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“Two things fill the mind with ever new and increasing 
admiration and awe, the more often and steadily we reflect 
upon them: the starry heavens above me and the moral law 
within me. I do not seek or conjecture either of them as if 
they were veiled obscurities or extravagances beyond the 
horizon of my vision; I see them before me and connect 
them immediately with the consciousness of my existence.” 

― Immanuel Kant   
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1. Summary 
 

Cell fates are established during embryonic development and differentiation. Under 
physiological conditions in healthy organisms, cell fates rarely change, and any changes 
are often considered abnormal. Specific experimental manipulations, initially performed 
by John Gurdon in 1958, demonstrated that cell fates can be reversed to totipotency by 
injecting somatic nuclei into an enucleated Xenopus laevis egg and give rise to fertile 
adults in a process known as somatic cell nuclear transfer (SCNT). This process has low 
efficiency, as the cloned embryos often do not survive or demonstrate developmental 
abnormalities. The failure of cloned embryos to develop and survive has partly been 
attributed to a phenomenon known as epigenetic memory, referring to the aberrant 
expression of genes indicative of the transcriptional profile of the donor cell, or the failure 
of genes to accurately re-activate in the newly generated cell types, which is thought to 
be dependent on the propagation of chromatin marks. The failure of genes to activate 
their expression in reprogrammed cells has widely been attributed to ‘repressive’ 
chromatin features in the starting cell type, yet the phenomenon in which genes maintain 
an active chromatin and transcription state from the donor cell to the reprogrammed cell, 
has not been fully addressed yet. This phenomenon has in part been attributed to the 
persistence of trimethylation at histone H3 lysine K4 (H3K4me3) around the transcription 
start site (TSS) of genes that fail to downregulate their expression in reprogramming, so-
called ON-memory genes. Currently, however, it is unknown which factors, and which 
‘active’ chromatin marks contribute to ON-memory, acting alongside or together with 
H3K4me3, to form an “epigenetic barcode” that stabilizes cell fate specific gene 
expression and prevents cell fate reprogramming. To address this question, our group 
has previously developed Digital Reprogramming, a computational model capable of 
predicting reprogramming resistance and identifying epigenetic barriers from chromatin 
and transcriptome data in donor nuclei and wild-type target cells. With this approach, 
acetylation on Histone H3 lysine 27 (H3K27ac) was identified as a potential novel barrier 
to reprogramming and was thus chosen as the focus of this project. Reducing H3K27ac 
levels using p300/CBP inhibitors in donor cells before reprogramming correlated with an 
improved downregulation of genes linked to H3K27ac-modified enhancers during 
reprogramming. Importantly, these effects were accompanied by an improvement in the 
embryonic development of the resulting NT embryos. Taken together, these findings 
implicate H3K27ac as a protective mechanism maintaining cell fates and acting as a 
barrier to cell fate changes during reprogramming. 
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2. Zusammenfassung 
 

Das Zellschicksal wird während der Embryonalentwicklung und Zelldifferenzierung 
festgelegt. Unter physiologischen Bedingungen in gesunden Organismen ändern sich die 
Zellidentitäten nur selten, und solche Änderungen werden oft als abnormal betrachtet. 
Durch spezifische experimentelle Manipulationen, die erstmals 1958 von John Gurdon 
durchgeführt wurden, konnte gezeigt werden, dass das Zellschicksal durch Injektion 
somatischer Zellkerne in ein entkerntes Ei von Xenopus laevis zurück in einen 
totipotenten Zustand umgewandelt werden kann, sodass in einem als somatischer 
Zellkerntransfer bekannten Prozess fruchtbare, geklonte erwachsene Tiere entstehen. 
Dieses Verfahren ist wenig effizient, da die geklonten Embryonen oft nicht überleben oder 
Entwicklungsanomalien aufweisen. Das Scheitern der Entwicklung und des Überlebens 
geklonter Embryonen wird zum Teil auf ein Phänomen zurückgeführt, das als 
epigenetisches Gedächtnis bekannt ist und sich auf die abweichende Expression von 
Genen bezieht, die auf das Transkriptionsprofil der Spenderzelle hinweisen, oder darauf, 
dass Gene in den neu erzeugten Zelltypen nicht richtig reaktiviert werden. Das Versagen 
von Genen, ihre Expression in reprogrammierten Zellen zu aktivieren, wurde weithin auf 
„repressive“ Chromatinmerkmale im Ausgangszelltyp zurückgeführt, doch das 
Phänomen, dass Gene einen aktiven Chromatin- und Transkriptionszustand von der 
Spenderzelle bis zur reprogrammierten Zelle beibehalten, ist noch nicht vollständig 
erforscht. Dieses Phänomen wurde zum Teil auf die Persistenz der Trimethylierung an 
Histon H3 Lysin K4 (H3K4me3) um die Transkriptionsstartstelle (TSS) von Genen 
zurückgeführt, die ihre Expression bei der Reprogrammierung nicht herunterregulieren, 
so genannte ON-Memory-Gene. Derzeit ist jedoch nicht bekannt, wie ON-Memory auf 
molekularer Ebene übertragen wird. Es ist unklar, welche Faktoren und welche „aktiven“ 
Chromatinmarkierungen zu ON-Memory beitragen und neben oder zusammen mit 
H3K4me3 einen „epigenetischen Barcode“ bilden, der die zellschicksalspezifische 
Genexpression stabilisiert und die Reprogrammierung des Zellschicksals verhindert. Um 
diese Frage zu klären, hat unsere Gruppe Digital Reprogramming entwickelt, ein 
Computermodell, das in der Lage ist, Reprogrammierungsresistenz vorherzusagen und 
epigenetische Barrieren anhand von Chromatin- und Transkriptomdaten in 
Spenderkernen und Wildtyp-Zielzellen zu identifizieren. Mit diesem Ansatz wurde die 
Acetylierung am Histon H3-Lysin 27 (H3K27ac) als potenzielle neue Barriere für die 
Reprogrammierung identifiziert und als Schwerpunkt dieses Projekts ausgewählt. Die 
Verringerung von H3K27ac mit Hilfe von p300/CBP-Inhibitoren in Spenderzellen vor der 
Reprogrammierung korrelierte mit einer verbesserten Herunterregulierung von Genen, 
die mit H3K27ac-modifizierten Enhancern verbunden sind, während der 
Reprogrammierung. Wichtig ist, dass diese Effekte mit einer Verbesserung der 
embryonalen Entwicklung der resultierenden NT-Embryonen einhergingen. 
Zusammengefasst deuten diese Ergebnisse darauf hin, dass H3K27ac als 
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Schutzmechanismus fungiert, der das Zellschicksal aufrechterhält und während der 
Reprogrammierung als Barriere gegen Veränderungen des Zellschicksals wirkt. 
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3. Introduction 

3.1. Cell fate establishment and reprogramming 
 
The earliest developmental stage of sexually reproducing organisms is the zygote, 

which is generated upon the fusion of a male and a female gamete. All cell types of an 
organism are formed from the totipotent zygote, which ultimately gives rise to a fertile 
adult organism (Condic, 2014). During development, the zygote undergoes multiple 
rounds of cell division. Its potency, i.e., the ability of a cell to differentiate into different cell 
types of an organism, is gradually restricted and eventually lost (Lu & Zhang, 2015), as 
cellular identities emerge. The integration of developmental signals, along with the 
establishment of transcription factor (TF) networks and a set of epigenetic characteristics, 
stabilizes cellular identities during lineage commitment (Atlasi & Stunnenberg, 2017; Bell 
et al., 2024; Perrimon et al., 2012; Spitz & Furlong, 2012; Zaret & Mango, 2016). 
Importantly, cell identities are stably inherited by daughter cells during mitosis (Escobar 
et al., 2021; Gonzalez et al., 2021; Palozola et al., 2019; Stewart-Morgan et al., 2020).  

 
Early models of cellular differentiation posited an irreversible process 

(Waddington, 2014). In his influential landscape model, Waddington described cells as 
marbles rolling down an inclined surface with branching valleys, where each bifurcation 
represents a cell fate decision. The cell's journey through these valleys symbolizes 
differentiation toward terminal states, with surrounding hills illustrating barriers that 
prevent cell fate reversal or change. This model attributed differentiation to unidirectional 
changes in genetic and epigenetic traits that progressively restrict cellular potential 
(Figure 1). 

 
Figure 1: Waddington landscape. The Waddington landscape model depicting cell 
differentiation. A totipotent zygote (white circle) gradually loses potency and develops into 
pluripotent stem cells (blue circle) which further differentiate into specialized cell types (black, red 
circles). Arrows indicate differentiation (black arrow), de-differentiation (blue arrow), and 
transdifferentiation (red arrow) trajectories between cell states. The landscape topography 
represents cell fate decisions. 
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Nowadays, it is known that cell differentiation is not irreversible, and cell fates are 
plastic ( 

Figure 1), owing to several experimental procedures that have demonstrated the 
conversion of differentiated cells into undifferentiated cells. Examples of such procedures 
are somatic cell nuclear transfer (SCNT) (Gurdon et al., 1958), cell-cell fusion (Blau et al., 
1983) and transcription factor (TF) overexpression (Takahashi & Yamanaka, 2006). All 
these experiments entail nuclear reprogramming, which describes a switch in gene 
activity from the starting cell type to that of an earlier developmental stage or another cell 
type (Gurdon & Melton, 2008). Moreover, pluripotent and totipotent cells generated via 
nuclear reprogramming can differentiate and in the case of SCNT, give rise to a cloned 
organism (Gurdon et al., 1958; Takahashi & Yamanaka, 2006). 

 
The ability to generate cells using nuclear reprogramming is instrumental in 

understanding the mechanisms that establish and stably maintain cell fates under 
physiological conditions (Brumbaugh et al., 2019). In the context of disease, deriving and 
differentiating cell lines for in vitro studies allows disease modeling, organoid studies and 
drug testing (Mall & Wernig, 2017; Nakatsukasa et al., 2025). Moreover, nuclear 
reprogramming is the foundation for developing cell replacement therapies in which 
injured or defective cells can be replaced by healthy cells, which have been produced 
from another cell type (Gurdon & Melton, 2008). The ability to produce such cells from 
the patient that requires them, circumvents the issue of rejection commonly faced with 
transplants, as there is no genetic incompatibility. Given these far-reaching implications 
for understanding stem cell biology, as well as regenerative medicine and disease 
modeling, understanding the molecular mechanisms underlying reprogramming is of 
essence, and has been the goal of several decades of research to date (Götz & Torres-
Padilla, 2025).  

3.2. Somatic cell nuclear transfer (SCNT) 
 
 Somatic Cell Nuclear Transfer (SCNT), or briefly Nuclear Transfer (NT) is defined 
as an experimental procedure in which the nucleus of a differentiated cell, termed donor 
nucleus, is transplanted into an enucleated recipient egg. Thereby, the reprogramming 
activities of the egg reverse the somatic nucleus to a totipotent state, which gives rise to 
new cell types of an embryo and ultimately, an adult organism (Gurdon et al., 1958; 
Gurdon & Uehlinger, 1966). The first attempts at NT were carried out by Briggs and King 
in the frog species Rana pipiens (R. Briggs & King, 1952). At the time, transplanting a 
differentiated nucleus to replace the totipotent nucleus of the zygote was considered a 
key experiment to solve the question of whether all cells of an organism house the same 
set of genes (reviewed in (M. S. Oak & Hörmanseder, 2022)). If the embryo derived from 
a transplanted nucleus developed, this would confirm that the genetic material remains 
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intact during development, and that differentiation does not compromise the plasticity of 
the nucleus. Briggs and King introduced blastula nuclei into enucleated eggs from Rana 
pipiens and obtained living tadpoles, but this was not the case when transplanting 
differentiated nuclei from neurula-stage endoderm cells. Thus, they concluded that the 
properties of a nucleus that permit embryonic development are decreased or eliminated 
after a certain point in differentiation (R. Briggs & King, 1952). 
 

John Gurdon revisited this approach in a different frog species, Xenopus laevis, 
and demonstrated that differentiated nuclei could support normal development and give 
rise to sexually mature adult frogs (Figure 2) (Elsdale et al., 1960; Gurdon et al., 1958; 
Gurdon & Uehlinger, 1966). This finding contradicted Briggs and King and showed that 
even nuclei from advanced developmental stages, such as tadpoles, can support the 
normal growth of NT embryos. A key control in this experiment was the use of donor 
nuclei from an X. laevis strain containing only one nucleolus, thus making the resultant 
NT embryos easily distinguishable from wildtype strains with two nucleoli per nucleus 
(Elsdale et al., 1960). This proved that the UV-induced enucleation prior to SCNT indeed 
destroyed the chromosomes of the egg, and they did not participate in the development 
of the NT embryos. These experiments led to the conclusion that during cell 
differentiation, the genome remains intact and that almost all cells house the same set of 
genes (Elsdale et al., 1960; Gurdon et al., 1958; Gurdon & Uehlinger, 1966). Several 
decades later, cloning was achieved in mammals, and the early results from Xenopus 
were reproduced. The first cloned mammals were mouse embryos (Tsunoda et al., 1987; 
Wakayama et al., 1998), bovine embryos (Prather et al., 1987), sheep (Campbell, 
McWhir, et al., 1996) and pigs (Polejaeva et al., 2000).  
 

 
 

Figure 2: Schematic overview of the Nuclear Transfer procedure in Xenopus laevis: Endoderm 
cells from a neurula-stage donor embryo are injected into an enucleated egg, giving rise to a 
totipotent zygote, which then differentiates into new cell types and ultimately produces a cloned 
adult organism. 

3.2.1. A molecular insight into nuclear transfer reprogramming 
 

SCNT-reprogramming involves multiple molecular mechanisms, including 
maternal cytoplasmic factors, transcription factors, chromatin remodelers, histone 
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variants, DNA replication processes, and metabolic changes, while the genomic 
sequence of the donor nucleus remains intact (Gurdon, 2013; Matoba & Zhang, 2018; M. 
S. Oak & Hörmanseder, 2022; Pasque, Jullien, et al., 2011). Matoba & Zhang have 
proposed to define SCNT-reprogramming as the cellular and molecular events that occur 
in the transferred somatic nucleus before the next major developmental event takes place 
in the cloned embryo (Matoba & Zhang, 2018). This major developmental event is the 
activation of zygote-driven transcription, termed zygotic genome activation (ZGA) (Jukam 
et al., 2017; Matoba & Zhang, 2018). It is important to note that the timing of ZGA strongly 
varies across species. While mouse embryos undergo major ZGA after only one cell 
division, X. laevis embryos undergo 12 cell divisions before transcription resumes 
(Hörmanseder et al., 2013). This species-specific difference creates distinct contexts in 
which reprogramming occurs upon SCNT: the extended pre-ZGA window in Xenopus 
involves multiple rounds of rapid DNA replication which can dilute chromatin marks and 
other epigenetic information from the donor nucleus, possibly introducing replication-
dependent changes beyond the direct effects of the egg cytoplasm.  
 
Despite these complexities, defining SCNT reprogramming as the molecular events 
preceding ZGA remains useful to distinguish the direct reprogramming effects of the egg 
cytoplasm from the subsequent developmental processes, as the activation of the zygotic 
genome introduces additional, transcription-dependent epigenetic changes (Matoba & 
Zhang, 2018). Such transcription-dependent processes can obscure the distinct 
reprogramming events driven solely by the egg cytoplasm. However, it is worth noting 
that many developmental processes in the cloned embryo are likely influenced by both 
the reprogramming events before ZGA and the proper execution of ZGA itself. For 
instance, the interplay between these initial reprogramming processes and intrinsic 
properties of the donor nucleus may collectively impact genome activation. Furthermore, 
ZGA represents a critical developmental milestone for the transition from maternal to 
embryonic control (Jukam et al., 2017; Vastenhouw et al., 2019). Therefore, the following 
section describing NT to Xenopus laevis eggs and mouse oocytes will focus on the 
molecular events that reprogram the somatic nucleus before the cloned embryo resumes 
transcription. 

3.2.1.1. Nuclear reprogramming in Xenopus 
 

While the vertebrate egg cytoplasm has the remarkable ability to reprogram 
somatic nuclei and support the development of NT embryos, the cellular and molecular 
mechanisms that facilitate or inhibit this process are poorly understood (Hörmanseder, 
2021; Matoba & Zhang, 2018; M. S. Oak & Hörmanseder, 2022). In amphibians, the term 
oocyte refers to a precursor cell of mature eggs, which are incompetent for fertilization. 
Amphibian oocytes contain a nucleus called germinal vesicle (GV) that hosts an 
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abundance of components necessary to support early embryonic development. Such 
immature oocytes are arrested at the prophase of meiosis I, and hormones such as 
progesterone can trigger their release into meiosis I and into the metaphase of meiosis 
II, at which they are arrested again (Ferrell, 1999). Then, oocytes are considered mature 
and ready for fertilization, marking a stage termed egg in Xenopus, similar to the MII 
oocyte in mammals (Hörmanseder et al., 2013). Therefore, when using mature eggs as 
recipients in NT reprogramming, this can be referred to as egg-NT (M. S. Oak & 
Hörmanseder, 2022).  

 
The mechanisms of nuclear reprogramming in Xenopus can be studied using three 

complementary experimental systems: egg-NT, oocyte-NT and egg extracts 
(Hörmanseder, 2021; Miyamoto, 2019; M. S. Oak & Hörmanseder, 2022; Tokmakov et 
al., 2016). In egg-NT, the somatic nuclei are microinjected into mature UV-enucleated 
eggs. This is then followed by embryonic development through rapid, transcriptionally 
silent cell divisions until zygotic genome activation. This system provides a direct readout 
of the reprogramming success by monitoring and quantifying embryonic development. 
However, there are several caveats in attempting to study mechanistic aspects of nuclear 
reprogramming in egg-NT (M. S. Oak & Hörmanseder, 2022). A prime example is the 
transition from the somatic to early embryonic cell cycle upon injection to an egg. While 
somatic cells are largely mitotically quiescent, early embryonic divisions in Xenopus 
rapidly oscillate between DNA replication and mitosis with no detectable G-phases 
(Hörmanseder et al., 2013). Such rapid cycling may lead to chromosomal damage in the 
donor nucleus due to incomplete DNA replication (M. S. Oak & Hörmanseder, 2022). 
Together with the fact that early Xenopus embryos are transcriptionally inactive until the 
mid-blastula transition, egg-NT reprogramming of somatic nuclei is mainly associated with 
the induction of DNA replication and mitotic transition (Tokmakov et al., 2016), making it 
challenging to study transcriptional reprogramming events in this system (M. S. Oak & 
Hörmanseder, 2022).  

 
In contrast, when somatic nuclei are transplanted into the GV of oocytes (oocyte-

NT), they undergo extensive transcriptional reprogramming without DNA replication, cell 
division, or protein synthesis (Halley-Stott et al., 2010). Such oocytes are characterized 
by high transcriptional activity and contain a high abundance of maternal RNAs and 
proteins capable of supporting early development (Halley-Stott et al., 2010; Tokmakov et 
al., 2016). In nuclear reprogramming experiments using oocytes, up to several hundred 
somatic nuclei can be injected directly into the GV, reaching about 400 µm in diameter. 
The high transcriptional activity and ability to accept hundreds of nuclei make oocyte-NT 
particularly suited for studying transcriptional mechanisms and resistance to 
reprogramming (M. S. Oak & Hörmanseder, 2022). Additionally, Xenopus oocytes can 
transcriptionally reprogram incoming nuclei from different species, such as mammalian 
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nuclei (Halley-Stott et al., 2010). In this case, many genes that are normally inactive in 
the donor nucleus are rapidly activated upon exposure to the GV, for example 
pluripotency genes. Moreover, this system allows manipulation of endogenous 
reprogramming factors by knockdown or overexpression approaches, and is thus highly 
useful in dissecting the kinetics and molecular mechanisms of transcriptional 
reprogramming (Halley-Stott et al., 2013). The use of two distinct species as donor and 
recipient allows the measurement of induced transcripts without background from 
maternal transcripts (Halley-Stott et al., 2010). Hence, much of the mechanistic insight 
about nuclear reprogramming in Xenopus has been obtained from oocyte-NT. 
 

Complementing these in vivo approaches, cell-free extracts prepared from 
Xenopus eggs have proven beneficial in dissecting reprogramming mechanisms. In an 
attempt to circumvent the limitation of the low number of reprogrammed cells obtained by 
a NT experiment, reprogramming systems using egg and oocyte extracts have been 
developed to allow mechanistic studies of reprogramming (Miyamoto, 2019; Tokmakov 
et al., 2016). Cells incubated with egg extracts are considered only partially 
reprogrammed, as this process can induce only some aspects of reprogramming, such 
as DNA replication and chromatin decondensation in the absence of transcription 
(Miyamoto, 2019; M. S. Oak & Hörmanseder, 2022). However, egg extracts retain many 
activities of intact eggs, therefore providing a valuable system to recapitulate molecular 
events of reprogramming (Tokmakov et al., 2016), while being highly biochemically 
tractable and amenable to perturbations. For instance, it is possible to remove specific 
maternal factors from egg extracts by immunodepletion, which is still very challenging to 
perform in live eggs (Miyamoto, 2019). Moreover, fractionation of extracts can also be 
used to identify egg factors that facilitate certain reprogramming events (Miyamoto, 2019). 
It has also been shown that pre-exposure of donor cells to egg extracts can enhance the 
efficiency of subsequent NT (Ganier et al., 2011).  

  
Oocyte-NT Egg-NT Egg Extract 

Generating new cell types no yes no 
DNA replication no yes yes 
Transcriptional reprogramming yes yes no 
Protein synthesis no yes yes 
Donor cells per recipient hundreds one scalable 
Species (donor/recipient) different same flexible 
Yield high low high 
Manipulation of reprogramming 
factors 

yes no yes 
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Table 1: Summary of the key properties of nuclear reprogramming in Xenopus laevis, oocyte-NT, 
egg-NT and egg extract. 

 
The following sections describe the molecular events occurring after NT to eggs, 

which have been elucidated through combined insights from all three experimental 
systems in the frog. In Xenopus egg-NT, the eggs are enucleated using UV light, which 
does not damage the rest of the egg apart from the chromosomes due to its low 
penetrance and large size of the egg (Gurdon, 1960c). The microinjection of the donor 
nucleus during an SCNT-experiment simultaneously activates the egg, similar to sperm 
entry in normal fertilization. The first event taking place after the injection of the donor 
nucleus into the egg and oocyte is the increase in nuclear volume (Gurdon, 1968) or 
chromatin decompaction. This is thought to set the stage for subsequent DNA replication 
and transcription (Gurdon & Wilmut, 2011). Similar to somatic nuclei injected to eggs, an 
increase in nuclear volume has also been observed in sperm soon after fertilization in 
frogs and mammals (Gurdon & Wilmut, 2011). 

 
The next event following NT to Xenopus eggs is DNA replication of the 

transplanted nuclei, preceding the first mitotic cell division. In the Xenopus embryo, the 
first cell division is prolonged and takes about 90 min, followed by a series of rapid cell 
divisions every 30 min (Hörmanseder et al., 2013). Interestingly, the DNA synthesis-
inducing activity of eggs can force even differentiated and rarely or nondividing cells to 
replicate their DNA (Graham et al., 1966). The introduction of a slowly dividing 
differentiated cell into a rapidly dividing egg can be seen as the first challenge that needs 
to be overcome for a successful NT experiment. The suddenly rapid cell division could 
lead to separation of only partially replicated chromosomes, which in turn leads to 
damaged cleavage nuclei and abnormal cleavage (King & DiBerardino, 1965). Some of 
the early attempts to improve NT outcomes in Xenopus involved performing “serial NT” 
(Gurdon, 1960a), a procedure in which the nuclei of cleaved or partially cleaved NT 
blastulae are injected into eggs. Such subsequent NT has been beneficial for improving 
NT outcomes and is thought to provide the NT embryo a second chance to complete DNA 
replication and develop further (M. S. Oak & Hörmanseder, 2022). Studies using egg 
extract-induced reprogramming confirmed that differentiated erythrocytes inefficiently 
replicate in Xenopus eggs but replicate as readily as sperm nuclei if they have undergone 
a previous round of mitosis before reprogramming (Lemaitre et al., 2005). This study 
suggested that exposure to a mitotic environment remodels the chromatin by shortening 
of chromatin loops and closer spacing of replication origins, similar to the chromatin of 
sperm nuclei and the early Xenopus embryo. In summary, preconditioning the somatic 
cell chromatin to an embryonic state before reprogramming seems beneficial, although 
additional factors that restrict reprogramming are likely at play. After 12 rapid and 
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transcriptionally silent cell cycles, the embryo reaches the mid-blastula transition, the 
zygotic genome is activated, and transcription resumes. 
 

While NT to Xenopus eggs has been useful to gain insights into DNA replication in 
reprogramming, mechanistic insights into chromatin remodeling and transcriptional 
reprogramming have been obtained from the complementary, highly tractable, systems 
of oocyte-NT and egg-extract exposure. For instance, large-scale chromatin 
decompaction of the condensed somatic chromatin is considered a prerequisite for 
successful reprogramming (Matoba & Zhang, 2018; Pasque, Jullien, et al., 2011). Such 
decompaction is considered necessary to activate downstream gene expression by 
facilitating TF-binding to their genomic targets. In biochemical experiments using egg 
extract to induce reprogramming, the decompaction of chromatin following the exposure 
to the egg has been attributed to the H2A-H2B histone chaperone nucleoplasmin 
(Tamada et al., 2006). In addition, gain of H3K14 acetylation and the displacement of 
heterochromatin proteins such as HP1β and TIF1β can be observed, which is indicative 
of chromatin opening (Tamada et al., 2006). In the early stages of reprogramming by 
oocytes, the somatic transcriptional machinery is lost, as visible by the loss of somatic 
RNA Pol II and TATA-binding protein (TBP), along with repression of somatic genes 
(Jullien et al., 2014). Next, the somatic linker histone H1 is replaced by oocyte-specific 
linker histone B4, which promotes chromatin decondensation in eggs and oocytes (Jullien 
et al., 2010). In addition, the replication-independent histone variant H3.3., previously 
associated with active transcription, has been found to be necessary for efficient oocyte-
NT reprogramming (Jullien et al., 2012). The macroH2A histone variant correlated with 
transcriptional repression is replaced from somatic nuclei following NT to oocytes 
(Pasque, Halley-Stott, et al., 2011). Lastly, the oocyte transcriptional machinery is 
activated by binding of the oocyte-specific TBP2, RBP1, and increased levels in 
phosphorylated RNA Pol II, reflecting transcriptional activity (Jullien et al., 2014).  
 
Noteworthy, nuclear actin is enriched in the GV of oocytes, where it plays a role in 
transcriptional activation and chromatin remodeling (Ulferts et al., 2024). Upon NT to 
Xenopus oocytes, filamentous actin is formed in the transplanted nuclei, as revealed by 
live-imaging studies (Miyamoto et al., 2011). Such nuclear actin polymerization, involving 
the actin signaling proteins Toca-1 and Wave1, has been identified as a key step in the 
reactivation of the pluripotency TF Oct4/Pou5f1 upon NT to oocytes (Miyamoto et al., 
2011, 2013). Moreover, Wave1 associates with active transcriptional machineries through 
multiple interactions. It binds to the SET domain of MLL, an H3K4me3 methyltransferase. 
Wave1 also interacts with the phosphorylated serine 2 residue of RNA Pol II, which is 
associated with transcriptional elongation. Through these interactions, Wave1 enhances 
the efficiency of transcriptional reprogramming by oocytes (Miyamoto et al., 2013). 
Collectively, these studies in oocyte-NT and egg-extract systems reveal a coordinated 
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series of molecular events involving histone variant exchange, chromatin remodeling, and 
actin-mediated transcriptional activation that work synergistically to enable nuclear 
reprogramming. 

3.2.1.2. SCNT reprogramming in mouse 
 
While the field of nuclear reprogramming was pioneered by amphibian cloning, the 

mouse has become one of the most widely studied models for mammalian SCNT-
reprogramming in a research context (Kishigami & Wakayama, 2009). Moreover, many 
mechanistic insights of the reprogramming process, some of which have also be found to 
be conserved in the frog, have been discovered in the context of mouse SCNT-
reprogramming. Thus, the following sections detail reprogramming processes and 
mechanisms revealed through mouse studies as an example for mammalian SCNT.  

 
Unlike in frog, the enucleation of the oocytes is usually performed manually in 

mouse NT, as UV irradiation may also damage the maternal cytoplast (Li et al., 2004). 
Upon introduction to the enucleated mammalian oocyte, the donor nucleus undergoes 
rapid nuclear membrane breakdown and forms condensed metaphase-like chromosomes 
in a process known as premature chromosome condensation (PCC), which is triggered 
by M-phase promoting factors (MPF) in the ooplasm (Campbell, Loi, et al., 1996). Most 
chromatin-associated proteins dissociate from the genome during PCC (Matoba & Zhang, 
2018). Later, the oocytes are activated by adding strontium chloride (SrCl2) to the 
medium, which mimics the natural Ca2+ signals induced by fertilization (Matoba & Zhang, 
2018). This is a noteworthy difference to the SCNT procedure in Xenopus, as the injection 
of the donor nucleus and the activation of the oocyte are two separate events in the 
mouse and occur simultaneously in the frog where microinjection is sufficient to activate 
the recipient egg. After activation using SrCl2 in lieu of the sperm-borne phospholipase C 
zeta 1 PLCZ1 in natural fertilization, the MPF levels decline, and expansion of the 
transplanted nucleus can be observed. Lacking the maternal and paternal pronuclei 
typically found after fertilization, a varying number of pronuclei termed pseudo-pronuclei 
(PPN) are formed once the donor nucleus enters G1 phase and forms a nuclear 
membrane. The PPN then incorporates a large amount of maternal proteins and drastic 
changes in chromatin structure and protein association are thought to occur as a 
consequence (Matoba & Zhang, 2018).  

 
In contrast to the fast embryonic cell divisions in frog, the first cell division in mouse 

embryos takes about 20 h. In fertilized zygotes, the first DNA replication is characterized 
by slower fork speed compared to that of more differentiated cells (Nakatani, 2025; 
Nakatani et al., 2022), and occurs about 5-6 h post fertilization, continuing for 6-7 h 
(Yamauchi et al., 2009). A recent study reported that hydroxyurea (HU) treatment, which 
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correlates with reduced replication fork speed, had beneficial effects on mouse SCNT 
(Nakatani et al., 2022). HU-treated SCNT embryos showed improved developmental 
rates at the blastocyst stage and revealed increased activation of reprogramming-
resistant regions (Matoba et al., 2014). Thus, this work suggests a beneficial role for 
replication dynamics in mouse SCNT reprogramming. In frog, the role and contribution of 
replication fork speed for reprogramming efficiency still needs to be determined. 
 

The donor cell chromatin undergoes extensive remodelling within 12 h post-
activation (Djekidel et al., 2018). This remodelling includes widespread histone 
replacement, rearrangements in nucleosome positioning and reprogramming of 
chromatin accessibility to accommodate the transition from the somatic to the totipotent 
cell (Djekidel et al., 2018; Matoba & Zhang, 2018; L. Yang et al., 2022). Global chromatin 
accessibility patterns transition from a somatic to a zygotic configuration through the loss 
of donor cell-specific DNase I hypersensitive sites (DHSs) and the emergence of zygote-
specific DHSs (Djekidel et al., 2018). Notably, this transformation occurs independently 
of DNA replication and likely involves a global TF network shift. Maternal histones rapidly 
replace donor cell histones resembling the replacement of protamines from sperm 
chromatin during natural fertilization (Matoba & Zhang, 2018). For instance, the 
replacement of histone H3 in the donor nucleus with maternal H3.3 is considered 
essential for successful reprogramming of somatic nuclei to pluripotency (Wen et al., 
2014). The histone variant macroH2A associated with repressive chromatin is rapidly 
displaced from donor cell chromatin (Chang et al., 2010). Interestingly, chromatin 
remodelling, which has been addressed extensively via oocyte mediated reprogramming 
in frog (reviewed in M. S. Oak & Hörmanseder, 2022; Pasque, Jullien, et al., 2011), 
revealed that many pathways seem to be conserved, such as histone replacement, as 
well as the necessity for H3.3 incorporation (Jullien et al., 2012) and the displacement of 
macroH2A (Pasque, Halley-Stott, et al., 2011). 

Successful chromatin reprogramming also involves changes in DNA methylation 
patterns, chromatin organization, and broader histone modification landscapes 
(Hörmanseder, 2021; Matoba & Zhang, 2018). DNA methylation undergoes extensive 
reprogramming through both active demethylation via maternal TET3 enzymes and 
passive dilution during replication (T.-P. Gu et al., 2011; Iqbal et al., 2011; Matoba et al., 
2018; Wossidlo et al., 2011). Furthermore, chromatin architecture has been reported to 
be dynamically reorganized, with topologically associating domains (TADs) initially 
dissolving upon nuclear transfer before reestablishing in a pattern that often differs from 
fertilized embryos (M. Chen et al., 2020; K. Zhang et al., 2020; K. Zhao et al., 2021). 
Nucleosome positioning around transcription start sites is also reprogrammed, though a 
recent study has proposed this to occur with delayed kinetics compared to natural 
fertilization (L. Yang et al., 2022). While these mechanisms have been studied in the 
context of mouse SCNT reprogramming, the dynamics of DNA methylation, chromatin 



 20 

architecture and nucleosome positioning remain to be addressed in amphibian 
reprogramming. 

In mouse embryos, initial activation of the zygotic genome occurs at the middle of 
one-cell stage, known as minor ZGA, and major ZGA occurs at the mid-to-late 2-cell stage 
(AOKI, 2022; Aoki et al., 1997; Jukam et al., 2017). ZGA is characterized by degradation 
of maternally stored RNAs and, simultaneously, new RNA synthesis from the zygote. 
While not much is known about how ZGA in SCNT embryos differs from fertilized embryos 
(Matoba & Zhang, 2018), gene expression analyses of mouse 2-cell stage SCNT 
embryos have revealed that the transcriptome of somatic nuclei is reprogrammed to a 
large extent, with notable differences in the transcriptomes of SCNT and fertilized 
embryos (W. Liu et al., 2016; Y. Liu et al., 2018; Long et al., 2021; Matoba et al., 2014a). 
These differences mainly manifest in two categories: a group of embryonic genes fails to 
activate properly, while certain donor cell-specific transcripts remain inappropriately 
expressed, collectively pointing towards a transcriptional memory of the somatic donor 
cell (Hörmanseder, 2021; Matoba et al., 2014a; Matoba & Zhang, 2018). Importantly, 
these categories of misregulated genes in NT-embryos can be found across all species 
analyzed to date, including frog (Hörmanseder et al., 2017; Zikmund et al., 2025). The 
molecular details of such reprogramming resistance are discussed in detail in Section 3.5 
below.  

3.3. Cell-cell fusion 
 

Cell-cell fusion was another key demonstration of nuclear reprogramming by Helen 
Blau and colleagues (Blau et al., 1983). By introducing human amniocytes into the 
cytoplasm of differentiated mouse muscle cells, multinucleated heterokaryons were 
generated in which the expression of four human-specific muscle proteins was detected. 
This demonstrated successful activation of previously silent genes from the human 
genome, suggesting that the mouse muscle cell can reprogram the human nucleus. Such 
a phenomenon can also be observed when forming heterokaryons from mouse muscle 
synctia and diverse cell types, including cells from all germ layers (endoderm, mesoderm 
and ectoderm), therefore demonstrating the plasticity of the differentiated state (Blau et 
al., 1985). From cell-cell fusion experiments, we have learned that the relative ratio of 
nuclei or gene dosage contributed by two cell types is crucial in determining the direction 
of reprogramming, as well as that the frequency and kinetics of reprogramming are 
variable for different cell types (Yamanaka & Blau, 2010). These experiments broke the 
persistent dogma of the time that the mammalian differentiated cell state is irreversible 
and fixed. Instead, Blau and Blakely showed that this state is rather subject to a 
continuously acting balance of regulators that stabilize it, and can be altered upon shifting 
that balance (Blau & Blakely, 1999).  
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Later studies expanded this approach by fusing somatic and embryonic stem cells 
(ESCs), resulting in hybrid cells that expressed pluripotency marker genes and exhibit 
ESC-like properties. Most notably, fused cells have been used to produce chimeric mice 
and for in vitro differentiation (Brown & Fisher, 2021; Yamanaka & Blau, 2010). These 
experiments revealed that ESCs contain dominant factors capable of reprogramming 
differentiated nuclei to a pluripotent state, for instance an abundance of pioneer 
transcription factors which can actively bind and reprogram the somatic chromatin to 
induce pluripotent gene expression programs (Brown & Fisher, 2021). In addition, during 
fusion to ESCs, somatic cells acquire the unique cell cycle characteristics of ESCs, such 
as high proportions of cells in S-phase and rapid cycling, which is considered a 
requirement for successful reprogramming (Brown & Fisher, 2021). This provides a 
window of opportunity to remodel chromatin and introduce changes in DNA methylation 
patterns (Brown & Fisher, 2021). Interestingly, a study using cohesin-depleted somatic 
cells as donors has revealed key mechanistic differences between cell fusion and nuclear 
transfer reprogramming (Lavagnolli et al., 2015). While cohesin-depleted somatic cells 
fail to reprogram in mammalian heterokaryon systems due to defective DNA replication, 
these cells are successfully reprogrammed when transferred to Xenopus oocytes. This 
suggested that while DNA replication is important for cell-fusion mediated 
reprogramming, it is not required for NT-induced reprogramming in Xenopus oocytes.  
 

The fusion approach remains particularly valuable for studying the molecular 
mechanisms of reprogramming, as it allows tracking the changes in gene expression and 
chromatin states during the reprogramming process (Brown & Fisher, 2021). Moreover, 
this approach has been used as a screening method to identify novel reprogramming 
factors, such as Nkx3-1 (Mai et al., 2018) and Pou3f2 (W. T. Wong et al., 2017).  While 
cell fusion has provided valuable mechanistic insight in the molecular events and agents 
in reprogramming, its potential for therapeutic applications is confounded by the presence 
of both nuclei in the resulting heterokaryons. Nowadays, cell-cell fusion is mainly used for 
mechanistic studies in induced pluripotency combined with imaging and single cell 
approaches (Brown & Fisher, 2021). 

 

3.4. Transdifferentiation  
 

The discovery of transcription factor (TF)-mediated cell fate alterations is a 
landmark achievement in developmental biology, fundamentally challenging 
Waddington's epigenetic landscape model and widening our understanding of cell 
differentiation (Waddington, 2014). The first compelling evidence that single TFs can alter 
cell fates came from Drosophila melanogaster studies in the 1980s, in which loss-of-
function mutations of the Hox gene Antennapedia (Antp) resulted in converting the 
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second pair of legs into ectopic antennae, while gain-of-function mutations led to 
conversion of the antennae into ectopic legs (Schneuwly et al., 1987; Scott et al., 1983).  
Furthermore, the first example of a so-called “master regulator” TF, MyoD, was identified, 
whose ectopic expression in mouse fibroblasts was sufficient to convert them to 
myoblasts (Davis et al., 1987). This process, in which one somatic cell type is converted 
into another without going through a pluripotent or totipotent intermediate state is known 
as transdifferentiation. Interestingly, however, the overexpression of XMyoD in early 
Xenopus embryos in cells destined to become ectoderm, could activate muscle genes in 
this lineage, but did not result in differentiation to muscle (Hopwood & Gurdon, 1990). 

 
Soon followed many other reports where TF-overexpression led to cell fate 

conversions. Examples of these are the GATA1-mediated conversion from myeloblasts 
to megakaryocyte and erythrocyte precursors (Kulessa et al., 1995), as well as the 
CCAAT/enhancer-binding protein-α CEBPα conversion of β B-lymphocytes to 
macrophages (H. Xie et al., 2004). Notably, the overexpression of Ascl1, Brn2, and Myt1l 
c convert fibroblasts into functional induced neurons (Vierbuchen et al., 2010). This 
discovery was soon followed by reports of direct lineage conversions in various other 
contexts. For example, it was found that overexpressing Gata4, Mef2c, and Tbx5 can 
reprogram fibroblasts into cardiomyocytes (Ieda et al., 2010). By using Hnf4α and FoxA 
factors, fibroblasts were reprogrammed into induced hepatocytes  (P. Huang et al., 2014), 
and the overexpression of Oct4 alone is sufficient to reprogram fibroblasts into blood 
progenitor cells (Szabo et al., 2010). A notable example with significant potential for 
therapeutic applications is the direct conversion achieved from astrocytes to neurons first 
in vitro (Berninger et al., 2007) and later in vivo (Guo et al., 2014). 

 
These principles of transcription factor-mediated transdifferentiation have also 

been reported in amphibian models. For example, liver-to-pancreas cell conversion has 
been achieved using Pdx1 overexpression in Xenopus (Horb et al., 2003). Additionally, 
lens regeneration in X. laevis tadpoles can occur through transdifferentiation of central 
outer corneal cells following surgical lens removal, induced by a thus far unidentified 
vitreous factor and without evidence of return to a pluripotent state during the process 
(Day & Beck, 2011; Freeman, 1963). This process has been reported to include the re-
expression of transcription factors such as Pax6, Prox1, Otx2, and Sox3, with Pax6, 
thought to confer competence to respond to the vitreous factor and enabling 
transdifferentiation (Beck et al., 2009).  

 
Together, these studies across diverse model systems suggest that transcription 

factor-mediated cell-fate conversion is a conserved mechanism that can be harnessed 
for regenerative purposes. 
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3.5. Induced pluripotent stem cell (iPSC)-reprogramming 

 
The reprogramming field was revolutionized by a seminal study from 2006 showing 

that viral transduction of four TFs, Oct4, Sox2, c-Myc and Klf4 (also referred to as OSKM-
factors) into embryonic and adult mouse fibroblasts can induce pluripotency and give rise 
to so-called induced pluripotent stem cells (iPSC) (Takahashi & Yamanaka, 2006). The 
finding that a set of TFs can reprogram fibroblasts into iPSC was soon reproduced in 
human cells (Takahashi et al., 2007; Yu et al., 2007). The OSKM-factors initiate a cascade 
of molecular events that gradually erase the somatic cell identity and establish 
pluripotency. These events have been categorized into three stages: early (initiation), 
intermediate and late (maturation and stabilization) phase (Samavarchi-Tehrani et al., 
2010), largely characterized by analyzing the transcriptional and epigenetic changes 
following OSKM-introduction at different time points and cell populations upon OSKM-
overexpression (Buganim et al., 2013; Hansson et al., 2012; Polo et al., 2012; Buganim 
et al., 2012).  

 
In order to adopt a stem cell-like chromatin signature, the epigenome of the 

somatic starting cell should be erased and reprogrammed (Apostolou & Hochedlinger, 
2013; Buganim et al., 2013). The initial phase of reprogramming is thought to involve the 
binding of OSKM-factors to the genome. Oct4, Sox2, and Klf4 possess pioneer activity 
(Zaret & Carroll, 2011), which enables them to access and bind closed chromatin regions 
that are typically inaccessible to most transcription factors. This pioneering function would 
then allow OSK to facilitate subsequent c-Myc binding to these regions. Notably, c-Myc 
has been proposed to enhance OSK binding to chromatin, creating a positive feedback 
loop to amplify the reprogramming process (Soufi et al., 2015). As OSKM-factors bind 
their target sites, they were shown to be associated with a series of epigenetic 
modifications that progressively overcome the restrictive chromatin landscape of the 
somatic cell. For instance, this entails changes in the somatic cell-specific DNA 
methylation patterns and chromatin accessibility, ultimately enabling the activation of 
pluripotency-associated gene networks (Zaret & Carroll, 2011). Through concerted 
action, OSKM are thought to evict somatic cell-specific TFs from their respective 
enhancers early in reprogramming, followed by activation of pluripotency-specific 
enhancers at a later stage (Apostolou & Stadtfeld, 2018; J. Chen et al., 2016; Chronis et 
al., 2017). On a transcriptome level, the first stages of iPSC-reprogramming are marked 
by silencing of somatic transcripts and induction of the pluripotency gene expression 
program. This phase is also accompanied by metabolic changes, histone mark changes, 
as well as activation of DNA repair and RNA processing (Buganim et al., 2013). These 
are thought to be global changes which may be required for reprogramming, but do not 
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guarantee that these cells will be successfully reprogrammed (Samavarchi-Tehrani et al., 
2010).  

In the intermediate phase of inducing pluripotent stem cells, a heterogeneous 
population of both reprogramming-competent and reprogramming-refractory cells are 
thought to co-exist (Hanna et al., 2010). During this phase, pluripotency gene expression 
is stochastically activated, accompanied by transient upregulation of developmental 
regulators. Once nascent iPSC activate endogenous Oct4, Sox2 and Nanog expression, 
a self-sustaining pluripotent state is acquired, which no longer requires exogenous TF 
expression (Apostolou & Hochedlinger, 2013; Hanna et al., 2010). From this point 
onward, the molecular events that accompany reprogramming are considered to occur in 
a deterministic or hierarchical fashion. This marks the entry into the maturation and 
stabilization phase, during which the OSKM-transgenes are silenced, the core 
pluripotency circuitry is activated, epigenetic resetting and chromatin reorganization 
occurs and gonad and gamete genes are activated, among other cellular events 
(Buganim et al., 2013). The resulting cells after this stage resemble ESCs in several 
aspects (Takahashi & Yamanaka, 2006), as determined by testing their developmental 
potency and molecular analyses of their gene expression and epigenetic patterns (Hanna 
et al., 2010). Importantly, the reprogramming events induced by OSKM-factors, 
culminating in the establishment of a pluripotent state can be maintained independently 
of further ectopic OSKM-overexpression (Papp & Plath, 2013). 

 

 3.5. Reprogramming barriers and epigenetic memory 
 
Cell-fate reprogramming, either by OSKM-overexpression or via SCNT, has low 

efficiency as only a small fraction of donor cells become iPSC (Hanna et al., 2010; 
Takahashi & Yamanaka, 2006), and less than 10% of the NT embryos generated from 
differentiated cells reach adulthood (Gurdon, 1960b). Early work using NT In Xenopus 
showed that the success of NT procedures decreases with increased differentiation status 
of the donor nuclei (Gurdon, 1960b). This implies that as cells differentiate, they acquire 
specific properties that stabilize their differentiated cell identity and confer resistance to 
cell fate changes. For example, genes necessary for early development could be silenced 
in differentiated cells and fail to reactivate their expression in NT embryos, therefore 
accounting for the progressively lower efficiency of NT using differentiated donor nuclei 
(Gurdon, 2013; Hörmanseder, 2021). Conversely, genes expressed in the donor cell have 
been found to maintain their expression in the wrong cell type of the cloned embryo, 
despite undergoing multiple cell cycles in the absence of transcription in the early 
Xenopus embryo (Hörmanseder et al., 2017; Ng & Gurdon, 2005). Furthermore, a study 
using serial NT showed that donor cell-like gene expression continued in up to 50% of 
the second generation of NT embryos, indicating the stability of somatic gene expression 
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programs (Ng & Gurdon, 2008b). These observations pointed to the existence of 
epigenetic memory, where cells retain molecular signatures indicative of their previous 
identity even after reprogramming (Ng & Gurdon, 2008a). The term 'epigenetic' is used 
to describe changes in gene expression which do not involve changes in DNA sequence 
and are mitotically or meiotically heritable (Russo et al., 1996). Thus, epigenetic 
phenomena can manifest in stable gene expression patterns that maintain cell identity 
and stably propagate it onto the daughter cells. This resistance of genes to 
reprogramming can be observed in frog and mammalian NT embryos, as well as in cell 
fusions and iPSCs, and thus epigenetic memory is thought to pose a significant barrier to 
successful cell fate reprogramming across species and reprogramming systems 
(Hörmanseder, 2021).  
 

Systematic analyses of gene expression in reprogrammed cells and cloned 
embryos have been beneficial in characterizing the patterns of resistance to 
reprogramming. Transcriptome analyses have identified two categories of genes that 
resist reprogramming: (1) genes that are silenced in the starting cell type and fail to be 
activated in the reprogrammed cell or NT embryo (memory of a repressive state) (Matoba 
et al., 2014a) and (2) genes that are actively expressed in specialized starting cell types 
and maintain their active expression even in the wrong cell lineage of the cloned embryo 
(memory of an active state) (Hörmanseder et al., 2017). It has been reported that 
reprogramming-resistant genes are marked by chromatin modifications in the starting cell 
type that stabilize their expression state and prevent it from changing upon exposure to 
reprogramming factors (Hörmanseder, 2021; Hörmanseder et al., 2017; Jullien et al., 
2017; Matoba et al., 2014a; Onder et al., 2012; Pasque, Jullien, et al., 2011; Soufi et al., 
2012). Closely linked to all DNA-templated processes in a cell, chromatin composition is 
thought to reflect cell identity and to contain epigenetic information that is propagated 
across cell divisions to maintain gene expression programs and cellular identities 
(Reinberg & Vales, 2018; Stewart-Morgan et al., 2020). Therefore, the question of 
epigenetic memory in reprogramming is centered around the chromatin states of the 
starting cell type and how they affect the cell-fate conversion to the target cell type. 

 
Similar patterns of epigenetic memory have been observed in iPSC 

reprogramming systems. For example, a study in OSKM-reprogramming (Polo et al., 
2010) has shown that iPSC derived from various genetically matched somatic cell types 
have distinct transcriptomes at early passages. Despite their ability to grow independently 
of OSKM overexpression and form teratomas, iPSC cell lines derived from different cells 
of origin showed a differentiation bias, preferentially enabling the iPSCs to differentiate 
into the cell lineage of origin. Interestingly, when analyzed at late passages, the 
transcriptome differences of the iPSCs were largely resolved, and the authors proposed 
a passive replication-dependent loss of the chromatin marks resembling the somatic cell 
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of origin. While culturing iPSCs for extended periods of time may seem like a feasible 
approach to remove epigenetic memory from these cells, caution has to be taken with 
respect to genomic instability that has been reported to occur in late-passage iPSC 
cultures (Yoshihara et al., 2017). 
 

 
 

Figure 3: Overview of nuclear reprogramming procedures and current model for 
transcriptome and chromatin reprogramming. Boxes from left to right, clockwise: Schematic 
representation of nuclear reprogramming via (A) Somatic Cell Nuclear Transfer (NT), (B) Cell-cell 
fusion of a somatic cell and embryonic stem (ES) cell and heterokaryon generation, (C) 
Transdifferentiation via MyoD overexpression to reprogram somatic cells to muscle cells, (D) 
Induced pluripotency via c-Myc, Klf4, Sox2 and Oct4 overexpression to produce induced 
pluripotent stem cells (iPSC). During nuclear reprogramming the cell memory of the somatic cell 
is gradually lost, and the target cell identity is acquired. Transcriptome reprogramming: ON-
memory genes are inefficiently repressed during reprogramming, while OFF-memory genes fail 
to reactivate in the target cell type. Reprogrammed-down and Reprogrammed-Up genes are 
correctly reprogrammed. Chromatin Reprogramming: Successful reprogramming requires 
extensive chromatin remodeling from the donor to the target cell type. Often, reprogramming fails 
due to incomplete chromatin reprogramming, mediated by active (H3K4me3, H3K79me3) and 
repressive chromatin (H3K73me3, H3K9me3, H2AK119ub, DNA-methylation) barriers. Based on 
Hörmanseder (2021). 

Understanding the molecular basis of resistance to reprogramming is helped by 
experimental systems that can distinguish between the chromatin mechanisms that 
propagate memory of the starting cell type, and the chromatin mechanisms involved in 
establishing the new cell fate of the target cell type (Hörmanseder, 2021). A unique 
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feature of SCNT experiments is that donor cells can be perturbed to achieve lowered 
levels of chromatin marks and lower the epigenetic memory of the somatic donor cell fate, 
while leaving the chromatin-modifying activities in the recipient egg and the resulting 
cloned embryo unperturbed (Hörmanseder, 2021). This makes SCNT reprogramming 
systems particularly suitable to address questions related to epigenetic memory. In 
induced pluripotency and transdifferentiation experiments, perturbations of candidate 
epigenetic barriers coincide with ongoing transcription during the reprogramming process 
(Ebrahimi et al., 2019; Mikkelsen et al., 2008; Onder et al., 2012; Sridharan et al., 2013). 
Therefore, it is complicated to distinguish whether a chromatin mark plays a role in 
maintaining the expression patterns of the somatic cell or in the establishment of the new 
gene expression profiles of the target cell type. While the NT reprogramming system 
allows clear evaluation of the reprogramming success by quantifying the development of 
the cloned embryo, in TF-mediated reprogramming it is often difficult to address the 
success of cell fate conversion beyond transcriptome readouts or marker protein 
expression, as functional characterization of the reprogrammed cells is often not 
possible(Hörmanseder, 2021). This is an important aspect to consider when discussing 
findings on epigenetic memory in the context of reprogramming in these distinct 
reprogramming systems.  
 
 In the following sections of this chapter, the major reprogramming barriers, as well 
as players in epigenetic memory maintained from the donor to the target cell, identified in 
SCNT or iPSC-reprogramming will be described. 
 

3.5.1. DNA methylation 
 

The methylation of DNA at CpG islands has been associated with stable 
transcriptional repression (Greenberg & Bourc’his, 2019; Reik, 2007). During cellular 
differentiation, DNA methylation is progressively deposited on stem cell-related genes 
and accumulates at developmental genes that should be silenced in specific cell types 
(Meissner et al., 2008). This methylation pattern is thought to be established by the de 
novo methyltransferases Dnmt3a and Dnmt3b and maintained by Dnmt1. Indeed, ESCs 
lacking Dnmt3a and Dnmt3b fail to downregulate pluripotency factors and cannot 
differentiate properly (T. Chen et al., 2003; Jackson et al., 2004). Given this role in 
maintaining cell-type specific gene silencing, the erasure of DNA methylation upon 
reprogramming is considered a prerequisite for reactivating the expression of repressed 
genes. Global reversal of DNA methylation upon reprogramming has been observed in 
systems such as NT, cell fusion, and induced pluripotency (Apostolou & Hochedlinger, 
2013; Brumbaugh et al., 2019). To date,  the contribution of DNA methylation in amphibian 
NT reprogramming remains unclear. 
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In mammalian NT, DNA methylation has been associated with poor development 

of the resulting embryos in bovine embryos (Kang et al., 2001). Moreover, SCNT 
experiments using donor nuclei with a hypomorphic allele of DNA methyl-transferase-1 
(Dnmt1) resulted in global hypomethylation of the genome and improved the efficiency in 
deriving embryonic stem (ES) cells (Blelloch et al., 2006). In mouse SCNT studies, it has 
been shown that DNA methylation is extensively reprogrammed through dual 
mechanisms (Matoba & Zhang, 2018). Active DNA demethylation has been shown by co-
localization of oocyte-stored TET3 to the pseudo-pronucleus and induction of 5mC to 
5hmC conversion (T.-P. Gu et al., 2011; Iqbal et al., 2011; Wossidlo et al., 2010, 2011) , 
but the contribution of this mechanism to the development of SCNT embryos has not 
been addressed fully (A. Inoue et al., 2015; Matoba & Zhang, 2018). Studies profiling the 
DNA methylome of early mouse SCNT embryo have revealed similar DNA methylation 
patterns between the SCNT embryo and the donor cells, with notable differences between 
SCNT and fertilized embryos (Chan et al., 2012; Gao et al., 2018; W. Liu et al., 2016; 
Matoba et al., 2018). Gao et al. combined genome-wide DNA methylation analyses with 
embryo biopsy of embryos arrested at different stages in development, and identified 
aberrant DNA re-methylation patterns in SCNT embryos, particularly affecting genes and 
retrotransposons critical for ZGA (Gao et al., 2018). These re-methylation defects were 
more pronounced in embryos that arrested at 2- or 4-cell stages compared to those that 
developed further and could be rescued by Dnmt3a+b knockdown in the recipient 
oocytes. Moreover, combining inhibition of DNA methyltransferases with histone 
demethylase overexpression synergistically reduced these aberrant methylation patterns 
and substantially improves cloning efficiency (Gao et al., 2018). A related study (Matoba 
et al., 2018) analyzed DNA methylation in mouse SCNT blastocysts, without 
discriminating between successfully developing and arrested embryos, and showed that 
the global DNA methylation levels in SCNT blastocysts became similar to those of 
fertilized embryos.  This suggested passive dilution of DNA methylation though replication 
similar to normal development of mouse preimplantation embryos (Matoba & Zhang, 
2018; Shen et al., 2014). Collectively, these studies demonstrate that proper DNA 
methylation reprogramming contributes to successful mammalian SCNT reprogramming.  
 

In TF-induced reprogramming, the use of demethylating agents such as Ten-
eleven Translocation (TET) family proteins or manipulations of Dnmt1 levels has resulted 
in improved reprogramming efficiencies and showed that DNA methylation is an important 
epigenetic barrier to achieving induced pluripotency (Brumbaugh et al., 2019). The 
inhibitory role of DNA methylation in reprogramming has been further exemplified by 
recent targeted approaches. Activation of the TF Sox1 by using dCas9-VP64 was shown 
to increase de-differentiation from neural progenitor cells to neural stem cells when 
accompanied by dCas9-Tet1 targeting to the Sox1 promoter (Baumann et al., 2019). 
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Additionally, studies investigating iPSC transcriptome differences indicative of cell-of-
origin identity have attributed these patterns to incompletely reprogrammed DNA 
methylation signatures from donor somatic cells (Doi et al., 2009; Kim et al., 2010, 2011; 
Lister et al., 2011; Ohi et al., 2011).  
 

Taken together, these examples from various experimental approaches support 
the role of DNA-methylation as an epigenetic roadblock to reprogramming.  

 

3.5.2. Histone modifications  
 

Histone proteins consist of a structured core domain, closely associated with DNA, 
and an unstructured N-terminal histone tail (Luger et al., 1997). A large number and 
variety of post-translational modifications (PTMs), such as acetylation, methylation, 
phosphorylation, and ubiquitination, has been identified on the N-terminus of histones 
(Bannister & Kouzarides, 2011). In brief, histone modifications can be deposited by 
enzymes termed ‘writers’ and can be removed by enzymes called ‘erasers’, commonly 
referred to as histone-modifying enzymes. ‘Readers’ are proteins or protein domains 
which recognize and bind histone marks, therefore allowing their recruitment to 
chromatin, which may be followed by recruiting or inhibiting the binding of further protein 
factors (T. Zhang et al., 2015). Besides, writers and erasers often contain reader domains, 
which facilitate their histone-modifying activity via positive feedback loops or inhibit their 
activity via recognition of other histone marks (Morgan & Shilatifard, 2020). Many post-
translational modifications on histones have been correlated with active or repressive 
transcriptional states, and combinations of several marks are often interpreted as 
signatures of distinct chromatin states (Millán-Zambrano et al., 2022). 
 
 Given their association with gene regulation and stabilizing cell identity, repressive 
histone modifications in particular have emerged as key mediators of epigenetic memory 
during reprogramming. The persistence of histone marks from the donor nuclei can 
impede activation of pluripotency genes and the silencing of somatic genes, thereby 
creating barriers to efficient reprogramming. Therefore, successful reprogramming should 
include correct reprogramming of histone modifications from the donor cell to those of the 
target cell type (Hörmanseder, 2021; Matoba & Zhang, 2018). In the following sections, 
the active and repressive histone modifications identified as reprogramming barriers will 
be discussed.  

3.5.2.1. Repressive histone modifications in reprogramming  
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Silent chromatin states, i.e. chromatin states not associated with active gene 
expression, are characterized by DNA methylation, H3K9me3, H3K27me3 and 
H2AK119ub-marked regions (T. Zhang et al., 2015). Mechanistic studies in the context 
of reprogramming showed that failing to activate the correct gene expression profiles of 
the target cell type may be caused by the persistence of repressive chromatin marks from 
the starting cell type (Jullien et al., 2014; Kim et al., 2010; Mansour et al., 2012; Mikkelsen 
et al., 2008; Soufi et al., 2012). In a study using mouse donor cells for NT to Xenopus 
oocytes, removal of DNA methylation and the repressive histone marks H3K9me3, 
H3K27me3 and H2AK119ub, individually or in combination, was reported to improve the 
activation of genes upon NT (Jullien et al., 2017). Repressive chromatin features have 
been proposed to contribute to epigenetic memory by suppressing aberrant gene 
expression and maintaining cell-type specific gene expression profiles (Reinberg & Vales, 
2018). Such an epigenetic mechanism could inhibit the activation of lineage genes in the 
reprogrammed cell type and pose a barrier to successful cell fate conversion. Therefore, 
research on reprogramming barriers has focused on chromatin modifications that stabilize 
silent states and prevent gene activation during reprogramming (Hörmanseder, 2021; Lim 
et al., 2024; Matoba & Zhang, 2018).  
 

Di- and trimethylation on histone H3K9 are considered repressive histone marks, 
which are found in large domains of constitutive heterochromatin and contribute to 
silencing of repetitive elements in the genome. The refractory role of H3K9me3 in 
reprogramming was first appreciated by a genome-wide study addressing the binding of 
OSKM (Soufi et al., 2012), which identified megabase-sized regions of the genome not 
bound by OSK, enriched in repetitive elements and marked by H3K9me3. Knockdown of 
SUV39H1 (an H3K9 methyltransferase) in fibroblasts improved iPSC-reprogramming 
efficiency (Onder et al., 2012). In mouse SCNT, Kdm4a/d overexpression and H3K9-
demethylation (M. Chen et al., 2020; W. Liu et al., 2016; Matoba et al., 2014a) has been 
reported to improve the gene activation at ZGA. In studies addressing chromatin 
accessibility dynamics in mouse SCNT reprogramming, regions failing to switch from a 
closed to open configuration were enriched in H3K9me3, further implying the refractory 
role of this histone mark in reprogramming (Djekidel et al., 2018). In addition, aberrantly 
hypoacetylated regions around H3K9-trimethylated regions have been identified in a 
mouse SCNT study, which could be rescued with HDAC inhibition and Dux 
overexpression to correct the activation of transcripts at ZGA (G. Yang et al., 2021). 
Collectively, these studies point towards H3K9me3 on heterochromatin as a major 
epigenetic barrier to nuclear reprogramming.  

 
H3K27me3 is a mark of facultative heterochromatin deposited by the Polycomb 

complex important for maintaining cell identities and silenced transcriptional states 
(Comet et al., 2016). The trimethylated state of H3K27 has been classified as a 
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reprogramming barrier in different species and reprogramming methods (Jullien et al., 
2014; L. Yang et al., 2018). In donor nuclei, removal of H3K27me3 prior to reprogramming 
has been found beneficial in improving SCNT efficiency (B. Xie et al., 2016; C. Zhou et 
al., 2019), while in mammalian SCNT-experiments, developmental abnormalities of the 
cloned animals have been attributed the loss of H3K27me3-imprinted loci (K. Inoue et al., 
2020; Matoba et al., 2018; L.-Y. Wang et al., 2020).   
 
In iPSC-reprogramming, the inhibition of the Polycomb-subunits Eed, Ezh2 and Suz12 
has been found to impair reprogramming, likely due to failure to silence the fibroblast 
transcriptional program in the absence of H3K27me3-depositing activities (Onder et al., 
2012). A later mechanistic study suggested that the Ezh2-dependent trimethylation of 
H3K27 promotes the silencing of the somatic transcriptional program during the 
mesenchymal-to-epithelial transition in the early stages of reprogramming (R. A. Rao et 
al., 2015). However, studies addressing whether H3K27me3 contributes to epigenetic 
memory of a repressive chromatin state from the starting cell type to the reprogrammed 
cell in TF-mediated reprogramming are still lacking. To address this question, it would be 
necessary to transiently reduce H3K27me3 before introducing the reprogramming 
factors, and allowing unperturbed establishment of H3K27me3 during reprogramming 
(Hörmanseder, 2021). 
 

Together, these studies demonstrate that repressed chromatin states in the starting cell 
type represent major barriers to be overcome in order to achieve successful reprogramming.  
 

3.5.2.2. Active histone modifications in reprogramming  
 
 Currently, it is debated whether active histone marks also play a role in cellular 
memory and whether they can be classified as epigenetic (reviewed in (Hörmanseder, 
2021; Reinberg & Vales, 2018). However, recent experiments in SCNT suggest that 
active chromatin states from the starting cell type could indeed stabilize and propagate 
the transcriptional program indicative of the donor cell into the reprogrammed cell, 
therefore preventing successful cell fate conversion. Specifically, in Xenopus SCNT 
experiments, it was reported that the active histone mark H3K4me3 acts as a 
reprogramming barrier (Hörmanseder et al., 2017). Using this experimental setup, it was 
found that cell lineage genes of endoderm donor cells are aberrantly expressed in 
ectoderm cells of the NT embryos. For comparison, these genes are not expressed or 
were expressed at significantly lower levels in ectoderm tissues of IVF embryos. Genes 
demonstrating such behavior were termed ‘ON-memory’ genes, in contrast to genes 
which were correctly downregulated in reprogramming, termed ‘reprogrammed-down’ 
genes (Figure 3). Indeed, the aberrant expression of endoderm ON-memory genes in 
epidermal tissues of Xenopus SCNT embryos was linked to differentiation defects and 
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increased apoptosis (Zikmund et al., 2025). Genome-wide analysis using ChIP-seq 
revealed that H3K4me3 signal on ON-memory gene promoters had higher intensity and 
domain breadth compared to reprogrammed genes. When overexpressing the histone 
H3K4-demethylase Kdm5b in donor nuclei, the aberrant expression of endoderm lineage 
genes in ectoderm tissues of the resulting NT embryos could be rescued. Importantly, the 
development of NT embryos generated from H3K4-demethylated donor nuclei was 
improved when compared to those produced from wildtype donor nuclei, with 
developmental rates indistinguishable from those obtained using pluripotent blastula 
nuclei as donors. This indicated that active chromatin states have the potential to act as 
epigenetic barriers to NT reprogramming. These findings have later been reproduced in 
several mammalian systems (Y. Huang et al., 2023; Z. Zhang et al., 2018; C. Zhou et al., 
2020).  
 

Interestingly, in iPSC reprogramming, the histone demethylase Kdm5b was 
classified as a barrier (Kidder et al., 2013), as reprogramming was improved in its 
absence. However, during iPSC reprogramming, transcription is continuously ongoing, 
unlike in the Xenopus NT setup, where the NT embryos undergo a transcriptionally silent 
window of 12 cell divisions until their zygotic genome is activated. Therefore, in iPSC 
reprogramming, Kdm5b-mediated demethylation could have prevented the activation of 
pluripotency transcripts.  

Active chromatin marks, such as the histone modifications H3K27ac and 
H3K4me3, among others, may play distinct roles in SCNT reprogramming, depending on 
the time-window during the reprogramming process that is being studied. For instance, in 
the starting cell type, where active histone modifications are intertwined with active gene 
expression, or in the resulting SCNT embryo, in which the zygotic genome needs to be 
re-activated. Multiple reports from SCNT in various species have suggested that 
increased levels of histone acetylation play an important role in improving SCNT 
efficiency (G. Chen et al., 2020; Hou et al., 2014; Iager et al., 2008, 2008; Jin et al., 2017; 
Rybouchkin et al., 2006; J. Zhao et al., 2010). These findings were mostly derived by 
employing histone deacetylase (HDAC) inhibitors after NT, during the early stages of 
embryonic development. Inhibiting histone deacetylation after NT might support the 
already established role of H3K27ac in zygotic genome activation (ZGA) and activation 
of pluripotency transcripts (Sato et al., 2019; M. Wang et al., 2022; K. Wu et al., 2023). In 
the context of iPSC-reprogramming, the use of HDAC inhibitors has also been found to 
improve reprogramming outcomes (G. Chen et al., 2020; Huangfu, Maehr, et al., 2008; 
Huangfu, Osafune, et al., 2008; Kretsovali et al., 2012; Mali et al., 2010; Staszkiewicz et 
al., 2013), mainly by improving pluripotency transcript activation. Of note is a chemical 
screen performed in iPSC reprogramming, in which the p300/CBP bromodomain inhibitor 
CBP30 was found to improve reprogramming when applied in the first 7 days of 
reprogramming (Ebrahimi et al., 2019). A noteworthy finding of this study was that CBP30 
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treatment correlated with reduced fibroblast-specific gene expression, while pluripotency 
induction remained unperturbed.  
 
 DOT1L-mediated methylation on H3K79 has been found to impede  transcriptional 
reprogramming in induced pluripotency (Onder et al., 2012). However, this discovery was 
achieved via an shRNA screen, in which shRNA knockdowns were begun five days 
before OSKM-overexpression, thus spanning the entire reprogramming process, 
including both the ‘loss’ of the somatic cell identity and the establishment of the induced 
pluripotent state. While this finding implicates DOT1L-mediates H3K79 methylation as a 
reprogramming barrier, it does not clarify if these modifications play a role in epigenetic 
memory or the acquisition of a new cell fate. In SCNT reprogramming, treatment of early 
porcine SCNT embryos with a DOT1L inhibitor improved their development (Tao et al., 
2017). 
  
 In summary, active chromatin modifications seem to play dual roles in 
reprogramming, depending on the timing and context of their deposition or perturbation. 
Importantly, the discovery of H3K4 methylation as an ‘active’ chromatin barrier to 
reprogramming has pointed towards a new, underexplored axis of reprogramming 
resistance, exhibited as the memory of active transcriptional states from the donor to the 
reprogrammed cells. 

3.5.3. Chromatin organization 
 
 Reprogramming via SCNT, as well as via OSKM-overexpression, requires 
extensive chromatin remodeling to reprogram the differentiated somatic nucleus to a 
totipotent or a pluripotent state, respectively (Apostolou & Hochedlinger, 2013; Ladstätter 
& Tachibana, 2018; Matoba & Zhang, 2018). Advanced genomic approaches like low-
input Hi-C have provided insights into the temporal dynamics of 3D chromatin architecture 
during SCNT reprogramming in the mouse model (M. Chen et al., 2020; K. Zhang et al., 
2020). This process was suggested to involve restructuring of multiple levels of chromatin 
organization, with successful reprogramming correlating with proper reconfiguration of 
nucleosome positioning, chromatin accessibility, and 3D genome architecture (M. Chen 
et al., 2020; L. Yang et al., 2022; K. Zhang et al., 2020; K. Zhao et al., 2021). Remarkably, 
some aspects of chromatin reorganization seem to occur rapidly. For instance, within 12 
hours post SCNT, the chromatin accessibility landscape of donor cells is drastically 
reprogrammed to recapitulate that of fertilized zygotes via a replication-independent 
mechanism (Djekidel et al., 2018). However, SCNT embryos often demonstrate improper 
rewiring of other chromatin features, potentially contributing to their low developmental 
efficiency (M. Chen et al., 2020; Djekidel et al., 2018; K. Zhang et al., 2020). A recent 
study investigated genome-wide nucleosome positioning in mouse SCNT embryos, 
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revealing delayed nucleosome positioning dynamics, as indicated by the later 
establishment of nucleosome-depleted regions around the TSSs in SCNT embryos 
compared to fertilized counterparts (L. Yang et al., 2022). Interestignly, this study 
revealed a correlation between aberrant gene expression in SCNT embryos and promoter 
nucleosome-depleted regions in donor cells, suggesting that the memory of nucleosome 
occupancy in donor cells might be a barrier to SCNT reprogramming (L. Yang et al., 
2022). 
 

Furthermore, dynamic changes in topologically associating domains (TADs) were 
proposed to follow a complex pattern during SCNT reprogramming. Upon transfer into an 
enucleated oocyte, the donor chromatin undergoes rapid condensation, temporarily 
erasing preexisting 3D structures (K. Zhao et al., 2021). Following this initial dissolution, 
TADs and compartments begin to reestablish, though often imperfectly. For instance, 
TADs were shown to be stronger in SCNT 1-cell embryos at the PPN stage in contrast to 
fertilized zygotes (K. Zhang et al., 2020), which generally show weak insulation at these 
early stages and become progressively stronger over pre-implantation development 
(Bondarieva & Tachibana, 2024). Then, TADs in SCNT embryos appear to become 
weaker at the 2-cell stage before reconsolidating around the 8-cell stage. These dynamics 
seem to have functional consequences for development, as TAD boundaries resistant to 
reprogramming preferentially associate with misregulated genes in SCNT embryos and 
H3K9me3-enriched regions (M. Chen et al., 2020; K. Zhang et al., 2020). Furthermore, 
taking advantage of an auxin-inducible system to deplete a cohesin subunit in donor cells 
but not during SCNT, Zhang et al. showed that reducing cohesin levels in donor 
embryonic stem cells prior to reprogramming can weaken TAD boundaries, induces the 
expression of genes typically expressed in 2-cell embryos and improve the outcomes of 
the resulting NT-embryos. CTCF has also been reported to act as a barrier to cellular 
reprogramming, as CTCF depletion in embryonic stem cells was reported to lead to 
spontaneous conversion to a totipotent-like two-cell-like state in culture, characterized by 
the expression of genes typically found in 2-cell embryos and the reactivation of 
endogenous retroviral elements (Olbrich et al., 2021). It would be of interest to test in the 
future whether CTCF perturbation can also improve in vivo reprogramming via SCNT. 

 
These findings collectively support a role of dynamic chromatin reorganization in 

successful nuclear reprogramming, yet investigation in the amphibian SCNT system 
remains subject of future studies. 

 

3.6. Aim of this study 
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Reprogramming resistance in nuclear transfer systems has previously been 
attributed to the failure of the reprogrammed cells to activate correct gene expression 
patters in the cloned embryo (Hörmanseder, 2021; Matoba et al., 2014b; Matoba & 
Zhang, 2018). Thus, this has been implicated as a key reason for the developmental 
failure of SCNT embryos. However, an understudied, yet equally important, mechanism 
hindering successful nuclear reprogramming is the persisting gene expression indicative 
of the cell type of origin in the wrong cell type of the cloned embryos (Hörmanseder et al., 
2017; Zikmund et al., 2025). A previous study using endoderm donor cells for NT to 
Xenopus eggs revealed that ectoderm cells of the resulting NT embryos continue to 
express genes characteristic of the endoderm donor cell fate. This phenomenon can be 
conceived as a molecular memory of an active transcriptional state, termed ON-memory.  
Importantly, the promoter regions of genes exhibiting such aberrant expression patterns 
were strongly enriched in H3K4me3, and its removal via overexpression of a histone 
demethylase, could correct the transcriptome and improve the developmental outcome 
of cloned embryos (Hörmanseder et al., 2017). A later study showed that the aberrant 
expression of endoderm genes in the wrong lineage of NT embryos can lead to 
differentiation failure, cell death and abnormal body patterning (Zikmund et al., 2025). By 
reducing the expression of candidate ON-memory genes, differentiation defects in NT 
embryos could be improved. These studies highlighted that ON-memory is an important 
epigenetic mechanism of reprogramming resistance warranting further investigation and 
molecular characterization.  

 
While histone demethylase overexpression could correct the transcriptome of NT-

embryos and significantly improve their development, a subset of ON-memory genes 
remained reprogramming-resistant despite reduced H3K4me3 levels on their promoters 
(Hörmanseder et al., 2017). Thus, the possibility that other chromatin modifications could 
act in parallel to H3K4me3 or together with H3K4me3 arose. Moreover, it could also be 
possible that distinct subsets of memory genes are marked by distinct chromatin 
modifications or regulated by distinct mechanisms in the donor cell type. Therefore, an 
exciting question emerges: do genes which exhibit transcriptional memory in 
reprogramming carry an ‘epigenetic barcode’ in the starting cell type that stabilizes gene 
expression patterns in differentiated cells and prevents reprogramming-induced cell fate 
changes? If so, could such an ‘epigenetic barcode’ be predictive of the memory status of 
genes in reprogramming? 
 
To address this question, our group previously generated large-scale gene expression 
and histone modification datasets in different donor cell types and NT embryos. 
Leveraging these datasets, our group developed a machine learning model capable of 
predicting reprogramming outcomes on a transcriptome level, as well as identifying novel 
epigenetic barriers to reprogramming (Janeva et al., 2025). The present study follows up 
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on the machine learning modeling approach by selecting candidate histone modifications 
to test their role as putative reprogramming barriers in vivo and investigate their 
mechanistic contributions to reprogramming resistance. Specifically, this study focuses 
on H3K27ac and aims to test its contribution to maintaining an ‘active chromatin state’ 
from the donor cell to the reprogrammed cell via NT in Xenopus laevis. Therefore, the 
specific aims of the present study are presented below.  
  

The first aim of the project is to select a candidate histone modification to be tested 
in vivo as a putative novel player in ON-memory. This is achieved by evaluating the results 
of the computational model described above, under the following criteria: the mark should 
be a strong predictor of ON-memory status and an experimental approach to perturb the 
selected histone mark is available and feasible in Xenopus donor embryos. Thus, 
H3K27ac was selected as the candidate of interest. 
 

The second aim of this project is to generate donor cells for nuclear transfer with 
perturbed histone acetylation levels, including phenotypic and biochemical assessment 
of the perturbed cells. 

 
The third aim of this project is to evaluate the reprogramming outcomes of NT 

embryos generated using donor nuclei with perturbed histone acetylation levels. This aim 
is addressed on a transcriptome level by analyzing the extent to which genes are 
aberrantly expressed in NT embryos from control and perturbed donor nuclei, as well as 
by analyzing the developmental outcome of the cloned embryos.  

 
The fourth aim of this project is to evaluate the contribution of H3K27ac and other 

histone modifications on genomic cis-regulatory elements in mediating reprogramming 
resistance. This is achieved by employing genome-wide profiling of histone modifications 
in donor nuclei with perturbed histone acetylation to integrate the chromatin profiles in the 
donor cells and transcriptome phenotypes observed in NT embryos. 

 
By addressing the aims outlined above, this project addresses a gap in our current 

understanding of (i) the contributions of chromatin modifications to active transcriptional 
memory in reprogramming and (ii) the role of histone acetylation in transcriptional 
regulation upon challenge to the cell identity via nuclear transfer. 
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4. Results 

4.1. Previous results and project background  
The results of this chapter were generated by Dr. Eva Hörmanseder (transcriptome data and 
chromatin profiling) and Dr. Christopher Penfold (developing Digital Reprogramming) 

 
A key barrier to successful reprogramming via SCNT is the memory of the previous 

cell identity which can be detected in reprogrammed cells (Hörmanseder, 2021), as 
observed by the aberrant transcriptome patterns in NT embryos which correlate with 
specific chromatin modifications in donor nuclei (Hörmanseder et al. 2017, Matoba et al. 
2014).  However, due to the complex molecular mechanisms that underlie on one hand, 
epigenetic memory, and on the other hand, the reprogramming process itself, it has thus 
far been challenging to comprehensively understand the factors that maintain or erase 
epigenetic memory in vivo. While key players in transcriptional memory have been 
identified, such as for instance H3K9me3 in maintaining OFF-memory (Matoba et al., 
2014), and H3K4me3 in maintaining ON-memory (Hörmanseder et al., 2017), other 
molecular features that contribute to these phenomena have remained understudied.  
 
In particular, it is unknown how ON-memory is maintained from donor cells to NT embryos 
on a molecular level. For instance, an important question is whether other ‘active’ or 
‘repressive’ chromatin marks work in parallel or in concert with H3K4me3 to stabilize gene 
expression states indicative of the donor cell fate, which may act as a barrier to 
reprogramming. Furthermore, it is unclear whether specific combinations of chromatin 
modifications in the donor cell can be used to predict reprogramming outcomes on a 
transcriptome level. 
 
As a first step towards addressing these questions, my colleagues (Dr. Christopher 
Penfold and Dr. Eva Hörmanseder) constructed a large-scale chromatin and 
transcriptome datasets in NT reprogramming ( 
Figure 4) (Janeva et al., 2025). These datasets allowed them to define memory genes in 
different cell types of Xenopus laevis embryos obtained by NT, as well as to profile a set 
of active and repressive histone modifications in two different donor cell types. Then, 
these datasets were leveraged to train and develop a machine learning model capable of 
identifying novel reprogramming barriers and predicting reprogramming outcomes on a 
transcriptome level (Janeva et al., 2025) ( 
Figure 4).  
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Figure 4: Schematic overview outlining the experimental setup and analysis to develop Digital 
Reprogramming. Panel I: Experimental setup for NT-induced reprogramming from mesoderm to 
endoderm, and endoderm to ectoderm, as well as producing in vitro fertilized control tissues. 
Panel II: Profiling active and repressive chromatin marks in mesoderm and endoderm donor 
tissues. Part III: Schematic representation of convolutional neural network used as a basis for the 
machine learning model, classifying genes as ON-memory, reprogrammed-down, OFF-memory, 
reprogrammed-up or Other in the respective reprogramming setup.  

4.1.1. Constructing a large-scale chromatin and transcriptome dataset for 
Digital Reprogramming  

 
To identify memory genes, mesoderm donor nuclei were transplanted to 

enucleated eggs and the endoderm tissues of the resulting NT embryos were analyzed 
(Figure 5A, D). As a control for wildtype gene expression, eggs were in vitro fertilized 
(IVF) and their endoderm tissues were collected. To analyze the transcriptome, NT- and 
IVF-endoderm samples, alongside mesoderm donor samples, were subjected to RNA-
seq and differential gene expression analyses were performed. Comparing the NT-
endoderm, and the IVF-endoderm tissues resulted in 9890 differentially expressed genes 
(DEGs). To define a set of ON-memory genes, genes which were expressed in donor 
nuclei and remained significantly upregulated in NT-endoderm compared to IVF-
endoderm were filtered, resulting in a set of 1737 ON-memory genes (Figure 5B,C). To 
identify genes correctly downregulated in reprogramming, genes expressed in donor cells 
were filtered for those that were downregulated to comparable levels in NT and IVF, 
revealing 3071 reprogrammed-down (RD) genes. Vice versa, to define a set of OFF-
memory genes, genes were selected which were expressed at lower levels in donor 
mesoderm compared to IVF-endoderm and were also expressed at lower levels in NT-
endoderm compared to IVF-endoderm. Of note is that this class of genes also includes a 
group of genes that were not expressed (or were below the detection threshold) in donor 
nuclei or in NT embryos. Thus, 2013 mesoderm OFF-memory genes were identified 
(Figure 5B,C). Correspondingly, to obtain a set of genes correctly upregulated during 
reprogramming, genes expressed at lower levels in donor mesoderm than in IVF-
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endoderm were filtered for genes that are expressed at similar levels in NT-endoderm 
and in IVF-endoderm, resulting in a set of 3068 reprogrammed-up genes.  

 

 
 
Figure 5: Memory genes resist mesoderm-to-endoderm reprogramming via NT. (A) Memory 
genes were identified in stage 11 endoderm following nuclear transfer (NT) with mesoderm donor 
nuclei compared to IVF endoderm. (B) MA-plot comparing gene expression between endoderm 
samples in NT vs. IVF embryos. The mean log2-fold change (log2FC) gene expression in NT 
embryos over IVF is plotted on the y-axis, while the mean log2(RPKM+1) gene expression in 
mesoderm donor nuclei is plotted on the x-axis. NT reprogramming from mesoderm to endoderm 
revealed 1737 ON-memory genes (purple) and 2013 OFF-memory genes (blue).  (C) Boxplots 
showing log2(RPKM+1) mean expression levels of Reprogrammed-Down (RD; light gray), ON-
memory (ON-mem; purple), Reprogrammed-Up (RU; dark gray), and OFF-memory (OFF-mem; 
blue) genes in mesoderm donor samples and endoderm IVF and NT samples. P-values for 
pairwise comparisons were calculated using Wilcoxon rank-sum test. * indicates p<0.001 (D) 
Heatmap showing relative gene expression (z-score) of DEGs obtained by pairwise comparisons 
between mesoderm donor and IVF-endoderm, and between NT-endoderm and IVF-endoderm 
samples. Rows: log2FC in expression levels over mean expression levels in IVF. Hierarchical 
clustering of rows classified these genes into four groups, note group 1 (ON-memory genes) and 
group 4 (OFF-memory genes). 

In addition, previously published endoderm-to-ectoderm reprogramming datasets 
were re-analyzed in a corresponding manner (Hörmanseder et al., 2017) (Figure 6A). 
This revealed 1382 endoderm ON-memory genes and 1372 endoderm OFF-memory 
genes in endoderm-derived NT ectoderm cells (Figure 6B,C). Mesoderm ON-memory 
genes, compared to reprogrammed-down genes, maintained aberrantly high expression 
levels in the endoderm of NT embryos when compared to the endoderm of IVF embryos 
(Figure 5C). Similarly, endoderm ON-memory genes, in contrast to reprogrammed-down 
genes, maintained high expression levels in the ectoderm of NT embryos compared to 
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the ectoderm of IVF embryos (Figure 6C). It was further observed that the number of 
identified genes with ON- and OFF-memory status differed depending on the donor and 
target tissue used. Together, these results revealed that ON- and OFF-memory gene 
expression is a persistent feature of nuclear reprogramming using NT.  

 
 

 
 

Figure 6: Memory genes resist endoderm-to-ectoderm reprogramming via NT. (A) Memory genes 
were identified in stage 11 ectoderm following NT with endoderm donor nuclei compared to IVF 
ectoderm. (B) MA-plot comparing gene expression between ectoderm samples in NT versus IVFs. 
The mean log2-fold change gene expression in NT embryos over IVF is plotted on the y-axis, 
while the mean log2(RPKM+1) gene expression in endoderm donor nuclei is plotted on the x-
axis. NT reprogramming from endoderm to ectoderm revealed 1382 ON-memory genes (green) 
and 1372 OFF-memory genes (blue). (C) Boxplots showing log2(RPKM+1) mean expression 
levels of Reprogrammed-Down (RD; light gray), ON-memory (ON-mem; green), Reprogrammed-
Up (RU; dark gray) and OFF-memory (OFF-mem; blue) genes in endoderm donor samples and 
ectoderm IVF and NT samples. p-values for pairwise comparisons were calculated using 
Wilcoxon rank-sum test. * p<0.001 

 
To investigate if histone modifications apart from the previously reported H3K4me3 

act as reprogramming barriers by stabilizing ON-memory in vivo, ChIP-seq was 
performed to profile a variety of histone modifications using ChIP-seq across meso-
/ectoderm and endoderm donor tissues ( 

 
Figure 7). This included histone modifications associated with gene repression 

(Bannister & Kouzarides, 2011; Millán-Zambrano et al., 2022; T. Zhang et al., 2015): 
H3K9me3, H3K27me3 and H2AK119ub, marks associated with active gene expression 
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(Bannister & Kouzarides, 2011; Millán-Zambrano et al., 2022; T. Zhang et al., 2015): 
H3K4me3, H3K27ac, H3K36me3 and H3K79me3, marks associated with active 
enhancers (Creyghton et al., 2010; Heintzman et al., 2007, 2009; Rada-Iglesias et al., 
2011): H3K27ac and H3K4me1, and the histone variant H2A.xf1 (Shechter et al., 2009) 
with a less well-documented role. 

 

 
 
Figure 7: Genome-wide profiling of histone modifications (H3K4me1/me3, H3K9me3, 
H3K27ac/me3, H3K36me3, H3K79me3, H2AK119ub, H2A.X-f) in Xenopus laevis neurula-stage 
embryonic tissues. (A, C) Identification of histone modifications enriched around the TSS or gene 
bodies on ON-memory or (B, D) OFF-memory genes in endoderm donor tissue or (H-I) meso-
/ectoderm tissue. P-value in (F) and (G) * indicates a p-value <0.001, Kolmogorov-Smirnov-test. 

 To address the role of these histone marks on genomic regions of reprogramming-
resistant or reprogramming-permissive genes, the enrichment levels of each histone mark 
were compared between ON- or OFF-memory genes and reprogrammed-down and 
reprogrammed-down genes, respectively, in each donor cell type ( 
 
Figure 7). In the context of endoderm-to-ectoderm reprogramming, H3K4me3 levels were 
significantly enriched on the promoters of ON-memory genes compared to 
reprogrammed-down genes, as reported previously (Figure 7A) (Hörmanseder et al., 
2017). In addition, the active mark H3K27ac was also enriched on the promoters of ON-
memory versus reprogrammed-down genes, as well as H3K79me3 in the gene bodies 
(Figure 7A). When analyzing repressive histone marks H3K9me3 and H3K27me3 in 
endoderm donor cells and comparing OFF-memory versus reprogrammed-up genes, no 
significant differences were found (Figure 7B).  



 42 

Furthermore, comparing histone PTM levels in meso-/ectoderm donor cells around 
the promoters or gene bodies revealed significant enrichment of H3K4me3, H3K27ac, 
and H3K79me3 for mesoderm ON-memory genes compared to reprogrammed-down 
genes, similar to the results from endoderm cells ( 

 
Figure 7 A,C). Interestingly, analysis of repressive histone marks revealed that 

OFF-memory genes were significantly enriched in H3K9me3 and H2AK119ub on their 
gene bodies in contrast to reprogrammed-up genes ( 

 
Figure 7 B,D). While a wider range of histone modifications was analyzed, they did 

not reveal any significant differences around promoters or gene bodies of ON- and OFF-
memory genes compared to correctly reprogrammed gene sets. Together, these 
analyses revealed that ON-memory correlates with specific histone modifications in the 
somatic cell donor nucleus and that this is consistent across the tested cell types. 

4.1.2. Digital Reprogramming accurately predicts reprogramming outcomes 
on a transcriptome level 

Next, the question was addressed which histone modifications, or combinations 
thereof, around the promoter regions of genes in the donor nuclei, are predictive of their 
memory class status after reprogramming in NT embryos. In an initial attempt to reveal 
potential patterns in our combined chromatin and transcriptome profiling, reduced 
dimensionality representations such as PCA and UMAP were applied, which were unable 
to separate correctly reprogrammed genes from memory genes. Therefore, two possible 
scenarios emerged: (1) gene memory status may exist on a continuum that cannot be 
unambiguously separated into discrete groups, or (2) it may be distinct combinations of 
histone modifications that confer an identifiable memory status.  

To identify such potential complex and hidden patterns in our data sets, 
convolutional neural network (CNN) algorithms were used to predict the reprogramming 
outcome of genes (Figure 8). Therefore, it was tested if CNN models are capable of 
inferring memory-class status based on a combination of gene expression and chromatin 
modifications around the promoter. To this end, chromatin modification data was first 
represented as a 1D array with 22 channels in wild-type somatic donor cell types, i.e., a 
one-dimension position along the TSS with each histone modification representing an 
individual channel (Figure 8A). A window 5 kb up- and downstream of the TSS was 
selected, so that potential instructive epigenetic information residing around promoter 
regions, proximal enhancer regions, and gene body were included (Figure 8A). These 
channels were then combined in a “Chromatin Modification Module” (CMM). Information 
on gene expression in the wild-type somatic donor cell type as well as on the wild-type 
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counterpart of the target cell type was combined in a “Gene Expression Module” (GEM). 
As output, the memory-class status of genes was used (ON- or OFF memory; 
reprogrammed-up or -down genes).  
CNNs were used to jointly integrate the so-represented histone modification data around 
the TSS and gene expression data. The input data was divided into three parts: one to 
train the model, one for making predictions, and one for determining significance. Using 
this processed input data, three different CNN models were built to predict memory class 
status in the reprogrammed cell, each with increasing complexity to test how much 
information input is needed for successful prediction: (1) chromatin modification module 
(CMM-CNN), (2) CMM and gene expression data in the wild-type target somatic cell types 
(“CMM+target-CNN”), (3) complete chromatin modification module and gene expression 
module in the donor and target cell type (FULL-CNN). To provide a baseline for the 
predictive performance of CNNs, a random forest classification algorithm corresponding 
to the FULL-CNN using chromatin modification and gene expression in the donor and 
target cell type was used (FULL-RF) (Figure 8 B-E).  

 

 
Figure 8: Developing Digital Reprogramming. (A) Schematic of Convolutional Neural Networks 
(CNNs) used to infer memory status. (B) Average area under Precision-Recall (AUPR) scores in 
endoderm to ectoderm reprogramming using different CNN and random forest (RF) models as 
indicated. (C) Receiver operating characteristic (ROC) curve for (d) endoderm to ectoderm 
reprogramming models as indicated, seed 1 and 2 (D) Average AUPR scores for somite to 
endoderm reprogramming. (E) ROC curve for (E) mesoderm to endoderm reprogramming models 
as indicated, seed 1 and 2 

Then, the prediction accuracy of each model was quantified using the Area Under 
Precision-Recall (AUPR) or Receiver Operating Characteristics (ROC) on a one-vs-all 
basis (Figure 8 B-E). All three CNNs could infer the memory status of a gene with 
accuracy comparable to or better than random forest classifiers, with both performing 
substantially better than expected by random classification (Figure 8 B-E). Including both 
histone modification and gene expression information (FULL-CNN) in predictive models 



 44 

showed the greatest accuracy, with reduced models i.e., using donor tissue histone 
modification and target tissue expression (CMM+target CNN), still retaining accuracy. 
Using histone modification alone provided the lowest classification accuracy, albeit also 
higher than random, with CNNs performing better than the corresponding RFs. This 
suggests that chromatin features around genes can predict their reprogramming 
outcomes, with additional predictive power gained from gene expression data in donor 
and target cell types. In summary, the models' predictive accuracy suggested that CNNs 
could identify useful predictive features from the provided data. 
 

To test if the models were learning useful histone modification combinations, 
transfer learning approaches were used to make predictions in NT reprogramming using 
alternative cell types. Specifically, the full TSS model trained on ectoderm-derived 
endoderm was used to make predictions about memory status in mesoderm-derived 
endoderm (Figure 9A). This was termed naïve transfer learning (nTL), as CNNs were 
directly applied to new datasets with no additional parameter optimization. A second form 
of transfer learning was also applied, in which the network architecture and parameters 
were transferred, but with the parameters in the final dense layers of the network 
optimized using a subset of data (full transfer learning; TL). It was noted that whilst the 
nTL showed a slight drop in performance compared to a fully tuned CNN, its performance 
remained better than random forest and tuning of the densely connected layers showed 
performance comparable to that of a fully optimized network (Figure 9 B,C). The 
observation that features in the CNNs could be transferred between cell types and still 
retain predictive performance suggests that useful representations of the features were 
indeed being learned in the upper layers of the network. Furthermore, it suggested that 
CNNs trained with one cell type can be used to predict the transcriptome reprogramming 
of any other cell type of interest. 

 

 
 
Figure 9: Digital Reprogramming Transfer Learning. (A) Schematic for transfer learning used to 
gauge the effectiveness of learned features (B) Average PR scores in TL schemes. (C) ROC 
curves for (B). 
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4.1.3. Selecting candidate marks to test as novel barriers to reprogramming 
 
An equally important objective of the ‘Digital Reprogramming’ model was to identify 

possible classes of ON-memory genes regulated by different histone modifications or 
combinations thereof. To identify which of the histone modification features are predictive 
of memory status, the activations of the here-used genomic regions using DeepExplain 
were calculated (Ancona & Gross, 2017; Melis & Jaakkola, 2018). Specifically, for the 
region 5 kb up- and downstream flanking the TSS of a given gene, the attributions of a 
specific histone mark to a specific classifier could be calculated (Figure 10A-B). To look 
for individual classes of memory status genes, the overall attribution for each histone 
modification to ON-memory status was calculated, and hierarchical clustering was 
performed. The genes were clustered based on the similarity of the calculated activation 
contributions to individual subclasses and H3K4me3, H3K4me1, and H3K27ac were 
identified as important contributors to ON-memory status.  
 

 
 
Figure 10: H3K4me3, H3K27ac and H3K4me1 were identified as novel contributors to the ON-
memory status of genes. (A and B) Average activations of ON-memory genes over true positive 
genes were subclustered to identify different classes of ON-memory genes in (A) endoderm to 
ectoderm and (B) mesoderm to endoderm reprogramming. Colors indicate the sum over the 
cluster average activation of the 5kb TSS-flanking region, with higher scores indicating a greater 
contribution of that histone modification to predicted memory status.  

 
Of the four subclusters formed by the endoderm ON-memory gene set, cluster 1 

showed the strongest influence by H3K4me3, with cluster 4 and cluster 2 also showing 
some influence by H3K4me3 (Figure 10A). In addition to H3K4me3, cluster 1 also 
appeared to be influenced more strongly by H3K4me1 and H3K27ac than by other 
chromatin modifications, such as H3K36me3 (Figure 10A). Clusters 1, 2, and 4 were also 
influenced by DNA methylation and the GC content of the investigated gene region. Gene 
ontology (GO) enrichment analyses revealed that genes in clusters 1 and 4 were enriched 
for terms related to endoderm and other developmental signaling, indicating that this 
could be relevant chromatin modifications of genes important for donor cell identity. 
Cluster 3 was enriched for ontologies relating to the cell cycle, development and 
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differentiation. Cluster 2, with no clear signature, was enriched for terms related to the 
cell cycle and DNA damage checkpoint.  

 
A similar sub-clustering based on the activations of individual histone marks was 

performed for mesoderm ON-memory genes (Figure 10B). H3K4me3 was identified as 
an important contributor to ON-memory status, as previously reported (Hörmanseder et 
al., 2017). Clusters 1 and 3 were influenced by H3K4me3, with cluster 3 being additionally 
influenced by H3K4me1, H3K27ac and H3K79me3 (Figure 10B). Cluster 2 and 4 were 
mainly influenced by H3K36me3. GO enrichment analyses revealed that genes in cluster 
3 were associated with terms relating to development and pattern specification 
processes, and cluster 1 with cell cycle and metabolic processes. Cluster 2 and 4 showed 
no significant enrichment.  
 

Together, this suggested that clusters marked in both donor cell types by 
H3K4me3, H3K4me1 and H3K27ac were enriched for cell lineage genes (Figure 10). 
Such lineage genes have previously been determined to be ON-memory genes, whose 
correct reprogramming is essential for successful cell fate conversion in NT embryos 
(Zikmund et al., 2025). Therefore, H3K4me1, H3K4me3, and H3K27ac may represent an 
important combination of histone modifications stabilizing cell lineage genes and master 
ON-memory genes. In summary, Digital Reprogramming approach accurately predicted 
transcriptional reprogramming outcomes by classifying genes as memory class genes or 
reprogrammed genes. Furthermore, Digital Reprogramming identified candidate 
reprogramming barriers linked to the inheritance of ON-memory, which were consistent 
between two donor cell types, endoderm and mesoderm. Finally, the model confirmed 
H3K4me3 as a key chromatin feature of ON-memory genes overall and identified 
H3K4me1 and H3K27ac as novel features. 
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4.2. Generation of donor cells with reduced H3K27ac levels 
 
Based on our Digital Reprogramming analysis, we hypothesized that H3K27ac 

enrichment around promoters of ON-memory genes in donor cells contributes to 
transcriptional memory in NT embryos, thus hindering NT-mediated reprogramming. To 
test this hypothesis, I aimed to globally perturb H3K27ac levels in endoderm donor cell 
nuclei and assess whether this improves nuclear reprogramming efficiency following 
transplantation to enucleated eggs. 

 
To reduce H3K27ac levels in donor nuclei before NT-reprogramming, I evaluated 

several strategies to achieve this. First, our group previously attempted to perturb 
H3K27ac levels by overexpressing histone deacetylase (HDAC) proteins which 
collectively describe a class of enzymes that remove acetyl groups from lysine residues 
on histones and non-histones (Seto & Yoshida, 2014) (unpublished results by Huiwen Li 
reproduced in my independent experiments). This approach was unsuitable, as H3K27ac 
levels could not be reduced in donor embryos, in contrast to previous reports in Xenopus 
embryos (A. Rao & LaBonne, 2018). An alternative to this approach would be the use of 
a dominant-negative mutant histone alike H3.3 K4M which binds and inhibits the SET 
domain of H3K4-specific methyltransferase enzymes as used before to produce 
H3K4me3-perturbed donor nuclei (Hörmanseder et al., 2017). To my knowledge, such a 
dominant-negative mutant that could inhibit the deposition of acetylation marks has not 
been identified thus far, rendering this strategy not feasible. 
 
Second, I considered genetic manipulation of chromatin factors, for instance through 
mutating key residues for catalytic activity of acetylation ‘writer’ enzymes. The candidate 
for such perturbation would be  p300/CBP, the writer enzyme of histone acetylation 
(Bannister & Kouzarides, 1996; Ogryzko et al., 1996). However, genetic perturbations in 
the Xenopus laevis model are challenging considering the allotetraploid genome, 
requiring targeting of multiple alleles simultaneously. In addition, the 1-2 years required 
for Xenopus laevis frogs to reach sexual maturity and allow for use of genetically 
manipulated donor embryos pose a significant challenge.  
 
Thus, I selected a pharmacological p300/CBP perturbation approach, which decreases 
histone acetylation levels by inhibiting the deposition of these modifications by p300/CBP 
(Ebrahimi et al., 2019; Lasko et al., 2017; Raisner et al., 2018). p300 (also termed KAT3B) 
and the CREB binding protein (CBP) are paralogous acetyltransferases of histone and 
non-histone proteins, as well as transcriptional co-activators (Dancy & Cole, 2015). Due 
to the high sequence homology observed between p300 and CBP, these two proteins are 
collectively referred to as p300/CBP, and this terminology will also be used in this study.  
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p300/CBP has a central acetyltransferase domain (also termed HAT), which 
catalyzes the transfer of the acetyl group from acetyl-CoA to a lysine residue of a protein. 
The HAT domain may also be referred to as the ‘writer’ domain of p300/CBP. Adjacent to 
the 'writer’ is the bromodomain, or the ‘reader’ domain, which recognizes acetylated lysine 
residues on histones (Dhalluin et al., 1999; Park et al., 2017). Bromodomains also 
facilitate HAT-mediated acetylation (Zaware & Zhou, 2019), both by engaging in intra- 
and/or intermolecular reactions with the auto-inhibitory loop of p300/CBP (Ortega et al., 
2018), and by binding acetylated lysine (Dhalluin et al., 1999) and aiding substrate 
recruitment. In particular, the p300/CBP bromodomain has been reported to selectively 
regulate acetylation on H3K27ac (Raisner et al., 2018), thus highlighting it as a suitable 
target for chemical inhibition to achieve depleted H3K27ac levels in our system. As an 
orthogonal approach allowing us to discern the contribution of the bromodomain to the 
architectural role of p300/CBP (J. Chen et al., 2010; Manning et al., 2001), I also used a 
catalytic inhibition approach, previously reported to target H3K27ac and other acetylation 
on other histone residues (Lasko et al., 2017; Weinert et al., 2018).  
 
In the following sections, I present two manipulation approaches aiming at depleting 
H3K27ac in donor nuclei suitable for use in NT-induced reprogramming (i) p300/CBP 
bromodomain inhibition using the small molecule SGC-CBP30 and (ii) p300/CBP catalytic 
domain inhibition using the small molecule A-485. For both strategies, I treated Xenopus 
laevis embryos starting at late gastrula until the neurula-stage to ensure embryonic 
viability. I then characterized the effects of such manipulations phenotypically by 
monitoring the development of the treated and control embryos, as well as biochemically 
by using Western Blot and histone mass-spectrometry analysis to analyze the levels of 
H3K27ac and other histone modifications. Subsequently, we injected the perturbed donor 
nuclei into enucleated eggs with unperturbed p300/CBP activities to obtain 
reprogrammed cells for transcriptome assays and for scoring the developmental outcome 
of the cloned embryos. Therefore, I devised an experimental approach allowing us to 
address whether perturbing p300/CBP activities and histone acetylation in donor nuclei 
can correct the ON-memory phenotype in NT embryos.  
 

 
Figure 11: Schematic overview of the experimental approach used to perturb histone acetylation 
in donor nuclei for subsequent nuclear transfer 
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4.2.1. p300/CBP bromodomain inhibition reduces H3K27ac levels in X. 
laevis donor embryos 

The mass-spectrometry results presented here were obtained by Dr. Ignasi Forne at the ZfP at 
BMC, LMU who performed the data acquisition and processing. 

 
To obtain H3K27ac-perturbed donor nuclei, I aimed to establish a p300/CBP 

inhibitor setup that efficiently depletes H3K27ac levels while preserving the viability of the 
donor embryos until the neurula stage (Nieuwkoop-Faber stage 18; NF-stage) 
(Nieuwkoop, 2020). We selected endoderm cells as donors for several reasons: 
endoderm cells are large, therefore convenient to manipulate under the microscope for 
NT (Elsdale et al., 1960; Gurdon, 1960a; Gurdon & Uehlinger, 1966), these cells are still 
ongoing cell divisions and are thought to exhibit homogenous gene expression profiles 
which would help limit the cell-to-cell variability when selecting a single donor cell. 
Moreover, at the neurula stage, when we isolate the endoderm cells for use as donor 
nuclei (Hörmanseder et al., 2017), endoderm cell fate is established but not yet terminally 
differentiated (Horb & Slack, 2001), therefore being suitable for reprogramming assays  
(Gurdon, 1960a). 

 
In order to obtain donor cells with perturbed H3K27ac levels, I first tested two different 
treatment protocols in which the embryos were exposed to a p300/CBP inhibitor either at 
the 2-cell-stage or during late gastrulation (NF-stage 12). In both cases, the embryos were 
incubated in an inhibitor-containing medium and allowed to develop. Treatments at the 2-
cell stage, preceding ZGA in Xenopus, led to gastrulation arrest and death (Figure 12). 
Thus, this approach was unsuitable for collecting endoderm donor nuclei for NT (Figure 
12A), as the donor embryos did not develop until the neurula stage. Instead, I chose a 
starting point of the inhibitor treatment from the late gastrula stage (NF-stage 12) when 
major developmental milestones such as ZGA and germ layer commitment have already 
taken place. Thus, I treated the donor embryos with CBP30 from NF-stage 12 until the 
neurula stage (NF-stage 18). Upon treatment with 40 µM SGC-CBP30 at stage 12, I 
observed delayed neural fold closure by approximately one hour compared to DMSO 
controls, but otherwise, the CBP30-treated embryos were otherwise morphologically 
indistinct from control embryos. 
 
Therefore, I deemed this delay in development acceptable and pursued further 
experiments using the treatment starting at NF-stage 12. Importantly, in order to ensure 
that the developmental stages of CBP30-treated embryos match the DMSO controls, 
CBP30-treated embryos were collected at the time point of neural fold closure (Figure 
12B).  
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Figure 12: CBP30 treatment setup in wildtype embryos to produce H3K27ac-perturbed donor 
nuclei for NT. (A) Schematic depiction of the treatment protocol with CBP30 or DMSO-control, 
starting from the 2-cell-stage until developmental arrest was visible at the early gastrula stage. 
Representative images of embryos treated with DMSO or CBP30, n=3. (B) Schematic depiction 
of the treatment protocol with CBP30 or DMSO-control, starting from the late gastrula until the 
neurula stage. Representative images of embryos treated with DMSO or CBP30 depicting the 
delayed neural fold closure phenotype, n=3. 

 
Next, I addressed if this above established CBP30 treatment, which targets the p300/CBP 
bromodomain specifically perturbs H3K27ac histone acetylation levels in donor embryos. 
I first assessed this via Western Blot for a set of candidate histone acetylation marks and 
then evaluated additional effects of this treatment on histone tail PTMs globally via mass 
spec analyses.  
 
Whole embryo chromatin lysates were analyzed using Western Blot against several 
acetylated lysine residues on histone H3. Semi-quantitative immunoblotting revealed 
significantly reduced H3K27ac levels in CBP30 treated samples (Figure 13A,B), but not 
H3K18ac and pan-H3 lysine acetylation levels, consistent with previous reports from cell 
culture systems (Ebrahimi et al., 2019; Raisner et al., 2018). Moreover, I detected a mild 
reduction in H3K9ac levels upon CBP30 treatment, potentially as a secondary effect of 
H3K27ac perturbation. This indicates that CBP30 treatment successfully reduces global 
H3K27ac levels in donor embryos, with a mild decrease in H3K9ac levels suggesting 
potential off-target or secondary effects of this perturbation. 
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Figure 13: Western Blot analysis of acetylated lysine residues on histone H3. (A) 
Immunoblots depicting H3K27ac, H3K9ac, H3K18ac and pan-H3-acetylation (acetyl 
K9+K14+K18+K23+K27) levels, alongside histone H4 as loading control, for chromatin extracted 
from whole embryo lysates in DMSO and CBP30-treated embryos. Samples were loaded as a 
dilution series in 2-fold steps, from the highest to the lowest concentration. (B) Band density 
quantification of Western Blot results for H3K27ac (n=3), H3K9ac (n=3), H3K18ac (n=2) and pan-
H3-acetylation (n=2). Error bars represent the mean+/- SEM, and stars indicate p-values 
calculated using a paired t-test. (n.s.: p > 0.05, *: p≤0.05, **: p ≤0.01, ***: p ≤0.001). Purple bars: 
DMSO-control, blue bars: CBP30-treated. 

Considering the promiscuous nature of p300/CBP, its various histone lysine 
substrates in the nucleus or any potential secondary effects upon p300/CBP inhibition 
(Dancy & Cole, 2015; Shvedunova & Akhtar, 2022; Weinert et al., 2018), I wondered if 
CBP30 treatment affected other histone modifications apart from H3K27ac in our 
treatment setup. Therefore, to address the effects of CBP30 treatment on histone post-
translational modifications (PTMs), we collaborated with Dr. Ignasi Forne and applied a 
liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS; hereinafter 
MS for brevity) approach detecting lysine modifications on the N-terminal tail of histones 
H3 and H4 (Figure 14). This approach allowed us to quantify histone modification levels 
in an antibody-independent and high-throughput manner, both for single and 
combinations of modified lysine residues on the corresponding tryptic peptides. 
 
Our MS analysis revealed a mean 1.7-fold reduction of H3K27ac levels upon CBP30 
treatment compared to DMSO controls, while H3K18ac levels remained unaltered, 
consistent with our Western Blot results shown above (Figure 14A,C, Table 1, N=3). 
Unfortunately, the liquid chromatography preceding MS/MS could not separate H3K9ac 
and H3K14ac levels on the H3 K9-K17 tryptic peptide. Instead, we could only quantify 
this peptide when carrying an acetylation mark on one of the lysine residues or when both 
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were acetylated. In both cases, we did not detect changes between DMSO control and 
CBP30-treated samples (Figure 14A). A similar limitation of our method applies to 
acetylation modifications on histone H4 (Figure 14B).  
 

 
 
Figure 14: Histone mass-spectrometry on CBP30 treated neurula-stage whole embryos (A-
B) Heatmaps depicting the relative abundance of post-translational modifications on histone 
lysine residues, normalized over the abundance of histone PTM levels in untreated samples on 
(A) histone H3 and (B) histone H4. N=3. (C) Volcano plot comparing histone mark levels quantified 
via mass-spectrometry in CBP30 compared to DMSO samples. y-axis shows the p-value 
calculated using an unpaired student’s t-test, x-axis shows the log2 fold-change of histone mark 
levels in CBP30 versus DMSO samples.  

 
Considering the role of p300/CBP as a transcriptional co-activator, I wondered if 
perturbing p300/CBP activities using CBP30 could perturb methylation marks associated 
with active chromatin states, such as H3K4me3 (Santos-Rosa et al., 2002) or H3K36me3 
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(Morris et al., 2005). Moreover, I asked if depleting H3K27ac could lead to a global 
increase in the antagonistic repressive mark H3K27me3 as described in other species 
(Pasini et al., 2010; Tie et al., 2009). I did not detect changes in the levels of any of the 
methylation marks measured in our MS assay (Figure 14A), suggesting that p300/CBP 
bromodomain inhibition mainly affected H3K27ac levels. Together, our immunoblot and 
histone mass-spectrometry analyses (Figure 13, Figure 14) revealed that CBP30-induced 
inhibition of the p300/CBP-bromodomain leads to globally reduced H3K27ac and H3K9ac 
levels.  

 
In summary, I deemed the p300/CBP bromodomain inhibition approach at embryonic 

stage 12 suitable for generating endoderm donor nuclei with reduced histone acetylation 
levels for subsequent nuclear transfer.  

 

4.2.2. p300/CBP HAT domain inhibition reduces H3K27ac, among other 
marks, in donor nuclei 

The mass-spectrometry results presented here were obtained by Dr. Ignasi Forne at the ZfP at 
BMC, LMU who performed the data acquisition and processing 
 

Having observed that treating donor embryos with CBP30, a p300/CBP 
bromodomain inhibitor can reduce H3K27ac levels globally, I next aimed at employing an 
alternative perturbation strategy. I reasoned that inhibiting the p300/CBP bromodomain 
may also perturb the architectural role of p300/CBP by perturbing histone binding or 
chromatin association (Zaware & Zhou, 2019). Therefore, a strategy was needed that 
would allow us to distinguish between the potential perturbation of the architectural role 
of p300/CBP by inhibiting the bromodomain and the loss of histone acetylation. Therefore, 
I employed a complementary approach to perturb histone acetylation levels in donor 
nuclei before nuclear reprogramming.  
 
To this end, I used the small molecule A-485, targeting the p300/CBP HAT domain by 
acting a competitive inhibitor of acetyl-CoA and preventing lysine acetylation on histones 
(Lasko et al., 2017). I treated IVF-derived donor embryos with A-485 and A-486 (an 
inactive control compound for A-485 (Lasko et al., 2017)) from the late gastrula until the 
neurula stage as described for CBP30 (Figure 15A). Similar to the phenotypes observed 
using the bromodomain antagonist approach, I observed delayed closure of the neural 
fold in embryos treated with both the catalytic inhibitor A-485 and the inactive control A-
486 compared to DMSO-controls (Figure 15B). Therefore, to ensure comparable 
developmental stages with the DMSO-controls for downstream biochemical assessment 
of histone modifications, small molecule-treated embryos were collected at the point of 
neural fold closure.  
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Figure 15: A-485 treatment setup in wildtype embryos to produce H3K27ac-perturbed donor 
nuclei for NT. (A) Schematic depiction of the treatment protocol with CBP30 or DMSO-control, 
starting from the late gastrula until the neurula stage. (B) Representative images of embryos 
treated with DMSO, A-485 or A-486 depicting the delayed neural fold closure phenotype, n=3. 

 
As described for CBP30, this delay was deemed acceptable and a treatment setup 

using the HAT inhibitor A-485 was established allowing us to proceed with further 
experiments. 
 

To quantitatively test the effects of p300/CBP HAT domain inhibition on donor 
embryos before NT, we performed histone mass spectrometry as described above for 
CBP30. We observed that the inactive control compound A-486 (gift from the Structural 
Genomics Consortium) reduced the global levels of H3K27ac and other histone PTMs to 
a similar extent as the inhibitor A-485, likely due to the high concentration and duration of 
the treatment in the X. laevis embryos, which exceeded the concentration and duration 
reported previously (Lasko et al., 2017). Considering that the A-486 control compound 
also caused a developmental delay in the treated embryos, along with the perturbed 
histone mark levels (Figure 21), I selected DMSO as an adequate control for the A-485 
treatments. Compared to DMSO, A-485 treatment in donor embryos led to a 1.8-fold 
reduction in global H3K27ac levels, but also affected H3K18ac and H3K23ac levels, as 
well as several other acetylated lysine residues on the histone H4 N-terminal tail, 
indicating broad reduction of histone acetylation levels upon p300/CBP HAT inhibition 
(Figure 16 A-B).  
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Figure 16: Histone mass-spectrometry on histones isolated from DMSO, A-485 or A-486 
treated neurula-stage whole embryos (A-B) Heatmaps depicting the relative abundance of 
post-translational modifications on histone lysine residues, normalized over the abundance of 
histone PTM levels in untreated samples on (A) histone H3 and (B) histone H4. N=3. (C) Volcano 
plot comparing histone mark levels quantified via mass-spectrometry in A-485 compared to 
DMSO samples. y-axis shows the p-value calculated using an unpaired student’s t-test, x-axis 
shows the log2 fold-change of histone mark levels in A-485 versus DMSO samples.  

 
Western Blot analysis targeting H3K27ac and H3K18ac in chromatin extracts from 

A-485 and DMSO-control treated embryos revealed similar results as the histone mass-
spectrometry (Figure 17 A-B). In addition, I also detected a reduction in pan-H3-
acetylation levels by using an antibody that can recognize acetylated K9, K14, K18, K23 
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and K27 residues on the histone H3 N-terminus. This result is in line with the MS results 
presented above.  

 

 
 

Figure 17: Western Blot analysis of acetylated lysine residues on histone H3. (A) 
Immunoblots depicting H3K27ac, H3K9ac, H3K18ac and pan-H3-acetylation (acetyl 
K9+K14+K18+K23+K27) levels, alongside histone H4 as loading control, for chromatin extracted 
from whole embryo lysates in DMSO and A-485-treated embryos. Samples were loaded as a 
dilution series in 2-fold steps, from the highest to the lowest concentration. (B) Band density 
quantification of Western Blot results for H3K27ac (n=4), H3K9ac (n=2), H3K18ac (n=2) and pan-
H3-acetylation (n=2). Error bars represent the mean+/- SEM, and stars indicate p-values 
calculated using a paired t-test. (n.s.: p > 0.05, *: p≤0.05, **: p ≤0.01, ***: p ≤0.001, ****: p 
<0.0001). Purple bars: DMSO-control, blue bars: A-485-treated. 

 
In summary, the A-485 treatment broadly affected histone H3 and H4 lysine 

acetylation in donor nuclei, while the CBP30 treatment depleted H3K27ac and H3K9ac 
specifically, thus allowing us to compare the different contributions of global histone 
acetylation versus H3K27ac/H3K9ac to transcriptional memory during nuclear 
reprogramming. 

4.3. Assessing the reprogramming outcome of NT embryos 
generated using donor nuclei with reduced histone 
acetylation levels 
 
Having established a p300/CBP inhibition setup in donor embryos, allowing us to 

obtain donor nuclei for NT with reduced histone acetylation levels, I next sought to 
address whether such perturbation of histone acetylation levels in donor nuclei can 
improve reprogramming via NT. In particular, it was of key importance to address whether 
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perturbing H3K27ac in donor nuclei can reduce the aberrant expression of genes 
indicative of the donor cell type in NT embryos, termed ON-memory. Next, I aimed to 
determine whether perturbing H3K27ac by p300/CBP inhibition in donor nuclei can 
improve the developmental outcome of NT-embryos.  

 
To address the effects of p300/CBP inhibition on a transcriptome level in the 

context of NT reprogramming, we performed RNA-seq experiments to profile the 
transcriptome of endoderm donor cells from control and inhibitor-treated conditions, as 
well as ectoderm tissues from NT-embryos derived from the so-generated donor nuclei 
(as described in Hörmanseder et al., 2017). As a control for the wildtype transcriptome of 
ectoderm tissues at this stage, we in vitro fertilized eggs and collected their ectoderm 
tissues. Such a comparison of the transcriptomes of donor, NT and IVF samples allowed 
us to measure whether inhibiting p300/CBP in donor nuclei correlates with changes in the 
expression of genes indicative of the cell type of origin, i.e. endoderm cells, in the wrong 
cell type of the cloned embryos, i.e. ectoderm. Moreover, we assessed the developmental 
outcome of NT embryos generated from p300/CBP inhibitor-treated donor nuclei to 
assess whether this manipulation of the donor nuclei correlates with improved 
reprogramming on a functional level.  

 
Together, these experiments allow us to test the hypothesis that H3K27ac could 

be an epigenetic barrier to reprogramming by maintaining transcriptional memory of an 
active chromatin state from the donor to the reprogrammed cell. Moreover, these 
experiments will reveal whether perturbing this putative reprogramming barrier can 
improve the efficiency of NT-induced cell-fate reprogramming. 
 

4.3.1. p300/CBP bromodomain inhibition in donor nuclei correlates with a 
moderate ON-memory decrease in NT embryos 
In the following section, Nuclear Transfer injections were performed by Dr. Tomas Zikmund; 
bioinformatic analyses were supported by Dr. Tobias Straub. 
 

Previous work from our group has shown that NT embryos display aberrant 
expression of a transcriptional program indicative of the endoderm donor cell type in the 
ectoderm of NT-embryos, termed ON-memory (Hörmanseder et al., 2017; Zikmund et al., 
2025). Therefore, I tested if reducing H3K27ac levels in the endoderm donor cells can 
improve transcriptional reprogramming by reducing ON-memory in the newly generated 
ectoderm cells in NT embryos.  

 
To achieve this, I treated the donor embryos with the CBP30 as described above. 

We then used the CBP30-treated embryos and DMSO-control (vehicle control to account 
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for any effects by this solvent) neurula-stage endoderm cells as donors to generate 
NT(CBP30) and NT(DMSO) embryos, respectively (Figure 18). As a control for wildtype 
embryonic transcriptome of the cell type we aim to obtain by reprogramming, I generated 
IVF embryos. To analyze the transcriptome of the reprogrammed cells, I collected the 
ectoderm (also termed animal cap in Xenopus embryos) of NT and IVF embryos at the 
gastrula stage. This stage was selected because at this point ectoderm and endoderm 
lineages are established in the frog embryo, but it precedes the developmental defects 
usually observed in NT embryos (Hörmanseder et al., 2017). Therefore, it was key to 
ensure that only properly cleaved embryos are collected, to allow comparison of memory 
gene expression between the transcriptomes of NT and IVF embryos while minimizing 
the confounding factors on the transcriptome arising from abnormal development. In 
summary, I collected the animal cap from NT(DMSO), NT(CBP30) and IVF embryos, 
alongside donor(DMSO) and donor(CBP30) endoderm, and subjected these tissues to 
bulk RNA-seq, as summarized in Figure 18.  

 

 
Figure 18: Schematic overview of NT-experiments performed to test the transcriptome 
reprogramming of endoderm-donor cells treated with p300/CBP bromodomain inhibitor to 
ectoderm via NT 

First, I compared the global transcriptomes of donor, NT and IVF samples using principal 
component analysis (PCA) (Figure 19). Donor(DMSO) and donor(CBP30) endoderm 
samples clustered together and separated from all ectoderm samples along principal 
component (PC) 1. Importantly, the transcriptomes clustered by cell type and not by 
experimental batch. I then wondered if NT(CBP30) ectoderm samples showed greater 
similarity to IVF ectoderm samples compared to NT(DMSO), but did not observe a closer 
grouping of NT(CBP30) with IVF samples in PC space compared to NT(DMSO) and IVF 
samples. This suggested that CBP30 treatment in donor nuclei did not globally improve 
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the transcriptome of NT(CBP30) embryos but might rather have effects on distinct groups 
of genes. 
 

 
Figure 19: Principal Component Analysis (PCA) comparing the global transcriptome of 
donor(DMSO), Donor(CBP30), IVF, NT(DMSO) and NT(CBP30) samples. The x-axis shows 
Principal Component 1 (PC1) explaining 25,4% of the variance, and the y-axis shows Principal 
Component 2 (PC2) explaining 7,77%. 

 Therefore, I next addressed the effects of p300/CBP bromodomain inhibition on 
the expression levels of individual genes in endoderm donor cells by performing 
differential gene expression analysis. Thus, this analysis revealed 3282 differentially 
expressed transcripts between CBP30-treated and DMSO-control donor cells, with most 
of the genes being downregulated (2538 downregulated vs. 744 upregulated genes upon 
CBP30 treatment) (Table 3), consistent with the role of p300/CBP as a transcriptional co-
activator. Therefore, while the transcriptomes of CBP30- and DMSO-treated donor cells 
co-clustered in PCA (Figure 20), suggesting no global differences, a number of genes 
was significantly misregulated upon inhibitor treatment.  
 
Next, I tested if CBP30 treatment of the donor cells results in a loss of ON-memory gene 
expression in the NT embryos generated from these treated donor nuclei, when 
compared to NT embryos generated from control donor nuclei. To address this question, 
I first compared the transcriptome of control donor(DMSO) cells, the ectoderm of IVF 
embryos, and the ectoderm of control NT(DMSO) embryos and identified 5238 genes that 
were significantly differentially expressed (p-adj<0.05) between these three groups of 
samples. To identify ON-memory genes that maintain an active state of gene expression 
from donor cells to NT-embryos, I then filtered this gene set based on gene expression in 
the donor(DMSO) samples (TPM>1) and identified 1360 ON-memory genes in 
NT(DMSO) embryos (Figure 21A). For comparison, I performed differential gene 
expression analysis following the same filtering strategy under CBP30 conditions, i.e., 
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comparing donor(CBP30) vs. IVF and NT(CBP30) vs. IVF samples. This resulted in a set 
of 1071 ON-memory genes (Figure 21B), indicating that fewer genes could be classified 
as ON-memory genes in NT embryos derived from donor embryos treated with CBP30. 
Intersection analysis revealed 771 ON-memory genes that could be identified in both the 
set of ON-memory(DMSO) and ON-memory(CBP30) groups, while 589 genes were 
unique to the DMSO group and 300 genes were unique to the CBP30 group (Figure 21C). 
The strong overlap of the genes classified as ON-memory genes in DMSO or CBP30 
samples suggests that the CBP30 effect on transcriptome reprogramming could be 
moderate. 
 

 
 

Figure 21: Memory gene expression in NT embryos derived from CBP30 treated donor nuclei. (A-
B) MA-plots comparing gene expression between (A) NT(DMSO) and IVF, (B) NT(CBP30) and 
IVF. Mean log2FC in NT over IVF ectoderm expression levels is plotted on the y-axis, and the 
mean log2(TPM+1) expression in endoderm (A) donor(DMSO) and (B) donor(CBP30) nuclei is 
plotted on the x-axis. Gray: all transcripts. Green: ON-memory genes. Blue: OFF-memory genes. 
(C) Venn Diagram comparing the overlap of genes classified as ON-memory genes in DMSO 
samples and CBP30 samples. (D) Percentage of ON-memory genes defined under DMSO 
(n=1360) and CBP30 (n=1071) conditions, partitioned based on their fold change in NT/IVF 
samples. two-sided Fisher’s test, * p-value < 0.0001 

 
While intersection analysis revealed substantial overlap between ON-memory 

genes defined under both DMSO and CBP30 conditions, this approach only identified the 
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presence or absence of memory genes in each gene set without considering quantitative 
differences in their expression levels. To better assess the extent of transcriptional 
memory, I compared the fold-changes in gene expression between NT and IVF samples 
across conditions (Figure 21D). My reasoning was that if CBP30 treatment effectively 
reduced ON-memory, genes in NT(CBP30) embryos should exhibit expression patterns 
more similar to IVF embryos than those in NT(DMSO) embryos. I therefore stratified ON-
memory genes in 5 groups based on their fold-change in expression between NT and IVF 
samples under both conditions. This analysis revealed that the proportion of ON-memory 
genes with higher expression in NT(CBP30) versus IVF was significantly decreased 
compared to NT(DMSO) versus IVF. Conversely, the proportion of ON-memory genes 
with lower fold-change between NT(CBP30) vs. IVF significantly increased compared to 
NT(DMSO) vs. IVF. This indicates that CBP30-treatment in donor nuclei not only 
decreased the number of ON-memory genes but also decreased the extent to which ON-
memory genes are abnormally expressed in NT(CBP30) compared to IVF embryos. 
 

Furthermore, I asked if CBP30 treatment in donor nuclei led to changes in gene 
expression levels of ON-memory genes in NT(CBP30) embryos. To address this, I 
compared the mean expression levels of ON-memory genes defined under DMSO 
conditions in donor(DMSO) vs. donor(CBP30), as well as NT(DMSO) vs. NT(CBP30) 
samples. In both cases, I found that the mean ON-memory gene expression levels were 
moderately decreased (Figure 22). To distinguish whether this is a phenotype specific to 
the ON-memory gene set, I compared the mean expression levels of a control gene set 
termed reprogrammed-down genes in the different embryonic tissues (Figure 22). This 
group describes a set of genes expressed at similar levels as ON-memory genes in donor 
cells, but was correctly downregulated in reprogramming, i.e., gene expression levels 
were similar in IVF and NT samples (Hörmanseder et al., 2017). In this case, I observed 
that the mean expression levels of reprogrammed-down genes were slightly but non-
significantly decreased in donor(CBP30) compared to donor(DMSO) endoderm samples 
and remained unaltered in NT(CBP30) compared to NT(DMSO) ectoderm samples. 
Therefore, this analysis revealed that CBP30 treatment in donor nuclei results in 
decreased ON-memory but not reprogrammed-down gene expression in NT(CBP30) 
embryos. 
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Figure 22: CBP30 treatment in endoderm donor nuclei moderately decreases ON-memory gene 
expression in NT ectoderm. Boxplots comparing mean expression levels of reprogrammed-down 
and ON-memory transcripts in endoderm donor cells, IVF ectoderm, and NT ectoderm samples. 
Boxplots depict the median and the interquartile range (IQR). p-values for pairwise comparisons 
calculated using a two-sided Wilcoxon rank-sum test. 
 
I next asked if CBP30 treatment in donor nuclei affected the transcriptional memory of 
OFF-memory genes, describing a set of genes expressed at aberrantly lower levels in NT 
embryos compared to IVF embryos, indicating failure to upregulate its expression levels 
correctly from the donor to the reprogrammed cell. This filtering strategy resulted in 1315 
OFF-memory genes in NT(DMSO)-ectoderm samples, and 1413 OFF-memory genes in 
NT(CBP30)-ectoderm samples, thus suggesting an increase in the number of genes 
classified as OFF-memory genes (Figure 21 A-B). Comparing the mean expression levels 
of OFF-memory genes in donor samples revealed a mild decrease in donor(CBP30) 
samples vs. donor(DMSO) samples (Figure 23). When comparing NT(DMSO) and 
NT(CBP30) samples, I did not detect any changes in OFF-memory gene expression. Of 
note, the mean expression levels of reprogrammed-up genes, i.e. genes that 
demonstrated correctly upregulated gene expression upon nuclear reprogramming, 
remained unaltered upon CBP30 treatment in donor samples, as well as in NT samples 
(Figure 23).  
 

In summary, the transcriptome assay described in this section suggests that 
CBP30 treatment in donor nuclei can moderately improve ON-memory in NT embryos, 
but not OFF-memory. 
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Figure 23: CBP30 treatment in endoderm donor nuclei left Reprogrammed-Up and OFF-memory 
gene expression levels unperturbed in NT ectoderm cells. Boxplots comparing mean expression 
levels of reprogrammed-up and OFF-memory transcripts in endoderm donor cells, IVF ectoderm, 
and NT ectoderm samples. Boxplots depict the median and the interquartile range (IQR). p-values 
for pairwise comparisons calculated using a two-sided Wilcoxon rank-sum test.  
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4.3.2. p300/CBP catalytic inhibition in donor nuclei moderately improves 
ON-memory in NT-embryos 

 
In the following sections, Nuclear Transfer injections were performed by Dr. Eva Hörmanseder; 
bioinformatic analyses were supported by Dr. Tobias Straub 
 

The results presented in chapters 4.2. and 4.3.1. indicated that p300/CBP 
bromodomain inhibition in donor nuclei reduced global H3K27ac levels and moderately 
improved ON-memory. However, bromodomain inhibition may also perturb p300/CBP 
chromatin association in addition to perturbing histone acetylation, due to its binding to 
acetylated lysine residues on histones (Dhalluin et al., 1999; Zaware & Zhou, 2019; Zeng 
& Zhou, 2002). Therefore, I asked if inhibition of p300/CBP catalytic activity and reducing 
histone acetylation levels, while leaving the architectural role of p300/CBP unperturbed, 
would result in comparable effects in reprogramming on the transcriptome level. To 
address this question, I treated IVF-derived donor embryos with A-485 as described 
above and injected them to enucleated eggs to produce NT(A-485) embryos, which I then 
subjected to RNA-seq analysis along with IVF-control embryos.  
 

First, I tested the effects of p300/CBP HAT domain inhibition on the transcriptome 
in endoderm donor cells and detected 5493 DEGs between donor(DMSO) and donor(A-
485) samples, of which 3259 were downregulated upon A-485 treatment in endoderm 
donor samples, and 2234 were upregulated (Table 3). While the higher number of 
downregulated genes upon A-485 treatment in donor cells is consistent with the role of 
p300/CBP as a transcriptional co-activator, the relatively high number of upregulated 
genes suggests an overall misregulation of the transcriptome. 

 
 To assess the effects of p300/CBP HAT inhibitor treatment in donor nuclei on 

reprogramming, I evaluated the transcriptome of NT ectoderm tissue derived from A-485 
treated donor nuclei compared to NT(DMSO) controls. The transcriptome response in 
NT(A-485) embryos elicited by catalytic p300/CBP inhibition in donor cells closely 
followed the observations presented in chapter 4.3.1. using the bromodomain inhibitor 
CBP30. For instance, comparing the global transcriptomes using PCA showed clear 
separation along PC1 for the donor endoderm and NT and IVF ectoderm samples, yet 
the IVF, NT(DMSO) and NT(A-485) grouped together (Figure 24). This indicated that A-
485 treatment in donor nuclei did not globally improve the transcriptome of NT(A-485) 
embryos but may have affected distinct gene sets, similarly to the CBP30 treatment. 
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Figure 24: Principal Component Analysis (PCA) comparing the global transcriptome of 
donor(DMSO), Donor(A-485), IVF, NT(DMSO) and NT(A-485) samples. The x-axis shows 
Principal Component 1 (PC1) explaining 24,9% of the variance, and the y-axis shows Principal 
Component 2 (PC2) explaining 7,67%. 

 
 Thus, I performed gene set filtering to identify reprogrammed and memory class 

genes as described in chapter 4.3.1. and in the Materials and Methods section. This 
revealed 1253 ON-memory genes in A-485-derived samples and 1525 OFF-memory 
genes (Figure 25A-B), indicating a modest reduction in the number of ON-memory genes 
and a modest increase in the number of OFF-memory genes compare to DMSO. I then 
asked if the genes classified as ON-memory genes under DMSO or under A-485 
conditions are similar and performed intersection analysis. Such comparison of the ON-
memory gene sets defined under DMSO and A-485 conditions revealed a substantial 
overlap between the two lists, indicating a moderate effect on ON-memory upon A-485 
treatment in donor nuclei (Figure 25C). Given that this analysis does not account for 
differences in expression levels of ON-memory genes between DMSO and A-485 
samples, I addressed whether the expression of ON-memory genes in NT-A485 embryos 
became more similar to IVF embryos and performed similar stratification and proportion 
testing as described in Figure 21. I observed that indeed the proportion of genes with the 
highest fold-changes between NT and IVF ectoderm samples was significantly lower in 
NT(A-485) embryos compared to NT(DMSO) embryos (Figure 25D). Therefore, these 
results point towards a modest improvement in the ON-memory phenotype upon A-485 
treatment in donor endoderm nuclei.  
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Figure 25: Memory gene expression in NT embryos derived from A-485 treated donor nuclei. (A-
B) MA-plots comparing gene expression between (A) NT(DMSO) and IVF, (B) NT(A-485) and 
IVF. Mean log2FC in NT over IVF ectoderm expression levels is plotted on the y-axis, and the 
mean log2(TPM+1) expression in endoderm (A) donor(DMSO) and (B) donor(A-485) nuclei is 
plotted on the x-axis. Gray: all transcripts. Green: ON-memory genes. Blue: OFF-memory genes. 
(C) Venn Diagram comparing the overlap of genes classified as ON-memory genes in DMSO 
samples and A-485 samples. (D) Percentage of ON-memory genes defined under DMSO 
(n=1360) and A-485 (n=1253) conditions, partitioned based on their fold change in NT/IVF 
samples. two-sided Fisher’s test, * p-value < 0.0001 

 
I next compared the mean expression levels of ON-memory genes in NT embryos 

derived from A-485 treated donor nuclei, and observed a modest decrease compared to 
NT(DMSO) samples (Figure 26). On the other hand, reprogrammed-down genes 
demonstrated similar mean expression levels in NT(DMSO) and NT(A-485) samples, 
albeit showing decreased expression levels in donor(A-485) endoderm samples (Figure 
26). This suggests that while A-485 treatment in endoderm donor nuclei correlates with a 
moderate improvement in ON-memory in NT ectoderm, reprogrammed-down genes 
seem unaffected in NT(A-485) embryos.  
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Figure 26: A-485 treatment in endoderm donor nuclei moderately decreases ON-memory gene 
expression in NT ectoderm. Boxplots comparing mean expression levels of reprogrammed-down 
and ON-memory transcripts in endoderm donor cells, IVF ectoderm, and NT ectoderm samples. 
Boxplots depict the median and the interquartile range (IQR). p-values for pairwise comparisons 
calculated using a two-sided Wilcoxon rank-sum test. 

 
Furthermore, I checked the impact of p300/CBP HAT inhibition in donor nuclei on 

OFF-memory gene expression in donor nuclei. To this end, I compared the mean 
expression levels of OFF-memory genes in DMSO and A-485 samples, which revealed 
unaltered mean transcript levels for donor(DMSO) and donor(A-485) samples, as well as 
for NT(DMSO) and NT(A-485) samples (Figure 27). The corresponding control gene set, 
reprogrammed-up genes, which are expressed at similar levels as OFF-memory genes 
in donor nuclei but correctly upregulate their expression in NT embryos, also did not 
reveal any differences in mean transcript levels in the A-485 samples.  
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Figure 27: A-485 treatment in endoderm donor nuclei left Reprogrammed-Up and OFF-memory 
gene expression levels unperturbed in NT ectoderm cells. Boxplots comparing mean expression 
levels of reprogrammed-up and OFF-memory transcripts in endoderm donor cells, IVF ectoderm, 
and NT ectoderm samples. Boxplots depict the median and the interquartile range (IQR). p-values 
for pairwise comparisons calculated using a two-sided Wilcoxon rank-sum test.  

The initial analysis of mean expression levels showed no significant overall 
changes in OFF-memory genes upon A-485 treatment in both donor nuclei and NT 
embryos. However, I wondered if individual OFF-memory genes might be differentially 
expressed in NT(A-485) embryos compared to NT(DMSO) embryos (Figure 28). 
Therefore, I filtered the OFF-memory transcripts based on statistical significance (p-adj < 
0.05) between NT(DMSO) and NT(A-485) samples and identified 178 ‘A-485-sensitive’ 
OFF-memory genes (Figure 28A). This subset of OFF-memory genes was expressed at 
low levels in donor(DMSO) nuclei and revealed a mild increase in donor(A-485) samples 
(Figure 28B). Interestingly, I found that this subset of OFF-memory genes was correctly 
upregulated in NT(A-485) embryos compared to its aberrantly low expression levels in 
NT(DMSO) and reached expression levels comparable to those of IVF embryos. For 
comparison, when filtering the OFF-memory transcripts based on significant differential 
expression between NT(DMSO) vs. NT(CBP30), this resulted in only 4 genes, suggesting 
that A-485 treatment in donor nuclei improved the expression of a subset on OFF-memory 
gene expression in NT embryo, while CBP30 did not. 

 
 

Figure 28: A-485 treatment in endoderm donor nuclei increases the expression levels of a subset 
of OFF-memory genes in NT(A-485) ectoderm. (A) Heatmap depicts ON-memory genes 
significantly differentially expressed between NT(DMSO) and NT(A-485) p-adj < 0.05 n=178 
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genes. Color key indicates log2 fold-change over IVF ectoderm samples. (B) Comparison of gene 
expression levels of the subsets of A-485-sensitive (n=178) and A-485 insensitive (n=1137) OFF-
memory genes. Boxplots depict the median and the interquartile range (IQR). P-values were 
calculated using Wilcoxon rank-sum test, two-sided. 

  
In summary, this transcriptome analysis of A-485 perturbed endoderm donor nuclei 

and ectoderm nuclei of NT embryos derived from donor(A-485) revealed that p300/CBP 
HAT inhibition moderately decreased ON-memory expression and increased gene 
expression of a subset of OFF-memory genes. Therefore, we observed that using both a 
p300/CBP bromodomain and a HAT domain inhibitor similarly improved ON-memory 
expression, albeit modestly. 
 

4.3.3. p300/CBP inhibition in donor nuclei corrects the aberrant expression 
of endoderm marker genes in NT ectoderm 

 
Previous studies by our group have shown that endoderm master regulators are 

memorized from endoderm donors to NT ectoderm cells (Hörmanseder et al., 2017) and 
that such aberrant expression causes differentiation defects in NT ectoderm (Zikmund et 
al., 2025). Therefore, I asked if p300/CBP inhibitor treatment in donor nuclei could reduce 
the ON-memory expression of endoderm marker genes in NT ectoderm.  

 
To this end, I filtered the set of ON-memory genes based on significantly 

downregulated expression in NT ectoderm from p300/CBP-inhibitor treated donors 
compared to NT(DMSO) controls (p-adj < 0.05, log2FC < 0). Differential expression 
analysis between NT(DMSO) and NT(A-485) ectoderm samples identified 118 genes 
expressed at significantly lower levels in NT(A-485). In contrast, comparison between 
NT(DMSO) and NT(CBP30) revealed a smaller gene set of 36 significantly downregulated 
ON-memory genes in NT(CBP30). In the further text, the ON-memory genes significantly 
downregulated in either NT(CBP30) or NT(A-485) samples compared to NT(DMSO) will 
be referred to as ‘sensitive’, while the remaining ON-memory genes will be referred to as 
‘insensitive’ genes. 
 
To compare the genes sensitive to each type of treatment, I intersected the genes 
obtained by comparing NT(DMSO) vs. NT(CBP30) and NT(DMSO) vs. NT(A-485) 
ectoderm. This analysis resulted in a list of 30 genes, including several key endoderm 
cell fate markers such as sox17a, sox17b, gata6, darmin, foxa1, foxa2 and others (Figure 
29A-B) (Mukherjee et al., 2020; Sinner et al., 2006), suggesting that both treatments in 
the donor cells could reduce the expression of key endoderm ON-memory genes in the 
ectoderm of NT embryos. I next compared the magnitude of differential expression in 
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NT(CBP30) vs. NT(DMSO) and NT(A-485) vs. NT(DMSO) samples by comparing the 
mean expression levels of the respective sensitive and insensitive ON-memory gene 
subsets. Interestingly, I found that the ‘CBP30-sensitive’ ON-memory gene subset 
demonstrated a stronger decrease in mean expression levels in NT(CBP30) vs. 
NT(DMSO), in contrast to the decrease observed for the subset of ‘A-485 sensitive’ genes 
in NT(A-485) vs. NT(DMSO) samples (Figure 29C). Notably, the sets of treatment-
sensitive genes maintained expression levels in the inhibitor-treated donor samples 
comparable to DMSO-control samples, suggesting effects on the maintenance of ON-
memory rather than general transcriptional repression. Thus, it appears that the set of 
CBP30-sensitive genes, although it consist of fewer genes compared to the A-485 
sensitive gene set, demonstrates a stronger reduction in ON-memory expression 
compared to the set of A-485 sensitive genes.  
 

 
 

Figure 29: Key endoderm genes are sensitive to p300/CBP-inhibitor treatment in donor nuclei 
upon NT-reprogramming. (A) Heatmap depicts ON-memory genes significantly differentially 
expressed between NT(DMSO) and NT(CBP30) p-adj < 0.05 and NT(DMSO) and NT(A-485), 
n=30 genes. Color key indicates log2 fold-change over IVF ectoderm samples. (B) Euler Diagram 
showing the overlap between CBP30-sensitive and A-485-sensitive genes. (C) Comparison of 
gene expression levels of the subsets of CBP30-sensitive (n=36), CBP30-insensitive (n=1324), 
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as well as A-485-sensitive (n=118) and A-485 insensitive (n=1242) genes. Boxplots depict the 
median and the interquartile range (IQR).  

 
In summary, our transcriptome experiments revealed that treating donor nuclei 

with p300/CBP inhibitors could render a key set of ON-memory genes permissive to 
reprogramming via nuclear transfer.  

 

4.3.4. p300/CBP bromodomain inhibition in donor nuclei moderately 
improves the developmental outcome of NT-embryos 
Nuclear Transfer injections were performed by Dr. Eva Hörmanseder 

 
We next asked if perturbing p300/CBP-mediated histone acetylation, and thus 

reducing ON-memory in NT embryos, is sufficient to improve the developmental outcome 
of NT embryos. Given that the CBP30 treatment only revealed a decrease in ON-memory 
gene expression, but not an increase in OFF-memory expression, as well as a stronger 
decrease in the expression of CBP30-sensitive genes compared to the set of A-485 
sensitive genes, we selected CBP30 as the more suitable treatment approach for 
generating donor nuclei prior to NT experiments aiming to evaluate the role of perturbing 
H3K27ac on the developmental outcome of NT embryos.  

 
Thus, we generated NT-embryos using either DMSO or CBP30-treated donor 

nuclei, alongside IVF-embryos. We selected experiments where >80% of IVF embryos 
succeeded in development past gastrula stage, to ensure that the quality of a given batch 
of eggs was sufficient for NT. Then, we evaluated the embryos at the blastula stage and 
selected those that did not show any visible cleavage abnormalities and obvious cell 
death. At this point, the experiment was double blinded before further monitoring and 
quantifying the development of the NT embryos. 

 
We found that both sets of NT embryos demonstrated similar developmental rates 

during the blastula and early gastrula stage, but we observed healthier morphology in 
NT(CBP30) embryos, which reflected higher rates of successful development compared 
to NT(DMSO) embryos past the neurula stage (Figure 30A-C). We followed embryonic 
development through tadpole stage, at which point embryos have completed major 
organogenesis milestones including heart formation and circulation, functional kidney 
development, and central nervous system patterning (Zahn et al., 2022). At this stage, 
tadpoles exhibit coordinated swimming behavior and have transitioned to free-swimming 
larvae, providing a robust assessment of successful reprogramming and normal 
developmental progression. While NT(CBP30) embryos reached the tadpole stage at 
slightly higher numbers than NT(DMSO) embryos, this difference was statistically not 
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significant. This could be due to selection pressure, which would have resulted in only the 
most robust embryos of each condition to reach this stage, therefore diminishing the 
observable difference between the two groups.  

 

 
Figure 30: p300/CBP bromodomain inhibition in donor nuclei improves the developmental 
outcome of NT(CBP30) embryos. (A) NT(DMSO), NT(CBP30) and IVF embryos at gastrula and 
neurula stage. (B-C) The development of NT(DMSO), NT(CBP30) and IVF gastrulae (st.10.5) 
was monitored until the tadpole stage. y-axis represents the weighted mean percentage of 
gastrulating embryos reaching neurula and tadpole stages.  

In summary, we observe that p300/CBP inhibition moderately improves the 
development of NT embryos. This suggests that H3K27ac represents a barrier to 
reprogramming, as its reduction correlated with decreased ON-memory expression in NT 
ectoderm, and with a mild increase in cloning efficiency.  
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4.4. Linking H3K27ac and related histone marks on cis-
regulatory elements with reprogramming resistance 

 
In chapter 4.3. I described that chemically perturbing p300/CBP correlated with 

globally decreased histone acetylation levels in endoderm donor nuclei and partial loss 
of ON-memory in the ectoderm of NT embryos. Furthermore, p300/CBP bromodomain 
inhibition in donor nuclei correlated with moderately improved development of NT 
embryos. In the scope of our Digital Reprogramming analysis (Figure 7), it was also 
identified that H3K27ac is strongly enriched on the promoters of ON-memory genes 
compared to a set of genes correctly downregulated in reprogramming. Importantly, our 
p300/CBP inhibition experiments revealed that while some ON-memory genes became 
permissive to reprogramming (treatment-sensitive), others remained resistant (treatment-
insensitive). Thus, this finding raised two possibilities: (i) p300/CBP inhibitor treatment 
may not have targeted the promoters of treatment-sensitive and treatment-insensitive 
genes to the same extent (ii) additional H3K27ac-marked regulatory elements such as 
enhancers might play a role in maintaining ON-memory. 

 
To address the first possibility, I employed a candidate-based approach using ChIP-

qPCR analyzing changes in H3K27ac levels around the promoter elements of several 
candidate treatment-sensitive and insensitive ON-memory genes.  

 
To address the second possibility that H3K27ac on additional regulatory elements 

could play a role in ON-memory, I sought to investigate a putative link between enhancers 
and transcriptional ON-memory. Specifically, we first performed computational 
identification of putative enhancers in endoderm donor nuclei aiming to compare the 
enhancer features of ON-memory versus correctly reprogrammed genes. Finally, I 
analyzed the H3K27ac levels on genomic regulatory elements genome-wide in control 
and p300/CBP inhibitor-treated donor nuclei via CUT&RUN, aiming to assess the 
changes in H3K27ac levels on regulatory elements linked to reprogramming-resistant and 
reprogramming-permissive genes. To address the potential effects on other histone 
modifications upon p300/CBP inhibition genome-wide in endoderm-donor nuclei, I also 
performed CUT&RUN experiments targeting H3K4me3 and H3K4me1, identified as 
potential barriers by Digital Reprogramming, along with H3K9ac, which showed mild 
global decrease in Western Blot assays upon p300/CBP inhibition in donor embryos.  

 
Taken together, this chapter aims to dissect the distribution of H3K27ac and related 

histone modifications on genomic regulatory elements and the persistence of 
transcriptional ON-memory during nuclear reprogramming. 
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4.4.1. H3K27ac levels are decreased around the promoters of treatment-
sensitive and insensitive genes 
 

Using the p300/CBP inhibition approach, I observed that while the number of ON-
memory genes and their mean expression levels were reduced with both drugs, not all 
ON-memory genes became permissive to reprogramming upon such manipulation of the 
donor nuclei. Therefore, I hypothesized that inhibiting p300/CBP in donor nuclei may not 
have targeted all ON-memory genes evenly, for instance if H3K27ac levels were only 
reduced around the promoters of treatment-sensitive but not on treatment-insensitive 
genes, which would explain the different behavior upon nuclear reprogramming.  
 
To test whether reduced H3K27ac levels could explain the differential sensitivity of ON-
memory genes to CBP30 treatment, I examined the H3K27ac levels at candidate gene 
promoters using ChIP-qPCR. For this purpose, I selected candidate treatment-sensitive 
genes (sox17a.L, gata5.L, hao1.L) and treatment-insensitive genes (a2m.S, foxa4.L) 
identified in our differential expression analysis between NT(DMSO) and NT(CBP30) 
ectoderm. Surprisingly, I found that both sensitive and insensitive ON-memory genes 
displayed reduced H3K27ac levels around their promoters (Figure 31), suggesting that 
reduced H3K27ac around the promoter region may not be sufficient to correct the ON-
memory status of some genes.  

 

 
 

Figure 31: ChIP-qPCR analysis of H3K27ac levels on candidate promoters of ON-memory 
genes in endoderm in endoderm of donor embryos. y-axis represents the percent input. Gray 
bars indicate DMSO control samples, blue bars indicate CBP30 treated samples. Each data point 
represents an independent biological replicate, in total n=3. Each biological replicate is 
represented as a different shape. 
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Together, this led me to hypothesize, that H3K27ac on other cis-regulatory 
elements in the genome apart from promoters, may also be at play in mediating 
transcriptional ON-memory during reprogramming. Thus, I wondered if altered H3K27ac 
levels on other genomic sites apart from promoters may explain the findings of our 
transcriptome analyses under p300/CBP perturbed conditions.  

 

4.4.2. H3K27ac-marked putative enhancers distinguish ON-memory genes 
from correctly reprogrammed genes 
The computational identification of enhancers in this section was performed in collaboration with 
Dr. Sara Llorente-Armijo from the Vaquerizas group at the MRC, London. 

 
Having observed that reduced H3K27ac levels on promoters alone did not 

correlate with the treatment-sensitive or treatment-insensitive status of candidate ON-
memory genes, we turned our attention to enhancers as potential additional mediators of 
transcriptional memory. Besides its enrichment on actively transcribing promoters, 
H3K27ac is also considered a mark of active enhancers (Calo & Wysocka, 2013; 
Creyghton et al., 2010; Heinz et al., 2015; Rada-Iglesias et al., 2011; X. Wu et al., 2023). 
A previous study employing a bromodomain inhibitor similar to CBP30 suggested that 
p300/CBP bromodomain-dependent H3K27 acetylation is required for enhancer activity 
in a cell culture system (Raisner et al., 2018). Thus, we reasoned that the decrease in 
ON-memory expression may be due to CBP30-linked reduction of H3K27ac on 
enhancers. To test this hypothesis, we first performed bioinformatical prediction of 
putative enhancers in the Xenopus laevis genome to identify whether this correlates with 
ON-memory. 
 

As there is no publicly available Xenopus laevis genome annotation that includes 
enhancers, we collaborated with Sara Llorente-Armijo from the Vaquerizas group to 
curate a list of predicted enhancers in neurula-stage endoderm. To achieve this goal, we 
integrated several datasets: a publicly available p300 ChIP-seq dataset in neurula-stage 
foregut and hindgut samples, i.e., endoderm (Stevens et al., 2017), H3K27ac and 
H3K4me1 ChIP-seq datasets from our group, as well as RNA-seq datasets in wild-type 
untreated endoderm samples from our group (Hörmanseder et al., 2017). As a starting 
point, we used p300-peaks and classified them into promoter and non-promoter peaks 
(at least 500 bp away from the promoter), which we considered putative enhancers 
(Figure 32). Furthermore, this classification was supported by the presence of transcripts 
from the promoter sequences and a lack of it from non-promoter sequences, as well as 
the presence of a detectable H3K4me1 signal on non-promoter p300-sites. To define a 
subset of putative active enhancers, we intersected the p300 non-promoter peak set with 
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a set of non-promoter H3K27ac broad peaks, resulting in a set of 1306 predicted active 
enhancers.  
 
To assign the predicted active enhancers to their putative target genes, we used a 
proximity-based approach following a previously published workflow (Ing-Simmons, 
2021), with the following criteria: (i) the potential target gene is actively expressed in 
neurula-stage endoderm (TPM >1), (ii) enhancers overlapping a gene body were 
assigned to that gene, (iii) enhancers overlapping more than one gene or not overlapping 
any genes were assigned to the nearest promoter. Therefore, putative active enhancers 
were paired with 1066 target genes. 
 

 
Figure 32: Heatmap showing H3K27ac, p300 and H3K4me1 signal on predicted enhancers, 
clustered for ON-memory, OFF-memory, reprogrammed-down and reprogrammed-up genes. 
Color keys indicate log2 counts per million (CPM).  

 
I described earlier that ON-memory genes demonstrate elevated H3K27ac levels 

around their TSS compared to reprogrammed-down genes (Figure 7 A,C). Therefore, I 
wondered if H3K27ac on predicted enhancers, or active enhancers, can also distinguish 
ON-memory from reprogrammed-down genes. Using the set of putative enhancers 
defined by p300-peaks outside of promoters, I found significantly higher H3K27ac levels 
for such enhancers paired to ON-memory genes compared to reprogrammed-down 
genes (Figure 33 A). Furthermore, using the set of active enhancers defined by the 
presence of both p300 and H3K27ac peaks, I observed stronger enrichment of H3K27ac 
levels on enhancers proximal to ON-memory genes compared to reprogrammed-down 
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genes (Figure 33B). Thus, this hinted that H3K27ac on enhancers may also be involved 
in mediating transcriptional ON-memory.  

 

 
Figure 33: H3K27ac ChIP-seq data generated from wildtype neurula-stage endoderm donor 
nuclei depicted as coverage around predicted enhancers.  (A) Meta plot of H3K27ac around p300-
peaks outside of promoters, i.e. predicted enhancers, depicting log2-transformed mean intensities 
of H3K27ac ChIP minus input spanning 1 kb upstream and 1 kb downstream of the p300-peak. 
(B) Meta plot of H3K27ac around p300 peaks overlapping with broad H3K27ac peaks outside of 
promoters, i.e. predicted active enhancers, depicting log2-transformed mean intensities of 
H3K27ac ChIP minus input spanning 1 kb upstream and 1 kb downstream of the p300/H3K27ac-
peak. (A-B) Enhancers were divided in groups based on gene sets they were paired to: ON-
memory (green), Reprogrammed-Down (gray), Rest (black). 

 
Next, I asked if memory genes and reprogrammed genes are enriched for genes 

proximal to enhancers, defined based on p300-peaks outside of promoters when 
compared to all genes detected in endoderm tissues from neurula-stage Xenopus 
embryos. Using enrichment analysis, I found that both memory-class and reprogrammed 
genes were significantly enriched in enhancer-gene pairs, including OFF-memory and 
reprogrammed-up genes, which also include genes that are lowly or not expressed in 
endoderm donor tissues (Figure 34A). However, the highest odds ratios were calculated 
for ON-memory genes and reprogrammed-down genes, indicating that these gene sets 
were most frequently found to be proximal to a p300-peak outside of their promoters. This 
finding is expected given their active expression in endoderm donor samples, potentially 
regulated by an enhancer. 
 

As p300 alone is not an optimal predictor of enhancers in the genome (Holmqvist 
& Mannervik, 2013), I further analyzed the set of predicted active enhancers and tested 
if memory class and reprogrammed genes show enrichment for enhancer-proximal genes 
compared to all genes. Interestingly, I found that both ON-memory and reprogrammed-
down genes were enriched for enhancer-gene pairs, in line with the active expression of 
these gene sets in the donor nucleus (Figure 34A). The groups of OFF-memory and 
reprogrammed-up genes, which also contain lowly expressed or not expressed in the 
donor cells, were not enriched in enhancer-gene pairs. Comparing reprogrammed-down 
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and ON-memory genes, I observed that ON-memory genes had a higher proportion of 
enhancer-paired genes compared to reprogrammed-down genes (Figure 34B), hinting 
that the proximity to an active enhancer could be a feature of ON-memory genes.  

 
I then asked if the ON-memory genes that became permissive to reprogramming 

upon p300/CBP inhibition in donor nuclei, so-called ‘treatment-sensitive’ genes, were 
enriched for enhancer-proximal genes (Figure 34B). I performed such analysis using the 
sets of genes rendered permissive to reprogramming by either CBP30, i.e. CBP30-
sensitive genes, or A-485, i.e. A-485-sensitive genes. Interestingly, I found that a third of 
the CBP30-sensitive genes were proximal to an active enhancer, while this was true for 
less than 10% of the A-485-sensitive genes (Figure 34B). This suggested that the genes 
sensitive to CBP30 treatment were more frequently proximal to an enhancer, which could 
suggest that the p300/CBP bromodomain inhibitor targeted H3K27ac on enhancers as 
suggested by previous studies (Raisner et al., 2018). This prompted me to hypothesize 
that, while both treatments resulted in similar transcriptome phenotypes, they may have 
perturbed H3K27ac on distinct genomic regions, warranting further genome-wide survey 
of H3K27ac occupancy under p300/CBP perturbed conditions. The experimental 
approach and results aiming to address this hypothesis are presented in Section 5.4.3. 
below. 

 
 

 
 

Figure 34: CBP30-sensitive ON-memory genes are enriched for enhancer-proximal genes. 
(A) Balloon plot comparing enrichment of enhancer-proximal reprogramming genes vs. all genes 
in endoderm nuclei. Balloon sizes represent p-adj; colors represent the log2 odds ratio. Balloons 
are labeled with the raw odds ratio of each comparison. (B) Proportions of ON-memory and RD 
genes proximal (pink) or not proximal (gray) to an active enhancer, as well as between CBP30-
sensitive (n=36 genes) and CBP30-insensitive genes (n=1324 genes), and A485-sensitive 
(n=118 genes) and A485-insensitive genes (n=1242 genes). (A-B) Enrichment testing was 
performed using two-sided Fisher’s text and p-values were corrected for multiple comparisons 
using the Benjamini-Hochberg method. 
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4.4.3. Genome-wide analysis of candidate histone modifications in 
p300/CBP bromodomain inhibitor-treated endoderm cells 
 

In the previous chapter, I described that H3K27ac levels are enriched on putative 
enhancer sequences proximal to ON-memory genes compared to reprogrammed-down 
genes. Furthermore, I observed that CBP30-sensitive genes, i.e. genes that became 
permissive to reprogramming upon CBP30 treatment in donor nuclei, were significantly 
enriched for enhancer-proximal genes compared to genes that remained reprogramming-
resistant upon CBP30 treatment. With this in mind, and my ChIP-qPCR results indicating 
that H3K27ac levels were decreased on the promoters of both CBP30-sensitive and 
insensitive genes, I wondered if the loss of ON-memory status of genes could be 
explained by perturbed H3K27ac levels on enhancers upon p300/CBP bromodomain 
inhibition. 

 
To address this question, I performed CUT&RUN against H3K27ac in endoderm 

donor nuclei treated with DMSO or CBP30 (Figure 35A). As a reference peak set for 
sampling H3K27ac reads for each condition and performing subsequent differential peak 
analysis, we used the p300-peak set described above (Stevens et al., 2017), including 
promoter and non-promoter p300-peaks. Pairwise comparison between DMSO and 
CBP30 samples revealed 1291 p300-peaks (p-value<0.05), for which H3K27ac levels 
were decreased upon CBP30-treatment, and 871 peaks for which H3K27ac levels were 
increased (Figure 35B). Most of the differentially abundant p300-peaks were outside 
promoters (Figure 35C). Interestingly, when I divided the differentially abundant p300-
peaks into peaks with decreased H3K27ac or increased H3K27ac levels upon CBP30-
treatment, I observed that the vast majority (94,3%) of the p300-peaks with decreased 
H3K27ac levels were located on putative enhancers defined by non-promoter p300-
peaks, while 40,6% of the p300-peaks with increased H3K27ac levels were located 
around promoters. This result suggests that CBP30 treatment mostly reduced H3K27ac 
on enhancers. 
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Figure 35: Genome-wide analysis of H3K27ac changes upon CBP30 treatment in endoderm 
donor nuclei. (A) CUT&RUN in donor embryos treated with DMSO or CBP30. Endoderm tissues 
(green) were isolated for CUT&RUN against H3K27ac. (B) MA-plot comparing H3K27ac levels in 
donor(CBP30) vs. donor(DMSO) endoderm on p300-peaks. Y-axis: mean log2FC 
(CBP30/DMSO); x-axis: base mean H3K27ac. Gray: all p300-peaks; green: p300-peaks with 
decreased H3K27ac levels (p-value <0.05), orange: p300-peaks with increased H3K27ac levels 
(p-value <0.05). (C) Genomic distribution of 2162 differentially abundant (DA) p300-peaks with 
H3K27ac, of which 1291 DA p300-peaks with decreased and 871 p300-peaks with increased 
H3K27ac levels on enhancers (green) or promoters (gray).  

 
To further investigate the correlation between changes in H3K27ac changes in 

donor nuclei and the reduced ON-memory expression in NT embryos, I focused my 
analysis on p300-marked cis-regulatory elements around ON-memory genes. Thus, I 
performed correlation analyses comparing the ON-memory gene expression changes 
between NT(CBP30) and NT(DMSO) and the changes in H3K27ac levels between 
donor(CBP30) and donor(DMSO). Under CBP30 conditions, changes in H3K27ac levels 
on promoters in donor cells did not correlate with ON-memory gene expression changes 
in NT(CBP30) vs. NT(DMSO) ( 

Figure 36A). On the other hand, I detected a positive correlation between CBP30-
induced H3K27ac reduction on active enhancers and reduced ON-memory expression in 
NT(CBP30) expression ( 

Figure 36A). In contrast, changes in H3K27ac levels on either promoters or 
enhancers did not reveal any significant correlation with gene expression changes in 
donor(CBP30) nuclei ( 

Figure 36A). As a control, I performed the same correlation analysis, but using the 
set of reprogrammed-down genes, for which we did not detect any correlation between 
changes in H3K27ac in donor nuclei and gene expression in NT embryos ( 

Figure 36B). Thus, I observed that perturbing H3K27ac levels in donor nuclei does 
not correlate with ON-memory gene expression changes in donor(CBP30) cells but rather 
correlates with gene expression changes upon reprogramming, as detected in 
NT(CBP30) embryos.  
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Figure 36: Changes in H3K27ac levels on enhancers upon CBP30 treatment in endoderm donor 
nuclei correlate with ON-memory, but not Reprogrammed-Down gene expression changes in the 
ectoderm of NT(CBP30) embryos. (A-B) Scatter plots comparing the log2FC in (A) ON-memory 
or (B) Reprogrammed-Down gene expression for NT(CBP30/DMSO) or donor(CBP30/DMSO), 
against log2FC in H3K27ac signal for donor(CBP30/DMSO) on promoters and active enhancers. 
Pearson’s correlation coefficients and p-values are shown within each box. 

 
Having observed a correlation between CBP30-mediated H3K27ac changes on 

enhancers and ON-memory gene expression changes in NT(CBP30) embryos, I asked if 
distinct subsets of ON-memory genes displayed distinct changes in H3K27ac levels. 
Thus, we classified ON-memory genes based on their gene expression changes in 
NT(CBP30) vs. NT(DMSO) embryos and donor(CBP30) vs. donor(DMSO) embryos. 
Enrichment analysis revealed a significant overrepresentation of enhancers with 
decreased H3K27ac levels within the ON-memory gene set that was downregulated in 
NT(CBP30) vs. NT(DMSO) embryos (log2FC < -1) (Figure 37A). I then performed these 
enrichment analyses comparing enhancers with reduced H3K27ac levels to differentially 
expressed genes in donor samples (CBP30 vs. DMSO). I did not detect any significant 
enrichment, suggesting that, upon CBP30 treatment, changes in H3K27ac levels around 
enhancers of genes in donor cells are not indicative of changes in their expression levels 
before reprogramming (Figure 37A). Instead, the CBP30-induced decrease in H3K27ac 
levels around enhancers is indicative of gene expression changes in their target genes 
only after reprogramming in NT embryos. When we focused on the set of ‘CBP30-
sensitive’ genes (NT(CBP30) vs. NT(DMSO) p-adj<0.05), I found the strongest 
enrichment for genes paired to enhancers with reduced H3K27ac levels upon CBP30-
treatment in donor nuclei (Figure 37A). This hinted that the reduction of H3K27ac levels 
on putative enhancers via p300/CBP bromodomain inhibition could underlie the loss of 
ON-memory status in nuclear reprogramming. 
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Next, I compared the H3K27ac levels on gene regulatory elements around CBP30-
sensitive and insensitive genes in DMSO and CBP30-treated samples, focusing on 
putative enhancers and promoters (Figure 37B-E). I observed significantly reduced 
H3K27ac signal in CBP30 samples on enhancers associated with ‘CBP30-sensitive’ ON-
memory genes (Figure 37 B). While H3K27ac levels were also moderately decreased on 
enhancers associated with ‘CBP30-insensitive’ genes, this difference was non-significant 
(Figure 37 B). I also observed a mild decrease in H3K27ac levels on enhancers 
associated with reprogrammed-down genes or other genes, yet to a lower extent than for 
the set of peaks proximal to ‘CBP30-sensitive’ genes (Figure 37 B). On promoters, I 
observed a mild increase in H3K27ac for CBP30-insensitive, reprogrammed-down and 
rest genes, which was non-significant, while the average H3K27ac signal on the 
promoters of CBP30-sensitive genes remained unaltered (Figure 37 C). Together, this 
suggests that CBP30 treatment reduces H3K27ac levels around putative enhancers of a 
set of ON-memory genes and renders them permissive to reprogramming. 

 

 

Figure 37: CBP30 treatment in endoderm donor nuclei correlates with decreased H3K27ac levels 
on enhancers (A) Balloon plot comparing subsets of ON-memory genes based on gene 
expression changes in donor(CBP30/DMSO), or in NT(CBP30/DMSO), against changes in 
H3K27ac levels on promoters or enhancers. Balloon sizes: -log10 p-adj; colors: log2 odds ratio. 
(B) Boxplot comparing H3K27ac levels in donor(DMSO) and donor(CBP30) on enhancers 
proximal to treatment-sensitive ON-memory genes (n=157 peaks, p-value = 0.03), treatment-
insensitive ON-memory genes (n=4647, p-value = 10-5), RD genes (n=14841, p-value =1.09×10-

9), and Rest (n=33256, p-value = 3.74×10-16). Wilcoxon rank-sum test. (C) Boxplot comparing 
H3K27ac levels between donor(DMSO) and donor(CBP30) on promoters proximal to treatment-
sensitive ON-memory genes (n= 23 peaks, p-value = n.s.), treatment-insensitive ON-memory 
genes (n= 741, p-value = 0.001), RD genes (n= 2654, p-value = 8.32×10-6), and Rest (n= 8993, 
p-value = 1.67×10-20).  (D-E) Genome browser snapshots for the ON-memory genes a2m.S and 
darmin.L. 
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Furthermore, I tested if CBP30 treatment affected the genomic distribution of other 

candidate histone modifications in endoderm donor nuclei. To this end, I performed 
CUT&RUN as described for H3K27ac and profiled H3K4me3, which was previously 
reported to be an ON-memory mark (Hörmanseder et al., 2017), H3K4me1 which was 
predicted as a mark of a subset of ON-memory genes by our Digital Reprogramming 
analysis (Janeva et al., 2025), as well as H3K9ac for which I detected decreased levels 
in CBP30-treated samples via Western Blot (Figure 13).  

 
To address the histone modification changes in endoderm donor nuclei, I used the 

reference peak set based on p300-peaks as described above and compared the histone 
modification levels on peaks associated with CBP30-sensitive, CBP30-insensitive, 
reprogrammed-down and other genes. When comparing H3K4me3 levels around the 
promoters of these gene sets, I did not find any significant difference between p300-
marked promoters of CBP30-sensitive genes in DMSO versus CBP30-treated donor 
nuclei (Figure 38). When comparing the H3K4me3 levels on promoters for CBP30-
insensitive, reprogrammed-down and Rest genes, I found moderately increased 
H3K4me3 levels on the promoters (Figure 38A). Interestingly, I observed that CBP30-
insensitive genes had significantly higher levels of H3K4me3 on their promoters 
compared to CBP30-sensitive genes (Figure 38A). The latter group of genes 
demonstrated a significantly lower H3K4me3 signal on promoters compared to 
reprogrammed-down genes, suggesting that elevated H3K4me3 levels on promoters of 
ON-memory genes mark a subset of genes that remains reprogramming-resistant upon 
CBP30-treatment in donor nuclei.  
 

I further analyzed the correlation between changes in H3K4me3 levels in CBP30-
treated vs. DMSO-control donor nuclei and gene expression changes in donor(CBP30 
vs. DMSO), as well as NT(CBP30 vs. DMSO) samples (Figure 38B). H3K4me3 changes 
in donor nuclei showed no correlation with gene expression changes upon CBP30 
treatment in donor nuclei. Interestingly, I found that the log2-fold change in H3K4me3 
signal positively, albeit weakly, correlated with gene expression changes in NT(CBP30 
vs. DMSO) samples (Figure 38B). These findings, together with Hörmanseder et al. 2017, 
imply that H3K4me3 could be the primary chromatin modification on promoters which 
participates in ON-memory maintenance, while H3K27ac on enhancers plays an 
additional role. 
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Figure 38: H3K4me3 modification on promoters correlates with gene expression changes during 
nuclear reprogramming. (A) Boxplot comparing H3K4me3 levels on promoters of CBP30-
sensitive, CBP30-insensitive, reprogrammed-down (RD), and rest genes in DMSO and CBP30-
treated donor nuclei. Note the significantly higher H3K4me3 levels on promoters of CBP30-
insensitive genes compared to CBP30-sensitive genes (***p < 0.001). (B) Correlation analysis 
between log2FC of H3K4me3 signal in donor nuclei (CBP30/DMSO) and log2FC of gene 
expression in donor endoderm (left) or NT ectoderm (right). H3K4me3 changes show a weak but 
significant positive correlation (R = 0.12, p = 1.3e-03) with gene expression changes in NT 
embryos but not in donor cells. 

 
I further compared H3K4me1 levels in DMSO and CBP30-treated donor endoderm 

nuclei, focusing on p300-sites outside of promoters, and did not detect any significant 
differences when comparing putative enhancer sites associated with CBP30-sensitive or 
CBP30-insensitive genes (Figure 39A-B).  

 

 
 
Figure 39: H3K4me1 levels on enhancers remain unchanged upon CBP30 treatment. (A) Boxplot 
comparing H3K4me1 levels on putative enhancers (p300-sites outside promoters) associated 
with CBP30-sensitive, CBP30-insensitive, reprogrammed-down (RD), and rest genes in DMSO 
and CBP30-treated donor nuclei. No significant differences were observed between any of the 
analyzed groups. (B) Correlation analysis between log2FC of H3K4me1 signal on enhancers 
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(CBP30/DMSO) and log2FC of gene expression in donor endoderm (left) or NT ectoderm (right). 
No significant correlations were detected between H3K4me1 changes and gene expression 
changes in either donor or NT samples. 

  
Finally, I compared H3K9ac levels on promoter and non-promoter p300-sites in 

DMSO and CBP30-samples. When comparing H3K9ac levels on the promoters of 
CBP30-sensitive ON-memory genes in DMSO vs. CBP30, I found decreased H3K9ac 
levels, albeit statistically non-significant (Figure 40A). I detected a similar trend for 
CBP30-insensitive, reprogrammed-down and rest genes (Figure 40A). Interestingly, the 
promoters of CBP30-insensitive genes demonstrated elevated H3K9ac levels on their 
promoters compared to CBP30-sensitive genes, but similar levels compared to 
reprogrammed-down genes (Figure 40A). When comparing H3K9ac levels on enhancers, 
I found a mild increase across enhancers proximal to all analyzed gene sets, albeit non-
significant (Figure 40B). When analyzing the correlation between changes in H3K9ac 
levels and gene expression changes in donor and NT samples, I only detected a 
correlation between changes in H3K9ac on putative enhancers and gene expression 
changes in donor nuclei, but not in NT(CBP30) samples (Figure 40C), which could 
suggest that changes in H3K9ac might contribute to changes in steady-state gene 
expression, but not in ON-memory in reprogramming.  

 

Figure 40: H3K9ac changes correlate with gene expression in donor nuclei but not in NT embryos. 
(A) Boxplot comparing H3K9ac levels on promoters of different gene sets in DMSO and CBP30-
treated donor nuclei. (B) Boxplot comparing H3K9ac levels on putative enhancers CBP30-
sensitive, CBP30-insensitive, reprogrammed-down (RD), and rest genes in DMSO and CBP30-
treated donor nuclei. (C) Correlation analysis between log2FC of H3K9ac signal (CBP30/DMSO) 
and log2FC of gene expression in NT ectoderm (top) or donor endoderm (bottom) for promoters 
(left) and enhancers (right). A weak correlation was observed between H3K9ac changes on 
enhancers and gene expression changes in donor nuclei (R = 0.12, p = 2.8e-02) but not in NT 
samples. 
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In summary, the above-described analyses demonstrate that p300/CBP 
bromodomain inhibition leads to reduced H3K27ac levels at enhancers near ON-memory 
genes in donor nuclei, and these chromatin changes correlate with decreased ON-
memory gene expression after nuclear transfer. This data further reveals that H3K4me3 
levels at promoters remain relatively stable upon CBP30 treatment yet show a weak but 
significant correlation with gene expression changes in NT embryos. In contrast, 
H3K4me1 modifications at enhancers showed no significant changes upon CBP30 
treatment, while H3K9ac changes correlated only with donor cell gene expression but not 
with ON-memory in NT embryos (
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Figure 41). Together, these findings point towards distinct contributions of H3K27ac on 
enhancers and H3K4me3 on promoters in the maintenance of transcriptional memory 
during nuclear reprogramming. 
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Figure 41: Histone post-translational modifications (PTMs) on regulatory elements of CBP30-
sensitive genes. (A) Heatmap showing log2-fold changes in histone modifications on promoters 
of CBP30-sensitive genes, comparing donor nuclei, NT embryos, and various histone marks 
(H3K27ac, H3K9ac, H3K4me3, H3K4me1). (B) Heatmap displaying log2-fold changes in histone 
modifications on enhancers of CBP30-sensitive genes. (C-D) Genome browser snapshots 
showing signal tracks of H3K27ac, H3K4me3, H3K4me1, and H3K9ac in DMSO and CBP30-
treated donor nuclei at representative loci: (C) gata6.L, a CBP30-sensitive gene and (D) foxa4.L, 
a CBP30-insensitive gene. 
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4.4.4. Genome-wide profiling of candidate histone modifications in 
p300/CBP HAT domain inhibitor-treated endoderm 
 
 My previous analysis revealed that similar proportions of A-485 sensitive genes 
are proximal to enhancers, unlike the CBP30-sensitive gene set (Figure 34). Considering 
that I observed a moderate but significant decrease in ON-memory expression in NT 
embryos from donor(CBP30) or donor(A-485) nuclei, I hypothesized that the CBP30 and 
A-485 treatments may have affected H3K27ac levels on distinct genomic sites in donor 
nuclei. Therefore, I performed CUT&RUN for DMSO and A-485 treated endoderm donor 
nuclei as described above and analyzed the differential occupancy of H3K27ac using the 
set of p300-peaks from Stevens et al. (2017) as the reference peak set.  
 
To obtain a global view of the H3K27ac binding around p300-sites under DMSO, CBP30 
and A-485 conditions, I performed principal component analysis (Figure 42). When 
comparing DMSO and CBP30 samples, I observed clear separation along PC1, with one 
of the replicates separating from the other three and grouping closer to the control 
samples. On the other hand, three of the four replicates from A-485 conditions grouped 
closer to DMSO samples, suggesting that the global differences in H3K27ac occupancy 
around p300-sites may not be as prominent as for CBP30 samples. 
 

 
 

Figure 42: Principal component analysis comparing H3K27ac counts sampled on p300-peaks 
genome-wide for DMSO, CBP30 and A-485 endoderm donor cells. The x-axis shows PC scores 
of PC1 explaining 22.9% of the variance, and the y-axis shows the PC scores of PC2, explaining 
15.4% of the variance. Each distinct shape of the datapoints represents an independent biological 
replicate. DMSO samples are shown as gray symbols, CBP30 green and A-485 blue. 
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Next, I performed differential peak analysis to assess the H3K27ac signal changes 
around p300 sites upon A-485 treatment in endoderm donor nuclei (Figure 43A). This 
revealed 404 p300-sites with increased and 461 sites with decreased H3K27ac levels in 
A-485 samples (p-value < 0.05) (Figure 43B). Furthermore, we analyzed the genomic 
localization of the p300-sites with altered H3K27ac levels, revealing similar proportions 
of promoter versus non-promoter peaks in the sets of p300-peaks with either increased 
or decreased H3K27ac levels (Figure 43C), suggesting that A-485 treatment could target 
histone acetylation at both enhancers and promoters.  

 

 
 

Figure 43: Genome-wide analysis of H3K27ac changes upon A-485 treatment in endoderm donor 
nuclei. (A) CUT&RUN in donor embryos treated with DMSO or A-485. Endoderm tissues (green) 
were isolated for CUT&RUN against H3K27ac. (B) MA-plot comparing H3K27ac levels in 
donor(A-485) vs. donor(DMSO) endoderm on p300-peaks. Y-axis: mean log2FC (A-485/DMSO); 
x-axis: base mean H3K27ac. Gray: all p300-peaks; green: p300-peaks with decreased H3K27ac 
levels (p-value <0.05), orange: p300-peaks with increased H3K27ac levels (p-value <0.05). (C) 
Genomic distribution of 865 differentially abundant (DA) p300-peaks with H3K27ac, of which 461 
DA p300-peaks with decreased and 404 p300-peaks with increased H3K27ac levels on 
enhancers (green) or promoters (gray).  

 
Furthermore, I wondered if the gene expression changes observed in donor(A-

485) and NT(A-485) correlate with the changes in H3K27ac around p300-sites detected 
via CUT&RUN. Comparing the log2-fold change values for ON-memory genes in 
donor(A-485) vs. donor(DMSO) endoderm revealed a weak but positive correlation with 
H3K27ac changes around p300-marked promoters ( 

Figure 44A). However, when comparing the ON-memory gene expression 
changes in NT(A-485) vs. NT(DMSO) ectoderm and the changes in H3K27ac levels on 
p300-marked promoters in donor(A-485) vs. donor(DMSO) endoderm, I did not detect 
any correlation. Furthermore, I did not detect any significant correlations between ON-
memory gene expression in NT or donor samples when comparing them with H3K27ac 
changes on non-promoter p300-sites ( 



 91 

Figure 44A). Similarly, I did not detect any correlations between expression 
changes of reprogrammed-down genes in NT or donor samples when comparing them 
to H3K27ac changes in donor nuclei ( 

Figure 44B). Therefore, I hypothesized that the changes elicited by A-485 on these 
sites may be subtle and only detected when focusing on subsets of ON-memory genes.  

 

 
 

Figure 44: Changes in H3K27ac levels on enhancers upon A-485 treatment in endoderm donor 
nuclei do not correlate with gene expression changes in the ectoderm of NT(CBP30) embryos. 
(A-B) Scatter plots comparing the log2FC in (A) ON-memory or (B) Reprogrammed-Down gene 
expression for NT(A-485/DMSO) or donor(A-485/DMSO), against log2FC in H3K27ac signal for 
donor(A-485/DMSO) on promoters and active enhancers. Pearson’s correlation coefficients and 
p-values are shown within each box.  

 
To assess the overlap between p300-sites with altered H3K27ac levels and gene 
expression changes, I then classified ON-memory genes based on their gene expression 
changes in NT(A-485) vs. NT(DMSO) embryos and donor(A-485) vs. donor(DMSO) 
embryos and performed enrichment analysis (Figure 45A). This did not reveal any 
significant over- or under-representation of sites with altered H3K27ac among the subsets 
of ON-memory genes which were differentially expressed between A-485 and DMSO 
samples in NT and donor tissues (Figure 45A). I next compared the H3K27ac signal levels 
on p300-marked promoter and enhancer sites, revealing a decrease in H3K27ac on the 
promoters of A-485 sensitive ON-memory genes, albeit non-significant (Figure 45B). In 
contrast, the H3K27ac signal on the promoters of A-485 insensitive ON-memory genes 
and reprogrammed-down genes remained unaltered (Figure 45B). On enhancers, I did 
not detect any changes in H3K27ac signal upon A-485 treatment for the groups of A-485 
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sensitive and insensitive ON-memory genes, reprogrammed-down genes or the rest of 
the genes (Figure 45C). These analyses showed no significant association between A-
485–induced changes in H3K27ac at p300-marked promoters or enhancers and the 
expression of ON-memory or reprogrammed genes, suggesting that altered H3K27ac 
alone cannot fully account for the transcriptional effects observed in NT embryos. 

 

 
 
Figure 45: H3K27ac changes upon A-485 treatment in donor nuclei do not correlate with ON-
memory gene expression changes in NT(A-485) embryos (A) Balloon plot comparing subsets of 
ON-memory genes based on gene expression changes in donor(A-485/DMSO), or in NT(A-
485/DMSO), against changes in H3K27ac levels on promoters or enhancers. Balloon sizes: -
log10 p-adj; colors: log2 odds ratio. (B) Boxplot comparing H3K27ac levels in donor(DMSO) and 
donor(A-485) on promoters of treatment-sensitive ON-memory genes (n=56 peaks), treatment-
insensitive ON-memory genes (n=708), RD genes (n=14841), and Rest (n=33256). Wilcoxon 
rank-sum test. (C) Boxplot comparing H3K27ac levels between donor(DMSO) and donor(A-485) 
on enhancers proximal to treatment-sensitive ON-memory genes (n= 412 peaks, p-value = n.s.), 
treatment-insensitive ON-memory genes (n= 4392), RD genes (n= 2654), and Rest (n= 8993).   

 
Taken together, the CUT&RUN analysis focusing on H3K27ac around p300-sites 

was not sufficient to explain the decreased ON-memory gene expression in NT embryos 
observed in our transcriptome analysis, thus prompting us to look into the effects of A-
485 treatment on other histone modifications in endoderm donor nuclei (Figure 46). 
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Figure 46: Analysis of histone modifications in A-485 treated endoderm donor nuclei. (A-B) 
Genome browser snapshots showing signal tracks of H3K27ac, H3K4me3, H3K4me1, and 
H3K9ac in DMSO and A-485-treated donor nuclei at representative loci: (A) foxa4.L, an A485-
insensitive gene and (B) sox17a.L and sox17b.1.L, A-485 sensitive genes. 

 
First, I analyzed H3K4me3 levels around the promoters of ON-memory, 

reprogrammed-down and rest genes. Interestingly, I found that H3K4me3 levels were 
increased on the promoters of A-485 insensitive, reprogrammed-down and rest genes, 
while H3K4me3 levels remained unaltered at the promoters of A-485 sensitive genes 
(Figure 47A). As observed in my CBP30-focused analysis, I also found that the genes 
insensitive to A-485 treatment had elevated H3K4me3 signal on the promoters compared 
to A-485 sensitive genes (Figure 47A). In addition, A-485 sensitive genes demonstrated 
lower H3K4me3 levels on their promoters compared to reprogrammed-down genes. I 
further analyzed the correlation between ON-memory gene expression in donor or NT 
samples, and changes in H3K4me3 levels on promoters. I did not detect any correlation 
between gene expression changes in donor nuclei and H3K4me3 signal changes upon 
A-485 treatment (Figure 47B). Interestingly, we found a significant positive correlation 
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between gene expression changes in NT(A-485) nuclei and H3K4me3 changes in 
donor(A-485) nuclei (Figure 47B), hinting that H3K4me3 on promoters may have 
contributed to maintaining reprogramming-resistant gene expression under A-485 
conditions.  
 
 

 
 
Figure 47: H3K4me3 levels do not change on the promoters of A-485 sensitive genes upon A-
485 treatment in donor nuclei. (A) Boxplot comparing H3K4me3 levels in donor(DMSO) and 
donor(A-485) on promoters of treatment-sensitive ON-memory genes (n=56 peaks), treatment-
insensitive ON-memory genes (n=708), RD genes (n=14841 peaks), and Rest (n=33256 peaks). 
Wilcoxon rank-sum test. (B) Scatter plots comparing the log2FC for ON-memory gene expression 
for NT(A-485/DMSO) or donor(A-485/DMSO), against log2FC in H3K4me3 signal for donor(A-
485/DMSO) on promoters and active enhancers. Pearson’s correlation coefficients and p-values 
are shown within each box.  

 
Second, I analyzed the H3K4me1 levels on non-promoter p300-sites upon A-485 

treatment, which did not reveal any detectable differences across the sets of A-485 
sensitive, insensitive, reprogrammed-down and the rest of the genes (Figure 48).  
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Figure 48: H3K4me1 levels on putative enhancers do not change upon A-485 treatment in donor 
nuclei. Boxplot comparing H3K4me1 levels around putative enhancers of ON-memory treatment-
sensitive, insensitive, reprogrammed-down and rest genes. Wilcoxon rank-sum test, all pairwise 
comparisons n.s.  

 
Finally, I compared H3K9ac levels on the promoters and enhancers around ON-

memory, reprogrammed-down and rest genes in DMSO and A-485 samples. While the 
subset of A485-sensitive ON-memory genes did not reveal any difference between 
DMSO and A-485 on the promoters, the sets of A-485 insensitive, reprogrammed-down 
and rest genes revealed a mild decrease (Figure 49A). In contrast, I found mild increase 
in H3K9ac levels across the non-promoter sites associated with the A-485 sensitive, 
insensitive, reprogrammed-down and the rest of the genes (Figure 49B). 

 
 

 
Figure 49: H3K9ac levels on promoters or putative enhancers do not change upon A-485 
treatment in donor nuclei. (A-B) Boxplot comparing H3K9ac levels around (A) promoters or (B) 
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putative enhancers of ON-memory treatment-sensitive, insensitive, reprogrammed-down and rest 
genes. Wilcoxon rank-sum test, all pairwise comparisons n.s. 

In summary, the CUT&RUN analysis of histone modifications, in particular 
H3K27ac around p300 sites in A-485 samples, was insufficient to fully explain the 
decreased ON-memory gene expression observed in NT embryos in our transcriptome 
analysis. While some correlations were identified, particularly with H3K4me3, the overall 
histone modification patterns upon A-485 treatment could not be linked to the findings 
from our transcriptome results, suggesting effects elicited by the A-485 inhibitor which 
have not been uncovered by the experiments in the present study.  
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5. Discussion and Outlook 
  

Cell-fate reprogramming holds great promise for autologous cell replacement 
therapies, regenerative medicine and disease modeling, yet remains inefficient (Götz & 
Torres-Padilla, 2025; Gurdon & Melton, 2008; Mall & Wernig, 2017; Yamanaka & Blau, 
2010). In particular, the success of somatic cell nuclear transfer is limited by epigenetic 
memory of the donor cell nucleus, which prevents the establishment of the correct 
transcriptome in the resulting cell type and maintains aberrant expression patters 
indicative of the donor cell type (Hörmanseder, 2021). In the present study, we leveraged 
a machine learning model ‘Digital Reprogramming’ to identify novel epigenetic marks of 
transcriptional memory in reprogramming, such as H3K27ac (Janeva et al., 2025). I 
performed in vivo perturbations of histone acetylation by inhibiting p300/CBP in donor 
nuclei before reprogramming and analyzed the transcriptome of the resulting NT 
embryos. Perturbing H3K27ac via p300/CBP inhibition correlated with loss of H3K27ac 
mainly on enhancers in donor endoderm and a moderate decrease of ON-memory gene 
expression in NT ectoderm. In summary, the present study points towards H3K27ac on 
enhancers as a novel contributor to the maintenance of active transcriptional states in 
reprogramming.  

 

5.1. Generating endoderm donor nuclei with perturbed histone acetylation 
for nuclear transfer  

To investigate the role of H3K27ac, or more broadly, histone acetylation as a 
barrier to the reprogramming process, we established a p300/CBP inhibitor treatment 
setup, that allowed me to obtain viable donor nuclei with reduced histone acetylation 
levels for NT. A limitation of this approach is the promiscuous nature of p300/CBP and its 
many substrates in a cell, including histone and non-histone proteins, such as TFs, tubulin 
proteins and transcriptional co-factors (Dancy & Cole, 2015; Weinert et al., 2018). Thus, 
it remains possible, that other substrates of p300/CBP could be affected by inhibitor 
treatment in donor embryos. In order to address these limitations of the pharmacological 
inhibition approach, I limited the duration of the inhibitor treatments to 6 hours. Moreover, 
I used two different p300/CBP inhibitors, which target distinct domains of the protein, the 
bromodomain and the catalytic HAT domain.  

First, p300/CBP bromodomain inhibitors have been reported to be selective in 
reducing H3K27ac levels in tissue culture systems (Ebrahimi et al., 2019; Raisner et al., 
2018). Raisner et al. used a related p300/CBP bromodomain inhibitor to CBP30 and 
performed histone mass-spectrometry analyzing PTMs on histones H3 and H4, revealing 
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a decrease in H3K27ac levels, but not other histone modifications. This is in agreement 
with our findings, which indicated that CBP30 treatment in donor embryos mainly reduced 
H3K27ac levels. A noteworthy consideration of the mass-spectrometry analyses 
performed by Raisner et al. and our group, is that only histones H3 and H4 were analyzed. 
In light of recent reports suggesting functional roles for p300/CBP-mediated acetylation 
on the N-terminus of histone H2B (Narita et al., 2021), for example, it would be important 
to conduct mass-spectrometry analyses in the future that includes additional core 
histones and histone variants. Furthermore, analyses of the cellular acetylome, i.e. 
analyzing all acetylated proteins in a cell, would be a compelling experiment to perform 
in order to understand the effects of p300/CBP bromodomain inhibition on non-histone 
substrates. Such analyses would comprehensively illuminate the putative off-target 
effects by small-molecule treatments.  

 It is important to note, though, that the bromodomain of p300/CBP binds 
acetylated histones, thereby facilitating substrate recruitment and playing a regulatory 
role in the further deposition of the mark and transcriptional co-factor recruitment (Dhalluin 
et al., 1999; Zaware & Zhou, 2019; Zeng & Zhou, 2002). Thus, by inhibiting the p300/CBP 
bromodomain, the recruitment of p300/CBP to chromatin may be affected and the 
architectural role of p300/CBP perturbed (Weinert et al., 2018). Due to this, it may be 
difficult to attribute any effects on reprogramming outcomes to a role of the bromodomain 
itself or the decrease of histone acetylation. To address this concern, I utilized A-485 
(Lasko et al., 2017), an acetyl-CoA competitive inhibitor targeting the p300/CBP HAT 
domain. As expected, our mass-spectrometry analyses revealed broadly reduced histone 
acetylation levels on H3K27 and other histone H3 and H4 lysine residues. While this 
approach did not allow for selective targeting of H3K27ac in donor nuclei, it provided an 
experimental approach for testing the contribution of overall histone acetylation to 
transcriptional ON-memory in NT-reprogramming. 

Importantly, neither of the two compounds analyzed here affected the global levels 
of H3K4me3, H3K4me1 or H3K36me3, which were predicted to be reprogramming 
barriers by our Digital Reprogramming analyses (Janeva et al., 2025). While I could not 
fully rule out off-target effects of the compounds used to perturb histone acetylation in 
donor nuclei prior to reprograming, the use of distinct classes of inhibitors, mass-
spectrometry analysis and the possibility to restrict the duration of the treatment so as to 
obtain viable endoderm donor nuclei, provided a reasonable and feasible experimental 
strategy to interrogate the role of histone acetylation in the reprogramming process while 
minimizing confounding effects. 
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5.2. Transcriptome analysis revealed decreased ON-memory gene 
expression in NT ectoderm from perturbed donor nuclei 
 
 
 Taking advantage of the p300/CBP inhibitor treated embryos, we performed NT-
reprogramming using endoderm donor nuclei with reduced histone acetylation. I then 
analyzed the ectoderm of the resulting NT embryos to quantify the aberrant expression 
of ON-memory genes maintained from the donor nucleus to the wrong cell type of the 
NT-embryo. With both modes of p300/CBP inhibition in donor nuclei, I observed a 
moderate decrease in the average expression of ON-memory genes and reduced counts 
of ON-memory genes in the ectoderm of NT embryos from perturbed donor cells. 
Importantly, I found that the ON-memory genes in the ectoderm of NT embryos from 
perturbed donors were aberrantly expressed to a lower extent than in NT embryos from 
control, as compared to IVF embryos as a baseline, suggesting a ‘weakened’ ON-memory 
phenotype.  
 
 Crucially, analysis of the ON-memory genes that could be rescued by p300/CBP 
inhibition in donor nuclei, revealed significantly reduced expression levels of key 
endoderm TFs, such as sox17a, sox17b, gata4-6, foxa1, foxa2 and darmin/endodermin 
(Jansen et al., 2022; Mukherjee et al., 2020; Sinner et al., 2006). Previous work from our 
group has shown that the epigenetic status of these genes is stabilized by a broad 
H3K4me3 domain in the donor nucleus (Hörmanseder et al., 2017), thus mediating 
transcriptional memory in the NT embryo. While depletion of H3K4me3 via 
overexpression of the histone demethylase Kdm5b resulted in a global reduction of ON-
memory and strongly improved developmental outcome of the NT embryos, the effects 
of p300/CBP manipulation were mild in comparison. Additionally, depleting H3K4me3 in 
donor nuclei also improved OFF-memory in NT embryos, which was not the case when 
perturbing p300/CBP in donor nuclei prior to reprogramming. I, nevertheless, observed 
an improvement in the developmental outcome of NT embryos from CBP30-treated donor 
nuclei, suggesting that improving ON-memory alone, even to a moderate extent, is 
beneficial for reprogramming. I suggest that the improved developmental outcome of the 
NT(CBP30) embryos may be due to the corrected ON-memory status of key endoderm 
lineage TFs. Indeed, in a recent study from our group it was shown that even the 
manipulation of one key ON-memory gene, sox17b, was sufficient to rescue the aberrant 
differentiation phenotype in the ectodermal linage of NT embryos (Zikmund et al., 2025). 
Thus, it is possible that a hierarchical relationship exists between different classes of ON-
memory genes, in which the persistent expression of a set of ON-memory genes 
promotes the expression of downstream target genes, thus jointly forming the aberrant 
transcriptome of NT embryos.  
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 While our findings demonstrate that reducing H3K27ac levels in donor nuclei via 
p300/CBP inhibition can improve ON-memory and developmental outcomes, this raises 
important questions about the broader role of histone acetylation in nuclear 
reprogramming. Previous approaches have taken the opposite strategy, using histone 
deacetylase (HDAC) inhibitors to improve reprogramming efficiency in various systems. 
Treatments of NT embryos and iPSCs with histone deacetylase (HDAC) inhibitors have 
been previously used to improve reprogramming by increasing pluripotency gene 
activation (G. Chen et al., 2020; Hou et al., 2014, 2014; Huangfu, Maehr, et al., 2008; 
Huangfu, Osafune, et al., 2008; Iager et al., 2008, 2008; Jin et al., 2017; Kretsovali et al., 
2012; Mali et al., 2010; Staszkiewicz et al., 2013). It has therefore been suggested that 
high levels of histone acetylation are beneficial for nuclear reprogramming. This is not in 
conflict with our observation. I propose that reducing H3K27ac only in the donor cell, 
leaving the histone acetyltransferase activities unperturbed after NT, allows successful 
inactivation of ON-memory genes in the resulting NT embryos. A subsequent treatment 
of NT embryos with HDAC inhibitors may then improve the activation of OFF-memory 
genes during reprogramming. This hypothesis would be of interest for future experiments. 
 
 In the context of iPSC reprogramming, the p300/CBP bromodomain inhibitor 
CBP30 was used to reduce H3K27ac levels in fibroblasts (Ebrahimi et al., 2019). When 
applied during the early stages of reprogramming, CBP30 treatment decreased the 
expression of fibroblast-specific genes, leaving the activation of pluripotency genes 
unperturbed and improved iPSC reprogramming. While in iPSC reprogramming such 
treatments are usually applied over the course of several days and take place with 
ongoing transcription, it is difficult to discern, whether such a perturbation improved 
reprogramming due to reduced cellular memory of the somatic cell or improving the 
establishment of the target transcriptome. To address such questions, the Xenopus 
nuclear transfer system offers an unparalleled advantage. In fact, a key difference 
between NT in Xenopus and iPSC reprogramming is that TF-mediated reprogramming is 
accompanied by ongoing transcription, while early Xenopus embryos undergo 12 cycles 
of rapid cell divisions in a transcription-free window before ZGA (Hörmanseder et al., 
2013; Kimelman et al., 1987). Therefore, in our experimental setup, the perturbation of 
p300/CBP and H3K27ac in the donor cell is achieved first. Then, using NT, a zygote with 
unperturbed p300/CBP activities is formed, and the cloned zygote divides several times 
in the absence of transcription until ZGA when transcription occurs again. Thus, by 
perturbing histone acetylation in the donor nuclei before reprogramming, our experimental 
approach allows to dissect the contribution of the donor cell chromatin state from 
restarting transcription in the newly formed NT embryo, in turn allowing us to scrutinize 
histone acetylation as a potential player in epigenetic memory.  
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5.3. H3K27ac-decrease on enhancers correlates with loss of ON-memory 
in NT-reprogramming 
 

I detected significant H3K27ac enrichment on ON-memory gene promoters and 
proximal p300-sites or putative enhancers linked to ON-memory genes. Accordingly, I 
found that the ON-memory genes that became permissive to reprogramming upon 
p300/CBP bromodomain perturbation in the donor nuclei showed significant enrichment 
for proximity to an enhancer. Moreover, genome-wide analysis using CUT&RUN revealed 
depleted H3K27ac on enhancers coupled to ON-memory genes sensitive to p300/CBP 
bromodomain inhibition, and a positive correlation between H3K27ac levels on active 
enhancers, and ON-memory gene expression in NT embryos.  

Recent studies (Sankar et al., 2022; T. Zhang et al., 2020) have challenged the 
previously attributed role of H3K27ac on active enhancers (Creyghton et al., 2010; Rada-
Iglesias et al., 2011). Using histone mutagenesis, Sankar et al. observed minimal effects 
on active transcription under steady states, but only upon challenging cell identities by 
inducing differentiation (Sankar et al., 2022). In our system, where briefly targeting the 
p300/CBP bromodomain mostly led to decreased H3K27ac levels on enhancers, I found 
that gene expression in donor nuclei did not correlate with changes in H3K27ac levels. 
Only after SCNT, when I challenged the steady state by inducing nuclear reprogramming, 
I detected a correlation between gene expression in NT ectoderm and H3K27ac changes 
in the donor cell. While our approach chemically targets p300/CBP, it cannot be ruled out 
that there are effects due to altered chromatin accessibility or overall changes in the 
nuclear acetylome (Weinert et al., 2018). However, the brief treatment window and our 
histone mass-spectrometry data showing high selectivity for H3K27ac help minimize such 
off-target effects. Therefore, our results align with findings that H3K27ac perturbation has 
minimal impact under steady-state conditions while suggesting that H3K27ac maintains 
cell state stability and, when removed, introduces a vulnerability for cell fates that could 
be exploited for cellular reprogramming. 

Our enhancer prediction approach, leveraging H3K4me1, H3K27ac, p300 binding 
and gene expression data, provided a solid foundation for this analysis in the Xenopus 
system (Ing-Simmons, 2021). Importantly, our approach identified genes to be putatively 
regulated by enhancers, such as sox17a, sox17b, foxa4 and gata6 among others, 
aligning with previous reports in Xenopus embryos (Paraiso et al., 2019). As our enhancer 
identification approach mostly captured proximal enhancers and could not 
comprehensively identify distal enhancers, we hypothesize that distal regulatory 
interactions and loops between enhancers and promoters may add an additional layer of 
regulation in the context of transcriptional memory. It would be of interest for future studies 
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to perform in vivo experiments to identify enhancers in various tissues used as donor cells 
in Xenopus NT, such as 3D genome profiling and identification of enhancer-promoter 
contacts, combined with perturbation approaches, to further address the contribution of 
enhancers, as well as enhancer-promoter contacts in transcriptional ON-memory. 

CUT&RUN analysis of donor nuclei treated with the p300/CBP bromodomain 
inhibitor CBP30 revealed that perturbing H3K27ac on predicted enhancers correlated with 
reduced ON-memory in NT embryos. Interestingly, I observed that the genes which 
maintained their ON-memory expression in NT embryos despite loss of H3K27ac on 
enhancers, displayed significantly higher H3K4me3 signal on their promoters than those 
that became permissive to reprogramming upon treatment. Importantly, the genes that 
lost ON-memory in NT embryos under CBP30 conditions maintained their expression in 
donor nuclei even under the treatment conditions, as reported for the reduction of 
H3K4me3 upon Kdm5b overexpression in donor nuclei (Hörmanseder et al., 2017). 
Previous work has suggested that genes essential for maintaining the lineage identity of 
cells may be controlled by defined chromatin states, such as broad H3K4me3/H3K27ac 
domains (Beacon et al., 2021; Benayoun et al., 2014; Hörmanseder et al., 2017) and 
enhancers (Hnisz et al., 2013; Kent et al., 2023; Paraiso et al., 2019). Thus, the present 
work and the work of Hörmanseder et al. (2017), which show that perturbing H3K27ac on 
enhancers and H3K4me3 on promoters allows donor cells to maintain the gene 
expression status quo in donor nuclei. However, the loss of ON-memory upon exposure 
to the reprogramming activities of the egg points towards H3K4me3 and H3K27ac as a 
synergistic mechanism maintaining cell fates. Thus, future work could address a 
combinatorial approach in perturbing both H3K4me3 and H3K27ac in donor nuclei and 
testing the reprogramming outcomes.  

Surveying the p300/CBP HAT domain inhibition correlations with the observed loss 
of ON-memory has been less conclusive. While I observed a reduction in H3K27ac on 
the promoters of treatment-sensitive genes, this was statistically not significant. 
Moreover, I did not observe reduced H3K27ac levels on enhancers. Thus, this raises 
questions in light of our mass-spectrometry quantification revealing a 1.8-fold decrease 
in global H3K27ac levels. In part, this discrepancy can be explained by the less 
quantitative nature of immunoprecipitation-based chromatin profiling methods, in contrast 
to mass-spectrometry based quantifications of histone PTMs (K. Chen et al., 2016; Eberl 
et al., 2011; Han & and Garcia, 2013; Meyer & Liu, 2014). In addition, the genomic effects 
of A-485 treatment may have been underestimated by our approach in which the set of 
p300-peaks was used as a reference peak set for sampling H3K27ac signal and 
performing differential peak analysis and should be addressed with a different strategy. 
Finally, it is noteworthy that the inhibitor treatments, as well as the subsequent mass-
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spectrometry and immunoblot analyses were performed on whole embryos, while 
CUT&RUN was performed on dissected endoderm tissues, which comprise the inner 
mass of the embryo. Therefore, in case of the CBP30 treatment for which we observed a 
better agreement of our genomic and biochemical analyses, it may be that the small 
molecule penetrance was overall better than for A-485, such that the reduction in 
H3K27ac levels measured on average in the whole embryo is greater than in the 
endoderm. This concern could be addressed by performing histone PTM mass-
spectrometry or Western Blot analyses on dissected endoderm and ectoderm tissues 
from A-485 treatment and measuring the H3K27ac levels.  

In summary, the present study suggests a correlation between H3K27ac on 
enhancers, and to some extent promoters, in donor nuclei and transcriptional memory of 
an active state in nuclear reprogramming. It would be of significant interest in future 
studies to test this correlation in a locus-specific manner by utilizing dCas9-coupled 
histone deacetylases (Cai et al., 2023) and targeting them to promoter and enhancer 
elements of ON-memory genes. 

5.4. Nature vs. nuisance: mechanistic basis for histone acetylation and 
transcriptional memory? 
 

While the present work has focused on transcriptional memory through the lens 
of reprogramming and has viewed it as ‘a nuisance’, its occurrence ‘in nature’ is of 
essence for multicellular organisms, as it ensures the maintenance of cellular identity from 
mother to daughter cells across generations. Indeed, dividing cells possess mechanisms 
that ensure the faithful propagation of transcriptional memory across cell divisions and 
therefore stabilize cell fates to prevent their aberrant changes (Bellec et al., 2022; 
Palozola et al., 2019; Stewart-Morgan et al., 2020). Thus, it is conceivable that the 
mechanisms that safeguard cell identities and maintain transcriptional memory pose a 
barrier to the successful erasure of such memories and the establishment of new cell 
identities (Brumbaugh et al., 2019; Hörmanseder, 2021; Nashun et al., 2015). In the 
following section, mechanistic possibilities for the contribution of H3K27ac to the 
maintenance of transcriptional memory will be discussed on the basis of existing reports 
in the context of mitosis and development.  

 
Current models of transcriptional memory across mitosis describe several 

complementary ‘bookmarking’ mechanisms that ensure faithful reactivation of gene 
expression upon mitotic exit (Palozola et al., 2019). Among such mechanisms, the key 
described players are TFs, histone modifications or low levels of ongoing transcription 
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during mitosis (Gonzalez et al., 2021; Palozola et al., 2019). While global histone 
acetylation decreases dramatically during mitosis, emerging evidence indicates that 
H3K27ac exhibits locus-specific retention patterns that may serve bookmarking functions. 
Studies in pluripotent stem cells and other mammalian cell lines have demonstrated that 
H3K27ac selectively marks promoters of housekeeping genes and enhancers of cell 
identity genes during mitosis (Behera et al., 2019; Y. Liu et al., 2017; Palozola et al., 2019; 
Pelham-Webb et al., 2021). Histone methylation also contributes to the mitotic 
bookmarking landscape, with H3K4me3 retained on promoters and H3K4me1 on 
enhancers (Kang et al., 2020), potentially serving as anchors for re-establishing TADs 
that disassemble during mitosis (Oomen et al., 2019). Additionally, select transcription 
factors remain bound to mitotic chromosomes, including key cell identity factors that co-
localize with H3K27ac sites (Gonzalez et al., 2021). The bookmarking function may also 
extend to histone-modifying enzymes themselves, as suggested by studies identifying 
p300 as a potential bookmarking factor at candidate promoters (M. M. Wong et al., 2014), 
though genome-wide confirmation of these results is lacking. Considering the complex 
interplay of various putatively bookmarking mechanisms, such as TFs, histone-modifying 
enzymes and histone modifications, it is a significant challenge to dissect the causal 
relationships. For instance, in the case of H3K27ac, it may be that the mark itself plays a 
role in reactivating transcription upon mitosis, or the persistence of TFs on chromatin may 
aid the recruitment of p300, thus being rapidly re-deposited (Ferrie et al., 2024). Thus, 
future studies addressing the question of how transcriptional memory is maintained 
across mitosis are necessary.  

Given all this, H3K27ac may be a 'symptom' of a broader mechanism maintaining 
cellular memory rather than an independent player. This interpretation aligns with our 
observations that enriched H3K27ac levels in donor nuclei correlate with reprogramming 
resistance and that when perturbing it in donor nuclei, it correlates with merely a moderate 
improvement of reprogramming outcomes. Indeed, the persistence of this mark in specific 
genomic regions may reflect a more complex regulatory network that maintains cell 
identity across cellular transitions, which remains to be studied in the future. In the context 
of our NT-reprogramming model, the observed correlation between H3K27ac and 
transcriptional memory, despite the transcription-free window in early Xenopus embryos, 
hints at a putative transcription-independent mechanism to maintain histone acetylation 
and instruct aberrant memory gene expression. For instance, our previous observations 
in which H3K4-methylation was identified as a key player in transcriptional ON-memory 
in reprogramming have been followed up by the discovery that H3K4-methylation is 
maintained from the male gamete to the fertilized embryo in a transcription-free manner 
to ensure proper ZGA (Hörmanseder et al., 2017; M. Oak et al., 2025). Thus, it may be 
possible that a similar developmental mechanism is ‘hijacked’ by the somatic nucleus 
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when introduced to the egg and aberrant chromatin states are maintained in the NT 
embryo, ultimately resulting in aberrant transcription states after ZGA. While studies that 
characterize p300/CBP recruitment and activity, as well as H3K27ac profiles in the 
transcription-free window of Xenopus embryos are lacking, a recent study has reported 
that inhibiting HDAC1 in Xenopus embryos before ZGA leads to developmental arrest (J. 
J. Zhou et al., 2023). Moreover, Zhou et al. suggested that balanced acetylation is 
essential to maintain correct expression levels in each germ layer, thereby controlling 
lineage identity in developing embryos. It is conceivable that such an acetylome 
imbalance could be at play in the NT embryo. Testing this hypothesis would require 
chromatin profiling or histone mass-spectrometry in the NT embryo, which has thus far 
been limited by the scarce number of embryos that can be obtained via NT. It will be key 
to address this in the future by taking advantage of low-input approaches.  

5.5. Two sides of a coin: Epigenetic memory and clinical application of 
reprogrammed cells 
 
 While the present study investigated epigenetic memory through the lens of a 
barrier that hinders reprogramming, sought to be eliminated, such epigenetic memory 
represents two sides of the coin when it comes to applications for regenerative medicine 
(Hörmanseder et al., 2021). For example, the persistent epigenetic memory of the donor 
cell can hinder the establishment of fully functional reprogrammed cell types of lineages 
unrelated to the cell of origin. Such observations have been made in mouse SCNT 
embryos, whereby the developmental failure of SCNT embryos was attributed to 
epigenetic memory (W. Liu et al., 2016), as well as in frog SCNT embryos, where our 
group showed that ON-memory of the endoderm cell fate can affect the differentiation 
potential of specific cell types in the ectoderm lineage (Zikmund et al., 2025).  
 
Similarly, in mammalian iPSC systems, it has been shown that epigenetic memory of the 
somatic donor cell can bias the differentiation potential of iPSCs (Polo et al., 2010). This 
finding suggests that cell types of related lineages could be used to generate iPSC to be 
further differentiated into the desired cell type, potentially generating reprogrammed cells 
with high fidelity and higher resemblance to in vivo cell types. For example, higher 
success rates for generating retina cells have been reported when using iPSCs derived 
from rod photoreceptors, rather than fibroblast-derived cells (Hiler et al., 2015). Thus, 
epigenetic memory could be harnessed to streamline the production of clinically relevant 
cell types for tissue replacement therapies, potentially reducing the time, cost, and 
variability associated with directing iPSC differentiation toward unrelated lineages. 
Conversely, when broad multipotency is desired, or when generating cell types distant 
from the donor cell origin, this same epigenetic memory becomes a hindrance that must 
be overcome through extended culture periods or active chromatin remodeling 
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approaches. However, extended passaging of iPSC-lines can be a risky road to take, as 
it has been shown that this can introduce genomic instability (Yoshihara et al., 2017). 
Thus, understanding and potentially controlling the degree of epigenetic memory 
retention in iPSCs could enable tailored reprogramming strategies that either preserve or 
erase donor cell identity depending on the intended therapeutic application. 

5.6. Proposed model: H3K4me3 on promoters and H3K27ac on enhancers 
act in concert to mediate ON-memory in reprogramming 
 

In summary, the present work suggests that H3K27ac acts as a previously 
unidentified barrier to reprogramming via NT, potentially acting in synergy with H3K4me3. 
In previous work, perturbing H3K4-methylation in donor nuclei resulted in substantially 
stronger rescue of ON-memory and the developmental outcome of cloned embryos 
(Hörmanseder et al., 2017) when compared to p300/CBP inhibition. Moreover, the 
p300/CBP approach did not render all ON-memory genes permissive to reprogramming, 
resulting in a subset of ‘treatment-insensitive’ ON-memory genes with significantly higher 
H3K4me3 levels on their promoters compared to the group of ‘treatment-sensitive’ genes. 
Thus, we propose a hierarchical relationship between these two chromatin modifications 
in mediating reprogramming resistance. In this model, H3K4me3 on promoters poses the 
primary reprogramming barrier and mediator of ON-memory, while H3K27ac on 
enhancers plays a reinforcing role to stabilize the expression of a subset of ON-memory 
genes important for donor cell identity (Janeva et al., 2025). It would be subject of future 
work to address the effects of combinatorial targeting of H3K4-methylation and H3K27ac 
in donor nuclei on nuclear reprogramming. 
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6. Materials and Methods 

6.1. Experimental procedures 
 
Xenopus laevis husbandry 
 
Adult Xenopus Laevis were obtained from Nasco (901 Janesville Avenue, P.O. Box 901, 
Fort Atkinson, WI 53538-0901, USA) and Xenopus1 (Xenopus1, Corp. 5654 Merkel Rd. 
Dexter, MI. 48130). All frog maintenance and care were conducted according to the 
German Animal Welfare Act. Research animals were used following guidelines approved 
and licensed by ROB-55.2-2532.Vet_02-23-126.  

Inducing ovulation in Xenopus laevis females 
 
To induce egg-laying in Xenopus laevis females, a low dose of the human chorionic 
gonadotropin (hCG) hormone (45 U per frog) was injected into the dorsal lymph sack 3-
5 days prior to the time point when egg-laying is needed, followed by injection with an 
inductive dose of the hCG hormone (500 U per frog) 14-17 hours before egg-laying (Sive 
et al., 2000). The frogs were then kept at 16°C overnight. For egg collection, female frogs 
were kept in a high-salt solution (1x MMR: 100 mM NaCl, 2 mM KCl, 1 mM MgSO4, 2 
mM CaCl2, 0.1 mM EDTA, 5 mM HEPES (pH 7.8)) and allowed to release the eggs 
naturally, without manual agitation.  
 
Testis collection from Xenopus laevis 
 
Sexually mature males from X. laevis were sacrificed using an overdose of the anesthetic 
tricaine. Testis was collected by dissection. 
 
In vitro fertilization (IVF) 
 
Eggs were in vitro fertilized by mixing with a sperm slurry in a Petri dish, incubating for 2 
min at RT and flooding with distilled water, then dejellied using 2% cysteine solution pH 
7.8 (adjusted using NaOH), washed 3 times with 0.1x MMR and transferred into 0.1x 
MMR for culturing until the desired stage for endoderm donor cell preparation. 
 
p300/CBP inhibitor treatments 
 
IVF-derived gastrulae (NF stage 12) were treated with 40 µM SGC-CBP30 (Sigma, 
SML1133), 30 µM A-485 (Tocris, #6387) or DMSO in 0.1x MMR at 23°C until they 
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reached neurula stage (stage 18). The embryos were collected at synchronized stages 
to eliminate influences from different cell numbers or developmental stages. The embryos 
were either used as donors for nuclear transfer as described above, or frozen for further 
experiments. 
 
Donor cell preparation for Nuclear Transfer 
 
Endoderm was dissected from neurula-stage embryos (NF stage 18) and allowed to 
dissociate into single cells in calcium- and magnesium-free 1x modified Barth saline 
(MBS, 88 mM NaCl, 1mM KCl, 10mM HEPES, 2.5 mM NaHCO3, pH 7.4) with 1 mM EDTA 
and 0.1% BSA in a Petri dish coated with 0.1% agarose in H2O. Donor cells were 
immediately used for NT. 
 
Nuclear Transfer (NT) and embryo culture 
 
Nuclear transfer was performed as described previously (Gurdon et al., 1958). Endoderm 
donor cells were partly disrupted by suction into a glass capillary needle and injected into 
an egg enucleated by UV exposure in a UV-crosslinker (CL-1000 Analytik Jena, exposure 
setting 2000). Nuclear transfer was performed immediately upon enucleating the acceptor 
eggs. The injected eggs were then placed in 1x MMR and the medium was changed to 
0.1x MMR after cleavage of the embryos. Alongside, IVF embryos were cultured as 
control overnight at 16°C until they reached the blastula stage. Then, NT embryos 
morphologically indistinguishable from IVF controls were selected for subsequent 
experiments. For gene expression analyses in gastrulae, NT and IVF embryos with the 
same blastopore size were selected to ensure equal developmental stages. The 
embryonic ectoderm (animal cap) was excised from each embryo and snap-frozen on dry 
ice for RNA isolation (Hörmanseder et al., 2017). To score the developmental outcome, 
the NT and IVF embryos were cultured in 0.1x MMR at 16°C until they reached the 
neurula stage and then at 23°C until the feeding tadpole stage. 
 
Western Blot 
 
Whole control and inhibitor-treated embryos were collected at NF stage 18 and lysed in 
10 µl E1 buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 0.1 mM EDTA pH 8.0, 10% 
glycerol, 0.5% Igepal CA-630, 0.25% Triton X-100, 1% beta-mercaptoethanol) per 
embryo and then centrifuged at 3500 rpm at 4°C for 2 min to separate the nuclear and 
cytosolic fraction. For chromatin extraction, the nuclear fraction (pellet) was solubilized in 
10 µl E1 buffer per embryo by vigorously agitating and vortexing. Laemmli buffer (BIO-
RAD, #1610747) containing 10% beta-mercaptoethanol was added, the samples were 
denatured at 95°C for 10 min and centrifuged at maximum speed for 10 min. The 
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chromatin extract was separated on a 4-20% gradient gel (BIO-RAD, Mini-PROTEAN 
TGX #4561096) and transferred onto a PVDF membrane (Thermo Scientific, 88518) for 
1.5 h at 30 V. The membrane was blocked using 5% bovine serum albumin (BSA) and 
incubated overnight using 1:1000 dilution of primary antibodies against histone 
modifications or H4 as a loading control (see table for antibody details). Protein detection 
was performed using IRDye-coupled secondary antibodies (IRDye 800CW #926-68022, 
IRDye 680LT #926-32213, Licor) and imaged on a Licor Odyssey LT machine. 
 
Mass-spectrometry 
 
50 whole embryos at stage 18, pharmacologically treated as described above, were 
collected in a 2 ml Eppendorf tube, washed 3 times with embryo extraction buffer (10 mM 
HEPES-KOH pH 7.7, 100 mM KCl, 50 mM sucrose, 1 mM MgCl2, 0.1 mM CaCl2) by gently 
inverting the tube, centrifuged at 700 g for 1 min and frozen upon liquid removal at -80°C. 
To separate the nuclear fraction, the embryos were centrifuged for 10 min at 17000 rpm 
at 4°C. The nuclei (liquid phase) were carefully removed using a P200 pipette tip, while 
avoiding the lipids (white ring on top of the liquid phase), and transferred to a fresh 
Eppendorf tube. The nuclear fraction was washed twice with 500 µl SuNASP (250 mM 
sucrose, 75 mM NaCl, 0.5 mM spermidine, 0.15 mM spermine) and centrifuged for 5 min 
at 3500 g at 4°C, without disturbing the nuclear pellet. To extract the histones, the nuclei 
were solubilized in 600 µl RIPA buffer (50 mM Tris-HCl pH 7.4, 1% Igepal CA-630, 0.25% 
sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 0.5 mM DTT, 5 mM sodium 
butyrate, 1x protease inhibitor) and centrifuged at 14,000 g for 10 min at 4°C. The 
supernatant was removed, taking care to remove excess lipids or debris. The samples 
were incubated on ice in 100 µl RIPA, centrifuged as described above and the 
supernatant was removed. The pellet containing histone extract was solubilized in 50 µl 
E1 buffer as described for Western Blot, mixed with Laemmli buffer, and separated on a 
4-20% gradient polyacrylamide gel. Coomassie-stained bands of H3 and H4 were excised 
from the gels and stored in Milli-Q H2O in 2 ml Eppendorf tubes at 4°C until mass-
spectrometry analysis. 
 
Gel pieces containing histones were washed with 100 mM ammonium bicarbonate, 
dehydrated with acetonitrile, chemically propionylated with propionic anhydride, and 
digested overnight with trypsin. Tryptic peptides were extracted sequentially with 70% 
acetonitrile/0.25% TFA and acetonitrile, filtered using C8-StageTips, vacuum 
concentrated, and reconstituted in 15µl of 0.1% FA. 
  
For LC-MS/MS purposes, desalted peptides were injected in an Ultimate 3000 RSLCnano 
system (Thermo) and separated in a 25-cm analytical column (75µm ID, 1.6µm C18, 
IonOpticks) with a 50-min gradient from 2 to 37% acetonitrile in 0.1% formic acid. The 
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effluent from the HPLC was directly electrosprayed into a Qexactive HF (Thermo) 
operated in data-dependent mode to automatically switch between full scan MS and 
MS/MS acquisition with the following parameters: survey full scan MS spectra (from m/z 
375–1600) were acquired with resolution R=60,000 at m/z 400 (AGC target of 3x106). 
The 10 most intense peptide ions with charge states between 2 and 5 were sequentially 
isolated to a target value of 1x105, and fragmented at 27% normalized collision energy. 
Typical mass spectrometric conditions were: spray voltage, 1.5 kV; no sheath and 
auxiliary gas flow; heated capillary temperature, 250ºC; ion selection threshold, 33.000 
counts. 
  
Data analysis was performed with Skyline (version 21.2) by using doubly and triply 
charged peptide masses for extracted ion chromatograms. Automatic selection of peaks 
was manually curated based on the relative retention times and fragmentation spectra as 
shown by the results from Proteome Discoverer 1.4. Integrated peak values were 
exported for further calculations. The relative abundance of an observed modified peptide 
was calculated as the percentage of the overall peptide. 
 
Chromatin Immunoprecipitation (ChIP) 
 
ChIP was performed as described previously (Gentsch & Smith, 2014; Hörmanseder et 
al., 2017) Endoderm from 75 stage 18 embryos per ChIP sample was dissected in 0.1x 
MMR and collected on ice in 2 ml Eppendorf tubes. The tissue was then fixed in 1% 
paraformaldehyde (PFA) diluted in 0.1x MMR at RT for 20 min while twisting the tube. 
The fixation was quenched using a glycine solution in PBS at a final concentration of 125 
mM for 5 min at RT, followed by four washes with ice-cold 0.1x MMR for 5 min each under 
frequent twisting. Finally, the tissue was equilibrated in 500 µl ice-cold HEG (50 mM 
HEPES-KOH pH 7.5, 1 mM EDTA pH 8.0, 20% glycerol) solution for 5 min, the tissue 
was allowed to settle at the bottom of the tube, the liquid removed and frozen at -80°C.  
 
For nuclear extraction, fixed tissue samples were allowed to thaw on ice and resuspended 
in 2 ml E1 buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8.0, 10% 
glycerol, 0.5% NP40, 0.25% Triton-X, 1 M DTT, 1x protease inhibitor) to homogenize the 
tissue, followed by centrifugation at 3500 rpm for 2 min at 4°C. The supernatant was then 
removed, including the lipid fraction attached to the side of the Eppendorf tube. This step 
was repeated once more, and followed by 3 washing steps with E2 buffer (10 mM TRIS 
pH 8.0, 200 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 1x protease inhibitor), 
and two washing steps with E3 buffer (10 mM TRIS pH 8.0, 200 mM NaCl, 1 mM EDTA 
pH 8.0, 0.5 mM EGTA pH 8.0, 0.1% sodium deoxycholate, 0.5% sodium lauroylsarcosine, 
1x protease inhibitor), as described.  Finally, the tissue was resuspended in 700 µl E3 
buffer for chromatin fragmentation via sonication. The chromatin was fragmented on a 
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Bioruptor Pico (Diagenode) in 15 ml conical tubes (Diagenode) for 25 cycles (30 s ON, 
30 s OFF). The fragmented chromatin was transferred to fresh tubes and centrifuged for 
5 min at 4°C at full speed. The chromatin supernatant fraction was collected, and 10% of 
the extract were set aside for the input fraction and reverse-crosslinked in 150 µl total 
volume of STOP buffer (40 mM TRIS pH 8.0, 10 mM EDTA pH 8.0, 1% SDS), 
supplemented with 0.3 µg/µl proteinase K and 7.5 µl of 5 M NaCl, at 65°C overnight under 
constant shaking. The samples were subsequently incubated with 3 µl of 10 mg/ml 
DNase-free RNase for 1 hour at 37°C. The input DNA was extracted using a Qiagen 
MiniElute PCR Purification Kit according to the manufacturer’s instructions. Before 
proceeding with the ChIP reaction, the input fragment size distribution was validated on 
a Tape Station.  
 
To set up the ChIP reaction, sheep anti-rabbit Dynabeads (Invitrogen) were washed and 
blocked with 30 µl PBS supplemented with 0.1% BSA in 30 µl per reaction for 5 min per 
wash on ice, followed by a wash step with buffer E2 supplemented with 1% Triton-X 100 
and 1x protease inhibitors. Finally, the beads were resuspended in 25 µl buffer E2 + 1% 
Triton-X 100 per ChIP reaction and 25 µl of the bead solution was added to each 
chromatin lysate samples, followed by the addition of 2 µl antibody (anti-H3K27ac #8137 
Cell Signaling Technologies). The ChIP reactions were incubated overnight at 4°C under 
constant rotation. The following day, the ChIP samples were washed six times with 500 
µl ice-cold RIPA buffer (50 mM HEPES-KOH pH 7.5, 500 mM LiCl, 1 mM EDTA pH 8.0, 
1% NP40, 0.7% sodium deoxycholate, 1x protease inhibitor), followed by two washes 
with 500 µl ice-cold TEN buffer (10 mM TRIS pH 8.0, 1 mM EDTA pH 8.0, 150 mM NaCl). 
The immunoprecipitated chromatin was then reverse cross-linked and RNase digested, 
as described above for the input samples, and DNA was extracted.  
 
Chromatin Immunoprecipitation-quantitative Polymerase Chain Reaction (ChIP-
qPCR) 
 
ChIP reactions and input samples were diluted 1:20 and 4 μL were used for subsequent 
qPCR analysis using primer pairs described in Table 1 at 0.5 µM with iTaq Univer SYBR 
Green Supermix (BIO-RAD), in a two-step PCR cycle: 94°C for 15 s and 60°C for 60 s. 
Reactions were performed in a total volume of 20 μl. 
 
Table 2: Primers used for ChIP-qPCR assay 

Target Forward Primer Reverse Primer 
leprot.S_TSS AGGCAGTCCTATAAGGCCGA CGAGTGACAGGCCGAGTAAG 

hao1_TSS TAGCGGATAACGTTGACGCA  GTATGGGGTTGTGAGGAGCC 

Sox17a_Exon1  CCTCTTGCGCTCGTCCTTT  TCCGCCGACCCATGAAT 



 112 

Gata5_TSS CCGTACAGGAGAAGTGGGGT GTGTTTGCTAAAGGTGGGACC 
Foxa4_TSS ACTGGAAGGTCTTCTTGTTGGG TTGACTCTATTTAGCATGTTCTGG

A 
a2m_TSS GCAGGGGGTGTTGTTGCTTA TGCCAGAGACCATCGTTTGTT 

 
Cleavage Under Target & Release Using Nuclease (CUT&RUN) 
 
CUT&RUN was performed as described previously (Phelps et al., 2023; Skene et al., 
2018), with some adjustments. For nuclear extraction, neurula stage (NF stage 18) 
embryos were manually devitellinized and incubated in Newport 2.0 buffer (J. A. Briggs 
et al., 2018) to facilitate tissue dissociation, by gently agitating the supernatant, but not 
disturbing the tissue. The nuclei were extracted by resuspending in 1 ml ice-cold nuclear 
extraction buffer (20mM HEPES-KOH, pH 7.9, 10mM KCl, 500 μM spermidine, 0.1% 
Triton X-100, 20% glycerol), and subsequently resuspended in 600 µl nuclear extraction 
buffer. 150 µl concanavalin A beads (Epicypher, 21-1401) were resuspended in 850 µl 
binding buffer (20 mM HEPES-KOH pH 7.9, 10 mM KCl, 1mM CaCl2, 1mM MnCl2) per 
sample and activated by washing twice with 1 ml binding buffer. The nuclei were added 
to 300 µl bead suspension under gentle vortexing and incubated for 10 min at RT while 
rotating to allow binding of the nuclei to the beads. The supernatant was discarded and 
the nuclei were incubated in 1 ml blocking buffer (20 mM HEPES-KOH pH 7.5, 150 mM 
NaCl, 0.5 mM spermidine, 0.1% BSA, 2 mM EDTA,1x protease inhibitor)  for 5 min at RT, 
then incubated in 1:100 primary antibody solution overnight at 4°C. The following 
antibodies were used as primary antibodies for CUT&RUN: anti-H3K27ac #8137 Cell 
Signaling Technologies, anti-H3K4me3 ab8580 abcam, anti-H3K4me1 ab9995 abcam, 
anti-H3K9ac ab4441 abcam. Next, the antibody-bound nuclei were washed twice using 1 
ml wash buffer (20 mM HEPES-KOH pH 7.5, 150 mM NaCl, 0.5 mM spermidine, 0.1% 
BSA, 1x protease inhibitor). To facilitate pAG-MNase (Epicypher) binding to the primary 
antibody, samples were incubated under rotation at 4°C for 1 h, washed twice using wash 
buffer and resuspended in 150 µl wash buffer. To activate the MNase digestion reaction, 
3 µl 100 mM CaCl2 was added to each sample and incubated at 0°C for 30 min, then 
quenched using 2x STOP buffer (200 mM NaCl, 20 mM EDTA, 4 mM EGTA, 50 μg/mL 
RNase A, 40 μg/mL glycogen), containing 1 ng exogenous spike-in DNA (E. coli, 
Epicypher). To release chromatin fragments, the samples were incubated at 37°C for 20 
min, following centrifugation at 16.000 g for 5 min at 4°C. The supernatant containing 
soluble chromatin fragments was mixed with SDS and proteinase K at 70°C for 10 min 
and subjected to on-column DNA purification (QIAGEN, MiniElute PCR Purification Kit). 
 
CUT&RUN library preparation 
 
CUT&RUN sequencing libraries were prepared using NEB Ultra II DNA library prep kit 
(NEB, #E7645), following the manufacturer’s instructions, using 12 PCR amplification 
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cycles with CUT&RUN-specific cycling parameters (45 s 98°C for polymerase activation, 
14 cycles of 15 s 98°C DNA melting and 10 s 60°C primer annealing and short extension, 
1 min 72°C final extension), without size selection. The libraries were sequenced on a 
NovaSeq X+ sequencing platform. 
 
Total ribonucleic acid (RNA) extraction 
 
Embryonic tissues were collected, dissected, and stored at -80°C. Total RNA was isolated 
using the RNeasy Mini Kit (QIAGEN, 74104) according to the manufacturer’s instructions. 
To lyse the embryonic tissue, samples were vortexed on high speed for 10 min at 4°C. 
DNase digestion was performed according to the manufacturer’s instructions, using 
RNase-free DNase (QIAGEN, 79254). RNA was eluted in 35 µl nuclease-free H2O. 
 
mRNA-sequencing library preparation 
 
Total RNA was quantified on a Qubit fluorometer, and the sample quality was assessed 
on a TapeStation before library preparation. Per sample, 400 ng total RNA of animal cap 
(ectoderm) tissue and 300 ng of endoderm donor tissue were used to isolate mRNA using 
the NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB, E7490). Sequencing 
libraries were generated using the NEBNext Ultra II Directional RNA Library Prep Kit for 
Illumina (NEB, E7760), following the manufacturer’s instructions, using 12-13 PCR 
amplification cycles. Libraries were multiplexed and sequenced on a NextSeq 6000 
platform. 

6.2. Bioinformatic analyses 
RNA-seq Data Processing and Differential Expression Analysis 
 
Paired sequencing reads were processed using Kallisto (v0.48) for pseudoalignment and 
quantification of transcript abundance. Transcript and annotation files were downloaded 
from Xenbase (v10.1) for Xenopus laevis (transcripts and annotation). After quantification, 
transcript-level abundances were imported using 'tximport' and converted to a 
'SummarizedExperiment' object in R (v4.3.1).  Datasets of two independent batches were 
merged and subjected to differential expression analysis performed with DESeq2 
(v1.40.2).  
 
Filtering strategy for memory class and reprogrammed genes 
 
For RNA-seq experiments addressing the effects of p300/CBP inhibition on ON-memory, 
log2 fold changes (log2FC) and adjusted p-values (p-adj) were calculated using DEseq2 
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(Love et al., 2014). The gene lists were then filtered as follows (note that 3FC corresponds 
to log2FC ≈ 1.5). The filtering strategy follows (Hörmanseder et al., 2017) 
 
Differentially expressed genes (DEG) Donor/IVF: p-adj (Donor/IVF) < 0.05 
DEG Donor/IVF and NT/IVF: p-adj (Donor/IVF) < 0.05 & p-adj (NT/IVF) < 0.05 
ON-memory genes: p-adj (Donor/IVF) < 0.05, log2FC (Donor/IVF) > 0, p-adj (NT/IVF) < 
0.05, log2FC(NT/IVF) > 0, TPM(Donor) >1. 
OFF-memory genes: p-adj (Donor/IVF) < 0.05, log2FC (Donor/IVF) < 0, p-adj (NT/IVF) 
< 0.05, log2FC(NT/IVF) < 0 
Reprogrammed-Down: p-adj (Donor/IVF) < 0.05, log2FC (Donor/IVF) >0, p-adj 
(Donor/NT) < 0.05, log2FC (Donor/NT) > 0.05, TPM (Donor) >1. Transcripts with p-adj 
(NT/IVF) < 0.05 were excluded. 
Reprogrammed-Up: p-adj (Donor/IVF) < 0.05, log2FC (Donor/IVF) < 0, p-adj (Donor/NT) 
< 0.05, log2FC (Donor/NT) < 0.05, p-adj (NT/IVF) > 0.05. 
In the experiments comparing the effect of p300/CBP inhibitor treatment vs. control, 
filtering the ON-memory genes was performed separately in each condition. 
Differentially expressed genes (DEG) Donor(DMSO)/IVF: p-adj (Donor(DMSO)/IVF) < 
0.05 
DEG Donor(DMSO)/IVF and NT(DMSO)/IVF: p-adj (Donor(DMSO)/IVF) < 0.05 & p-adj 
(NT(DMSO)/IVF) < 0.05 
ON-memory genes (DMSO): p-adj (Donor(DMSO)/IVF) < 0.05, log2FC 
(Donor(DMSO)/IVF) > 0, p-adj (NT(DMSO)/IVF) < 0.05, log2FC(NT(DMSO)/IVF) > 0, 
TPM(Donor(DMSO)) >1. 
OFF-memory genes (DMSO): p-adj (Donor(DMSO)/IVF) < 0.05, log2FC 
(Donor(DMSO)/IVF) < 0, p-adj (NT(DMSO)/IVF) < 0.05, log2FC(NT(DMSO)/IVF) < 0 
Reprogrammed-Down (DMSO): p-adj (Donor(DMSO)/IVF) < 0.05, log2FC 
(Donor(DMSO)/IVF) >0, p-adj (Donor(DMSO)/NT(DMSO)) < 0.05, log2FC 
(Donor(DMSO)/NT(DMSO)) > 0.05, TPM (Donor(DMSO)) >1. Transcripts with p-adj 
(NT(DMSO)/IVF) < 0.05 were excluded. 
Reprogrammed-Up (DMSO): p-adj (Donor(DMSO)/IVF) < 0.05, log2FC 
(Donor(DMSO)/IVF) < 0, p-adj (Donor(DMSO)/NT(DMSO)) < 0.05, log2FC 
(Donor(DMSO)/NT(DMSO)) < 0.05, p-adj (NT(DMSO)/IVF) > 0.05. 
 
The same filtering strategy was applied for samples generated upon CBP30 and A-485 
treatment.  
 
Plots for gene expression 
 
Heatmaps – Expression values for each condition were normalized to the mean 
expression of IVF controls. Log2-transformed fold changes were calculated for each 
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condition relative to IVF mean expression. These values were plotted using heatmap.2 
from the R package gplots, with clustering by rows and columns and default settings: 
complete as agglomeration method and Euclidean distance as similarity measure. Z-
scores were calculated per row, using the scaling function in heatmap.2. 
 
MA-plots – The log2FC between genes expressed in NT and IVFs was plotted against 
the log2-transformed TPM-expression values (log2 TPM+1) in the endoderm donor cells.  
MA-plots were created using base R. 
 
Boxplots – The distribution of mean expression levels of the different gene sets is 
represented as boxplots, whereby the line represents the median, the box edges indicate 
the lower and upper percentiles (25th and 75th respectively), and the whiskers represent 
the minimum and maximum values. Boxplots were created using default settings in base 
R. p-values comparing differences in gene expression between the different gene sets 
were calculated using a two-sided unpaired Wilcoxon rank-sum test in R. 
 
Principal component analysis (PCA) plots - Principal Component Analysis was performed 
on TPM gene expression data. Genes with zero variance were removed. The data was 
centered and scaled prior to PCA. Finally, PCA was performed using the prcomp() 
package and visualized using ggplot2() in R.  
 
ChIP-seq analysis for enhancer annotation  

For the endoderm H3K27ac ChIP-seq analysis, peaks were called using MACS2(Y. 
Zhang et al., 2008) (v2.2.8) with the "--broad" option. Due to low enrichment and minimal 
peak calls, replicate 2 was excluded from further analysis. Common peaks between 
replicates 1 and 3 were identified and merged using bedtools (v2.31.0), resulting in a total 
of 7915 peaks. These peaks were further classified into 4851 promoter peaks (+/- 500bp) 
and 3064 non-promoter peaks (distant from promoters by more than 500bp). To predict 
active enhancers in Xenopus laevis endoderm, previously published p300 ChIP-seq data 
(Stevens et al., 2017) from NF stage 20 foregut and hindgut were analyzed. Foregut and 
hindgut peaks were concatenated (cat), sorted (sort -k1,1 -k2,2n) and merged using 
bedtools merge, resulting in 61418 peaks on the main chromosomes. Subsequently, we 
identified 1306 H3K27ac+ and p300+ putative enhancers, supported by detected 
H3K4me1 signal on these sites. Enhancer-gene pairing was performed as described 
previously (Ing-Simmons, 2021).  

CUT&RUN analysis  

Sequencing reads were aligned to the Xenopus laevis genome (XENLA_10.1) and a 
spike-in genome (Escherichia coli, GCA_001606525) using Bowtie2 (v2.4). The 
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alignment process excluded discordant and mixed reads, with paired-end reads mapped 
to the reference genome. Aligned reads were converted to BAM format and filtered to 
retain only properly paired alignments. Normalization scaling factors were computed 
using deepTools (v3.5.3) based on the read distribution across genomic regions. HOMER 
(v4.11) was used for peak identification. Broad peaks were called using histone-style 
parameters and converted to BED format for downstream analysis. Differential peak 
analysis for H3K27ac signal was performed on the p300 ChIP-seq peak set from Stevens 
et al. (Stevens et al., 2017) as a reference peak set using DEseq2 (Love et al., 2014) 
(v1.46.0). Enhancer and promoters were annotated as described above.  

Boxplots comparing DEseq2 normalized counts on differentially abundant peaks across 
gene sets of interest were generated in base R (v4.4.2), whereby the line represents the 
median, the box edges indicate the lower and upper percentiles (25th and 75th 
respectively), and the whiskers represent the minimum and maximum values. 

MA-plots, balloon plots, stacked bar charts, and scatter plots were generated using 
ggplot2 in R. Heatmaps comparing enrichment or correlations were generated using 
pheatmap in R.  

Heatmaps comparing global coverage distribution across conditions were generated in R 
using the package EnrichedHeatmap (Z. Gu et al., 2018), using the function 
normalizeToMatrix to calculate the coverage over genomic features. The coverage from 
biological replicates was averaged and normalize to E. coli spike-in.  
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7. Appendix – Tables 
Table 3: Overview of biological replicates in transcriptome assays 
 

Differential expression analysis (RNA-seq) 

  CBP30 experiments (Figure 3, S3) 

Embryo tissue Treatment #1 #2 #3 

Donor (endoderm) DMSO 
CBP30 

2 
2 

2 
2 

2 
1 

NT (ectoderm) DMSO 
CBP30 

4 
3 

3 
5 

6 
3 

IVF (ectoderm) N/A 4 3 4 

  A-485 experiments (Figure 3, S3) 

  #1 #2 #3 

Donor(endoderm) A-485 2 2 2 

NT (ectoderm) A-485 3 6 3 

IVF (ectoderm) N/A 4 4 4 

Donor: endoderm donor nuclei; NT: ectoderm of nuclear transfer embryos; IVF: ectoderm of in 
vitro fertilized embryos; CBP30: p300/CBP bromodomain inhibitor; A-485 p300 histone 
acetyltransferase domain inhibitor. One tissue was harvested from one embryo as an individual 
sample. 
 
Table 3: Overview of gene expression changes in p300/CBP inhibitor treated donor cells 
(CBP30 - bromodomain inhibitor, or A-485 - catalytic domain inhibitor) 

 Number of transcripts % of 
transcripts 

Filter applied 

Total transcripts 36994 100 TPM >1 in either donor, IVF 
or NT samples 

DE donor DMSO vs. 
donor CBP30 

3282 8,8 p-adj < 0.05 

DE donor DMSO vs. 
donor A-485 

5493 14,8 p-adj < 0.05 
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Donor: endoderm donor nuclei; NT: ectoderm of nuclear transfer embryos; IVF: ectoderm of in 
vitro fertilized embryos; DE: differentially expressed; TPM: transcripts per million; p-adj: adjusted 
p-value. 
 
Table 4: Overview of memory and reprogrammed gene sets upon filtering 

 DMSO CBP30 A-485 

 Number of 
transcripts 

% of total 
transcripts 

Number of 
transcripts 

% of total 
transcripts 

Number of 
transcripts 

% of total 
transcripts 

Total 
transcripts 

36994 100 36994 100 36994 100 

DE Donor vs. 
IVF 

20314 54,9 19336 52,2 19379 52,4 

DE Donor vs. 
IVF & DE NT 
vs. IVF 

17662 47,7 16773 45,3 16456 44,5 

ON-memory 1360 3,6 1071 2,9 1253 3,4 

OFF-memory 1315 3,55 1413 3,8 1525 4,1 

RD 5906 15,9 5186 14,0 5153 13,9 

RU 3754 10,1 6223 16,8 5787 15,6 

Donor: endoderm donor nuclei; NT: ectoderm of nuclear transfer embryos; IVF: ectoderm of in 
vitro fertilized embryos; DE: differentially expressed; RD: reprogrammed-down genes; RU: 
reprogrammed-up genes. The filtering strategy is described in the Materials and Methods 
section 
 
Table 5: Overview of embryo counts in the developmental outcome assay  

Developmental outcome assay – Results of quantifications 

Developmental 
stage 

NT(DMSO) NT(CBP30) IVF 

NT (number of 
injections) 

720 720 N/A 

Cleaved  109 131 325 

Gastrulae 50 65 263 

Neurulae 11 24 235 

Tadpole 7 13 227 
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