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1 INTRODUCTION

Mammalian embryonic development is a very complex biological process that
requires precise temporal regulation of gene expression. This highly coordinated
process gives rise to hundreds of distinct cell types and trillions of cells with
specialized roles in the human body. This cycle of cell generation is sustained
through reproduction, which involves the joining of two differentiated germ cells,
the spermatozoon and the oocyte, leading to the formation of a zygote, the starting
point of embryo development.

The first week of embryonic development is critically important, as extensive
cellular reprogramming occurs during this period. Germ cells are first repro-
grammed into totipotent cells and subsequently toward pluripotency, accom-
panied by drastic changes in both the transcriptome and epigenome. These
changes include embryonic genome activation (EGA) and maternal-to-zygotic
transition (MZT) during which transcripts expressed from the embryonic genome
gradually become predominant, whereas maternal transcripts are degraded as
embryo develops. Understanding the mechanisms that govern these early
developmental processes could help improve clinical procedures in assisted
reproductive technology (ART). Although ART has led to the birth of close to
13 million infants worldwide, its overall efficiency remains limited. Meanwhile,
around the world, approximately one in six individuals is affected by infertility.
In addition, many countries face a fertility crisis. The fertility rate across Europe
is well below 2.1 births per woman, the level required to maintain a steady popu-
lation size. On the other hand, in vitro fertilization (IVF) is also used to produce
livestock, and improving the efficiency of such procedures, which are similar to
those used in humans, is also of interest. Given the prevalence of infertility,
declining population growth, and agricultural implications, improving IVF suc-
cess rates has both clinical and economic significance. A more comprehensive
understanding of early embryo development is therefore crucial, as it may provide
insights needed to enhance embryo viability in vitro and increase the efficiency
of ART.

This thesis presents four distinct studies using bovine as a model organism,
each focusing on the molecular players involved in a critical event that occurs
during the first week of preimplantation embryo development: bovine EGA. A
transient burst of PRD-like homeobox gene expression is observed during human
EGA. The first study provides experimental evidence for the expression of the
bovine counterparts of these genes during bovine EGA, highlighting the simi-
larity between the two species during early development. The second study
identifies putative bovine EGA inducers through 5’-end-focused transcriptomic
analysis of preimplantation stage embryos. The third study investigates the
functional bovine homologue of the so-called master regulator of human EGA,
DUXA4, characterizing the DUXC gene structure and its locus across several cattle
breeds. Lastly, the fourth study examines the impact of oxygen levels on IVF
bovine embryos and their relation to bovine EGA.
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2 REVIEW OF THE LITERATURE

2.1 Foundations of reproductive biology

The origins of reproductive biology date back to the first century. Soranus of
Ephesus (98-138 AD) was a physician born in the city of Ephesus in Ancient
Greece, located in modern-day Turkey, and was the first to describe the anatomy
of ovaries (Turgut & Kutlubay, 2023). Andreas Vesalius (1514-1564), who was
a Professor at the University of Padua in modern-day Italy, provided a more
detailed description of the ovary and ovarian follicles centuries later in 1500s
(Sokkary & Dietrich, 2018). Regnier de Graaf (1641-1673), a 17™-century Dutch
physician, described ovarian follicles, which are named after him and also referred
to as Graafian follicles (Thiery, 2009). An amateur Dutch scientist named Antonie
van Leeuwenhoek (1632—1723) discovered the spermatozoa in human semen
(Howards, 1997). Baltic-German embryologist Karl Ernst von Baer (1792—-1876),
who studied medicine in Tartu, made significant contributions to reproductive
medicine during his career. He discovered mammalian oocyte and described the
preimplantation embryo development until the blastocyst stage (Brauckmann,
2015). Karl Ernst von Baer is considered one of the most famous scientists in
Estonia and an important figure for medical and biology students at the University
of Tartu. In his honor, a statue was erected in 1886 and still stands today in
Toomemagi, a large park in the center of Tartu (Figure 1). The contributions of
the physicians and scientists briefly mentioned here, along with many others whose
work is not detailed, set the foundations of human embryology and paved the way
for modern reproductive biology.

Figure 1. Statue of Karl Ernst von Baer in Tartu. Photo taken by Baris Yasar.
14



2.2 Preimplantation embryo development

Mammalian embryo development is initiated with fertilization, which encom-
passes the fusion of the oocyte by the sperm. Prior to this event, germ cells are
produced through gametogenesis in both male and female reproductive organs.
While the production of gametes in humans starts during puberty in males, in
females, this biological process starts already before birth. Because of the visible
nuclear membrane present in fully grown immature oocytes, oocytes at this stage
are called germinal vesicle (GV) oocytes. GV oocytes are arrested in meiosis
(prophase I) until puberty (R. Li & Albertini, 2013), and through meiotic
maturation at reproductive age, meiosis is resumed (Figure 2). This is followed
by a second meiotic arrest at metaphase II (MII), which defines matured oocytes
at this stage as MII oocytes (Duncan et al., 2020). The completion of meiosis does
not occur until fertilization. In males, spermatogonia undergo mitosis to form
primary spermatocytes. Through meiosis, secondary spermatocytes are produced
first, followed by spermatids, which subsequently differentiate into haploid
sperm cells (Figure 2). Fertilization occurs within 24 h of ovulation upon the entry
of sperm into mature oocyte in the Fallopian tubes, where spermatozoa can
survive at least 48 h. Following fertilization, the diploid zygote undergoes a series
of asynchronous cleavage divisions. This leads to a progressive increase in cell
number, passing through various multicellular stages, often characterized by 2-,
4-, 8-, and 16-cell stages, until the embryo reaches the morula and finally the
blastocyst stage. Until the morula stage, each cell of the embryo, also known as
a blastomere, is loosely attached to its neighboring cells. With the morula stage,
cell-to-cell contact becomes tighter and leads to a tissue-like appearance of the
embryo. Stages between the zygote and the morula stage are called, hence, cleav-
age stage embryos. After the morula stage, a fluid-filled cavity, the blastocoel,
starts appearing in the center, forming the blastocyst with the inner cell mass
(ICM) and trophectoderm. The blastocyst eventually implants itself in the wall of
the uterus (endometrium) and continues its development. Mammalian embryo
development can be divided into two groups based on this implantation event:
preimplantation and post-implantation (Jukam et al., 2017). Preimplantation
embryo developmental is also referred to as early embryo development (Figure 2).

Early blastomeres are totipotent, which describes these cells’ ability to give
rise to any type of tissue, including extraembryonic tissues. Totipotent cells can
generate a complete, viable organism. Cells derived from the ICM of blastocysts
are considered pluripotent, which describes a cellular state with the ability to form
any type of cell except for extraembryonic tissues. Propagation of ICM cells in
the cell culture led to the discovery of embryonic stem cells (ESCs), which are
self-renewal and pluripotent. Mouse ESCs were the first to be cultured in vitro in
1981 (Evans & Kaufman, 1981). Seven years later, this was followed by ESCs
derived from a human embryo (Thomson, 1998). Although there have been
efforts to establish a cell line derived from the bovine blastocyst, the stable deri-
vation of bovine ESCs, with long-term self-renewing and pluripotency, has only
recently been reported (Bogliotti et al., 2018). Apart from ESCs, adult stem cells
and progenitor cells also exist in adult tissues. These cells can differentiate into
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distinct cell types within their own lineage. Regarding ESCs, depending on the
culture conditions, primed (Nichols & Smith, 2009) and naive (K. Huang et al.,
2014; Theunissen et al., 2016) human ESC states have been described. Although
transcriptomic analyses show that naive human ESCs closely resemble epiblast
cells, a layer of cells within the ICM, they still represent a distinct cell state that
is not identical to cells in vivo. Therefore, both naive and primed ESCs are cell
states that exist under in vitro culture conditions and serve as valuable models to
study events occurring during early development.

Meiosis | Meiosis Il

; 'Prophase

Fallopian tube—_ ; 3 Metaphase Telophasei : -

Endometrium-—— 1 P 1 | ~@)—

Ovary—/ 1 A :
' m 2 Metaphase Il
) —=7) — |, y|— 5 i (Ml oocyte)
Prophase | Anaphase \\_‘ &
(GV oocyte) ! Pola} body
\,_ Spermatogonium (2n)
l Mitosis
Seminal vesicle. _ I "~ | Primary spermatocyte (2n)
Prostate gland-{ . b ’ iosi
Bulbourethral gland-+ b / \Me/osts /
S ! Z +  Secondary spermatocyte(1n)
Urethra ; M M
Vas deferens/ ¢ o
Epididymis-/ O\ / \\Meiosis I
Testis () ' ', Spermatid (1n)

1 1 1 l Differentiation

¥ ; § i Sperm (1n)

Preimplantation embryo development

Figure 2. Germ cells and preimplantation embryo development. This figure was
created in BioRender. Yasar, B. (2026) https://BioRender.com/okwm?2y8. Adapted from
“Meiosis — Oocyte” and “Male Reproductive System Anatomy”. Retrieved from
https://app.biorender.com/biorender-templates.
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2.3 Assisted reproductive technologies

Attempts to replicate in vivo preimplantation embryo development under culture
conditions have given rise to human in vitro fertilization (IVF) therapy (Figure 3).
This foundational work, led by Robert Edwards, was primed with the findings
that demonstrate the maturation of human oocytes in vitro (Edwards, 1965). The
following findings showed that in a laboratory setting, these oocytes could be
fertilized by spermatozoa (Edwards et al., 1969), which later enabled culturing
human embryos until the blastocyst stage (Steptoe et al., 1971). The breakthrough
happened in 1978 when Louise Brown, who is currently a 47-year-old female,
became the first human to be born through IVF therapy (Steptoe & Edwards,
1978). For his contributions to the advancement of reproductive technologies,
Robert Edwards was awarded the 2010 Nobel Prize in Physiology or Medicine.

A more specialized version of IVF therapy was later introduced, called intra-
cytoplasmic sperm injection (ICSI), in which a denuded oocyte is microinjected
with a sperm (Figure 3). Ryuzo Yanagimachi performed the first microinjection
of spermatozoa into oocytes in hamsters (Uehara & Yanagimachi, 1976).
Improvement of this ICSI procedure later resulted in pregnancies in humans
(Palermo et al., 1992). These developments in assisted reproductive technologies
(ART) have revolutionized reproductive medicine. The total number of ICSI and
IVF children has surpassed 9 million (Adamson et al., 2025).

( . ope, . )
In vitro fertilization
(IVF)

— — e
——o— ) Embryo culture - ~N
\ J Embryo transfer

(" Intracytoplasmic ) N\
sperm injection (ICSI) L — )

f
i

\. J

Figure 3. IVF and ICSI procedures. This figure was created in BioRender. Yasar, B.
(2026) https://BioRender.com/x052vh2.
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Infertility is estimated to affect between 12.6% and 17.5% of couples of reproduc-
tive age (Cox et al., 2022). ART offers solutions to individuals who wish to have
a child but are unable to do so due to infertility. However, the success rate of [IVF
has been limited, with a single treatment cycle resulting in pregnancy in about
30% of cases (Calhaz-Jorge et al., 2016). Approximately 10% to 15% of IVF
embryos stall their development at the 2- to 4-cell stage (Betts & Madan, 2008).
One of the key events occurring during this developmental window is embryonic
genome activation (EGA). Therefore, further research is needed to understand the
molecular mechanisms underlying EGA. However, research using human
embryos is limited by ethical considerations and biological material availability,
as only a small number of cells are present during this time of development. The
use of closely related model organisms, such as bovine embryos, therefore
provides a valuable alternative to study EGA.

2.4 Bovine genome and its evolution

Most of the domesticated cattle breeds we have today were believed to have
evolved from currently extinct species, wild ox or aurochs (Bos primigenius)
(Loftus et al., 1994). Traditionally, in the history of animal husbandry spanning
10,000 years, a single domestication event was thought to have occurred for two
major cattle types: zebu (Bos indicus) and taurine (Bos taurus) cattle. The widely
held opinion was that selective breeding of Bos taurus cattle gave rise to the
emergence of Bos indicus, a cattle breed distinguished by the presence of a hump
(Machugh et al., 1997). However, mitochondrial DNA (mtDNA) and micro-
satellite marker analysis of cattle breeds has pointed to separate aurochs origin
populations for Asian (Bos indicus) and European-African (Bos taurus) domestic
cattle, which diverged around 210,000 years ago, well before human-mediated
domestication (Andersson, 2001; Loftus et al., 1994; Machugh et al., 1997).
Whole genome analysis of dozens of ancient cattle has also demonstrated the
division of Bos taurus and Bos indicus (Verdugo et al., 2019). Despite being
named as different species, Bos indicus and Bos taurus are often considered sub-
species, as they can produce fertile offspring (Loftus et al., 1994). To emphasize
their sub-species, they may also be referred to as Bos taurus indicus and Bos
taurus taurus (Figure 4).

The taurine cattle genome was sequenced, assembled, and annotated by the
Bovine Genome Sequencing and Analysis Consortium as reported in 2009 (Elsik
et al., 2009). This marked bovine as the first species in the order Cetartiodactyla
to have its whole genome sequenced (Seo et al., 2013). The assembly of the cattle
genome uncovered high densities of repetitive elements and segmental dupli-
cations, which are known drivers of chromosomal rearrangements that shaped the
cattle karyotype as we know today (H. A. Lewin, 2009). Synteny-based compari-
sons of chromosomes among human, bovine, and rodent species demonstrated
more similarity between the human and cattle genome organization (Elsik et al.,
2009). Amino acid sequence identity between humans and bovines was higher
compared to humans and rodents (Elsik et al., 2009).

18



“ Wild ox/Aurochs (Bos primigenius) “

Taurine cattle (Bos taurus taurus) Zebu cattle (Bos taurus indicus)

-

Figure 4. Taurine and indicine cattle. This figure was created in BioRender. Yasar, B.
(2026) https://BioRender.com/4zndOm9.

The Bovine HapMap Consortium conducted a genome-wide survey based on
single-nucleotide polymorphisms (SNPs) with 19 breeds, including humpless
taurine (Bos taurus) and humped indicine or zebu (Bos indicus) cattle (Gibbs et al.,
2009). Principal component analysis (PCA) using all SNPs separated taurine
(e.g., Holstein) and indicine (e.g., Brahman) breeds with admixed breeds (e.g.,
Beefmaster) forming an intermediate cluster (Gibbs et al., 2009). While the
observed SNP diversity in taurine cattle breeds was similar to that of humans, for
indicine cattle breeds, the SNP diversity was higher, suggesting that wild ances-
tors of cattle, aurochs, faced mild bottlenecks thanks to their large population size
(Gibbs et al., 2009). According to the initial results of the 1000 Bull Genomes
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Project, which contained whole-genome sequences from 234 bulls, the average
number of heterozygous sites for every 1,000 bases was 1.44 (Daetwyler et al.,
2014). The rate of heterozygous sites in the cattle population was found to be
greater than that observed in human Yoruba (1.03/kb) and European (0.68/kb)
populations (Altshuler et al., 2010). This number is substantial, given the selec-
tive breeding cattle have experienced, a factor that is known to reduce genomic
diversity. These findings point to great historical diversity prior to the domesti-
cation of cattle breeds.

Genomic data derived from tens of cattle breeds and hundreds of individuals
so far have provided insights into understanding the genomic organization and
evolution of the bovine genome, but initiatives such as the Ruminant Telomere-
to-Telomere (RT2T) Consortium (Kalbfleisch et al., 2024) will enable an even
more comprehensive understanding by uncovering the previously not sequenced
parts of the genome, including centromeres and repetitive regions.

2.5 RNA sequencing methods to study early embryo
development

RNA sequencing (RNA-seq) is the gold standard method to study transcriptomic
states of cells. Conventional bulk RNA-seq methods were primarily designed to
work with samples containing a large number of cells, such as cultured cells.
Therefore, it has initially been a challenge to perform RNA-seq using samples
that contain a low number of cells, such as preimplantation embryos.

Tang et al. introduced the first now well-known method suitable for working
with as little material as a single cell (Tang et al., 2009). Following the method
developed by Tang et al., several methods capable of profiling the transcriptome
of a single cell have been introduced, and these widely used methods are called
single-cell RNA-seq (scRNA-seq). The main steps to perform scRNA-seq include
reverse transcription, second-strand synthesis, cDNA amplification, and prepa-
ration of the sequencing library (Kolodziejczyk et al., 2015).

Second-strand synthesis is either done via poly(A) tailing using terminal
deoxynucleotidyl transferase (TdT) or through template switching. The former is
used by Quartz-Seq (Sasagawa et al., 2013) and the Tang et al. method, while
Smart-Seq (Switching Mechanism At the end of the 5’-end of the RNA Tran-
script) (Picelli, 2017; Ramskdld et al., 2012), and STRT-Seq (single-cell tagged
reverse transcription) (Islam et al., 2011, 2012) utilize the latter. STRT-Seq is
focused on sequencing the 5’ ends of transcripts, which diminishes the number
of reads needed for quantification (Kolodziejczyk et al., 2015).

There are two separate approaches for cDNA amplification: PCR or in vitro
transcription (IVT). PCR is more popular and used by methods such as Smart-
Seq2 (Picelli et al., 2013) and STRT-Seq, while methods that use IVT include
CEL-Seq (cell expression by linear amplification and sequencing) (Hashimshony
et al., 2012) and MARS-Seq (massively parallel RNA single-cell sequencing)
(Jaitin et al., 2014).
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One important aspect of sScRNA-seq methods is the accuracy of gene expres-
sion quantification. Unique molecular identifiers (UMIs) are sequences inte-
grated in the sequencing libraries and used to mark PCR duplicates to improve
quantification (Fu et al., 2011; Islam et al., 2014; Kivioja et al., 2012). Methods
such as STRT-Seq and Quartz-Seq utilize UMIs. An improved version of Quartz-
Seq, which has higher UMI conversion efficiency, has been introduced and is
named Quartz-Seq?2 (Sasagawa et al., 2018).

Another aspect of scRNA-seq methods is the read coverage across the gene
body. For example, STRT-seq provides a higher coverage at the 5’ ends of tran-
scripts (Abugessaisa et al., 2022). As a method that profiles 5° ends of mRNAs
and enables identification of putative transcription start sites (TSSs) and the
regulatory elements around the TSSs, STRT is an efficient method for studying
gene regulation. Early development represents a critical window during which
extensive transcriptional changes occur, making STRT an ideal method to
investigate bovine EGA and the regulatory motifs involved in this process.

Although it is developed as a scRNA-seq method, STRT has been modified
to work with solid tissues and cell suspensions (Ezer et al., 2021). In addition, an
earlier modified protocol of STRT-Seq (Dong et al., 2018) has recently been used
to profile human early embryos at embryonic arrest (T. Wang et al., 2024). More
recently, a version of STRT optimized for compatibility with modern sequencing
platforms, STRT-N RNA-seq, has been introduced (Boskovic et al., 2023).
STRT-N RNA-seq utilizes spike-in RNAs as well as UMIs to provide more
accurate quantification of gene expression. Therefore, STRT-N RNA-seq not
only provides TSS information but also enables reliable gene expression mea-
surement to better understand bovine EGA.

In the published work of STRT-N RNA-seq, along with the experimental
protocol, a detailed protocol for the computational analysis has also been outlined
(Boskovic et al., 2023). Two types of analysis are possible with the RNA-seq
datasets generated with this method: gene-based and transcript far 5’-end (TFE)-
based analysis. The former first defines 5°-UTRs and promoter-proximal upstream
regions based on the used gene annotation file and then counts the RNA-seq reads
that align to these defined 5° end regions (Figure 5). Reads aligned to genomic
regions other than these 5’ end regions are not included in the read count and
discarded. Since counting the reads relies on the gene models present in the gene
annotation file, gene-based analysis cannot detect the expression of unannotated
genes.
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Gene-based quantification
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Figure 5. Schematic overview of the gene-based quantification pipeline. Only the
main steps are highlighted for simplicity. The original script (STRTN.sh), and its version
optimized to process recent Ensembl gene annotations (STRTN bTau ens112.sh) can
found at https://github.com/gyazgeldi/STRTN and
https://github.com/baryasar/bTau_Embryo TFE, respectively. BCL: Binary base call
file; BAM: Binary alignment map file; CDS: Coding sequence. This figure was created
in BioRender. Yasar, B. (2026) https://BioRender.com/vqflcii.
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TFE defines a quantification unit for gene expression, introduced earlier (T6hénen
et al., 2015). Unlike gene-based analysis, TFE-based analysis quantifies the
expression of transcripts assembled de novo (“from scratch”). Mapped reads are
used to assemble transcripts, from which the first exons are extracted. Over-
lapping the first exons derived from each sample/replicate and developmental
stage results in non-redundant genomic intervals, serving as a global first exon
repertoire for the analyzed samples (Figure 6). In this pipeline, the intervals of
these first exons are called TFE regions (Boskovic et al., 2023). Reads that align
to each TFE region are counted separately.

TFE-based quantification
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Figure 6. Schematic overview of the TFE-based quantification pipeline. Only the
main steps are highlighted. The first exons on the same strand are merged in the pipeline,
but strand orientation is not depicted in the figure for simplicity. The original script
(STRTN-TFE.sh), which details the input, output, and intermediate files, as well as the
tools depicted in the figure or utilized in the original code, can be found at
https://github.com/gyazgeldi/STRTN. This figure was created in BioRender. Yasar, B.
(2026) https://BioRender.com/4fgkxqw.
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The 5 end of each mapped read is a candidate TSS coordinate. Within each TFE
region, these signals are aggregated, and the coordinate with the strongest read
support is selected to represent that TFE region as a putative TSS. This selected
1 bp resolution coordinate is referred to as a TFE. TFE coordinates are then com-
pared against gene annotations to assign gene names. Since TFEs represent inde-
pendent TSS events, multiple TFEs can be associated with a single gene (Figure 7).
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Figure 7. Schematic overview of the pipeline assigning annotations to TFEs. Only the

main steps are highlighted for simplicity. This figure was created in BioRender. Yagsar, B.
(2026) https://BioRender.com/xrx19sy.

24


https://biorender.com/xrx19sy

An additional level of TFE annotation involves assigning genomic feature-based
labels to each TFE. Depending on whether TFE corresponds to a coding, a non-
coding gene, or does not correspond to any annotated gene, each TFE is assigned
one of nine distinct genomic annotations. These genomic annotation features are
as follows: unannotated, coding upstream, coding 5’-UTR, coding CDS, intron,
coding 3’-UTR, noncoding upstream, noncoding 1* exon, noncoding other exon
(Figure 8).
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Figure 8. Genomic annotation features of TFEs. This figure was created in BioRender.
Yasar, B. (2026) https://BioRender.com/0174950.

2.6 Embryonic genome activation and transcriptional
studies in mammals

Maternal-to-zygotic transition (MZT) is a time window when maternal mRNA
degradation is accompanied by the zygotic transcription from the embryonic
genome. The latter process is referred to as zygotic genome activation (ZGA) or
embryonic genome activation (EGA). EGA, which describes the transcriptional
burst from the zygotic genome following the fertilization of the transcriptionally
quiescent oocyte, follows strict temporal and coordinated regulation of cellular
processes. In mice, the terms minor and major EGA were coined due to their
immediate sequential occurrence, but such generalization to other mammals,
including bovines with slightly delayed EGA, might not truly reflect their
development (Svoboda, 2018). In the literature, the terms ‘major EGA’ and
‘EGA’ are often used interchangeably, and they define the developmental period
when the first large-scale gene upregulation is observed after fertilization and
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prior to implantation. Major EGA is species-specific (Kravchenko & Tachibana,
2024; Oomen et al., 2025) and occurs between the mid 1-cell and the late 2-cell
stage in mice (Schultz et al., 2018) and during the 4-to-8-cell transition in pigs
(Kong et al., 2020), guinea pigs (Guan et al., 2024), opossums (Mahadevaiah
et al., 2020), rhesus macaques (Chitwood et al., 2017), and humans (T6honen
et al., 2015), 8-to-16-cell transition in goats (Y. Li et al., 2020) and bovines (Graf
et al., 2014) (Figure 9).
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Figure 9. Timing of embryonic genome activation across mammalian species. This
figure was created in BioRender. Yasar, B. (2026) https://BioRender.com/ks8ncmi.

2.6.1 Mouse

Early comprehensive analysis of mouse oocytes and preimplantation embryos
revealed two waves of transcriptional burst from the embryonic genome
(Hamatani et al., 2004). Translation of maternal RNA was shown to be required
for the initiation of EGA (Hamatani et al., 2004). Allelic expression analysis of
mouse early embryos using scRNA-seq demonstrated that maternally expressed
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transcripts dominate the transcriptome in the zygote and early 2-cell embryos,
with paternally expressed transcripts reaching roughly equal levels at the 4-cell
stage (Deng et al., 2014). This observation reflects early processes of EGA and
MZT.

In addition to transcriptome analysis, RNA polymerase II (Pol II) profiling
was performed to assess the transcriptional activity. Immunostaining of MII
oocytes for Pol II did not produce any signal, but after fertilization until the
blastocyst stage, Pol II signal was detected (B. Liu et al., 2020). Profiling of Pol 11
confirmed the presence of Pol II on chromatin not before but after fertilization
(B. Liu et al., 2020), in line with transcriptionally quiescent oocytes. Inter-
estingly, global binding of Pol II was not similar to open chromatin profiles
throughout mouse early embryo development (B. Liu et al., 2020). Promoters
associated with Pol II can be accompanied by a distinct set of factors resulting in
pre-initiation, paused, arrested, or terminating complexes (Adelman & Lis, 2012).
The term poised was used to describe the state of Pol II located near promoters,
together with either of these complexes, without indicating whether transcription
is occurring or not (Adelman & Lis, 2012). Therefore, Pol II poising can be
observed at genes that are actively transcribed or at those where the transcription
machinery remains inactive. Despite the limited RNA transcription at the 1-cell
stage mouse embryo, global high enrichment of poised Pol II (atpromoter,
intergenic, and gene body regions) was observed, suggesting loading of Pol II at
these regions prior to its transcriptional activity (B. Liu et al., 2020). After EGA,
described Pol II loading was weakly observed at inactive promoters and
developmental genes, which was interpreted as a strategy to prevent unwanted
activation of such genes during EGA (B. Liu et al., 2020). Specifically, EGA
genes showed high Pol II enrichment right before EGA in the early 2-cell stage,
indicating a pre-configuration of Pol II at these genes, before they were activated
and showed even higher Pol II enrichment (B. Liu et al., 2020).

2.6.2 Human

The main source for studying human preimplantation embryos has been the spare
in vitro fertilization (IVF) embryos from clinics (Samorinha et al., 2014). These
studies initially mainly included morphological examination or identification of
factors and conditions to enhance embryo culture for IVF treatments. However,
to get a deeper insight into the early developmental processes, utilizing sensitive
gene expression profiling methods is fundamental. Here, studies that investigate
the human preimplantation embryo development from the perspective of tran-
scriptomics are summarized.

One efficient way of investigation is global transcriptional analysis, which has
the potential to provide a better understanding of preimplantation embryo develop-
ment. However, one initial study (Braude et al., 1988), which demonstrated the
human EGA to occur between the 4- and 8-cell embryos, used translation as a
proxy for transcription. They showed that a-amanitin, a potent transcriptional
inhibitor, stalls the progression of the 4-cell stage human embryos and inhibits
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protein synthesis between the 4- and 8-cell stages, due to the absence of tran-
scripts coding for these proteins (Braude et al., 1988). Microarray analysis of
early human embryos during the first three days of development revealed gene
downregulation to be more pronounced than upregulation, in line with the MZT
(Dobson et al., 2004). Another microarray analysis also suggested an initial
maternal mRNA clearance phase followed by embryonic gene upregulation
(P. Zhang et al., 2009). Two waves of embryonic transcription events were
described in human preimplantation embryos, and their treatment with a trans-
lation inhibitor suggested that translation of maternal or very early embryonic
RNAs is needed for minor EGA to occur (Hamatani et al., 2006). Microarray
analysis of individual blastomeres from embryos up to the 8-cell stage revealed
that pre-compaction embryos do not show signs of lineage commitment (Galan
et al., 2010). Three imaging parameters that predict the development potential of
human embryos to the blastocyst stage with 94% sensitivity, associated with four
distinct modes of expression patterns of selected genes in individual blastomeres
(Wong et al., 2010). Some genes, which are significantly activated in the 2-cell
human embryos, were identified and referred to as ‘earlier risers’. Quantitative
PCR analysis of these genes in a-amanitin-treated 2-cell embryos showed the
absence of early riser transcripts, indicating that embryonic transcription also
occurs at the 2-cell human embryos (Vassena et al., 2011). A later study suggested
the initiation of the transcription to occur at the 1-cell stage human embryos
(Asami et al., 2022).

Single-cell RNA-seq analysis of human embryos up to the 8-cell stage showed
upregulation of 79 genes already at the pronuclear or zygote stage (Xue et al.,
2013). Nearly half of these genes maintain their expression levels in the 2- and
4-cell stage, with a subsequent downregulation at the 8-cell stage (Xue et al.,
2013). Other studies with single-cell RNA-seq profiling of human embryos con-
firmed major EGA to occur during the 4-to-8-cell transition (T6hdénen et al.,
2015; Yan et al., 2013). Blastomeres of the same stage showed mostly similar
transcriptional profiles, but the expression of downregulated genes varied more
than the upregulated ones in 8-cell blastomeres, indicating the maternal mRNA
degradation to occur more heterogeneously (Yan et al., 2013). Based on the
reanalysis of human single-cell RNA-seq datasets, active repression of tran-
scription was suggested to be present prior to EGA (Boroviak et al., 2018).
Another scRNA-seq study investigating the dynamics in human preimplantation
embryos revealed elevated levels of gene expression from the Y chromosome
between embryonic day 3 (E3) and 4 (E4), indicative of the MZT (Petropoulos
et al., 2016). Furthermore, with the help of SNPs detected in reads from scRNA-
seq, they observed biallelic transcripts derived from X chromosome genes in male
E3 cells, suggesting remaining maternal transcripts. The data showed that full
maternal mRNA clearance is completed in E4 embryos. Comparison of biparental
embryos to uniparental embryos using scCRNA-seq showed that maternal mRNA
clearance, whose completion is suggested to be mediated by EGA (Bogliotti
et al., 2020; Xue et al., 2013), is compromised in uniparental embryos, suggesting
allele-specific expression in early embryos (Leng et al., 2019). Another study
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performing transcriptome profiling of the same types of human embryos showed
that EGA occurs in androgenetic but not in parthenogenetic embryos, indicating
that the paternal genome is needed for human EGA (Yuan et al., 2023). A study
focusing on MZT in human embryos revealed two modes of maternal mRNA
clearance, EGA-dependent and -independent (Sha et al., 2020).

Poly(A) tail profiling of human early developmental stages revealed that 3’
UTRs of some transcripts are shortened, with their proportion reaching to 60% in
the 1-, 2-, and 4-cell stages and decreasing to around 40% at the 8-cell stage and
getting stabilized around 15% in blastocysts, which was the percentage also
observed in somatic cells (Y. Liu et al., 2023). The transcripts with shortened 3’
UTRs were found to get polyadenylated again, during which non-A residues,
mostly consecutive U residues, got incorporated (Y. Liu et al., 2023). This event
occurring as a means of MZT was referred to as maternal mRNA remodeling
(Y. Liu et al., 2023). Inhibition of polyadenylation following fertilization using
an adenosine analog caused an arrest at the 1-cell stage (Y. Liu et al., 2023), which
could not be attributed to inhibition of transcription, as such embryos were previ-
ously shown to proceed to the 8-cell stage (X. Chen et al., 2019; Xia et al., 2019).
Therefore, maternal mRNA remodeling was suggested to be required for the
cleavage of the 1-cell human embryo.

2.6.3 Bovine

Initial efforts to define the timing of EGA in cattle included [*H]uridine incorpo-
ration experiments, which showed EGA to occur during the 8- to 16-cell stage in
bovine embryos (Camous et al., 1986; Frei et al., 1989). Inhibition of tran-
scription in IVF bovine embryos by a-amanitin did not allow embryos to reach
past the 8-cell stage, demonstrating the need for zygotic transcription at this stage
(Barnes & First, 1991). Later experiments involved longer incubations of embryos
with [*H]uridine, enabling the detection of RNA synthesis from the zygotic
genome as early as the 2- to 4-cell stage (Hyttel et al., 1996; Memili et al., 1998;
Plante et al., 1994; Viuff et al., 1996). One study even showed [*H]uridine in-
corporation in zygote and 2-cell embryos (Memili & First, 1999). The 4-cell stage
was reported to be the stage when ribosomal RNA transcription occurs based on
fluorescence in situ hybridization (FISH) and silver staining (Viuff et al., 1998).
Measuring dynamic levels of total, messenger, and poly(A)-tailed RNA revealed
an overall increase in total and poly(A)-tailed RNA content after the 8-cell stage,
coinciding with the onset of bovine EGA (Gilbert et al., 2009).

Reverse transcription polymerase chain reaction (RT-PCR) and microarray-
based approaches were used to investigate the players involved in bovine EGA
before RNA sequencing became widely available and affordable. Using an
Affymetrix DNA microarray specifically designed for bovine, one of the early
bovine embryo studies listed genes expressed from the embryonic genome by
comparing 8-cell embryos treated with or without a-amanitin (Misirlioglu et al.,
2006). A subsequent study using a similar strategy with a-amanitin showed that
transcription activity affects the presence of proteins primarily found in the
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nucleolus, such as RNA polymerase I and topoisomerase (Svarcova et al., 2007).
Another microarray analysis identified a high number of differentially expressed
genes for the 4- and 8-cell stage between in vivo and in vitro-produced bovine
embryos (Kepkova et al., 2011). Even though commercial microarrays included
a large number of genes, their limitation in terms of covering oocyte- and early
embryo-specific genes led some researchers to use custom-designed arrays with
over a thousand transcripts (Vallée et al., 2009). In this study, almost all of the
genes on the array were found to be expressed in at least one of the stages during
in vivo development, with the 2- and 8-cell embryos not showing a critical diffe-
rence (Vallée et al., 2009). Another bovine-specific microarray was used to
analyze ICM and trophectoderm (TE) of in vivo blastocysts, revealing that
difference between the two cell types were more pronounced in in vivo embryos
than in in vitro embryos (Hosseini et al., 2015). Despite their contribution to the
transcriptomic understanding of embryo development, microarrays were replaced
with RNA sequencing, which is not limited to only annotated transcripts and can
reveal novel transcripts.

The very first RNA sequencing study applied to cattle early embryos included
in vitro cultured embryos that reached either the blastocyst stage on day 8 or those
that failed to transition from morula to blastocyst on day 8, referred to as normal
and degenerative embryos, respectively (W. Huang & Khatib, 2010). Overall
gene expression between the two types of embryos appeared similar, with only
47 differentially expressed genes detected. Alternative splicing was noted as a
common event in the transcriptome of cattle blastocysts, and specific alternative
transcripts were suggested to indicate abnormal embryo development. However,
the results from this study should be interpreted cautiously due to the absence of
replicates. The study by Huang and Khatib utilized pools of embryos, prompting
other researchers to create RNA-seq libraries of single blastocysts to investigate
the variability in gene expression among different embryos (Chitwood et al., 2013).

The following study on bovine embryo development was composed of a more
comprehensive setup that included oocytes, cleavage stage embryos, and blasto-
cysts. To reveal the genes involved in bovine EGA, the researchers employed
three different strategies: (1) distinguishing transcripts exclusively produced from
the embryonic genome by eliminating those from oocytes, (2) identifying paternal
transcripts enabled by fertilizing distant subspecies of Bos taurus, and (3) analyzing
reads that are potentially non-spliced nascent transcripts judged by their ability to
map to introns (Graf et al., 2014). The 8-cell stage showed the highest number of
genes identified by all three approaches: 129 first-detected transcripts, 395
paternally expressed transcripts, and 3,965 incompletely spliced transcripts. This
unique approach is distinct from differential gene expression analysis, which
revealed the greatest gene upregulation during the 8-to-16-cell transition, when
major EGA takes place in Bos taurus (Graf et al., 2014).

RNA-seq of in vivo bovine preimplantation developmental stages identified
the largest number of gene upregulation events during the 4-to-8-cell transition
(Jiang et al., 2014), suggesting this stage as the major EGA in in vivo bovine
embryos, in contrast to the widely accepted timing of EGA during the 8-to-16-cell
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transition in IVF bovine embryos. This study also suggested that the transcrip-
tomes of human and bovine early embryos are more similar to each other than to
that of mouse (Jiang et al., 2014). Investigation of oocyte maturation by per-
forming RNA-seq on individual GV and MII oocytes demonstrated that 85.7%
of the upregulated mRNAs with complete 3° UTR contained cytoplasmic poly-
adenylation signal (Reyes et al., 2015). The authors suggested that the observed
increase in transcripts during oocyte maturation may stem from cytoplasmic
polyadenylation (Reyes et al., 2015). Small RNA-seq of oocytes, 8-cell, and
blastocyst stage embryos demonstrated that the 8-cell bovine embryos contained
a much higher abundance of miRNAs but markedly lower, nearly undetectable
levels of Piwi-interacting-like RNAs compared with the other stages (Cuthbert
et al., 2019). Combining small RNA-seq with a-amanitin showed that miRNA
gets transcribed from the embryonic genome at the 2-cell stage for the first time,
increasing its expression at the morula and blastocyst stages (Paulson et al.,
2022). High levels of miRNAs may be implicated in the clearance of maternal
RNAs. One transcriptomic study, which analyzed 2—4 cell bovine embryos pro-
duced by sperm samples derived from high and low fertility bovines, identified
ATXNZ2L as a differentially expressed gene (Gross et al., 2019). ATXN2L depletion
at the zygote stage resulted in 22.9% rise in blastocyst formation rate, indicating
a potential role for this gene in embryo development (Gross et al., 2019).

The initial research for studying early bovine embryo development at the
single-cell level included the analysis of the abundance of a subset of annotated
bovine genes (Negron-Pérez et al., 2017; Wei et al., 2017). The only single-cell
transcriptomic study on the major bovine EGA analyzed a total of 14 IVF bovine
embryos at the 8-cell and 16-cell stages (Lavagi et al., 2018). Pseudo-time line
and clustering analysis showed that some blastomeres do not develop in a
synchronous fashion. Interestingly, scRNA-seq was not able to detect 109 out of
the 129 genes that were found to be expressed at the 8-cell stage in the study by
Graf et al. (2014).

RNA-seq of embryos treated with or without Pol II inhibitor a-amanitin
allowed researchers to identify transcripts carried over from the oocyte to the
embryo and helped discover the requirement of EGA for maternal mRNA clearance
(Bogliotti et al., 2020). Embryos were sampled 70—72 h postfertilization, capturing
embryos at the 8-to-16-cell stage, which contained 2459 transcripts of embryonic
origin and 719 transcripts of maternal origin. Of these, 905 transcripts required
transcription for their clearance during this stage (Bogliotti et al., 2020). Twenty-
nine TF-binding motifs were found to be located at the 5’ ends of 2459 genes that
are a-amanitin sensitive. These 29 motifs were predicted binding sites for ten TFs,
namely KLF4, KLF5, KLF9, OTX2, YY1, GSC, EHF, ETV2, CREBZF and
SMAD?3 (Bogliotti et al., 2020). All of these genes, except for SMAD3, showed
increased expression while transitioning from the MII oocyte to the 8-to-16-cell
stage embryos. Nine of these TFs were predicted to potentially target 1548 out of
2459 embryonically transcribed genes during EGA. Among these TF genes,
KLF5 and GSC are the only genes not expressed in MII oocytes, which points to
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their possible integral roles in gene regulation during bovine EGA in preimplan-
tation development (Bogliotti et al., 2020).

Ribosome profiling of bovine oocytes and early embryos showed that tran-
scription and translation were well correlated in the oocyte, 2-cell, morula, and
blastocyst stages, but at the 8-cell stage, there was a shift, with translation not
completely reflecting transcription (L. Zhu et al., 2022). Single-cell RNA-seq of
bovine blastocyst before its expansion revealed that X chromosome dosage com-
pensation occurs between the morula and late blastocyst stage (B. Hu et al., 2024).
Thousands of novel genes, many of which showed dynamic expression during
early embryo development, were identified through a combination of short- and
long-read RNA-seq on bovine oocytes and embryos (Schettini et al., 2024).
Recently, KLF and DUX factor binding motifs were found to be enriched around
the transcription start sites of EGA genes (Oomen et al., 2025). Collectively, the
abovementioned studies summarize key findings on the transcriptomics of early
bovine embryo development.

2.6.4 Expression of repetitive DNA sequences
in preimplantation embryos

Repetitive DNA sequences or repeats make up approximately half of the human
genome (Liao et al., 2023). Repeats can be positioned in tandem, such as satellite
DNA, or as interspersed sequences, such as retrotransposons (Liao et al., 2023).
Retrotransposons with long terminal repeats (LTRs) are referred to as LTR retro-
transposons or endogenous retroviruses (ERVs) (P. J. Thompson et al., 2016).
LTR-lacking retrotransposons also exist, and the main ones include long inter-
spersed nuclear elements (LINESs), short interspersed nuclear elements (SINEs),
and SINE variable-number tandem-repeat Alu (SVA) (P. J. Thompson et al., 2016).

Analysis of highly expressed repeats in early human embryos revealed two
clusters in expression patterns, separated by EGA (Grow et al., 2015). The pre-
EGA repeat cluster was influenced by the deposited maternal transcripts, but with
the onset of EGA, the repeat expression profile changed, for example, with a
marked increase in human ERV K (HERVK) expression (Grow et al., 2015).
HERVK elements can be categorized based on the LTRs they contain, for
example, LTRS5a, LTR5b, and LTRS5H subtypes. In human embryos, LTR5H,
which contained an OCT4 binding motif, was expressed, whereas the LTR5a and
LTRS5b subtypes lacking such a motif were not (Grow et al., 2015). It points to
the selective expression of HERVK elements regulated by human embryonic
proteins. Since many of HERVK retained intact open reading frame (ORF),
retroviral HERVK proteins have the potential to be produced in human cells
(Subramanian et al., 2011). Interestingly, the presence of HERVK-derived
retroviral proteins was reported in human blastocysts after observation of viral-
like particles through transmission electron microscopy (Grow et al., 2015). The
specific immune response elicited by the transport of such viral proteins to the
cytoplasm was suggested to protect early embryos against viral infections (Grow
etal., 2015).
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A member of the ERV family, MLT2A1 (P. J. Thompson et al., 2016), exhibited
increased RNA expression as well as chromatin accessibility at the highest levels
in 4- and 8-cell stage human embryos (L. Liu et al., 2019). Depletion of MLT2A1
in human embryos led to embryonic arrest and the loss of the EGA transcriptome
signature (Xiang et al., 2026). Accessible MLT2A1 elements were enriched with
binding motifs of DUX4 and OTX2 (L. Liu et al., 2019), both of which were
shown to activate MLT2A1 (Hendrickson et al., 2017; Q. Wang et al., 2025).
Similarly, at the onset of bovine EGA, another ERV family member MLT1AOQ
exhibited high expression and chromatin accessibility (Halstead et al., 2020).
Expression of murine ERV L (MERVL) was shown to mediate the transition from
totipotency to pluripotency, as its elimination blocked the progression of early
mouse embryo development (Sakashita et al., 2023). Expression of ERVs in early
mammalian embryos could be a conserved and necessary event.

Non-LTR retrotransposon SVAs were also highly expressed at the 8-cell and
morula stage human embryos, but not in differentiated epithelial or endothelial
cells (L. Gao et al., 2018). Among repeat elements, chromatin accessibility was
most enriched at SVAs in human embryos from the 2-cell to blastocyst stage
(L. Li et al., 2018). Stage-specific expression of SINEs and LINEs was observed
in human (Yandlm & Karakiilah, 2019) and bovine (Halstead et al., 2020) embryos,
with species-specific dynamic changes (Oomen et al.,, 2025). Interestingly,
expression of DNA transposons was reported in early embryos of several mam-
malian species, including bovine (Oomen et al., 2025). Expression of satellite
DNA, such as HSATII and ACRO1, was also demonstrated at the cleavage stage
embryos (Hendrickson et al., 2017) with the marked expression of most satellites
at the 4-cell stage human embryos (Yandlm & Karakiilah, 2019).

The studies described above present the relationship between mammalian
preimplantation embryos and repetitive DNA sequences. Although some of the
studies demonstrate the potential roles of transcripts derived from repeats, our
understanding of these transcripts in the context of early embryo development is
still limited.

2.7 Epigenetic regulation in preimplantation embryos

During preimplantation embryo development, drastic changes occur not only in
the transcriptome but also in the epigenome, which is the state of the genome,
characterized by chemical modifications to the DNA and histone proteins, along
with the chromatin structure and high-order genome organization. In an analogy,
the epigenome was regarded as an electrical licensor, whose correct setup is needed
for the electrical switch to function, just as a properly configured epigenome is
required for transcription or EGA to occur (Zou et al., 2024).
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2.7.1 Mouse

Histone H3 K4 tri-methylation (H3K4me3), a histone modification mostly indi-
cative of transcriptional activity (Ruthenburg et al., 2007), is typically found as
sharp peaks in the promoters, enriched at their CpG-rich regions. In mice,
uncommon broader H3K4me3 peaks, referred to as non-canonical H3K4me3
(ncH3K4me3), were observed not only in MII oocytes but also in maternal alleles
of zygotes and early 2-cell stage embryos, which were replaced by canonical
H3K4me3 following major EGA at the late 2-cell stage, but not in the presence
of a-amanitin (B. Zhang et al., 2016). Allelic reprogramming was also observed
for the paternal genome, which depleted its H3K4me3 peaks genome-wide fol-
lowing fertilization, keeping this epigenetic state until major EGA (B. Zhang
et al., 2016). The paternal allele of the genome regained the H3K4me3 peaks at
post-EGA stages in a similar profile observed in somatic cells (B. Zhang et al.,
2016), demonstrating the relationship between epigenetic reprogramming and
EGA.

Histone H3 K27 tri-methylation (H3K27me3) is another histone modification
deposited by Polycomb repressive complex 2 (PRC2), a member of Polycomb
group (PcG) proteins (Lanzuolo & Orlando, 2012). H3K27me3 is typically found
at promoters with strong enrichment in somatic cells, in late blastocysts and post-
implantation embryos in mice (Zheng et al., 2016). These canonical H3K27me3
profiles were also shown to exist in sperms, but they were globally lost in the
promoters and distal regions of the paternal genome after fertilization (Zheng
et al., 2016). Similar H3K27me3 depletion was also observed at the promoters
but not at the distal regions of the maternal genome (Zheng et al., 2016).
These distal regions with H3K27me3 mark were referred to as non-canonical
(ncH3K27me3) (Q. Xu & Xie, 2018). Unlike H3K4me3 reprogramming
(B. Zhang et al., 2016), the reset of H3K27me3 profiles during early development
was found not to be dependent on EGA (Zheng et al., 2016).

Assay for Transposase-Accessible Chromatin with high-throughput sequencing
(ATAC-seq) analysis in mice embryos following minor but before major EGA
showed globally low-intensity permissive chromatin with the exception of loci
with murine endogenous retrovirus L (MERVL), where the strongest ATAC-seq
enrichment was observed (J. Wu et al., 2016). These accessible regions in the
proximity of MERVLs, which produce transcripts with non-definitive 3° ends,
disappeared upon blocking minor EGA, resulting in a state similar to post-EGA
stages (J. Wu et al., 2016). The function of this promiscuous transcription of
MERVLs confined to pre-minor EGA stages in mice is yet to be understood.
Following major EGA, global repressive chromatin was observed with open
chromatin getting restricted to enhancers and promoters of developmentally
regulated genes, correlating with their expression (J. Wu et al., 2016). Allelic
analysis of open chromatin revealed similar accessible regions in both parental
genomes after EGA, with a minor portion of the genome following allele-specific
chromatin accessibility (J. Wu et al., 2016).

34



2.7.2 Drosophila and Zebrafish

In Drosophila melanogaster, Zelda, a maternal factor with a major role in EGA,
reduces nucleosome occupancy at regions where it binds, allowing enhancer-
containing DNA regions wrapped around nucleosomes to become accessible and
aid transcription (Sun et al., 2015). Opening of Zelda-bound regions is thought to
induce the expression of the very first set of zygotic genes (Schulz et al., 2015).

In zebrafish (Danio rerio), both sperm and oocytes showed canonical H3K4me3
and H3K27me3 profiles, but they differed in terms of DNA methylation status of
their putative enhancers (B. Zhang et al., 2018), with the former exhibiting a fully
methylated pattern and the latter showing typical partial methylation of distal
regulatory regions (Stadler et al., 2011). Following fertilization, enhancers also
became hypermethylated (B. Zhang et al., 2018). Regarding acetyl histone modi-
fications, histone H3 K27 acetylation (H3K27ac) peaks found at promoters in
gametes were retained in pre-EGA embryos, whereas those found at enhancers in
gametes were lost soon after fertilization, indicating a loss of epigenetic memory
(B. Zhang et al., 2018). Promoters with H3K27ac peaks kept during pre-EGA
embryos were referred to as primed because of accompanying DNA hypomethy-
lation and histone variant H2AFV (Murphy et al., 2018), signs of a permissive
chromatin state. Based on these findings, a proposed model suggests that primed
promoters found in pre-EGA embryos resolve into either active or repressed
promoters upon EGA (B. Zhang et al., 2018).

2.7.3 Human

Open chromatin analysis using human three pronuclei (3PN) zygotes, which are
abnormal embryos with three sets of chromosomes, revealed high and low
accessibility regions at CpG-rich and CpG-poor promoters, respectively (J. Wu
et al., 2018). A correlation between promoter openness and both gene expression
and CpG density was observed (J. Wu et al., 2018). This is in line with the hypo-
thesis that suggested mammalian CpG-rich promoters were key elements in
allowing Pol II to perform transcription (Fenouil et al., 2012). ATAC-seq peaks
found at the distal regions in a stage-specific manner were enriched in TF motifs,
allowing the identification of DUX4 as a minor EGA factor and GSC, PITXI,
TFAP2C, and GATA proteins as major EGA factors (J. Wu et al., 2018). A not-
able finding of this analysis was the widespread open chromatin observed at the
2-cell stage, with the majority of the distal peaks overlapping DNA hypomethy-
lated domains at human oocytes (J. Wu et al., 2018), a modification strongly
correlated with open chromatin. It suggests that these distal ATAC-seq peaks are
inherited from the oocyte to the 2-cell stage. The finding that 86% of promoter
ATAC-seq peaks at the 2-cell stage were also found at the 8-cell stage, although
these loci were only expressed during the latter suggests that pre-EGA embryos
establish a primed chromatin state, where TFs and transcriptional machinery
remain ready for activation with access to DNA and initiate transcription during
EGA (J. Wu et al., 2018). Pre-EGA distal ATAC-seq peaks were lost following
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EGA, whereas CpG-rich promoter ATAC-seq peaks remained, with the overall
changes in open chromatin during EGA being dependent on transcription (J. Wu
et al., 2018).

H3K4me3 modifications were observed as canonical strong peaks at pro-
moters, as opposed to ncH3K4me3 seen in mice (B. Zhang et al., 2016), both in
GV and MII human oocytes, which spread to distal CpG-rich and hypomethylated
regions after fertilization in pre-EGA human embryos (Xia et al., 2019). Half of
these promoters with strong H3K4me3 peaks were activated at the 8-cell stage,
while the other half were inactivated following EGA (Xia et al., 2019). Increased
H3K4me3 and open chromatin at the 4-cell stage were described as priming the
genome for EGA, which is then resolved at the 8-cell stage (Xia et al., 2019).
Similar priming was also described at distal regulatory regions, including
enhancers, where sites with H3K4me3 and open chromatin at the 4-cell stage
were either marked by H3K27ac and remained active after EGA or became
marked by H3K27me3 and remained poised for potential future activation (Xia
et al., 2019). This epigenetic transition, referred to as priming-resolving, was
dependent on transcription (Xia et al., 2019), demonstrating the interconnectedness
of epigenetic and transcriptomic changes during human early embryo development.

H3K27me3, which is found at the promoters of developmental genes (Schwartz
& Pirrotta, 2007), was seen at human oocytes but globally lost at the 8-cell stage
embryos (Xia et al., 2019). Global depletion of H3K27me3 was delayed on the
maternal allele, which still retained H3K27me3 marks present in oocytes at the
2-cell stage, whereas those from sperm were already lost at the same stage (Xia
etal., 2019).

Profiles of cytosine methylation at the CpG dinucleotides go through dynamic
changes during early embryo development. An early study that was based on
reduced representation bisulfite sequencing (RRBS) showed global erasure of
methyl marks from the paternal genome (Smith et al., 2014). However, RRBS
can detect 5-10% of the CpG dinucleotides in the genome, requiring a method
with better coverage, such as whole genome bisulfite sequencing (WGBS). WGBS
demonstrated that high methylation levels of the human gametes were lost at the
blastocyst stage, primarily in the paternal and, to a lesser extent, in the maternal
genome (Okae et al., 2014). The exceptions to this demethylation event were
observed at the imprinted differentially methylated regions (DMRs) and gene
bodies, as well as at repeat sequences (Okae et al., 2014). A more advanced tech-
nique, single-cell DNA methylome sequencing, revealed de novo DNA methy-
lation at numerous genomic loci along with previously observed genome-wide
methylation (P. Zhu et al., 2018), which is a phenomenon also observed in rhesus
monkey preimplantation embryo development (F. Gao et al., 2017). De novo
methylation occurring at thousands of genomic sites during human early embryo
development was transient, lost at the blastocyst stage, and happened in two
waves, one of which coincided with human EGA (P. Zhu et al., 2018). De novo
methylation at the time of EGA might be a strategy of the embryo to prevent the
firing of non-EGA genes, as inactive promoters are known to be hyper-
methylated. To better distinguish the differences in maternal and paternal genome
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methylation patterns, single-cell DNA methylome sequencing was performed on
uniparental embryos, namely, gynogenetic and androgenetic human blastocysts
(J. Xu et al., 2021). Androgenetic blastocysts, which carry genetic material only
from the father, showed a greater loss of global methylation at CpG dinucleotides
as compared to the gynogenetic blastocysts, embryos with genetic contribution
coming only from the mother (J. Xu et al., 2021). This finding provides another
level of evidence for the greater demethylation the paternal methylome under-
goes. Overall, these findings suggest a dynamic balance with gains and losses of
the methyl group throughout preimplantation development.

2.7.4 Bovine

Early immunostaining experiments for 5-methyl cytosine showed unequal signals
between the parental pronuclei, with the paternal pronuclei lacking a DNA
methylation signal (Lepikhov et al., 2008). WGBS analysis of in vivo and in vitro
bovine developmental stages identified two main groups. One group contained
sperm with overall high DNA methylation profiles, whereas the other contained
oocytes and embryos, which had low levels of methylation (Duan et al., 2019).
The contrast in DNA methylation status between the sperm and embryos is due
to the global demethylation, which occurs after fertilization and continues until
the 8-cell stage. Following major EGA, a two-fold increase of global DNA
methylation signal was detected. The DNA methylation around the TSS across
all stages was low, in line with the general unmethylated states of promoters. In
the human genome, early estimates pointed to around 60% of promoters being
associated with CpG islands, most of which do not exhibit dynamic changes and
are always unmethylated except for those that show tissue-specific methylation
(Bernstein et al., 2007). Therefore, as authors also pointed out, the global DNA
methylation dynamics presented in this study across bovine developmental stages
reflect mostly the noncoding regions (Duan et al., 2019). Notably, immuno-
staining for H3K9me?2, which is thought to protect against DNA demethylation
(Rose & Klose, 2014), showed signal in the maternal but not in the paternal
pronucleus (Lepikhov et al., 2008).

Open chromatin landscape of bovine preimplantation stages showed a notable
change from the 4-cell to 8-cell stage in terms of ATAC-seq peaks, indicating
chromatin relaxation possibly to enable major EGA (Halstead et al., 2020).
Overall chromatin opening progressed between the 2-cell and morula stages, with
many peaks confined to a single stage and some cumulatively observed across
consecutive stages. Halstead et al. (2020) found that chromatin remodeling
requires transcription, as they did not observe chromatin remodeling in the absence
of transcription. This suggests that a reciprocal relationship may exist between
transcription and chromatin remodeling, indicating a potentially interdependent
mechanism.

Immunostaining for H3K4me3 demonstrated a speckled pattern in the paternal
pronucleus (Lepikhov et al., 2008), whereas the signal in the maternal pronucleus
was more spread. In contrast, an independent immunostaining of H3K4me3
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showed signal only for the maternal pronucleus (L. Yang et al., 2025). Higher
resolution of H3K4me3 profiling across several bovine developmental stages was
also performed (Lu et al., 2021; C. Zhou et al., 2023). Similar to mouse oocytes
(B. Zhang et al., 2016), ncH3K4me3 signals were also observed in bovine oocytes
(Lu et al., 2021) as well as in bovine pre-EGA stages (C. Zhou et al., 2023).
Following major bovine EGA, broad ncH3K4me3 peaks were replaced by
canonical narrow H3K4me3 peaks (C. Zhou et al., 2023).

Interestingly, profiling of H3K27ac also revealed broad peaks for bovine pre-
EGA stages, but the signal intensity was much less compared to H3K4me3
(C. Zhou et al., 2023). Histone H3 K9 tri-methylation (H3K9me3) signals were
mostly observed at gene bodies prior to bovine major EGA, after which intergenic
signals were detected (C. Zhou et al., 2023). Notably, immunostaining for
H3K9me3 and H3K27me3 showed signal only in the maternal pronucleus of a
bovine IVF zygote (L. Yang et al., 2025). H3K27me3 profiling showed an inter-
genic distribution in oocytes, followed by an intragenic distribution in pre-EGA
stages, and again an intergenic distribution in post-EGA stages (C. Zhou et al.,
2023). The post-EGA stages, which showed increased intergenic H3K27me3
genome coverage (C. Zhou et al., 2023), exhibited higher global signal intensity
than the pre-EGA stages in H3K27me3 immunostaining (C. Zhou et al., 2019).
Furthermore, the reported loss of H3K27me3 signal in the 4-, 8-, and 16-cell
stages (Lu et al., 2021) was suggested to result from the low number of cells used
in the experiment rather than biological effects (C. Zhou et al., 2023). These
studies show that the epigenome during early development is highly dynamic and
its relationship with early cellular processes is yet to be explored.

2.8 Roles of PRD-like homeobox genes in preimplantation
embryo development

2.8.1 Homeobox genes

Homeobox genes belong to a gene superfamily (Holland, 2013), which typically
contains a 180-bp sequence, coding for a homeodomain with a length of 60 amino
acid. This length can range from a minimum of 54 to a maximum of 97 amino
acids in length (Burglin, 1994). While the homeobox gene was initially dis-
covered in Drosophila melanogaster (McGinnis et al., 1984), it was shown later
to exist in the genomes of all metazoans, including vertebrates, plants, and fungi
(Gehring et al., 1994). Even protists were shown to contain genes encoding
homeodomain (Biirglin, 2011; Derelle et al., 2007). Homeobox gene superfamily
is ancient and arose earlier than the evolutionary divergence of animals, plants,
and fungi (Ryan et al., 2006). Some homeobox genes can be organized in the
genome in clusters such as the HOX cluster, a group of genes regulating body
axis formation, and can be present as a single cluster or multiple clusters
depending on the clade (Biirglin, 2011). Although many extensively studied
homeobox genes were identified as homeotic genes, which are involved in body
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patterning, homeobox and homeotic are distinct terms (Biirglin, 2011). The former
describes a genomic sequence feature, whereas the latter describes a function
during development. Functions beyond the homeotic roles for homeobox super-
family genes have been defined (Biirglin, 2011). Indeed, homeobox genes are
mostly known for their roles in embryo development and differentiation through
modulating gene expression as they encode transcription factors (TFs) with
DNA-binding abilities. This ability is facilitated by the homeodomain that is com-
posed of three alpha helices. Nuclear magnetic resonance and X-ray crystallo-
graphy experiments show that helix 3 is responsible for the sequence-specific
DNA contacts and is hence also known as the recognition helix (Biirglin, 2011).
Position 50 of the homeodomain or position 9 of helix 3 has been shown to be
critical for sequence specificity, as its change to another amino acid altered the
homeodomain-recognized DNA sequence (Hanes & Brent, 1989). Positions 48
and 51 are tryptophan (W) and asparagine (N), and conserved in almost all
homeodomains (Biirglin, 2011).

2.8.2 Classification of homeobox genes

Thousands of homeobox genes were identified in various organisms among
metazoans (Biirglin, 2011) since the very first homeobox gene was discovered
(McGinnis et al., 1984). The more homeobox genes were identified, the more
variants of the homeodomain were discovered, which necessitated regular up-
dates on the classification of these genes (Biirglin, 2011; Biirglin & Affolter,
2016; Gehring et al., 1994; Holland, 2013; Holland et al., 2007). Classification
of the homeobox genes primarily relies on the phylogenetic trees generated by
comparing homeodomains (Biirglin & Affolter, 2016). A secondary factor for
their classification is the types of domains and motifs present in addition to
homeodomain (Biirglin & Affolter, 2016).

For gene classification, three main terms are generally used with the following
hierarchical order: superclass, class, and family (Holland, 2013). These terms
help understand the evolutionary history of homeobox genes, but for the usage of
these terms, there is no consensus, and it is possible to see slightly different classi-
fications for the same gene. For example, all homeobox genes as a whole can be
grouped under a superclass by some authors (Holland, 2013; Holland et al.,
2007), whereas others prefer grouping several homeobox gene classes under the
TALE superclass and do not categorize homeobox as a superclass (Biirglin &
Affolter, 2016). Nevertheless, similar homeobox gene classes were defined. One
of the initial comprehensive phylogenetic analyses described ten distinct homeo-
domain classes in animals (Ryan et al., 2006). Another study focusing on human
homeobox genes classified eleven homeobox gene classes (Holland et al., 2007).
A more extensive survey of homeobox genes described 16 homeobox gene classes:
ANTP, PRD, PRD-like, POU, HNF, CUT, LIM, ZF, CERS, PROS, SIX/SO, IRO,
MKX, TGIF, PBC, and MFEIS (Biirglin & Affolter, 2016). Some of these gene
classes contain only a few gene families, highlighting their conserved roles,
whereas some gene classes, such as ANTP and PRD, contain tens of genes,
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implying an expansion of gene number and possible diversification in their roles.
Eight gene families have been reported to be lost in humans but present in fruit
fly, indicating evolution of genes resulting in species-specific traits (Ryan et al.,
2000).

2.8.3 Classification of PRD and PRD-like class

One of the largest classes of homeobox genes is the Paired or PRD class. In the
proteins of this class, in addition to that of homeodomain, another helix-turn-helix
motif, indicative of a DNA-binding domain, was identified (Burri et al., 1989).
Later, its crystal structure in complex with DNA revealed one more helix-turn-
helix motif, resulting in the identification of PAI and RED subdomains located
in the N- and C-terminus of the PRD class proteins, respectively (W. Xu et al.,
1995). PAX (Paired-box) gene family is a known evolutionarily conserved
member of PRD class genes (B. Thompson et al., 2020).

A group of proteins with close similarity to the PRD class proteins based on
homeodomain primary sequence but without a PRD domain also exists. While
some classify these proteins under the PRD class (Holland, 2013; Holland et al.,
2007), others consider them as a separate class named PRD-like or PRDL (Biirglin,
2011; Biirglin & Affolter, 2016). As opposed to PRD class with three helix-turn-
helix motifs, PRDL class proteins contain one or two helix-turn-helix motifs,
either of which is formed by the homeodomain but not a separate domain. Those
who consider PRD as a broader class describe three families based on the residue
at position 50 of the homeodomain: S50- or Pax-, K50-, and Q50-type (Galliot et
al., 1999). On the other hand, those who consider PRDL as a distinct class classify
it based on the absence of a serine residue at position 50 (Biirglin, 2011). In this
case, the K50-, and Q50-type proteins fall under the PRDL class (Katayama et al.,
2018). The presence of an R-type (Yasar et al., 2024) PRDL protein was also
shown. It is thought that the fusion of an ancestral Q50-type PRDL gene with a
gene containing a PRD domain-encoding sequence gave rise to the PAX gene
family following a Q50 to S50 transition (Galliot et al., 1999).

2.8.4 PRD-like class transcription factors from an
evolutionary perspective

One of the initial reports on the evolution of PRDL class genes revealed four
genes belonging to this family and named them: ARGFX, DPRX, TPRXI, and
DUXA (Booth & Holland, 2007). Although initial evidence suggested the pre-
sence of a pseudogene called TPRX2P in the human genome (Booth & Holland,
2007), later experimental evidence (Madissoon et al., 2016) supported its desig-
nation as TPRX2. Expression of these four genes in human germ cells suggested
their involvement in processes related to reproduction (Booth & Holland, 2007).
Two other members of PRDL homeobox genes, DUXB and LEUTX, were
discovered and named in a separate study (Holland et al., 2007). No orthologues
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of these six genes were found in the mouse genome (Booth & Holland, 2007;
Holland et al., 2007; Royall et al., 2018; Zhong & Holland, 2011). In bovines,
DPRX (Maeso et al.,, 2016) and DUXB (Leidenroth & Hewitt, 2010) were
identified as pseudogenes. In addition, an extra TPRX gene, named TPRX3, was
identified in the bovine genome (T. D. Lewin et al., 2021). An example of a
PRDL homeobox gene that is found in the genomes of humans, bovines, and mice
is NOBOX, which was first identified in growing oocytes and was attributed a
role in folliculogenesis (Suzumori et al., 2002). Because of their suggested role
in early embryo development, a subset of PRDL class homeobox genes, specifi-
cally, ARGFX, DPRX, LEUTX, and TPRX, were categorized under a single term
and are collectively referred to as the Eutherian Totipotent Cell Homeobox
(ETCHbox) genes (Maeso et al., 2016).

Although homeobox genes are highly conserved, an exception was noted for
highly divergent ETCHbox genes (T. D. Lewin et al., 2021). Gene duplication of
CRX, another homeobox gene, followed by sequence evolution, is suggested to
have given rise to the ETCHbox genes (Maeso et al., 2016). Notably, an Alu
element overlapping with an exon of ARGFX was identified in humans (Booth &
Holland, 2007). This exon is thought to emerge via the exonization process (G. Li
& Holland, 2010), which occurs through the accumulation of mutations at Alu
elements, resulting in functional splice sites (Gal-mark et al., 2008). Bovine
ARGFX has one less exon than human ARGFX, which is likely because of the
exonization mediated by primate-specific Alu elements (Kriegs et al., 2007).

2.8.5 DUX family genes

DUX family genes are thought to be derived from a single homeobox DUX
(sDUX) gene, found in organisms such as opossum, wallaby, and platypus
(Leidenroth & Hewitt, 2010). Duplication of sDUX in placental mammals gave
rise to DUXA, DUXB, DUXC, and Duxbl, all of which are considered paralogous
as they arose through gene duplication (Clapp et al., 2007). Duxb! is specific to
rodents, but remnants of homologous sequences can be found in other placental
mammals (Leidenroth & Hewitt, 2010). These paralogous genes contain introns,
but DUX genes without any introns also exist (Figure 10).

The emergence of intronless DUX4 and Dux is hypothesized to be the result
of two separate retrotransposition events (Leidenroth & Hewitt, 2010). DUXA
was initially proposed as the origin of DUX4 (Booth & Holland, 2007). In another
study, either DUXC or Duxb! was suggested to be the ancestor of DUX4 (Snider
et al., 2010). Subsequent evidence presented stronger support for DUXC as the
source of these retrotransposition events. Retrotransposition or retroposition is
the mechanism by which a gene is duplicated through the reverse transcription of
an mRNA derived from the gene to be duplicated (Kaessmann et al., 2009). Retro-
transposed genes are generally considered nonfunctional unless the genomic
integration site allows nearby promoter acquisition, rendering them retrogenes
(Holland et al., 2007). Since the presence of mRNA synthesized from the gene
that is retroposed is required at the time of retrotransposition, and because this
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event must occur in germ cells for the altered genetic information to be passed
down, DUXC is expected to be expressed in oocytes and/or sperm cells. In
connection with this, DUXC expression has been demonstrated in canine testis
(Snider et al., 2010). Whether the full-length DUXC mRNA is synthesized in
germ cells is yet to be confirmed.

| Intron-containing | Intronless

DUXA
homeobox
duplication DUXB paralogs of
—> each other
DUXC
| \ DUX
\ J

N
2 separate retrotransposition events

Figure 10. Evolution of DUX genes. This figure was created in BioRender. Yasar, B.
(2026) https://BioRender.com/9k0s08q.

An initial model suggested that DUXC and DUX4 were present in a common
ancestor (Clapp et al., 2007). However, with the availability of improved genome
assemblies, this model was updated, proposing only DUXC as the gene found in
the common ancestor of DUX4, DUXC, and Dux (Leidenroth et al., 2012). DUXC
and DUX4 are mutually exclusive across placental mammal genomes, suggesting
that they act as counterparts in different organisms. Similarly, Dux is thought to
be the rodent equivalent and does not co-exist in the genome with either DUXC
or DUX4 (Leidenroth et al., 2012).

There are two main lines of evolutionary evidence supporting the functional
similarity of DUXC and DUX4 (Leidenroth & Hewitt, 2010). First, the C-terminal
domains of both proteins are conserved across placental mammals based on
alignments of their primary protein sequences. Second, a maximum likelihood
tree generated using homeodomains forms a distinct branch for DUX4 and
DUXC, away from DUXA, DUXB, DUXBL, and DUX.

Both DUXC and DUX4 are found in multiple tandem copies, with the genomic
region containing DUX4 specifically referred to as the D4Z4 array. Even though
homologous sequences of the D474 array have been identified in primates, no
homologues have been found in more distantly related species, including bovine
(Clapp et al., 2007). The reason for this is likely the introns that are present in
DUXC but not in DUX4. Furthermore, since retrotransposition results in the birth
of retrogenes at positions unrelated to their original locus, no syntenic relation-
ship is retained between such genes, including DUX4 and DUXC.
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2.8.5.1 History of DUX4

DUX4 ORF was, for the first time, predicted in the D4Z4 array of a facioscapulo-
humeral muscular dystrophy (FSHD) patient in 1999 (Gabriéls et al., 1999).
Several years before this finding, investigations on the D474 locus in humans had
already begun (Deutekom et al., 1993; Hewitt et al., 1994; Wijmenga et al., 1992),
which enabled its characterization and ultimately made the identification of
DUX4 possible (Gabriéls et al., 1999), see Figure 11. Human D4Z4 locus was
initially shown to be flanked by EcoRI restriction sites, whose excision released
a DNA fragment containing the entire D4Z4 array (Wijmenga et al., 1992). FSHD
was first characterized by the length of these cut out EcoRI fragments that showed
differential migration between healthy individuals and individuals with FSHD,
detected by Southern blot using a probe called p13E-11, annealing to one end of
this locus (Wijmenga et al., 1992). The length of the EcoRI fragments was found
to be shorter in FSHD patients (Wijmenga et al., 1992). The following year,
EcoRI fragments derived from random FSHD patients revealed a detailed map of
these fragments, revealing tandemly repeated internal 3.2 kb units, and the
sequence on the other end of the array was detected by Southern blot using a
probe called pLAM1 probe (Deutekom et al., 1993). p13E-11 and pLAMI1
nomenclatures commonly used in the literature for annotating the D4Z4 locus
originate from these early hybridization experiments. These sequences are likely
specific to humans and are inappropriate terms for the characterization of D474
homologues in non-primate species.

Sequencing of one D4Z4 tandem repeat led to the prediction of 12—100 inter-
nal repeat copies in this locus of healthy individuals (Hewitt et al., 1994). The
presence of two homeobox sequences in the D474 array was also reported, but
these were initially thought not to encode a protein (Hewitt et al., 1994). DUX4
was first identified and named after the sequencing of a DNA fragment containing
only two D4Z4 tandem repeats of FSHD patient origin, revealing a genomic
sequence of 13.5 kb in length (Gabri€ls et al., 1999). This study identified a
putative DUX4 promoter with TACAA and GC boxes. Mutating these motifs
reduced luciferase reporter expression, indicating their importance for DUX4
expression (Gabri€ls et al., 1999). In vitro transcription and translation assays
produced the DUX4 protein product that formed a dimer with a molecular weight
of 75 kDa (Gabriéls et al., 1999). However, this was an artificial way of producing
DUX4 mRNAs and proteins, and until 2007, the expression of DUX4 in a human
tissue had not been reported (Dixit et al., 2007), see Figure 11.
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Figure 11. Key findings on DUX4 in chronological order. This figure was created in
BioRender. Yasar, B. (2026) https://BioRender.com/kael40s.

The search for genes responsible for developing FSHD phenotype paved the way
for the identification of a specific allelic form of the D4Z4 locus associated with
this disease (Lemmers et al., 2002; Van Geel et al., 2002). The first cDNA cloning
of DUX4 was performed using primary myoblasts of FSHD patients and revealed
two isoforms of DUX4 with one or two introns, both of which were located
downstream of the DUX4 coding sequence (CDS) in exon 1 (Dixit et al., 2007).
The cloned DUX4 ¢cDNA was derived from the most distal D474 repeat unit,
extending into the downstream polyadenylation signal, which was thought to
mediate the manifestation of FSHD by stabilizing these DUX4 transcript isoforms
absent in control samples (Dixit et al., 2007; Snider et al., 2010). Later, an
SNP downstream of the last D4Z4 repeat was shown to contribute to the
polyadenylation-mediated stabilization of DUX4 transcripts in FSHD patients,
resulting in a toxic gain of function (Lemmers et al., 2010). Even though DUX4
expression was also observed in control human myoblasts, it was a short isoform,
unlike the full-length DUX4 detected in myoblasts derived from individuals with
FSHD (Snider et al., 2010). Interestingly, one in every thousand cultured FSHD
muscle cells was estimated to express full-length DUX4, whose ectopic expres-
sion in healthy human muscle cells caused apoptosis, unlike the short isoform of
DUXC (Snider et al., 2010).
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The finding that linked DUX4 with early development was made in 2009,
where the full-length isoform of DUX4 expression was shown through RT-PCR
in human embryonic stem cells (hESCs) (Snider et al., 2009). Using the same
experimental approach, human testis and induced pluripotent stem cells (iPSCs)
were later also shown to express the full-length isoform of DUX4 (Snider et al.,
2010). Earlier studies had focused more on the toxicity effect of DUX4, con-
sidering its connection with the FSHD manifestation (Bosnakovski et al., 2009;
Bosnakovski, Xu, et al., 2008) until results supporting its early developmental
role were reported. Specifically, DUX4 was found to activate retroelements
and early embryonic genes such as TPRXI and ZSCAN4 (Geng et al., 2012).
DUX4 binding motif identified by chromatin immunoprecipitation followed by
sequencing (ChIP-seq) was shown to be bound directly by DUX4 using electro-
phoretic mobility shift assay (EMSA) (Geng et al., 2012). Detecting the expres-
sion of its target genes in vivo in human testis demonstrated the biological
relevance of DUX4 activity, identifying it as a transcriptional activator in the
context of early development and as a gene misexpressed in the context of FSHD
pathophysiology (Geng et al., 2012). Following these reports that suggest a link
between DUX4 and early development, analyses of RNA-seq datasets derived
from preimplantation human embryos demonstrated the first direct evidence for
the role of DUX4 in EGA, as presented in 2017 by two distinct published studies
(Delaco etal.,2017; Hendrickson et al., 2017) and a work submitted as a preprint
(To6honen et al., 2017). Identification of DUX4 binding motifs in the promoters
of cleavage stage genes (De laco et al., 2017; Hendrickson et al., 2017), the acti-
vation of DUX4 target genes (J. M. Whiddon et al., 2013) in early embryos, and
the activation of EGA genes in DUX4-overexpressed hESCs (De Iaco et al., 2017)
suggested that DUX4 drives early embryo development by functioning as a
transcriptional activator. Direct activation of a cleavage stage gene ZSCAN4 by
DUX4 was also demonstrated using luciferase reporter (Hendrickson et al.,
2017). Furthermore, evidence for the DUX4-mediated activation of human endo-
genous retroviruses (HERVs) (Hendrickson et al., 2017; J. L. Whiddon et al.,
2017), a definitive feature of cleavage stage human embryos (Goke et al., 2015),
was provided. Immunostaining analysis of early human embryos supported prior
findings with protein-level data and revealed nuclear enrichment of endogenous
DUX4 protein in the 2- and 4- but not 8-cell stage, suggesting its main activity
prior to or during EGA (Vuoristo et al., 2022). Furthermore, pulsed induction of
DUX4 expression reprogrammed hESCs to an 8-cell-like stage (Yoshihara et al.,
2022). These functional experiments support the role DUX4 plays in driving
human EGA.

The findings summarized here present a sequence of publications in a chrono-
logical order to demonstrate how DUX4, which was traditionally researched in
the context of the human disease FSHD, later turned out to be a critical player in
human preimplantation embryo development and became the focus of develop-
mental biology research.
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2.8.5.2 DUX4 mRNAs and proteins in early human embryos

DUX4 is expressed only within the first 48 hours of embryo development, but it
initiates various transcriptional programs that its effect continues after its
transcription halts (Vuoristo et al., 2022). A similar effect of DUX4 was also ob-
served in multinucleated FSHD myotubes, where DUX4 is initially found in only
a few nuclei, diffuses into neighboring nuclei, and activates its target genes that
remain detectable even after DUX4 becomes undetectable (Rickard et al., 2015).

During human early embryo development, the peak expression of DUX4 was
observed at the zygote stage (Vuoristo et al., 2022) but an earlier report showed
the highest DUX4 expression at the 4-cell stage (Hendrickson et al., 2017). The
former relied on an RNA-seq dataset prepared with a 5’-end-based method
(T6honen et al., 2015), while the latter utilized a 3’-end-based method (Yan et al.,
2013). In addition, quantification of the latter did not benefit from spike-in
normalization unlike the former. The transcriptome in early developmental period
is highly dynamic due to maternal mRNA degradation as well as cell divisions,
which halve the volume of blastomeres and their cellular content (T6honen et al.,
2015). Therefore, strategies such as the equal addition of exogenous RNA to each
sample for normalization of measured transcripts help prevent biases arising from
this dynamic nature of early embryonic development and provide more reliable
quantification. Furthermore, methods that mitigate additional biases (Boskovic
et al., 2023), such as PCR duplication through the use of UMIs (Kivioja et al.,
2012), may further increase the quantification accuracy and enable better tran-
scriptome characterization.

DUX4 proteins detected by antibody staining showed elevated signals at the
2- and 4-cell stage with a clearance at the 8-cell stage (Vuoristo et al., 2022). The
knockdown of DUX4 in 3PN human zygotes, which was confirmed by a sharp
decrease in DUX4 antibody staining, neither caused major changes in the tran-
scriptome of early embryos nor embryonic arrest (Vuoristo et al., 2022).

2.8.5.3 DUX4 and repeat elements

Induction of DUX4 expression in human primary myoblasts followed by ChIP-
seq revealed DUX4 binding sites in the mammalian apparent LTR-Retro-
transposons (MaLRs) (Geng et al., 2012). MaLRs or ERVL-MalLRs are traces of
ancient retroviral infections and fall under the non-autonomous LTR retro-
transposons (Liao et al., 2023; Smit, 1993). Direct binding of DUX4 to ERVL-
MaLR elements was confirmed by EMSA (Geng et al., 2012). In line with this,
enhancer-like regions activated by DUX4 were shown to contain ERVL-MaLR
elements (Vuoristo et al., 2022). Enhancer activation by DUX4 was validated
using CRISPR activation that targets ERVL-MaLR elements-containing enhancer
region of ZSCAN4 (Vuoristo et al., 2022), a known target gene of DUX4 (Geng
et al., 2012). Reanalysis of an earlier ChIP-seq dataset (Geng et al., 2012) with a
newer genome assembly revealed that approximately two-thirds of all DUX4
binding sites were in a repetitive element, with one-third overlapping with

46



ERVL-MaLR elements (J. M. Whiddon et al., 2013). DUX4-bound repetitive
elements were more conserved than the flanking sequences among placental
mammals and primates, indicating the functional importance of these nucleotide
positions (J. M. Whiddon et al., 2013). Satellite repeat family, such as HSATII
subtype, was enriched among DUX4 binding sites, and DUX4-mediated tran-
scription of HSATII was demonstrated (J. M. Whiddon et al., 2013). Similarly,
expression of ACRO1 and HSATII satellite repeats was observed in cleavage
stage embryos as well as in DUX4-overexpressed cells (Hendrickson et al., 2017).
Bidirectional expression of HSATII was confirmed by RNA fluorescence in situ
hybridization (RNA-FISH) in DUX4-expressing myoblasts (Shadle et al., 2019).
An overlap of HSATII RNA-FISH signal and immunofluorescence from double-
stranded RNA (dsRNA) antibody in the nucleus was reported, implying the for-
mation of a nuclear foci composed of dsRNAs as a result of HSATII expression
(Shadle et al., 2019). Sequencing of DUX4-induced nuclear dsRNAs after their
pull-down proved the presence of dsRNAs (Shadle et al., 2019). Demonstrating
the presence of dsRNAs was enabled by dsRNA editing mediated by ADAR
enzymes in the cell, resulting in the detection of A-to-G mismatches between the
RNA-seq read and reference genome at positions where ADAR enzymes edited
adenine to inosine (Bahn et al., 2012). ADAR-edited dsRNAs were also detected
in early embryos with endogenous DUX4 expression (Shadle et al., 2019), sug-
gesting that it is a molecular event occurring during normal embryo development.

2.8.5.4 DUX4 and nonsense-mediated mRNA decay

One of the pathways through which RNA gets degraded is the nonsense-mediated
mRNA decay (NMD) pathway (Lykke-Andersen & Jensen, 2015). RNA iso-
forms with a premature stop codon positioned upstream of splice junctions are
good substrates for the NMD pathway (Lykke-Andersen & Jensen, 2015). DUX4
was shown to inhibit NMD, causing levels of such RNA isoforms to rise,
including its own RNA, which was identified as an NMD substrate (Feng et al.,
2015). One component of NMD pathway is UPF1 (L. Huang et al., 2011). A time
course experiment showed a reciprocal decrease of UPFI in response to an
increase of DUX4 protein levels after its induced expression (Feng et al., 2015).
DUX4-mediated UPF1 degradation was proteasome-dependent and proposed to
be the route by which DUX4 inhibited NMD (Feng et al., 2015). Inhibition of
NMD has also been linked to nuclear dsSRNA foci that form in response to DUX4.
One NMD factor, the exon junction complex component EIF4A3, was suggested
to be sequestered by these dsRNA foci, contributing to NMD inhibition (Shadle
etal., 2017).
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2.8.5.5 Toxicity of DUX4

The toxicity of DUX4 was initially reported through its ectopic expression in
multiple cell lines (Kowaljow et al., 2007). The same effect was also shown in
mouse myoblast cells, in which DUX4 repressed genes that regulates glutathione
redox pathways (Bosnakovski, Xu, et al., 2008). Byproducts created by cellular
respiration are normally reduced by antioxidants, components of glutathione
redox pathways, preventing oxidative stress. DUX4 expression was proposed to
make cells more vulnerable to oxidative stress, contributing to cell toxicity, as
stress-inducing agents showed more cell death in DUX4-expressing cells than
controls, which was reversed by the addition of antioxidants (Bosnakovski, Xu,
et al., 2008). Notably, dual induction of DUX4 with either mouse Pax3 or Pax7
rescued the toxicity caused by DUX4 (Bosnakovski, Xu, et al., 2008). In vivo
toxic effect of DUX4 was demonstrated by introducing its mRNA into the
developing zebrafish embryos (Mitsuhashi et al., 2013). Interestingly, injection
of DUX4 mRNA encoding a C-terminal domain (CTD)-truncated form of DUX4
did not show the same effect, indicating that the DUX4 CTD is responsible for
the toxicity (Mitsuhashi et al., 2013). Similarly, induction of DUX4c, which is an
OREF located 42 kb upstream of the D4Z4 locus with an inverted orientation and
encodes the same protein as DUX4, but with a truncated C-terminus, did not result
in cytotoxicity (Bosnakovski, Lamb, et al., 2008). A correlation was observed
between the CTD-mediated transcription activation capacity and the toxicity
(Choi et al., 2016). High-throughput screen of 44,000 small molecules to prevent
DUX4-mediated cell death showed that most of the candidate compounds
protected against cytotoxicity by enhancing the ability of cells to combat
oxidative stress (Bosnakovski et al., 2014). DUX4 toxicity was shown to be
dependent on p53 (Wallace et al., 2011), which was later confirmed in a different
experimental setting (Feng et al., 2015). Conversely, in other cell types, the
toxicity effect was not dependent on p53, indicating cell-type specific regulation
(Shadle et al., 2017).

MYC and dsRNA defense pathways were identified after a small interfering
RNA (siRNA) screen targeting about 7,000 genes in the rhabdomyosarcoma cell
line with induced DUX4 expression aimed to find partners, together with DUX4,
that contribute to cytotoxicity (Shadle et al., 2017). MYC is a known inducer
of apoptosis or programmed cell death pathway (McMahon, 2014). DUX4
stabilized MYC mRNAs, likely as a result of NMD inhibition, which in turn
upregulated pro-apoptotic genes such as BCL2L11, resulting in cell death, a
phenotypic outcome of cytotoxicity (Shadle et al., 2017). Antibody against
dsRNAs showed signal in some but not all nuclei of DUX4-expressing cells,
probably due to asynchronous expression of ectopic DUX4 (Shadle et al., 2017).
Therefore, another possible route for cell death was thought to be mediated by
the antiviral defense pathway activated through nuclear dsRNA, which is a
typical signal for viral infection (Shadle et al., 2017). Since apoptosis can be a
part of a developmental process, as observed in organs such as testis (Snider et al.,
2010; J. M. Whiddon et al., 2013) and thymus (Das & Chadwick, 2016), where
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DUX4 expression was observed, it was suggested that one of the normal functions
of DUX4 could be mediating apoptosis (Shadle et al., 2017). Another link
between DUX4 and toxicity was formed through HSATII, whose knockdown
resulted in reduced DUX4-mediated dsRNA and toxicity (Shadle et al., 2019).
Moreover, DUX4 caused impaired DNA repair through expression of HSATII,
which scavenged the complex composed of KDM2A/B and PRC1, causing global
loss of H2AK119UD signal and the prevention of 53BP1 recruitment, a protein
responsible for DNA repair (Arends et al., 2024).

A link between the DUX4-mediated cytotoxicity and NMD was suggested
(Campbell et al., 2023). Translation of isoforms with premature termination
codons that would normally be degraded by NMD resulted in the accumulation
of truncated proteins, many of which were RNA-binding proteins (RBPs) with a
potential toxicity effect (Campbell et al., 2023). This effect was experimentally
validated for one of the truncated RBPs, specifically SRSF3 (Campbell et al.,
2023), proposing another route through which DUX4 exerts its cytotoxicity.

Forced continuous expression of DUX4 results in toxicity, but in early
embryos, it is transiently expressed (De laco et al., 2017; Hendrickson et al.,
2017; Vuoristo et al., 2022). To observe the toxicity of DUX4, whose expression
was intended to mimic the early embryonic period, a 4h to 6h pulse of DUX4
expression was induced in a myoblast cell line, causing a moderate level of cell
death (Resnick et al., 2019). Similarly, the cytotoxic effect of DUX4 was mostly
overcome when a pulse of 15 min DUX4 expression was induced in hESCs
(Yoshihara et al., 2022). However, constant or 1h induction of DUX4 in hESCs
caused a widespread cell death, with the 30 min induction improving cell survival
but not as much as the 15 min induction (Yoshihara et al., 2022). These results
suggest that the true biological relevance of DUX4 can be captured when its
expression is induced transiently, similar to its natural expression, which lasts
only a short period of time during early development. Furthermore, these findings
highlight that ectopic expression of DUX4 in distinct cell lines, such as undiffe-
rentiated hESCs and lineage-committed myoblasts, can lead to cytotoxic effects
to different extents, likely due to the distinct chromatin architecture of these cell

types.

2.8.5.6 The effect of DUX4 on translation

Comparison of DUX4-expressing myoblasts and controls uncovered distinct
changes at the protein and mRNA levels, suggesting the inefficient translation of
produced transcripts (Jagannathan et al., 2019). Methionine incorporation assay
confirmed that DUX4 caused a slowdown in protein translation (Jagannathan
et al.,, 2019). In another study, polysome profiling demonstrated a higher 80S
fraction and fewer polysomes in DUX4-expressing cells compared to controls
(Campbell et al., 2023), validating the earlier report. DUX4-mediated fragmen-
tation of the Golgi apparatus was also observed (Jagannathan et al., 2019). DUX4
was shown to suppress not only translation initiation but also elongation (Hamm
et al., 2023). The suppression of the former happens through dephosphorylation
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of 4E-binding protein 1 (4EBP1), which in its hypophosphorylated form se-
questers eukaryotic initiation factor 4E (eIF4E), while that of the latter occurs by
phosphorylation-mediated inhibition of eukaryotic elongation factor 2 (eEF2)
(Hamm et al., 2023). Polysome profiling and ribosome footprinting showed
mostly reduced polysome association and loss of 5’ ribosome occupancy in
DUX4-induced myoblast cells, respectively (Hamm et al., 2023). Those mRNAs
with increased polysome association, with multiple ribosomes sitting on these
RNAs, decreased in protein levels, indicating suboptimal translation machinery
(Hamm et al., 2023). While DUX4 was shown to inhibit translation, translation
of its target genes was not affected, which is thought to be because of the less
structured 5°-UTRs these genes have (Hamm et al., 2023). Such a translation
inhibition effect of DUX4 might be a modulating the translational machinery in
early embryos to prevent translation of maternal mRNAs until they are degraded.

2.8.5.7 C-terminal domain of DUX4

Immunoprecipitation of DUX4 followed by mass spectrometry revealed two
main gene activators as binding partners of DUX4: p300 and CBP (Choi et al.,
2016). DUX4 CTD, which is conserved with DUXC (Clapp et al., 2007), was
identified as an essential region for transcription activation and p300 interaction
(Choi et al., 2016). Identifying shared downregulated genes mediated by DUX4
and its CTD-truncated form suggested that CTD is only responsible for activation
but not repression activity of DUX4 (Choi et al., 2016). Additional evidence for
the connection of DUX4 and transcriptional machinery came from a study in
which DUX4 binding partners were identified (Vuoristo et al., 2022). Several
subunits of the multisubunit Mediator complex, which relays transcription acti-
vation signals from TFs to Pol II (X. Chen et al., 2021), were identified as
interaction partners of DUX4 (Vuoristo et al., 2022). Specifically, MED15 was
experimentally shown to be recruited through the KIX binding motif found in
DUX4 CTD (Vuoristo et al., 2022).

DUX4 binding sites were enriched with H3K27ac signals, which had a drop
in the center of its profile, indicative of nucleosome displacement (Choi et al.,
2016). Although many DUX4 binding sites showed nucleosome displacement
after DUX4 binding as a result of its pioneer activity, some of these sites were
already accessible prior to DUX4 binding (Choi et al., 2016), indicating that
DUX4 binds to both accessible and inaccessible regions in the genome. Notably,
pioneer activity for DUX4 was also suggested in another study (De laco et al.,
2017).

Two of the Ewing-like sarcoma patients contained translocation-mediated
DUX4 fusions, bringing the DUX4 C-terminus together with the high mobility
group (HMG) box protein CIC (Kawamura-Saito et al., 2006). The transcription
repressor activity of CIC was reversed, causing the activation of CIC target genes,
which indicates the capacity of the C-terminal region of DUX4 in transcription
activation (Kawamura-Saito et al., 2006). Moreover, co-immunoprecipitation
with DUX4 CTD revealed the top binding partner as STAT1 in DUX4-expressing
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myoblasts (Spens et al., 2023). The (L)LxxL(L) motif in DUX4 CTD was shown
to be responsible for binding to STAT1 and suppression of interferon-gamma-
stimulated genes, which was facilitated by preventing Pol II recruitment (Spens
et al., 2023).

2.8.5.8 Further characterization of DUX4

Upon induced expression of DUX4 in human myoblasts, expression of histone
variants H3.X and H3.Y was observed, and subsequent incorporation of these
histones at the DUX4 target genes increased the mRNA levels and sustained the
expression of DUX4 target genes (Resnick et al., 2019). Histone variants H3.X
and H3.Y were found to be more associated with euchromatin (Wiedemann et al.,
2010). It is possible that DUX4 not only mediates transcription activation directly
through its CTD but also indirectly by promoting relaxed chromatin with the help
of H3.X and H3.Y. Interestingly, immunofluorescence signals from H3.X/Y in
the 8- but not in 4-cell stage human blastomeres were also reported (Tauben-
schmid-Stowers et al., 2022). The relevance of this potential mechanism in early
embryos needs to be demonstrated experimentally.

In healthy muscle cells and iPSCs, the DUX4 locus was shown to be kept in a
repressed state by nucleosome remodeling deacetylase (NuRD) and chromatin
assembly factor 1 (CAF-1) (Campbell et al., 2018). Integration of MBD3L family
proteins into the NuRD complex was demonstrated to hinder its DNA binding
ability and reverse DUX4 repression, resulting in the expression of DUX4 in
FSHD muscle cells (Campbell et al., 2018). However, whether these findings are
also true in early embryo setting is yet to be investigated.

An association between DUX4 expression and cancer was also made. Analysis
of close to 10,000 samples of cancer showed expression of DUX4 in many solid
cancer types, including ovary, bladder, thymus, esophagus, kidney, breast, soft
tissue, lung, stomach, cervix, endometrium, and testicular germ cell cancer (Chew
et al., 2019). Of note, detected DUX4 levels in cancer samples ranged from two
to ten transcripts per million (Chew et al., 2019). Inability to previously identify
DUX4 as a cancer gene was thought to stem from its repetitive multi-copy nature,
making its detection challenging (Chew et al., 2019). DUX4 lowered major histo-
compatibility complex class I RNA expression (Chew et al., 2019) and translation
(Hamm et al., 2023), which was suggested to be a way of evading the immune
system in some cancers.

2.8.5.9 Human DUX4 homologue mouse Dux

An equivalent of human DUX4 in mouse is Dux, both of which were suggested
as the major driver of EGA (De laco et al., 2017). Similar to DUX4 (Vuoristo
et al., 2022), Dux is also expressed at the onset of major EGA and activates the
transcription of EGA-related genes (De laco et al., 2017; Hendrickson et al., 2017).
Its ectopic expression converted mouse embryonic stem cells (mESCs) into a
2-cell-like cell (2CLC) state (Macfarlan et al., 2012), which is also observed
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spontaneously in some cells of cultured mESCs with a dependency on Dux (De
lIaco et al., 2017; Hendrickson et al., 2017). Which TFs activate the expression of
DUX family EGA-inducing proteins has been an intriguing question.

Dux-mediated EGA induction in mouse was suggested to be initiated by
inherited maternal factors (Hendrickson et al., 2017). A screen through cloning
of genes involved in epigenetic and chromatin regulation in mouse oocytes and/or
zygotes and through their subsequent ectopic expression in mESCs was made
(Eckersley-Maslin et al., 2019). This screen identified DPPA2 and DPPA4 as
factors resulting in 2CLCs through activation of Dux expression, which was sup-
ported by ChIP-seq results revealing binding of these factors to Dux promoters
(Eckersley-Maslin et al., 2019). DPPA2 and DPPA4 were also found to be neces-
sary for the formation of Dux-expressing 2CLCs (De laco et al., 2019). Although
2CLCs are a practical model to study EGA in cell culture because of their con-
tinuous growth capacity, replacing the need for culturing IVF embryos, maternal
and maternal-zygotic knockout (KO) experiments showed that DPPA2 and DPPA4
were not essential in mouse embryos for EGA to occur (Z. Chen et al., 2021).

A comparison of homeobox gene expression profiles between mESCs and
totipotent blastomere-like cells (TBLCs) (H. Shen et al., 2021) revealed Obox4
as a gene with ten times higher expression in the latter (Y. Guo et al., 2024).
Because of its capacity to activate Dux as well as most of its target genes, and the
compromised embryonic development observed in Dux-Obox4 double-KO
embryos but not in Obox4 KO embryos, OBOX was suggested to act as a redun-
dant factor of DUX (Y. Guo et al., 2024). Similarly, OBOX family proteins were
shown to regulate mouse EGA by contributing to chromatin opening that facili-
tates Pol II loading at regulatory elements (Ji et al., 2023). Even though Obox
gene family is absent from the human genome, it is syntenic to human 7PRX2
(Maeso et al., 2016).

Another maternal factor aiding 2CLC formation through expression of Dux
was found to be NELFA (Z. Hu et al., 2020). However, the binding of DPPA2/4
and NELFA to Dux promoters was proposed to be indirect, as no specific binding
motif was suggested (Grow et al., 2021). Therefore, researchers continued their
search for alternative TFs that can activate Dux.

In light of the finding demonstrating the DNA-damaging agent-induced
Zscan4 expression (Storm et al., 2014), which is also directly induced by DUX
(Hendrickson et al., 2017), mESCs were treated with DNA-damaging agents and
exhibited signs of 2CLCs, including the expression of Dux (Grow et al., 2021). It
raised the possibility of involvement of a factor both in Dux expression and the
DNA-damage response (DDR) pathway. Through depletion experiments, p53, a
member of DDR, was found to be necessary for Dux expression in 2CLCs that
are formed by DNA-damage stimulation of mESCs (Grow et al., 2021). Acti-
vation of Dux expression by p53 was also demonstrated in the absence of DPPA2
and DPPA4 (Grow et al., 2021), which are other inducers of Dux (Eckersley-
Maslin et al., 2019). In contrast, elimination of p53 from early mouse embryos in
vivo through a maternal-zygotic KO experiment still showed DUX-positive
blastomeres at the early 2-cell stage (Grow et al., 2021). It implies that several
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factors may contribute to Dux expression, and the players involved in Dux acti-
vation might differ between in vivo and in vitro conditions. In other words, 2CLCs
might not fully reflect the 2-cell stage mouse embryos, and results obtained from
2CLCs must be interpreted with caution.

In search of finding a relevance for p53 in a human setting, an LTR10C
element bearing a p53 binding site was found to be necessary for the expression
of DUX4 using a human cell model (Grow et al., 2021). Knocking out 7P53, the
gene encoding P53, prevented significant activation of DUX4 in hESCs (X. Zhang
et al., 2023), supporting the involvement of P53 as a factor that acts upstream of
DUX4. However, it is uncertain yet whether DUX4 expression through binding
of p53 to LTR10C element is a mechanism favored in early human embryos
in vivo.

Both in human and mouse embryos, shortening and elongation of telomeres
were observed at minor and major EGA, respectively (X. Zhang et al., 2023). In
mESCs, Zscan4 was previously found to be responsible for telomere elongation
needed for retaining genomic stability and normal karyotype, a typical feature of
mESCs unlike many other cell lines (Zalzman et al., 2010). However, silencing
of Zscan4 in mouse embryos did not prevent the elongation of telomeres observed
during major EGA (X. Zhang et al., 2023). To identify the causal effect of telomere
elongation, the researchers used low doses of a-amanitin that allowed EGA to
occur but impaired telomere elongation (X. Zhang et al., 2023). In embryos with
impaired telomere elongation but with partial EGA, Dux expression was observed,
indicating that telomere elongation is necessary for Dux repression (X. Zhang
etal., 2023).

2.8.5.10 The role of Dux and its timely repression in mouse embryos

Even though Dux was initially reported to be necessary for early embryo develop-
ment (De Iaco et al., 2017), KO experiments targeting the Dux locus in mice
suggested that the role of DUX in mouse EGA is not essential (Z. Chen & Zhang,
2019; De Iaco et al., 2020).

Similar to human DUX4, mouse Dux is found in a locus with macrosatellite
repeats (Clapp et al., 2007). Downstream of the Dux cluster, a truncated version
of Dux, named Gm4981, is located and transcribed during oogenesis (Z. Chen &
Zhang, 2019). Depletion of this entire locus by zygotic CRISPR-Cas9 injection
was performed, resulting in mono- and bi-allelic deletions of the targeted genomic
region, neither of which impaired the preimplantation embryo development
(Z. Chen & Zhang, 2019). To assess its effect on full development, the same
approach was used, initially producing Dux heterozygous pups with no develop-
mental defects (Z. Chen & Zhang, 2019). Crossing the resulting Dux heterozy-
gous offspring yielded zygotic KO pups without abnormalities (Z. Chen &
Zhang, 2019). However, since the oocytes that formed this offspring were
heterozygous and might have contained expressed Gm4981 transcripts, which are
expressed in oocytes and might have been carried out to the Dux KO embryos,
maternal and zygotic KO pups were produced after crossing of zygotic Dux KO
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embryos (Z. Chen & Zhang, 2019). Zygotic or maternal and zygotic Dux KO
embryos did not show embryonic arrest, and both gave rise to pups that can reach
adulthood with lower developmental potential and litter size (Z. Chen & Zhang,
2019).

Similar observation was also made by another group demonstrating that Dux
depletion does not inhibit the full development of pups, but it significantly reduces
litter size (M. Guo et al., 2019). It was suggested that the primary role of DUX is
not to initiate EGA but to promote it by activating the expression of its target
genes (M. Guo et al., 2019).

Another finding was that the timely clearance of Dux transcripts was crucial
for early embryo development, as prolonged expression of Dux led to develop-
mental arrest (M. Guo et al., 2019). Consistently, silencing of Dux, which was
mediated through LINE1 RNA, was shown to be needed to exit the 2-cell stage
(Percharde et al., 2018). This is in line with another study demonstrating the need
for Dux repression for the embryo to continue past the EGA (X. Zhang et al.,
2023). Another protein, CCCTC-binding factor (CTCF), which is a zinc-finger
TF that mediates binding within and between chromosomes to define certain
genomic boundaries (Ong & Corces, 2014), was suggested to counteract the
2-cell program in mESC (Olbrich et al., 2021). Compelling evidence for the
involvement of the mouse- and rat-specific factor DUXBL (Leidenroth & Hewitt,
2010; S. L. Wu et al., 2010) in facilitating exit from the totipotent 2-cell stage
was recently provided. Based on the proposed mechanism (Vega-Sendino et al.,
2024), Duxbl is expressed in response to DUX, whose DNA-bound regions
become accessible to the DUXBL protein, which then initiates a repressive
program by interacting with cofactors such as TRIM33/TRIM24, known to
interact with TRIM28 (Herquel et al., 2011). Notably, TRIM28, also known as
Kapl, was earlier shown to mediate 2-cell exit via repression of Dux (Percharde
etal., 2018).

A connection among nucleoli, Dux loci, and 2-cell exit was also made. Exit
from the 2-cell stage was associated with Dux repression through the formation
of mature nucleoli, as the knockdown of nucleolar components such as RNA
Pol I, Fibrillarin, and Nucleolin in mESCs promoted Dux expression and 2-cell
program (Xie et al., 2022). Since nucleoli are not matured and only appear as
nucleolar precursor bodies until the late 2-cell stage embryos, maturation of
nucleoli following major EGA was suggested to be an event that pulls Dux loci
physically inward for repression (Xie et al., 2022). Although nucleoli do not have
membranes, the association of Dux loci with this compartment was ensured
through liquid-liquid phase separation (Xie et al., 2022). The mechanism pro-
posed for Dux repression and exit from the 2-cell stage is insightful (Xie et al.,
2022), however, in the absence of Dux, embryos may simply bypass the need for
Dux repression, or other factors compensate for the loss of Dux function, given
that they can still progress through the 2-cell stage, as evidenced by viable Dux
KO pups (Z. Chen & Zhang, 2019; M. Guo et al., 2019).

These reports are insightful to understand the role of DUX in EGA and
embryo development, however, it is noteworthy to mention that EGA is a species-
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specific event (Lu et al., 2021) and many players, which are transiently expressed
during human early development (T6honen et al., 2015), are absent in the mouse
genome (Zhong & Holland, 2011). This suggests that distinct regulatory networks
might exist in different species during early development. Therefore, the insights
gained from Dux KO experiments cannot be directly applied to human embryo
development for DUX4. Although DUX4 knockdown in human embryos caused
only minimal changes (Vuoristo et al., 2022), whether the complete depletion of
DUX4 causes defects in preimplantation embryo development is not yet known.

2.9 Roles of PRDL TFs in early embryo development

2.9.1 Identification of PRDL TFs in early embryo development

An early study that performed RNA sequencing of more than 300 blastomeres
and oocytes identified 32 and 129 genes significantly upregulated during minor
and major EGA, respectively, and highlighted the involvement of specific TF
families during this early developmental period in humans (T6honen et al., 2015).
Three distinct TF families, which can bind to the promoters of genes upregulated
during major EGA, were identified: PRD-like (PRDL), T-box, and basic leucine
zipper (bZIP) (Tohonen et al., 2015). Focusing on PRDL homeobox genes,
several of which were transiently upregulated in cleavage stage embryos, a time
point in development earlier than the appearance of Yamanaka factors (Takahashi
& Yamanaka, 2006), seven previously poorly annotated novel TF genes, namely
ARGFX, CPHX1, CPHX2, DPRX, DUXA, DUXB, and LEUTX, were identified
(Tohonen et al., 2015). Based on the stage at which their transcription was most
pronounced, PRDL homeobox TF genes were referred to as maternal (GSC,
HESXI1, ISX, NOBOX, OTX2, PITX2, RAX2, and TPRXL) or embryonically acti-
vated (ARGFX, DPRX, DUXA, and LEUTX) (T6honen et al., 2015). Genes with
transcription activity at both maternal and embryonic stages were categorized as
mixed (CPHX1, CPHX2, DUXB) (T6honen et al., 2015).

Alu elements overlapping the promoters of many genes upregulated during
EGA were identified, one of which was ZSCAN4, an activated gene during the
oocyte-to-4-cell transition (T6honen et al., 2015). Luciferase assay in HEK293
cells demonstrated the activation capacity of ZSCAN4 promoter containing Alu
elements, with the cotransfection of DUXA increasing the signal slightly (T6honen
et al., 2015). However, a later study using human iPSCs showed that cotrans-
fection of DUX4 increased the luciferase signal, but deleting proximal Alu
elements upstream of ZSCAN4, did not affect its activation (Hendrickson et al.,
2017). Furthermore, cotransfection of DUXA did not yield any activation
(Hendrickson et al., 2017), as opposed to the earlier report (T6honen et al., 2015).
As different cell types were used for the luciferase assay in each study, the
observed differences may be due to cell type-specific effects. Of note, targeting
Alu element-containing regulatory regions using CRISPR-Cas9-based gene acti-
vation (CRISPRa), together with targeting the promoters of core reprogramming
factors (OCT4, SOX2, KLF4, MYC, LIN284) in human foreskin fibroblasts,
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improved the efficiency of iPSC derivation (Weltner et al., 2018). A similar
approach was also successfully applied to a more differentiated cell line, human
lymphoblastoid cell lines, resulting in efficient iPSCs generation and highlighting
the contribution of Alu elements to early developmental gene regulatory pro-
grams (Sokka et al., 2022). Similarly, Alu elements containing PLAG1 binding
motifs were enriched within a de novo DNA motif present in the promoters of 74
out of the 129 genes (T6honen et al., 2015) upregulated during human major EGA
(Madissoon et al., 2019). Functional experiment in mice, in which Plag/-KO
embryos were generated, showed that PLAG1 regulated embryonic development
through binding to the regulatory elements (Madissoon et al., 2019), specifically,
B1 elements, the rodent counterparts of human Alu elements (Labuda et al., 1991).

2.9.2 Molecular cloning of PRDL TF homeobox genes

In light of the TSS information obtained from the earlier dataset (T6honen et al.,
2015), several PRDL class transcripts were isolated (Tang et al., 2010) from cDNA
libraries derived from human ovary or 8-cell blastomeres (Madissoon et al.,
2016). Molecular cloning of these cDNA fragments, which involved inserting
them into cloning plasmids and propagating them in bacteria to determine their
full-length sequences by Sanger sequencing, confirmed the presence of and
revealed the structures of ARGFX, CPHXI, CPHX2, DPRX, DUXA, DUXB,
NOBOX, TPRX1, and TPRX2 (Madissoon et al., 2016).

Experimental validation for ARGFX mRNA derived from human testis was
performed earlier using 3’ RACE and RT-PCR (G. Li & Holland, 2010). Several
other splice variants of ARGFX were identified later (Madissoon et al., 2016).
Similarly, molecular cloning of NOBOX was performed using human oocytes,
and its detection in early embryos required higher PCR cycles, suggesting the
presence of only maternal residual transcripts at these stages (Huntriss et al.,
2006). Molecular cloning revealed a previously unexplored NOBOX isoform
(Madissoon et al., 2016). The same study also reported novel splice variants for
TPRXI and TPRX2 (Madissoon et al., 2016), which were predicted earlier (Booth
& Holland, 2007).

To characterize the roles of these cloned PRDL homeobox genes, they were
overexpressed in hESCs, and the genes up- or downregulated by each PRDL
factor were identified. Based on the number of genes each factor regulated,
they were identified as activators or repressors. DPRX, which downregulated the
highest number of genes, was identified as a repressor, while CPHX1 and CHPX2
acted as activators (Madissoon et al., 2016).

Molecular cloning of LEUTX reported in a separate study enabled identi-
fication of a novel first exon (Jouhilahti et al., 2016). Elevated expression levels
of LEUTX were reported at the onset of human EGA using publicly available
datasets (T6honen et al., 2015; Xue et al., 2013; Yan et al., 2013), with its peak
expression observed at the 8-cell stage across multiple human early embryo
RNA-seq datasets (Jouhilahti et al., 2016; Petropoulos et al., 2016; T6honen
etal., 2015; Xue et al., 2013; Yan et al., 2013).
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2.9.3 Characterization of PRDL TF homeobox genes
2.9.3.1 LEUTX

LEUTX (leucine twenty homeobox) gene was named after the leucine residue at
the highly conserved position 20 of LEUTX homeodomain (Holland et al., 2007).
Before LEUTX was discovered, TAATCC was identified as a core consensus
motif bound by the PRDL homeodomain protein Otx in sea urchin (Mao et al.,
1994). Similarly, human OTX2, a K50-type PRDL TF, bound the same core motif
(Jolma et al., 2013). As another K50-type PRDL TF, LEUTX was shown to
activate transcription through the TAATCC motif. This was demonstrated by the
loss of LEUTX transcriptional activity when the interaction between the motif
and protein was perturbed by the K57A mutation, which was confirmed in
structural modeling (Katayama et al., 2018). Screening LEUTX in human geno-
type databases revealed that no homozygous mutations affecting its functional
role were found, suggesting a critical role in embryo development (Katayama
et al., 2018). However, knockdown of LEUTX in human 3PN embryos had only
minor effects on EGA (Zou et al., 2022), implying that compensatory factors might
exist.

Overexpression of the novel isoform of LEUTX in hESCs activated the majority
of EGA genes, whereas DPRX overexpression caused downregulation of those
genes (Jouhilahti et al., 2016). A model was suggested, in which LEUTX expres-
sion from the embryonic genome aids in the activation of EGA genes, with one
of these genes potentially being DPRX, which initiates a repression program to
balance the transcriptome of the embryo and ensure its developmental prog-
ression (Jouhilahti et al., 2016).

Ectopic expression of LEUTX was also performed in more differentiated cells.
Cell integrity of human fibroblasts was reported to be disrupted upon LEUTX
overexpression (Maeso et al., 2016). The overlap between genes downregulated
by both LEUTX and TPRX1 and genes upregulated by ARGFX included 124
genes, suggesting a regulatory network in which LEUTX and TPRX1 take on
repressor roles, counteracted by the activator role of ARGFX (Maeso et al., 2016).
Although this is in contrast with the earlier model (Jouhilahti et al., 2016), the
roles of genes can differ depending on the distinct regulatory pathways in which
they participate. In addition, the differences might be a result of the cell type used
overexpression experiments. In a more recent study, overexpression of human
and marmoset LEUTX in fibroblasts showed differences in downstream gene
expression, which were attributed to the highly divergent nature of LEUTX, as
shown by the presence of six residues under positive selection (T. D. Lewin et al.,
2023). Earlier, residue 7 in the N-terminus of LEUTX homeodomain was shown
to be under positive selection, indicating that slightly different amino acids at this
position evolved in different lineages to maintain DNA binding in a context-
dependent manner (T. D. Lewin et al., 2021). Structural modelling of LEUTX in
complex with DNA suggested that the N7 residue in the N-terminal arm may
contact the minor groove (T. D. Lewin et al., 2021).
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Ectopic expression of bovine LEUTX and ARGFX in fibroblasts demonstrated
that LEUTX changed the expression of a similar number of genes in both direc-
tions, whereas the ARGFX downregulated more genes than it upregulated, sug-
gesting a repressive role for ARGFX (T. D. Lewin et al., 2022). A significant
overlap was seen between the genes regulated directly or indirectly by ARGFX
and LEUTX (T. D. Lewin et al., 2022), indicating their common functions, as
opposed to their human counterparts (Maeso et al., 2016). Comparing the effects
of human and bovine overexpression of PRDL class genes showed the highest
overlap between genes downregulated by LEUTX overexpression in both species
(Maeso et al., 2016). A high number of overlap was also observed for genes up-
regulated by human and bovine LEUTX (Maeso et al., 2016), pointing to a partial
shared function between the two species.

Mass spectrometry-based analyses revealed five stable and 124 dynamic inter-
action partners of LEUTX (Gawriyski et al., 2023). Proteins forming stable
interactions with LEUTX included EP300 (also known as p300) and CBP
(Gawriyski et al., 2023), which contain a KIX domain that can interact with
9aaTADs (Piskacek et al., 2007; Radhakrishnan et al., 1997), a domain found
near the C-terminus of LEUTX. EP300 and CBP are coactivators of transcription
(Ogryzko et al., 1996), and their interaction with LEUTX supports its activator
role suggested earlier (Jouhilahti et al., 2016). This interaction was lost when the
9aaTAD was deleted but retained when the K57A mutation was introduced
(Gawriyski et al., 2023), which drastically reduced LEUTX-mediated transcrip-
tional activation in luciferase assays (Jouhilahti et al., 2016). Similar to DUX4
(Vuoristo et al., 2022), LEUTX also upregulated enhancers, many of which were
shared with those activated by DUX4 (Gawriyski et al., 2023). Comparison of
LEUTX-bound sites identified by ChIP-seq with the open chromatin regions in
early human embryos (J. Wu et al., 2018) showed that LEUTX binds accessible
regions of the chromosome at the 8-cell stage (Gawriyski et al., 2023).

LEUTX was suggested to act the activator of porcine EGA, by opening
chromatin at EGA genes and mediating histone acetylation (K. Zhou et al., 2024).
In porcine expanded pluripotent stem cells, which are cultured cells containing
heterogenous subpopulations with features of totipotency, naive pluripotency or
primed pluripotency, LEUTX was identified as a factor promoting totipotency
(L. Wu et al., 2025). Overexpression of LEUTX in these cells induced 4-cell-like
state, exhibiting totipotency signatures (L. Wu et al., 2025).

2.9.3.2 TPRX genes

There are two main 7PRX genes in humans, TPRX/ and TPRX2, whereas bovines
have three: TPRX1, TPRX2, and TPRX3 (T. D. Lewin et al., 2021). Although
another TPRX-related gene, TPRXL, exists in humans, due to its unusual evo-
lutionary relationship with TPRX genes, it was not designated as TPRX3 and is
categorized separately (Booth & Holland, 2007). Rodents do not have Tprx genes,
which were initially thought to be due to gene loss (Wilming et al., 2015; Zhong
& Holland, 2011), but a later report showed that duplication of Tprx2 followed
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by extensive sequence divergence gave rise to Obox, found in many copies and
syntenic with human 7PRX2 (Maeso et al., 2016). Notably, OBOX proteins were
identified as key regulators of mouse EGA (Ji et al., 2023).

Human TPRX1 and TPRX2 contain 9aaTAD involved in transcription acti-
vation (Gawriyski et al., 2024). In line with this, MED15, a protein relaying
signals from TFs to Mediator complex (X. Chen et al., 2021), was found to be a
binding partner of TPRX2 (Gawriyski et al., 2024). Similarly, TPRX1 was shown
to interact with transcription coactivator EP300 (Gawriyski et al., 2024). Stable
interaction between members of the SWI/SNF complex and TPRX2 was also
reported (Gawriyski et al., 2024). ChIP-seq for TPRX2 showed that TPRX?2 binds
to the genomic region close to TPRX1 and TPRX2 genes (Gawriyski et al., 2024),
but whether TPRX2 regulates TPRX or its own expression is not yet known.

TPRXI expression was initially shown to be induced by ectopic DUX4 expres-
sion (Geng et al., 2012). Later, TPRX] was used as a marker gene to identify
8-cell-like cells (Mazid et al., 2022; Taubenschmid-Stowers et al., 2022), in
which DUX4 was also expressed. A recent study, which suggests maternal PRDL
TF OTX2 as an important regulator of human EGA, demonstrated OTX2-driven
TPRXI and TPRX2 activation (Q. Wang et al., 2025).

Knockdown of TPRXI and TPRX2 was performed in human 3PN embryos
using siRNAs. TPRXL, a TPRXI-derived gene (Booth & Holland, 2007), which
was shown to be translated in oocytes (Zou et al., 2022), was also included in the
knockdown experiments using morpholino. Individual knockdown of TPRX1 and
TPRX2 had minor effects in the transcriptome, whereas moderate effects were
observed for TPRXL knockdown (Zou et al., 2022). Severe developmental delay
was observed when all three genes were simultaneously depleted at the 1-cell
stage (Zou et al., 2022). Yet, the number of embryos that reached the morula stage
was not zero. The transcriptomes of these morula stage embryos resembled those
of the 8-cell stage, indicating a developmental compromise in the absence of
TPRX factors, despite the developmental stage reached (Zou et al., 2022).

2.9.3.3 DUXA and DUXB

DUXA was proposed to be a competitive inhibitor of DUX4, with the ability to
bind the same genomic regions as DUX4 (Bosnakovski et al., 2023). Fusion of
the activation domain VP64 (Beerli et al., 1998) to the C-terminus of DUXA
converted this protein to a transcription activator and replicated the cytotoxicity
effects exerted by DUX4 (Bosnakovski et al., 2023). The activation capacity of
DUXA-VP64 was demonstrated by a luciferase assay, which showed no acti-
vation for DUXB-VP64 (Bosnakovski et al., 2023). DUX4- and DUXA-VP64-
mediated gene upregulation involved commonly regulated genes, including many
EGA genes (Bosnakovski et al., 2023).

ChIP-seq experiment revealed DUXB binding in the DUX4 genomic region
(Gawriyski et al., 2024). A binding motif for DUXB was not previously available,
and the de novo motif identified in the same study probably provided the first
known binding motif for DUXB (Gawriyski et al., 2024). DPRX, EGR2, KLF3,
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and CRX were suggested to regulate DUXA expression as they showed binding
at DUXA promoter region (Gawriyski et al., 2024).

DUXA KO cloned bovine embryos shower lower blastocyst formation rate,
whereas its overexpression increased it (Shi et al., 2025), suggesting its role in
modulating early development. In another study, knockdown of DUXA4 in bovine
IVF embryos showed downregulation of major EGA genes, suggesting its role in
EGA (J. Zhang et al., 2025). However, DUXA and DUXC show sequence simi-
larity (Leidenroth & Hewitt, 2010), and whether siRNAs targeting DUXA caused
degradation of DUXC mRNA in this study (J. Zhang et al., 2025) remains an open
question.

2.9.3.4 ARGFX

ARGFX (arginine-fifty homeobox) gene is named after the arginine residue at
position 50, which is very uncommon among homeobox genes (Booth & Holland,
2007). Because of having an unusual arginine residue at position 50 of the homeo-
domain, ARGFX was predicted to have a distinct DNA binding motif (Booth &
Holland, 2007).

A mutant version of ARGFX containing a 13 bp deletion that causes a frame-
shift in the CDS was identified in bovines. This allele was homozygous in some
Jersey bovine individuals, suggesting that ARGFX is either redundant or that its
role is retained in a truncated form (T. D. Lewin et al., 2022). Ectopic expression
of the mutant ARGFX was still able to cause downstream effects, but to a lesser
extent form (T. D. Lewin et al., 2022). Similar to LEUTX (Gawriyski et al., 2023),
KIX domain-containing transcription coactivators interacted with ARGFX but
not DPRX (Gawriyski et al., 2024), which aligns with its previously suggested
repressor role (Jouhilahti et al., 2016).

A maternal allelic ratio (MAR) of mRNAs in human embryos was suggested
as a metric to judge the degree of MZT (Q. Guo et al., 2025). A high MAR indi-
cates a higher fraction of maternal transcripts and is therefore negatively corre-
lated with both EGA and MZT. The top two genes showing the strongest negative
correlation between this ratio and gene expression were DPRX and ARGFX,
highlighting them as potential markers of MZT progression. A cutoff value for
MAR was defined, which classified 8-cell embryos with high-MAR as transcrip-
tionally arrested status (TAS) embryos (Q. Guo et al., 2025). Both DPRX and
ARGFX were downregulated in TAS embryos, suggesting that failure to activate
these genes prevents the oocyte-to-embryo transition program from continuing
and arrests embryonic development. Furthermore, separate knockdown of DPRX
and ARGFX did not cause severe effects, implying redundancy between these two
genes, as also supported by transcriptome profiling. Double knockdown of both
DPRX and ARGFX compromised embryo development on day 4, suggesting their
cooperative function in ensuring MZT.
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2.10 Cell culture models for studying early embryo
development

Two main states of hESCs were observed, depending on the cell culture medium
in which the cells derived from the ICM of the blastocyst stage human embryos
are maintained: the naive and primed states. While the in vivo counterpart of the
latter is post-implantation stage human embryos, the former is considered an
equivalent of the epiblast cells in the blastocyst. However, none of these cell
models are appropriate for studying EGA, which occurs at a much earlier time
during preimplantation development. In order to provide a model system, by
which EGA can be studied in a petri dish, several research groups have recently
generated cells that resemble the transcriptome profiles of 8-cell-like cells
(8CLCs) (Mazid et al., 2022; Moya-Jodar et al., 2023; Taubenschmid-Stowers
et al., 2022; Yoshihara et al., 2022; X. Yu et al., 2022).

The first report of 8CLCs (Taubenschmid-Stowers et al., 2022) came from an
observation of a rare cell population among naive hESCs cultured under PXGL
conditions (G. Guo et al., 2017). These cells showed elevated expression of
human EGA marker genes, such as LEUTX, ZSCAN4, DUXA, MDB3L3, and
TRIM49 in two independent datasets (G. Guo et al., 2017; Macfarlan et al., 2012),
making up approximately 1.5% of the entire hESC population in each dataset
(Taubenschmid-Stowers et al., 2022). Transcript profiles of 8-cell embryos and
8CLCs were found to be similar, with the latter not observed in datasets derived
from primed state ESCs or differentiated cells (Taubenschmid-Stowers et al.,
2022).

The generation of 8CLCs was next demonstrated through a stepwise cell
culturing process. For this purpose, cell culture medium with 4 chemicals and LIF
(4CL) was defined (Mazid et al., 2022). Initially, primed hESCs were maintained
in 4CL medium, containing H3K27 methyltransferase EZH2 inhibitor and histone
deacetylase (HDAC) inhibitor, resulting in the formation of naive hESCs (Mazid
et al., 2022). Culturing these naive cells in higher doses of both inhibitors for 5
days, referred to as enhanced 4CL (e4CL) medium, resulted in the generation of
8CLCs with the expression of totipotency genes such as TPRX! and DUXA/B
(Mazid et al., 2022). In addition to the stepwise formation of e4CL-day5 cells
with 8CLC features, culturing primed hESCs directly in eé4CL medium for 7 days
also gave rise to 8CLCs, named direct e4CL-day7 cells (Mazid et al., 2022). The
former, which make up the 11.9% of cells in culture, showed higher similarity to
blastomeres of the 8-cell stage embryos (Mazid et al., 2022). It was noted that the
extended passaging of cells maintained in e4CL medium was not possible,
probably due to the nature of totipotency that does not exhibit self-renewal and is
distinct from it (Surani et al., 2007).

Chemical-induced 8CLCs (ci8CLCs) were the third report for the generation
of 8CLCs. Firstly, human pluripotent stem cells (hPSCs) were screened with
chemicals, resulting in the generation of epiblast-like hPSCs (prEpiSCs), which
exhibited greater resemblance to epiblast cells of the blastocyst compared to other
reported naive hESCs (X. Yu et al., 2022). In order to convert prEpiSCs to
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8CLCs, several chemicals, including H3K27 methyltransferase EZH2 inhibitor,
a p53 activator, and apoptosis inhibitors were used, which led to the formation of
ci8CLCs (X. Yu et al., 2022).

Transgene-mediated generation of 8CLCs was also reported. Induced expres-
sion of DUX4 for 15 min in primed hESCs produced, 24 h post-induction, cells
with a transcriptome similar to that of 8-cell embryos (Yoshihara et al., 2022).
These 8CLCs, also referred to as induced blastomere-like (iBM) cells, made up
6.6% of the cultured cells, which increased to 17% following their enrichment
through fluorescent-activated cell sorting using iBM cell-specific surface protein
NaPi2b encoded by SLC34A42 (Yoshihara et al., 2022). The iBM cells exhibited
decreased expression of pluripotency marker genes (SOX2 and NANOG) and
increased expression of cleavage-stage genes (LEUTX and DUXA) (Yoshihara
et al., 2022). With the disappearance of DUX4 protein at 48 h post-induction,
iBM cells reverted to a state similar to the primed pluripotent state (Yoshihara
etal., 2022).

Another group demonstrated 8CLCs as a subpopulation in human naive
induced pluripotent stem cells (iPSCs) cultured in 5iLAF (Moya-Jodar et al.,
2023; Theunissen et al., 2014). This subpopulation formed 1.7% of the cultured
cells analyzed (Moya-Jodar et al., 2023) and showed similarity to other 8CLCs
generated by other groups (Mazid et al., 2022; Taubenschmid-Stowers et al.,
2022).

Following the report of 8CLC models from independent groups with distinct
approaches, an integrative analysis containing datasets generated from these SCLC
models, as well as early human embryos, was performed (Yoshihara & Kere,
2023). After integrating these datasets, unsupervised clustering of single-cell
transcriptomes identified clusters corresponding to human embryonic develop-
mental stages (Yoshihara & Kere, 2023). Among all 8CLC models, the iBM cells
were composed of cells, 99% of which were classified into the cluster of §-cell
stage embryos, whereas for other 8CLC models, this percentage ranged between
3%-25%, characterizing the iBM cells as the 8CLC model with the greatest simi-
larity to 8-cell stage embryos (Yoshihara & Kere, 2023). A more recent integra-
tive analysis (Paloviita et al., 2026) showed that among all 8CLCs, those
generated through DUX4 expression (Yoshihara et al., 2022) and through culture
in e4CL medium (Mazid et al., 2022) most closely resembled 8-cell embryos.
While the availability of such cell models is of great value for studying human
EGA without the need for embryos, it is important to note that SCLCs represent
a distinct cell state that is very similar, but not identical, to 8-cell blastomeres.
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3 AIMS

The objective of this thesis is to investigate embryonic genome activation (EGA)
using the bovine as a model organism to gain insight into the molecular players
involved in this critical process, through which the embryonic genome takes over
the control of development. The studies presented here were aimed at con-
tributing to the understanding of human and bovine preimplantation embryos
development, which are relevant for improving in vitro fertilization (IVF) embryo
practices used in humans for clinical purposes and in cattle for agricultural
purposes. The specific aims of each study presented in the thesis are given below.

L.

To identify and clone bovine orthologues of PRD-like homeobox genes whose
expressions are transient and almost confined only to the time of human EGA.

. To examine the 5’-end-focused transcriptional profiling of bovine oocytes and

preimplantation embryos. More specifically, by focusing on the time of
bovine EGA, we aimed to identify regulatory motifs of EGA genes and key
regulators of bovine EGA.

. To identify and isolate DUXC mRNA from the early bovine embryos for

accurate gene annotation and characterization of its locus across several cattle
breeds, and to assess the dependency of DUXC mRNAs on embryonic genome
transcription by reanalyzing publicly available datasets derived from bovine
early embryos treated with transcriptional inhibitors.

To assess the effect of oxygen levels during in vitro culture of bovine embryos
on their transcriptome.
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4 MATERIALS AND METHODS

4.1 Bovine IVF procedures and embryo culture
(Study L, 11, 111, and 1V)

Oocyte collection from bovine ovaries with subsequent in vitro maturation
(IVM), in vitro fertilization (IVF), and embryo culture were performed in all
studies as previously described (Org et al., 2019). Briefly, ovaries that were
placed in a 0.9% sterile NaCl solution at 37 °C were transported from a slaughter-
house in Estonia to the [VF laboratory at the Estonian University of Life Sciences.
The ovaries were washed twice with the same solution that they were kept in.
Cumulus oocyte complexes (COCs) that are found in ovarian follicles of 2—8 mm
size were aspirated with the help of a vacuum pump (Minitiib GmbH). Collected
COCs were washed and matured in IVM medium, containing 0.05 pg/ml EGF,
0.8% bovine serum albumin (BSA), 1 mM L-glutamine, 0.5 mM pyruvate. For
IVM of every 50 COCs, one well of four-well Nunc plates (Thermo Fisher
Scientific) was used and incubated at 38.5 °C and 5% CO, for 22-24 h.

After thawing frozen Holstein bull semen, oocytes and sperms were co-
incubated in IVF medium (Boskovic et al., 2025) at 38.5 °C and 5% CO, for
22-24 h. IVF medium contained 1 uM epinephrine, 10 pM hypotaurine, 30 pg/ml
heparin, 0.6% BSA, 20 uM penicillamine, and 0.25 mM pyruvate. Following IVF
and vortex-mediated removal of cumulus cells, zygote stage embryos were incu-
bated in modified synthetic oviduct fluid (SOF), containing 0.2 mM L-glutamine,
MEM amino acid solutions (Sigma-Aldrich), BME (Sigma-Aldrich), 0.8% BSA,
and 0.25 mM pyruvate. The collected developmental stages included GV and MII
oocyte as well as the zygote, 2-, 4-, 8-, and 16-cell embryo, and blastocyst. For
study II and IV, single oocytes or embryos were collected, whereas for study |
and III, pools of oocytes or embryos were used. Embryo culture was performed
under hypoxia conditions for study I, IT and III. Experimental design for study IV
required culturing at normoxia and ultrahypoxia conditions in addition to hypoxia.

4.2 Ethical considerations (Study I, 11, lll, and 1V)

Studies included in this doctoral thesis did not involve the use of live animals.
The ovaries used for oocyte collection for IVF embryo culture were obtained
post-mortem from a slaughterhouse in Estonia, and no ethical approval was
required.

4.3 Gene prediction (Study I and Ill)

For the gene prediction in study I, reanalysis of a publicly available RNA-seq
dataset (Graf et al., 2014) derived from bovine oocytes and early embryos, as well
as evolutionary analysis were performed. On the Galaxy platform (Afgan et al.,
2018), HISAT2 (Kim et al., 2019), StringTie (Pertea et al., 2015), and samtools
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merge (H. Li et al., 2009) tools were used for mapping, transcript assembly, and
merging replicates based on the developmental stage, respectively. Built-in
genome assembly bosTau9 and ncbiRefSeq gene annotation retrieved through
UCSC Table Browser (Karolchik et al., 2004) using Apr. 2018 (ARS-UCD1.2/
bosTau9) assembly were used. StringTie merge function was used to merge all
files into one annotation file representative of bovine early embryo transcriptome.
This resulting file was used to examine specific loci. These loci were determined
through tblastn (Johnson et al., 2008) search against the bovine genome using
putative primary human PRDL protein sequences (ARGFX, DUXA, LEUTX,
NOBOX, TPRX1, and TPRX2) identified in another study (Madissoon et al.,
2016). Assembled transcripts at each identified locus were examined manually
and confirmed to serve as predicted genes except for TPRX2, which required
manual homeobox and splice site search to predict its structure. The TPRX locus
was examined whether TPRX3, a previously suggested TPRX duplicate in bovine
(T. D. Lewin et al., 2021), was predicted through a gene prediction approach.
Upon confirmation, TPRX3 was also included in our gene set.

Study III focused on a single gene, namely DUXC, which already contained
several Ensembl gene predictions from release 104 (ENSBTAT00000081668,
ENSBTATO00000070667, and  ENSBTAT00000080304) and 112
(ENSBTATO00000111847). To find DUXC gene predictions, similar to study I, a
homology-based tblastn search was used to find the bovine orthologue of porcine
DUXC (Nip et al., 2023). Since these predictions lacked 3’- and 5’-UTRs, up-
stream and downstream of the genomic sequences were included in the predicted
gene sequences to allow capturing the entire coding sequence. Furthermore, since
the dataset generated in study II suggested a potential novel 5’ end specifically
for ENSBTAT00000111847, this gene prediction was modified accordingly.

4.4 Designing PCR primers (Study | and I1l)

After gene predictions for the genes of interest, their nucleotide sequences were
extracted in the spliced forms. The template sequence for each gene was used as
input for NCBI Primer-BLAST (Ye et al., 2012) to design PCR primers. In the
primer design tool, Bos taurus was selected for primer pair specificity, while the
repeat regions were excluded. Primers that have the lowest self-complementarity
score were selected.

4.5 Preparation of cDNA library for molecular cloning
(Study I and 1)
For the preparation of cDNA libraries, pooled bovine oocytes or early embryos
were used, with the number of oocytes or embryos ranging from three to five.

Collected oocytes and embryos were derived from two separate batches. The
developmental stages used for study I included the MII oocyte, 8-, and 16-cell
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stage, whereas only the 8-cell stage embryos were used for study III. At the stage
of sample collection, embryos or oocytes were placed in STRT lysis buffer, which
was prepared and frozen beforehand. The lysis buffer composed of 0.525 uM
STRT-T30 V-LNA (TTAAGCAGTGGTATCAACGCAGAGTCGACTy + V),
1 U/ul RiboLock RNase Inhibitor (Thermo Fisher Scientific), 2.5 mM dNTP mix
(Thermo Fisher Scientific), 0.1% Triton™ X-100 (Sigma-Aldrich), 10 mM Tris
pH 8.0, and 5 mM Pierce™ DTT (Thermo Fisher Scientific).

The protocol for preparation of cDNA libraries followed the STRT-N
(Boskovic et al., 2023) method until the fragmentation stage with some modi-
fications. Briefly, samples that were placed in STRT buffer and frozen were
immediately subjected to incubation at 80 °C for 2 min without allowing time for
thawing at room temperature. This procedure was applied to ensure denaturation
of RNAs found in the samples. Next, thawed samples were put on ice before
starting the reaction for first-strand synthesis. The following components were
used to mediate reverse transcription: 0.95 uM template switching oligo (TSO;
Biotin-ACGACGCTCTTCCGATCTNgrGrGrG), 4.76 U/ul SuperScript™ IV
Reverse Transcriptase (Thermo Fisher Scientific), 1x SuperScript™ IV RT buffer
(Thermo Fisher Scientific), 0.95 U/ul RiboLock RNase Inhibitor (Thermo Fisher
Scientific), 4.8 mM DTT, and 952 mM Betaine solution. The program that was
used for reverse transcription reaction included an initial incubation at 42 °C for
60 min. This was followed by ten cycles of tandem incubation at 50 °C for 2 min
and 42 °C for 2 mins to allow reverse transcriptase to function at regions with
secondary structure. The reverse transcription reaction was finalized by incu-
bation at 85 °C for 5 min, resulting in the inactivation of the enzyme.

Reaction cleanup was performed using Dynabeads™ MyOne™ Carboxylic
Acid (ThermoFisher Scientific) along with capture buffer (25% PEG-600,
2.25 M KCl). Next, PCR was performed using 1 puM primer 1 (Biotin-
ACACGACGCTCTTCCGATCT), 1 uM universal primer (AAGCAGTGGTA-
TCAACGCAGAGT), 0.197 mM dNTP mix (Thermo Fisher Scientific), 3%
DMSO, 1x Phusion GC buffer (Thermo Fisher Scientific), and 0.04 U/ul Phusion
DNA Polymerase (Thermo Fisher Scientific). The program that was used to
amplify cDNA libraries started with denaturation at 98 °C for 10 s and was
followed by two cycles of 55 °C for 30 s and 72 °C for 5 min. Next, another
denaturation step at 98 °C for 10 s, which was followed by 23 cycles of 62 °C for
30 s and 72 °C for 5 min, was performed. Finally, the generated PCR products
were incubated with exonuclease I (Sigma-Aldrich) and Shrimp Alkaline
Phosphate (New England Biolabs), which enabled the removal of the primers and
dNTPs that remained in the reaction tube.
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4.6 PCR for molecular cloning (Study | and Iil)

As input for gene-specific PCR, 1 ul of cDNA library was used. For the ampli-
fication of ARGFX, DUXA, and TPRX2, 16-cell-stage-derived cDNA libraries
were used; for DUXC, LEUTX, and TPRX3, 8-cell-stage-derived cDNA libraries
were used; for NOBOX, MII oocyte-derived cDNA libraries were used. For the
amplification of TPRXI, both 8- and 16-cell-derived cDNA libraries were used.
Primer sequences used in both studies are shown in Table 1. PCR reactions for
study I and III slightly differed.

Table 1. Primers sequences used to amplify PRD-like homeobox genes

Gene |Strand | Forward/Reverse Primer Stage

ARGFX + AGGGTATTTCACCATAAGGACACA/GTGCACTGTAATGGAGGGGT 16-cell

CAAGACGGTCCTTCAGACAAGA/TGGATTTGGTCACTAGGGCTG

DUXA - TTATTGGTCTCTCTCTCCCCAG/TCACTAGGGCTGCATGGTTC 16-cell

DUXC - GCATTGGAGAGAGCATCGGG/TGAACGTGGCTAGGGGGAGAA 8-cell
GCAACACCTGGTCGAATCACT/GGGTTTTCGCACCATACGTG

LEUTX ' TCAGGCAACACCTGGTCGAA/AGCCTGAGAATACGGAGTGG 8-l

NOBOX - GTGCGGGAGTCCAGGC/CTGTGGAGCAAGGAGAGCAA Mil oocyte

TPRX1 - CAGCAGGAGGATGCAAGAACC/TCAGCGTATCATCAGTGTGCCA 8-/16-cell

TPRX2 + AGCATCAAACTCCGACAGCA/ACAGGTAAGGATAGAGACAAGCA 16-cell

TPRX3 - GCAGCAGTGAGGAACCAAGA/AGAGGCACTGAAATAGACAGGAA 8-cell

For study I, Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher Scientific)
was used to perform the PCR reaction in line with the protocol provided by the
manufacturer. The program used for PCR started with a denaturation step at 98 °C
for 30 s. This was followed by 30 cycles of the following incubations: 98 °C for
10 s; 64 °C for 30 s; and 72 °C for 80 s. Final extension at 72 °C for 10 min was
performed before the samples were cooled down to 4 °C.

For study I1I, Q5® High-Fidelity DNA Polymerase (New England Biolabs)
was used to perform the PCR reaction in line with the protocol provided by the
manufacturer. PCR reactions were either performed in the absence or presence of
betaine with a final concentration of 1M. The program used for PCR started with
a denaturation step at 98 °C for 3 min. This was followed by 35 cycles of the
following incubations: 98 °C for 10 s; 66 °C or 68 °C, with or without betaine,
respectively, for 20 s; and 72 °C for 105 s (Yasar et al., 2026). Final extension at
72 °C for 5 min was performed before the samples were cooled down to 4 °C.

Amplified PCR fragments were excised from 2% agarose gel under UV light
based on their expected lengths and extracted in accordance with the protocol of
Genelet Gel Extraction Kit (Thermo Fisher Scientific). Recovered blunt-end
fragments were used as substrates for pCR4Blunt-TOPO vector using the Zero
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Blunt TOPO PCR Cloning kit (Invitrogen). After the generation of plasmids
containing full-length genes of interest, they were transformed into E. coli and
incubated overnight at 37 °C. The next day, individual colonies were picked and
used for inoculating LB medium containing ampicillin and incubated for 12—-16 h
at 37 °C. Plasmids were extracted using NucleoSpin Plasmid DNA Purification
kit (Macherey Nagel). To evaluate the generation of correct plasmids by the size
of the insert, plasmids were excised by EcoRI, which helped select the clones to
be Sanger sequenced using T7 and T3 primers (Core Facility of Genomics,
Institute of Genomics, University of Tartu). Molecular cloning experiments were
performed in triplicate for ARGFX, DUXA, DUXC, LEUTX, TPRX1, TPRX2, and
TPRX3, and in duplicates for NOBOX. UCSC Genome Browser Blat (Kent, 2002)
was utilized to visualize the structures of cloned full-length genes.

4.7 Generation of the TPRX3 overexpression plasmid
(Study I)

Homeodomain-encoding 7PRX3 clone that was placed into pCR4Blunt-TOPO
plasmid was used as input DNA material for amplifying this gene. The PCR
amplification reaction contained primers bearing Agel and Notl restriction sites as
follows, respectively: 5’-AATATaccggtACCATGGGACCTGCAGGGAGGC
AGC-3’ and 5’-ATAAAgcggccgcCTATAGATTCAGACACTGCTGGGGG-3’.
Phusion™ High—Fidelity DNA Polymerase (Thermo Fisher Scientific) and the
corresponding protocol provided by the manufacturer were used to perform PCR.
The program used for PCR started with a denaturation step at 98 °C for 30 s. This
was followed by 30 cycles of the following incubations: 98 °C for 10 s; 67 °C for
30s; and 72 °C for 80 s. Final extension at 72 °C for 10 min was performed before
the samples were cooled down to 4 °C. Amplified TPRX3 fragment that contained
Agel and Notl restriction sites was cut and inserted into TetON piggyBac plasmid
backbone that was also cut by the same restriction enzymes. To confirm the
correct insert of the resulting pB-TetOn-bgi-TPRX3-IRES-GFP-PGK-Puro
plasmid, Sanger sequencing was performed (Core Facility of Genomics, Institute
of Genomics, University of Tartu).

4.8 TPRX3 overexpression in bovine fibroblasts for RNA-seq
(Study I)

To perform overexpression of TPRX3 in bovine fetal fibroblast (BFF) cells, they
were grown in cell culture until 70-80% confluency, after which cells were split
using Trypsin-EDTA (0.25%) (Thermo Fisher Scientific). The Neon® Electro-
poration System (Thermo Fisher Scientific) was used to transfect the plasmids
using 100 pl tips in accordance with the manufacturer’s protocol that was
optimized for adherent cells. The following plasmids with given amounts were
used for each electroporation event with 1600 V, 20 ms, 1 pulse settings: 0.5 pug
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of pPB-CAG-1tTA-M2-IN, 0.5 pg of pPB-CAG-hyPBase-IRES-Venus, and 1 pg
of pB-TetOn-bgi-TPRX3-IRES-GFP-PGK-Puro. After 24 h, the expression of
Venus was verified under the microscope using the GFP channel with emission
at 486 nm. To select the cells with the plasmids, antibiotic selection was per-
formed. Puromycin (0.2-0.4 pg/ml) and G418 (200—400 pg/ml) were used for
approximately 3 days and 7 days after electroporation. Cells were cultured in two
groups, one serving as the control group and the other representing the group in
which TPRX3 was overexpressed. For overexpression, 1 pg/ml doxycycline was
added and incubated for 24 h. In the control group, no treatment was applied.
Cells were collected 24 h post-treatment.

4.9 Reanalysis of whole-genome sequencing datasets
(Study I)

NCBI SRA was used to download the following datasets: PRINA183919,
PRINA184837, and ERX1815535. Orphan reads were excluded in each dataset,
and mapping of pairs against the bosTau9 genome assembly was performed using
Bowtie (Langmead et al., 2009) version 1.2.3 with the following parameters:
“--chunkmbs 1024 -a -m 1 --best --strata -S -f --ff -X 2500”.

4.10 Preparation of cDNA library for RNA-seq
(Study I, Il and 1V)

For Study I, BFF cells with and without doxycycline treatment were collected
and used for RNA extraction using the Direct-zol™ RNA Microprep kit (Zymo
Research). SMARTer" Stranded Total RNA-Seq Kit v2 — Pico Input Mammalian
(Takara) was used to prepare the cDNA libraries according to the manufacturer’s
protocol. The concentrations of samples were assessed by Qubit Fluorometer
(Thermo Fisher Scientific), and 47.9 ng of cDNA library from each sample was
sent for sequencing. RNA-seq was performed on the Illumina NovaSeq 6000
platform.

For Study II and IV, the STRT-N protocol was performed to prepare cDNA
libraries (Boskovic et al., 2023). Briefly, single bovine oocyte or preimplantation
embryo was placed in a single well of a cell lysate plate containing lysis buffer.
Immediately after the collection of single oocytes and embryos, the cell lysate
plate was placed in a freezer and kept at —80 °C. Next, the plate was first trans-
ferred to 80 °C for 2 min incubation, and then to ice. To perform the reverse tran-
scription reaction, an assembled reaction mix containing the ERCC Spike-ins mix
was added. The following steps were used for the reverse transcription reaction:
an initial incubation at 42 °C for 60 min; 10 cycles of tandem incubation at 50 °C
for 2 min and 42 °C for 2 mins. Each sample was cleaned up, which was followed
by the addition of barcoded primers. Next, cDNA amplification with 23 PCR
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cycles was performed, after which the samples were pooled, cleaned up, and
fragmented. The resulting fragments were extracted, end-repaired, and ligated
with the sequencing adapters prior to amplification of the final library. Prepared
libraries were sequenced at the Biomedicum Functional Genomics Unit (FuGU),
University of Helsinki (Helsinki, Finland).

4.11 RNA-seq analysis (Study |, Il, and IV)

For study I, as recommended in the protocol of SMARTer® Stranded Total RNA-
Seq Kit v2 — Pico Input Mammalian (Takara), using cutadapt (v.3.1), trimming
of the first three nucleotides of Read 2 was performed (Martin, 2011). Using the
same tool, adapter sequences found in both of the paired reads were also trimmed.
For mapping the resulting paired-end RNA-seq reads against the bosTau9
genome assembly, HISAT2 (Kim et al., 2019) was used with the option --rna-
strandness RF. StringTie (Pertea et al., 2015) was used to generate a count matrix
using the option -e, and with the reverse strand (RF) specified. To produce a file
compatible with DESeq2 analysis. The used gene annotation file was retrieved
on 06.10.2023 using the genePredToGtf utility (Perez et al., 2025), which
included pulling the gene annotation file directly from the UCSC public database
and converting it to a GTF file. Differential expression analysis was performed
in R using DESeq2 (Love et al., 2014). The design was formulated considering
the doxycycline treatment status and the replicate. The control group was used as
the reference. The default Benjamini and Hochberg method was used to compute
the adjusted p-values. Median of ratios normalization method was used for
quantifying the expression of TPRX3. Gene set enrichment analysis was per-
formed for biological processes using the genome-wide bovine annotation
(Carlson, 2019; T. Wu et al., 2021). Publicly available datasets generated by
Lewin et al. (T. D. Lewin et al., 2022), Graf et al. (Graf et al., 2014), and Paulson
et al. (Paulson et al., 2022) were utilized for comparison. To assess the statistical
significance of upregulated genes shared among the compared datasets,
calculation of p-values was performed using Fisher’s Exact Test.

For study II, base call (BCL) files provided by the sequencing facility
wereused as input files along with the bovine genome assembly and gene
annotation file to run STRTN-bTau ens112.sh (https:/github.com/baryasar/
bTau Embryo TFE) using the options -a ens and -s 8M3S75T6B as described
earlier (Boskovic et al., 2023). Genome assembly and gene annotation files were
ARS-UCD1.3 and ARS-UCD1.3.112 (Ensembl version 112), respectively. The
gene annotation file was slightly modified to contain the genomic information
derived from the cDNA sequences of ARGFX, DUXA, LEUTX, NOBOX, TPRX1,
TPRX2, and TPRX3. The computations were performed at the High Performance
Computing Center at the University of Tartu (University of Tartu, 2018). PCR
duplicates are automatically removed by the pipeline using Picard Mark-
Duplicates (Broad Institute, 2019) and the BARCODE TAG = RX option. This
is done by collapsing the reads that contain identical mapping positions
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and UMIs. Genomic features and sequences with the NKLS prefixes were
removed. TFE analysis was performed using the STRTN-TFE.sh from
https://github.com/gyazgeldi/STRTN.

RNA spike-in feature of DESeq?2 (v.1.44.0) was used for the normalization of
TFE counts in R. The following samples were removed after quality control:
1, 11, 13, 23, 26, 37, 41. TFEs that have zero counts across samples were also
removed. To identify TFEs with high variability, coefficients of variation were
calculated, and a gamma generalized linear model (GLM) was used for fitting
spike-in controls in R using the package MASS (v.7.3.61) (Venables & Ripley,
2002). Fluctuations of the control spike-in RNAs were used to model the technical
variation in gene expression, and the significance of variation in gene expression
was tested (Krjutskov et al., 2016). TFEs with the highest 20,000 CV? (coefficient
of variation squared) and significant adjusted p-values (< 0.05) were selected to
compute pairwise Pearson correlations. Variance stabilizing transformation
(VST) values of the selected TFEs were used for computation and heatmap
visualization using the pheatmap package (v.1.0.12). Percentages of TFEs cor-
responding to each genomic annotation were calculated for each stage. Similarly,
relative poly(A)-tailed RNA content was calculated to demonstrate its global
temporal change.

DESeq?2 (v.1.44.0) was used for the differential gene expression, considering
TFE counts as gene counts. The default Wald test of DESeq2 was used to com-
pute differential expression across stages using filtered TFE counts. Each
developmental stage was included in the design formula. For extracting the
results, developmentally consecutive stages in pairs were set using the results()
function. The results were filtered to include adjusted p-values lower than 0.05
and log2 fold changes greater than and less than zero for up- and downregulated
TFEs, respectively. The R package clusterProfiler (v.4.12.6) was used for gene
ontology enrichment analysis (S. Xu et al., 2024). The function enrichGO() was
utilized with the following parameters: ENSEMBL as key type; org.Bt.eg.db as
organism database; Biological Process (BP) as subontology group.

Differentially expressed TFEs detected in each consecutive developmental
stage comparison were used for the analysis. Heatmap and Uniform Manifold
Approximation and Projection (UMAP) visualizations were generated by the
Seurat (v.5.1.0) package. For the latter eight principal components were used.
Spike-in RNAs were used for normalization. Stage-specific TFEs were identified
from normalized expression data. Scaled data from Seurat were used as input to
the DoHeatmap() function to generate heatmaps with marker genes. Transcription
factors annotated in AnimalTFDB 4.0 (W. K. Shen et al., 2023) were highlighted
using the ComplexHeatmap package (v.2.20.0). Scaled data from Seurat were
used as input to the kmeans() function to compute k-means clustering using the
parameters centers =6, nstart= 1000 and iter.max =20. R packages ggpubfigs
(v.0.0.1) (Steenwyk & Rokas, 2021) and viridis (v.0.6.5) (Garnier et al., 2024)
with colorblind-friendly color palettes were utilized. Genomic intervals were
visualized using the R package Gviz (v.1.48.0) (Hahne & Ivanek, 2016). TFEs
identified in the stage-specific expression analysis were utilized to perform de
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novo motif analysis. Specifically, the 16-cell-specific TFEs were selected.
DeepTSS (Grigoriadis et al., 2022) was used to filter out the false-positive TFEs
before the de novo motif analysis. Promoter sequences (—400 to + 100 bp) of the
TFEs were extracted using bedtools getfasta (v.2.30.0) (Quinlan & Hall, 2010).
De novo motif generation was performed by XSTREME (Grant & Bailey, 2021)
from the MEME suite (Bailey et al., 2015).

For study 1V, preprocessing of RNA-seq data was performed with the
STRT-N pipeline detailed in https://github.com/gyazgeldi/STRTN. Input files
included the bosTau9 genome assembly and RefSeq ARS-UCD.1.2 gene
annotation file. Quality control and a fluctuation test were performed to retain
samples and genes suitable for analysis. The R package Seurat (v.4.4.0) was used
for generating PCA and UMAP plots. DESeq?2 (v.1.40.2) was used for differential
gene expression analysis with the normalization utilizing the spike-in RNAs. The
R package ggplot2 (v.3.5.0) was used for visualizations. Kyoto Encyclopedia of
Genes and Genomes (KEGG) (Kanehisa et al., 2025), and gene ontology analysis
was performed.

4.12 Analysis of DUXC genomic organization across
cattle breeds (Study IllI)

For study III, genome organization analysis was initially performed for Hereford
(ARS-UCD2.0) and Holstein (NCBA BosT1.0) (T. T. Li et al., 2023) genome
assemblies. UCSC faToTwobit utility (Perez et al., 2025) was used to convert the
FASTA file of each assembly to 2bit format. The resulting 2bit files were
used to perform standalone in silico PCR tool (Perez et al., 2025) using the
options -out=fa -maxSize=7000 along with the forward and reverse primers
CCCGTGCCCCAGACCCC and CCGGGCCCGTGGAAGCCCACTGGCT,
respectively. In silico-generated fragments were aligned for each breed using
MAFFT (v.7.505) with the options --localpair --maxiterate 1000. IQ-TREE 2
(v.2.1.3) (Minh et al., 2020) was used to generate phylogenetic trees. Tree files
were visualized using the R packages ape (v.5.8.1) (Paradis & Schliep, 2019) and
ggtree (v.3.14.0) (G. Yu, 2020).

More comprehensive comparative analysis included the following cattle
breeds: Jersey (Jang et al., 2023), Hanwoo (Jang et al., 2023), Holstein (T. T. Li
et al., 2023), Hereford, Tibetan, Mongolian, Tuli, Wagyu (Pineda et al., 2025),
and Yunling. The Holstein genome assembly was downloaded from the China
National Center for Bioinformation, and genome assemblies for the rest were
downloaded from the NCBI. All assemblies utilized long-read sequencing. Only
chromosome 7 was used for the analysis, which was extracted using samtools
(v.1.19) (H. Li et al., 2009). To extract the DUXC loci across breeds, a custom-
defined internal DUXC repeat unit was mapped to chromosome 7 from each
breed. For indexing and alignment minimap2 (H. Li, 2018) was used with the
following settings: -x asm20 -c --eqx. The boundaries of the array were extended
6 kb upstream and downstream. The resulting DUXC locus from each breed was
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aligned to each other using minimap2, generating 36 alignments. R package
SVbyEye (v.0.99.0) (Porubsky et al., 2025) was used to visualize alignments
across breeds. To demonstrate the composition of the DUXC array in each breed,
alignment of the internal DUXC repeat unit against the DUXC locus from each
breed was performed using minimap?2. In addition, to incorporate DUXC gene
annotations based on the full-length DUXC sequence, the minimap2 mode that
considers splicing was utilized. The output SAM files were in order converted to
BAM, GTF, and GFF3 using samtools (v.1.19) (H. Li et al., 2009), StringTie
(v.2.2.1) (Pertea et al., 2015), and AGAT (Dainat, 2024), respectively. R package
SVbyEye (v.0.99.0) (Porubsky et al., 2025) was used to visualize the resulting
files.

4.13 Reanalysis of publicly available RNA-seq datasets
(Study I1I)

To decide whether the internal or distal DUXC copy is expressed, the RNA-seq
dataset from a published study (L. Zhu et al., 2022) was utilized. Genomic regions
where internal and distal DUXC are located were extracted from chromosome 7
of the NCBA BosT1.0 genome assembly. Alignment of RNA-seq reads to each
extracted genomic region was performed using HISAT2 (v.2.2.1) (Kim et al.,
2019). SAM-to-BAM conversion, sorting, and indexing were performed using
samtools (v.1.6) (H. Li et al., 2009) with the flag -F 4 used for keeping only
mapped reads. Resulting files of the same stage were merged using samtools
merge, which is followed by running StringTie (v.2.1.7) (Pertea et al., 2015).
Results were visualized by both Integrative Genomics Viewer (v.2.9.2) (Robinson
etal., 2011) and Gviz (v.1.48.0) (Hahne & Ivanck, 2016).

Another RNA-seq dataset (J. Zhang et al., 2025) including all stages of
preimplantation development was also utilized. Input genome assembly and gene
annotation files were ARS-UCD1.3 and ARS-UCDI1.3.112 (Ensembl version
112), with the latter slightly modified to contain the ¢cDNA evidence-based
structures of eight PRDL homeobox genes. Chromosome 7 was masked to
contain only one copy of DUXC unmasked, using bedtools maskfasta (v.2.30.0)
(Quinlan & Hall, 2010). HISAT2 (v.2.2.1) (Kim et al., 2019) was used for
mapping. For quantifying gene expression, featureCounts (v.2.0.1) was used.
Differential gene expression was performed in R using DeSeq2 (v.1.44.0) with
each stage considered a separate condition in the design formula. Variance-
stabilizing transformation (VST) was applied, and z-scores were calculated to
generate a heatmap using pheatmap (v.1.0.13), RColorBrewer (v.1.1.3) and
viridis (v.0.6.5) (Garnier et al., 2024). After masking all DUXC copies except for
one, reanalysis of the dataset generated in study Il was also performed using the
same approach as described for study II. Computations for reanalysis were
performed at the High Performance Computing Center at the University of Tartu
(University of Tartu, 2018).
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5 RESULTS AND DISCUSSION

5.1 Study I: Molecular cloning of bovine IVF embryo-derived
PRD-like homeobox genes

5.1.1 Experimental validation of the expression of seven PRD-like
gene during early bovine development

We carried out cDNA cloning of several PRDL homeobox genes to reveal their
full-length sequence and confirm their expression in bovine oocytes and/or early
embryos. This experimental approach was primed by the reanalysis of an RNA-
seq dataset (Graf et al., 2014), enabling gene prediction and primer design
(Figure 12).
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Figure 12. Overview of the molecular cloning experiments. This figure was originally
published in Yasar et al., BMC Genomics (2024) under CC BY 4.0 and created in
https://BioRender.com.
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Computational analysis was combined with the experimental work, in which
preparation of cDNA libraries using bovine early developmental stages, gene-
specific cDNA amplification, and eventually TOPO cloning and Sanger
sequencing led to the identification of full-length gene sequences (Figure 12).
Among the genes investigated, TPRX2 was not annotated, whereas ARGFX,
DUXA, LEUTX, NOBOX, and TPRXI had inaccurate predictions in the NCBI
RefSeq genes as well as the Ensembl Gene Predictions. Notably, our gene
prediction approach did not result in any prediction for DPRX, which was
suggested to be a pseudogene in bovine in another study (Maeso et al., 2016).

Our analysis allowed us to determine the expected lengths of the homeo-
domain-encoding cDNA fragments, revealing 999 nucleotides (nt), 774 nt, 1809
nt, 1949 nt, 1264 nt, and 1207nt for ARGFX, DUXA, LEUTX, NOBOX, TPRX1,
and TPRX2, respectively. Guided by the gene expression levels of the given
PRDL homeobox genes, we selected the following combinations of genes and
developmental stages: NOBOX from MII oocyte; TPRX2 and LEUTX from 8-cell;
ARGFX and DUXA from 16-cell embryos. For TPRX1, both 8- and 16-cell stages
were used as the source. The PCR result demonstrated the first line of experi-
mental evidence for the full-length expression of these genes in bovine early
developmental stages, as we observed prominent bands at the expected lengths in
the agarose gel. In addition to the genes mentioned above, we also tested the
expression of TPRX3 in 8-cell stage embryos, which was pointed out as a TPRX
duplicate (T. D. Lewin et al., 2021) through evolutionary analysis but not con-
firmed experimentally. Our cloning experiments showed that homeodomain-
encoding 7PRX3 mRNA was present in 8-cell bovine IVF embryos.

Sanger sequencing and alignment of these cDNA clones revealed their gene
structures and identified several transcript isoforms. Our cDNA clones for DUXA,
LEUTX, TPRX1, TPRX2, and TPRX3 mapped to chromosome 18, whereas those
for ARGFX and NOBOX mapped to chromosome 1 and 4, respectively. A total of
20 transcript variants of the PRDL genes were isolated. Each gene contained at
least one variant with a homeobox, but isoforms without a homeobox were also
identified. The highest number of transcript variants was observed for TPRX1 and
TPRX2, the former having six distinct variants.

With respect to RefSeq annotations, our results showed experimental con-
firmations of the expression of novel exons, previously reported only as predic-
tions (T. D. Lewin et al., 2021). These include two exons in the 5° end of ARGFX
and one exon in the 5° end of DUXA and LEUTX. Although experimental evi-
dence was presented for NOBOX (HQ589330) earlier (Tripurani et al., 2011), our
results revealed another exon upstream of the previously reported exon 1. NCBI
gene annotations included a prediction for TPRX! but not for TPRX2 or TPRX3.
Although these three bovine genes had been predicted independently in a separate
study (T. D. Lewin et al., 2021), our results showed a more comprehensive pic-
ture, revealing several distinct isoforms in addition to the previously predicted
homeodomain-only variants based on evolutionary analysis. Furthermore, we
also demonstrated the syntenic relationship between bovine and human for DUXA
as anchor genes flanking DUXA such as USP29, ZIM3, AURKC, and ZNF543
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were observed. In summary, our results provide embryo-derived, reliable gene
structures, building upon previous structures based solely on computational pre-
dictions.

5.1.2 Identification of SNVs in PRD-like homeobox
transcription factor genes

We identified single-nucleotide variants (SNVs) in the seven PRDL homeobox
genes investigated as a result of aligning Holstein cattle-derived full-length cDNA
sequences to the reference genome with Hereford origin. These SN'Vs were found
across the gene body. To confirm that observed SNVs were indeed due to breed-
related differences, we reanalyzed whole-genome sequencing (WGS) datasets
and observed that these SNVs were also present in other WGS datasets of
Holstein origin (PRINA 183919 and PRINA184837). Out of the 58 unique SNVs
or indels identified in the cDNA clones of seven genes, 37 were found in the
reanalyzed datasets, whereas 21 SNVs were specific to our cDNA clones. These
SNVs were not only in the 5’-UTR or 3’-UTR but also within the CDS, raising
the question of whether they alter residues in the homeodomain, a functional
domain important for DNA binding by PRDL TFs. Our investigation showed that
almost none of the SNVs were found in regions coding for the homeodomain.
One exception was one DUXA cDNA clone. Since we cannot speculate on the
developmental potential of the embryo or embryos from which this DUX4 cDNA
clone was derived, we can conclude that the observed SNVs did not affect
functional domains in the proteins, highlighting the potentially important roles of
PRDL proteins during preimplantation bovine embryo development.

5.1.3 Functional domains found in PRD-like proteins

Based on the cDNA sequences of PRDL genes generated in this study, for each
gene, we selected an open reading frame that codes for a protein with a homeo-
domain or homeodomains, leading to the derivation of putative protein sequences
of ARGFX, DUXA, LEUTX, NOBOX, TPRX1, TPRX2, and TPRX3. We performed
multiple sequence alignment using these sequences and confirmed the presence
of certain residues conserved in the homeodomain: tryptophan (W), asparagine
(N), and arginine (R) at position 48, 51, and 53, respectively. Position 50 is gener-
ally used to categorize PRDL proteins, and we showed that DUXA and NOBOX
were Q-type, and LEUTX, TPRX1, TPRX2, and TPRX3 were K-type PRDL TF.
Although such a categorization was not made for PRDL proteins with an arginine
at position 50, we referred to ARGFX as R-type. Arginine at this position in the
homeodomain is uncommon, with only a few exceptions reported in ZFH class
proteins, namely ATBF1 (Morinaga et al., 1991) and ZFHX4 (Sakata et al., 2000).
We reported homeodomain to be on the N-terminus of LEUTX, TPRX1, TPRX?2,
and TPRX3. The position of the homeodomain was central for ARGFX and
NOBOX. As a protein with two homeodomains, DUXA had these domains at
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each end of the protein. Our results demonstrating the conservation of the critical
residues of homeodomains suggest their functional effect during early embryo
development.

Next, we investigated whether the previously described nine amino acid trans-
action domain (9aaTAD), which is known to be implicated in transcription
activation (Piskacek et al., 2007), was present in bovine PRDL TFs. We found
9aaTAD in three of the seven PRDL TFs using their protein sequences derived
from the cDNA clones. Bovine LEUTX contained 9aaTAD at the C-terminus,
similar to human LEUTX. A broader domain was described for LEUTX, referred
to as the Leutx domain (Katayama et al., 2018). These domains at the C-terminus
are thought to be the transcription activation arm of the protein, while the homeo-
domain at the N-terminus ensures DNA contact. A conformational experiment
provided evidence for this by demonstrating the loss of interaction between
LEUTX and EP300 and CBP in the absence of its 9aaTAD (Gawriyski et al.,
2023). Bovine NOBOX had a central 9aaTAD overlapping with the homeo-
domain. Interestingly, two separate 9aaTAD was predicted for TPRX3, making
it an interesting candidate as a factor involved in bovine EGA.

5.1.4 Ectopic expression of TPRX3 confirms its transcription
activator role

Given that bovine TPRX3 contained a 9aaTAD and was not tested before for its
transcription activation capacity, we set out to overexpress 7PRX3 in bovine fetal
fibroblast (BFF) cells to examine its effect on the transcriptome. We utilized a
doxycycline-inducible system, in which the expression of TPRX3 was stimulated
only upon addition of doxycycline to the cell culture medium. Since our
molecular cloning experiment yielded two distinct TPRX3 isoforms, we opted for
the longer TPRX3 isoform, which encodes a homeodomain, can potentially bind
DNA, participates in transcription activation. We verified the expression of
TPRX3 in induced BFF cells by the GFP signal, as our construct contained the
GFP coding sequence downstream of TPRX3, separated by the IRES sequence.
We performed the RNA-seq analysis using two replicates that qualified for
downstream analysis. The total number of raw and processed reads, as well as the
alignment rates, were summarized in Table 2. The minimum and maximum
alignment rates were approximately 80.5% and 90%, respectively. The doxycyc-
line treatment was reflected in the Principal Component Analysis (PCA), which
showed separation based on the TPRX3 overexpression along the second prin-
cipal component (PC2). Differential gene expression analysis revealed 87 and six
significantly up- and downregulated genes, respectively. Visualization by volcano
plot showed the prominent expression of TPRX3 and its transcriptional effect.
Because our method of choice for RNA-seq did not only enrich poly(A)-tailed
RNA, we detected coding and noncoding RNAs induced by TPRX3 overexpres-
sion. These included splicing machinery-related small nuclear RNA (snRNA),
RNA modification-related small nucleolar RNAs (snoRNAs), and ribosomal
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RNAs (rRNAs), which are fundamental structural and functional components of
ribosomes. Gene ontology (GO) analysis suggested the biological processes these
biomolecules are involved in.

Table 2. Read numbers obtained from RNA sequencing of the TPRX3-overexpressed

cells.
Read numbres after . Final cDNA
. Number of . " Alignment
Cell line trimming and Dox | amounts pooled
raw reads . rate
filtering (ng)
Replicate 1 52881806 51673529 0.8662 - 47.9
49143393 47409233 0.8692 + 47.9
Replicate 2 45449211 44500066 0.8976 - 47.9
62036456 59887867 0.8041 + 47.9

To support our results on the transcriptional effect of TPRX3, we compared our
dataset with those derived from early bovine embryos (Graf et al., 2014; Paulson
etal., 2022), to find commonly regulated genes. Common genes upregulated during
the 16-cell-to-blastocyst transition and in 7PRX3-overexpressed cells included
mitochondrially encoded genes such as ND1-ND5, CYTB, COX1-COX3, ATP6,
which are components of complexes I, III, IV, and V, respectively. It suggests
that TPRX3 potentially activates genes involved in the shift from low oxygen,
pyruvate-based metabolism to high oxygen, mitochondrial-based respiration.
Several noncoding RNAs were also identified as commonly regulated genes with
statistical significance. Similarly, we observed that 12 genes upregulated by
TPRX3-overexpressing cells were also upregulated by LEUTX overexpression in
an independent dataset (T. D. Lewin et al., 2022).

5.2 Study II: Identification of embryonic genome activation
regulators through transcriptome profiling of bovine
embryo developmental stages

5.2.1 5-end mRNA profiling of bovine oocytes and
preimplantation embryos

To gain insights into gene regulation during bovine early development, we per-
formed RNA sequencing on several bovine developmental stages using a 5’-end-
focused method that captures the 5° ends of mRNAs, thereby identifying
transcription start sites and guiding the annotation of putative promoter regions,
while minimizing reads originating from the 3’ ends of mRNAs that might be
undergoing degradation. We performed STRT-N RNA-seq (Boskovic et al., 2023)
after sampling single oocytes or single embryos from the following stages: GV
and MII stage oocytes and 2-cell, 4-cell, 8-cell, 16-cell, and blastocyst stage
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embryos. In total, we sequenced cDNA libraries of 48 samples, two of which
were negative controls without any RNA. Out of the remaining 46 samples, 41
qualified for the downstream analyses. The average number of reads of samples
selected for downstream analyses was 3,364,498.

In this study, we considered the first exons as the minimal genomic unit for
gene expression quantification, as opposed to using entire genes, which are con-
ventionally used as the unit of quantification. This quantification unit was previ-
ously defined as the transcript far 5’-end (TFE), named as such because it repre-
sents the ultimate end or transcription start site of a gene (T6honen et al., 2015).
Therefore, our approach is unique in that it provides a TFE-based transcriptome
analysis of bovine early development, which is enabled by the 5’-end RNA-seq
method STRT-N (Boskovic et al., 2023). Our analysis revealed a total number of
122,688 TFEs. It is noteworthy to mention that several TFEs can correspond to a
single gene, suggesting distinct TSSs. We detected 88,357 TFEs corresponding
to 18,501 annotated bovine genes. We also detected 34,331 TFEs that were found
in genomic regions with no known annotation.

Pairwise correlation using the top 20,000 fluctuating TFEs identified two
clusters in the heatmap, each of which contained stages either before or after
bovine EGA. Almost half of these TFEs were annotated, corresponding to 6,695
known genes. The heatmap showed the formation of distinct groups by MII
oocyte, 16-cell, and blastocyst stages. Cleavage stages of pre-EGA stages, namely
2-, 4-, and 8-cell embryos demonstrated similarity. These results were also ref-
lected in the UMAP plot, in which the blastocyst stage stood apart from the other
clusters, whereas the oocyte and cleavage stages formed their own cluster, each
separated from one another. Within the cleavage stage cluster, 2-, 4-, and 8-cell
embryos were more closely grouped, with 16-cell embryos positioned slightly
apart, reflecting the onset of bovine major EGA. These results highlight the
changes in the transcriptome in early embryos as a result of MZT and bovine
EGA.

5.2.2 Changes of poly(A)-tailed RNAs and the percentages
of aligned reads assigned to each genomic feature

We also demonstrated MZT by calculating the relative changes of the poly(A)-
tailed RNA. Since the STRT-N protocol includes exogenously added defined
amounts of spike-in RNAs that serve as constant reference entities for normaliza-
tion, we reliably demonstrated that oocyte stages had similar levels of poly(A)-
tailed RNA, with a significant drop observed at the 2-cell stage, which is an initial
and significant sign of MZT (Kojima et al., 2024). The decrease in poly(A)-tailed
RNA continued gradually until the blastocyst stage, indicating ongoing maternal
mRNA clearance. We observed an increase in poly(A)-tailed RNA at the blasto-
cyst stage.

Next, we calculated percentages of aligned reads corresponding to the fol-
lowing genomic features: upstream & 5°-UTR of coding genes, CDS & 3’-UTR
of coding genes, upstream & first exon of noncoding genes, other than first exon
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of noncoding genes, intron, and unannotated. Aligned reads are assigned to indi-
vidual TFEs. We therefore present the overall percentages of aligned reads falling
under TFEs, classified by their corresponding genomic features. The overall per-
centages were summarized in Table 3. The proportion of aligned reads assigned
to unannotated TFEs was at least 16% across stages, indicating a high percentage
of bovine genomic features that have not been characterized yet. Similarly,
aligned reads assigned to intronic TFEs accounted for an average of 8.4% across
all stages, suggesting the presence of distinct transcription start sites during early
development. Most aligned reads were found in the upstream of 5’-UTR of the
coding genes in all stages, consistent with the 5’-based STRT-N method. Another
thing to note is the increased share of aligned reads assigned to CDS and 3°-UTR
in the blastocyst stage. This might indicate distinct transcription initiation events,
although it is possible that some of these reads were derived from degraded
transcripts.

Table 3. Stage-averaged percentages of aligned reads across TFE annotations.

Annotation ooc:\;te ool\:;(Ite 2-cell | 4-cell | 8-cell | 16-cell :l?:t:
CDS and 3'-UTR of coding 14.23 13.40 14.26 | 13.74 | 14.02 | 12.61 | 28.15
Intron 8.49 7.70 8.65 8.78 9.89 9.67 | 571

Noncoding_other-exon 0.15 0.1 0.11 0.12 0.12 0.12 | 0.19
Unannotated 17.02 2415 | 1649 | 16.39 | 15.96 | 18.77 | 19.60
Upstream and 1st exon of 2.05 2.19 3.03 1.90 1.78 1.78 | 2.76
noncoding

Upstream and 5'-UTR of 58.08 52.45 | 57.46 | 59.07 | 58.23 | 57.05 | 43.60
coding

5.2.3 Differential expression of TFEs in consecutive bovine
developmental stages

We performed differential expression analysis by considering TFEs as genes and
compared the expression of TFEs at each stage to that of the preceding develop-
mental stage. Detected significantly up- and downregulated genes and TFEs are
summarized in Table 4.

Our results showed the highest downregulation following fertilization during
the MII-oocyte-to-2-cell transition. This was followed by the gradual down-
regulation of TFEs during cleavage stages. Another prominent downregulation
was observed during the 8-to-16-cell transition, which is in line with the previous
report suggesting that maternal mRNA clearance is required for EGA (Bogliotti
et al., 2020). Progression from the 8-cell to 16-cell stage was also accompanied
by upregulation of the highest number of TFEs after fertilization, marking the
major bovine EGA.
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Table 4. Number of up- and downregulated genes and TFEs detected at given develop-
mental transitions.

Upregulated Downregulated

TFE Gene TFE Gene
GV-to-MII 8902 2733 6508 3618
MIl-to-2-cell 211 149 21918 7400
2-cell-to-4-cell 29 21 122 87
4-cell-to-8-cell 4 1 92 70
8-cell-to-16-cell 1621 731 20461 8536
16-cell-to-blastocyst 12989 6501 2057 1301

We also examined the annotations of the up- and downregulated TFEs. The
majority of the upregulated TFE identified during oocyte maturation were un-
annotated, suggesting that characterization and improved annotation of genomic
features are needed, especially using materials derived from oocytes. Gene
ontology (GO) analysis for upregulated TFEs pointed to biological processes
such as cell cycle, which is expected for the completion of meiosis (R. Li &
Albertini, 2013). GO terms for downregulated TFEs included ribosome and
translation-related processes.

Upregulated TFEs during the MII-oocyt-to-2-cell transition were mostly
coding genes. The downregulated TFEs during the same developmental transition
included a high percentage of unannotated TFEs. These genomic features are to
be elucidated. GO analysis revealed chromatin remodeling and nucleosome orga-
nization for upregulated TFEs. GO terms for downregulated TFEs included DNA
repair and DNA damage.

Almost half of the upregulated TFEs were coding, whereas downregulated
TFEs were much higher during the transition from the 8-cell to 16-cell stage.
Furthermore, unannotated TFEs made up close to 40% of the upregulated TFEs
during bovine EGA, highlighting the need for further research for the characteri-
zation of these genomic features. GO terms for upregulated TFEs pointed to
events like RNA transcription, processing, and splicing. GO terms for downregu-
lated TFEs included processes such as protein transport and post-translational
protein modification.

From the 16-cell to blastocyst stage, upregulated TFEs were the highest we
detected. GO terms for these TFEs included peptide metabolic process, ribo-
protein complex biogenesis, amide biosynthetic process, and cellular response to
stress. Cellular stress was also reported for prolonged culturing of embryos
(Puscheck et al., 2015) and those that were cultured under low oxygen (Boskovic
et al., 2025).
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5.2.4 Temporal expression of PRD-like homeobox genes

We optimized the STRT-N pipeline to be compatible with Ensembl gene anno-
tation files, into which we integrated cDNA cloning-defined gene definitions
reported in our earlier study (Yasar et al., 2024), to examine TFE-based dynamic
expression of these PRDL homeobox genes.

We detected a single TFE for TPRX3, and it was located slightly upstream of
our cDNA-based TPRX3 structure, indicating a new site for transcription initia-
tion. Expression levels observed in our current dataset and in another dataset
(Graf et al., 2014) that we also used to report TPRX3 expression differed. The
former showed the highest expression at the 16-cell stage, whereas in the latter it
occurred at the 8-cell stage. Similarly, we showed that LEUTX was expressed at
its peak at the 16-cell stage, whereas its highest expression was previously repor-
ted to be at the 8-cell stage (Maeso et al., 2016). These results reflect the effect
of the method of choice on the expression level quantification. We detected four
distinct TFEs belonging to LEUTX, three of which were located at the 5° end of
our cDNA-confirmed LEUTX structure, but no TFEs were found around the first
exon of the unique Ensembl LEUTX transcript model ENSBTAT00000065536
belonging to the gene model ENSBTAG00000046425.

Since TFE analysis has the potential to capture possible novel sites for tran-
scription initiation, we searched for TFE peaks that could indicate previously
unannotated sites. We detected increased TFE signals across all developmental
stages between the first and the second exon of DPPA3 (ENSBTAG000000
46609). Further investigation of this site could help characterize this gene further,
which was shown to be required for normal development of bovine embryos
(Bakhtari & Ross, 2014).

ARGFX showed two TFEs, one of which showed very low to zero expression,
whereas the other one showed steady levels of low expression until the 16-cell
stage. At this stage, elevated expression was observed with a sharp decrease at
the blastocyst stage.

DUXA had three distinct TFEs, one of which was at the 5’ end and two of
which were located downstream. Like the other PRDL homeobox genes, DUXA
also elevated its expression following bovine EGA. Notably, in this study, log2
normalized value —10 was defined as the cutoff to assess whether a gene is expres-
sed or not. One of the TFEs located at the 3” end of the gene (TFE45905) showed
almost zero expression in all embryonic stages except for the 16-cell stage, which
could have a potential regulatory role.

One of the two TFEs detected for TPRX1 was located around the promoter of
our previously reported TPRX! isoforms, rather than that of the Ensembl-pre-
dicted gene ENSBTAG00000057182. The other TFE for TPRXI was located
close to the 3’ end of gene models in this locus. Expression of TFEs identified
for both TPRX1 and TPRX2 was observed most prominently at the 16-cell stage.
The TFE identified at the 5° end of our TPRX2 gene structure obtained through
molecular cloning confirmed that TFE analysis is effective for capturing the
ultimate 5’ ends of genes, thereby providing an opportunity to define their pro-
moters and investigate potential regulatory mechanisms.
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As opposed to the abovementioned PRDL homeobox genes, NOBOX is another
PRDL homeobox gene that is primarily expressed in oocytes. This was reflected
in our TFE approach, which also highlighted several sites with identified TFEs.

To investigate the dynamic changes of PRDL homeobox genes further, we
included several more genes that were categorized under this gene class (Biirglin,
2011). Previously, PRDL homeobox genes were classified as zygotic, maternal,
and mixed based on the stages during which they were predominantly expressed
during human early development (T6honen et al., 2015). Similarly, to categorize
these genes in the same manner, we plotted a heatmap and defined maternal and
zygotic PRDL homeobox genes expressed during bovine early development. We,
therefore, defined ALX1, ALX3, ARX, HESX1, HOPX, MIXL1, NOBOX, PHOX2A,
PITX3, SHOX, SHOX2, UNCX, VSXI, and VSX2 as maternal PRDL homeobox
genes. The zygotic genes included ARGFX, DUXA, LEUTX, OTX2, PHOX2B,
TPRX1, TPRX2, and TPRX3.

5.2.5 Identification of embryonic stage-specific gene expression

To identify TFEs exclusive to each developmental stage, we selected TFEs previ-
ously identified as upregulated between consecutive developmental stages and
then applied a filter requiring that each gene be expressed exclusively at the latter
stage and not any other stage analyzed. Since the number of significantly upregu-
lated genes was very few in the 2-, 4-, and 8-cell stage, and because their tran-
scriptional profiles resembled each other based on the UMAP plot, we excluded
these stages from our search for stage-specific TFE expression.

Our analysis revealed 588 and 730 stage-specific TFEs for GV and MII
oocytes, respectively. Out of the 588 TFEs, 229 corresponded to known genes,
whereas MII oocyte-specific TFEs belonged to 155 annotated genes. The number
of TFEs that are activated only during EGA was 197, with 75 of them cor-
responding to known genes. For the blastocyst stage, this number was 2,379, and
1400 TFEs belonged to the genes annotated in the bovine genome.

To highlight the TFEs of TF genes that are expressed in a stage-specific
manner, we utilized the bovine TF database (W. K. Shen et al., 2023) and marked
these TF genes in the heatmap. GV oocyte-specific TFEs belonged to RFXANK,
ZNF414,ZNF354A4, ARX, FIGLA, ETVS5, CEBPB, XBP1, TCF25, HESX1, RARB,
IRF7, ZNF691 and GBX2. Some of the MII oocyte-specific TFEs were of the
following TF genes: PROX2, BCL2, TSHZ2, BSX, ZNF304, SP6, NRIDI,
ZNF750, BAZ2B, ZEB2, and TCF4. TFEs specific to the 16-cell stage included
two of the previously discussed PRDL homeobox genes, DUXA and LEUTX.
Furthermore, there were also DPPA2, TCF3, TFAP2C, IDI1, ZNF217, MYC,
IRX5, ENSBTAG00000049688, HOXD11, EOMES, ZNF12, AHR. Some of the
blastocyst-specific TFEs were of TEAD4, NFX1, MTA3, TBX3, ETS2, EBTF, and
OTX2. It is noteworthy to mention that abovementioned genes have at least one
TFE that is expressed exclusively at a single stage, but it does not necessarily
indicate that all transcripts or TFEs of those genes are expressed in a stage-
specific fashion. One gene could have more than one TFE.
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5.2.6 Putative regulators of bovine embryonic genome activation

To study bovine EGA, we aimed to focus on TFEs that are activated as a result
of bovine EGA at the 16-cell stage. Our list of stage-specific TFEs served as a
useful resource for this purpose. Identifying the factors that activated these
16-cell stage-specific TFEs gives insight into the regulation of bovine EGA. For
this purpose, we extracted the promoter regions of these TFEs and performed de
novo motif analysis to identify putative factors with binding motifs similar to the
discovered motif, under the assumption that these factors may bind these pro-
moters and regulate bovine EGA.

Among the candidate proteins whose binding motifs were similar to the
de novo motifs, we selected proteins encoded in the bovine genome. DUXA was
one of the proteins showing a close match to the motif we discovered
(TAAYCYAATCA). A putative binder of the same motif was identified
as PHOX2A, a maternal PRDL TF. Other maternal PRDL TFs included
ALX1 and UNCX. Another de novo motif, TCTCYTCCTSCYYCT, showed a
close match to the binding motif of GABPA. The third motif we identified,
GCCACCAGGGAAGCC, had EBF1 as the putative binder. CTGGARAAT
CCCATG matched the binding to another motif of RELA, a subunit of NF-kB.
KLF factors, such as KLF4 and KLLF10, showed binding to another de novo motif,
GVGGGGCGGGGCBGAG.

Although OTX2 showed lower levels of expression in earlier stages, the last
de novo motif discovered, CTTTAATCCAATTTT, showed a close match with
the binding motif of the PRDL class protein OTX2. While we focused on putative
binders whose genes were expressed at higher levels in pre-EGA stages, it is
possible that proteins with low expression, or those predominantly expressed in
oocytes, might also contribute to bovine EGA if they remain stable until the time
of EGA. One study in mice showed that proteins detected in oocytes were stably
observed until the blastocyst stage (H. Zhang et al., 2023).

5.3 Study lll: Characterization of bovine DUXC

5.3.1 DUXC is a putative binder of the promoters of the genes
activated at the 16-cell stage

We identified a de novo motif enriched in the promoters of a subset of upregulated
genes at the 16-cell bovine embryos in our previous work (Yasar et al., 2025).
A putative binder of this motif, TAAYCYAATCA, is DUX4, a PRDL class
protein that is not encoded in the bovine genome. However, a homologue of this
protein has been suggested to be DUXC, which also contains a double homeo-
domain similar to DUX4 and shares a conserved C-terminal domain with DUX4
(Clapp et al., 2007; Hewitt et al., 1994; Leidenroth et al., 2012). Therefore, it is
likely that TAAYCYAATCA could show a match to the binding motif of DUXC.
However, DUXC annotation in the bovine genome is only based on compu-
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tational predictions. For example, Ensembl gene annotations for bovine contain
predictions for DUXC without an official gene symbol, limiting its interpret-
ability in downstream bovine genome-wide analyses (Dyer et al., 2025). For this
reason, we aimed to derive the full-length DUXC transcript from early bovine
embryos by performing molecular cDNA cloning and to report it to enable
accurate gene annotation.

5.3.2 Molecular cDNA cloning of DUXC from the 8-cell
stage bovine embryos

In order to perform molecular cloning of DUXC, we set out to design PCR
primers, which required having template sequences of DUXC gene structures.
Therefore, we initially sought to find available DUXC gene predictions. To find
the DUXC locus, we utilized the pig DUXC sequence reported earlier and per-
formed a tblastn search (Nip et al., 2023). Since DUXC is a multi-copy gene,
at this locus we observed several Ensembl transcript predictions located in
tandem. Many of these tandem transcripts contain the same sequence, as this
locus is an array of repeated sequences. For this reason, we selected transcript
predictions with distinct sequences to design primers for molecular cloning:
ENSBTATO00000081668, ENSBTAT00000070667, ENSBTATO00000080304,
ENSBTATO00000111847. These transcripts were from Ensembl bovine gene
annotation versions 104 and 112.

Since our previously generated dataset contained potential transcription start
site information, we reanalyzed this dataset and discovered TFEs that are found
upstream of the 5” end of the predicted transcript ENSBTAT00000111847. This
prompted us to design primers for this potential novel 5° end of DUXC. For the
rest of the transcript models, we used the given structures as a model to design
PCR primers. The expected fragment lengths for ENSBTATO00000081668,
ENSBTAT00000070667, and ENSBTATO00000080304 were 733 nucleotides
(nt), 813 nt, and 1382 nt, respectively. For ENSBTATO00000111847, we designed
4 distinct primer pairs with the expected fragment lengths of 2620 nt, 2067 nt,
1670 nt, and 1622.

We performed our initial experiments using Phusion polymerase and failed to
amplify DUXC cDNA. The addition of enhancer reagents in the PCR reactions
did not improve the results. Since the average GC content of our templates is
66.7%, we considered using a different polymerase that can work better with such
GC content. A previous study, which showed successful amplification of a DNA
fragment of 63% GC content using Q5 but not Phusion polymerase, prompted us
to opt for Q5 polymerase (Assal & Lin, 2021). Although Q5 polymerase alone
also failed, the addition of betaine resulted in the amplification of the gene model
that was based on the TFE we discovered. Our molecular cloning revealed a novel
first exon for bovine DUXC. In addition, the exon structures were slightly
different, with exon 3 and 4 being longer as compared to the computationally
predicted DUXC models. We also confirmed the presence of a double homeobox.
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Furthermore, 9aaTAD was encoded in the 3’ end of the DUXC ¢cDNA sequence
we identified. In this study, we report the first early embryo-derived full-length
sequence of DUXC, while full-length sequences of the human counterpart of
DUXC, namely, DUX4, have previously been reported from non-embryonic
sources.

5.3.3 Clearance of DUXC mRNA depends on minor bovine EGA

With our updated DUXC annotation, we sought to reanalyze RNA-seq datasets
(Yasar et al., 2025; J. Zhang et al., 2025) derived from several bovine embryo
development stages to observe the temporal expression of DUXC, which usually
may be ignored because of its multi-copy nature. Some mappers may select one
mapped read if they align to multiple positions (Kim et al., 2019), and some
quantification tools may completely discard the signal that comes from multi-
mapped reads (Deschamps-Francoeur et al., 2020). For this reason, we performed
our reanalysis by considering these concerns and quantified DUXC expression
across different stages and conditions.

The first dataset we utilized not only contains normal IVF embryo develop-
mental stages but also those that were treated with a-amanitin or 5,6-dichloro-
benzimidazole 1-B-D- ribofuranoside (DRB). The former directly binds to Pol II,
causing its arrest and degradation, thereby inhibiting transcription (Brueckner &
Cramer, 2008), while the latter indirectly inhibits transcription elongation
(Chodosh et al., 1989). Because DRB-mediated transcriptional inhibition is
reversible (Efrat & Kaempfer, 1984), embryos were incubated with DRB until
the 2-cell stage to block minor EGA and subsequently washed to allow tran-
scription. Embryos subjected to this condition were referred to as DRB wash
(DRBW). A more direct approach to transcription inhibition was achieved using
a-amanitin, producing 2-, 4-, and 8-cell embryos in which embryonic tran-
scription was inhibited. These embryos were also referred to as transcriptionally-
blocked embryos (TBE).

Our reanalysis of this first dataset showed that DUXC transcript levels
increased immediately after fertilization. This increase compared to oocyte stages
was also true for the 2-, 4-, 6-to-8-, and 8-cell stages. Notably, we performed the
reanalysis by incorporating the cDNA-confirmed DUXC gene in the gene
annotation file, and we validated that RNA-seq reads mapped to the novel first
exon we identified. Interestingly, the signal for DUXC increased at the 4-cell stage.

Comparison of control and o-amanitin treatment groups revealed that
expressed DUXC levels do not depend on the zygotic transcription, as we
observed similar levels between groups for the 2- and 4-cell stage. A similar
observation was made for only 8-cell bovine embryos using the same a-amanitin-
mediated transcription inhibition (C. Zhou et al., 2023).

For the 8-cell embryos, one control replicate showed similar levels with the
replicates of TBEs, whereas two replicates showed lower levels in the control
group. Reduced DUXC transcript levels were observed for later stages, coinciding
with the 8-cell stage and subsequent stages, indicating that the lower levels
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observed in the control groups are probably due to the degradation of DUXC
transcripts that needs to occur at this point of development. The differences
among control 8-cell stage embryos are likely due to the slight differences of
developmental time point. Although the expression of DUXC was reduced to the
levels observed at the oocyte stages, samples of inner cell mass showed slightly
higher levels of DUXC mRNA.

Transcriptionally inhibited 8-cell embryos showed higher DUXC levels as
compared to the control 8-cell stage embryos, indicating the need for zygotic
transcription for the clearance of DUXC mRNA levels later in preimplantation
embryo development. This phenomenon was more clearly observed between
control and DRBW embryos, the latter of which are embryos with minor EGA
inhibition. The highest relative expression of DUXC was observed in the 8-cell
embryos, in which minor EGA was inhibited. Transcripts that were derived from
the bovine minor EGA were probably involved in the degradation of DUXC
transcripts.

Along with DUXC, we also demonstrated the relative expressions of ARGFX,
DUXA, LEUTX, NOBOX, TPRX1, TPRX2, and TPRX3, for which we had cDNA-
confirmed gene annotations. As expected, NOBOX expression was mostly con-
fined to the oocyte stage, and its transcript levels were increased at TBE embryos,
highlighting the link between maternal mRNA clearance and embryonic
transcription. DUXA, LEUTX, TPRX1, TPRX2, and TPRX3 exhibited similar
temporal expression patterns. The relative expression of these PRDL homeobox
genes, along with ARGFX were increased at the 4-cell stage in the absence of
a-amanitin, suggesting that their expression is of zygotic genome origin. Inte-
restingly, ARGFX expression at the 8-cell stage was elevated in control DRBW
embryos, pointing to a specific factor derived from minor EGA needed for its
enhanced activation. Furthermore, we utilized our recent dataset (Yasar et al.,
2025) that allows spike-in normalization for a more reliable quantification. We
showed that DUXC mRNAs were at peak levels at the 2-cell stage, the earliest
stage after fertilization in this dataset.

5.3.4 Genomic organization of bovine DUXC locus

We set out to characterize the genomic organization of bovine DUXC, which was
previously shown to be in a pericentromeric region (Leidenroth et al., 2012).
These earlier experiments utilized hybridization-based experiments to show the
chromosomal location of DUXC. The resolution at the repetitive genomic loci,
including pericentromeric regions, has been improved in newer bovine genome
assemblies. For this reason, we examined the DUXC locus in the latest version of
the bovine reference genome (ARS-UCD2.0) as well as in an independently
assembled recent bovine genome called NCBA BosT1.0 (T. T. Li et al., 2023)
using our experimentally-derived full-length DUXC sequence. Since the former
and latter were Hereford and Holstein breed, respectively, we referred to them by
their breed for the sake of simplicity.
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Our initial approach was to perform in silico PCR by designing primers that
could anneal all repeat units. This approach allowed us to identify six repeat units
for the Hereford genome, whereas 18 repeat units were revealed in the Holstein
genome. The length of the fragments generated by in silico PCR showed that the
median of repeat units was greater in Holstein breed bovine. We also observed
differences in the lengths of individual repeat units, with some of the repeat units
being around 5500 bp, while the median of the Holstein repeat units was 5900 bp.

Apart from the complete repeats, at each end of the array in both breeds, there
were incomplete repeats. We were unable to detect these incomplete repeats
among the in silico PCR-amplified fragments, as they did not have the sequences
for primers to anneal to. For convenience, we called the incomplete repeat at the
telomere end Unit 1, with the upstream complete repeat unit called Unit 2.

We depicted the DUXC locus by overlaying our DUXC gene structure, similar
to the approach used for DUX4 in the human D4Z4 macrosatellite (Lemmers
et al., 2010), thereby providing a detailed genomic map of this region. Based on
our DUXC gene structure, the second half of the last exon was lost in Unit 1.
However, in the genomic region where the second half of the DUXC last exon
would be located, we identified a putative polyadenylation signal both in Holstein
and Hereford bovine genomes. This polyadenylation signal (ATTAAA) was
identical to the one observed at the 3’ end of DUX4, which is thought to give
DUX4 transcripts stability in FSHD cells (Dixit et al., 2007). This signal is
commonly found in the 3> UTRs of mRNAs (Beaudoing et al., 2000). Similarly,
we observed less common polyadenylation signals (AATACA, AAGAAA) in the
internal repeat units, positioned downstream of the last exon.

To assess the variation among the repeat units more systematically, we per-
formed multiple sequence alignments using the repeat units for each breed and
created a tree to show the relationship among them. Hereford internal units were
highly similar but still showed minor differences reflected by the branches on the
tree. The incomplete unit stood out with much longer branches. Most of the
Holstein internal units were similar to each other, but some had much longer
branches. Two of these units formed a separate cluster with the longest branch,
except for the incomplete unit at the non-telomere end. In summary, we utilized
our cDNA-derived DUXC sequence in combination with in silico PCR and
manual inspection of the DUXC genomic region to characterize its genomic
organization and generate a genomic map for this locus.

5.3.5 Identifying the repeat unit origin of DUXC mRNA

We set out to determine whether expressed DUXC mRNAs were derived from
the internal or distal units. Although the second half of DUXC exon 5 had a
deviated sequence, it contained a polyadenylation signal that human DUX4 was
shown to utilize. Since we needed to assess the expression of the 3’ end of DUXC,
we searched for RNA-seq datasets with bovine early embryonic stages and
selected a dataset (L. Zhu et al., 2022) that was generated with a method utilizing
resulting in high 3’ end coverage (Picelli et al., 2013).
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We utilized two indicators to determine whether the internal or distal DUXC
copy is expressed. One of these indicators was the second half of the exon 5,
which differed between the internal and distal copy. The other indicator was the
sequence found in the exon-intron junction of exon 5. This 51 bp sequence was
absent in the distal copy but present in the internal copy in the Holstein genome.
For this reason, we initially set out to search for reads spanning exon 4 and 5. We
identified reads spanning exon 4 and 5, which indicated that the internal DUXC
is expressed, as this specific region RNA-seq reads aligned to was missing in the
distal copy. We found these reads in both the 2-cell and 8-cell stage embryos. As
per the other indicator, we also concluded that expressed DUXC transcripts were
derived from the internal copies. This is because we identified reads aligning to
the portion of the exon 5 found only in the internal but not the distal copies.

Although we could not identify RNA-seq reads split between exon 4 and exon
5 in the distal copy, we wanted to investigate the possibility of a further down-
stream exon for the distal DUXC copy. Therefore, we searched for reads split
between the exon 4 and any downstream sequence until the telomere end. How-
ever, prior to our search, we wanted to ensure that the Holstein bovine we used
had an assembled telomere. By using a computational tool (Brown et al., 2025),
we verified the presence of the telomere in chromosome 7 in this genome
assembly. We extracted a genomic region spanning the telomere end and the
distal DUXC copy, excluding the internal DUXC copies, to which we aligned
RNA-seq reads using a mapper (Kim et al., 2019), allowing a maximum intron
length of 500,000 bp. Notably, the genomic distance between the distal DUXC
and telomere is much shorter than 500,000 bp. Our search did not result in any
reads between the exon 4 of the distal DUXC copy and any potential downstream
exon.

Using our DUXC cDNA, we annotated DUXC in the distal and internal
regions. Based on our approach, the distal DUXC exhibited a shorter last exon,
whereas the internal DUXC contained a longer last exon. This indicates that the
DUXC cDNA we isolated was also derived from the internal DUXC copies. An
alternative approach we took for annotating DUXC was by transcript assembly
that utilized RNA-seq reads from the same dataset. This approach revealed the
same DUXC structure we experimentally confirmed. The same gene structure
was obtained for both 2-cell and 8-cell stage embryos. Although we applied the
same analysis for other developmental stages, including GV and MII oocytes as
well as the morula and blastocyst stage embryos, the number of reads was very
low for these stages. One exception is the blastocyst stage, where tens of reads
mapped to the DUXC locus. However, these reads not only aligned to DUXC
exons but also to introns as well as exon-intron junctions. This likely represents
the expression of a distinct genomic feature. Furthermore, transcript assembly at
the blastocyst stage did not recapitulate previously defined DUXC gene structure
but instead yielded a single-exon unit, supporting the presence of a separate
genomic feature at this locus. Taken together, we demonstrated lines of evidence
to state that the distal DUXC is not expressed, and the observed DUXC mRNAs
are derived from one or more internal DUXC copies.
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5.3.6 Genomic organization of the DUXC locus across eight
bovine breeds

We searched for publicly available genome assemblies to analyze the DUXC
locus in different bovine breeds. To analyze the genomic organization of the
DUXC locus, we first extracted this locus from each genome assembly and then
examined its composition in terms of DUXC repeat units. For this purpose, we
used Holstein unit 2, which we produced via in silico PCR, and aligned it to
chromosome 7, allowing defining the boundaries of the DUXC locus. After
extracting these loci, we performed pairwise alignment and provided DUXC
locus-wide comparison across breeds. Next, we aligned the same unit 2 to each
extracted DUXC locus to reveal how DUXC repeat units were organized in the
genome assembly of each breed.

We showed that the Wagyu genome assembly contained the longest DUXC
locus, in which we were able to annotate 28 copies of DUXC. However, we were
unable to extract the DUXC locus from the Yunling breed, probably because the
resolution of the Yunling genome assembly was not sufficient to cover this
genomic region. Jersey, Hanwoo, Holstein, Hereford, and Tibetan showed close
similarity to each other, with most regions showing sequence identity higher than
80% while some regions reached up to 98%. Since Jersey had a relatively small
DUXC locus in its assembly, it only allowed annotation of one DUXC copy. The
extracted genomic locus from the Mongolian assembly was the shortest among
all, with the shared sequence identity between this region and the DUXC repeat
unit being 77-78%. No DUXC was annotated in this genomic locus, whereas all
other breeds had at least one DUXC gene annotated using our DUXC cDNA
sequence.

5.4 Study IV: Effect of oxygen levels on bovine early
embryo development

5.4.1 Blastocyst formation rates of embryos grown under
normoxia, hypoxia and ultrahypoxia

To study the effect of oxygen levels on irn vitro produced bovine embryos, pre-
implantation bovine embryos were exposed to three distinct conditions. Two of
these conditions included performing the entire embryo culture either under 20%
atmospheric O, or 6% physiological O, levels, referred to as normoxia and
hypoxia, respectively. The third condition, which was referred to as ultrahypoxia,
was identical to the hypoxia condition except for maintaining the culture under
2% O after the 16-cell stage. In the experiment performed to calculate cleavage
and blastocyst formation rates, each condition had at least two replicates, with at
least two of the replicates containing 50 zygotes at the beginning of embryo
culture. Similar cleavage rates were observed for each condition, with normoxia,
hypoxia, and ultrahypoxia showing around 85%, 85%, and 79% cleavage rates,
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respectively. The formation of blastocyst rates at day 7 were 8%, 33%, and 2.1%,
and at day 8, it was 13%, 36%, and 4.6% for normoxia, hypoxia, and ultrahypoxia
conditions, respectively. This showed that the normoxia and ultrahypoxia condi-
tions decreased the proportions of embryos that reached the blastocyst stage. The
finding relating to the normoxia condition is in line with an earlier report showing
that the efficiency of human IVF procedures is lower when embryos are cultured
under normoxia conditions (Bontekoe S & Mastenbroek, 2012). However, the
finding relating to the ultrahypoxia condition is in contrast to the earlier studies
conducted on human and mouse embryos (De Munck et al., 2019; Kaskar et al.,
2019; Y. Yang et al., 2016).

5.4.2 Transcriptome profiling of embryos grown under normoxia,
hypoxia and ultrahypoxia

To investigate the effect of oxygen levels on the transcriptome, STRT-N RNA-
seq was performed using zygote, 4-cell, 8-cell, 16-cell stage, and blastocyst stage
for the normoxia and hypoxia conditions, whereas for the ultrahypoxia condition,
only the blastocyst stage was used. To assess the quality of the RNA-seq experi-
ment, temporal expression levels of known genes were plotted. As expected,
expression levels of pluripotency markers NANOG and POUS5SFI (OCT4)
increased at the blastocyst stage (Canizo et al., 2019; Khan et al., 2012; Kuijk
et al., 2008), and the GDF9 expression was observed in oocytes (Lonergan et al.,
2003; Pennetier et al., 2004; Sendai et al., 2001). The expression of SLC34A42, a
cell surface antigen specific to 8-cell-like cells (Yoshihara et al., 2022), was
observed in post-EGA stages in bovine embryos. UMAP analysis showed clear
separation of pre- and post-EGA stages.

Initially, differential gene expression analysis was performed for normoxia
and hypoxia conditions by comparing the transcriptome of the 8- and 16-cell
stage to that of the zygote stage. The first comparison revealed downregulation
of 47 and 732 genes for normoxia and hypoxia. Maternal-to-zygotic transition
(MZT), which is characterized by not only the burst of zygotic gene transcription
but also maternal mRNA clearance, is an integral part of embryo development.
Embryos grown under atmospheric O; levels might have partially failed to clear
maternal transcripts.

The second comparison, which included the zygote-to-16-cell transition,
showed a similar number of upregulated genes, with 253 genes upregulated in
hypoxia and 260 genes upregulated in normoxia. The number of commonly
upregulated genes in both conditions was 167. The number of upregulated genes
exclusive to hypoxia was 86, including the genes AHR, EOMES, MYC, and
TFAP2C, whose 16-cell stage-specific expression was reported (Yasar et al., 2025).
The number of upregulated genes identified as normoxia-specific was 93. Gene
ontology (GO) analysis of upregulated genes in the 16-cell stage for both condi-
tions showed similar general terms relating to transcription and translation. A
high number of downregulation was observed during the zygote-to-16-cell tran-
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sition, with 5,785 and 4,829 genes detected for hypoxia and normoxia conditions,
respectively. KEGG pathway analysis of the downregulated genes showed
similar terms for both conditions.

Later, differentially expressed genes were identified for all conditions. In order
to compare the effect of oxygen levels across conditions, transcriptome profiles
of blastocyst stage embryos were compared to those of 16-cell stage embryos
grown under normoxia, hypoxia, or ultrahypoxia conditions. The number of
upregulated genes during the 16-cell-to-blastocyst transition was 1,991 and 1,967
under hypoxia and ultrahypoxia conditions, respectively, whereas only about a
quarter of this number was observed under normoxia. This may indicate an
inefficient activation of hundreds of genes under normoxic conditions at the
blastocyst stage. On the other hand, during the same developmental transition,
the numbers of downregulated genes were 222, 1338, and 663 under hypoxia,
ultrahypoxia, and normoxia, respectively.

KEGG pathway analysis for the upregulated genes identified the oxidative
phosphorylation pathway. However, it also revealed that cellular processes
involved in TCA cycle genes were detected under hypoxia and ultrahypoxia, but
not under normoxia conditions. The metabolism of early embryos before com-
paction primarily depends on the oxidation of pyruvate, lactate, and amino acids,
whereas following compaction, at stages including the blastocyst stage, oxygen
consumption increases and metabolism dependency shifts towards glucose,
requiring the activity of components involved in the TCA cycle (Gardner & Wale,
2013). These results show that oxygen levels under which embryos are cultured
have a primary effect on embryo metabolism at post-compaction stages. The low
oxygen levels thought to be present inside the uterus (Burton et al., 2021)
therefore, have an impact on establishing the proper metabolic state required for
blastocyst development.
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6 CONCLUSIONS

In conclusion, the studies included in this thesis primarily elaborate on the
identification, putative roles, and characterization of PRD-like homeobox genes
in bovine preimplantation embryos. Conclusions drawn from these studies can be
summarized as follows:

Several PRD-like homeobox genes, predominantly active in human pre-
implantation embryos, are also active in bovine preimplantation embryos.

Molecular cloning is an efficient approach to initially determine the accurate
structure of genes before their functional characterization.

Bovine TPRX3 is a homeodomain transcription factor with a gene activation
capacity.

Regulatory mechanisms during early development are species-specific, with
distinct sets of genes carrying out particular roles in each organism.

5’-targeted RNA-seq approaches help identify novel transcription start sites
and de novo regulatory motifs, as well as regulatory proteins that modulate
gene regulatory effects through such motifs.

Bovine DUXC has a gene structure distinct from the proposed gene models.

Genomic organization of the DUXC array in eight distinct cattle breeds is
similar to that of human DUX4.

Unlike the DUX4 transcripts that are derived from the distal unit in human
FSHD phenotypes, DUXC transcripts in early bovine embryos are derived
from the internal units.

The detection of DUXC mRNAs in early bovine embryos is unaffected by the
inhibition of embryonic transcription.

Clearance of DUXC mRNAs at the 8-cell stage requires minor EGA.

Oxygen levels to which embryos are exposed during in vitro culture change
their metabolism, specifically causing slightly delayed EGA in normoxia
(20% Oy).
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SUMMARY IN ESTONIAN

Tiiustatud kromosoomanaliiiisi meetodid embriio kvaliteedi ja
loote tervise hindamiseks

Inimese mudelorganismide nagu hiire, ja veise embriionaalse arengu esimene
nddal peale viljastumist on oluline arenguaken, kuna just sel perioodil kdivituvad
mitmed protsessid ja mehhanismid (nditeks emapoolsete mRNA-de translatsioon
ja embriio genoomi aktivatsioon), mis suunavad organismi arengut kuni selle
taieliku véljakujunemiseni. Nende mehhanismide parem mdistmine aitab tdius-
tada inimeste viljatusravis kasutatavaid abistava reproduktsiooni tehnoloogiaid
ning parandada loomakasvatuse reproduktiivtehnoloogiate tShusust. Kéesolev
doktoritdo keskendub veise embriio preimplantatsioonilisele e pesastumiseelsele
arenguperioodile, pdodrates erilist tihelepanu PRDL-klassi homeoboksgeenidele,
mis kodeerivad transkriptsioonifaktoreid. PRDL geenid tuvastati esmakordselt
inimese embriiotes nende varajasele arengujargule iseloomuliku aktiivsuse pohjal.

T66 hiipoteesideks on, et veise varajane embriionaalne areng on reguleeritud
PRDL geenide poolt kodeeritud transkriptsiooni- ja kofaktorite vorgustiku kaudu,
nditeks DUXC, ning embriionaalset aregut mdjutavad nii rakusisesed transkript-
sioonilised programmid kui ka embriiote kasvatamisel kasutatavad kultiveerimis-
tingimused, sealhulgas hapniku kontsentratsioon. T66 eesmérkideks oli tuvastada
ja iseloomustada olulistel pesastumiseelsetel etappidel avalduvaid PRDL geene,
tdpsemalt uurida DUXC avaldumist ja voimalikku regulatoorset rolli. Samuti
kaardistada veise varajase embriionaalse arengu transkriptoomi diinaamikat,
leida veise embriio genoomi aktivatsiooni (EGA) regulaatoreid ning hinnata,
kuidas in vitro kultiveerimistingimused mdjutavad embriio transkriptoomi.

Doktoritdos kasitletud uurimuste esimeses osas kirjeldati seitsme PRDL
homeoboksgeeni veise ortoloogi struktuuri ning nende ekspressiooni veise vara-
jases embriionaalses arengus. Lisaks ndidati, et TPRX3 (ingl Tetrapeptide Repeat
Homeobox 3) toimib transkriptsiooni aktivaatorina.

Teises uuringus kaardistati veise arenevates munarakkudes ja varajastes
embriiotes oletatavad transkriptsiooni alguskohad. Kasutades valitud meetodi
voimet vélja selgitada potentsiaalseid promootorialasid, dnnestus DNA motiivi-
analiilisi abil tuvastada mitmeid transkriptsioonifaktoreid, mis voivad osaleda
veise suuremahulises embriionaalse genoomi aktivatsiooni (EGA) kdivitamises.

Kolmas uuring keskendus veise DUXC lookuse pdhjalikule iseloomusta-
misele. T6Gs analiilisiti 8-rakulistest in vitro viljastatud veise embriiotest kloo-
nitud DUXC cDNA-d. Saadud tulemused toetavad varasemaid evolutsioonilisi
késitlusi ning voimaldavad tdpsustada DUXC geeni annotatsiooni. Tuginedes
kaheksa erineva veisetou genoomiandmetele, ndidati, et DUXC geeniklastri
genoomne llesehitus sarnaneb DUX4 omaga. Samuti selgu, et DUXC mRNA
tuvastamine varajastes veise embriiotes ei sOltu embriionaalse transkriptsiooni
parssimisest, samas kui DUXC mRNA taseme langus 8-rakulise embriio
staadiumis eeldab viiksemahulise EGA toimumist.
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Doktorit66 viimases osas kisitleti hapnikutaseme moju varajasele embriio-
naalsele arengule. Tulemused néitasid, et normoksilised kultiveerimistingimused
pohjustavad viivituse veise suuremahulises EGA-s.

Kokkuvdtteks aitavad kéesolevas doktoritdds esitatud uuringud siivendada
arusaamist PRDL-faktorite rollist emapoolselt ehk maternaalselt geeniekspres-
sioonilt siigoodi geeniekspressioonile iileminekul ning veise suuremahulise EGA
regulatsioonil.
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