct evolutionary strategies. These findings gain further relevance

when considered alongside our TFBS analysis, which explored whether sequence heterogeneity
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underlies regulatory diversity. We observed that for nearly all TFs in B3A and ORR1AOQ families,
or for some TFs in B2_Mm1a, ORR1A1 and MT2_Mm, binding sites are either absent from
individual insertions, or present in only a few of them. Since these TFBS are originally identified
within consensus sequences, this suggests they may be artefacts of the consensus itself and are
not present within individual insertions.

Additionally, the binding sites for TFs within the embryo may differ from those in the UniPROBE
database. Some TFs, such as DUX, are absent from the database, while others, like OBOX, are
known to bind to an extended motif in the embryo, distinct from the motif sequence included in
the database (Ji et al. 2023). Even though the OBOX TF family was found to regulate MT2_Mm
(Ji et al. 2023), we observed OBOX binding motifs in only a subset of MT2_Mm insertions which
were dispersed across subfamilies. Expanding the analysis to include the newly identified
extended binding motif could provide more precise insights into the OBOX-mediated regulation
of MT2_Mm. Refining the binding motifs for TFs in the embryo, as done for DUX and OBOX
(Hendrickson et al. 2017; Ji et al. 2023), and incorporating them into phyloregulatory analyzes
such as the ones we performed, may further enhance our understanding of the fine-tuning of TE
regulation. For instance, we did not find TBP binding motifs (TATA boxes) in ORR1A0 or ORR1A1
footprints. Nevertheless, our data from embryos clearly show that TBP regulates ORR1AQ and
ORR1A1, suggesting that regulation may occur independently of a strong TATA box consensus.
In fact, it was suggested in yeast that TBP can bind to promoters in the absence of a TATA box
(Kim and lyer 2004). Due to scarcity of our CUT&Tag data, we were unable to call peaks and
generate a de novo TBP binding motif. Improving low-input TF mapping techniques will be crucial
to enable such analyses and enhance our understanding of the precise sequence determinants

involved in TE regulation in the embryo.

5.4 A complex network of TFs to mediate TE expression in the early
embryo

Early studies on L1 regulation and activity have revealed that the youngest elements in both
humans and mice are the ones that transpose the most and the most transcriptionally active
(DeBerardinis and Kazazian 1999; Boissinot et al. 2000; Goodier et al. 2001; Brouha et al. 2003;
Beck et al. 2010). Recurrent changes in the 5 UTR of L1, a process referred to as the 5’ turnover,
has been proposed to be part of an ongoing evolutionary arms race with KRAP-ZFP repressor
TFs. In this dynamic, mutations or acquisition of novel a 5 UTR allow L1 families to evade
repression, in turn fueling the expansion of KRAP-ZFP protein families (Thomas and Schneider
2011; Castro-Diaz et al. 2014; Jacobs et al. 2014; Ecco et al. 2017). A compelling illustration of
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this process is the KRAB-containing KZFP protein ZNF93, whose interaction is restricted to
specific L1 families, while notably excluding both oldest and youngest L1 elements (Castro-Diaz
et al. 2014; Jacobs et al. 2014). A 129bp deletion within the 5° UTR of the two most recent L1
families completely disrupts the ZNF93 binding motif in L1Hs and L1Pa2 (the youngest human
families). Additionally, mutations in the binding sites of ZNF141, ZNF649 and ZNF765 have also
shaped the evolution of L1 elements (Imbeault et al. 2017). Beyond escaping host repression, it
is proposed that the emergence of new L1 families may be driven by the acquisition of new
activating TFBSs (Hermant and Torres-Padilla 2021). This is supported by evidence showing that
TF binding is more prevalent in younger L1 promoters (Sun et al. 2018), with a decline in binding
and expression correlating with evolutionary age. While the monophyletic origin of L1 allows for
a more straightforward linear evolutionary trajectory (Vargiu et al. 2016; Ecco et al. 2017), recent
works have begun to explore the evolutionary paths of LTR elements. Notably, work by the lab of
Cédric Feschotte uncovered an 8-bp insertion within an LTR7 subfamily, creating a SOX2/3
binding motif that drives expression specifically of that subfamily in pluripotent stem cells, unlike
other subfamilies without the motif (Carter et al. 2022). The evolutionary pattern observed
suggests that different LTR7 subfamilies expanded simultaneously within the genome, opting for
diversification in the tissues and niches they colonize for expression and expansion, rather than
following a sequential expansion process over time such as seen in L1 (Carter et al. 2022). Here,
the phylogenetic analysis of MT2_Mm showed no correlation between the expression of individual
insertions and their evolutionary age, suggesting that recent insertions do not exhibit higher
transcriptional activity in the embryo. Notably, we also identified a striking 9bp deletion in the MT2
evolutionary trajectory, preceding the emergence of MT2_Mm, which created the well-known DUX
binding site. However, unlike the cases observed with L1 and LTR7, this DUX binding site does
not correlate with any change in expression patterns or intensity per se. In fact, MT2C_Mm_ vii,
which is the youngest subfamily lacking the deletion, was slightly more expressed than
MT2C_Mm_viii and _ix at the late 2-cell stage. This underscores the importance of other TFs
regulating the expression of MT2C_Mm subfamilies, with particular emphasis on MT2C_Mm_ vii.
Remarkably, we identified SRF as one such TF, which appeared to specifically control
MT2C_Mm_vii expression in mouse embryos.

Our analysis of subfamily expression during preimplantation showed that MT2_Mm subfamilies
are all highly transcribed, consistently more so than MT2C_Mm subfamilies, with the exception of
MT2C_Mm_v, which exhibited exceptionally high expression, likely due to a single highly
expressed insertion, perhaps influenced by its genomic context. These expression differences
between MT2_Mm and MT2C_Mm could not be attributed to the acquisition of the DUX binding
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site, as our luciferase assay confirmed that the deletion event forms a functional DUX binding
site, with transcriptional activation by DUX being equally strong on both MT2C_Mm_ix and
MT2_Mm_i. Thus, the high transcriptional levels of MT2_Mm subfamilies remain unexplained. It
is also unlikely that these differences are due to OBOX binding motifs, which regulate MERVL
and MT2_Mm in the embryo (Ji et al. 2023). Deletion of OBOX genes during preimplantation
development resulted in equivalent downregulation of both MT2_Mm and MT2C_Mm (Ji et al.
2023), suggesting that OBOX motifs appeared before MT2_Mm expansion.

While our work uncovers an additional regulator of MT2, contributing another piece to the puzzle,
the precise factors that make MT2_Mm unique remain unclear. Despite its historical association
with DUX binding motif, our findings provide evidence that this motif alone is not responsible for
the particularity of MT2_Mm. This implies the involvement of additional TFs in fine-tuning
MT2_Mm expression in the embryo. In fact, we also identified that insertions from the oldest
subfamily of MT2_Mm, MT2_Mm_i, are bound and regulated by TBP, adding it to the growing list
of MT2 regulators.

MT2_Mm expression plays a crucial role for the biology of the host, acting as a central regulator
of ZGA and initiating a ZGA program in 2CLC, thereby influencing cell fate decisions. Our findings
reveal that both MT2_Mm and MT2C_Mm function as alternative promoters, facilitating chimeric
transcript formation and providing TSSs during ZGA to temporally coordinate gene expression.
We demonstrate that all MT2C_Mm subfamilies are capable of generating chimeric transcripts,
with their expression influenced by the removal of SRF. The expression of the chimeric transcripts
derived from insertions belonging to MT2C_Mm_ vii were most notably affected by SRF depletion.
In fact, we observed a shift in the regulation of these chimeric TE-gene transcripts along the MT2
evolutionary path, initially dependent on SRF and later transitioning to DUX dependence. This
shift highlights the evolving nature of transcriptional control, reflecting the complex regulatory
dynamics of these elements during development. Importantly, the formation of chimeric
transcripts and their role in driving ZGA were not confined to DUX binding motif-containing
elements, which have long been linked to this process. We identified SRF as an additional factor
involved in regulating chimeric TEs, suggesting the involvement of other, yet-to-be-discovered
TFs. Altogether these findings support the hypothesis that the evolution of developmental and
transcriptional programs is shaped by the distribution of cis-regulatory elements from TEs across
the genome, spreading around hubs for TF binding sites that likely work together to ensure the
robustness of essential processes in multicellular organisms development (Hermant and Torres-
Padilla 2021).
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5.5 A remarkable cell-type specificity for TF and TE association
MaLR elements make up a substantial portion of the embryo transcriptome, yet the mechanisms

controlling their transcription remain largely uncharacterized. For over two decades, it has been
established that these elements serve as alternative promoters in oocytes and mouse embryos
(Peaston et al. 2004). 20.4% of oocyte-specific TSSs are associated with TEs, with MaLR
elements accounting for about half of these TE-derived TSSs (Veselovska et al. 2015). This
regulatory role has now been extended to older MaLR families in embryos across various
mammalian species (Oomen et al. 2025). A key finding of the work presented here is the
identification of TBP as a regulator of MaLR ORR transcription in the embryo, shedding light on
the transcriptional regulation of these elements. Notably, another MaLR family, the MT family,
stands out in the oocyte transcriptome, where insertions serve as oocyte-specific promoters,
critical for driving the transcriptional network that governs oocyte development (Peaston et al.
2004; Veselovska et al. 2015; Franke et al. 2017). What makes these two MaLR families (ORR
and MT) particularly intriguing, is their contrasting, cell-type-specific expression patterns despite
belonging to the same superfamily.

TBP expression is transient in oocyte development: it is only present in early stages and
reappears upon fertilization. Conversely, its oocyte-specific paralog, TBP2, follows a completely
distinct expression pattern, maintaining expression throughout oogenesis to decrease upon
ovulation and becoming hardly detectable in nuclei of 2-cell stage blastomeres (Gazdag et al.
2007). Nearly twenty years ago, the authors of these observations hypothesized that the two
proteins must have distinct roles in regulating the transcriptional programs of their respective cell
types (Gazdag et al. 2007). Indeed, TBP2, in contrast to TBP, has been shown to be essential for
ovarian follicle development (Gazdag et al. 2009), and, more importantly, appears to specifically
regulate the transcription of MT MaLRs (Yu et al. 2020). Depletion of TBP2 in oocytes results in
the downregulation of MTA_Mm, MTB_Mm and MT-int (Yu et al. 2020). MT MaLR dependent on
TBP2 are distinct from TBP2-independent insertions based on the presence of high quality TATA
boxes, directing sharp transcription initiation and contributing to the oocyte transcriptome (Yu et
al. 2020).

We found that TBP regulates the expression of embryo-specific MaLR (ORR) elements,
underscoring a striking level of specificity in how two TBP paralogs, TBP and TBP2 regulate
distinct cell-type-specific MaLR expression. This interplay between TBP, TBP2 and MaLR
elements highlight intricate, dynamic regulation of TE-driven transcription during development.
How such general TFs are able to regulate TE with such specificity is both remarkable and

surprising. Further elaboration on the mechanisms enabling TBP to specifically recognize these
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TEs will be required, especially given the absence of clear TATA box within MaLR ORR. TATA
box independent binding of TBP has been reported (Kim and lyer 2004) and may offer one
possible explanation. The genome colonization strategies of MT and ORR MaLRs is reminiscient
of those observed for LTR7 (Carter et al. 2022), where distinct developmental niches seem to
have been targeted. It remains to be explored whether the amplification of MT and ORR MaLR
occurred simultaneously, and what specific sequence determinants enabled the colonization of
different developmental niches. TBP appears to regulate ORR insertions regardless of their
phylogenetic classification, and is also involved in regulating evolutionary older MT2_Mm
insertions (belonging to subfamily MT2_Mm_i). It could be that during evolution of MT2_Mm, the

role was eventually taken over by other TFs, such as OBOX, or DUX.

5.6 The early embryo: robustness and resilience
Although TBP depletion results in a significant transcriptional phenotype, with thousands of genes

affected, it does not compromise development to the blastocyst stage but merely delays it. About
80% of the genes downregulated in SPT5 LOF (Abe et al. 2022), a global regulator of
transcription, were also downregulated in TBP LOF. TBP loss affected twice as many genes as
SPT5 loss. Despite this extensive overlap of genes affected, the developmental phenotypes are
markedly different. Specifically, SPT5 Trim-Away causes a fully penetrant 2-cell arrest (Abe et al.
2022). While we cannot exclude incomplete TBP depletion with the Trim-Away approach, or
transient effects of protein depletion, the transcriptional phenotype observed at the late 2-cell
stage does not compromise development. It is possible that the extensive transcriptional changes
are not the cause of the 2-cell arrest, but rather that a specific set of genes may be responsible.
In fact, it is interesting that in the case of SRF LOF, we observe a 2/4-cell arrest. While non-
specific or artefactual effects of the dominant-negative approach cannot be ruled out as
contributors to the developmental phenotype, the transcriptional changes are substantially milder,
with nearly eight times fewer genes affected compared to TBP LOF. Yet, the developmental
phenotype is more pronounced than that of TBP LOF. Although additional methods, such as Trim-
Away or genetic approaches, are needed to conclusively determine the effect of SRF removal in
early development, overlapping the genes affected in different experiments and correlating them
with developmental outcomes would be crucial to pinpoint the essential genes required for the
embryo to develop.

Much like the established cooperative and combinatorial action of TFs that modulate gene
expression across diverse cell types, analogous mechanisms likely operate within the embryo,
fine-tuning gene regulation in-vivo. Notably, genes regulated by SRF and DUX show minimal

overlap. Moreover, TBP does not control the classic “2C” gene transcription, which are known to
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be DUX targets. This suggests that, rather than a single master regulator, multiple TFs work in
concert, each with distinct yet occasionally overlapping functions, ensuring the robustness in the
initial activation of the genome.

In line with this concept, DUX depletion leads to ZGA defects but does not fully abrogate the
process. DUX knockout models have shown that DUX is not essential for development, and
though at submendelian ratios, Dux-/~ offsprings are born (Chen and Zhang 2019; De laco et al.
2020). However, phenotypic variations across different DUX knock-out studies were observed,
initially attributed to differences in genetic background, though they appear to be related to
embryo growth conditions. Indeed, DUX-depleted embryos collected pre-ZGA or zygotes
microinjected with Cas9 targeting Dux showed significant downregulation of MERVL ex-vivo,
correlating with developmental failure (De laco et al. 2017, 2020; Bosnakovski et al. 2021). In
contrast, in-vivo, MERVL transcription increased from the early to late 2-cell stage in the absence
of DUX, correlating with development proceeding normally to the blastocyst stage (Guo et al.
2019). This suggests that, in the absence of DUX, other factors, potentially of reproductive tract
origin, may compensate for its loss. Robustness of preimplantation development could be
conferred by exogenous factors exclusively present in-vivo, which trigger the activation of
alternative pathways and may involve other TFs.

Interestingly, we observed a clear difference in SMAD3 subcellular localization between in-vivo
and ex-vivo conditions. SMAD3, a member of the SMAD family of proteins, acts as a mediator of
signals initiated by TGF-B superfamily of cytokines. This superfamily encompasses TGF-f
isoforms, Activin, NODAL and BMPs (Tarasewicz and Jeruss 2012). TGF-f is the prototypic
member of the superfamily, and upon binding to serine/threonine kinase receptors induces
complex formation, and phosphorylation cascades activate intracellular SMAD pathway. This
involves SMAD3 phosphorylation, interaction with co-SMADs (common SMADs, for example,
SMADA4), nuclear entry and gene expression regulation (Attisano and Lee-Hoeflich 2001). TGF-
is expressed from fertilization throughout preimplantation development (Rappolee et al. 1988)
and may have redundant roles with Activin, which is maternally inherited and undetectable during
cleavage stages (Albano et al. 1993). Single 2-cell stage embryos cultured in microdrops
exhibited significantly lower proportions of embryos developing to the blastocyst stage and fewer
cells per blastocyst compared to groups of five or ten embryos (Paria and Dey 1990). However,
this reduced developmental rate of single embryos can be significantly improved by the addition
of exogenous factors such as, for instance, TGF-§ (Paria and Dey 1990). These findings suggests
that growth factors, from the reproductive tract but also perhaps of embryonic origin play a role in

supporting preimplantation development.
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It is well established that mouse embryos can develop without exogenous factors, as seen from
the simple fact that they progress to the blastocyst stage in chemically defined media, such as
the commonly used KSOM. Hence, the differences observed between ex-vivo and in-vivo grown
embryos, such as the absence of SMAD3 nuclear localization in culture embryos, may seem
insignificant, given that development still occurs without it. Finding the optimal conditions that
support ex-vivo development has been historically challenging, mainly due to the “2-cell block”
phenomenon. This block, attributed to a combination of factors (reviewed (Biggers 1998)), was
eventually overcome with the development of chemically defined media. These media only
contain a subset of the compounds and molecules typically found in the embryo natural
environment, the female reproductive tract. The absence of these factors creates an imbalance,
to which the embryos are forced to adapt if they want to survive (Biggers 1998). In this fragile
equilibrium, embryos may be prone to developmental failure if the system is disturbed, such as,
for instance, removing a TF, whereas in their natural environment, such disturbances may have

little to no impact on developmental outcomes.

5.7 Concluding remarks
Overall, the work achieved during my PhD underscores the complex relationship between TFs

and TEs, revealing new insights into the regulatory mechanisms that control ZGA and TE
transcriptional activity at the onset of development. Through the identification and characterization
of two new TFs regulating TEs, we have successfully expanded the TF repertoire of TEs during
preimplantation development. Our findings suggest that we have only reached the tip of the
iceberg, as the presence of many other TFs likely orchestrate these processes. The role of
additional, yet-to-be-discovered TFs in fine-tuning TE expression and coordinating ZGA remains

an important direction for future research.
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6 Material and Methods

6.1 Material

6.1.1 Chemicals and reagents

Reagent Source Identifier
10X lysis buffer Clontech 635013
2-mercaptoethanol Gibco 31350010
Agar BD DIFCO 214530
Ammonium chloride Carl Roth P726.1
Ampicillin Fisher BioReagents 10193433
AMPure XP beads Beckman Coulter A63881
Betaine Sigma-Aldrich B03001VL
BSA Roche 10735078001
CaCl,-2H.0 Thermo Scientific 423520250
Chemicals
Cascade blue dextran Invitrogen D1976
CHIR99021 Cayman 13122-25
COmplete, EDTA-free Protease Sigma-Aldrich 11873580001
Inhibitor Cocktail (PIC)
D(+)-Glucose Carl Roth HNO06.1
DMEM Gibco 41966029
DMEM with GlutaMAX Gibco 31966047
dNTP mix Thermo Scientific R0192
DPBS Gibco 14190144
EDTA Carl Roth 8043.2
Ethanol Merck 1.00983.1000
FCS PAN-Biotech P30-3302
Gelatin Solution (0.1% in PBS) PAN-Biotech P06-20410
GeneRuler 1kb plus DNA ladder Thermo Scientific SM1331

Glycerol Sigma-Aldrich G5516-100ML

Glycine Carl Roth 0079.4

hCG MSD Animal Health

HEPES Buffer Solution (1M) Gibco 15630-056

Hyaluronidase Sigma-Aldrich H4272-30MG

Isopropanol Thermo Scientific 327270010
Chemicals

jetPrime PolyPlus 101000015

Kanamycin Thermo Fisher BP906-S

KCI Sigma-Aldrich P5405

KH2PO4 Sigma-Aldrich P5655-100G

L-Glutamine Thermo Scientific A14201
Chemicals

LIF IGBMC n/a

Lipofectamine 2000 Transfection Invitrogen 11668-019

Reagent

M2 medium Sigma-Aldrich M7167-100ML
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MEM Amino Acids Solution Gibco 11130077

MEM NEAA Solution Gibco 11140-035

Methanol Merck 1.06009.2500

| MgCl. Sigma-Aldrich M1028

MgS04-7H,0 Thermo Scientific 423900250-25G
Chemicals

Na Lactate 60% Syrup Thermo Scientific 250300010
Chemicals

Na Pyruvate Sigma-Aldrich P2256-5G

NaCl Thermo Scientific 12314
Chemicals

NaCl (5M), RNase-free Invitrogen 10609823

NaHCO; Thermo Scientific 424270250
Chemicals

Opti-MEM Gibco 31985062

PageRuler Prestained Protein ladder  Thermo Scientific 26616

Paraffin Qil Sigma-Aldrich 18512-1L

PD0325901 Miltenyi 130-106-541

PEG-8000 Sigma-Aldrich P1458

Penicillin-streptomycin Gibco 15070063

Penicillin-Streptomycin-Glutamine Gibco 10378016

(100X)

PFA Sigma-Aldrich 158127

PFA (solution 16%) Thermo Scientific 043368.9M
Chemicals

PMSG Ceva

Poly-L-Lysine Sigma-Aldrich P4707-100ML

RNA Clean XP Beckman Coulter A66514

RNAse inhibitor Takara 2313A

Spermidine Sigma-Aldrich S2501-1G

Sucrose Sigma-Aldrich S9378-500G

SuperSignal West Pico PLUS Thermo Scientific 34580

Chemiluminescent Substrate

TAPS Sigma-Aldrich T5130

Tet-system approved FBS Takara 631106

Tris Base Millipore 1083820100

Triton X-100 Sigma-Aldrich X100-100ML

Triton X-100 solution (~10% in H20) Sigma-Aldrich 93443-100ML

Tween-20 Sigma-Aldrich P6585

Tyrode’s solution, acidic Sigma-Aldrich T1788

UltraPure SDS Solution, 10% Invitrogen 15553027

Vectashield with DAPI Vector Laboratories H-1200-10

6.1.2 Kits and enzymes
Kits Source Identifier
AccuPrime Pfx DNA polymerase Invitrogen 10472482
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DNA ligation mix “Mighty Mix” Takara 6023
Dual-Luciferase Reporter Assay Kit Promega E1980
GoScript Reverse Transcription System Promega A5000
GoTag qPCR Master Mix Promega A6002
HiFi HotStart ReadyMix KAPA KM2605
High Sensitivity DNA Kit Agilent 5067-4626
MMESSAGE mMACHINE T3 Transcription Ambion AM1348
Kit

mMMESSAGE mMACHINE T7 ULTRA Ambion AM1345
Transcription Kit

NEBNext High-Fidelity 2X PCR Master Mix NEB M0541
Nextera XT DNA library Preparation Kit lllumina 15032354
NucleoBond Xtra MidiKit MACHEREY-NAGEL 740410.50
NucleoSpin Mini Kit MACHEREY-NAGEL 740490.250
pA-Tn5 Adaptor Complex Diagenode C01090001-30
pGEM-T easy vector systems Promega A1360

Q5 Site-directed Mutagenesis Kit NEB E0554S
RNase-free DNase Set Qiagen 79254
RNeasy MinElute Cleanup Kit Qiagen 74204
RNeasy Mini Kit Qiagen 74104
SuperScript Il reverse transcriptase ThermoFisher 18064014
Taq DNA polymerase Thermo Scientific EP0401
Trypsin-EDTA (0.25%), phenol red Gibco 25200056
TURBO DNA-free Kit Invitrogen AM1907

6.1.3 Plasmids

Only the plasmids used in this study are described here. The insert source (plasmids, cells cDNA
or synthesis) is decribed in the methods section.

Name Experiment Reference
pCMV-Zscan4dc ESCs overexpression (Zhang et al. 2019a)
pCMV6-Tbp ESCs overexpression This study
pCMV-MYC-Irf9 ESCs overexpression (Platanitis et al. 2019)
pCMV-MYC-Srf ESCs overexpression, This study

Luciferase assays

pCMV-MYC-Dux ESCs overexpression, This study
Luciferase assays

pCMV-MYC-Zbtb7b ESCs overexpression This study

pCMV-MYC-Nobox ESCs overexpression This study

pCMV-MYC-Ehf ESCs overexpression This study

pCMV-MYC-Gabpa ESCs overexpression, This study
Luciferase assays

pCMV-MYC-Gabpb1 Luciferase assays This study

pCMV-MYC-Foxj3 ESCs overexpression This study

pCMV-MYC-EIf3 ESCs overexpression This study

pCMV-MYC-Rfx7

ESCs overexpression

This study
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pCMV-MYC-Smad3 ESCs overexpression This study
pCMV-MYC-Meis2 ESCs overexpression This study
pCMV5-Sox8 ESCs overexpression (Schmidt et al. 2003)
pCMV-SPORTG6-Zfp410 ESCs overexpression Dharmacon
pPIRES-NR2F2 ESCs overexpression This study

pcDNA3-mA-MYB

ESCs overexpression

(Trauth et al. 1994)

pCAGIP-FLAG-MAFK

ESCs overexpression

RIKEN

pCIG-LMX1A ESCs overexpression Addgene
pCMV-SPORT6-HMBOX1 ESCs overexpression Dharmacon
pCMV-GATA3 ESCs overexpression Addgene
pIRES-DUXBL1 ESCs overexpression (Tagliaferri et al. 2019)
pCAG-CRX-IRES-GFPd2 ESCs overexpression Addgene

pcDNA3-ARIDSA

ESCs overexpression

(Amano et al. 2011)

pCMV6-ZFP740

ESCs overexpression

OriGene

pCMV6-ZFP281 ESCs overexpression OriGene
pCMV6-TCF7L2 ESCs overexpression OriGene
pCMV6-SOX15 ESCs overexpression OriGene
pCMV6-PKNOX1 ESCs overexpression OriGene
pCMV6-OBOX1 ESCs overexpression OriGene
pCMV6-OBOX2 ESCs overexpression OriGene
pCMV6-OBOX3 ESCs overexpression OriGene
pCMV6-OBOX5 ESCs overexpression OriGene
pCMV6-OBOX6 ESCs overexpression OriGene
pCMV6-LHX8 ESCs overexpression OriGene
pCMV6-KLF7 ESCs overexpression OriGene
pCMV6-HPB1 ESCs overexpression OriGene
pCMV6-FOXK1 ESCs overexpression OriGene
pCMV6-BBX ESCs overexpression OriGene
pCMV6-ATF1 ESCs overexpression OriGene
pCMV-MYC-SRF-DN Luciferase assays This study
pCMV-EMPTY Luciferase assays This study
pRN3p-SRF-DN In-vitro transcription This study
pPGEMHE-mCherry-mTrim21 In-vitro transcription Addgene
pCDH-E1Fa-Ren-T2A-mCherry Luciferase assays Addgene
pGL2-Scramble Luciferase assays This study
pGI2-MT2_Mm_i Luciferase assays This study
pGI2-MT2_Mm_ii Luciferase assays This study
pGI2-MT2C_Mm_i Luciferase assays This study
pGI2-MT2C_Mm_vii Luciferase assays This study
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pGI2-MT2C_Mm_ix Luciferase assays This study
PMT2_Mm_ii_mRuby2 Reporter in embryos This study
pMT2C_Mm_vii_mRuby2 Reporter in embryos This study

6.1.3 Oligonucleotides

6.1.3.1 Cloning primers
Sequence 5’-3’ Description Restriction
site
TBP_frd AAAAGGATCCGCCGCCGCGATCGCC  Cloning to BamHlI
ATGGACCAGAACAACAGCCT pCMV6
TBP_rev AAAAGCGGCCGCGTACGCGTAAGGT  Cloning to Notl
GGGTTGTGGTCTTCCTGAATCCCTT pCMV6
SRF_frd AACAGAATTCTGATGTTACCGAGCCA Cloning to EcoRl
AGC pCMV-Myc
TG
SRF_rev AACACTCGAGTCATTCACTCTTGGTG  Cloning to Xhol
CT pCMV-Myc
GTGG
DUX_frd AACAGAATTCTGATGGCAGAAGCTGG Cloning to EcoRl
CAG pCMV-Myc
DUX_rev AACACTCGAGTCAGAGCATATCTAGA Cloning to Xhol
AGA pCMV-Myc
GTCTGAT
Zbtb7b_frd AACAGAATTCTGATGGGGAGCCCCGA Cloning to EcoRl
GGA pCMV-Myc
Zbtb7b_rev AAAAGGTACCTTAAGAGGACTCCATG Cloning to Kpnl
GCA pCMV-Myc
CCT
Nobox_frd AACAGAATTCTGATGGAACCTACGGA Cloning to EcoRl
GAA pCMV-Myc
GCT
Nobox_rev AAAAGGTACCTCGAGTTACTCTTTAG  Cloning to Kpnl
CTC pCMV-Myc
CAGCGGC
Ehf_frd AACAGAATTCTGATGATTCTGGAAGG  Cloning to EcoRl
AA pCMV-Myc
GTGGTGT
Ehf_rev AACACTCGAGTCAGTTCTCATTTTCT  Cloning to Xhol
pCMV-Myc
Gabpa_frd_TA ATGACTAAGAGAGAAGCAGAAGAG TA cloning N/A
Gabpa_rev_TA AATCTCTTTGTCTGCCTGTAGAG TA cloning N/A
Gabpa_frd AACAGAATTCTGATGACTAAGAGAGA Cloning to EcoRl
A pCMV-Myc
GCAGAAGAG
Gabpa_rev AAAAGGTACCTCGAGTCAAATCTCTTT Cloning to Kpnl
GT pCMV-Myc
CTGCCTGTAGAG
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Gabpb1_frd AACAGAATTCTGATGTCCCTGGTAGA  Cloning to EcoRl

TT pCMV-Myc
TGGG
Gabpb1_rev AAAAGGTACCTCGAGCTAAACGGCTT  Cloning to Kpnl
C pCMV-Myc
TTTGTTGG
Foxj3_frd AGGCCATGGAGGCCCGAATTATGGG  Cloning to Sfil
TTTGTATGGACAAG pCMV-Myc
Foxj3_rev AAAACTCGAGCTACACTATTGAATCC  Cloning to Xhol
C pCMV-Myc
AATCA
Elf3_frd_TA ATGGCTGCCACCTGTGAGA TA cloning N/A
Elf3_rev_TA TTAATTCCGACTCTCTCCAACCTCT TA cloning N/A
EIf3_frd AACAGAATTCTGATGGCTGCCACCTG  Cloning to EcoRl
pCMV-Myc
EIf3_rev AACACTCGAGTTAATTCCGACTCTCT  Cloning to Xhol
CCAA pCMV-Myc
CCTC
Rfx7_frd AGGCCATGGAGGCCCGAATTATGGC  Cloning to Sfil
AGA pCMV-Myc
GGAACAACAAC
Rfx7_rev AAAACTCGAGTTATCCCAACATTTCAA Cloning to Xhol
C pCMV-Myc
AGTAGG
Smad3_frd TA ATGTCGTCCATCCTGCCCTT TA cloning N/A
Smad3_rev_TA CTAAGACACACTGGAACAGCGG TA cloning N/A
Smad3_frd AACAGAATTCTGATGTCGTCCATCCT  Cloning to EcoRI
GCCC pCMV-Myc
Smad3_rev AACACTCGAGCTAAGACACACTGGAA Cloning to Xhol
CA pCMV-Myc
GCG
Meis2_frd AAAAGAATTCTGATGGCGCAAAGGTA Cloning to EcoRl
C pCMV-Myc
GAT
Meis2_rev AAAACTCGAGTTACATATAGTGCCAC  Cloning to Xhol
TG pCMV-Myc
CCCA
Srf_muta_frd TGACTCGAGGTACCGCGG Mutagenesis  N/A
GTTGGTGACTGTGAATGCTGG SRF to 1-266
Srf_muta_rev GTTGGTGACTGTGAATGCTGG Mutagenesis  N/A
SRF to 1-266
Srf_rm_stop_frd CTCGAGGTACCGCGGCCG Mutagenesis  N/A
1-266

remove stop

Srf_rm_stop_rev GTTGGTGACTGTGAATGCTGGCTTC Mutagenesis  N/A
1-266
remove stop
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GFP_fwd TCACTCGAGGTGAGCAAGGGCGAGG Cloning Xhol
pCMV-Myc-
DN-GFP
GFP_rev ACTCTCGAGTTACTTGTACAAGTAGC  Cloning Xhol
GTCTTC pCMV-Myc-
DN-GFP
DN_fwd TCAGGATCCATGTTACCGAGCCAAGC Cloning DN BamHI
T to pPRN3p
DN_rev ACTGGTAACCTTACTTGTACAAGTAG  Cloning DN BstEll
CGTCTT to pRN3p
Empty_CMV_frd TGACTCGAGGTACCGCGG Mutagenesis  N/A
remove insert
in pPCMV-Irf9
Empty_CMV_rev AATTCGGGCCTCCATGGC Mutagenesis  N/A

remove insert
in pCMV-Irf9

Scramble_LTR

TCTGGTACCTGTACGTAGGGAGCAGA Cloning to Kpnl

frd AA pGL2
Scramble_LTR CACACTCGAGGCACGCAAGATCCTTA Cloning to Xhol
_rev TGAA pGL2
6.1.3.2 qPCR primers

Target Sequence 5’-3’ Reference

actin_frd GCTGTATTCCCCTCCATCGTG (Cheloufi et al. 2015; Rodriguez-
Terrones et al. 2018)

actin_rev CACGGTTGGCCTTAGGGTTCAG (Cheloufi et al. 2015; Rodriguez-
Terrones et al. 2018)

gapdh_frd CATGGCCTTCCGTGTTCCTA (Ishiuchi et al. 2015; Rodriguez-
Terrones et al. 2018)

gapdh_rev GCCTGCTTCACCACCTTCTT (Ishiuchi et al. 2015; Rodriguez-
Terrones et al. 2018)

dux_frd GCCCTGCTATCAACTTTCAAGA This study

dux_rev CTGAGACCCCCATTCGCTTG This study

mervl_int_1_frd

CTCTACCACTTGGACCATATGAC

(Ishiuchi et al. 2015; Rodriguez-
Terrones et al. 2018)

mervl_int_1_rev

GAGGCTCCAAACAGCATCTCTA

(Ishiuchi et al. 2015; Rodriguez-
Terrones et al. 2018)

mervl_int_2_frd

CTCAAGGCCCACCAATAGTTTC

(Zhang et al. 2019a)

mervl_int_2_rev

CCCATGTCAATAAACTCAGCCTG

(Zhang et al. 2019a

mt2_mm_frd

GGCTACACCTTCTGCTGGAG

mt2_mm_rev

TCGCAGCTGTGAATGGAAGT

)
(Zhang et al. 2019a)
(Zhang et al. 2019a)

M1_orf1_frd GGACCAGAAAAGAAATTCCTCCCG  (lIshiuchi et al. 2015; Rodriguez-
Terrones et al. 2018)

M_orf1_rev CTCTTCTGGCTTTCATAGTCTCTGG  (Ishiuchi et al. 2015; Rodriguez-
Terrones et al. 2018)

M1_orf2_frd AGTGCAGAGTTCTATCAGACCTTC  (Fadloun et al. 2013)
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M1_orf2_rev AACCTACTTGGTCAGGATGGATG (Fadloun et al. 2013)

iapez_frd AAGCAGCAATCACCCACTTTGG (Ishiuchi et al. 2015; Rodriguez-
Terrones et al. 2018)

iapez_rev CAATCATTAGATGCGGCTGCCAAG (Ishiuchi et al. 2015; Rodriguez-
Terrones et al. 2018)

sineb2_frd GAGCACCTGACTGCTCTTCC (Fadloun et al. 2013)

sineb2_rev ACACACCAGAAGAGGGCATC (Fadloun et al. 2013)

malr_mt_frd ATGTCTTGGGGAGGACTGTG (Peaston et al. 2004)

malr_mt_rev AGCCCCAGCTAACCAGAACT (Peaston et al. 2004)

malr_orr_int_frd AAGTATGGCCCCCATAGACTCAT This study

malr_orr_int_re CAACAAGGCCACACCTTCAGA This study

v

malr_orr_Itr_frd CTGGTTGGAATGGGTGTGTC This study

malr_orr_Itr_ rev.  GGAGGAGCTGAGAGTTCTATGT This study

6.1.3.3 Smart-seq+5’ oligonucleotides
Oligonucleotide Source Identifier or sequence (5’-3’)
ERCC RNA Ambion 4456653
spike-ins
Oligo-dT30V Sigma-Aldrich AAGCAGTGGTATCAACGCAGAGTACT30V
rGrG+G TSO IDT (ordered as AAGCAGTGGTATCAACGCAGAGTACATrGrG+G

100nmole RNA
oligo; RNAse free

HPLC, with
modifications)
ISPCR Sigma-Aldrich AAGCAGTGGTATCAACGCAGAGT
6.1.3.4 Antisense oligonucleotides
ASO_Dux IDT [52MOErG/*/i2MOErA/*/i2MOErT/*/i2MOErT/*/i2MOErC/*C*T*
G*C*G*G*T*T*C*T*/i2MOErG/*/i2MOErA/*/i2MOErA/*/i2MOEr
A/*I32MOErC/
ASO_Scramble IDT /52MOErA/*[i2MOErG/*/i2MOErC/*/i2MOErG/*/i2MOErC/*G*G
*G'T*A*T*T*G*A*A*/i2MOErC/*/i2MOErC/*/i2MOErA/*/i2MOEr
G/*/32MOErG/

52MOEr: 5’ 2-MethoxyEthoxy; 32MOEr: 3’ 2-MethoxyEthoxy; i2MOEr: Internal 2-MethoxyEthoxy, *:
Phosphorothioate Bond.

6.1.4 Antibodies

6.1.4.1 Primary antibodies
Source Identifier Applications Cell type Dilution
Myc- Cell Signaling 2276 WB HEK293 1:10000
Tag Technology
H3 Abcam ab1791 WB HEK293 1:100000
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CRX Santa Cruz sc-377138 IF ESCs and 1:50
embryos across
stages
GATA3 Cell Signaling 5852 IF Embryos across 1:200
stages
SMAD3 Cell Signaling 9523 IF Embryos across 1:100
stages
ZFP410 Proteintech 14529-1-AP  IF Embryos across 1:200
stages
RFX7 Novus NBP1-71819 IF Embryos across 1:500
Biologicals stages
LMX1A Invitrogen PA5-115517 IF Embryos across 1:500
stages
SRF Abcam ab252868 IF Embryos across 1:500
stages
FOXJ3  Affinity af0602 IF, Trim-Away Embryos across 1:500
Biosciences stages and (dilution
controls Trim- for IF)
Away
TBP (Gazdagetal. N/A IF, Trim-Away Embryos across 1:800
2007) stages (dilution
for IF)
TBP From Laszlo N/A IF Controls Trim- 1:500
Tora Away
Normal Merck Millipore 12-371 Trim-Away N/A N/A
Mouse
IgG
Normal Cell Signaling  2729S Trim-Away N/A N/A
Rabbit
| 1gG
TBP Abcam Ab28175 CUT&Tag 2-cell stage 1:100
Rabbit Invitrogen 10500C CUT&Tag 2-cell stage 1:100
IgG from
Isotype 1mg/mi
Control
6.1.4.2 Secondary antibodies

Identifier Applicatio Dilution

ns

Conjugation

Rabbit ThermoFisher A16110 WB HRP 1:20000

Mouse ThermoFisher A16078 WB HRP 1:20000

Rabbit Invitrogen A21429 IF Alexa Fluor 555 1:500

Rabbit Invitrogen A21245 IF Alexa Fluor 647 1:500

Mouse Invitrogen A11017 IF Alexa Fluor 488 1:500

Rabbit Antibodies- ABIN101961 CUT&Tag None 1:100
Online
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6.1.5 Buffers and media

All solutions were prepared with ultrapure H»>0O, unless otherwise indicated. All pH values were
measured at room temperature and adjusted with NaOH or HCI, unless otherwise stated.

Buffer or media Ingredients Final concentrations

SDS Lysis Buffer SDS 2%
Tris-HCI (pH7.5) 50mM
Glycerol 10%

TGS 1X Tris-base 25mM
Glycine 192mM
SDS 0.1%

Transfer buffer Tris-base 25mM
Glycine 192mM
SDS 0.03%
Ethanol 20%

TBSt Tris-base 20mM
NaCl 150mM
Tween20 0.1%

Blocking buffer BSA 3%

(IF on cells) Triton 0.1%
(in PBS)

Washing buffer BSA 3%

(IF on cells) Triton 0.05%
(in PBS)

Fixation PFA 4%

(IF on embryos) Triton 0.04%
Tween20 0.3%
Sucrose 0.2%
(in PBS)

PBSt Tween20 0.1%
(in PBS)

Ammonium Chloride solution NH4CI 2.6mg/ml

(IF on embryos) (in PBS)

Agar (coating plates, IF on Agar 10mg/ml

embryos) NaCl 3.21M

Blocking (IF on embryos) BSA 3%
(in PBSt)

KSMO NacCl 95mM
KCI 2.5mM
KH2PO4 0.35mM
MgS0;-7H20 0.2mM
Na Lactate 22.4mM
D(+)-Glucose 0.2mM
NaHCOs3 25mM
Na Pyruvate 0.2mM
CaCI2-2H20 1.71mM
L-Glutamine 1mM
EAA 1X
NEAA 1X
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BSA 0.4%

EDTA 0.01mM
Lysis Buffer Clontech 10X 1X
(Smart-seq+5’) ERCC spike-ins 1:581000
NE1 Buffer HEPES-KOH (pH7.9) 20mM

KCI 10mM

Spermidine 0.5mM

Triton 0.1%

PIC 1X
150-wash Buffer HEPES (pH7.5) 20mM

NaCl 150mM

Spermidine 0.5mM

PIC 1X
Antibody Buffer EDTA 0.002M
(CUT&Tag) BSA 1%

(in 150-wash buffer)
300-wash Buffer HEPES (pH7.5) 20mM

NaCl 300mM

Spermidine 0.5mM

PIC 1X
Tagmentation Buffer MgCl2 10mM

(in 300-wash buffer)
TAPS Buffer TAPS (pH8.5) 10mM

EDTA 0.0002M
SDS release Buffer TAPS (pH8.5) 10mM

SDS 0.1%
Triton-X quench Buffer Triton 0.67%

6.1.6 Consumables

Consumable Source Identifier
Falcon tubes 15ml Corning 352196
Falcon tubes 50ml Corning C52170
Filter tips 10pl Sarstedt 70.3010.355
Filter tips 200l Sarstedt 70.3031.355
Filter tips 1000pl Sarstedt 70.3050.355
Tubes & Doomed Caps, Strips of 8 Thermo Scientific AB0266
Safe-Lock tubes Eppendorf 0030121023
Petri Dishes Greiner Bio-One 633180
Pipettes 5ml Greiner Bio-One 606180
Pipettes 10ml Greiner Bio-One 607180
Pipettes 25ml Greiner Bio-One 760180
Pipettes 50ml Greiner Bio-One 768160
Round Bottom Polypropylene Tubes Corning 352059
PCR tubes, strips of 8 Merck BR781332-120EA
6-well culture plates Corning 353046
100mm culture dishes Corning 353003
96-well white flat bottom Corning 353296
4titute FrameStar PCR plates AZENTA Life Sciences 41i-0760
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Amersham Hybond LFP 0.2 PVDF Cytiva 10600022
Western Blotting membrane

Omnifix-F Duo (syringes) B.Braun 9161465V
Coverslips 20x20mm Carl Roth H873.2
Glass-bottom dishes MatTek Life Sciences P35G-0-14C
96-well plates for embryo Thermo Scientific 3355

Glass pasteur pipettes Fisher Scientific ISO7712
SafeSeal Tips Professional 20ul Biozym 770050
SafeSeal Tips Professional 200ul Biozym 770200
SafeSeal Tips Professional 1000ul Biozym 770400
DNA LoBind Tube 1.5ml Eppendorf 022431021
Amicon Ultra 100K centrifugal filter Merck Millipore UFC510024
Capillary glass (for needles) Harvard Apparatus GC100TF-10
Capillary glass (for holders) Harvard Apparatus GC100-T15
35mm culture dishes (embryos) Corning 3530001

6.1.7 Equipment

ThermoMixer C Eppendorf

Mastercycler Nexus Eppendorf

Mastercycler Nexus gradient Eppendorf

Centrifuge 5424R Eppendorf

Centrifuge 5810R Eppendorf

NanoDrop 2000c Thermo Scientific
| Light Cycler 96 Instrument Roche

GloMax Discover Microplate Reader Promega

ChemiDoc Touch Imaging System Bio-Rad

SP8 Microscope Leica

Heatplate Medax

S6E Microscope Leica

FemtoJet 4i Eppendorf

DFC 365 FX Microscope Leica

2100 Bioanalyzer Agilent

5200 Fragment Analyzer system Agilent

Flaming/Brown Micropipette puller Sutter Instrument
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6.2 Methods

6.2.1 Footprinting analysis
ATAC sequencing reads were obtained from GEO accession GSE66390 (Wu et al. 2016). Reads

were aligned to mm10 with bowtie2 v2.2.9 with the parameter -X 2000. Mitochondrial reads were
removed with Samtools v1.9 and duplicate reads removed with Picard MarkDuplicates. Tn5
insertion sites were obtained genome wide using the pyatac ins function in the NucleoATAC
package v0.2.1. Tn5 insertion sites were quantified and normalized for library size using SeqMonk
v.1.42.1. Meta-repeat analyses were performed in Segmonk by quantifying Tn5 insertion sites
that mapped within intact regulatory elements of each repeats (LTR for MT2_Mm and ORR1A1/0;
complete elements for SINEs; monomers for L1) annotated with RepeatMasker. Regulatory
elements were considered intact if they corresponded to the length of the consensus sequence
in Repbase. In the case of L1MdTf _Il, only individual monomers of the 5’UTR were considered.
The monomers coordinates were obtained by mapping the monomer consensus sequence using
bowtie2 v2.2.9 with parameters -a -x, which were then used to map Tn5 insertion sites as
described above. Transcription factor footprints were identified qualitatively, by identification of a
local depletion of signal, relative to a higher signal the flanking regions. The sequence underlying
each footprint was extracted from the Repbase consensus sequences, and subject to motif
analysis using the Tomtom tool from the MEME suite v5.1.1 against the UniProbe Mouse
database using Euclidean distance and a significance threshold of E < 30. Using publicly available
RNA-seq data (Deng et al. 2014), candidate transcription factors obtained from the footprints were
filtered based on expression. The expression matrix from GEO accession GSE45719 (Deng et
al. 2014) was downloaded from a GitHub repository
(“jhsiaoc999/singleCelRNASegMouseDengESC”). The expression matrix was normalized by
library size by dividing the counts by the sum of expression across detected genes in each
sample. Only TFs with two or more reads in all cells of the mid 2-cell and late 2-cell stages were

selected.

6.2.2 Phylogenetic analyses
For sequence selection and filtering, LTRs (MT2_Mm, ORR1A1, ORR1A0 and MT2C_Mm) and

internal regions (MERVL-int, ORR1AQ0-int, ORR1A1-int), complete elements (B3A and B2_Mm1a)
coordinates were extracted from the RepeatMasker annotation for the mouse genome (mm10)
(RepeatMasker open-4.0.5 - Repeat Library 20140131 (Smit et al. 2013)). L1MdTf_Il monomers
coordinates were directly recovered from the annotation performed for the footprinting analysis.

For LTRs only (excepting MT2C_Mm which does not have any annotated internal sequence) we
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used OneCodeToFindThemAll.pl (Bailly-Bechet et al. 2014) and rename_mergedLTRelements.pl
(Thomas et al. 2018) for MT2_Mm, ORR1A0 and ORR1A1 and their respective internal sequence
to identify LTR and internal sequences belonging to the same elements and assign them as 5, 3’
or solo LTRs. The LTRs (MT2_Mm, ORR1A0, ORR1A1), full elements (B3A, B2_Mm1a) and
monomer (L1MdTTf_II) size distributions were visualized by density plot using the ggplot2 (version
3.5.1) library in R (Wickham 2016). All MT2_Mm (solo, 5’, 3’) with a length between 400-586 bp,
ORR1AQOQ (solo, 5, 3’) with a length between 282-410 bp, ORR1A1 (solo, 5’, 3’) with a length
between 282-410 bp, MT2C_Mm with a length between 385-565 bp, B3A with a length between
206-216 bp, B2_Mm1a with a length between 189-195 bp and L1MdTf_Il monomers with a length
between 210-214bp were used for further analysis. The size-selected sequences were retrieved
from mm10 using the getfasta function from the bedtools package (v2.31.1) (Quinlan and Hall
2010) and aligned with MUSCLE (version 3.8.1551) (Sievers et al. 2011) with default parameters.
The alignment was trimmed with TrimAl (version 1.4. rev15) (Capella-Gutiérrez et al. 2009) using
the option -tg 0.01 to remove columns where more than 99% of the sequences had a gap. A
maximum-likelihood phylogeny was generated using IQ-TREE (version 2.1.4-beta) (Minh et al.
2020) with the options --seed 42 -T AUTO -m MFP -B 6000 --ancestral --sup-min 0.95. The
consensus tree files (.contree) output from IQ-TREE were visualized using iTOL (Letunic and
Bork 2024). Subfamilies for MT2_Mm, MT2C_Mm and B3A were defined as clusters of minimum
30 sequences, supported by a node with UFBootstrap > 0.95, with branch length longer than
0.015. Subfamilies for ORR1AQO were defined as clusters of minimum 20 sequences, supported
by a node with UFBootstrap > 0.95, with branch length longer than 0.015. Subfamilies for
ORR1A1 were defined as clusters of 50 sequences, supported by a node with UFBootstrap >
0.95, with branch length longer than 0.05. Subfamilies of B2_Mm1a were defined as clusters of
75 sequences, supported by a node with UFBootstrap > 0.95, with branch length longer than
0.015. Subfamilies of LIMdTf_II were defined as clusters of 10 sequences, supported by a node
with UFBootstrap > 0.95, with branch length longer than 0.015. These thresholds were defined
empirically based on previous work (Carter et al. 2022) and on visual examination of the trees
generated by IQ-TREE. Therefore, the criteria are semi arbitrary as there is no standardized
manner to perform these analyses across TE families. Insertions that did not qualify as
subfamilies because of too few per group, yet separated from the subfamilies with a long enough
genetic distance are classified as outgroup and labelled in gray in the figures, except for ORR1AO0
where there was an outgroup of three sequences with very long branch length and therefore the

tree was pruned in iTOL prior to establishing subfamilies.
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6.2.3 Transcription factor binding site mapping
The primary and/or secondary position weight matrices (PWMs) were downloaded from

UniPROBE (Newburger and Bulyk 2009; Hume et al. 2015) for the TFs obtained from the
footprinting analysis of each TE family, except for DUX, whose PWM was based on the DUX
binding site found to bind MT2_Mm in (Hendrickson et al. 2017). A different file containing the
PWNMs for TFs obtained within each TE family was created. These matrices were used to scan all
TE family size-selected single insertions (same as used in the phylogenetic analysis) using the
matrix-scan command line from RSAT (version 2020.02.29) (Santana-Garcia et al. 2022) with the
following options -pseudo 1 -decimals 1 -2str -origin start -bgfile 2nt upstream-
noorf_Mus_musculus_ GRCm38-noov-1str.freq -bg pseudo 0.01 -return limits -return sites -
return pval -return rank -Ith score 1 -uth pval 1e-4; except for ORR1A0 and ORR1A1 for which a
less stringent p value threshold (5e-4) was used instead of 1e-4. The resulting matrices were
converted to binary files and results were displayed using the heatmap function from ggplot2 in R
(version 4.2.3). The consensus sequences of MT2_Mm and MT2C_Mm subfamilies were

scanned for TFBS presence as described above.

6.2.4 Divergence analysis
Consensus sequences for MT2A, MT2B, MT2C_Mm and MT2_Mm were recovered from Dfam

(Storer et al. 2021). These consensus sequences were aligned, trimmed and a phylogenetic tree
was reconstructed as described above. The obtained consensus tree file (.contree) was visualized
in rectangular mode using iTOL (Letunic and Bork 2024). Based on this phylogenetic tree, the
Dfam consensus sequences of the closest ancestor were used to root the phylogenetic trees and
establish the genetic distance of each insertion to that root. MT2C_Mm consensus sequence was
used to root the MT2_Mm tree. MT2B consensus sequence was used to root the MT2C _Mm tree
and a tree containing both MT2_Mm and MT2C_Mm insertions. The consensus sequence was
added to the fasta file containing the single insertions, which were aligned, trimmed, and used to
reconstruct a phylogenetic tree as described above. The obtained tree files (.treefile) from 1Q-
TREE were parsed, and the consensus sequence was assigned as root using the phylo package
from the biopython module (Cock et al. 2009) (version 1.79). Genetic distances of each insertion
to the root were calculated using the distance function available in the phylo package. The

distances were visualized using the geom_jitter function from ggplot2 in R.

6.2.5 Consensus sequences and median-joining network analysis
For MT2_Mm and MT2C_Mm new subfamilies, the consensus sequence was established using

the majority rule for each nucleotide position using the seqinr package (version 4.2.36) in R (Charif
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and Lobry 2007). The resulting consensus sequences were aligned with MUSCLE, and
alignments were visualized with Jalview (Waterhouse et al. 2009) (version 2.11.3.3). Median-
joining network analysis (Bandelt et al. 1999) was reconstructed using POPART (Leigh and
Bryant 2015).

6.2.6 Plasmid construction
Standard digestion and ligation techniques were employed for plasmid cloning unless specified

otherwise. All restriction enzymes used were from NEB. For ligation, the ligation mix from Takara
(6023) was used. Amplification of CDSs from cells (ESCs or MEFs) were performed on cDNA
generated like it was done for RT-gPCR in section 6.2.9. For some factors, the CDS was first
amplified from cDNA and TA cloned using the pGEM-T easy vector systems (Promega, A1360),
and then subcloned to the target expression plasmid. For all cloning, competent DH5a cells were
used, and DNA was purified using NucleoSpin Plasmid Miniprep kit (Macherey-Nagel,
745088.50). Sanger sequencing was used to verify all plasmids. NucleoBond Xtra Midi kit
(Macherey-Nagel, 740410.50) was used to isolate DNA before transfection or in-vitro
transcription.

6.2.6.1 TF overexpression plasmids

The pCMV-Zscan4c plasmid was obtained from Liu Lin (Zhang et al. 2019a). Tbp CDS was cloned
from pRN3p (Gazdag et al. 2009) to pCMV6. pCMV-MYC-/rf9 (MYC tag in the N-terminus) was
obtained from Thomas Decker (Platanitis et al. 2019). The pCR8/GW/TOPO-SRF (Addgene,
98618) was purchased from Addgene and the cDNA was cloned in the same pCMV-MYC vector
as Irf9. The Dux cDNA was a gift from Didier Trono (De laco et al. 2017) and was cloned into the
same pCMV-MYC vector. The pMRx-ThPOK-IREs-GFP was received from Rémy Bosselut and
the ThPOK (Zbtb7b) CDS was cloned to the same pCMV-MYC vector (Wildt et al. 2007). pCR4-
TOPO-Nobox was purchased from Dharmacon (MMM1013-211691656) and cloned to the same
pCMV-MYC vector. pMXs-IRES-GFP containing flag tagged Mouse Ehf cDNA was obtained from
Nobuhiro Nakano (Yamazaki et al. 2015) and cloned to the same pCMV-MYC vector. The Gabpa,
Gabpb1, Foxj3, EIf3 and Rfx7 CDS were amplified from mouse ES cells cDNA and cloned to the
same pCMV-MYC vector. The Smad3 and Meis2 CDS were amplified from MEFs cDNA and
cloned to the same pCMV-MYC vector. pPCMV5-Sox8 was gifted from Michael Wegner (Schmidt
et al. 2003). pCMV-SPORTG6-Zfp410 was purchased from Dharmacon (MMM1013-202769453)
and cloned to pCMV6. pZhC-Nr2f2-his-flag was received from Minoru Ko (Nishiyama et al. 2009)
and cloned to pIRES. pcDNA3-mA-MYB (Mybl1) was obtained from Karl-Heinz Klaupner (Trauth
et al. 1994). pCAGIP-FLAG-Mafk was ordered from RIKEN (RDB15412). pCIG-Lmx1a was
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purchased from Addgene (Kathleen Millen; 45070). pCMV-SPORT6-Hmbox1 was purchased
from Dharmacon (MMM1013-202702395). pCMV-Gata3 was purchased from Addgene (Douglas
Engel, 83818). pIRES-Duxbl1 was obtained from Geppino Falco (Tagliaferri et al. 2019). CAG-
Crx-IRES-GFPd2 was purchased from Addgene (Connie Cepko; 73997) (Wang et al. 2014c).
pcDNA3-Aridba was received from Riko Nishimura (Amano et al. 2011). The pCMV6-Zfp740
(MR200524), pCMV6-Zfp281 (MR215383), pCMV6-Tcf712 (MR224182), pCMV6-Sox15
(MR225149), pCMV6-Pknox1 (MR222826), pCMV6-Obox1 (MR223867), pCMV6-Obox2
(MR219600), pCMV6-Obox3 (MR224473), pCMV6-Obox5 (MR202205), pCMV6-Obox6
(MR215428), pCMV6-Lhx8 (MR226908), pCMV6-KIf7 (MR204201), pCMV6-Hbp1 (MR208277),
pCMV6-Foxk1 (MR222304), pCMV6-Bbx (MR224547), pCMV6-Atf1 (MR223254) were all
purchased from OriGene.

6.2.6.2 Reporter assays plasmids

For renilla luciferase we used the pCDH-E1Fa-Ren-T2A-mCherry vector (Addgene, 104833). The
scrambled LTR was designed using the Random DNA sequence generator (https://users-

birc.au.dk/palle/php/fabox/random_sequence generator.php) with the following criteria: similar

size as an LTR (500bp), similar GC content as the mouse genome (42%) and minimal TFBS
compared to MT2_Mm, which was controlled using RSAT (Santana-Garcia et al. 2022). The
sequence was synthesized by Eurofins and amplified using primers introducing Kpnl and Xhol
restriction sites on the 5" and 3’ ends, respectively. The consensus sequences (for MT2_Mm_i,
MT2_Mm_ii, MT2C_Mm_i, MT2C_Mm_vii and MT2C_Mm_ix) were synthesized by Eurofins in
pEX-A128 with Kpnl and Xhol restriction sites in the 5’ and 3’ ends, respectively. All sequences
were subsequently cloned to the firefly luciferase-containing vector (which does not contain a
promoter): pGL2-basic (referred to in the results as pGL2-empty). The mRuby plasmid without
promoter was previously described in (Oomen et al. 2025). The consensus sequences for
MT2_Mm_ii and MT2C_Mm_ vii were cloned upstream of the mRuby.

6.2.6.3 Mutagenesis

All mutagenesis were performed using Q5 Site-directed Mutagenesis (NEB, E0554S). The
dominant negative mutant of SRF was generated in the pCVM-MYC. sfGFP was cloned in frame
into the 3’ end of the SRF dominant negative, creating the final insert referred to as “SRF-DN”.
pCMV-MYC-Irf9 was mutated to remove the insert (/rf9 CDS) and generate pCMV-emtpy.
6.2.6.4 In-vitro transcribed plasmids

The mutant SRF-DN was cloned to pRN3p-HA construct. The mCherry-Trim21 plasmid was
obtained from Addgene (105522) (Clift et al. 2017).
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6.2.7 Cell culture

6.2.71 mESCs
Mouse E14 ESC lines carrying the 2C:tbGFP-PEST (Nakatani et al. 2022) were cultured in

Dulbecco’s modified Eagle’s medium (DMEM) with GlutaMAX (Gibco, 31966047) containing 15%
fetal calf serum (FCS) (PAN-Biotech, P30-3302), 0.1mM NEAA (Gibco, 11140-035), 2x leukemia
inhibitory factor (LIF) (IGBMC), penicillin-streptomycin (Gibco, 15070063), 0.1 mM 2-
mercaptoethanol (Gibco, 31350010), 3 uM CHIR99021 (Cayman, 13122-25) and 1uM
PD0325901 (Miltenyi, 130-106-541) on gelatin-coated plates (PAN-Biotech, P06-20410), at 37°C
in 5% CO.. Medium was changed every day, and cells were passaged every other day. To
passage the cells, cells were first washed twice with Dulbecco’s PBS (DPBS) (Gibco, 14190144)
and treated for 5 min at 37°C with 0.25% Trypsin-EDTA (Gibco, 25200056) diluted to 0.1% in
DBPS. Trypsin was quenched with culture medium, cells were then centrifuged and 1:10 of the
cells were plated for maintenance.

6.2.7.2 HEK293

HEK293 Tet-on cells (Clontech, 631182) were cultured in Dulbecco’s modified Eagles’s medium
(DMEM) (Gibco, 41966-029), complemented with 10% Tet-system Approved FBS (Takara
631106) and 1% Penicillin-Streptomycin-Glutamine (Gibco, 10378016), at 37°C in 5% CO.. Cells
were passaged twice a week. To passage the cells, cells were treated for 7 min at 37°C with 1ml
of 0.25% Trypsin-EDTA (Gibco, 25200056). Trypsin was quenched with 9 ml the volume of culture

medium, and 1:10 of the cells were plated for maintenance.

6.2.8 Plasmid transfections in mESCs
2.5 ug of plasmid encoding for the CDS of each of the 40 TFs were transfected in duplicates,

alongside an empty CMV plasmid and no plasmid control. Briefly, the 2.5 pg of plasmid were
incubated with 250 plI of Opti-MEM (Gibco, 31985062). At the same time, 5 pl of Lipofectamine
2000 (Invitrogen, 11668-019) were incubated with 250 pl of Opti-MEM. After five minutes of
incubation, the two were combined, and incubated for 20 min at RT. The 500 pl of Opti-MEM with
DNA and lipofectamine solution were added to 500 ul of medium containing the 250 000 cells.
The cells were transfected in suspension, and after 5 min at RT, were plated in 6-well gelatin-
coated plates. 48h after transfection, cells were harvested and 'z of the cell pellets were kept at -
80 °C, the other half was resuspended in SDS lysis buffer (2% SDS, 50mM Tris-HCI ph7.5, 10%
glycerol) and kept at -20 °C.
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6.2.9 RNA extraction, reverse transcription and qPCR
RNA was extracted using RNeasy Mini Kit (Qiagen, 74104 ) following manufacturer’s instructions.

RNAs were treated with DNase in two steps with two different enzymes, first the RNase-free
DNase | (Qiagen, 79254) for 30’ on RNA extraction column. 5 pg of RNA were used for 1H TURBO
DNase treatment with the TURBO DNA-free kit (Invitrogen, AM1907) following manufacturer’s
instructions. The RNA was subsequently purified again using the RNeasy MinElute Cleanup Kit
(Qiagen, 74204). For each sample, 1 pg of RNA was used to generate cDNA using the GoScript
Reverse Transcription System (Promega, A5000) with random hexamers. For each reverse
transcription reaction, identical reaction was conducted without RT enzyme (no reverse
transcription control). Real-time PCR was done using the GoTaq gPCR Master Mix (Promega,
A6002) and a Roche Applied Science Lightcycler (LightCycler96). Cycling conditions were as
follows: 600s at 95 °C, 10s at 95°C, 10s at 55°C and 10s at 72°C, for a total of 45 cycles. The
sequences for the primers used are provided in the materials section. Primer sequences were
either obtained from previous publications or PCR products were verified by sanger sequencing.
PCR were performed in triplicates, melting curve analysis was performed for each sample to
control for proper amplification, and the mean Ct was calculated. In addition, no RT control PCR
were conducted for each sample in triplicate and analyzed to control for DNA contamination. Ct
values were normalized using Actin primer set, and fold change over no vector control was
calculated. Empty CMV control vector fold change over no vector control was also calculated and
always analyzed aside every sample. The mean fold change over the 2 biological replicates for

all TFs were plotted using ggplot2.

6.2.10 Luciferase reporter assay
24h before transfection 2x105cells were seeded in 6-well plates. Cells were transfected with the

firefly luciferase plasmid (1.5ug), the renilla luciferase plasmid (20ng) and the pCMV-TF plasmid
for the corresponding transcription factor using the amount indicated in the figures (from 5 to
500ng). The pCMV-TF plasmid but with no insert () CMV-empty) was used to adjust the levels of
DNA transfected to 2 ug in all conditions except for GABPA and GABPB1 where it was adjusted
to 2.5 ug. Transfections were performed using jetPrime (PolyPlus 101000015) using 1:1 ratio
(DNA:jetPrime). The medium was replaced on the day following the transfections and cells were
lysed 48h after transfection. Luciferase activity was measured using the Dual-Luciferase Reporter
Assay kit (Promega, E1980) following the manufacturer’s instructions. The ratios of luciferase to
renilla were computed for all experiments and fold change over control for each replicate was
calculated. The fold change values were log2 transformed and plotted in R using ggplot2 (version

3.5.1). For statistical analysis a linear model was fitted to the data excluding the intercept to
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evaluate group differences (R version 4.1.2). All MT2 luciferase performed were used together to
fit the model, for GABPA, SRF and DUX separately. All controls luciferase performed were used
together to fit the model, for SRF and DUX separately. Pre-selected hypotheses were tested and
corrected for multiple comparisons using the glht function from the multcomp package (version

1.4-25). To determine significance, an adjusted p value threshold set to 0.05 was used.

6.2.11 Western blot analysis
HEK293 (Human Embryonic Kidney) Tet-on cells were cultured and transfected as above, except

with 500ng of pCMV-TF vector. Cell lysates containing proteins were recovered as performed for
luciferase assay (using Dual-Luciferase Reporter Assay kit lysis buffer). Proteins were separated
on 12% polyacrylamide gel in TGS 1X buffer (25mM Tris, 192 mM glycine and 0.1% SDS in water)
which was subsequently transferred in transfer buffer (25 mM Tris, 192 mM glycine, 0.03% SDS
and 20% Ethanol) to 0.2 um PVDF membrane (Cytiva 10600022) previously activated in
methanol. The membranes were blocked in 3% BSA in TBSt for 1H at RT. Membranes were then
incubated with primary antibodies in blocking solution overnight at 4°C on a nutator. Antibodies
used were anti-Myc-Tag (Cell Signaling 2276, 1/10000 dilution) and anti-histone H3 (Abcam
ab1791, dilution 1/100000). 3x5min washes with TBSt were followed by 1h incubation with HRP-
conjugated secondary antibodies in blocking solution for 1H at RT. The secondary antibodies
used were: anti-rabbit (ThermoFisher A16110, dilution 1/20000), anti-mouse (ThermoFisher
A16078, dilution 1/20000). After 3x5min washes in TBSt, membranes were visualized using
SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Scientific, 34580) with
ChemiDoc Touch Imaging System (Bio-Rad).

6.2.12 Embryo collection

All animal experiments were in compliance of the legislation from the Government Upper Bavaria.
For immunostainings, CD1 females (6-10 weeks old) were mated with CD1 males (2-8 months
old). Zygotes, early 2-cell, late 2-cell, 4-cell and 8-cell were collected at ~16h, ~32-33h, ~41-42h,
~48h, ~56-57h post coitum, respectively. For microinjections and CUT&Tag, F1 (C57BL/6J x
CBA/H) females (<10 weeks old) were mated with F1 males (3-6 months old). Ovulation was
induced by injection of pregnant mare serum gonadrotropin (PMSG, Ceva) followed by human
chorionic gonadotropin (hCG, MSD Animal Health) 48h later.

6.2.13 Immunostainings
The list of primary and secondary antibodies used is provided in the materials section.
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6.2.13.1 Immunostaining in mESCs
For anti-CRX antibody positive control in ESCs, cells were transfected as described above and

seeded directly onto coverslips. 24h later, cells were washed twice with PBS and fixed for 15min
in 3% PFA in PBS. Cells were subsequently washed three times with PBS and permeabilized
5min in ice-cold 0.5% triton in PBS. Cells were then washed once and incubated for 15min in
blocking buffer (3% BSA, 0.1% triton in PBS). Primary antibody incubation was performed in
washing buffer (1% BSA, 0.05% ftriton in PBS) for 45 min with primary antibody. Cells were
washed three times in washing buffer, and incubated for 30-40 min in washing buffer with
secondary antibody. Cells were finally washed three times in washing buffer and mounted in
vectashield containing DAPI (Vector Laboratories, H-2000). Confocal microscopy was done using
63x oil objective of SP8 microscope (Leica).

6.2.13.2 Immunostaining in embryos

Unless performed on injected embryos or otherwise stated, all immunostainings were performed
using embryos coming from CD1 mice. Immunostainings were performed as described previously
(Torres-Padilla et al. 2006). The zona pellucida was removed with acid Tyrode (Sigma-Aldrich).
After PBS wash, the embryos were fixed in 4% PFA, 0.04% Triton, 0.3% Tween-20, 0.2% sucrose
on a glass-bottom dish at 37°C for 20min. Embryos were washed 3X in PBS and permeabilized
with 0.5% Triton X-100 for 20min at RT. After three washes in PBSt (0.1% Tween-20 in PBS),
embryos were incubated in 2.6mg/ml ammonium chloride (in PBS) solution, washed again twice
in PBSt and blocked for 4-5h in 3% BSA in PBSt at 4°C. Overnight incubation with primary
antibody in 3% BSA was performed. The dilution used for each antibody is provided in the
materials section. The day after, embryos were washed three times in PBSt, briefly blocked
(20min in 3% BSA), and incubated with the secondary antibody for 3-4h at RT in 3% BSA. The
dilution used for each secondary antibody is provided in the materials section. Finally, embryos
were washed twice in PBSt, once in PBS for 20min and mounted on coverslips coated with poly-
L-lysine in vectashield containing DAPI (Vector Laboratories, H-2000). Confocal microscopy was

done using 63x oil objective of SP8 microscope (Leica).

6.2.14 In-vitro transcription and antibody purification

mMmRNAs for SRF-DN, dsRed and GFP (all in pRN3p) were transcribed in-vitro using the T3
MMESSAGE mMACHINE transcription kit (Ambion AM1348). The mCherry-Trim21 mRNA was
transcribed in-vitro from the T7 promoter using the mMMESSAGE mMACHINE T7 Ultra kit (Ambion
AM1345). 50 ug of each antibody used for Trim-Away were purified using Amicon Ultra 100K
Centrifugal Filter (Merck Millipore UFC510024), following manufacturer’s instruction without
addition of NP-40.
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6.2.15 Embryo manipulation and culture
For all embryo manipulation experiments, upon collection of zygotes from the females oviducts,

embryos were briefly incubated with M2 containing hyaluronidase (Sigma-Aldrich) to remove
cumulus cells. After manipulations, embryos were cultured in K-modified simplex optimized
(KSOM) microdrops covered with paraffin oil (Sigma-Aldrich) at 37°C and 5% CO2 until collection
time, as indicated for each experimental design.

6.2.15.1 Dominant-negative and ASO-mediated LOF

For RNA-seq, zygotes were collected between 24-25h post-hCG and microinjected with 150ng/ul
dsRed mRNA with in addition: 20uM of either scramble ASO or anti-Dux ASO (Guo et al.
2024) and with or without SRF-DN mRNA (500ng/ul). Embryos were cultured until collection at
48h post-hCG for single embryo RNA-seq. For SRF LOF, only 2-cell stage embryos with nuclear
GFP signal were collected. 9 CONTROL, 9 DUX LOF, 7 SRF LOF and 10 DOUBLE LOF 2-cell
stage embryos from at least 3 independent experiments were collected for Smart-seq+5’ and 1
embryo from the DUX LOF group was removed after quality control analysis. For development
experiments, SRF LOF and CONTROL embryos were collected between 24-25h post-hCG and
injected with SRF-DN mRNA (500ng/ul) and GFP mRNA (250ng/ul), respectively, then cultured
and scored on day 1 (48h phCG), 2 (72h phCG), 3 (96h phCG) and 4 (116h phCG) for
developmental progression. Developmental progression was plotted with excel.

6.2.15.2 Reporter assay

For reporter assay in embryos, zygotes were collected between 18-19h post-hCG and injected
with 40 ng/ul of either MT2_Mm_ii, MT2C_vii or no promoter reporter plasmids. The embryos
were cultured until 48h post-hCG when the ruby signal was observed with an epifluorescent
microscope and the number of positive embryos were counted.

6.2.15.3 Trim-Away LOF

Zygotes were collected between 17-18h post-hCG and microinjected with 0.33% dextran cascade
blue (Invitrogen, D1976) and 500ng/ul of purified antibody in PBS. Antibodies used were the
following: the mouse monoclonal 3G3 anti-TBP (Gazdag et al. 2007; Brou et al. 1993) and the
normal mouse IgG (Merck Millipore, 12-371) for the TBP loss of function. For the FOXJ3 loss of
function, the rabbit polyclonal anti-FOXJ3 (Affinity Biosciences, af0602) and the normal rabbit IgG
(Cell Signaling, 2729S) were used. Zygotes were cultured for 4h, then injected a second time with
200ng/pl Trim21-mCherry mRNA. Embryos were cultured until collection at 48h post-hCG for
single embryo RNA-seq. 10 TBP LOF with 9 CONTROL (mlgG) and 17 FOXJ3 LOF with 13
CONTROL (rlgG) embryos from at least 3 independent experiments were collected for Smart-
seq+5’. 1 TBP LOF CONTROL embryo as well as 1 FOXJ3 LOF embryo were removed after
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quality control analysis. For every collection, a few embryos were kept for immunostainings to
control for proper protein depletion, performed as described above. The primary and secondary
antibodies used are provided in the materials section. For TBP LOF development experiments,
TBP LOF and CONTROL embryos were injected as indicated above, and development was
monitored at 48h, 66h, 72h, 96h, and 116h post-hCG. Developmental progression was plotted

with excel.

6.2.16 RNAseq (Smart-seq+5’)
SMART-seq+5’ was modified from the Smart-seq2 protocol (Picelli et al. 2013, 2014) as

previously described (Oomen et al. 2025). For SRF LOF, DUX LOF, DOUBLE LOF and their
CONTROL embryos, and independently for TBP LOF and CONTROL embryos, all samples were
collected in the same lysis buffer, which was stored at -80°C until use (Clontech 10X lysis buffer
(635015) diluted to 1X in H20 supplemented with ERCC RNA spike-ins (diluted to 1:581,000,
Ambion 4456653) and aliquoted in PCR tubes (5.8pl/tube)). For FOXJ3 LOF, a first batch of library
preparation was performed with all samples collected in the same buffer aliquot (10 FOXJ3 LOF
and 7 CONTROL embryos), and processed together. A second batch of library preparation was
done from embryos collected using the same buffer, but from a different aliquot (7 FOXJ3 LOF
and 6 CONTROL embryos) and thus processed as a different batch. At the time of collection (48h
post-hCG), embryos were washed 3X in PBS, transferred to tubes containing lysis buffer, snap-
frozen in liquid nitrogen and kept at -80°C until further processing. RNA was extracted with
RNACIean XP beads (Beckman Coulter, A66514) and resuspended in 1uL of ANTP mix (Thermo
Scientific, R0192), 1uL of oligo-dT30V (10uM, Sigma-Aldrich, 5'-
AAGCAGTGGTATCAACGCAGAGTACT30V-3’) and 1pl of nuclease-free H20O containing 5%
RNAse inhibitor (Takara, 2313A). The samples were first incubated for 3 min at 72°C and kept on
ice until further processing. In the meantime, the reverse transcription solution was prepared, for
one sample: 2ul of Superscript || 5x RT buffer (ThermoFisher, 18064014), 1,6ul PEG-8000 40%
(Sigma-Aldrich, P1458), 0,5ul DTT, 0,25ul RNAse inhibitors (Takara, 2313A), 0,1ul 100pM TSO
(IDT, 5-AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-3’), 0.06ul MgCI2 1M (Sigma-Aldrich,
M1028), 2ul Betaine 5M (Sigma-Aldrich, B0300-1VL) and 0.5ul Superscript I| RT (ThermoFisher,
18064014). 7ul of the reverse transcription mix was added to the 3ul of annealed RNA mix and
incubated for 90min at 42°C followed by 15min at 70°C. Preamplification of the obtained cDNA
was performed using KAPA HiFi ReadyMix (KM2605) for 14 cycles with ISPCR primers (10uM,
Sigma-Aldrich, 5-AAGCAGTGGTATCAACGCAGAGT-3'), and purified using Ampure XP beads
(Beckman Coulter, A63881). 2.5l of 120 pg/pl cDNA for each sample was used for tagmentation,
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which was performed with the Nextera XT kit (lllumina, 15032354). The preamplified cDNA was
mixed with 5ul of Tagment DNA buffer and 2.5ul of Amplicon Tagment Mix and incubated at 55°C
for 5min. The tagmentation reaction was stopped with 2.5ul NT buffer, and samples were
incubated at RT for 5min. Tagmented DNA was then amplified for 12 cycles using the two
standard i5 and i7 Nextera Unique Double Indexes together with a tailed i7 index containing an
overhang enabling the capture of the 5’ of the transcripts. The libraries were verified using the
2100 Bioanalyzer with the High Sensitivity DNA kit (Agilent) or using the 5200 Fragment Analyzer
System (Agilent). 150 bp paired-end sequencing protocol was used on lllumina NovaSeq 6000

platform.

6.2.17 RNA-seq analysis

6.2.17.1 ES cells RNA-seq analysis
Expression analysis of TFs in ESCs was done from ArrayExpress accession E-MTAB-2684

(Ishiuchi et al. 2015). Reads were aligned to mm10 with STAR using parameter —quantMode
GeneCounts to count reads. The expression matrix was normalized by number of exonic kb and
library size (RPKM). The normalized RNA levels obtained for each TFs were plotted using ggplot2
with hierarchical clustering applied to rows.

6.2.17.2 Smart-seq2 analysis

The expression matrix from GEO accession GSE45719 (Deng et al. 2014) was downloaded from
a GitHub repository (“jhsiao999/singleCelRNASeqMouseDengESC”). The expression matrix was
normalized by library size by dividing the counts by the sum of expression across detected genes
in each sample. The mean normalized relative RNA levels for TFs were plotted using ggplot2.
6.2.17.3 Mapping and processing of Smart-seq+5’

Smart-seq+5’ libraries were processed as previously described (Oomen et al. 2025) as indicated
in https://github.com/meoomen/Smartseq5. In brief, sequence quality was verified using
FASTQC. Trimmomatic (Bolger et al. 2014) configured in paired-end (PE) mode was used to
remove adaptor and low-quality sequences. A custom Python script was used to sort between 5’
transcript ends and internal transcript fragments according to their adaptor sequence. Unless
otherwise stated, all analyzes were performed with the 5’ reads. For Trim-Away samples only, the
reference genome was modified to contain the construct “pGEMHE-mCherry-mTrim21” fasta file,
and the endogenous Trim-21 locus was masked using bedtools (version 2.31.0). The modified
reference fasta file was used to prepare STAR index files. The reads were mapped to GRCm38
using STAR (v2.7.11a). TEcount and TElocal from TEtranscript (Jin et al. 2015) were used to
count TE and gene reads. The RepeatMasker annotation file for mm10 (mm10_rmsk.gtf) was

modified to two new annotations. First, L1IMdTf_Il elements were removed to avoid double
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counting of reads after addition of the L1MdTf_Il monomer coordinates (described in the
footprinting section) to the annotation file. The latter mentioned annotation, containing L1MdTf_II
monomer coordinates, was further modified, to include the information of the new identified
phylogenetic subfamilies. Insertion coordinates corresponding to specific subfamilies were
identified using bedfiles generated during the phylogenetic analysis. These coordinates were then
used to modify the annotation file by modifying the “gene_id” field for TEcount analysis and the
“transcript_id” field for TElocal analysis. Not all insertions were matched from the phylogenetic
analysis leading to slight insertion number differences for each subfamily. For all analysis of RNA-
seq datasets generated within this study, the second modified annotation was used to count TE
reads. When indicated, the subfamily information was taken into consideration. TEcount was also
used to count reads coming from genes, using the gencode M20 gene annotation. For TElocal,
we created an index file based on our modified TE annotation with the TElocal_indexer script
available at https://labshare.cshl.edu/shares/mhammelllab/www-
data/private/TEindexer/TElocal_indexer (Jin et al. 2015). Reads from individual insertions were
counted using this index file.

Expression analysis across development stages was performed directly using the BAM files
containing the 5’ reads from (Oomen et al. 2025). TEcount was used to count gene and TE reads
using, for expression patterns at the family level, the first modified RepeatMasker annotation
containing the L1MdTf_Il monomers, while for subfamily expression the modified annotation
containing phylogenetically-established subfamilies was used. Plots for both genes and TEs were
made using ggplot2 (version 3.5.1) in R. To analyze single insertion expression from non-
manipulated embryos, the fastq files of the 2-cell stage embryos from (Oomen et al. 2025) were
processed as described above and TElocal was used to count reads from single TE insertions,
using the same index file as described above. The data was visualized using jitter dot plots from
ggplot2 package in R. Single insertion TE local values were combined in a table with genetic
distances obtained in the divergence analysis and expression against age was plotted using
ggplot2 in R.

6.2.17.4 Differential expression analysis

The differential expression analysis was performed independently for each experiment: SRF LOF,
DUX LOF, DOUBLE LOF and their CONTROL embryos were considered one experiment, which
we will refer to as SRF/DUX experiment. TBP LOF and their control embryos were considered as
one experiment, referred to as TBP experiment. Finally, FOXJ3 and their control embryos were
considered as one experiment, referred to as FOXJ3 experiment. For each experiment, the

sample count tables generated by TEcount from the 5’ reads or internal reads data were merged
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into a single table using a bash script and loaded in R. Reads per million (rpm) were calculated
for each sample. Quality control thresholds were set as follows: a minimum of 5x10° reads, a
minimum of 1000 detected genes, the maximum percentage of reads assigned to mitochondrial
DNA was set to 10 percent, and the maximum percentage of reads assigned to ERCC spike ins
was set to 15 percent. From these criteria, one embryo from TBP experiment, as well as one
embryo from FOXJ3 experiment, were removed from further analysis. Expression levels of the
TFs SRF and DUX were also assessed in SRF/DUX experiment, and one DUX LOF sample was
removed due to higher Dux expression (compared to controls) indicating that down-regulation of
Dux had not worked in this embryo. Only genes and TEs with at least one read in at least 25% of
the total samples were considered expressed and included in the differential expression analysis.
Differential expression analysis was performed using DESeq2 (v1.38.3) (Love et al. 2014) with
read counts per gene and TEs calculated by TEcount. For SRF/DUX experiment, we performed
two DESeq objects, the first one, which we refer to as General DESeq object in our pipeline, by
using the TE read counts at the family level, for which we compiled all the subfamilies that we
identified in our phylogeny as one single family and comprise all the full length insertions used for
the phylogeny. In this annotation, the label “TE_family:TE_superfamily:TE_class:OTHERS” (for
example: “MT2_Mm:ERVL:LTR:OTHERS”) comprises all the (fragmented) sequences that were
not included in the size selection for phylogenetic analysis. In the second DESeq object we used
TE read counts for individual subfamilies as determined in our phylogenetic analyses (Subfamily
DESeq object). For TBP and FOXJ3 experiments independently, we performed one DESeq object
in which we used TEs read counts at the family level and compiled all the insertions from each
family regardless of the size selection and the subfamilies defined in the phylogenetic analysis
pipeline. For FOXJ3 experiment, batch was added as co-variate to the DESeq2 model and batch
effect correction was applied. In the case of TBP, as the effect of TBP removal on the
transcriptome was extensive, ERCCs were used as size vector for normalization in DESeg2. MA
plots were used to present the differential expression analysis, showing the log2 fold change
between the LOF experiment and its respective control. For gene MA plots, scattermore package
(v1.2) was used for plotting. Comparison of the DUX and SRF DE genes were visualized using
scatterplots (using ggplot2). Adjusted p value (padj) threshold was set to 0.05 for significance.
Genes significantly up or downregulated in SRF LOF were assigned to maternal RNAs, minor
ZGA, major ZGA or other using the Database of Transcriptome in Mouse Early Embryo
(DBTMEE) (Park et al. 2015). Changes between individual embryos were visualized in heatmaps
displaying the log2 of normalized counts centered on the row mean using pheatmap (v1.0.12) in

R with hierarchical clustering applied to rows for each group of genes. Venn diagrams were
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created using the VennDiagram package in R (v1.7.3), using gene list for major ZGA from
DBTMEE (Park et al. 2015), and for CDK9 inhibition and SPT5 Trim-away from (Abe et al. 2022).
For embryonic PCA analysis, embryos from the different embryonic stages from (Oomen et al.
2025) alongside on the one hand SRF LOF embryos, DUX LOF embryos and their CONTROL
embryos and on the other hand TBP LOF embryos and their CONTROL embryos, counts were
log2-transformed to generate the PCA. For single insertion differential expression analysis, the
sample count tables from TElocal for TBP experiment were merged into a single table using the
same bash script as described above and loaded in R. Representation, filtering and significance

were performed as described above.

6.2.18 Identification of TE-initiated gene transcripts
Chimeric TE-gene interactions were identified with chimeraTE (Oliveira et al. 2023) using mode-

1 and only keeping TE-initiated chimeric transcripts. First, mapped quality-passed 5 fragments
read pairs were converted back to fastq format using samtools fastq. Converted fastq files were
used as input for ChimeraTE with parameters —strand rf-stranded and --window 150000. For
quantification, we used the modified TE annotation containing the newly established subfamilies
and the GRCm38 gene annotation. Only TE-initiated chimeric transcripts present in 2 or more
replicates per experimental condition were used in downstream analysis and visualization. Using
chimeric transcripts present in control embryos, we plotted the combined relative (centered on
mean across conditions) log2 counts of all chimeric reads within each family and for each
condition as boxplots using ggplot2 in R. Next, we identified transcript isoforms de novo with
bambu (Chen et al. 2023) using the junction files outputted by chimeraTE as input. Lastly, we
visualized promoter usage of canonical or chimeric promoters using proactive (Demircioglu et al.
2019).

6.2.19 CUT&Tag

50-70 and 85-100 late 2-cell stage embryos were collected from the females between 46-48h
post-hCG for TBP and IgG control replicates, respectively. The embryos were washed in M2, in
PBS, inice-cold NE1 buffer (HEPES-KOH (pH7.9) 20mM, KCI 10mM, Spermidine 0.5mM (Sigma-
Aldrich, S2501-1g), Triton 0.1%, PIC 1x (Sigma-Aldrich, 11873580001)) and transferred to
another ice-cold NE1 buffer drop for 10min incubation on ice. Embryos were subsequently
washed in PBS, and in 150-Wash buffer (HEPES-NaOH (pH7.5) 20mM, NaCl 150mM,
Spermidine 0.5mM (Sigma-Aldrich, S2501-1g), 1X PIC (Sigma-Aldrich, 11873580001)), followed
by overnight incubation in antibody buffer (0.002M EDTA, 1% BSA in Wash buffer 150) with anti-
TBP antibody (Abcam ab28175, 1/100 dilution) or rabbit IgG Isotype Control (Invitrogen 10500C,
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1/100 dilution from 1mg/ml). The embryos were transferred to a secondary antibody solution with
guinea pig anti-rabbit antibody (Antibodies-Online ABIN101961, 1/100 dilution) in 150-Wash
buffer for 30min at RT. Embryos were further washed in 150-Wash buffer, and transferred to pA-
Tn5 adaptor complex (Diagenode C01090001-30, 1/200 dilution) solution in 300-Wash buffer
(HEPES-NaOH (pH7.5) 20mM, NaCl 300mM, Spermidine 0.5mM (Sigma-Aldrich, S2501-1g), 1X
PIC (Sigma-Aldrich, 11873580001)) for 1H at RT. After washes in 300-Wash buffer, tagmentation
was performed in freshly made tagmentation buffer (10mM MgCI2 in 300-Wash buffer) for 1H in
37°C incubator. Embryos were subsequently washed in freshly made TAPS buffer (10mM TAPS
(pH8.5), 0.0002M EDTA in H20), and transferred to a PCR strip containing S5uL SDS release
buffer (10mM TAPS (pH8.5), 0.1% SDS in H20). Release was performed for 1H at 58°C, and
quenched with addition of 15uL of Triton-X quench buffer (0.67% Triton in H20). 2uL of 10uM
barcoded i5 and i7 primer solutions were added to each sample as well as 25uL NEBNext HiFi
2x PCR master mix (NEB, M0541) and amplified for 18 cycles or 22 cycles, for TBP and 1gG
embryos, respectively. The libraries were purified using Ampure XP beads (Beckman Coulter,

A63881) and verified using 5200 Fragment Analyser System (Agilent).

6.2.20 CUT&Tag analysis

CUT&Tag sequence reads were trimmed for sequence adaptors and low quality ends using
Trimmomatic (Bolger et al. 2014). Paired-end reads were then mapped to mm10 using bowtie2
(Langmead and Salzberg 2012) maintaining a maximum insert length of 2000bp (-x 2000). Using
samtools, only paired, unique mapping alignments with a minimum alignment length of at least
30bp were kept for downstream analysis. Optical and PCR duplicates were removed using picard

(http://broadinstitute.github.io/picard). Mitochondrial reads were removed. Libraries were

normalized to rpm values and visualized as bigwigs using bedtools genomecov and
bedGraphToBigWig. Replicates were merged on a bigwig level using mean values. CUT&Tag
libraries were not selected for insert length due to low sequence depth/complexity, however this
was taken into account in our QC assessment of all libraries. 1IgG or TBP signal was visualized
as a pile-up on genes or TEs using deeptools (Ramirez et al. 2016). For signal visualization on
genes, the TSS annotation for mm10 (gencode M20 gene annotation) was used using deeptools
“reference-point”. For TEs, the modified RepeatMasker annotation including subfamilies used for
the RNA-seq analysis was used using deeptools “scale-regions” where the average TE length
was used as region length. Both genes and TEs were categorized as significant up/down or non-

significant based on the differential expression analysis detailed previously.

142


http://broadinstitute.github.io/picard

6.2.21 Data deposition
The RNA-seq data from SRF/DUX experiments from this study are available from the Gene

Expression Omnibus (GEO) database, accession number GSE271983. The RNA-seq data from
TBP and FOXJ3 experiments from this study are available from the Gene Expression Omnibus
(GEO) database, accession number GSE288110 (Reviewer accession token: ifyfuwaybxebfyj).
The CUT&Tag data from this study are available from the Gene Expression Omnibus (GEO)
database, accession number GSE288111 (Reviewer accession token: kvojkkkaldyjjop).
Previously published smart-seq+5’ RNA-seq datasets across development re-analyzed are

available under accession code GSE225056.
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8 List of Abbreviations

Abbreviation Definition

Abbreviation Definition

2CLC 2-cell like cells Mil Metaphase |l
ASO Antisense oligonucleotide mRNA Messenger RNA
ATAC-seq Assay for tranposase MSA Multiple sequence alignment
accessibility chromatin using
sequencing
Bp Basepairs MYA Million years ago
C-ter C-terminal MZT Maternal to Zygotic transition
CDS Coding sequence N-ter N-terminal
CTD C-terminal domain Orf Open reading frame
DBTMEE Database of transcriptome in  Padj Adjusted p-value
mouse early embryo
DN Dominant-negative PCA Principal component analysis
DNA Deoxyribonucleic Acid PGC Primordial Germ Cell
ERV Endogenous retrovirus qPCR Quantitative real-time PCR
FSHD Facioscapulohumeral RNA Ribonucleic Acid
muscular dystrophy
GOF Gain-of-function RNAPII RNA Polymerase |l
HAT Histone acetyltransferase RNAPIII RNA Polymerase |l
hCG Human chorionic Rpm Read per million
gonadotropin
hESCs Human embryonic stemcells RT Reverse Transcriptase
ICM Inner Cell Mass SINE Short Interspersed Nuclear
Element
IF Immunofluorescence siRNA Small interfering RNA
iPSCs Induced pluripotent stem cells SNP Single nucleotide
polymorphism
KSOM K-modified simplex optimized TAD Topologically associating
domain
KZFP Krab-zinc finger proteins TE Transposable Elements
LINE Long Interspersed Nuclear TF Transcription Factor
Element
LOF Loss-of-function TFBS Transcription factor binding
site
LTR Long Terminal Repeat tRNA Transfer RNA
MaLR Mammalian Apparent LTR TSS Transcription start site
retrotransposons
mESCs Mouse embryonic stem cells
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9 Appendices

Appendix 1. Complete lists of TF motifs found per TE family. (A-F) List of TF motifs found in (A)
MT2_Mm, (B) L1MdTf_II, (C) B2_Mm1a, (D) B3A, (E) ORR1A1 or (F) ORR1AO0, with indicated Tomtom
Output, related Gene Name, Stage of footprint identified, Footprint number (if several footprints at the same
stage), Type of motif (primary or secondary) and orientation of motif (Normal or Reverse Complement).

TomTom Qutput |Gene Name Footprint stage Fooprint number | Motif Orientation

aridSa arid5a E2C 1 |primary reverse complement
arid5a arid5a E2C 2 |primary normal

bbx bbx E2C 2 |primary reverse complement
dux! duxbll E2C ngrimarv reverse complement
ehf ehf E2C+L2C 1|primary normal

ehf ehf E2C+L2C 1[secondary |reversecomplement
elf3 elf3 E2C+L2C 1 |primary normal

foxk1 foxkl E2C+L2C 2 |secondary |reverse complement
gabpa gabpa E2C+L2C 1|primary normal

gatad gata3 E2C 2 [secondary |normal

hbpl hbpl E2C 1|primary normal

hbpl hbpl E2C 2 |primary normal

isgf3 irf9 E2C 2 |primary normal

kIf7 kif7 E2C+L2C 2 [primary reverse complement
mafk mafk E2C 1|secondary |normal

mafk mafk E2C 2 |secondary |normal

mafk mafk E2C+L.2C 1|primary normal

nr2f2 nr2f2 E2C+L2C 2 |[secondary |normal

obox2 obox2 E2C 2 |primary reverse complement
obox3 obox3 E2C 2 |primary reverse complement
obox5 obox5 E2C 2 |primary normal

obox6 obox6 E2C+L2C 1 |primary reverse complement
smad3 smad3 E2C+L2C 2 |secondary |reverse complement
sox8 sox8 E2C 2 |primary reverse complement
srf srf E2C+L.2C 1|primary normal

tef712 tef712 E2C 2 [secondary |reverse complement
tcf712 tef712 E2C+L2C 1[secondary |normal

zbtb7b zbtb7b E2C+L2C 2 |primary reverse complement
zbtb7b zbtb7b E2C+L2C 2 |secondary |reverse complement
2fp281 zfp281 E2C+.2C 2 |primary reverse complement
fp740 zfp740 E2C+L2C 2 |secondary |reverse complement
zfp740 zfp740 E2C+L2C 2 |primary reverse complement
gm397 zscandc E2C+L2C 2 |secondary |normal (A) MTZ_Mm
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TomTom Output _|Gene Name Footprint stage |Fooprint b Motif Ori i

Tcfap2c Tfap2c 2C 1|Primary normal

Tefap2c Tfap2c 2C 1|Secondary [normal

Tcfap2e Tfap2e 2C 1|Primary normal

Mtfl Mtfl 2C 1|Primary Reverse Compl it
E2f2 E2f2 2C 1|Primary Reverse Compl: it
KIf7 KIf7 2C 1|Primary normal

KIf7 KIf7 2C 1|Secondary |normal

KIf7 KIf7 2C 3|Secondary |normal

Zfp281 Zfp281 2C 1|Primary normal

Zfp281 2fp281 2C 1|Secondary |normal

Smad3 Smad3 2C 1|Primary Reverse Compl it
Smad3 Smad3 2C 1|Secondary |normal

Obox2 Obox2 2C 1|Primary Reverse Complement
Ehf Ehf 2C 1|Primary normal

Ehf Ehf 2C 2|Primary normal

Ehf Ehf 2C 2|Secondary |normal

Ehf Ehf 2C 3|Primary normal

Ehf Ehf E2C / Primary normal

Nr2f2 Nr2f2 2C 1|Secondary |Reverse Compl. it
Tcfl Tcf7 2C 1|Secondary |normal

Zbtb7b Zbtb7b 2C 1|Primary normal

Zbtb7b Zbtb7b 2C 1|Secondary |normal

Zfpal10 Zfpa10 2C 1|Secondary [normal

Hoxa7 Hoxa7 E2C / Primary normal

Pou2f1 Pou2f1 E2C / Primary Reverse Compl it
Mafk Mafk E2C / Primary Reverse Compl. it
Cartl Alxl E2C / Primary __|Reverse Complement
Gbx2 Gbx2 E2C / Primary Reverse Compl it
Emx2 Emx2 E2C / Primary normal

Og2x Nobox E2C / Primary Reverse Compls t
Lhx8 Lhx8 E2C / Primary Reverse Compl it
tcfe2a tcf3 2C 3|Secondary _|normal

Mybl1 Mybl1 2C 3|Secondary |Reverse Compl it
TomTom Output |Gene Name Footprint stage Fooprint number | Motif Orientation
Gabpa |§abpa 2C 1|Primary normal
Hoxa7 hoxa7 2C 2| Primary normal
Thp tbp 2C 2| Primary normal
Foxj3 foxj3 2C 2| Primary normal
Isgf3g irf9 2C 1|Primary normal
Lmxla Imxla 2C 2|Primary normal
Tefe2a tcf3 2C 1|Primary normal
Tef7 tcf7 2C 1|Primary normal
Hbpl hbpl 2C 2| Primary normal
TomTom Output |Gene Name Footprint stage Fooprint Motif Orientati

Pou2f2 pou2f2 2C 2|Primary normal

Mafk mafk 2C 1|Primary Reverse Complement
Max max 2C 1|Primary Reverse Complement
Tcfap2e tfap2e 2C 2|Secondary [normal

Zfp281 2fp281 2C 1|Primary normal

Foxj3 foxj3 2C 2|Primary normal

Isgf3g irf9 2C 2|Primary normal

Lmxla Imxla 2C 2|Primary Reverse Complement
Ehf ehf 2C 1|Secondary |normal

KIf7 kiIf7 2C 1|Primary normal

Srf srf 2C 2|Secondary |normal

Gm397 2scandc 2C 1|Secondary [normal

Rfxdc2 rfx7 2C 1|Primary normal

Zfpa10 2fpa10 2C 1|Primary Reverse Complement
Zfp740 2fp740 2C 1|Secondary |normal

Tcfe2a tcf3 2C 1|Primary Reverse Complement
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TomTom Output | Gene Name | Footprint stage Fooprint number | Motif [o] d

cartl alxl E2C 3| Primary Reverse complement
atfl atfl E2C 2| Primary Reverse complement
crx e E2C 3| Primary normal

ehf ehf E2C 1|Primary Reverse complement
elf3 elf3 E2C 1|Primary normal

elf3 elf3 2C 1|Secondary |Reverse complement
gm397 2scandc E2C 3| Primary normal

gm397 2scandc E2C 3|Secondary [normal

foxg3 foxj3 2C 1| Primary Reverse complement
foxk1 foxk1 2C 1| Primary Reverse complement
foxk1 foxk1 2C 1|Secondary |Reverse complement
gata3 gata3 2C 1| Primary Reverse complement
isgf3g irf9 E2C 2| Primary Reverse complement
kif7 kIf7 E2C 3| Primary Reverse complement
kif7 kIf7 E2C 3|Secondary |Reverse complement
Imxla Imxla E2C 3| Primary normal

Imxla Ixmla 2C 1| Primary Reverse complement
mafk mafk E2C 2|Primary Reverse complement
max max E2C 3| Primary Reverse complement
mtfl mtfl E2C 3| Primary Reverse complement
mitfl mtfl 2C 1|Secondary |Reverse complement
nr2f2 nr2f2 E2C 1|Secondary |Reverse complement
nr2f2 nr2f2 E2C 2| Primary Reverse complement
obox1 oboxl E2C 1|Primary normal

obox1 obox1 E2C 3| Primary normal

obox2 obox2 E2C 3|Primary normal

obox3 obox3 E2C 3| Primary normal

obox5 obox5 E2C 1| Primary normal

obox5 obox5 E2C 3| Primary normal

obox6 obox6 E2C 3| Primary normal

otxl otx1l E2C 1| Primary normal

otx1 otxl E2C 3| Primary normal

sox15 sox15 2C 1| Primary Reverse complement
sox8 sox8 2C 1| Primary normal

srf srf 2C 1|Secondary |Reverse complement
tcfe2a cf3 E2C 1| Primary Reverse complement
zbtb7b zbtb7b E2C 1|Secondary [normal

zbth7b 2btb7b E2C 3|Secondary |Reverse complement
tefl 1cf7 E2C 3| Primary Reverse complement
tefap2c tfap2c E2C 1|Primary normal

tcfap2e tfap2e 2C 1|Secondary |Reverse complement
2fp281 2fp281 E2C 3|Secondary [Reverse complement
TomTom Output [Gene Name Footprint stage |Fooprint number | Motif Orientation

ehf ehf 2C 1|Secondary |Reverse Complement
hbpl hbpl 2C 1| Primary normal

hmbox1 hmbox1 2C 2|Primary normal

klf7 kIf7 2C 2|Primary normal

|hx8 |hx8 2C 2|Primary normal

mrgl meis2 2C 3|Primary normal

mybl1 mybll 2C 1|Secondary |Reverse Complement
pknox1 pknox1 2C 3|Primary normal

rfxdc2 rfx7 2C 1| Primary Reverse Complement
srf srf 2C 2| Primary normal

tcfe2a tcf3 2C 3|Primary Reverse Complement
tef7 tef7 2C 3|Primary Reverse Complement
zfpa10 zfpd10 2C 1|Primary normal

zfp740 zfp740 2C 2|Primary normal

gm397 zscandc 2C 2|Secondary |normal
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Appendix 2. Phylogenetic analysis of L1MdTf_Il. (A) Size density distribution plot of L1MdTf_lI
monomers. The consensus length is displayed in a red dashed line. The selected size range is indicated in
black dashed lines. (B) Unrooted phylogenetic tree of L1MdTf_Il insertions ranging between 210 and 214bp
in length. n is the number of sequences per group indicated. The tree scale is indicated. (C) Expression of
all L1MdTT_Il subfamilies across the different stages of preimplantation development. Data was reanalyzed
from (Oomen et al. 2025). Each dot is a single embryo at the indicated stage. The trend line connects the
mean values across embryos of individual stages.
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Appendix 3. Additional A
examples of expression and

promoter usage of chimeric- Zips21
TE genes involving Chr8
MT2C_Mm at the late 2-cell 109.7 mb 109.72 mb
stage. (A,B) Snapshot of the . o — .
genomic regions containing . el

Zp821 (A) and Topbp? (B) s e NI T
canonical and MT2C_ Mm- I Canonical TSS Zfp821 transcript
derived transcript. Heatmap
displaying TSS score of both
canonical and  TE-derived MT2C_Mm_vii TSS transcript
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and DUX LOF embryos. The
boxplot shows the expression Zfp821 promoter usage Zfp821 expression (internal)
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Appendix 4. Results of differential gene expression analysis of TBP LOF for notable Dux targets.
Significance is given by padj column.

gene_id gene_name |baseMean |log2FoldChange IfcSE stat pvalue |padj

ENSMUSG00000110097.1 Zscanda 18.1234504 -0.580103647| 0.49523933| -1.1713602| 0.24145401 | 0.39498538
ENSMUSG00000095339.2 Zscandb 0.65239959 1.860190338| 1.54321885| 1.20539633| 0.22805034 0.37925348
ENSMUSG00000054272.6 Zscandc 12.5260234 -1.130641542| 0.63364434| -1.7843473| 0.07436725| 0.15860884
ENSMUSG00000090714.10 Zscandd 20.2309806 0.264009978( 0.46174378| 0.57176726| 0.56747966| 0.71684767
ENSMUSG00000095936.3 Zscande 1.36996999 0.373172691| 1.12258525| 0.33242259| 0.73957019( 0.84406707
ENSMUSG00000070902.5 Zfp352 191.727267 0.517343489| 0.3051662| 1.6952844| 0.09002148| 0.18537449
ENSMUSG00000078512.8 Pramef6 20.031999 0.181996735( 0.49090734| 0.37073541| 0.71083461| 0.82444886
ENSMUSG00000075610.9 Tmem92 222.862124 0.301509629| 0.4306329| 0.70015466| 0.48383072| 0.64707333
ENSMUSG00000093661.1 Eif4e3 99.7186728 0.290854303| 0.26620782| 1.0925836)| 0.27457667| 0.43390971
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Appendix 5. Comparisons of the four TBP replicates on genes. Signal aggregate plots and heatmaps
of TBP enrichment from the four individual CUT&Tag replicates and two IgG control over the TSS of down-
regulated (padj < 0.05), non-significant and up-regulated (padj < 0.05) genes upon TBP LOF relative to
CONTROL embryos. n is the number of genes per indicated category.
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Appendix 6. List of significantly
downregulated individual MT2_Mm
insertions upon TBP LOF.

transcript_id "MT2_Mm_dup2391_MT2-Mm_ii"; family_id
transcript_id "MT2_Mm_dup1455_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup1196_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup2085_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup541_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup2361_MT2-Mm_ii"; family_id
transcript_id "MT2_Mm_dup2180"; family_id
transcript_id "MT2_Mm_dup1714_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup2130_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup86_MT2-Mm_ii"; family_id
transcript_id "MT2_Mm_dup2274"; family_id
transcript_id "MT2_Mm_dup701_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup376_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup11_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup2612_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup318_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup1688_MT2-Mm_iv"; family_id
transcript_id "MT2_Mm_dup463"; family_id

transcript_id "MT2_Mm_dup2360_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup1221_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup517_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup1816_MT2-Mm_iii"; family_id
transcript_id "MT2_Mm_dup1698_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup579_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup388_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup1741_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup1389_MT2-Mm_iii"; family_id
transcript_id "MT2_Mm_dup605_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup259_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup1819_MT2-Mm_ii"; family_id
transcript_id "MT2_Mm_dup2179"; family_id
transcript_id "MT2_Mm_dup251_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup2502_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup1197_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup136_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup2114_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup1200_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup952_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup1724_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup2366_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup174"; family_id

transcript_id "MT2_Mm_dup218_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup395_MT2-Mm_ii"; family_id
transcript_id "MT2_Mm_dup1815"; family_id
transcript_id "MT2_Mm_dup2375_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup1865_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup2449_ MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup1352_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup1719_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup173_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup2469_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup268_MT2-Mm_iii"; family_id
transcript_id "MT2_Mm_dup1720_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup580_MT2-Mm_i"; family_id
transcript_id "MT2_Mm_dup2027_MT2-Mm_ii"; family_id
transcript_id "MT2_Mm_dup582_MT2-Mm_ii"; family_id
transcript_id "MT2_Mm_dup653_MT2-Mm_ii"; family_id
transcript_id "MT2_Mm_dup685_MT2-Mm_i"; family_id
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