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Summary 
Aging is characterized by a gradual decline in cellular functions, and growing evidence 

shows that it does not affect men and women equally. Although women live, on average, five 
years longer than men, they often experience poorer health overall. Many age-associated 
diseases display sex biases. One contributing factor is the sex chromosome complement. Male 
mammals carry one X and one Y chromosome, whereas females possess two X chromosomes, 
one of which is largely transcriptionally inactivated, though some genes escape silencing. These 
escaper genes contribute to female resilience, yet their misregulation can also increase disease 
susceptibility. Notably, female cells with different X chromosome aneuploidies accumulate with 
age, with the preferential loss of the inactive X the most common. The causal relationship between 
X chromosome loss and aging remains unknown, and the immediate cellular consequences upon 
X chromosome loss are largely unexplored. 

This work reports the first successful derivation and characterization of C3H/Bl6 hybrid 
mouse embryonic stem cells. Both male and female C3H/Bl6 cells express pluripotency markers, 
with only a minor differentiation bias toward the germ layers. The differentiation potential of these 
cells was evaluated through random differentiation into embryoid bodies, which expressed 
markers of all lineages; however, fewer beating cardiomyocyte-like structures were observed in 
embryoid bodies derived from female cells. Immunostainings confirmed the presence of cell types 
from all three germ layers. Analysis of X chromosome dynamics during the differentiation of 
female cells into epiblast-like stem cells showed that X chromosome silencing occurred 
progressively over seven days, following a heterogenous yet overall consistent kinetics. 

Genome editing in the C3H/Bl6 background proved challenging and yielded low 
efficiencies. Nevertheless, we established a cellular system enabling allele-specific chromosome 
targeting and shredding in female hybrid cells. The system was activated through Cre 
recombinase delivery via baculovirus. We found that segmental aneuploidies of the targeted X 
chromosome constituted the predominant outcome, followed by complete X chromosome loss. 
Evidence of genomic instability was also observed, with a small proportion of cells exhibiting 
micronuclei containing X chromosome fragments. 

Overall, we established a chromosome targeting and shredding system in bona fide 
C3H/Bl6 hybrids mouse embryonic stem cells. We demonstrated that generating X chromosome 
aneuploidies is feasible, with chromosome segmentation representing the primary event. This tool 
provides a foundation to dissect the causal relationship of sex chromosome loss and aging. In 
addition, these hybrid cells are a valuable model for studying stem cell biology, X chromosome 
dynamics and sex differences. 
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Zusammenfassung 
Altern ist durch einen allmählichen Rückgang zellulärer Funktionen gekennzeichnet, und 

immer mehr Hinweise deuten darauf hin, dass Männer und Frauen davon nicht gleichermaßen 
betroffen sind. Obwohl Frauen im Durchschnitt fünf Jahre länger leben als Männer, weisen sie 
häufig eine insgesamt schlechtere Gesundheit auf. Viele altersassoziierte Erkrankungen zeigen 
Geschlechtsunterschiede. Ein Faktor der dazu beiträgt sind die Geschlechtschromosomen. 
Männliche Säugetiere besitzen ein X- und ein Y-Chromosom, während weibliche Säugetiere zwei 
X-Chromosomen aufweisen, von denen eines größtenteils transkriptionell inaktiviert ist - 
wenngleich einige Gene dieser Inaktivierung entgehen. Diese Escaper-Gene tragen zur Resilienz 
von Frauen bei, doch ihre Fehlregulation kann auch die Anfälligkeit für Krankheiten erhöhen. 
Bemerkenswerterweise häufen sich mit dem Alter weibliche Zellen mit unterschiedlichen X-
Chromosomenvarianten an, einschließlich eines bevorzugten Verlusts des inaktiven X. Die 
kausale Beziehung zwischen dem Verlust des X-Chromosoms und dem Alterungsprozess ist 
bislang unbekannt, und die unmittelbaren zellulären Folgen eines solchen Verlusts sind 
weitgehend unerforscht. 

Diese Arbeit beschreibt die erste erfolgreiche Etablierung und Charakterisierung von 
C3H/Bl6-Hybrid-Maus-embryonalen Stammzellen. Sowohl männliche als auch weibliche 
C3H/Bl6-Zellen exprimieren Pluripotenzmarker und zeigen nur eine geringe 
Differenzierungspräferenz hin zu den Keimblättern auf. Das Differenzierungspotenzial dieser 
Zellen wurde durch eine zufällige Differenzierung in Embryoid Bodies untersucht, die Marker aller 
Zelllinien exprimierten; jedoch wurden in Embryoid Bodies, die aus weiblichen Zellen stammten, 
weniger schlagende, kardiomyozytenähnliche Strukturen beobachtet. Immunfärbungen 
bestätigten das Vorhandensein von Zelltypen aller drei Keimblätter. Die Analyse der X-
Chromosomendynamik während der Differenzierung weiblicher Zellen zu epiblast-ähnlichen 
Stammzellen zeigte, dass die X-Chromosomen-Inaktivierung über einen Zeitraum von sieben 
Tagen schrittweise erfolgte, wobei sie heterogen, aber insgesamt konsistent verlief. 

Genome Editing im C3H/Bl6-Hintergrund erwies sich als anspruchsvoll und zeigte geringe 
Effizienzen. Dennoch etablierten wir ein zelluläres System, das allelspezifisches Chromosomen-
Targeting und -Shredding in weiblichen Hybridzellen ermöglicht. Das System wurde durch die 
Einbringung einer Cre-Rekombinase über Baculoviren aktiviert. Wir stellten fest, dass segmentale 
Aneuploidien des anvisierten X-Chromosoms die häufigste Konsequenz waren, gefolgt vom 
vollständigen Verlust des X-Chromosoms. Hinweise auf genomische Instabilität wurden ebenfalls 
beobachtet, wobei ein kleiner Teil der Zellen Mikronuklei mit Fragmenten des X-Chromosoms 
aufwiesen. 

Zusammenfassend etablierten wir ein System zum Targeting und Shredding von 
Chromosomen in bona fide C3H/Bl6-Hybrid-Maus-embryonalen Stammzellen. Wir zeigten, dass 
die Erzeugung von X-Chromosomen-Aneuploidien möglich ist, wobei 
Chromosomensegmentierungen das primäre Resultat darstellen. Dieses Werkzeug bildet eine 
Grundlage zur Untersuchung des kausalen Zusammenhangs zwischen dem Verlust von 
Geschlechtschromosomen und dem Alterungsprozess. Darüber hinaus stellen diese Hybridzellen 
ein wertvolles Modell für die Erforschung der Stammzellbiologie, der X-Chromosomendynamik 
und der Geschlechtsunterschiede dar. 
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1. Introduction 
1.1 The mammalian X chromosome and X chromosome 
inactivation 

1.1.1 Sex chromosomes and dosage compensation 

Genetically, mammals only differ in a pair of chromosomes that, through a signaling 

pathway, define whether an organism develops as a male or a female. This pair, the X and Y, are 

known as sex the chromosomes. Male mammals contain a gene-rich X chromosome and a small, 

gene-poor Y chromosome; females, on the other hand, harbor two X chromosomes. 

The sex chromosomes originated from a pair of autosomes where one of them —the future 

Y chromosome in this case —acquired a sex-determining region. Over time, other male-benefiting 

genes evolved. Linkage between the sex-determining locus and the other male-beneficial alleles 

suppressed recombination between the future pair of sex chromosomes, resulting in a shorter 

and degenerated Y chromosome; some genes, however, have been retained on the 

pseudoautosomal regions (PARs) (Figure 1.1) (Furman et al. 2020). In fact, the X chromosome 

is about 100 megabases larger than the Y chromosome, yet a handful of X-linked genes, known 

as gametologs, are also present in the Y (Balaton et al. 2018). Out of the approximately 70 protein-

coding genes found on the Y chromosome (Maan et al. 2017), 17 in humans and 8 in the mouse 

Figure 1.1. Evolution of the sex chromosomes. (1) Sex chromosomes originated from a pair of 

ancestral autosomes. (2) The future Y chromosomes acquired a sex-determining region (the SRY 
locus) and overtime (3) male-benefitting genes appeared, suppressing recombination between the 

chromosomes. (4) Lack of recombination resulted in degeneration of the Y chromosome. In the 

pseudoautosomal regions (PAR) recombination still takes place. 

https://paperpile.com/c/IN3s5l/xfUY
https://paperpile.com/c/IN3s5l/hFav
https://paperpile.com/c/IN3s5l/G5r3
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have a homolog on the X chromosome, known as gametologs (Bellott et al. 2014). Given the 

presence of conserved genes between the X and Y chromosomes in the PARs, they behave like 

autosomes and undergo recombination during meiosis (Dos Santos, Mendes, and Antunes 2022).  

Eukaryotes generally have two copies of each gene, one paternally inherited and the other 

of a maternal origin. Gene dosage is the number of gene copies present in a genome and 

deviations from an n euploid karyotype results in gene dosage alterations. The main evidence of 

gene dosage deviations is whole chromosome aneuploidies during development; of note, 

chromosome arm losses result in copy number variations and can also be considered as 

aneuploidies (Ben-David and Amon 2020). Aneuploidies are incompatible with embryonic 

development, resulting in premature differentiation and cell cycle arrest, which can be cell-type 

specific, affecting either the cells that will give rise to the embryo, or extraembryonic tissue such 

as the placenta (Shahbazi et al. 2020). When they are tolerated, however, diseases manifest. 

The only three known viable human autosomal aneuploidies are present in Patau, Edwards and 

Down syndromes, accounting for trisomies of human chromosomes 13, 18 and 21, respectively 

(Basilicata and Keller Valsecchi 2021). This piece of evidence suggests that organisms cannot 

cope with gene dosage changes. Of note, aneuploidies can also arise during lifespan resulting in 

different diseases, being cancer the most well-known consequence (Ben-David and Amon 2020; 

Sdeor et al. 2024). 

1.1.2 X chromosome inactivation (XCI) 

By definition, the XY karyotype is an aneuploidy that is, surprisingly, well-tolerated. This 

perception, together with the fact that females have an additional X chromosome, raised the idea 

that a compatible mechanism simultaneously evolved to ensure similar expression levels between 

males and females (Susumu Ohno 1967). Without it, the XX genotype would lead to a gene 

dosage imbalance between the sexes since, compared to higher expression in females, the only 

X copy present in males would result in monoallelic gene expression. Molecularly, and in 

agreement with autosomal aneuploidies, the X-linked gene imbalance may disrupt protein 

stoichiometric ratios and perturbation of molecular networks affecting, in turn, organismal fitness 

(Gu and Walters 2017; Chunduri, Barthel, and Storchova 2022).  

Seminal work by Mary F. Lyon discussed that a mechanism to equalize the gene 

expression between the XX and XY genotypes must exist (Lyon 1961, 1962). Her law was based 

on the realization that X-linked mutations would result in a patched coat color in mice, rather than 

a homogenous tone. She proposed that the difference in color spots arises from different 

https://paperpile.com/c/IN3s5l/CZ9E
https://paperpile.com/c/IN3s5l/WnPH
https://paperpile.com/c/IN3s5l/smsh
https://paperpile.com/c/IN3s5l/fQ5i
https://paperpile.com/c/IN3s5l/CLWS
https://paperpile.com/c/IN3s5l/smsh+MnA2
https://paperpile.com/c/IN3s5l/smsh+MnA2
https://paperpile.com/c/IN3s5l/m7lq/?locator_label=book
https://paperpile.com/c/IN3s5l/jeK9+atPi
https://paperpile.com/c/IN3s5l/9n68+c5KB
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populations of cells inactivating different parental X chromosomes, resulting in a distribution of 

color patches (Lyon 1961). This is complemented with earlier work indicating that X0 mice are 

fertile (Welshons and Russell 1959) and the observation that sex-specific X chromosome 

condensation patterns exist (Barr and Bertram 1949; S. Ohno and Hauschka 1960). Years later, 

this process is now known and has been coined X chromosome inactivation (XCI). Most of the 

existing knowledge of XCI comes from the mice but its study in other mammalian species provides 

an evolutionary perspective of this process. The following sections mostly discuss findings from 

the mouse, but other relevant models are discussed appropriately. 

1.1.2.1 Mechanism of XCI 

As proposed by Lyon, XCI works by the transcriptional silencing of one random X 

chromosome. XCI starts with the upregulation of the master regulator Xist/XIST (or X-inactive 

specific transcript), a long non-coding RNA (lncRNA) transcribed from the future inactive X, 

coating the X chromosome from which it is produced in cis (Galupa and Heard 2018).  

Xist/XIST is 17-kb long lncRNA, divided into several domain repeats (A-F) that help 

establish XCI (Figure 1.2a) (Galupa and Heard 2018; Loda, Collombet, and Heard 2022). 

Xist/XIST does not, per se, induce all the chromatin changes needed for gene silencing. The 

process is rather orchestrated by the breadth of ribonucleoproteins Xist/XIST associates with via 

the repeats and these proteins work in different phases of the XCI process. Systematic screening 

of proteins interacting with Xist/XIST have allowed the identification and validation of interactors 

during gene silencing (Chu et al. 2015; McHugh et al. 2015; Minajigi et al. 2015). A-repeats are 

needed for chromosome heterochromatinization and silencing and their deletion do not affect 

spreading (Wutz, Rasmussen, and Jaenisch 2002); A-repeats interact with the protein SPEN 

which induces deacetylation on the future inactive X (Chu et al. 2015; McHugh et al. 2015; Minajigi 

et al. 2015). B-repeats are required for Xist coating, spreading and deposition of repressive 

chromatin marks by interacting with Polycomb (Almeida et al. 2017; Colognori et al. 2019) and 

heterogeneous nuclear ribonucleoprotein RNA-binding (hnRNP) proteins (Pintacuda et al. 2017); 

the B-repeats have been also recently found to regulate autosomal expression by Xist binding to 

promoters in 3D proximity from the Xist locus (Yao et al. 2025). C-repeats, and its interacting 

partner YY1, help tether Xist to the inactive X (Jeon and Lee 2011); C-repeats also promote the 

enrichment of hnRNPs to the inactive X (Helbig and Fackelmayer 2003; Chu et al. 2015; Minajigi 

et al. 2015). E-repeats give specificity towards the inactive X by interaction with CIP1-interacting 

zinc-finger protein 1 as its depletion results in Xist diffusion (Ridings-Figueroa et al. 2017; Sunwoo 
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et al. 2017).  Therefore, Xist/XIST is a scaffold molecule important for the recruitment of different 

ribonucleoproteins involved in X-linked gene silencing. 

After Xist/XIST expression, a simple diffuse mechanism ensure its spreading: it initially 

becomes enriched locally before spreading to specific genomic sites located in close 3D proximity 

of the Xist/XIST locus (Engreitz et al. 2013). Only after targeting a subset of entry sites, it then 

diffuses to the rest of the chromosome (Rodermund et al. 2021), leading to a cascade of different 

epigenetic mechanisms resulting in gene silencing (Figure 1-3). Knockout experiments revealed 

that SPEN is essential for initial gene silencing (Dossin et al. 2020) and for restricting Xist to the 

X chromosome by limiting Xist expression (Jachowicz et al. 2022). The loss of active histone 

marks (such as H3K27ac) is one of the first responses upon XCI. SPEN-induced silencing of a 

handful of genes is achieved by interacting with the histone deacetylase 3, prebound to the 

Figure 1.2. Xist is a multi-repeat long non-coding RNA involved in X chromosome inactivation. (A) Xist has six repeats, 
named A to F, which play different roles in X chromosome inactivation. The function of each domain is provided if 

available. Exons and introns are depicted. The figure was adapted from (Jacobson et al. 2022). (B) In the mouse, the 

first wave of X chromosome inactivation (XCI) is imprinted and the paternal X (Xp) is silenced, leaving the maternal X 
(Xm) active. Reactivation of the imprinted Xp occurs in the epiblast stage. (C) After reactivation, XCI is random. Mouse 

embryonic stem cells (mESCs) contain two active X chromosomes (Xa) expressing Tsix, which inhibits Xist from 

triggering XCI. Upon differentiation, random XCI occurs and Xist is upregulated from one of the X chromosomes which 
will become the inactive X (Xi). Figures B and C were adapted from (Loda et al. 2022).   
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inactive X (McHugh et al. 2015; Żylicz et al. 2019) but other mechanisms independently of the 

histone deacetylase 3 exist (Żylicz et al. 2019; Dossin et al. 2020). Histone acetylation is then 

replaced by the accumulation of monoubiquitylation of H2AK119 (H2AK119ub) through 

recruitment of the noncanonical Polycomb proteins via hnRNPs (Nesterova et al. 2019; Żylicz et 

al. 2019). Next, gene silencing becomes more prominent via trimethylation of H3K27 

(H3K27me3), also deposited by the Polycomb proteins. Finally, late epigenetic changes include 

dimethylation of H3K9 (Escamilla-Del-Arenal et al. 2013), accumulation of the histone variant 

macroH2A (Mermoud et al. 1999) and DNA methylation of CpG (cytosine residues preceding 

guanine nucleotides) islands (Norris, Brockdorff, and Rastan 1991; Gendrel et al. 2012). 

Figure 1.3. Mechanism of X chromosome inactivation. (Top) In vitro differentiation of mouse embryonic stem cells 

(mESCs) to epiblast-like stem cells (EpiLSCs) has revealed some mechanistic insights into inactivation of the X 

chromosome (bottom). 1. One of the earliest responses is removal of active chromatin marks (H3K27ac) by histone 
deacetylates 3 (HDAC3) which is activated by the protein SPEN, via Xist A repeats. 2. Silencing is also achieved by 

deposition of repressive marks (H3K27me3 and H2AK119Ub) by the Polycomb complexes. 3. The last steps of 

silencing include deposition of the histone H2A variant macroH2A, DNA methylation (DNAme) at CpG islands and 
deposition of H3K9me2. The illustration in the bottom was adapted from (Loda et al. 2022). 
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1.1.2.2 XCI as a dynamic process during development 

In mammals, dosage compensation of the X chromosome takes place during female 

embryonic development. XCI exists in two different flavors in the mouse: imprinted and random 

(Figure 1.2b-c). Imprinted XCI (iXCI) is the selective choice of one parental X chromosome, and 

in the mouse is always the paternal allele. On the other hand, during random XCI (rXCI), either X 

chromosome has the same probability to be chosen for inactivation, a phenomenon initially 

proposed by Lyon (Lyon 1961). As a result, females are said to be mosaic. Once XCI is 

established, the chosen allele is kept genetically inactivated and propagated through each cell 

division (Kaufmann and Wutz 2023).  

The choice of either X chromosome selection for inactivation is restricted to the 
developmental stage. In the mouse, the first wave of inactivation occurs shortly after zygotic 

genome activation in preimplantation embryos, which takes place between the 2- and 4-cell stage. 

At this point, iXCI is the default program and remains up until the late blastocyst stage (Harper, 

Fosten, and Monk 1982; Huynh and Lee 2003). Afterwards, the inactive X chromosome is 

reactivated rendering cells with two active Xs (Mak et al. 2004) but the iXCI remains in 

extraembryonic tissues (the trophoblast and the primitive endoderm) (Okamoto et al. 2004). After 

chromosome reactivation and at around the time of implantation, rXCI takes place in the cells of 

the epiblast, which will go on and form the embryo proper.  

XCI is elastic, demonstrating remarkable diversity across mammals. Compared to the 

monoallelic expression in the mouse, Xist coats both X chromosomes in the rabbit and therefore 

iXCI is not possible; this occurs at the 8-cell stage and monoallelic expression is seen from the 

blastocyst stage (Okamoto et al. 2011). Similar to the rabbit, the two X chromosomes are Xist-

coated in the pig at the blastocyst stage and no evidence of iXCI has been reported in the placenta 

(Zou et al. 2019). Similarly, in the horse and the mule, rXCI is found in the placenta with no 

information regarding Xist distribution (X. Wang et al. 2012). The story is completely different in 

marsupials. These mammals lack Xist and instead, another lncRNA with Xist-like features 

ensures XCI (Grant et al. 2012). The default program in marsupials is iXCI and starts from 

embryonic day (E) 3.5, concomitant with genome activation (Mahadevaiah et al. 2020); iXCI 

remains until the adult stages (X. Wang et al. 2014) implying that iXCI is the only mechanism of 

inactivation. These studies highlight the evolutionary diversification of dosage compensation and 

set the way for understanding how one process is tweaked for divergence across species.  

https://paperpile.com/c/IN3s5l/9n68
https://paperpile.com/c/IN3s5l/YAqC
https://paperpile.com/c/IN3s5l/AWX1+eGnI
https://paperpile.com/c/IN3s5l/AWX1+eGnI
https://paperpile.com/c/IN3s5l/sTBd
https://paperpile.com/c/IN3s5l/J95N
https://paperpile.com/c/IN3s5l/WO3K
https://paperpile.com/c/IN3s5l/wRtF
https://paperpile.com/c/IN3s5l/k2PL
https://paperpile.com/c/IN3s5l/wfQs
https://paperpile.com/c/IN3s5l/Qd35
https://paperpile.com/c/IN3s5l/yGi0


 

 26 

Despite high synteny and gene orthology between the mouse and the human (Mouse 
Genome Sequencing Consortium et al. 2002), the murine XCI insights cannot be fully scalable to 

humans and they require special consideration. Similar to rabbits, human embryos do not 

necessarily undergo iXCI as both X chromosomes are coated by XIST from the 8-cell stage 

(Okamoto et al. 2011; Petropoulos et al. 2016). However, iXCI is possible and will be a matter of 

discussion in section 1.3.1 Skewing of X chromosome inactivation. This evidence suggests 

that the choice of which human X to silence is downstream of XIST. In addition, other human-

specific factors play a role in XCI (Vallot et al. 2013). Single cell RNA sequencing of human 

embryos revealed a similar XCI process to that of the nematode (Meyer 2010): the transcriptional 

output of both X chromosome remained constant and similar to the male X suggesting that 

dampening, instead of inactivation, is responsible for dosage compensation in humans 

(Petropoulos et al. 2016). Importantly, discrepancies have been reported after reanalysis of the 

data provided by (Petropoulos et al. 2016) and dampening has been a matter of debate (Moreira 

de Mello et al. 2017; Reinius and Sandberg 2019). Closely related to humans, the two X 

chromosomes in female cynomolgus monkeys also exhibit XIST-coating at E7 which is resolved 

by XIST repression on the active X at around day 11 together with X chromosome upregulation, 

instead of dampening (Okamoto et al. 2021). Whether human X dampening is the actual 

mechanism requires further investigation but pinpoint to an evolutionary diversification of the XCI 

where dampening is not favored. 

Not only are the dynamics of XCI different across mammals but also gene silencing. In the 

mouse, silencing is achieved after about two rounds of cell division once XCI starts and occurs at 

a gene-to-gene basis with some genes being transcriptionally repressed earlier than others (Loda, 

Collombet, and Heard 2022; Severino et al. 2022). In the rabbit, both X chromosomes are initially 

downregulated —consistent with biallellic Xist expression— before gene upregulation from the 

active X kicks in (Okamoto et al. 2011). In the pig, silencing is also uncoupled from Xist expression 

as monoallelic expression is found at the late epiblast (Ramos-Ibeas et al. 2019). The exact onset 

of XCI in humans is not known but follows a similar trend to those of the rabbit and pig where 

gene silencing does not follow XIST expression (Petropoulos et al. 2016; Vallot et al. 2017; 

Alfeghaly et al. 2024). In the cynomolgus monkey both X chromosomes remain coated by XIST 

from day 7 and the dynamics of silencing differ between the lineages: in the placenta one XIST 

cloud is found at day 11 with gene-dependent monoallelic expression; the presence of one XIST 

cloud in the epiblast and hypoblast were completed by day 17 (Okamoto et al. 2021). All in all, 

the timing difference of silencing of the X chromosome is an intriguing area of research and 
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suggests that the timing of XCI is linked to species-specific onset of genome activation with iXCI 

present only in species with early silencing events (like the mouse and rabbit). Further 

establishments of other mammalian organisms will expand the field and refute or support that 

hypothesis. 

1.1.2.3 Structural organization of the X chromosome in females 

XCI does not only induce gene silencing on the X chromosome but also results in a 

reorganization of the X chromosome topology inside the nucleus and a shift in replication timing. 

Early work demonstrated the difference of chromatin structure between the sexes. A single 

“nucleolar satellite” close to the nucleolus was present only in the nuclei of neuron female cats, 

now known as the Barr body (Barr and Bertram 1949). Ten years later, it was recognized that the 

Barr body was indeed one of the two X chromosomes (S. Ohno and Hauschka 1960). These 

discoveries have laid the foundation to understand how XCI changes the structure of the inactive 

X. 

Apart from inducing gene silencing, Xist/XIST works by repositioning the chromosome 

within the nucleus, bringing it to and associating with the nucleolus (Barr and Bertram 1949; 

Belmont, Bignone, and Ts’o 1986; Rego et al. 2008). The localization of the inactive X seems 

dynamic as it can also be located at the nuclear lamina given that Xist itself interacts with the 

lamin B receptor (McHugh et al. 2015; C.-K. Chen et al. 2016). How important is and whether the 

positioning of the inactive X in specific nuclear compartments during XCI play a role in silencing 

are open but interesting questions.  

Topologically associating domains (TADs) are folded regions of the genome with high 
intra-domain chromatin interactions and advances in chromosome conformation techniques have 

allowed the understanding of how distant regions in the same chromosome, or even between 

chromosomes, interact together within the nucleus (Tena and Santos-Pereira 2021). As a 

transcriptionally dynamic entity, the active X chromosome contains several TADs involved in long-

range interactions whereas the inactive X is mostly depleted of them (Splinter et al. 2011). Instead, 

the inactive X is partitioned into two megadomains separated by the conserved microsatellite 

repeats locus Dxz4/DXZ4 (X. Deng et al. 2015; S. S. P. Rao et al. 2015; Giorgetti et al. 2016). 

The inactive X was initially discovered microscopically using chemical chromatin stainings 
(Barr and Bertram 1949; S. Ohno and Hauschka 1960). However, the most common methods 

nowadays are immunofluorescence (IF) and RNA fluorescence in vitro hybridization (RNA FISH). 
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IF takes advantage of the overrepresentation of the repressive mark H3K27me that, although is 

found across the genome, is mostly present in the inactive X and can be identified as a strong dot 

usually close to the nuclear periphery. On the other hand, RNA FISH uses a fluorescently labeled 

RNA probe that, in this case, specifically recognizes Xist/XIST, appearing as a large cloud in the 

nuclei. The addition of RNA probes hybridizing with monoallelic X-linked genes helps discern the 

active from the inactive allele; the use of DNA probes in DNA fluorescence in vitro hybridization 

(DNA FISH) can also help differentiate both alleles. 

1.1.2.4 Gene escapers from the inactive X chromosome  

A fascinating fact is that XCI is incomplete, leading to expression of some genes from the 

inactive X, known as escapers. Escapers are, by definition, biallelically expressed in females and 

are important female drivers in sexual dimorphism, homeostasis and disease. Escaper expression 

is not consistent and escapers have been classified into two major groups: escapers that are 

expressed in most tissues regardless of the cell type, developmental stage or between individuals 

are referred as “constitutive” and are usually conserved in mice and humans whereas genes 

escaping in a specific contexts are considered “facultative” (Galupa and Heard 2018; Fang, 

Disteche, and Berletch 2019; Peeters, Posynick, and Brown 2023). In that sense, facultative 

escapers initially undergo XCI and only become reactivated depending on the content in which 

they are needed (Carrel and Brown 2017). The commonly accepted cutoff to determine escaping 

is at least 10% expression of the gene residing in the inactive X in comparison to that same gene 

in the active X (Carrel and Willard 2005). The X chromosome contains around a thousand genes 

and the number of escaper genes in humans is estimated to be around 20% and much less in the 

mouse, with 3-8% (Berletch et al. 2015; Tukiainen et al. 2017).  

The most evident escaper genes are conserved genes usually found in the PARs together 

with gametologs, ancestral sex chromosomes genes that retained a copy on the Y allele (Bellott 

et al. 2014; Tukiainen et al. 2017). In males, the expression of the gametologs together with the 

conserved X-Y pair results in their double dose. The conservation of such genes during evolution, 

together with their roles in cellular processes such as splicing, transcription and translation (Bellott 

et al. 2014), clearly denotes their essentiality and ensures that escaping from inactivation in 

females attenuates a gene dosage imbalance between the sexes. These genes are, however, 

not the only escapers.  

An important consideration is the chromatin landscape defining escaping. As discussed 

previously, the lack of TADs in the inactive X implies a depletion of cis and trans chromatin 
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interactions, consistent with the lack of gene expression. It is therefore not surprising that 

escapers have a chromatin conformation and profile similar to those on the active X. Escapers 

retain chromatin marks associated with gene expression, including H3K27ac, without deposition 

of repressive histone marks (H2AK119ub, H3K27me3, macroH2A) (Balaton and Brown 2016). 

This is in part by the lack of Xist/XIST coating, suggesting that a mechanism impedes this lncRNA 

to act on them. In addition, specific features of the genomic location of these genes may dictate 

escaping in different ways. In the mouse, most of the escapers are distributed along the 

chromosome as single units whereas in humans they are encompassed as gene blocks (Lopes 

et al. 2011; Marks et al. 2015). This implies that local mechanisms promote escaping in single 

genes while in block-grouped genes, domain mechanisms serve as a reference. Two important 

elements determining gene silencing and escaping are widely recognized and are also applicable 

to XCI. Repetitive elements such as long-interspaced nuclear elements have been found to 

colocalize with loci prone to silencing and are absent in escaper regions. Alternatively, Alu 

elements are close to escaper genes and are known to contribute to gene expression (for a 

deeper insight on these elements on XCI, see (Peeters, Posynick, and Brown 2023)). 

A major consideration is the phenotypic importance of escaper genes. While a more 

detailed analysis is provided in 1.3 The X chromosome as a double balance, it is important to 

point out that if escapers as biallelically expressed genes are needed in female homeostasis, their 

misregulation should impair normal physiology and hence, can be considered as dosage 

sensitive. Individuals with sex chromosome aneuploidies are the perfect subject to understand 

the importance of escaper dosage. Indeed, many of their clinical manifestations have been 

attributed for a long time to escaper dysregulation whether this is a decrease (in the X0 Turner’s 

syndrome) or increased expression (in XXY Klinefelter’s syndrome or supernumerary X 

chromosome) (Navarro-Cobos, Balaton, and Brown 2020; Gravholt et al. 2023).  

Understanding the underlying mechanisms and requirements for genes resisting 

inactivation is an important avenue for expanding the world of gene regulation at the intersection 

of chromatin biology and its impact on sex differences.  

1.1.2.5 Regulation of XCI 

Cells with two active X chromosomes need to possess a regulatory network that controls 

when to silence one X. This section focuses on rXCI happening in the cells of the epiblast but 

does not underscore the importance of iXCI in the supporting extraembryonic tissues, especially 
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in light of novel mechanist insights of paternal X chromosome selection for imprinted inactivation 

(Wei et al. 2024). 

Much of the knowledge of XCI regulation comes from in vitro work of isolated mouse cells. 

More specifically, mouse embryonic stem cells (mESCs) have become an ideal system to 

understand XCI. mESCs are cells isolated from the epiblast of the inner cell mass of 

preimplantation embryos and share the same characteristics as their in vivo counterpart: they can 

be propagated indefinitely in vitro, are pluripotent and retain developmental potential, allowing 

scientists to differentiate them to many cell types in the laboratory (Czechanski et al. 2014). 

Pluripotency allows them to give rise to three germ layers that will generate a whole organism: 

endoderm, mesoderm and ectoderm. As such, mESCs are versatile and when transferred back 

to the embryo, they contribute to the germline. Consequently, these cells are exploited for the 

development of transgenic mouse models after clonal selection of genetically edited cells. mESCs 

are isolated from the developmental window after iXCI has been removed and the two female Xs 

are therefore active. As one would expect, when mESCs are differentiated, one X chromosome 

is chosen for silencing and XCI takes place. This is the key characteristic that represents mESCs, 

making them the ideal model to understand XCI dynamics in a dish. 

Considering that Xist upregulation is needed for XCI, a mechanism controlling its 
expression should exist. As such, the transcriptional regulation of Xist occurs at different levels. 

One important aspect is the genomic location of the lncRNA: Xist is part of a large locus known 

as the X inactivation center (XIC), the minimal critical region that is sufficient and necessary for 

XCI when at least two copies are present (Galupa and Heard 2018). Before XCI, TADs are also 

present in the future inactive X and Xist lies at the intersection of two important regulatory TADs: 

the promoter of this lncRNA is present in the activator TAD-E, containing protein-coding and non-

coding genes that promoter its expression; on the vicinity, the repressor TAD-D contains negative 

regulators of Xist expression (Nora et al. 2012) (an in-depth review of the XIC and its elements is 

presented elsewhere (Galupa and Heard 2018; Schwämmle and Schulz 2023)).  

One of the most studied repressors of Xist is Tsix, a lncRNA transcribed antisense of Xist. 

Xist is lowly expressed in mESCs, following a similar trend to their in vivo counterpart (Panning 

and Jaenisch 1996; Panning, Dausman, and Jaenisch 1997). The low Xist expression in mESCs 

is due through the deposition of repressive marks induced by Tsix expression (Sado, Hoki, and 

Sasaki 2005; Ohhata et al. 2015; Kesler, Adams, and Neuert 2025) together with instability of 

spliced Xist (Panning, Dausman, and Jaenisch 1997; Sheardown et al. 1997). Another layer of 
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regulation demonstrates that pluripotency is directly linked to X silencing. Pluripotency is 

controlled by a regulatory network that drives mESC identity with the transcription factors Oct4, 

Nanog and Sox2 as the main regulators (C.-Y. Chen et al. 2017). These factors are important 

negative regulators of XCI as they bind to Xist intron 1 in mESCs, repressing its expression 

(Navarro et al. 2008). Additionally, other pluripotency factors bind to Tsix, resulting in its 

upregulation (Navarro et al. 2010). In turn, the presence of two active X chromosomes stabilizes 

the pluripotency network (Schulz et al. 2014) by inhibition of MAPK signalling pathway and 

continuous expression of pluripotency factors, both mediated by X-linked genes (Genolet et al. 

2021). Upregulation of Xist upon differentiation is multidynamic: levels of pluripotency factors 

decrease suggesting that occupancy at the Xist and Tsix is limited allowing for Xist RNA to 

become stable. Moreover, activation of the MAPK signalling pathway is achieved by expression 

of the fibroblast growth factor family, directed by Oct4 (Kunath et al. 2007), and surrounding cells 

in the embryo (Kunath et al. 2007), implying that differentiation, and hence XCI, are to some extent 

autoinductive.  

The process of XCI is more than just gene silencing: it is a hierarchical framework involving 

many factors that need to properly act in time and space to ensure equilibrated X dosage between 

the sexes. Yet, some genes can resist inactivation and are therefore important regulators of sex 

differences in females. How these genes, and the X chromosome, achieve so will be a matter of 

debate in the following sections. 

1.2 Sex bias in the hallmarks of aging 
Aging is the decrease of cellular functions over time, comprising an organism’s integrity 

(López-Otín et al. 2013, 2023). It is increasingly evident that males and females across species 

do not age similarly. Depending on the species, the lifespan of one sex is favored (Xirocostas, 

Everingham, and Moles 2020). Several hypotheses have been proposed and addressed to 

understand sex-specific lifespan and one of them explores the sex chromosome complement 

(Austad and Fischer 2016). 

As introduced earlier, in the XY determination system, females are genetically XX while 

males harbor one X and one Y chromosome. The sex chromosome theory postulates that the 

heterogametic species, that is the XY males, have a shorter lifespan. Owing to the extra X 

chromosome, females are better at buffering the effect of sex-linked deleterious mutations 

whereas the same mutation in males would result in detrimental fitness or death. 
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In humans, women live on average 5 years longer than men (Rochelle et al. 2015). 
Paradoxically, women are more susceptible to health vulnerabilities and their healthspan worsens 

along aging (Austad 2006; Gordon and Hubbard 2020). As a matter of fact, age-associated 

illnesses are often sex-biased. For instance, higher death rates are seen in males within leading 

death-causing diseases, including but not limited to, heart diseases, cancer, septicemia and 

diabetes, while females die more from Alzheimer’s disease (AD) and stroke. In addition, females 

suffer more from autoimmunity than males and the prevalence of neurodegenerative diseases— 

such as Parkinson's disease and autism— is higher in men (Austad and Fischer 2016; Mauvais-

Jarvis et al. 2020). 

Understanding human aging from a genomics perspective is tricky for two main reasons. 
Women inclusion in clinical trials has been historically limited to preserve reproduction and the 

sex chromosomes are often omitted in genome-wide association studies (GWAS) (Mazure and 

Jones 2015; L. Sun et al. 2023). These two factors restrict the development and limit the 

application of current therapies, especially when a female bias disease is encountered. This is 

highly relevant when considering that sex-biased expression exists in human tissues (Oliva et al. 

2020), making it hard to link sex-specific effects and aging. 

The hallmarks of aging are a set of molecular features that identify different roots of aging. 
They are grouped into three different categories and possess a slight hierarchy. The primary 

hallmarks hinder genome, telomere, epigenetic, protein and autophagic functions, directly 

resulting in aging. The antagonistic ones aim to alleviate the damage from the primary hallmarks 

but their functions tend to be malignant over lifespan; they include nutrient sensing, mitochondria 

function and cellular senescence. Ultimately, when the consequence of damage are higher than 

the repair provided, the integrative hallmarks lead to stem cell pool exhaustion, chronic 

inflammation, dysbiosis and alteration of cell communication (López-Otín et al. 2013, 2023). 

Considering that aging is not an equal process between the sex, the following sections 
briefly discuss the hallmarks of aging in a sex-specific manner. A summary is provided in Figure 

1.4. 
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Figure 1.4. The sex-specific hallmarks of aging. One illustration per hallmark is provided; females are represented in green and 

males in yellow. Primary hallmarks are shown in light blue. Genomic instability results in Y chromosome loss in men and X 
chromosome loss in females. Males undergo telomere attrition faster than females as the TERT subunit of the telomerase complex 

is oestrogen-responsive. Epigenetic misregulations include Y chromosome hypermethylation and gene reactivation from the 

inactive X. Loss of proteostasis affects primarily men. Disabled macroautophagy is usually female-biased with lower activity in 

osteoblasts and skeletal muscle. Antagonistic hallmarks are depicted in beige. The onset of cellular senescence is earlier in males. 
Mitochondrial dysfunction in males is associated with impaired clearance of reactive oxygen species (ROS) and less production 

of antioxidants. Sex-specific nutrient sensing misregulation depends on the modulation of each pathway and the example shows 

oestradiol-mediated improved glucose tolerance in males. Integrative hallmarks are shown in light grey. Loss of stem cell potential 
is faster in males. Females have slower altered cellular communication by the increase in mitochondrial-derived microvesicles in 

aged astrocytes. Inflammaging affects males faster. Dysbiosis starts later in females because microbial diversity is affected by 

menopause. 
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1.2.1 Genomic instability 

Genome instability is the result of alterations at the DNA level posed by intrinsic and 

extrinsic cellular factors (Vijg and Suh 2013). Sex differences in the DNA damage response have 

been shown, especially in the context of aging. Gene expression profiling of DNA damage repair 

pathways showed that they tend to be upregulated in peripheral blood lymphocytes in old human 

males compared to females but these changes are not seen in young individuals (Rall-Scharpf et 

al. 2025), implying that these differences are specific to aging. Quantification of DNA damage, 

assessed by the replication stress marker γH2AX (Gagou, Zuazua-Villar, and Meuth 2010), was 

also higher in female cells (Rall-Scharpf et al. 2025). This is partially attributed to lower levels of 

the FANCD2 protein involved in resolving interstrand crosslinks in the Fanconi anemia (FA) 

pathway. The FA pathway is an interesting repair mechanism because mutated X-encoded 

factors of the pathway result in male-biased FA (Jung et al. 2020). The FA pathway is not the only 

affected system. A previous study demonstrated that human female lymphocytes have a 

decreased activity in repairing double-stranded breaks using the non-homologous end joining 

(NHEJ) pathway. More specifically, this was a consequence of decreased expression of ATM, 

BLM and KU70, players involved in the pathway (Rall-Scharpf et al. 2021). 

One of the consequences of unrepaired DNA damage is the generation of cells with 

different mutations or mosaic clones that, over time, become amplified and result in clonal 

mosaicism. Clonal mosaicism can be identified in a sex-specific fashion. Sex chromosome loss 

is the main form of somatic aneuploidies in humans, happening at a higher frequency in the elderly 

population and found primarily in blood cells (Guttenbach et al. 1995).  

In human males, loss of the Y chromosome (LOY) rapidly increases from around 50 years 

and the incidence can reach 25% with up to 95% of analyzed cells with LOY (Guttenbach et al. 

1995; Herens et al. 1999). LOY is correlated with diabetes, cardiovascular disease (CVD), AD, a 

shorter lifespan and other phenotypes (Dumanski et al. 2016; Forsberg et al. 2014). How does 

loss of a highly heterochromatic chromosome exert many diseases? And is LOY a cause or 

consequence of such phenotypes? (Maan et al. 2017) These have been two long-standing 

questions with some answers to them. Recently, a direct association between LOY in blood cells 

and non-hematological conditions has been described. Transplantation of hematopoietic stem 

cells (HSCs) with LOY to irradiated male mice led to cardiac malfunctioning and fibrosis as they 

aged (Sano et al. 2022). This reflects that Y-encoded genes regulate genes from other 

chromosomes, which is in agreement with previous reports (Dumanski et al. 2021; Sano et al. 

https://paperpile.com/c/IN3s5l/q5OU
https://paperpile.com/c/IN3s5l/5hH4
https://paperpile.com/c/IN3s5l/5hH4
https://paperpile.com/c/IN3s5l/hKHI
https://paperpile.com/c/IN3s5l/5hH4
https://paperpile.com/c/IN3s5l/ycBe
https://paperpile.com/c/IN3s5l/drNb
https://paperpile.com/c/IN3s5l/zutG
https://paperpile.com/c/IN3s5l/zutG+fqfG
https://paperpile.com/c/IN3s5l/zutG+fqfG
https://paperpile.com/c/IN3s5l/2Mz5+7L8f
https://paperpile.com/c/IN3s5l/G5r3
https://paperpile.com/c/IN3s5l/14UB
https://paperpile.com/c/IN3s5l/Wsk5+14UB+tsmF+f3uR


 

 35 

2022; Vermeulen et al. 2022; Celli et al. 2024). Finally, LOY is a clonal driver in uveal melanoma 

while in other types of cancer LOY is a consequence (M. Qi et al. 2023). What makes some cell 

types more sensitive to LOY than others is unclear but opens up new avenues for understanding 

Y-dependent gene regulation. 

In females, loss of the X chromosome (LOX) is more of a mystery box. The frequency of 

LOX is less than 3% in women younger than 40 years old that increases to more than 30% in 

women older than 80 years (A. Liu et al. 2023). While LOX can include partial chromosomal losses 

and gains, the most overrepresented event is the loss of one of the two Xs (Machiela et al. 2016). 

Cytological and sequencing approaches have revealed that the inactive X is the preferential lost 

allele (Abruzzo, Mayer, and Jacobs 1985; Machiela et al. 2016). The consequences of LOX are 

less known but some studies report an increased risk of lymphoid leukemia and acute tonsillitis 

(Zekavat et al. 2020; S.-H. Lin et al. 2021). Conversely, the story becomes more complex. LOX 

in acute myeloid leukemia has a favorable outcome (G. Chen et al. 2020). However, this was 

reported in the t(8;21) translocation, which is an underrepresented event in this type of leukemia 

(Reikvam et al. 2011). How LOX affects other types of leukemia is unknown. 

Advances in different sequencing technologies and integration of sex chromosomes will 
provide a better understanding of the causal mechanism between sex chromosome loss and 

aging (Muyas et al. 2024). 

1.2.2 Telomere attrition 

Located at the end of each chromosome, telomeres comprise a stretch of DNA repeats 

with associated nucleoproteins that protects chromosome ends from fusing and activating the 

DNA damage response pathways (Benetos et al. 2001). Telomeres shorten with each somatic 

cell division as DNA polymerase is unable to replicate them and eventually, cells undergo 

senescence or die (Harley, Futcher, and Greider 1990; Allsopp et al. 1995; López-Otín et al. 

2023). Telomere length measurements have shown that telomere shortening is an age-dependent 

event but whether sex is a biological variable is a topic of debate (Harley, Futcher, and Greider 

1990; Cawthon et al. 2003). However, some data point to sex-specific factors affecting primarily 

men. 

Telomere shortening can lead to chromosome aneuploidies with shorter and 

heterochromatic chromosomes, like the Y chromosome, having a higher frequency of being lost 

(Leach et al. 2004). While females harbor two X chromosomes that are larger than the Y allele, 
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the inactive X becomes heterochromatic upon XCI as previously discussed. Indeed, telomeres 

from the inactive X shorten at a faster rate than the active X during aging (Surrallés et al. 1999). 

More importantly, telomere shortening disrupts XCI maintenance by reducing the deposition of 

H3K27me3, allowing for the reactivation of genes that under normal XCI dynamics are silenced 

(Schoeftner et al. 2009). 

Dyskeratosis congenita is a disease characterized by defective telomerase activity. 

Mutations in the X-linked DKC1 gene lead to rapid telomere shortening in men (Mitchell, Wood, 

and Collins 1999). Women remain unaffected due to iXCI. Moreover, the telomerase subunits 

possess an estrogen-responsive element providing better clearance mechanisms in females of 

reactive oxygen species (ROS), important drivers of telomere shortening (Nawrot et al. 2004). 

Addressing the contribution of telomere shortening in aging is needed and the use of 

important models is important. Mouse models are not an ideal system to understand telomere-

mediated replicative aging. The telomerase activity in mice is higher compared to the restricted 

activity in human tissue and mouse telomeres are longer than those of humans (Gomes et al. 

2011; Horikawa et al. 2005). However, the introduction of relevant humanized mouse models 

resembling human telomere biology (Cheng et al. 2024; F. Zhang et al. 2025) will provide a better 

understanding of how exactly age-dependent telomere shortening affects each sex.  

1.2.3 Epigenetic alterations 

Epigenetics refers to the chemical modifications that alter gene expression without 

changing the DNA sequence itself. The study of different histone modifications falls under the 

umbrella of epigenetics and has revealed, for example, that decreasing acetylation levels of 

H4K16 in aged yeast cells increases lifespan (Dang et al. 2009). However, the most well-known 

epigenetic biomarker of aging is DNA methylation (DNAme), where CpG islands become 

methylated for gene silencing (Vitorakis and Piperi 2023). By integrating DNAme data on CpG 

islands from different tissues and cell types, trained machine learning algorithms can predict the 

biological age of the sample to be analyzed (of note, chronological age is the amount of years 

lived, that is different from the real biological age) (Hannum et al. 2013; Horvath 2013). These 

algorithms are known as epigenetic clocks and have been useful in identifying relevant 

differentially methylated regions that change over time as promising aging predictors. The lack of 

inclusion of sex chromosomes in sequencing analysis has limited the potential of these epigenetic 

clocks but some insights exist. In males, the majority of CpG regions analyzed on the Y 

chromosome become hypermethylated with age (Lund et al. 2020; Vidaki et al. 2021). Correlation 
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analysis showed, interestingly, that their hypomethylation decreases the risk of death (Lund et al. 

2020).  

In females, the process of XCI provides the perfect landscape to study epigenetic aging 

as re-expression of inactivated genes can take place. Gene reactivation is variable and dependent 

on the tissue context and the set of genes analyzed (Wareham et al. 1987; B. R. Migeon, 

Axelman, and Beggs 1988; Bennett-Baker, Wilkowski, and Burke 2003). For example, Xist 

expression levels were found to increase in some brain cell types but these results were not 

reproduced in another study (Hajdarovic et al. 2022; Eckersley-Maslin et al. 2024). However, 

increasing evidence suggests that derepression of the inactive X is a widespread mechanism in 

different aged tissues (Hoelzl et al. 2025). Additionally, while disruption of the heterochromatic 

context of the inactive X can stem from Xist misregulation (e.g., macroH2A localization is 

dispersed upon Xist loss (Csankovszki et al. 1999)), it is not the solely cause. For instance, 

laminar disruption in HSCs results in hypomethylation, chromatin relaxation and variable gene 

reactivation of the inactive X (Grigoryan et al. 2021). As such, the components that ensure X 

inactivation, regardless of whether they induce XCI or directly modify the chromatin landscape of 

the X to promote silencing, are important triggers for epigenetic alterations. 

While identifying the dynamics of epigenetic changes across the genome provide 
correlation with aging, mechanistic experiments that causally connect locus-specific methylation 

changes with aging and sex are still lacking. This is exemplified by the identification and, 

importantly, validation of the role of the sex chromosome dosage compensation of the fruit fly in 

longevity (Tennant et al. 2024). 

1.2.4 Loss of proteostasis 

Proteostasis regulates protein synthesis and folding, cellular location, maintenance and 

degradation (Dormann and Lemke 2024). The inability to keep the proteome in check is an age-

related process that fails to remove misfolded proteins and protein aggregates (Hipp, Kasturi, and 

Hartl 2019). One way to look at proteostasis is by evaluating degradation activity through the 26S 

proteasome, a eukaryotic large protease complex responsible for degrading the majority of 

proteins in the cells (Finley and Prado 2020). In this sense, by measuring the activity of specific 

proteins in the proteasome, it was reported that female mice have an overall higher tissue-specific 

proteasome activity than males, including the spinal cord, intestine, spleen and kidney but higher 

activity was seen in male kidney (Jenkins et al. 2020).  
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Proteostasis can also be assessed by protein turnover dynamics, the replacement of old 
proteins with newly synthesized ones. Turnover rates are different across mouse tissues (W. Li 

et al. 2025), suggesting that protein regulation is not the same organismically and tissue specificity 

has to be considered. For instance, compared to the heart and the liver, the protein turnover in 

the brain is less dynamic (N. R. Rao, Upadhyay, and Savas 2024). This is a double-edged sword 

because it can initially be interpreted as a slower aging process but it can become detrimental if 

spontaneously damaged proteins are present for longer. In fact, many proteins in the brain that 

are long-lasting are important in AD, a female-biased disease (X. Liu et al. 2024).  

Linked to protein turnover, degradation pathways can be informative in revealing key 
aspects of protein removal. Protein synthesis at the endoplasmic reticulum serves as a quality 

control of protein production: different stimuli can stress the cells and lead to accumulation of 

misfolded proteins; stressed cells, in turn, activate one major clearance pathway known as the 

unfolded protein response (UPR) (Xingyi Chen et al. 2023) which is gaining attention for its 

function in a sex-specific manner. In the adult nematodes, mechanisms to cope with proteostasis 

extend their lifespan in a male-specific fashion which is mediated by proteins acting in the sex 

determination pathway (Qu et al. 2025). However, this is context-dependent as XX hermaphrodite 

worms are more sensitive to activating the UPR from mitochondrial stress in the germline 

compared to X0 males (Charmpilas et al. 2024). These studies indicate that the source of protein 

stress dictates the benefits each sex experiences.  

In normal conditions, as well as cellular stress upon protein aggregation, the cells activate 
the ubiquitin-proteosome system (UPS) for protein elimination. Degradation of misfolded proteins 

is achieved by labeling them with long chains of activated ubiquitin (Lozada Ortiz et al. 2023). 

Mutations in the X-linked gene UBA1, responsible for ubiquitin activation for protein tagging, lead 

to the male-biased spinal muscular atrophy resulting in a shorter lifespan (X. H. Wang et al. 2020). 

Importantly, its impaired activity can be partially restored by small molecules usually used for 

treating rheumatoid arthritis, showing promising therapeutic potential (W. Yan et al. 2023). After 

ubiquitin activation, ubiquitin conjugation to E2 ligases serves as an intermediate step before 

tagging the targeted protein. Mutations in the responsible gene, UBQLN2, lead to X-linked 

intellectual disability affecting males (Nascimento et al. 2006; Zhao et al. 2016) as well as age-

associated dementia (H.-X. Deng et al. 2011), but the underlying aging conditions are not clear. 

The only loss-of-proteostasis-related phenotype affecting females, to my knowledge, involves the 

X-encoded deubiquitinase USP11, which removes ubiquitin chains from tagged proteins, 

promoting their stabilization (Chiang et al. 2021). USP11 is an escaper gene (X. Li et al. 2016) 
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important for neurogenesis (Chiang et al. 2021). Paradoxically, USP11 dephosphorylates the 

microtubuline-stabilizing Tau protein leading to Tau aggregation (Y. Yan et al. 2022). Tau 

aggregation is an important driver of AD, a female-biased disease, providing evidence of how the 

X complement plays a role in sex-biased brain pathologies.  

Developing therapies for ameliorating the symptoms of age-associated diseases is 

needed especially when proteins, as the key players in each of our cells, are affected. Importantly, 

some therapeutics approaches targeting enzymes involved in the UPS pathway have been 

reported (Liao et al. 2022; W. Yan et al. 2023). In addition, the X seems to be overrepresented in 

genes participating in proteostasis. In the future, drug repurposing, together with the identification 

and screening of factors contributing to proteostasis will be important, enabling in turn the 

development of targeted therapies against pathologies. 

1.2.5 Disable macroautophagy 

The delivery of the cell’s component to the lysosome refers to autophagy (Levine and 

Kroemer 2019). As proteins are also subjected to degradation, proteostasis is tightly linked to 

autophagy and therefore a positive correlation between the proteasome activity and autophagy is 

somewhat expected. Age-dependent decline in autophagy is, in part, due to reduced expression 

of autophagy-associated genes as well as autophagic activity (López-Otín et al. 2023). Reduced 

autophagic activity in aging organisms tends to be tissue-specific. In the adipose tissue, decrease 

in autophagic levels result in metabolic disorders with no sex specificity provided (Yamamuro et 

al. 2020). In the skeletal muscle and in osteoblasts, however, the activity is lower only in old 

female mice (Oliván et al. 2014; Camuzard et al. 2016). In aging male mice, on the other hand, 

autophagic activity in the blood increased, decreased in heart and had no effect in motor cortex 

neurons while it remained unchanged in old females (Carosi et al. 2025; Rodriguez and Stavoe 

2025).  

Selective degradation of cellular components is an alternative pathway known as 

chaperone-mediated autophagy (CMA) and declines as well during aging (Kaushik and Cuervo 

2018). One protein involved in this process, the lysosome-associated protein 2 splicing variant A 

is an X-encoded protein that is gaining attention in aging. Mutations in this gene result in Danon 

disease, characterized by impaired autophagy, affecting more males (Rowland et al. 2016). More 

recently, it was shown that the male murine aging brain and liver have a reduced CMA activity 

compared to females as a result of reduction in Lamp2a expression (Khawaja et al. 2025). The 

study also reported that lower levels of Xist expression correlates with higher CMA activity 
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(Khawaja et al. 2025). This study highlights the importance of how the heterochromatic 

environment of the inactive X provides female resilience.  

The integration of sex and tissue in the process of autophagy will be a key approach to 

understanding how the chromosome complement, hormones and relaxation of the inactive X 

contribute to a female resilience in the clearance of cellular compartments.  

1.2.6 Nutrient sensing dysregulation 

The ability to sense nutrients is an important characteristic of cells and known to be 

essential in regulating lifespan. The main nutrient sensors are the AMP-activated protein kinase 

(AMPK), sirtuins and mammalian target of rapamycin (mTOR) pathways.  

When the nutrient availability is low (e.g., during a fasting event), females have a higher 

basal activity of mTOR (Baar et al. 2016). Diminished mTOR activity either directly, indirectly, 

genetically or by chemical inhibition by rapamycin increases longevity in a wide range of species. 

For example, rapamycin extends the lifespan of female fruit flies (Bjedov et al. 2010) and induces 

increased autophagy in enterocytes (Regan et al. 2022). Additionally, deletion of the ribosomal 

protein S6, which is phosphorylated by mTOR, results in a female-specific increase of lifespan 

(Selman et al. 2009). This mutation is phenocopied as well in the worms (McQuary et al. 2016) 

and only in the adipose tissue of the fruit fly (P. Zhang et al. 2024).  

The AMPK pathway is known to suppress the mTOR pathway (González et al. 2020) and 

has sex-specific effects. Constant activation of the AMPK pathway, and therefore reduced mTOR 

activity, has a stronger lifespan effect in the female killifish (Ripa et al. 2023), in female rat livers 

(Gustavsson et al. 2010) and female oysters (Guévélou et al. 2013) which is consistent with the 

rapamycin-mediated inhibition of mTOR. However, the naturally high activity renders females less 

reactive of enhanced metabolic functions of AMPK (Astre et al. 2023).   

While these studies highlight the importance of specific players within the mTOR pathway, 

some are genetically induced and therefore more research is needed to understand how to 

translate those findings into actual applications. Moreover, whether genes encoded by the sex 

chromosomes play a role is unknown making it hard to link sex-specific gene products to nutrient 

sensing. Importantly, the sex hormone estrogen (S. Yang and Wang 2015) activates the AMPK 

pathway implying that the longer presence of this hormone in females may help explain, to some 

extent, female longevity.   
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1.2.7 Mitochondrial dysfunction 

Mitochondria are pleiotropic organelles. Not only are they the main producers of energy 

via respiration but they also generate ROS, iron-containing cofactors and are mediators of 

apoptosis; mitochondria are also central regulators of different metabolic pathways (Pahal et al. 

2025). As the primary organelle for cellular respiration and the generator of energy, properly 

working mitochondria are essential for cellular processes, especially in energetically demanding 

tissues. Therefore, the respiratory activity of the mitochondria is one approach to understanding 

the effects of age in a sex-specific fashion. 

Mitochondria are the house of the respiratory complexes needed to produce energy. For 
instance, respiratory activity is higher in peripheral blood cells of old human females compared to 

men (Mahapatra et al. 2024). In the mouse, a pan-atlas evaluating the activity of respiratory 

complexes in males and females across different tissues reported that, at a first glance, the activity 

of the respiratory complexes is generally similar between the sexes although some specificities 

exist (Sarver et al. 2024). Old male mice have a higher activity in the colon, lung, eyes, pancreas, 

kidney and heart where the adipose tissue, stomach and the majority of brain regions in females 

have a higher capacity (Sarver et al. 2024). This study clearly exemplifies the relationship of 

respiration and tissue at the sex level and offers a valuable collection of energetics across 

lifespan. Complementary to that, more efficient respiratory complexes reside in the brains of aging 

female baboon primates compared to those of males (Adekunbi et al. 2025). These findings have 

wide implications for understanding resilience of sex-specific diseases in the context of 

neurodegeneration and suggest an evolutionary preservation of female brain activity. How 

female-specific neurodegenerative diseases exhibit its sex-specific effect is unclear and 

underscore how they interfere with functions that make females resilient, especially in the context 

of female-biased diseases. Moreover, the generation of ROS as by-products of metabolic 

processes require antioxidants to keep them at proper amounts that do not compromise cellular 

functions through oxidative stress. In plasma, males have higher amounts of oxidative damage 

than females (Martínez de Toda et al. 2023; Y. Huang et al. 2025) suggesting that antioxidants 

are either more abundant in females or have a better role at protecting them from oxidative 

damage. 

Another way to look at age-specific mitochondrial dynamics is through their genome. 
Mitochondria contain their own DNA and are maternally transmitted through the germline 

highlighting a sexual benefit for females towards preserving the organelle for generational 
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inheritance (Tower, Pomatto, and Davies 2020). This dimorphism renders refined cellular 

processes acting on females including higher energy production, better clearance of ROS and 

better responses to mitochondrial-induced stress. In fact, men are worse at dealing with 

proapoptotic signals and ROS production, making them more prone to age-related illnesses 

(Ventura-Clapier et al. 2017). Finally, mitochondrial resilience via antioxidant expression in 

females can also be attributed to estrogen. This is demonstrated by estrogen administration to 

women experiencing a menopause-like state, reaching expression of antioxidants similar to 

females prior to menopause (Borrás et al. 2021). 

A handful of genes have been attributed to the better mitochondria and mitochondrial-
related functions. Gene expressions are decreased in menopause and their levels are increased 

upon estrogen administration; these autosomal-encoded antioxidants include superoxide 

dismutase 2, glutathione peroxidases and sestrin-2 (Borrás et al. 2021). The expression signature 

of those genes in males was not provided but it is important to investigate if estrogen would have 

the same effect on them. Two other autosomal and metabolic genes whose product act in the 

mitochondria, Hk2 and Pdk4, have increased expression by the presence of the Y chromosome 

and correlate with increased adiposity but the extent of their mechanism in XY mice is unclear 

(Xuqi Chen et al. 2013). As such, little proof exists of how sex chromosomes and their genes may 

benefit and protect mitochondria. Therefore, screens on how X- and Y-linked genes protect or 

affect mitochondrial function will be needed, especially in the context of metabolic disorders. 

1.2.8 Cellular senescence and inflammation 

Senescence is the permanent arrest of cell division and senescent cells are eliminated by 

means of the immune system via pro-inflammatory programs. The accumulation of senescent 

cells occurs at a greater incidence in males, hinting to better female-specific clearance pathways 

(Yousefzadeh et al. 2020). Aging amplifies the consequences of constant inflammation resulting 

in inflammaging, a pro-inflammatory condition with an unbalanced ratio of secreted inflammatory 

and anti-inflammatory cytokines. Indeed, a higher accumulation of senescent cells results in 

higher levels of pro-inflammatory molecules in males (Márquez et al. 2020). These outcomes can 

be, in part, supported by increased gene expression and chromatin accessibility in aging-related 

genes in immune cells; while these changes occur in both sexes, they are more pronounced in 

males (Márquez et al. 2020; Z. Huang et al. 2021). 

At the sex chromosome level, 15% of the gene content of the X chromosome accounts for 

immune-related genes (Bost et al. 2022). Additionally, a great proportion of brain genes are 
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expressed from the X chromosome and have been associated to sex bias in homeostasis, aging 

and disease (Skuse 2005; Abdulai-Saiku et al. 2025; Jiang et al. 2025). Therefore, it is no wonder 

why females have a greater immune robustness to fight off pathogens more efficiently, yet it 

makes them more prone to autoimmunity (Klein and Flanagan 2016). Moreover, certain regions 

of the brain, like the cortex and hippocampus, have higher inflammation levels in aging female 

mice (Cyr and de Rivero Vaccari 2023; Kang et al. 2024), suggesting that disrupted X 

chromosomal dynamics occur over time. Indeed, differential gene expression of aged female 

microglia compared to the ones in males revealed that female-biased genes are enriched in 

senescent and disease-associated signatures with genes encoded from both autosomal and sex 

chromosomes (Ocañas et al. 2023). Finally, normal physiology also results in sex-specific 

phenotypes. The constant remodeling the uterus undergoes with each reproductive cycle makes 

females prone to fibrosis and inflammation (Winkler et al. 2024). 

A more detailed explanation on the role of X chromosome misregulation is provided in 
1.2.3 Epigenetic alterations and 1.3 Epigenetic alterations, however the understanding of 

senescence and inflammaging in a sex-specific manner is needed as I believe that these 

processes are a direct manifestation of disease, important for the development of personalized 

medicine.  

1.2.9 Stem cell exhaustion 

Cells in the body are constantly exposed to damage, and it is imperative that stem cells in 

different tissues are able to proliferate and differentiate to keep a balanced environment. While 

little is known about how sex affects stem cell pools in different tissues, previous work has shown 

that hematopoietic, neural and muscle stem cells proliferate faster in female rodents, with 

estrogen playing a role (Dulken and Brunet 2015; Sullivan et al. 2025). 

Most of the information on stem cell aging comes from HSCs because, as part of the 

immune system, they are the progenitor cells of blood cells that circulate throughout the body. 

Aging disrupts a balanced HSC potential since cell division tends to be biased towards the myeloid 

lineage occurring earlier in females (Cho, Sieburg, and Muller-Sieburg 2008; C. Zhang et al. 

2025). In addition, aged male HSCs have a higher tendency to uncontrollably divide and result in 

leukemias (C. Zhang et al. 2025). However, aging HSCs are more quiescent and decreased their 

proliferation suggesting that additional mechanisms push less cycling HSCs into an active state 

(Lv et al. 2024; Scherer et al. 2025). 
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The analysis of different stem cell niches and integration of lineage tracing technologies, 
using sex as a variable, will provide a better understanding of how tissue-residing stem cells 

change over time and affect tissue homeostasis and function. 

1.2.10 Dysbiosis 

The commensal bacteria found in the mammalian gastrointestinal tract regulates nutrient 

absorption and digestion, protects against pathogens and synthesizes beneficial metabolites. 

More recently, the microbiome has gained attention because it can act a messenger to other 

organs highlighting it as a great area of interest (Jašarević, Morrison, and Bale 2016). 

Disruption of the microbiome can generally be evaluated from two different perspectives: 
bacterial communities and intestinal function. The microbiome of females is richer than that of 

males and remains stable until menopause (de la Cuesta-Zuluaga et al. 2019; Mayneris-Perxachs 

et al. 2020; X. Zhang et al. 2021). Similarly, remodeling of the microbiota during aging is sex-

specific, with implications in physiology. Old female mice have a higher abundance of taxonomic 

bacterial groups associated with mouse models of AD while probiotic-related taxa decreased in 

males but remained the same in females (Ma et al. 2020; Webster et al. 2022). A functional and 

healthy intestinal barrier permeability is needed to selectively allow the absorption of nutrients 

without the passage of bacteria, affecting not only the gut but also other systems. Female rodents 

have a reduced barrier integrity, leading to leakage of intestinal-derived bacterial products and in 

consequence inflammation (Webster et al. 2022; Quin et al. 2024). How this inflammation is dealt 

with is unknown, considering that inflammation is less abundant in females in the early stages of 

aging.  

While the consequences of the synergetic effect of an XX or XY genotype, in combination 
with the microbiome, has started to be studied, the introduction of aging as a variable is needed 

(Amato-Menker et al. 2024). Moreover, translating such findings is challenging but needed, 

considering that the microbiome is highly shaped by population-specific diets. 

1.2.11 Altered cellular communication 

The crosstalk between different cells in an organism is an important feature of responding 

to different stimuli, whether those are to maintain homeostasis or to induce cellular repair when 

an injury is made. Communication between cells can initially be hindered by a cell intrinsic factor 
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that can affect the expression of a certain ligand or receptor and therefore diminish or completely 

abrogate cell-cell interactions.  

Identification of cell types based on transcriptomic signature using single-cell sequencing 

allows for the identification of gene changes that can interfere with cell communication. Although 

they are limited, sex-specific findings have been reported. In the aging immune system, females 

experience increased expression of ligands that mediate the pathogenesis of autoimmunity, 

leading to its higher incidence in females (Z. Huang et al. 2021). In males, on the other hand, 

there is increased expression of ligands linked to tumorigenesis (Z. Huang et al. 2021) which can 

explain the male-biased incidence of cancer. The enhanced immunity response also occurs in 

the retina. In the eye, retinal glial cells have a more pronounced cell-cell communication due to 

increased expression of ligand-receptor pairs resulting in immune inflammation in the female 

retina (H. Liu et al. 2025). In aged female mice, the quality of the oocyte is compromised with its 

surrounding somatic cells because of communication decline between them; supplementation of 

melatonin helped maintain the germline-soma communication, which can be clinically relevant in 

reproductive-assisted technologies.  

Another form of communication, that is perhaps more long-range than the ones present 
previously, is through extracellular vesicles. These structures are lipid bilayer particles 

encapsulating different macromolecules and mediate cell-to-cell communication and transfer of 

molecules (Kumar et al. 2024); as such, they constitute an important source of communication 

between cells. The aging brain in female mice produces more astrocyte-derived vesicles than that 

of males, assessed by increased protein levels of the machinery that produces vesicles and more 

specifically, the vesicles were of mitochondrial origin (Y. Kim et al. 2022). What the vesicles 

contain and which cells they target has not been described but open up new avenues to 

understanding brain resilience and pathogenesis considering that females, compared to males, 

experience a higher vesicle-induced inflammatory response upon injury (Y. Li et al. 2023).  

1.3 The X chromosome as a double balance 

1.3.1 Skewing of X chromosome inactivation 

As introduced earlier, XCI generates mosaic female cells, each with a 50% probability of 

having either X chromosome inactivated. Skewing towards one allele, however, is possible and 

is either of embryo origin (direct) or acquired. Direct skewing involves the presence of mutation in 

regulators of or Xist/XIST itself, resulting in the inactivation of the chromosome with the mutated 
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gene (Plenge et al. 1997). Acquired skewing arises from the negative selection of cells expressing 

pathogenic X-linked variants from the outgrowth of WT cells (Barbara R. Migeon 2020). Skewing 

is generally beneficial to females: pathogenic variants affects males more frequently since they 

only have one X chromosome and unless the variant is lethal to them or females are homozygous, 

they tend to show little to no diseases at all as a result of skewed XCI towards the WT allele 

(Barbara R. Migeon 2020). Nonetheless, in some instances selective advantage to the mutant 

cells can also happen (Barbara R. Migeon 2020).  

When not influenced by deleterious mutations, XCI was initially thought to be a random 
process in young individuals (Amos-Landgraf et al. 2006; Bolduc et al. 2008), with skewing 

becoming more prominent during aging and correlating with CVD and cancer (Busque et al. 1996; 

Mengel-From et al. 2021; Roberts et al. 2022). However, advances in DNA sequencing 

technologies, coupled with parental genomes to generate haplotypes, have revealed that skewing 

in the population occurs at a frequency of nearly 1 women for every 50, which is more common 

than previously estimated (Shvetsova et al. 2019). One aspect of analyzing the transcriptome of 

cells with completely skewed XCI has allowed the identification of new gene escapers (Bjorn 

Gylemo, Bensberg, and Nestor 2025), expanding the list. Moreover, traceability of complete 

skewed inactivation along development helps understand the plasticity of escaping. A recent 

study using thymocytes with full skewed XCI and comparisons to XY and X0 samples, showed 

that previously identified escapers are dispensable during T cell development (Björn Gylemo et 

al. 2024). This is quite unexpected if one considers the noncanonical XCI dynamics in 

lymphocytes (Savarese et al. 2006; Syrett et al. 2017), which is a topic of discussion at the end 

of this section, but highlights the flexibility of XCI during differentiation in a cell type-specific 

fashion. 

1.3.2 Above and beyond: Xist/XIST roles outside of induction of XCI 

XCI renders a similar X-linked transcriptomic landscape between the sexes and yet, the 

regulation of the inactive X, in terms of Xist/XIST is unclear. Once inactivation and gene silencing 

have taken place, it was believed that the master regulator is indispensable for silencing. This 

was based on the observations that conditional deletion of Xist in mouse fibroblasts after XCI had 

occurred, resulted in no apparent reactivation of Pgk1 and Hprt genes from the inactive X by RNA 

FISH, genes that are subjected to silencing (Csankovszki et al. 1999). The development of more 

sensitive techniques challenged that notion. For example, by fluorescently tagging the inactive 

copy of the Mecp2 gene with EGFP, conditional and tissue-specific Xist deletion led to up to 5% 
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of neurons with EGFP signal suggesting that at least Mecp2 had been reactivated (Adrianse et 

al. 2018). These results were phenocopied in mouse HSCs where in vivo Xist deletion resulted in 

hematologic cancer (Yildirim et al. 2013). Human mammary stem cells lacking XIST after 

chromosome inactivation had increasing tumorigenic potential, in part due to the expression of X-

linked genes involved in chromatin remodeling and transcription (Richart et al. 2022). The 

previous experiments were carried out by genome editing approaches and point out to a 

protective role of the lncRNA in female homeostasis, however, understanding whereas the in vivo 

female epigenetic undergoes natural rearrangements is important to link female-specific 

mechanisms to homeostasis and disease. These studies highlight the contribution of Xist/XIST in 

maintaining the heterochromatin landscape of the inactive X after the initiation phase of XCI. 

However, while dysregulation of Xist/XIST induces the reactivation of some X-linked genes, the 

consequences are lineage-specific and become amplified upon stress (L. Yang et al. 2020). 

In vitro culturing of WT female cells from humans have different epigenetic profiles and 
natural loss of XIST, defined as erosion, is a common phenotype (Anguera et al. 2012; Brenes et 

al. 2021). Upregulation of oncogenes found in the X is correlated with XIST erosion (Anguera et 

al. 2012), supporting the previous evidence that Xist/XIST has a protective tumorigenic effect. Not 

only is the X content affected upon erosion but autosomal-encoded proteins also show a higher 

abundance and were found to be disease-relevant (Brenes et al. 2021). This is in agreement with 

the hypothesis that an imbalance of X-linked gene expression disrupts molecular networks, 

affecting an organism’s homeostasis (Gu and Walters 2017; Chunduri, Barthel, and Storchova 

2022). Whether erosion is a true epigenetic mechanism or an artifact of culturing female cells 

outside of its natural cellular environment is not known but it has provided important evidence of 

the consequences of misregulation of the inactive X. 

Finally, different lines of evidence have reported that Xist/XIST plays roles outside of 

inducing X silencing. Recently, some reports have shown that it also binds to autosomal genes 

that are in close spatial proximity to its locus (Dror et al. 2024; Yao et al. 2025), however these 

results come from cells resembling the preimplantation embryo and are not found in the soma. 

Moreover, one of the reasons why the onset of inflammation is delayed in females might be due 

to Xist as the lncRNA attenuates acute inflammation by translocating to the cytoplasm from the 

nucleus (Shenoda et al. 2021). Importantly, inflammation in males was reduced when cells 

overexpressed the 5’ of the XIST gene (Shenoda et al. 2021).  
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 Although they have largely relied on genetic manipulation, all those findings show how 
important keeping the inactive X chromosome in check is, to rely on a proper silencing and 

expression only of the escapers. The following sections therefore provide information on how 

escapers contribute to an array of positive, but also detrimental, phenotypes in females.  

 1.3.3 Sex bias in homeostasis  

The notion that female cells have an additional X that helps them deal with pathogenic 

mutations suggests that XCI is, in general, a female-beneficial event. One of the most obvious 

advantages is a protective effect in developing cancer. Except for gonadal and thyroid cancer, 

this disease is male-biased (Clocchiatti et al. 2016). Sequencing projects have revealed that the 

inactive X is highly mutated in cancer suggesting that inactivation of one allele buffers the 

expression of mutated proteins that promote cancer development (Jäger et al. 2013). This idea is 

supported by the interplay between the X chromosome and p53, a tumor suppressor protein 

(Hernández Borrero and El-Deiry 2021). Through direct interaction, p53 regulates XCI and loss-

of-function mutations in the TP53 gene perturb it (Delbridge et al. 2019). Moreover, the X 

chromosome encodes ubiquitinases and kinases which are regulators of p53 (Haupt et al. 2019). 

Finally, some escaper genes are known to act as tumor suppressor genes, providing enhanced 

protections in females (Dunford et al. 2017). Since males have only one X chromosome, cancer-

promoting mutations cannot be masked and ultimately result in cancer. However, a balance must 

be present. The X contains many oncogenes and XCI ensures that a proper dosage does not 

lead to enhanced cell proliferation (Anguera et al. 2012; Richart et al. 2022). On the other hand, 

the loss of the inactive X makes females prone to ovarian and breast cancer (Pageau et al. 2007; 

Chaligné et al. 2015). Collectively, these data support a selective pressure to ensure expression 

of functional X-linked cancer suppressor genes.  

Besides cancer, relaxation of the inactive X chromosome can be beneficial, although to 

some extent. Recent studies have shown that derepression of neural genes in specific regions of 

the brain confers advantage to age-associated memory decline (Gadek et al. 2025). Another 

example is considering the presence of the X chromosome, rather than its genes, in longevity. 

The lifespan of mice with an additional X chromosome, regardless of the gonads, is lengthened 

(E. J. Davis, Lobach, and Dubal 2019). These biological processes exemplified the protective 

effect of having an additional, yet almost transcriptionally silenced, X chromosome. However, the 

extra X chromosome can also have an opposing effect in female physiology. A correct gene 

dosage of escaper is needed for female homeostasis. The most clear example is seen in 
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individuals with sex chromosome aneuploidies, lacking or having one additional X chromosome, 

leading to Turner’s syndrome and Klinefelter’s syndrome, respectively; supernumerary X 

chromosome syndromes also exist (Tallaksen et al. 2023; Viuff et al. 2023).  

1.3.4 Sex bias in disease  

The clearest example involves the immune system as the X chromosome encodes 15% 

of immune-related genes (Bost et al. 2022). Mice with an extra X, independently of the gonads, 

have a greater susceptibility to suffer from autoimmune diseases (Smith-Bouvier et al. 2008). 

Moreover, individuals with multiple X chromosomes are more likely to develop lupus, an immune-

mediated disease, in comparison to XY, XX and X0 individuals (Vieira et al. 2024). This can be 

explained, in part, to the nature of the exceptional XCI process in lymphocytes. Generally, naïve 

lymphocyte cells lack the canonical Xist/XIST RNA cloud, which is only detectable upon antigen 

stimulation (Savarese et al. 2006; Syrett et al. 2017). Interestingly, the inactive X chromosome is 

largely dosage-compensated despite the lack of visible Xist/XIST RNA clouds; only a few genes 

that are relevant in the context of autoimmunity are biallelically expressed (Sierra et al. 2022; 

Forsyth et al. 2024). While the dynamics of XCI in the immune system do not seem to affect 

dosage compensation, it is plausible that it predisposes them to aberrant transcriptional programs 

over time.  

Not only the misregulation of XCI upon aging (see 1.2.3 Epigenetic alterations) but also 

its components add another layer of complexity. Beyond its role in inducing XCI, Xist/XIST can 

also attenuate inflammation as described previously (Shenoda et al. 2021), nonetheless this 

lncRNA and its associated proteins serve as autoantigens, resulting in the production of 

autoantibodies commonly found in lupus (Shenoda et al. 2021; Dou et al. 2024). Xist/XIST 

misregulation relaxes the heterochromatin on the inactive X and thus, gene reactivation takes 

place. The consequence of escaping of genes that are not normally considered as escapers can 

also lead to autoimmunity (Yu et al. 2021; Huret et al. 2024). 

1.3.5 Tissue-specific activity of gene escapers 

Understanding how X-linked genes promote female resilience is important and will lay a 

foundation to target them for therapeutic purposes, especially in the context of individuals 

harboring only one X chromosome. Only a handful of genes have been described with tissue-

specific roles.  
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Kdm6a is an X-linked histone demethylase, identified as a constitutive escape (Berletch 
et al. 2015; Tukiainen et al. 2017). Kdm6 expression is higher in CD4+ cells from XX individuals 

and its deletion ameliorates neuropathology symptoms in mouse models of multiple sclerosis, 

suggesting that escapers can be modulators of autoimmunity (Itoh et al. 2019). However, Kdm6a 

prevents female bladder cancer development and improves memory and learning when 

overexpressed in the brains of aging males (Kaneko and Li 2018; Shaw et al. 2023). Importantly, 

Kdm6 has been proposed a buffering protein in the later onset of AD in females (E. J. Davis et al. 

2020) 

Kdm5c is another sexually dimorphic X-linked demethylase with higher expression in XX 
cells (Berletch et al. 2015; Tukiainen et al. 2017). Dosage modulation of the extra copy of Kdm5c 

results in reduced fat content and body weight to that of males with a single copy (Link et al. 

2020). Moreover, Kdm5c and Kdm6a have been proposed to have a protective role to the 

coronary heart disease in young females (J. Li et al. 2014; S. Qi et al. 2021) 

These data demonstrate how the context of X chromosome escapers influence beneficial 
or detrimental outcomes. However, there is an incomplete understanding of how escaping from 

the inactive X contributes to disease manifestation in a sex-specific fashion during aging.  

1.4 Generation of chromosome aneuploidies 
Studying how any chromosome contributes to sexual dimorphism in aging as 

chromosomal entities, rather than their encoded genes, is challenging. Different methods have 

been developed from chemical inhibition of different mitotic proteins to DNA editing technologies. 

The following sections include a description of how these methods work. 

1.4.1 Microcell-mediated chromosome transfer 

One of the initial methods to generate cells with an additional chromosome was microcell-

mediated chromosome transfer. In this approach, human chromosomes from fibroblasts are 

tagged with a drug-resistant gene, followed by chemically induced micronucleation. These 

micronuclei are then enucleated generating microcells with intact plasma membranes. Fusing the 

microcells to recipient cells creates hybrid clones, which are further isolated by drug selection 

(Suzuki et al. 2020). Transferring the microcells to cancer cells allowed the identification and 

mapping of tumor suppressor genes when the growth of cancer cells was reduced (Kugoh, Ohira, 

and Oshimura 2015).  
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1.4.2 Centromere inactivation  

In the case of the Y chromosome, one initial method has been developed and is known 

as centromere inactivation. In humans, the centromere of autosomes and chromosome X contain 

the centromere proteins A and B that are recognized by the centromere protein C found in 

kinetochores, allowing chromosome segregation in each division. The Y chromosome stands out 

as it is the only human chromosome containing only the centromere protein A. Using this 

approach, inducible degradation of the centromere protein A leads to Y chromosome loss as no 

backup mechanisms, such as the centromere protein B in the remaining chromosomes, can 

account for proper segregation (Ly et al. 2017, 2019). 

Using this methodology, it has been shown that chromosome segregation errors result in 
Y chromosome micronucleation, chromosome shattering and DNA repair of the broken pieces. 

These events ultimately lead to chromothripsis and genomic instability and have been used as a 

proxy to study complex karyotypes commonly found in cancer (Ly et al. 2017, 2019).  

1.4.3 Chromosome-specific aneuploidies using CRISPR-Cas 

CRISPR stands for Clustered Regularly Interspaced Short Palindromic Repeats, a 

bacterial locus containing specific DNA sequences separated from one another. These 

sequences are DNA-derived viral pieces that bacteria have acquired from past infections. 

CRISPR uses the viral-transcribed RNA pieces, together with the CRISPR-associated protein 9 

(Cas9), to target viral DNA upon a new round of infection. Cas9 specifically targets the viral DNA 

by the presence of a protospacer adjacent motif (PAM) upstream of the complementary RNA 

base pairs in the viral genome. Once the viral sequence has been recognized, Cas9 induces 

double-stranded breaks (DSBs) in the target sequence, subsequently leading to its degradation. 

This is a mechanism used for bacteria to deal with pathogen infections. However, the CRISPR-

Cas system has been exploited since the RNA pieces can be programmable into a single guide 

RNA (gRNA), making any sequence with a PAM-specific motif targetable. Many Cas proteins 

exist, nonetheless Cas9 has been the most adaptable Cas protein (J. Y. Wang and Doudna 2023).  

The identification of repetitive sequences along the mouse Y chromosome, and in the 

centromere, have allowed the use of the CRISPR-Cas9 technology to induce massive DSBs that 

ultimately result in chromosome elimination, a process termed chromosome shredding 

(Adikusuma et al. 2017). This technology has been used to generate both female X0 mice from 

XY zygotes and embryos as well as the elimination of an extra chromosome 14 in mouse 
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embryonic stem cells and an extra chromosome 21 in human pluripotent stem cells (Zuo et al. 

2017). Moreover, this technique was used to causally link LOY and aging in HSCs (Sano et al. 

2022).  

Engineering of the CRISPR-Cas9 includes the catalytic inactivation of Cas9 by mutating 

the amino acids required for cleavage activity. This dead version can then be coupled to 

transcriptional activators or repressors to tweak gene-specific transcription programs (Gilbert et 

al. 2013; L. S. Qi et al. 2013). In humans, tethering a mutated kinetochore protein to a catalytically 

inactive Cas9 protein, together with chromosome-specific gRNAs has enabled partial and whole 

human chromosomes aneuploidies (Bosco et al. 2023; Truong et al. 2023).   
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2. Aim of thesis  
Different methods have been applied to generate chromosome-specific aneuploidies. Yet, 

while some of them have been shown to induce X chromosome aneuploidies, they have some 

caveats (Zuo et al. 2017; Bosco et al. 2023). 

First, female cells contain two X chromosomes and therefore, it is essential to be able to 

differentiate the two parental alleles. This is important in a sequence-dependent targeting, such 

as in the CRISPR-Cas system. The presence of single nucleotide polymorphisms ensures that 

allele-specific gRNAs bring Cas9 to one X chromosome and target it, leaving the other X 

chromosome intact. In this sense, this approach has an advantage as the targeting relies only on 

endogenous sequences. 

Second, the previous methods to generate aneuploid cells rely on clonal expansion and 

cell line verification (Viuff et al. 2023). This limits the study of the initial consequences upon 

aneuploidy because only adaptation events, rather than acute effects, can be studied. Therefore, 

an inducible approach where the expression of the targeting system can be controlled provides a 

powerful tool to understand chromosome aneuploidies at one specific time. 

Finally, identifying the most suitable system is important. Generation of X chromosome 

aneuploidies has been reported by fusing a mutant kinetochore protein to a catalytically inactive 

Cas9. In this system, the chromosome recognized by the gRNA-Cas9 complex is missegregated 

by the destabilization of the kinetochore-microtubule interaction with the mutant kinetochore 

protein (Bosco et al. 2023). The experiments relied, however, on human colonic epithelial cells 

and retinal pigment epithelial cells suggesting that the consequences of aneuploidy can be cell-

type specific. While induced pluripotent cells (iPSCs) can be obtained from the said epithelial 

cells, the reactivation of the inactive X by erosion (see page 47) in iPSCs changes the gene 

expression of the cells, hindering its application (Brenes et al. 2021). Instead, mESCs are a better 

system for our project for several reasons. Firstly, these cells are isolated from the epiblast of the 

inner cell mass of preimplantation embryos and share the same characteristics as their in vivo 

counterpart. Secondly, similar to iPSCs, they can be propagated indefinitely in vitro and retain 

developmental potential, allowing scientists to differentiate them to many cell types in a dish 

(Czechanski et al. 2014). Specifically, the use of female hybrid cells is essential. Hybrid mESCs 

are isolated from the first-generation offspring by crossing two genetically distant inbred strains. 

This is a major advantage because we gain allele resolution, allowing us to target only one allele—
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either autosomal or sex chromosome—of each chromosomal pair. Third, mESCs can be 

transferred back to an embryo and generate mouse models (Takahashi et al. 2023). Lastly, 

genome editing in mESCs is relatively easy compared to other cellular systems. For instance, 

gene delivery in cells isolated from human and adult tissues requires optimization of gene delivery 

and editing; more importantly, they undergo senescence (Z. Zhang et al. 2024).  

The aim of my PhD project was to develop an inducible system for the targeting of one X 

chromosome in mESCs. Previously, unique gRNA sites in the X chromosome of the C57BL/6 

mouse genome were reported and used for chromosome shredding to generate X0 mice from XX 

(Zuo et al. 2017). We exploited the unique sites in the X chromosome to target the XBl6 allele in 

female cells. Therefore, we used hybrid mESCs of the cross of female C3H/HeJ with male 

C57BL/6 (referred as C3H/Bl6 from now on) which are strains distantly related in evolution with 

sufficient numbers of polymorphisms to distinguish each parental allele. To reach our aim, 

C3H/Bl6 mESC cultures were established and cells were characterized to further use females to 

establish our inducible CRISPR-targeting system for X chromosome shredding. Ultimately, this 

system will make it possible to link the contribution of the second and inactive X chromosome to 

sexual dimorphism in aging.  
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3. Results 
3.1  Generation of targeting vectors 

To enable X chromosome targeting in a timely manner, we generated plasmids from a 

previously generated mouse line (available in the lab of Dr. Joan Barau, IMB Mainz) that allows 

the Cre-dependent expression of Cas9 (Platt et al. 2014). In brief, in this mouse line, Cas9 and 

EGFP are produced as two different proteins from the same transcript via a T2A ribosome 

skipping event (Donnelly, Hughes, et al. 2001; Donnelly, Luke, et al. 2001). Upstream of the Cas9-

T2A-EGFP cassette, three polyadenylation sites are present and are flanked by loxP sites. Under 

normal conditions, the presence of the polyadenylation sites hinders the translation of Cas9 and 

EGFP. Their transcription is inducible only by the presence of the protein Cre recombinase, which 

recognizes the loxP sites flanking the polyadenylation sites, removing them by DNA 

recombination. Only after loxP site removal, the Cas9-T2A-EGFP transcript is expressed. We 

then inserted the previously published Bl6-specific gRNA (referred to as gRNA X-C in (Zuo et al. 

2017)) in the construct under the human U6 promoter, commonly used for driving the constitutive 

expression of gRNAs. We designated this construct as the shredder system.  

We employed two different inducible systems to generate X chromosome aneuploidies, 

differing in the integration approach and the promoters driving the expression of Cas9-T2A-EGFP. 

3.1.1 X chromosome shredder donor plasmid for Rosa26 targeting 

 The Rosa26 locus is a commonly used harboring genomic site for single-copy transgene 

insertion, as the locus transcribes RNAs with no coding potential. Moreover, modification of the 

WT loci does not result in any abnormal phenotype in mice (Zambrowicz et al. 1997), making it a 

safe genomic location for transgene insertion. The Rosa26 locus is lowly expressed and its 

promoter can be used to drive the expression of the desired transgenes. This is one of the major 

advantages of using the Rosa26 locus as transgene expression using highly active promoters 

can result in gene silencing (Cabrera et al. 2022).  
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Figure 3.1. Vectors for targeting the Rosa26 loci. (A) Shredder construct containing three polyadenylation sites (pA) 
flanked by loxP sites. Downstream of the pA sites, the coding sequence of the protein Cas9 is tethered to a T2A and 

the coding sequence of EGFP. The Bl6-specific gRNA is constitutively expressed. The shredder fragment is flanked on 

both ends by the Rosa26 homology arms. (B) CreERT2 recombinase vector for loxP site recombination. The fused 
protein is flanked on both ends by the Rosa26 homology arms. (C) Plasmid encoding the two TALEN proteins for 

Rosa26 targeting. The ELD TALEN protein targets the forward strand while KKR TALEN targets the reverse strand. 

(D) Puromycin-resistance (PuroR) vector for selecting transfected cells. The plasmid encodes a truncated version of 
puromycin-resistant protein. The TALEN proteins target as well the red sequence in the reporter vector. (E) (left) Bl6 

gRNA is expressed at all times and CreERT2 is present in the nucleus. (middle) Upon 4-hydrotamoxifen (4-OHT) 

addition, CreERT2 is translocated to the nucleus, recombining the loxP sites flanking the pA site. (right) Cas9-T2A-

EGFP is then translated and present in the cells. The TALENs targeting the Rosa26 loci as well as the puromycin 

reporter vector have been previously reported in (Flemr and Bühler 2015) and were kindly donated. The fragments for 

bacterial amplification are omitted. 

https://paperpile.com/c/IN3s5l/i5VC


 

 57 

My supervisor, Prof. Dr. Claudia Keller Valsecchi, initially constructed the shredder vector 
with homology arms to the Rosa26 loci, aiming to integrate the construct in one of the parental 

alleles (Figure 3.1a). The second other allele is engineered to encode a modified version of Cre 

recombinase protein that will remove the loxP sites (Figure 3.1b), using a plasmid previously 

reported and kindly donated from Marc Bühler (Flemr and Bühler 2015). Fusion of Cre to a 

mutated version of the human estrogen receptor, ERT2, results in Cre-ERT2. Cre-ERT2 is 

normally present in the cytoplasm and upon addition of tamoxifen, which recognizes and binds to 

ERT2, the fused protein translocates to the nucleus. Only then, the Cre recombinase protein is 

able to mediate loxP site recombination (Feil et al. 1997; Indra et al. 1999) (Figure 3.1e). 

In this setup, targeting of the Rosa26 alleles cannot be aided by generating a double 
stranded break with the standard CRISPR system because the Bl6 gRNA is constitutively 

expressed and X chromosome shredding would be induced from the donor vectors as soon as 

the Cas9 protein is present. Therefore, we employed another cutting strategy using transcription 

activator-like effector nucleases (TALENs). In this approach, previously reported TALENs 

proteins target Rosa26-specific sequences in exon 1 similarly to CRISPR (Figure 3.1c) (Flemr 

and Bühler 2015). A selection strategy is employed to enrich cells after transfection and gene 

targeting (Figure 3.1d). The Rosa26 TALENs, besides targeting the endogenous Rosa26 loci, 

also target a truncated version of a puromycin-resistance reporter. Once the puromycin-

resistance reporter plasmid has been targeted and after homologous recombination has taken 

place, the WT puromycin-resistance sequence is restored and growth in puromycin-containing 

medium is possible. The TALEN Rosa26 targeting and puromycin reporter vectors have been 

previously designed, reported and were kindly donated from Marc Bühler (Flemr and Bühler 

2015). 

This approach renders five plasmids: the shredder vector, the Cre-ERT2 plasmids, two 

Rosa26 TALEN vectors (one for each strand) and the puromycin selection plasmid. To reduce 

the number of plasmids, I generated one single TALEN plasmid containing both TALEN nucleases 

separated by a T2A skipping event. An illustration of TALENs targeting and cell selection after 

transfection is presented in Figure 3.2. 
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Figure 3.2. TALEN-mediated Rosa26 targeting approach. Once transfected (1) the TALEN proteins will target a specific 

region within exon 1 of the Rosa26 locus (left) as well as the reporter vector (right) that will result in double stranded 
breaks (DSBs) and homology-directed repair (HDR). (2) In the case of the Rosa26 targeting, the DSBs are repaired by 

recombination via the homology arms present in the donor plasmids; the puromycin-resistant (PuroR) reporter plasmid 

will under recombination with the downstream sequence after TALEN targeting. (3) The result of homologous 

recombination is expected to generate one Rosa26 allele containing the shredder construct and one allele with the 
CreERT2 sequence while in the reporter a full PuroR cassette will be generated. The TALENs targeting the Rosa26 

loci as well as the puromycin reporter vector have been previously reported in (Flemr and Bühler 2015) and were kindly 

donated. The fragments for bacterial amplification are omitted. 
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3.1.2 X chromosome shredder piggyBac plasmid for transposition 

 Gene targeting in mESCs is a low-efficiency process as cells prefer NHEJ over 

homologous-mediated repair (Miyaoka et al. 2016). Therefore, we also employed a transposon 

strategy.  

The shredder construct from the Rosa26 donor plasmid was cloned into a piggyBac 
backbone containing terminal inverted repeats flanking the construct. The terminal repeats are 

recognized by a transposase which excises the inverted repeats out, along with the cargo (the 

shredder system in our case), and integrates the fragment into the host genome. The integration 

is not completely random as the transposase targets 5’-TTAA-3’ sites. The original shredder 

Figure 3.3. Vectors for transposition of the shredder construct.(A) Cargo: shredder construct under the human EF1a 

promoter containing three polyadenylation sites (pA) flanked by loxP sites. Downstream of the pA sites, the coding 
sequence of the Cas9 protein is tethered to a T2A-EGFP coding sequence. The Bl6-specific gRNA is constitutively 

expressed by the human U6 promoter. Upstream of the shredder construct, a blasticidin-resistance cassette (BlastiR) 

is present. The cargo is flanked by 3’ and 5’ terminal repeats (TR). (B) Hyperactive piggyBac transposase sequence 
(hyPBase) is expressed under the cytomegalovirus promoter (CMV) (C) Mechanism of transposition: 1. The 

transposase recognizes the TRs and 2. excises them out, including the cargo, of the vector. 3. The transposase 

integrates the cargo in a random 5’-TTAA3-’ genomic region. 
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construct does not contain a promoter as it relies on that from the Rosa26 locus so the human 

EF1a promoter was added upstream of the polyadenylation sites. In addition, a blasticidin-

resistance cassette was added to enrich for transfected cells (Figure 3.3). 

3.2  Establishment of hybrid mESCs 

3.2.1 Derivation of hybrid C3H/Bl6 mESCs 

Traditionally, mESCs were derived using medium containing fetal calf or bovine serum on 

a layer of mitotically inactivated fibroblasts (feeders) that provide trophic factors for ESC growth 

and pluripotency maintenance. The replacement of feeders with gelatin and supplementation of 

leukaemia inhibitor factor (LIF) provided the minimum and essential factors for self-renewal of 

mESCs (Williams et al. 1988). However, ESC cultures grown in these conditions contain a 

heterogeneous population of pluripotent cells and only classical inbred mouse strains (typically of 

the 129 background) can be derived in serum conditions without feeders and LIF (Gardner and 

Brook 1997). Efforts to derive mESCs from non-classical strains have resulted in the development 

of the known 2i medium supplemented with LIF. The addition of two small molecules (Ying et al. 

2008), inhibiting the FGF/ERK signal transduction pathway and activating the WNT pathway by 

inhibition of the GSK3 protein, have allowed the derivation, stabilization and propagation of 

different mammalian ESCs, making it the go-to medium for ESCs; the 2i/LIF medium is also 

supplemented with lipids supporting pluripotency maintenance (Zhong et al. 2023). Canonical 

mESCs used in the field are typically isogenic 129 or C57BL/6 cells of XY karyotype, or XX 

129/Cast hybrids, for which culture conditions are established. Culture conditions and growth 

factor requirements, however, vary between mouse strains (Ortmann et al. 2020). We therefore 

chose to grow cells in the traditional serum medium supplemented with LIF on a layer of feeders. 

We obtained cryopreserved 2-cell stage C3H/Bl6 embryos from the Janvier company and 

cultured them until the blastocyst stage, after which they were allowed to hatch and form 

outgrowths on a layer of feeders under serum/LIF. We chose these culture conditions because 

they promote a stable karyotype and genomic stability (Guo et al. 2018), which are important for 

the generation of a mouse model and critical points to answer our questions. Once outgrowths 

were visible, mESCs from each embryo were picked and expanded, where four of them could be 

stabilized to establish cell lines (Figure 3.4). 
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3.2.2 The X chromosome content remains stable over passaging in C3H/Bl6 
mESCs 

X chromosome instability in female cells is a common phenomenon of in vitro mESC 

cultures (Robertson, Evans, and Kaufman 1983; Rastan and Robertson 1985; Kawase et al. 

1994; Keniry et al. 2022). Having established the four C3H/Bl6 cell lines, we used DNA FISH to 

evaluate the X chromosomal content in the cells over passaging. Having female cells with an 

euploid X chromosome content is of great importance considering the focus of our project. DNA 

FISH uses a fluorescent probe that is complementary to one specific locus in the genome of 

interest; the DNA:fluorescent probe complex can then be visualized by microscopy. In the case 

of the X chromosome, one dot is expected to be present in males and two dots in females as 

each dot represents one specific locus within the X chromosome. In this sense, DNA FISH also 

allows us to genotype the cells based on the number of X chromosome dots. In addition, we used 

chromosome 6 as an euploid autosomal control, which is visualized as two dots.  

We chose three different passages: early (p9 for cell lines 1-3 and p11 for cell line 4), 
medium (p14 for cell lines 1-3 and p16 for cell line 4) and late (p24 for cell lines 1-3 and p26 for 

cell line 4) and performed DNA FISH, followed by confocal microscopy and analysis, on the cells. 

DNA FISH revealed that lines 1 and 3 contain two X chromosomes while lines 2 and 4 have only 

one X chromosome. Moreover, around 80% of cells of lines 1 and 3 remained XX over long 

passaging, suggesting that the culture conditions chosen by us do not profoundly affect the 

stability of the X chromosome (Figure 3.5a, 3.5c). As expected, chromosome 6 remained euploid 

over time (Figure 3.5b). 

Figure 3.4. Derivation of C3H/Bl6 mouse embryonic stem cells. 2-cell stage embryos were obtained and cultured until 

the blastocyst stage before transferring to feeder plates in serum/LIF. Over time, outgrowths were identified and single 

colonies were picked and expanded. A representative picture is presented. Scale bar: 277.5 µm 
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3.2.3 Karyotype by long-read sequencing 

After identification of the X chromosomal stability in the hybrids upon passaging, we 
confirmed the sex and determined karyotype of the cells by Oxford Nanopore long-read 

sequencing; we compared our cells to gDNA extracted from lung tissues of isogenic C57BL/6 

male or female mice. After running quality control metrics, removing sequencing adapters and 

mapping to the mouse genome, we found that reads from cell lines 2 and 4 were similar to the 

lung male samples with almost 50% of the reads mapping to Y chromosome (Figure 3.6a). This 

Figure 3.5. The X chromosome remains stable over passaging in C3H/Bl6 mESCs. (A) Bar plots showing the proportion 

of cells per line with one or two chromosome X dots in terms of percentage (three biological replicates, 240 total cells 
were counted). (B) Bar plots showing the proportion of cells per line with one or two chromosome 6 dots in terms of 

percentage (three biological replicates, 240 total cells were counted). (C) Representative Z-stack microscopy image of 

female (left) or male (right) cells with one or two X chromosome dots (in green) or chromosome 6 (grey dots). Scale 
bar: 10 µm. 
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result supported the DNA FISH counting where those cell lines had one X chromosome dot 

Figure 3.6. Sex chromosome content and karyotype of C3H/Bl6 mESC by long-read sequencing. (A) Bar plots showing 
the ratio of reads from C3H/Bl6 cells or mouse tissues mapped to the X or Y chromosomes. (B) Bar plots showing the 

ratio of C3H/Bl6 chromosome number over mouse tissues. A value of 1 represents chromosome diploidy. 



 

 64 

(Figure 3.5a). Female cell lines 1 and 3 had almost all reads mapping to the X chromosome as 

expected by the DNA FISH results. The approximately 5% reads that mapped to the Y 

chromosome in females or the increase of the X reads in males could represent sequences with 

high degree of homology (PARs, for example). 

We also evaluated the karyotype of the autosomes by dividing the ratio of autosome reads 

in the hybrids over the reads from the tissue samples. Out of the male lines, cell line 4 had the 

most euploid karyotype with most of the chromosome reaching a value of 1. In females, both lines 

had ratio values of 1.5 for chromosome 8 in cell line 1 and 1.5 for chromosome 9 in cell line 3 

suggesting an extra copy of chromosome 8 and 9 in cell lines 1 and 3, respectively. Trisomy of 

chromosome 8 is a common aneuploidy of in vitro mESC cultures that is selected in the population 

as it provides a proliferative advantage over a WT karyotype (Y. M. Kim et al. 2013).  

3.3  Characterization of the C3H/Bl6 mESC lines  
The C3H/Bl6 mESCs have not been previously reported in the literature. Therefore, we 

verified that the C3H/Bl6 cells we isolated behave like typical mESC in terms of pluripotency and 

differentiation potential. Moreover, since we are interested in the X chromosome, we verified 

whether the X chromosomal dynamics can also be recapitulated in these cells. 

3.3.1 C3H/Bl6 cells are pluripotent mESCs 

Pluripotency, the inherited characteristic of mESCs to give rise to three germ layers 

(endoderm, mesoderm and ectoderm), is controlled by the regulatory network driving mESC 

identity with the transcription factors Oct4, Nanog and Sox2 as the main regulators (C.-Y. Chen 

et al. 2017).  

We used retrotranscriptase quantitative PCR (RT-qPCR) to quantify the relative RNA 
levels of pluripotency markers and compared them to fibroblasts, a terminally-differentiated cell 

type. Contrary to fibroblasts, all four cell lines expressed pluripotency markers (Figure 3.7a). 

mESCs cultured in serum/LIF fluctuate in and out of the pluripotency network (Hackett and Surani 

2014), so we also tested the expression of some genes associated to the three germ layers. 

Genes from the ectoderm layer had the highest expression among the three germ layers, yet 

pluripotency genes were the most highly expressed genes (Figure 3.7a). At the protein level, 

Nanog was present in the nuclei of the mESCs and the pluripotency-related epithelial cadherin 

was present at the rim of the colonies. These stainings did not colocalize with F-actin filaments 
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which are present in feeder cells, supporting the stem cell specificity of the Nanog and epithelial 

cadherin stainings (Figure 3.7b). These results showed that the C3H/Bl6 cells express 

pluripotency genes and have a minor differentiation bias towards the germ layers. 

Figure 3.7. C3H/Bl6 mESCs express pluripotent-specific genes. (A) Bar plots showing the relative RNA levels of some 

genes associated with pluripotency or germ layers. Each dot represents one biological replicate. TBP, Rplp0 and Hprt 

were used as normalization genes. (B) Representative merged immunofluorescence images of mESC colonies stained 
with antibodies anti-Nanog or anti-E-cadherin; phalloidin was used to stain F-actin filaments present in feeders. E-

cadherin: epithelial cadherin. MEFs, mouse embryonic fibroblasts. Scale bar: 10 µm. 
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3.3.2 C3H/Bl6 mESCs exhibit developmental potential for the germ layers  

Pluripotency is accompanied by the ability of cells to differentiate into the three germ layers 

upon signaling cues. LIF, together with the trophic factors provided by the feeders and serum, 

ensure the self-renewal of mESCs and support pluripotency (Hackett and Surani 2014). We 

Figure 3.8. C3H/Bl6 mESCs differentiate into the three germ layers via EBs. (A) Bar plots showing the relative RNA 
levels of some genes associated with pluripotency or germ layers. Each dot represents one EB. mESCs prior to 

differentiation were used as controls. TBP, Rplp0 and Hprt were used as normalization genes. (B) Representative 

merged immunofluorescence images of EBs stained with antibodies anti-myosin (mesoderm), anti-Sox1 (ectoderm) or 
anti-Gata4 (endoderm). (C) Bar plots showing the percentage of beating structures per total amount of EBs. Each dot 

represents one biological replicate of EB differentiation. EBs, embryoid bodies; ESCs, embryonic stem cells. Scale bar: 

10 µm. 
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assessed the developmental potential of cells by removing the feeders and withdrawing LIF and 

let the cells form embryoid bodies (EBs).  

EBs are cell aggregates containing progenitors cells of the three germ layers (Brickman 

and Serup 2017). Our consideration for successful EB differentiation was evaluated based on the 

appearance of beating-like structure on the plate. Female cells had a lower differentiation 

efficiency than males yet some beating-like structures were found (Figure 3.8c).  

Pluripotency genes were downregulated in EBs while lineage-specific genes were 

upregulated (Figure 3.8a). Although mesodermal genes were upregulated in EBs, their 

expression levels were minimal compared to the other germ layers. We then immunostained EBs 

and found Sox1-, Myosin- and Gata4-positive cells representing the ectoderm, mesoderm and 

endoderm layers, respectively, which were present in all cell lines (Figure 3.9b). These pieces of 

evidence demonstrate that the functionality of the beating-like structure, rather than lack of myosin 

fibers, was impaired in the female-derived EBs. Finally, these results show that C3H/Bl6 mESCs 

are pluripotent and can be differentiated in vitro to the three germ layers. 

3.4 X chromosome dynamics in hybrid C3H/Bl6 cells 
Female mESCs provide a unique system to study the dynamics of XCI. mESCs are 

derived from the inner cell mass before random XCI occurs, therefore as their in vivo counterpart, 

females contain two X chromosomes that are transcriptionally active. This has offered an ideal 

system to understand the regulatory mechanisms of XCI upon cellular differentiation (Pintacuda 

and Cerase 2015). 

3.4.1 C3H/Bl6 mESCs contain two active X chromosomes and downregulation 
occurs upon differentiation to epiblast-like stem cells 

The process of XCI is not as stable across cell types as previously thought (J. Wang et al. 

2016; Syrett et al. 2017, 2018, 2019; Sierra et al. 2023). Given that EBs may contain different cell 

types in which the process of XCI might not be canonical, we decided to differentiate the mESCs 

to epiblast-like stem cells (EpiLSCs). EpiLSCs share a transcriptome profile similar to that of post-

implantation epiblast (Hayashi et al. 2011) and have been used as a system to study the dynamics 

of X chromosome regulation upon differentiation as they undergo XCI (Schulz et al. 2014). 

We first evaluated the efficiency of differentiation of mESCs to EpiLSCs over seven days. 

Morphology changed from 3D round mESCs to flat EpiLSC colonies (Figure 3.9a), in agreement  
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with previous reports (Brons et al. 2007; Sugimoto et al. 2015). Pluripotency, assessed by Nanog 

expression, was progressively lost which is in agreement with the expected expression profile 

(Morgani, Nichols, and Hadjantonakis 2017). Moreover, the epiblast marker Fgf5 became 

upregulated over time, suggesting that mESCs transitioned into a late epiblast-like phenotype 

(Figure 3.9b). The master regulator of XCI, Xist, became upregulated in females as differentiation 

happened while the opposite occurred to its negative regulator, Tsix.  

In general, X-linked genes underwent silencing given that expression was reduced (Figure 
3.9c-d) but the silencing is not homogenous. Downregulation of X-linked genes was observed 

independently of whether they belong to the inactive class (Atrx, G6pdx, Hprt, Mecp2, Pgk1 or 

Huwe1) (Figure 3.9e) or are known escapers (Kdm6a or Ei2fs3x) (Figure 3.9d). Only Atrx reached 

levels close to the expression in males by day 7. The escapers, Kdm6a and Ei2fs3x, also 

underwent inactivation as expected but the downregulation was milder. Kdm6a expression at day 

7 of differentiation was similar to day 0 while Ei2fs3x expression was only downregulated by 

approximately 25%. These results indicate that the dynamics occurred on a gene-to-gene basis, 

as previously shown (Severino et al. 2022) and suggest that complete silencing of the inactive 

genes requires more than a week. Increased expression of some X-linked genes from the single 

male X was seen, however this is in agreement with previous reports (H. Lin et al. 2007; Marks 

et al. 2015). 

 

 

 

Figure 3.9. Differentiation dynamics of C3H/Bl6 mESCs into EpiLSCs. (A) Representative pictures of colony 

morphology prior (day 0) and after differentiation (d7). Scaler bar: 75 µm. (B) Bar plots showing the 
expression levels of pluripotency (Nanog) or epiblast markers (Fgf5) over seven days of differentiation 

measured at four different timepoints. TBP, Rplp0 and Hprt were used as normalization genes. Samples 

were further normalized to timepoint 0 of differentiation. Each dot represents one biological replicate. (C) 
Bar plots showing the expression levels of positive (Xist) or negative (Tsix) regulators of X chromosome 

inactivation. TBP and Rplp0 were used as normalization genes. Samples were further normalized to 

timepoint 0 of female differentiation. Each dot represents one biological replicate. (D) Bar plots showing the 
expression levels of X-linked escapers (Kdm6a or Ei2fs3x) or (E) genes subjected to inactivation. TBP and 

Rplp0 were used as normalization genes. Samples were further normalized to timepoint 0 of female 

differentiation. Each dot represents one biological replicate. 
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3.5 Generation of X-shredder cells in female C3H/Bl6 mESCs 
Having characterized our cellular system, we then moved forward with the generation of 

the shredder cell line. Out of the two female cell lines, we chose cell line 1 as it showed the highest 

developmental potential out of the two female lines. From now on, this cell line will be referred to 

as the female line. 

3.5.1 Rosa26 targeting was not an efficient approach for cell line generation 

We initially targeted the Rosa26 loci (Figure 3.2) together with another mESC line. This is 

a hybrid F2 129/Bl6 background male cell line and is the one of the traditional cell lines used for 

in vitro studies. This 129/Bl6 cell line has been selected for its relatively easy genetic manipulation 

so we tested whether the intended targeting was possible. Treatment of the cells with tamoxifen 

after gene targeting and selection revealed that some colonies were green while others were not 

(Figure 3.10a). The gDNA of all the cells on the plate was used to optimize a PCR strategy to 

screen for edited Rosa26 alleles. 

Gene targeting relies on homology-mediated repair, however, the main DNA repair 
mechanism upon DSBs is the NHEJ pathway (Miyaoka et al. 2016). Moreover, a double dose of 

X-linked genes further reduces homology-mediated repair (Tamura et al. 2021). To target the 

Rosa26 loci, female cells were targeted using liposome-mediated transfection with different 

approaches: (1) the majority of the experiments were done with the Lipofectamine™ 3000 

Transfection Reagent kit (Life Technologies, L3000001); (2) in one round of transfection with that 

kit, the cells were also treated with inhibitors of the NHEJ pathway to increase the targeting 

efficiency and (3) lastly, one round of transfection was treated with the jetOPTIMUS® DNA 

Transfection kit (Poyplus, 101000051) which we later found to be a better reagent than the 
Lipofectamine™ 3000 Transfection Reagent.  

In total around 1,000 colonies after transfection and puromycin selection were screened. 
Out of them and from the cells transfected with the jetOPTIMUS® DNA Transfection kit (Polyplus, 

101000051), we found two positive colonies (Figure 3.10b): one colony had only one integration 
event of the shredder vector (colony A6) while the other colony had one integration event of the 

of CreERT2 plasmid and one of the shredder vector (colony A11). Cells were screened while they 

were growing in 2i/LIF medium and the PCR fragment corresponded to the expected size (Figure 

3.10b). Clone A11 was then transferred to serum/LIF medium for expansion and treatment. 

However, the shredder locus was already recombined in these cells as the colonies were already 
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fluorescent even before treatment (Figure 3.10c). The low editing efficiency of the Rosa26 loci 

suggests that gene targeting, at least in a TALEN-dependent fashion and together with the 

C3H/Bl6 genetic background, is not straightforward.  

3.5.2 PiggyBac transposition  

We then proceeded with the integration of the shredder construct in a piggyBac 

background (Figure 3.3). Different colonies after blasticidin selection were picked and screened 

for copy-number integration of the shredder cargo by qPCR. We chose a clone that had one 

Figure 3.10. Shredder integration in mESCs. (A-C) Rosa26 targeting; see Fig. 2.2; (A) Representative pictures of a 
positive or negative colony after Rosa26 targeting and treatment with 4-hydrotamoxifen. Scaler bar: 75 µm. (B) Agarose 

gel of WT or Rosa26-targeted clones positive for the shredder or CreERT2 integrations. The drawing underneath the 

gel picture represents the genotyping strategy where the primers (arrows) bind to Rosa26 regions that are not present 
in the homology arms of the donor plasmids. (C) Representative pictures showing the leakiness of the shredder 

construct prior to 4-hydrotamoxifen addition. Scaler bar: 50 µm. (D) Representative agarose gel of expression of the 

Bl6 gRNA in the piggyBac shredder clone. 
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integration event in the genome. RT-PCR showed that the clone expressed the Bl6-specific gRNA 

(Figure 3.10d). 

3.6 X chromosome shredding in C3H/Bl6 mESCs 

3.6.1 Segmental aneuploidies of the X chromosome are the main type of 
aneuploidy upon X shredding 

After establishing the shredder system in female cells, we needed to deliver the Cre 

recombinase to the cells to induce the loxP recombination of the shredder vector. We employed 

infection by baculovirus for its high efficiency of transduction (Mansouri and Berger 2018). The 

baculovirus contains the Cre recombinase coding sequence under the cytomegalovirus promoter 

(CMV) promoter.  

Infection was performed in suspension and on 8-well µ-slide ibidi chambers because 

scalability to a larger format was not possible. Nevertheless, the shredder cells were infected with 

the baculovirus and fixed two days later after infection for DNA FISH analysis. We used two 

different X chromosome probes that bind to regions upstream and downstream of the gRNA 

targeting sites. While the cells should turn green upon induction, EGFP fluorescence was lost 

upon fixation and both uninfected and infected fixed cells exhibited autofluorescence when 

excited at the corresponding wavelength. Therefore, colonies were counted regardless of whether 

the shredder construct had been recombined in all cells. 

In untreated female cells, two dots per probe should appear in the cells and the dots per 

cell and condition were counted (Figure 3.11a). Aneuploidies were classified depending on the 

number of probe dots. Compared to uninfected shredder or WT cells, infected shredder cells were 

overrepresented with segmental aneuploidies, in which one chromosomal region (respective to 

the gRNA targeting sites) was lost (Figure 3.11b and 3.11e). Around 25% of the aneuploid 

shredder cells had one X chromosome lost (Figure 3.11b and 3.11e) followed by cells with more 

than copies of the X chromosome. A minor aneuploidy event included micronuclei, small nucleus-

derived structures associated with genomic instability (Krupina, Goginashvili, and Cleveland 

2021). These structures contained either one X chromosome arm, one complete X chromosome 

or a chromosome region that cannot be detected with our probes (Figure 3.11d-e). These results 

suggest that our tool can generate X chromosome aneuploidies in which segmentation of the X 

chromosome, rather than whole chromosome loss, is the main type of aneuploidy. The application 
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of this tool using inbred mouse strains reported a similar result in which indels, rather than 

complete X loss, occurred (Bunting et al. 2024).Break page.  

Figure 3.11. X chromosome aneuploidies occur in shredder cells. Representative microscopy images of DNA-FISH 

using two probes for the X chromosome with different outcomes: (A) euploid X cells (B) segmental X aneuploidies (C) 
whole X chromosome loss (D) Micronucleation events. The arrows depict the zoomed pictures on the right; scaler bar: 
5 µm. (E) Stacked bar plots of counted cells after DNA FISH. The blue plots show the aneuploidy events recorded in 

infected shredder cells. Data obtained from two biological replicates.
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4. Discussion 
4.1  Characterization of hybrid mESCs for stem cell biology 

4.1.1 Bona fide isolation of hybrid mESCs 

This study reports the first successful derivation and characterization of C3H/Bl6 hybrid 

mESC lines, both males and females, establishing a model for studying stem cell biology, X 

chromosome dynamics and sex differences. As pluripotent cells, mESCs are widely used in the 

context of developmental biology to understand and model differentiation dynamics in vitro but 

can be also used to generate mouse models. Historically, establishing C3H/Bl6 hybrid mESCs 

has been considered challenging with up to 3% of success rate of either isogenic C3H strains or 

C3H/Bl6 hybrids. These cells had been previously maintained in a conditioned culture, that is a 

medium that had been used for embryonal carcinoma cell culture, resulting in its enrichment with 

growth factors and cytokines released by the carcinoma cells (Martin 1981). Changing to 2i/LIF 

medium (see definition on page 60) on a layer of feeders increases derivation of isogenic C3H 

mESCs by up to 90% (Czechanski et al. 2014) while isolation on feeders and serum/LIF is a 

process with poor efficiencies as the conditioned medium (Yagi et al. 2017). Constant culturing in 

2i/LIF medium results in irreversible impaired developmental potential by widespread loss of DNA 

methylation, especially at imprinting regions (Choi et al. 2017; Yagi et al. 2017). We therefore 

decided to use serum/LIF medium together with feeders to strategically promote genomic stability, 

which is critical for both generating mouse models and for investigating X chromosome dosage 

effects without confounding chromosomal instabilities. 

Out of 20 two-cell stage embryos, we obtained a 20% efficiency by deriving and stabilizing 

four cell lines with the expected Mendelian ratios: two males and two females. C3H/Bl6 cells were 

characterized to ensure that they behave as typical mESCs which is essential to validating them 

as a relevant biological model. The C3H/Bl6 lines demonstrated robust expression of core 

pluripotency factors by RNA quantification, together with immunostainings of pluripotency-related 

proteins (Figure 3.7). Furthermore, differentiation of mESCs and formation into EBs resulted in 

gene expression of the three germ layers, along with populations of cells positively stained for 

germ layer-specific markers (Figure 3.8). Despite parallel differentiation, female-derived EBs 

showed fewer beating structures than male-derived EBs, suggesting impaired functional 

maturation rather than inappropriate mesodermal differentiation. Intrinsic sex-biased differences 
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in cardiac differentiation have been reported in human iPSCs with two active X chromosomes 

resulting in higher efficiencies (D’Antonio-Chronowska et al. 2019) along with differential 

expression of cardiac-related metabolic genes (Givens et al. 2025). While our differentiation 

protocol is different and specific to mouse cells, they highlight that X dosage and sex-specific 

metabolic requirements need to be met and our culture conditions may not completely fulfill them, 

leading to disrupted cardiomyocyte maturation. This result also shows the importance of fine-

tuning differentiation protocols, especially when working with ESC-derived cells from non-

classical mouse strains. 

Lastly, our hybrid cells, specifically male cell line 4, remained genomically stable at 
passage 25. While the female cell line that was used for establishing the shredder system has an 

autosomal trisomy, it aligns with well-known selection pressures in mESC cultures, particularly 

the frequent occurrence of an additional chromosome 8 as a culture-adapted aneuploidy (Kim et 

al. 2013). This is, however, counterintuitive as higher X chromosome dosage protects against the 

recurrent in vitro duplications of chromosomes 8 and 11 (Stanton et al. 2024). Analysis of earlier 

passages will reveal if the chromosome 8 aneuploidy was acquired, and selected for, upon 

passing. All in all, these results support the isolation and identity of bona fide hybrid C3H/Bl6 

mESCs. 

4.1.2 X chromosome dynamics in hybrid mESCs and EpiLSCs 

We observe high stability of the X chromosome karyotype in the female lines, where a 

maximum of 20% of the cells lost one X chromosome by passage 26 (Figure 3.5 and 3.6). This 

stability is experimentally crucial when studying XCI-related mechanisms, as mixed populations 

of XX and X0 cells would result in confounded interpretations of gene expression and chromatin 

modification changes during differentiation. Although earlier works showed a tendency of 

spontaneous X chromosome loss in cultured female mESCs (Robertson et al. 1983; Rastan and 

Robertson 1985; Kawase et al. 1994; Keniry et al. 2022), the high ratio of XX cells in our mESCs 

hybrids is in line with reports showing that serum/LIF, paired with feeders, provides factors that 

allow genome stability at two different levels (Choi et al. 2017; Yagi et al. 2017; Guo et al. 2018). 

Feeders secrete follistatin-like 1 and bone morphogenetic protein 4 both of which activate the 

SMAD signaling pathway in mESCs for self-renewal and pluripotency maintenance (Hackett and 

Surani 2014; Guo et al. 2018). In addition, feeders activate the 2-cell stage gene Zscan4 which 

promotes telomere elongation, resulting in chromosomal stability (Guo et al. 2018; Stanton et al. 

2024). The hybrid background also plays an important role as they are generally more resilient 
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and robust than their parental inbred strains (Corder et al. 2023). This is also consistent with our 

results and that of others where lower rates of spontaneous X chromosome loss have been 

reported (Halter et al. 2024; Koshiguchi et al. 2024). 

One of the major advantages of this work is that we have parallelically isolated and 

characterized cells of the same genetic background and different sex. As such, we can study X 

chromosome dynamics along differentiation in females and compare the expected gene silencing 

to males of the same genetic background, providing the ideal matching control. Other works have 

used males as control cell lines but they are usually of a closely related background and therefore 

not identical. For instance, in (Schulz et al. 2014) the Pgk12.1 XX and X0 cell lines were obtained 

from crossing a 129 female mouse with a (PGK×129) male F1 hybrid (Penny et al. 1996) whereas 

the male XY control was derived from an inbred 129/Ola mice. In (Y. Sun et al. 2023) the male 

cell lines were derived from crossing a female CAST/EiJ mouse to a male C57BL/6 mouse (the 

reciprocal crosses were of the same genetic background) whereas the reciprocal cross in female 

cell lines was derived from the cross of a female 129S1/SvImJ mouse to a male CAST/EiJ mouse. 

A matching genetic background is highly important as it has been reported to be a variable 

affecting the outcome of different experiments (Ortmann et al. 2020; Byers et al. 2022). 

We further differentiated the mESCs to EpiLSCs to understand the X chromosomal 
dynamics in females. There are no standard ways to differentiate cells but protocols rely on 

chemically defined media (where the basal medium is not consistent) supplemented with 

cytokines to promote self-renewal. Fgf is present consistently with concentrations varying 

depending on the presence of feeders, while activin A is only supplemented in feeder-free 

conditions (Johansson and Wiles 1995; Chenoweth and Tesar 2010; Sugimoto et al. 2015). 

C3H/Bl6 only survived differentiation when cultured with DMEM/F12 and on a layer of feeders. 

Differentiation of mESCs to EpiLSCs over seven days resulted in the expected morphological 

shift of cell colonies, alongside loss of pluripotency by downregulation of the core factor Nanog 

with upregulation of the epiblast marker Fgf5 (Figure 3.9). These results indicate a faithful 

transition to the post-implantation epiblast state in which random XCI should initiate. We 

recapitulated the canonical XCI process in female EpiLSCs to some extent: we observed clear 

and constant upregulation of the master regulator Xist, concomitant with decreased expression 

of its antisense regulator Tsix (Figure 3.9). Five (Eif2s3x, G6pdx, Hprt, Mecp2 and Pgk1) out of 

the eight X-linked genes tested here had almost a double dose of expression prior to 

differentiation which supports the two active X chromosomes model in mESCs (Lentini et al. 

2022). Silencing over the seven days of differentiation followed a heterogenous but progressive 

https://paperpile.com/c/IN3s5l/9os6
https://paperpile.com/c/IN3s5l/urgd+EBXv
https://paperpile.com/c/IN3s5l/w8cp
https://paperpile.com/c/IN3s5l/j2p8
https://paperpile.com/c/IN3s5l/6YvJ
https://paperpile.com/c/IN3s5l/e5e5+x1xk
https://paperpile.com/c/IN3s5l/Adob+2rdy+RFle
https://paperpile.com/c/IN3s5l/hKeJ
https://paperpile.com/c/IN3s5l/hKeJ


 

 77 

kinetics. In differentiated cells, expression levels of monoallelic genes is expected to be similar 

between the sexes (Lentini et al. 2022). However, after seven days of differentiation, the levels of 

monoallelic genes (Atrx, Hprt, Pgk1) were still higher in females suggesting that fine-tuning of 

dosage compensation in this specific background requires more than a week. Complete 

optimization of EpiLSC differentiation, including RNA FISH of Xist and monoallelic genes to 

determine gene silencing over time, together with H3K27me3 staining, is needed to establish the 

C3H/Bl6 mESCs as a tractable in vitro model to dissect the underlying mechanisms of  XCI 

initiation and propagation. 

The notion of a burst of X-linked gene expression in males along differentiation, while it 
can be initially counterintuitive, is consistent with previous reports describing X chromosome 

upregulation as a compensatory mechanism in males, both in EBs and EpiLSCs (Lin et al. 2007; 

Marks et al. 2015). This underscores the complex regulatory landscape of X chromosome dosage 

control, which extends beyond simple gene silencing in females to include active regulatory 

processes in both sexes. Upregulation of the single X chromosome in males is an evolutionary 

adaptation to correct the X-to-autosome dosage imbalance posed by the degeneration of the Y 

chromosome during sex chromosome evolution, a theory initially proposed by (Ohno 1967). 

Indeed, tuning of the X chromosome expression by upregulation also takes place in the single 

male X (Lentini et al. 2022; Naik et al. 2022; Allsop et al. 2025) and is consistent with increased 

X-linked gene expression during EpiLSC differentiation in C3H/Bl6 males. 

An important aspect of female mESCs undergoing differentiation is which X chromosome 
will be transcriptionally silenced. While we indeed reported X-linked gene silencing (Figure 3.9), 

we do not know if the XC3H and XBl6 alleles were equally chosen for inactivation, but this is 

important to determine for various reasons. As discussed in page 25, in WT conditions either 

allele has a 50% chance of inactivation but allele-specific deletion of Xist in CAST/EiJ×C57BL/6 

hybrid cells (Pacini et al. 2021), as well as doxycycline-mediated Bl6Xist expression in the same 

cells have been used to induce skewed XCI (Schulz et al. 2014). Moreover, structural variations 

in the XIC exist resulting in alleles with varying functionality degrees in the different mouse 

species, whether they are wild or laboratory-adapted strains (Calaway et al. 2013). This is 

exemplified by skewed XCI towards the XBl6 allele in hybrid C57BL/6×CAST/EiJ mESCs (Pacini 

et al. 2021) as a result of different XIC alleles (Plenge et al. 2000; Chadwick et al. 2006). Our 

allele-specific gRNA brings Cas9 to the XBl6 allele, therefore if skewing in our cells towards the 

C3H allele occurs, our system will then induce aneuploidies in the Bl6 active X. Given that we are 

interested in the age-dependent mosaicism of the inactive X, deleting Xist in the C3H allele would 
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need to be done prior to differentiation as this will result in skewed XCI towards the Bl6 allele. To 

estimate X chromosome silencing, amplification of monoallelic transcripts (such as Pgk1 and 

Hprt) in EpiLSCs, coupled to Sanger sequencing and accounting for the polymorphisms between 

the C3H and Bl6 genomes, will allow the identification of the active and inactive X. Complementary 

to this experiment, amplification of the Xist transcript can also be used and will reveal which X 

chromosome, and consequently the inactive X, is expressing the master regulator of XCI. 

4.2  Genetic engineering of hybrid mESCs 

4.2.1 Gene targeting in C3H/Bl6 mESCs 

Generating genetically engineered cell lines in the C3H/Bl6 background was an important 

goal in my work. The C3H/Bl6 hybrid background had not been previously used in gene editing 

applications. Additionally, gene editing for in vitro studies with mESCs relies on a well-established 

mixed F2 129Tr/Bl6 (male) cell line (Bibel et al. 2004). To study XCI, mESCs with allele-specific 

deletion or upregulation of Xist in the CAST/EiJ×C57BL/6 hybrid cells (see previous paragraph) 

were obtained by electroporation (Wutz et al. 2002; Pacini et al. 2021). We attempted to target 

the Rosa26 locus and introduce the shredder system directly to female C3H/Bl6 cells, which 

brought upon several barriers specific to this genetic background. We found that TALEN-mediated 

gene targeting in hybrid C3H/Bl6 is intrinsically hard to achieve as we only found two positive 

colonies out of 1,000 screened ones. While the genetic background can play a role in editing 

efficiency, the nature of genome targeting itself could have been limited by the presence of four 

plasmids that needed to be present in the same cell. Treatment with puromycin was used as a 

selection marker for Rosa26 targeting, however resistance to puromycin can occur in the absence 

of the resistance cassette. Similar to our puromycin selection strategy (Fig 3.2), EGFP 

fluorescence has also been used as reporter strategy and in this case, colony picking or sorting 

based on green signal can be used to narrow down the number of colonies to screen. Isolation of 

the resistant colonies and RT-qPCR specific to the TALENs sequence will inform about the 

presence and expression of both nucleases. After that, the identification and presence of insertion 

and deletions by PCR and Sanger sequencing of the Rosa26 locus is expected. The presence of 

the integration plasmids can be screened by primer-specific PCR. 

Liposome-mediated transfection is a commonly used method for gene delivery in mESCs 
and we found that the reagent used greatly affects efficiency. Lipofectamine™ 3000 Transfection 

Reagent kit is a liposome-generating reagent widely used for transfection. This kit had low 

https://paperpile.com/c/IN3s5l/RKKB
https://paperpile.com/c/IN3s5l/LiQf+fBK5


 

 79 

efficiency rates in the C3H/Bl6 hybrids and no properly edited clones were found. On the other 

hand, liposome-mediated transfection with the jetOPTIMUS® DNA Transfection kit, resulted in 

less puromycin-resistant colonies but there were two positive clones with the plasmids of interest 

integrated. In epithelial cells, jetOPTIMUS® outperformed Lipofectamine™ 3000 at the cost of 

cell viability (Guo et al. 2025) and similar transfection efficiencies were reported in hard-to-

transfect cells (Cocchiararo et al. 2022). The actual composition of the jetOPTIMUS® buffer is 

not provided but it is chemically defined and compatible with serum-containing medium, unlike 

Lipofectamine™ 3000 in which reduced-serum medium is usually recommended. These results 

suggest that, at least in the conditions tested by us, the jetOPTIMUS® DNA Transfection kit is a 

better choice for the generation of cell lines in C3H/Bl6 hybrids. Delivery efficiency of the vector 

can be increased by electroporation, which has allowed the generation of genome edited female 

mESCs (Wutz et al. 2002; Pacini et al. 2021).  

TALEN proteins work by binding to DNA via repeats and cleaving the target sequence by 
the FokI endonuclease. Each repeat has a repeat-variable di-residue region, a two-amino acid 

residue that recognizes one nucleotide in the target DNA sequence. Therefore, when targeting, 

for example, a 20-bp sequence, 20 repeats are needed. Unlike the PAM recognition sequence 

needed by Cas9 for targeting, TALENs do not need any PAM-like locus and can virtually target 

any region of interest. However, efficiency highly depends on specific combinations of repeat-

variable di-residues (Becker and Boch 2021). As such, the choice of repeat-variable di-residues 

is limited when DSBs at specific locations are needed, which can bring down targeting 

efficiencies. In addition, the TALEN-mediated approach employed here may be inherently less 

efficient than alternative nuclease platforms for this genetic background.  

Another layer of regulation for cell line engineering is the DNA damage repair pathway. 

DSBs, of either CRISPR or TALENs origin, are mainly repaired via NHEJ over HDR (Davis and 

Chen 2013). This is a drawback for gene targeting approaches where repair templates containing 

desired gene-edits of choice are intended to be introduced by HDR. Attempts at increasing HDR 

have been described employing inhibition of factors involved in the NHEJ pathway (Arai and 

Nakao 2021; Wimberger et al. 2023). While we similarly attempted to increase HDR by chemically 

inhibiting the autosomal proteins DNA-dependent protein-kinase catalytic subunit together with 

the DNA polymerase theta, this did not increase the editing efficiency in the single experiment 

performed in our C3H/Bl6 cells. Possibly the concentrations and/or timings were not enough to 

limit the proteins’ activity; these experiments were also performed with the Lipofectamine™ 3000 
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Transfection Reagent kit. This suggests that a prior optimization of inhibition is needed to check 

if the protein levels of the targeted proteins is reduced. 

Lastly, sex differences can also be part of the low transfection efficiencies. As shown by 

(Tamura et al. 2021) a double dosage of X-linked DNA repair genes promoting NHEJ in females 

drastically reduces successful targeting. Increased efficiency is met upon XCI reaching similar 

levels to that of males (Tamura et al. 2021). Here we targeted the Rosa26 locus only in female 

mESCs and the double dose of X-linked genes might have brought down the efficiency of HDR. 

Considering that EpiLSCs can be reverted back to mESCs a few days after differentiation, gene 

targeting in cells where transcriptional shutdown of the X is happening would be one option to 

increase gene targeting efficiency. Besides chemically inhibiting the autosomal NHEJ proteins, 

temporal and partial inhibition of X-linked gene repair genes (Tamura et al. 2021) in mESCs via 

RNA interference a few days prior to gene editing, together with assessment of decreased protein 

levels by western blot, could enhance targeting efficiency. 

Taken together, my observations reinforce the notion that in a female hybrid background, 
gene targeting by the conditions tested here is not a straightforward route for generating 

engineered cell lines and further optimization is needed to enhance gene targeting efficiency. 

4.2.2 Vector transposition in C3H/Bl6 mESCs 

The implementation of the piggyBac transposon-mediated integration provided an 

alternative solution to bypass the multifactorial hurdles encountered with the Rosa26 targeting. 

Contrary to the Rosa26 targeting, transposition of the piggyBac vector relied on transfecting the 

cargo (shredder) vector and the transposase to cut-and-paste the cargo into a sequence-specific 

location (Fig. 3.3). Those two vectors were transfected using Lipofectamine™ 3000 and only one 

colony was positive for integration of the cargo into the genome of the female C3H/Bl6 cells. 

Despite obtaining one positive colony, the piggyBac transposition rather than site-specific 

integration also has important caveats. Unlike the Rosa26 locus, which provides moderate 

expression levels across tissues, the piggyBac shredder backbone integrated semi-randomly at 

a 5’-TTAA-3’ sequence somewhere in the mouse genome. We did not map the insertion site of 

the shredder vector, yet derived clones could be subjected to position effect. In addition, the 

piggyBac shredder construct also depended on transient Cre delivery for temporal loxP site 

recombination and system induction. 
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Due to time constraints, we attempted to provide a proof-of-concept for the transient 
induction and expression of the shredder construct targeting the XBl6 allele. Thus, we chose to 

use a commercially available baculovirus to deliver the Cre recombinase sequence. Infection with 

baculovirus results in high infection rates and do not replicate nor integrate into the host genome 

(Mansouri and Berger 2018). While this served as a proof-of-concept showing the generation of 

X chromosome aneuploidies (see next section), this system also has some limitations to 

overcome for future experiments. The commercial construct expresses the Cre recombinase 

under the CMV promoter which can only be used for short-term expression in mESCs as it gets 

rapidly silenced. In the long run another viral system would be advantageous, such an adeno-

associated virus system. As preliminary work, I tested several adeno-associated viruses, which 

however did not result in high transduction efficiencies. Lentiviruses can also be used and 

although lentiviruses are biosafety level 2 and integrate into the host genome, they have high 

infection rates and approaches to develop non-integrating viruses exist (Dong and Kantor 2021). 

Thus, I would propose to move forward with a lentivirus approach where delivery of the Cre 

recombinase sequence together with a selection marker (e.g., dsRED expression) can potentially 

allow us to focus only on infected cells. The addition of a dsRED-only expressing adenovirus is 

also needed to account for possible cellular consequences, as well as infection responses, raised 

by the virus. Alternatively, the cell-permeant TAT-NLS-Cre recombinase could be useful. In this 

setup, the recombinase is fused with the basic TAT peptide from the human immunodeficiency 

virus to allow it to cross the cell membrane (Schwarze et al. 1999), along with a nuclear 

localization signal to specifically target the nucleus compartment (Peitz et al. 2002). This approach 

has been previously used in mESCs, where loxP site recombination occurred in about 90% of the 

cells at a concentration of 1-2 µM of TAT-NLS-Cre (Peitz et al. 2002). 

4.3  X chromosome aneuploidies in mouse embryonic stem cells 
Despite the challenges of generating the shredder cell line and Cre recombinase delivery 

to those cells, we evaluated the consequences of targeting and shredding of the X chromosome 

by DNA FISH. The cells should turn green after Cre recombinase expression, however EGFP 

fluorescence was lost upon fixation and cells exhibited autofluorescence when excited at the 

corresponding wavelength. Therefore, colonies were counted regardless of whether the shredder 

construct had been recombined in all cells. 

Almost 50% of the total counted cells had an X chromosome aneuploidy, results consistent 
with in vivo X shredding using the same gRNA in isogenic inbred mouse zygotes (Zuo et al. 2017). 
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The aneuploid cells were further classified into the type of aneuploidy they had. Given the 

increasing rates of LOX upon female aging (Abruzzo et al. 1985; Machiela et al. 2016; Liu et al. 

2023), we were interested in generating whole chromosome losses. One round of cell cycle in 

mESCs cultured in serum/LIF takes approximately 12 hours (Stead et al. 2002; Kolodziejczyk et 

al. 2015) and baculoviruses delay the cell cycle of the host they infect (Rohrmann 2019). While 

cells were fixed for analysis two days after infection, we estimate that the fixation was performed 

two cell cycles after infection.  By DNA FISH we found that segmental X chromosome 

aneuploidies—partial loss of chromosomal regions that are relative to the gRNA targeting sites—

constituted the predominant outcome of the shredding system. LOX represented the second most 

abundant aneuploidy with a frequency of 25%, followed by supernumerary X chromosomes 

(Figure 3.11). About 5% of the events accounted for a micronucleus, of which half of them 

contained either a piece of the X or the whole chromosome and the remaining half were not 

positive for any of the probes used. Previously, centromere staining of the X chromosome in 

female peripheral lymphocytes showed that 40-60% of the micronuclei contain an X chromosome 

(Tucker et al. 1996), suggesting that the LOX in peripheral lymphocytes may result in 

micronucleation. The fact that half of the micronuclei were not positive for the X does not mean 

that the X is not present. The probes upstream of the gRNA sites are of 100-200 bp spanning a 

total of 185 kilobases while the probes downstream span 195 kilobases. It is plausible that the 

DNA piece(s) present in the micronuclei correspond to regions that do not span any of the DNA 

FISH probes used herein. Whole chromosome painting will provide information if those 

micronuclei contain any X chromosome fragment. In addition, purification and sequencing of 

these structures by flow cytometry (Toufektchan and Maciejowski 2021) will reveal which specific 

region(s) of the X the micronuclei contain. It will also inform us whether those pieces have 

undergone chromothripsis, that is, fragmentation and rearrangement of the missegregated locus 

(Kwon et al. 2020). Along the same line, whether the missing piece in segmental aneuploidies 

was completely lost or underwent chromothripsis and remained in the primary nucleus is unclear; 

whole genome sequence can reveal if this is the case. 

The mechanistic basis for the outcome of segmental aneuploidies in our shredder system 
can be attributed to different causes. First, our results differ from X chromosome targeting in 

zygotes. Microinjection of the same gRNA used in this work in zygotes, followed by transfer to 

pseudopregnant female donors one cell cycle later resulted in almost 43% of X0 mice (Zuo et al. 

2017). The zygotes used are isogenic and thus both X chromosomes are targeted, which can 

generate an extensive DNA damage response. In this sense, it is likely that one X chromosome 
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is preferentially lost while the other is efficiently repaired and kept. Indeed, in some cells, 

insertions and deletion occurred in the remaining X chromosome (Zuo et al. 2017). Second, as 

previously mentioned, hybrids are more resilient than the parental strains (Corder et al. 2023) and 

in this sense, they could have better mechanisms at repairing DSBs without the pressure for 

preferential chromosome loss. For instance, the untargeted allele could serve as a template for 

repairing the targeted X chromosome. Third, female mESCs have two active X chromosomes and 

genes involved in NHEJ are more abundant in mESCs (Tamura et al. 2021), rather than in 

differentiated cells. Therefore, higher DNA damage repair pathways in mESCs could provide an 

additional mechanism for resecting the DSBs after shredding, leading to segmental aneuploidies 

rather than LOX. Targeting the single X chromosome in males should prove or refute this theory 

expecting an increased number of cells with X chromosome aneuploidies or cell death in whole 

chromosome loss. However, this experiment cannot be performed in our C3H/Bl6 mESCs given 

that the X chromosome in these male cells, the X chromosome is inherited from the female 

C3H/HeJ mouse, and our gRNA targets the XBl6 allele. Cells isolated from a reciprocal cross, in 

which a female C57BL/6 mouse is mated with a male C3H/HeJ mouse (and therefore, the X 

chromosome is provided by the female mouse), can be used for this experiment. Finally, the 

gRNA recognizes approximately 67 sites spanning 2.1 Mb on the end of the X chromosome. Since 

the gRNAs are not distributed along the X chromosome, it is highly plausible that the chromosome 

arm downstream of the gRNA sites will have a higher likelihood of being lost. A fourth insight is 

the role of p53. As a tumor suppressor, p53 is activated upon DNA damage and ensures that 

aneuploid cells do not proliferate either by inducing senescence, cell cycle arrest or apoptosis. In 

fact, many reports knock out TP53 prior to inducing chromosome missegregation to select for 

aneuploid cells. While we are not directly generating whole chromosome losses, it is likely that 

the DNA damage induced by CRISPR activates p53 for end resectioning and DSB repair leading 

to segmental aneuploidies. 
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5. Conclusions and future 
perspectives 

5.1  Conclusions 
In this work, we have described the first successful derivation and characterization of 

C3H/Bl6 male and female hybrid mESC lines. These cells can be exploited to model stem cell 

biology, X chromosome dynamics and sex differences. We have also reported the generation of 

plasmids for the inducible Cas9-mediated chromosome targeting and shredding in C3H/Bl6 cells. 

We used this system to target the XBl6 allele, while leaving the XC3H copy intact, to generate X 

chromosome aneuploidies that are relevant in the context of aging. One of the biggest advantages 

of our cells is the fact that they are hybrid. Consequently, their polymorphisms allow the targeting 

and shredding of only one parental allele of any chromosome in the C3H/Bl6 genome. 

We established the inducible system in the female hybrids cells and generated shredder 

cells. Inducibility by baculovirus-mediated Cre recombinase delivery, we showed that our system 

is able to generate X chromosome aneuploidies. While we are interested in whole chromosome 

loss, we found that segmentation of the X chromosome was the predominant outcome with some 

cells undergoing LOX.  

5.2  Future perspectives 
The main optimization still required is to increase the number of cells with complete LOX. 

Chemical inhibition of DNA repair pathways has been shown to increase whole chromosome 

aneuploidies (Zuo et al. 2017), hence this approach can be useful after Cre delivery in the 

shredder cells. Alternatively, a second gRNA, closer to the centromere (Zuo et al. 2017), can be 

cloned into the shredder vector to increase the likelihood of whole chromosome loss. For in vitro 

studies, the shredder cells can be further transfected with a piggyBac vector encoding Cre-ERT2. 

In this scenario, supplementation of 4-hydrotamoxifen should be sufficient to induce the system, 

overcoming Cre delivery in each experiment. On the other hand, for in vivo studies, shredder cells 

can be transferred back to an embryo for the generation of a mouse shredder model. Crossing 

this shredder mouse to tissue-specific Cre-ERT2 models will allow the expression of the shredder 

construct in a cell type-specific manner upon 4-hydrotamoxifen feeding. For both approaches, 
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generating a non-shredder system (cells with the shredder without X targeting gRNA) is the 

essential comparison control. 

In vitro experiments using the shredder cells can provide several answers to LOX. Ideally, 

these experiments would need to be performed in HSCs, where LOX has been reported and 

although protocols for in vitro differentiation of mESCs to HSCs have been reported (Gordon-

Keylock et al. 2010), they need to be adapted to C3H/Bl6 hybrids. Instead, these experiments 

could be performed in EpiLSCs with the XBl6 allele inactive to be as close to the in vivo phenotype 

as possible. An important question is whether female cells are able to sense X chromosome 

dosage upon LOX and restore expression levels to WT levels. Reactivation of the inactive X is a 

well-established aging phenomenon (Hoelzl et al. 2025) but decreased X expression after LOX 

has not been shown. Targeting the inactive X, followed by RNA sequencing at different timepoints, 

will reveal if the X-to-autosome transcriptional output is maintained or decreases. If the latter 

occurs, the consequences of LOX can be attributed to X chromosome haploinsufficiency.  

A second point to address is selection of aneuploid cells. Given the increasing frequencies 
of LOX during female aging (Abruzzo et al. 1985; Machiela et al. 2016; Liu et al. 2023), it is 

expected that this aneuploidy confers a selective proliferative advantage. To test this hypothesis, 

one would need to count the number of EGFP+ cells in shredder and control cells two to four cell 

cycles after system induction. The number of cell cycles is chosen based on previously reported 

Y chromosome loss dynamics (Ly et al. 2017), where one cycle after chromosome shredding 

results in LOY. If expansion of X0 cells relative to XX occurs, it would suggest that LOX confers 

a proliferative advantage to X0 cells, mimicking the clonal expansion seen in aging. What factors 

are involved in this selection is unknown, but it has been previously shown that increased 

expression of DNA repair genes, together with mitotic DNA synthesis, allows aneuploid cells to 

proliferate (Garribba et al. 2023). 

Whether LOX is a cause or consequence of aging is an important question to answer. The 
X is the chromosomal home to immune genes (Bost et al. 2022) and haploinsufficiency of 

escapers can lead to disease. With the mouse shredder model, elimination of the X chromosome 

in HSCs would result in aneuploid X0. If this aneuploidy triggers aging, the mouse model, 

compared to the control mice, should present a faster pro-inflammatory phenotype (measured by 

increased markers of inflammation and/or immune X0 cells involved in this process), 

accompanied with an autoimmunity-like state (by the identification of autoantibodies) or leukemia 

(Sopena-Rios et al. 2024). Inflammaging has an earlier onset in males. Whether the delay in 
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female inflammaging requires a threshold to exert in a phenotype is unclear. Co-culturing different 

amounts of isolated macrophages with LOX from the mouse model with XX fibroblasts and 

monitoring senescence or secretion of pro-inflammatory cytokines over time will reveal if this is 

the case. 

Finally, using the shredder mouse model to understand organismic aging is a great tool. 

HSC-derived cell types are virtually present throughout the body and their misregulation can affect 

different parts of an organism. LOY in male mice results in earlier cardiac malfunction and fibrosis 

(Sano et al. 2022). How HSCs will react to LOX can directly link X chromosome aneuploidy to 

leaukemia (Zekavat et al. 2020; Lin et al. 2021). 

Understanding how aging affect each sex is an important need for the upcoming years. 

More research will lay the foundation for the generation of therapies that will enable equal 

treatment between males and females. 
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6. Materials 
6.1 Devices 
Table 1. Devices used in this work 

Devices Manufacturer Catalogue 
Number 

Balance Sartorius ED822-0CE 

Biological Safety Cabinets Dometic BSC-SG403 N 

Centrifuge Eppendorf 5427 R 

Centrifuge Thermo Scientific Heraeus 
Multifuge X3 

ChemiDocTM Touch Gel Imaging System Bio-Rad  

Color Sprout Plus Mini Centrifuge Biozym 552031 

Concentrator Plus Eppendorf 5305000703 

DS-11 FX+ Spectrophotometer/Fluorometer DeNovix DS-11 FX+ 

DynaMag™-2 Magnet Thermo 12321D 

Forma™ Steri-Cult™ CO2 Incubator, 232L Thermo Scientific 3308 

Freezer (-20) Liebherr LIE-LGex3410 

Freezer (-80) Sanyo MDF-U74V 

Fridge (4oC) Liebherr LIE-FKex3600-20 

Fume Hood Wesemann 
Laboreinrichtungen Delta System 30 

LightCycler 480 System Roche 5015243001 

Microwave Samsung MS8F303TAS 

MinION sequencer Oxford Nanopore 
Technologies MN24510 

Multipette® E3x Eppendorf 4987000029 

Objective Leica Microsystems 10450167 

Pellet Mixer VWR 431-0100 
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Pico™ 21 Microcentrifuge Thermo Fisher 75002475 

PIPETBOY acu Integra 612-0928 

Pipette (10 µL) Eppendorf 3125000010 

Pipette (2.5 µL) Eppendorf 123000012 

Pipette (20 µL) Eppendorf 3123000039 

Pipette (200 µL) Eppendorf 3123000055 

Pipettes (1000 µL) Eppendorf 3123000063 

PowerPac™ Basic Power Supply Bio-Rad 1645050 

Rotator Test Tube Rotator Kisker Biotech Gmbh Test Tube Rotator 

ThermoMixer Eppendorf® 
ThermoStat C EP5383000035 

Tissue Culture Coverslips 13 mm (Plastic) Starstedt 83.1840.002 

Transmitted Light Base Leica Microsystems TL5000 

VisiScope 5 Elements Fluorescence Spinning 
Disc confocal microscope Visitron Systems  

Vortex Genie 2 Scientific Industries P505.1 

HC PL APO CS2 100x/1.4 NA oil-immersion 
objective Leica Microsystems 11506372 

 

6.2 Consumables 
Table 2. Consumables used in this work. 

Consumables Manufacturer Catalogue Number 

6-well plate Sarstedt 83.392 

12-well plate Sarstedt 83.3921 

24-well plate Sarstedt 83.3922 

48-well plate Falcon 353078 

96-well plate Sarstedt 83.3924 

Bacteria Tubes Sarstedt 62.515.006 
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Bottle Top Filter 500 mL Fisher Scientific FB12566510 

Cell Culture Dish 35-mm Greiner 627160 

Cell Culture Dish 60-mm Falcon 353004 

Cell Culture Dish 100-mm Falcon 353003 

Cell Culture Dish 150-mm Falcon 353025 

Combitips (0.1 mL) Eppendorf 0030089405 

Combitips (0.2 mL) Eppendorf 0030089626 

Combitips (0.5 mL) Eppendorf 0030089421 

Combitips (1 mL) Eppendorf 0030089430 

Combitips (5 mL) Eppendorf 0030089456 

Combitips (10 mL) Eppendorf 0030089464 

Cryovials (1.8 mL) Sarstedt 72.397.992 

Dressing tissue forceps Merck F4267 

Falcon™ Round-Bottom Polystyrene Test Tubes Fisher Scientific 10186360 

Filter tips (2.5 µL) Starlab S1121-2710 

Filter tips (200 µL) Starlab S1120-8710 

Filter tips (1000 µL) Starlab S1122-1730 

Filter tips low retention (2.5 µL) Sarstedt 703.010.285 

Filter tips low retention (200 µL) Sarstedt 703.031.275 

Filter tips low retention (1000 µL) Sarstedt 703.050.375 

Ibidi µ-slide 8-well chamber Ibidi 80806 

LB plates IMB Media Lab L-20_P 

LightCycler® 480 Multiwell Plate 384, white Roche 04 729 749 001 

LightCycler® 480 sealing foil Roche 04 729 757 001 

Luer-Lock Syringe BD Plastipak 300865 
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PCR Tube, Flat Cap 0.2 mL Starlab I1402-8100 

PCR Tubes, with Flat Caps, 0.2 mL 8-Strip Starlab I1402-3700 

Pipette tips (for agarose-TBE-gels) Sarstedt 703.03 

SafeSeal Tube (1.5 mL) Sarstedt 72.706 

SafeSeal Tube (2 mL) Sarstedt 72.695.500 

Screw Cap Tube (15 mL) Sarstedt 62.554.502 

Screw Cap Tube (50 mL) Sarstedt 62.547.254 

Serological pipette (5 mL) Corning CLS4487 

Serological pipette (10 mL) Corning CLS4488 

Serological pipette (25 mL) Corning CLS4489 

Serological pipette (50 mL) Corning CLS4490 

Syringe filter 0.2 μm Starlab 83.1826.001 

Tips (10 µL) Starlab S1111-3210 

Tips (200 µL) Starlab S1111-1716 

Tips (1000 µL) Starlab S1111-8701 

 

6.3 Chemicals, inhibitors, antibiotics and enzymes 
Table 3. Chemicals, inhibitors, antibiotics and enzymes used in this work. 

Chemicals, inhibitors and antibiotics Company Catalogue 
Number 

Accutase Sigma Aldrich A6964-100ML 

Agarose Sigma Aldrich cas 9012 366 

Alexa Flour 555-aha-dUTP Thermo Fisher A32763 

Alexa Flour 647-aha-dUTP Invitrogen 10654193 

Ampicillin IMB Media Lab A-10_A 

AscI NEB R0558L 
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Attachment Factor Protein 1× Thermo Scientific S006100 

AZD-7648 MedChemExpress HY-111783 

BbsI-HF NEB R3539S 

Blasticidin Thermo Fisher J67216.XF 

CHIR99021 Axon Medchem 1386 

Chloramphenicol IMB Media Lab n.a. 
DAPI (4',6-Diamidin-2-phenylindol, 
Dihydrochlorid) Invitrogen 10184322 

Dextran sulfate Sigma Aldrich 67578-5G 

Dimethylsulfoxide (DMSO) Sigma Aldrich D8418-100ML 

DL-Dithiothreitol (DTT) Sigma Aldrich D0632-25G 

DMEM, high glucose, no glutamine Gibco 11960044 

DMEM/F-12 GlutaMAX Life Technologies 10565018 

DNA ladder Thermo Fisher SM0331 

dNTP mix NEB N0447S 

DPBS, calcium, magnesium Gibco 14040117 

Dulbeccos’s Phosphate Buffered Saline Sigma Aldrich D8662 

EDTA (0.5 M, pH 8) IMB  

EmbryoMax® Acidic Tyrode's Solution Millipore MR-004-D 

EmbryoMax® Filtered Light Mineral Oil Sigma Aldrich ES-005-C 

EmbryoMax® KSOM Mouse Embryo Media Millipore 637429 

EmbryoMax® M2 Medium Sigma Aldrich MR-015-D 

EmbryoMax® 2-Mercaptoethanol (100×) Sigma Aldrich ES-007-E 

Ethanol 100% Thermo Fisher 10342652 

FastStart Universal SYBR Green Master Roche 4913914001 

Fetal Bovine Serum (fibroblasts) Gibco A5256701 

Fetal Bovine Serum (mESCs) Life Technologies 10270106 

FGF2 IMB n.a. 

Gelatin Sigma Aldrich G1890 

Gibson Assembly 2× MasterMix IMB Protein Production n.a. 
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GlutaMAX™ Supplement 100× Gibco 35050061 

Glycerol Sigma Aldrich G5516 

Green Taq buffer (5×) IMB Protein Production n.a. 

HCl, 32% Merck 1.00319.1000 

Insulin Sigma Aldrich I0516 

KnockOut DMEM Life Technologies 10829018 

KnockOut Serum Replacement Life Technologies 10828028 

LB agar IMB Media Lab L-12_M 

LB without Antibiotics IMB Media Lab L-10_M 

LB plates supplemented with ampicillin IMB Media Lab L-20_P 

Leukaemia inhibitor factor Sigma Aldrich ESG1107 

Mitomycin Fisher Scientific 226940020 
NEB® 10-Beta Competent E. coli (High 
Efficiency) NEB C3019H 

NheI NEB R3131S 

Non-essential Amino Acids (NEAA) 100x Gibco 11140050 

Novobiocin MedChemExpress HY-B0425A 

Nuclease-Free Water Qiagen 129115 

Opti-MEM™ Gibco 31985062 

PacI NEB R0547S 

Paraformaldehyde 16% solution Electron Microscopy 
Sciences 15710 

PBS (5×) IMB Media Lab P-20_L 

PD0325901 Axon Medchem Axon 1408 

Penicillin-Streptomycin (10.000 U/ml) Gibco 15140122 
Pierce™ 16% Formaldehyde (w/v), Methanol-
free Thermo Scientific 28906 

ProLongTM Diamond Antifade  Mountant Invitrogen P36930 

Puromycin Sigma Aldrich P8833 

QuickCIP NEB M0525S 

QuickExtract™ DNA Extraction Solution Byozim QE09050 

rCutSmart™ Buffer NEB B6004S 
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RNaseZAP™ Sigma Aldrich R2020-250ML 

RNasin® Ribonuclease Inhibitor Promega N2515 

Rubber solution Mibenco 1297848 - 62 

Saline sodium citrate (SSC, 20×) IMB Protein Production n.a. 

ScreenBlend IMB Protein Production n.a. 

Sodium acetate anhydrous Sigma Aldrich S2889 

SYBR Safe DNA Gel Stain Thermo Fisher S33102 

Taq DNA Polymerase IMB Protein Production n.a. 

TBE Buffer (10×) IMB Media Lab T-40_L 

Triton-X Sigma-Aldrich X100-500ML 

TRIZolTM Reagent Invitrogen 15596026 

Trypsin/EDTA Life Technologies 25200056 

TWEEN® 20 Merck P1379-1L 

Ultrapure Water IMB Protein Production n.a. 
VECTASHIELD Vibrance® Antifade 
Mounting Medium with DAPI Vector Laboratories H-1800-10 

Yeast tRNAs Invitrogen AM7118 
 

6.4 Kits 
Table 4. Kits used in this work. 

Kits Manufacturer Catalogue 
Number 

Direct-zol RNA MicroPrep Kit Zymo Research R2062 

EasySep™ Mouse PE Positive 
Selection Kit II 

STEMCELL 
Technologies 17666 

Flow Cell Wash Kit Oxford Nanopore 
Technologies n.a. 

jetOPTIMUS® DNA Transfection Kit Poyplus 101000051 

Ligation Sequencing Kit V14 Oxford Nanopore 
Technologies  

Lipofectamine™ 3000 Transfection 
Reagent Kit Life Technologies L3000001 

Nick Translation Reagent Kit Abbott Molecular 07J0001 
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NucleoBond Xtra BAC Kit Takara 740436.10 

Oligo Clean & Concentrator Kit Zymo Research D4061 

Rapid DNA Dephos & Ligation Kit Roche 4898117001 

TaKaRa LA Taq ® DNA Polymerase 
Hot-Start Version Takara RR042A 

Takara PrimeSTAR® GXL DNA 
Polymerase Takara R050A 

ZR Plasmid Miniprep-Classic Zymo Research D4054 

Zymoclean Gel DNA Recovery Kit Zymo Research D4001 

 

6.5 Homemade solutions 
Table 5. Homemade solutions used in this work. 

Homemade solutions Recipe 

Annealing solution 1 M Tris pH 8, 50 mM NaCl, 1 mM EDTA 

Antigen retrieval buffer 10 mM sodium citrate, 0.05% Tween 20. 

DAPI, 1:2000 1 µL of DAPI in 1,999 µL of PBS -Ca2+ -Mg2+ (1×) 

Equilibrating solution 2× SSC buffer supplemented with 50% formamide 

gDNA dilution buffer Tris 10 mM pH 8, NaCl 100 mM, EDTA 25 mM, SDS 0.5% 

Gelatin, 0.1% 0.5 g of gelatin in 500 mL of miliQ water; autoclaved 

HCl, 0.1 N 98 µL of HCl 32% in 9,902 µL of water 

Hybridization buffer 1% dextran sulfate, 50% formamide, 0.1% Tween 20 in 2× 
SSC 

Isolation buffer 2% FBS and EDTA 1 mM in 1× PBS -Ca2+ -Mg2+ 

PBS -Ca2+ -Mg2+ (1×) 5x PBS -Ca2+ -Mg2+ was diluted with Ultrapure Water to 1x 
and autoclaved 

PBS + EDTA 1× PBS -Ca2+ -Mg2+ supplemented with EDTA 1:1000 

PBS + Triton X-100 0.1% + 
saponin 0.1% 

1 µL of Tritox X-100, 10 µL of saponin 10%, 989 µL of 1× 
PBS -Ca2+ -Mg2+ 

PFA, 4% 1 mL of Paraformaldehyde 16% solution, EM grade were 
diluted with 3 mL of 1× PBS -Ca2+ -Mg2+ 
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Sodium acetate, 3M 8.2 g of sodium acetate anhydrous in 20 mL of water 

0.1× SSC 1 mL of 2× SSC in 19 mL of water 

1× SSC 10 mL of 10× SSC in 10 mL of water 

2× SSC 2 mL of 20× SSC in 18 mL of water 

 

6.6 Plasmids 
Table 6. Vectors used and created in this work. 

pCK number Common name 

176 pMF-Rosa26-splitRecombination Reporter Puromycin 

178 pMF-TALEN-Rosa26 F (ELD) 

179 pMF-TALEN-Rosa26 R (KKR) 

180 pMF-Rosa26 HR - CreERT2 

181 pMF-Rosa26 HR - BirA-V5 

185 pSpCas9(BB)-3HA 

545 pSpCas9(BB)-3HA-Bl6-gRNA 

579 Rosa26(tg)-loxP-stop-loxP-Cas9-2A-EGFP-U6-Bl6-gRNA 

580 Rosa26(tg)-hEF1a-loxP-stop-loxP-Cas9-2A-EGFP-U6-Bl6-gRNA 

602 PBJ123-Piggbac/Puro 

603 pCMV-hyPBase 

668 pSpCas9(BB)-2A-Puro (PX459) 

693 5'TR-EF1a-loxP-stop-loxP-Cas9-2A-EGFP-U6-Bl6-gRNA-BlastiR 

704 SV40p-TALEN-Rosa26F-ELD-2A-TALEN-Rosa26R-KKR 
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6.7 Oligonucleotides 
Table 7. Oligonucleotides used in this work. 

Target                                         

Forward primer Reverse primer 

Internal 

name 
Sequence (5'-3') 

Internal 

name 
Sequence (5'-3') 

AmpR q455 
TGATAACACTGCG

GCCAACT 
q456 

TTCATTCAGCTCCGGT

TCCC 

Atrx q1070 
AGTGGCAGTGACA

ACGATGTT 
q1073 

AATCTGGAGCTGGGCT

ACTTG 

Bex2 q104 
CAGATTGACTGGA

AACCGAGAG 
q105 

CACGCCTTGTTCCACT

TTG 

BlastiR q399 
CCACACATAACCA

GAGGGCAGCA 
q031 

TCGCGATCGGAAATGA

GAAC 

BlastiR 
(cloning) 

s157 

tgcagacaaatggctctag

aAACTTGTTTATTG

CAGCTTATAATG 

s158 

GCGGCAATCAGAGAGA

TCATTAAGCTTGGGCT

GCAGGTCG 

Bl6 gRNA 
(cloning) 

s033 
caccgCTGGGAATTA

GAATGCCAGA 
s034 

aaacTCTGGCATTCTAA

TTCCCAGc 

Bl6 gRNA 
(qPCR) 

q354 
GCTGGGAATTAGA

ATGCCAGAGT 
q355 

CGACTCGGTGCCACTT

TTTC 

Bl6 gRNA 
(subcloning) 

s055 

ataatGGCGCGCCga

gggcctatttcccatgattcct

tca 

s056 
ataatGGCGCGCCtctaga

gccatttgtctgcagaattggc 

Cas9 q040 
TACAACAAGCACC

GGGATAAG 
q041 

GTCGATGGTGGTGTCA

AAGTA 

Cdh1 q088 
AGACTTTGGTGTG

GGTCAGG 
q089 

CATGCTCAGCGTCTTC

TCTG 

EF1a s088 
gtatgTTAATTAAgtctc

caggcgatctgacggt 
s089 

gtatgTTAATTAAgagcttgg

cccattgcatacgtt 

EGFP q042 
GACAACCACTACCT

GAGCAC 
q043 

CAGGACCATGTGATCG

CG 
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Ei2fs3x q1066 
CAGGATCTCGCCA

CATTGGA 
q1067 

GCCTTCACCACAGTGG

ACTT 

Eomes q086 
GGATATCACCCAG

CTAAAGATCG 
q087 

CTGTCATTTTCTGAAG

CCGTG 

Esrrb q082 
TGGCAGGCAAGGA

TGACAGA 
q083 

TTTACATGAGGGCCGT

GGGA 

Fgf5 q711 
CGGATGGCAAAGT

CAATGGC 
q712 

TCCCCTGAGACACAGC

AAAT 

Gata4 q110 
CCTCTATCACAAGA

TGAACGGC 
q111 

GTGGTAGTCTGGCAGT

TGG 

G6pdx q669 
GGTGACCTGGCCA

AGAAGAA 
q670 

GGCTCACTCTGCTTTC

GGAT 

Hbb-g q221 
TGATCAGAAGGAA

ACAGATGAGTC 
q222 

ATGAGAGCTTTCTGCC

AATGA 

Hprt q074 
GTATACCTAATCAT

TATGCCGAGGA 
q075 

GACATCTCGAGCAAGT

CTTTCA 

Huwe1 q1054 
GGGTGGAAAGGAG

AATGGCT 
q1055 

GTGGTTGCACTGGGTG

GATA 

Kdm6a q1052 
CCTTTTCGGGTTCG

TGAGGT 
q1053 

GATTCGTAGCAGCGAA

CAGC 

Mecp2 q1058 
GGCCGATCTGCTG

GAAAGTA 
q1059 

AGGAGGTGTCTCCCAC

CTTT 

Nanog (gDNA) q223 
ACAGCTTCTTTTGC

ATTACAATGTCC 
q224 

TATTCTCCCAGGCACC

CAGGC 

Nanog (cDNA) q078 
GAACTCTCCTCCAT

TCTGAACC 
q079 

TTGCTAGTCTTCAACC

ACTGG 

Oct3/4 q076 
TCTCCAGACTCCAC

CTCACAC 
q077 

AGCCGACAACAATGAG

AACC 

Otx2 q094 
GGTGGCACTGAAA

ATCAACTTG 
q095 

TGTTCTGACCTCCATT

CTGC 

PiggyBac s153 

AAATCATTTAAAAC

ATCAGAggatcctttgtta

ctttatagaaga 

s154 
gtatgcaatgggccaagctcctta

agcgcgcaattaaccc 



 

 98 

Pgk1 q693 
ATGCTTTCCGAGC

CTCACTG 
q694 

TCACACCCACCATGGA

GCTA 

Rosa26 
(gDNA) 

p99 
GGTAGGGGATCGG

GACTCTG 
p58 

CCCTCCAATTTTACAC

CTGTTCA 

Rosa26 
(homology 
arms) 

s35 

ctttgggccgcctccccgca

ACCGGTTCGAGAT

CCAGGCG 

s36 

catacattatacgaagttatCAC

CTGCAGGAGTACTGGA

AA 

Rosa26 
(TALEN EKD 
FokI) 

s374 
gtatgGctagccaccatgg

actataaggaccacg 
s375 

catacgctagCgggccaggatt

ctcctcgacgtcaccgcatgttag

cagacttcctctgccctctccactg

ccgaattctgagcggaaattgatc

tcgccattg 

Rplp0 q072 
ACTGGTCTAGGAC

CCGAGAAG 
q073 

CTCCCACCTTGTCTCC

AGTC 

RP23-378I14 p116 
CTCCTCTGTACTCC

CTGGCT 
p117 

AGGTGGGTAGGAAGG

CTAGG 

RP23-391D18 q444 
CCGTGGCTGTATG

TGGGAAT 
q445 

GCAAGCGATGGGACTC

CATA 

RP24-169C1 p134 
CTCACGTGGTCAG

ACGTCAA 
p135 

ATAGCGGAGCACCACT

TTCC 

Sall1 q090 
GCCTCAACATTTCC

AATCCG 
q091 

CACAGACATGGGCATC

CTT 

Shredder 
fragment 1 

s37 

TTCCAGTACTCCTG

CAGGTGataacttcgtat

aatgtatgctatacgaagtta

ttcgcgatga 

p51 
CTCAGCTGCAGTTTGG

CAT 

Shredder 
fragment 2 

p42 
CCAGACTGAGCAA

GAGCAGA 
q41 

GTCGATGGTGGTGTCA

AAGTA 

Shredder 
fragment 4 

q40 
TACAACAAGCACC

GGGATAAG 
s38 

CGCCTGGATCTCGAAC

CGGTtgcggggaggcggccc

aaag 

Snprn q122 
CTAGCATTGCAGG

AGCCC 
q123 

GGTCTCATACCAGGTG

GAGG 
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Sox17 q096 
CGATGAACGCCTTT

ATGGTG 
q097 

TTCTCTGCCAAGGTCA

ACG 

TBP q068 
CACCAATGACTCCT

ATGACCC 
q069 

AGCCAAGATTCACGGT

AGATAC 

Tsix q231 
ATGGCTCAAATGG

ATGCCTG 
q232 

TTAGTGACCTCCCAGT

ACCC 

Wnt3 q080 
CCCGCTCAGCTAT

GAACAAG 
q081 

CCCGTGGCATTTACAC

TTTAG 

Xist q360 
CTATCGCCCCAGG

TCACATC 
q361 

CCAGTGCAGAGGTTTT

TGGC 

 

6.8 Antibodies 
Table 8. Antibodies used in this work. 

Antibody Clone Manufacturer 
Catalogue 
Number 

Dilution Host 

anti-Goat IgG (H+L) 
Cross-Adsorbed 
Secondary Antibody, 
Alexa Fluor™ 488 

n.a. ThermoFisher A11055 1:500 Donkey  

anti-Mouse IgG (H+L) 
Highly Cross-
Adsorbed Secondary 
Antibody, Alexa 
Fluor™ 555 

n.a. ThermoFisher A31570 1:500 Donkey  

anti-mouse IgG (H+L) 
Highly Cross-
Adsorbed Secondary 
Antibody, Alexa 
Fluor™ 647 

n.a. ThermoFisher A31571 1:500 Donkey  
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anti-rabbit IgG (H+L) 
Cross-Adsorbed 
Secondary Antibody, 
Alexa Fluor™ 555 

n.a. ThermoFisher A21430 1:500 Goat  

E-cadherin n.a. 
BD Transduction 

Laboratories 
610182 1:500 Mouse   

Gata4 n.a. Santa Cruz sc-25310 1:150 Mouse  

Nanog D2A3 
Cell Signaling 

Technology 
8822T 1:500 Rabbit   

PE-conjugated feeder 
cells 

mEF-S 

K4 
Miltenyi Biotec 130-120-166 0.3 µg Mouse  

Skeletal Myosin 
Heavy Chain 

EPR226

97-17 
Abcam ab234431 1:50 Rabbit  

Sox1 n.a. R&D Systems AF3369 1:250 Goat  

 
 
Break page.  
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7. Methods 
7.1 Cloning of different constructs 

7.1.1 XBl6-specific gRNA cloning 
The primers s033 and s034 were annealed together by mixing equimolar concentrations 

of the plasmid in annealing solution. The mix was placed in a thermocycle by incubating for 2 min 

at 95 °C followed by a 45-min gradient from 95 to 25 °C. The annealed primers were kept at -20 

°C until further use. 

1 µg of the plasmid pCK185 was digested with BbsI (NEB, R3539S) in rCutSmart™ Buffer 

(NEB, B6004S) with QuickCIP (NEB, M0525S) for 1 h at 37 °C and the digested plasmid was 

purified from an agarose gel using the  Zymoclean Gel DNA Recovery Kit (Zymo Research, 

D4001). The eluted plasmid was measured using a DS-11 FX+ Spectrophotometer/Fluorometer. 

The annealed primer mix contains compatible ends with the BbsI-digested plasmid and they were 

ligated using the Rapid DNA Dephos & Ligation Kit (Roche, 4898117001) and used for bacterial 

transformation. The resulting plasmid was named pCK545. 

7.1.2 Rosa26 shredder plasmid cloning 
The 8.6 kb fragment containing the Rosa26 homology arms for recombination was 

amplified from pCK181, which is a plasmid previously reported and kindly provided by (Flemr and 

Bühler 2015). The plasmid was used as a template for PCR amplification with s35 and s36 using 

the Takara PrimeSTAR® GXL DNA Polymerase (Takara, R050A); the manufacturer’s conditions 

were used with primers at a final concentration of 0.5 µM, 1 µL of polymerase and 25 cycles with 

1 min/kb of extension time. This fragment contains the bacterial resistance cassette (ampicillin) as 

well as the origin of replication for bacterial amplification. 

The floxed polyadenylation sites together with Cas9, T2A and EGFP were amplified from 

different sources and the Cas9 sequence was amplified in different fragments. Fragment 1 (1.6 

kb) used isolated mouse DNA (kindly provided from Joan Barau from (Platt et al. 2014)) to PCR 

amplify the floxed polyadenylation sites with the first nucleotides of the Cas9 sequence with s37 

and p51 using the Takara PrimeSTAR® GXL DNA Polymerase (Takara, R050A); the 

manufacturer’s conditions were used with primers at a final concentration of 0.5 µM, 0.5 µL of 

polymerase and 25 cycles with 1 min/kb of extension time. Fragment 2 (3.7 kb) containing the 

https://paperpile.com/c/IN3s5l/i5VC
https://paperpile.com/c/IN3s5l/i5VC
https://paperpile.com/c/IN3s5l/WyJt
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remaining Cas9 sequence was amplified from the commercially available PX459 (pCK668) 

plasmid with p42 and q41 using the Takara PrimeSTAR® GXL DNA Polymerase (Takara, R050A); 

the manufacturer’s conditions were used with primers at a final concentration of 0.5 µM, 0.5 µL of 

polymerase and 25 cycles with 1 min/kb of extension time. Fragments 1 and 2 were fused by PCR 

using s37 and q41 using the Takara PrimeSTAR® GXL DNA Polymerase (Takara, R050A) 

resulting in fragment 3 (4.8 kb); the manufacturer’s conditions were used with templates at 

equimolar concentrations, primers at a final concentration of 0.5 µM, 0.5 µL of polymerase and 20 

cycles with 1 min/kb of extension time. For fragment 4 (1.7 kb) containing the T2A-EGFP 

sequence, the same mouse DNA used in fragment 1 was used as template with q40 and s38 using 

the TaKaRa LA Taq ® DNA Polymerase Hot-Start Version (Takara, RR042A) with the provided 

10× MgCl2 buffer; the manufacturer’s conditions were used with primers at a final concentration of 

0.5 µM, 0.5 µL of polymerase and 33 cycles with 1 min/kb of extension time.  

The Rosa26 homology arms PCR product together with fragments 3 and 4 were used for 

gibson assembly. For the assembly, 100 ng of total DNA were combined in a 0.2 mL thin walled 

PCR tube kept on ice containing the Gibson Assembly 2× Master Mix (IMB Protein Production 

Core Facility) and equimolar concentrations of all the fragments. The reaction mixture was 

incubated at 50 °C for 30-60 min. The whole reaction was further used for bacterial transformation. 

1 µg of this plasmid was digested with AscI (NEB, R0558L) in rCutSmart™ Buffer (NEB, B6004S) 

with QuickCIP (NEB, M0525S) for 1 h at 37 °C and the digested plasmid was purified from an 

agarose gel using the  Zymoclean Gel DNA Recovery Kit (Zymo Research, D4001). The eluted 

plasmid was measured using a DS-11 FX+ Spectrophotometer/Fluorometer. 

The Bl6-gRNA (0.5 kb) was amplified from pCK545 using s55 and s56 using the Takara 

PrimeSTAR® GXL DNA Polymerase (Takara, R050A); the manufacturer’s conditions were used 

with primers at a final concentration of 0.5 µM, 0.5 µL of polymerase and 25 cycles with 1 min/kb 

of extension time. The fragment was digested with AscI (NEB, R0558L) in rCutSmart™ Buffer 

(NEB, B6004S) for 1 h at 37 °C and ligated to the Rosa26 plasmid using the Rapid DNA Dephos 

& Ligation Kit (Roche, 4898117001) and used for bacterial transformation. The resulting plasmid 

was named pCK579. 

7.1.3 PiggyBac shredder plasmid cloning 
The human EF1a promoter (1.5 kb) was added to pCK579 by amplifying it from another 

plasmid with s88 and s89 using the TaKaRa LA Taq ® DNA Polymerase Hot-Start Version 

(Takara, RR042A) with the provided GC buffer; the manufacturer’s conditions were used with 
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primers at a final concentration of 0.5 µM, 0.5 µL of polymerase and 25 cycles with 1 min/kb of 

extension time. The purified PCR fragment was digested with PacI (NEB, R0547S) in rCutSmart™ 

Buffer (NEB, B6004S) for 1 h at 37 °C. 1 µg of the plasmid pCK579 was digested with PacI (NEB, 

R0547S) in rCutSmart™ Buffer (NEB, B6004S) with QuickCIP (NEB, M0525S) for 1 h at 37 °C 

and the digested plasmid was purified from an agarose gel using the  Zymoclean Gel DNA 

Recovery Kit (Zymo Research, D4001). The eluted plasmid was measured using a DS-11 FX+ 

Spectrophotometer/Fluorometer and ligated with the EF1a promoter using the Rapid DNA Dephos 

& Ligation Kit (Roche, 4898117001) and used for bacterial transformation. The resulting plasmid 

was named pCK580. 

A piggyBac plasmid (Cary et al. 1989) containing the terminal repeats was kindly provided 

by (kindly provided by Joan Barau) and named pCK602. A fragment (3.6 kb) containing the 

terminal repeats, the bacterial resistance cassette (ampicillin) as well as the origin of replication 

was amplified from pCK602 with s153 and s154 using the Takara PrimeSTAR® GXL DNA 

Polymerase (Takara, R050A); the manufacturer’s conditions were used with primers at a final 

concentration of 0.3 µM, 1 µL of polymerase and 25 cycles with 1 min/kb of extension time. The 

blasticidin resistance cassette (1.8 kb) was amplified from a previous plasmid with s157 and 158 

using the Takara PrimeSTAR® GXL DNA Polymerase (Takara, R050A); the manufacturer’s 

conditions were used with primers at a final concentration of 0.3 µM, 1 µL of polymerase and 25 

cycles with 1 min/kb of extension time. The shredder construct with the EF1a promoter was 

amplified (8.6 kb) from pCK580 with s155 and 156 using the Takara PrimeSTAR® GXL DNA 

Polymerase (Takara, R050A); the manufacturer’s conditions were used with primers at a final 

concentration of 0.3 µM, 1 µL of polymerase and 25 cycles with 1 min/kb of extension time.  

The fragments were used for gibson assembly. For the assembly, 100 ng of total DNA 

were combined in a 0.2 mL thin walled PCR tube kept on ice containing the Gibson Assembly 2× 

Master Mix (IMB Protein Production Core Facility) and equimolar concentrations of all the 

fragments. The reaction mixture was incubated at 50 °C for 30-60 min. The whole reaction was 

further used for bacterial transformation. The resulting plasmid was named pCK693. 

7.1.4 Double Rosa26 TALEN plasmid cloning 
The Rosa26 TALEN plasmids (pCK178 and pCK179) have been previously reported and 

kindly provided by (Flemr and Bühler 2015).  

The Rosa26 TALEN EKD FokI was PCR amplified (3.1 kb) from pCK178 with s374 and 

s375 using the Takara PrimeSTAR® GXL DNA Polymerase (Takara, R050A); the manufacturer’s 

https://paperpile.com/c/IN3s5l/U3qN
https://paperpile.com/c/IN3s5l/i5VC
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conditions were used with primers at a final concentration of 0.3 µM, 1 µL of polymerase and 25 

cycles with 1 min/kb of extension time. The PCR fragment was purified from an agarose gel using 

the  Zymoclean Gel DNA Recovery Kit (Zymo Research, D4001). The eluted plasmid was 

measured using a DS-11 FX+ Spectrophotometer/Fluorometer and used for digestion with NheI 

(NEB, R3131S) in rCutSmart™ Buffer (NEB, B6004S) for 1 h at 37 °C. 

1 µg of the plasmid pCK179 was digested with NheI (NEB, R3131S) in rCutSmart™ Buffer 

(NEB, B6004S) with QuickCIP (NEB, M0525S) for 1 h at 37 °C and the digested plasmid was 

purified from an agarose gel using the  Zymoclean Gel DNA Recovery Kit (Zymo Research, 

D4001). The eluted plasmid was measured using a DS-11 FX+ Spectrophotometer/Fluorometer 

and used for ligation together with the PCR fragment from pcK178 using the Rapid DNA Dephos 

& Ligation Kit (Roche, 4898117001) and used for bacterial transformation. The resulting plasmid 

was named pCK704. 

7.1.5 Bacterial transformation 
Cloned vectors were transformed into NEB® 10-beta Competent Escherichia coli (High 

Efficiency) (NEB, C3019H) following the manufacturers’ protocol. 

7.1.6 Colony PCR and plasmid DNA isolation 
Following bacterial transformation, individual colonies were picked using a pipette tip and 

placed into 10 µL of nuclease free water. Per 100 µL, a PCR master mix was prepared by 

combining 75 µL nuclease free water, 20 µL of Green Taq buffer (5×) (IMB Protein Production 

Core Facility), 2 µL of dNTP mix (NEB, N0447S), 1 µL of 100 μM forward primer, 1 µL of 100 μM 

reverse primer and 1 µL of Taq DNA Polymerase (IMB Protein Production Core Facility); per 

colony, 6 µL of the master mix were used and added to a PCR tube. The same pipet tip used to 

pick the colony was then transferred into the PCR mixture. After removing the tip, the samples 

underwent PCR with the following thermal cycling conditions: initially denaturation at 95 °C for 3 

min, followed by 24 cycles of denaturation at 94 °C for 20 s, annealing at 55 °C for 20 s, and 

elongation at 68 °C for 1 min/kb. A final extension at 68 °C for 5 min was followed by holding the 

samples at 10 °C. The PCR products were analyzed by running them on an agarose gel, with the 

gel percentage selected based on the size of PCR product.  

Two selected plasmids were inoculated into LB medium (IMB Media Lab, L-10_M) 

supplemented with ampicillin (IMB Media Lab, A-10_A). The cultures were incubated at 37 °C with 

orbital shaking at 200 rpm for 16 h. Plasmid DNA was isolated using the ZR Plasmid Miniprep-
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Classic (Zymo, D4054) kit according to the manufacturer’s instructions. DNA concentrations were 

measured using a DS-11 FX+ Spectrophotometer/Fluorometer (DeNovix), and plasmid sequences 

were verified by Sanger sequencing. 

7.1.7 Plasmid maintenance 
Bacterial stocks were prepared by combining 500 µL of liquid bacterial culture with 800 µL 

of glycerol (Sigma Aldrich, G5516) in cryovials (Sarstedt, 72.397.992). The mixture was gently 

rotated to ensure even distribution before storage at -80oC.  

For bacterial recovery, a small portion of the frozen stock was scraped using a pipet tip 

and streaked on LB plates (IMB Media Lab, L-20_P) supplemented with ampicillin (IMB Media 

Lab, A-10_A) and grown for 15 h at 37 °C. A single colony was used to inoculate LB medium (IMB 

Media Lab, L-10_M) supplemented with ampicillin (IMB Media Lab, A-10_A). The culture was 

incubated at 37 °C with orbital shaking at 200 rpm for 16 h. For artificial chromosomes, the LB 

medium (IMB Media Lab, L-10_M) was supplemented with chloramphenicol at a final 

concentration of 12.5 µg/mL (IMB Media Lab). 

For the bacterial artificial chromosomes, chloramphenicol plates were prepared by melting 

LB agar (IMB Media Lab, L-12_M) and adding chloramphenicol at a final concentration of 12.5 

µg/mL (IMB Media Lab) and pouring the mixture in 100-mm bacterial plates. 

7.2 Composition of media and plate coating 

7.2.1 Fibroblast medium 
 For culturing mouse embryonic fibroblasts (MEFs), fibroblast medium was prepared with 

4.5 g/L glucose DMEM (Gibco, 11960044) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS) (Gibco, A5256701), 1% Penicillin/Streptomycin (Gibco, 15140122), and 1% 

GlutaMAX™ Supplement (Gibco, 35050061). The medium was sterilized by filtering using bottle 

filters (Fisher Scientific, FB12566510). The medium was stored at 4°C and brought to room 

temperature prior to using.  

7.2.2 Inactivation medium 
For mitotic inactivation of MEFs, mitomycin C (Fisher Scientific, 226940020) was dissolved 

to a final concentration of 10 µg/mL using fibroblast medium; the solution was frozen in 40 mL 

aliquots.  
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7.2.3 Mouse embryonic stem cell in serum medium 
Medium was prepared with 4.5 g/L glucose DMEM (Gibco, 11960044) supplemented with 

15% heat-inactivated FBS (Life Technologies, 10270106), 1% Penicillin/Streptomycin (Gibco, 

15140122), 1% GlutaMAX™ Supplement (Gibco, 35050061), 1% Non-essential Amino Acid 

(Gibco, 11140050) and 1% EmbryoMax® 2-Mercaptoethanol (Sigma, ES-007-E). The medium 

was sterilized by filtering using bottle filters (Fisher Scientific, FB12566510). After filtering, 

leukaemia inhibitor factor (LIF; Sigma Aldrich, ESG1107) was added to a final concentration of 

500 U/mL. The medium was stored at 4°C and brought to room temperature prior to using. 

7.2.4 Mouse embryonic stem cell in 2i medium 
The 2 inhibitors (2i) were initially prepared by dissolving lyophilized powders. PD0325901 

(Axon Medchem, Axon 1408) was dissolved in DMSO (Sigma Aldrich, D8418-100ML) to a final 

concentration of 1 mM. The lyophilized CHIR99021 (Axon Medchem, 1386) was dissolved to a 

final concentration of 3 mM: first, approximately 30% of the final volume of DMSO was added 

(Sigma Aldrich, D8418-100ML) and the solution was incubated for 5 min in the water bath until the 

white solution turned crystal clear. After that, the remaining amount of DMSO was added. 

The 2i medium was prepared with KnockOut DMEM (Life Technologies, 10829018) 

supplemented with 15% KnockOut serum replacement (Life Technologies, 10828028), 1% 

Penicillin/Streptomycin (Gibco, 15140122), 1% GlutaMAX™ Supplement (Gibco, 35050061), 1% 

Non-essential Amino Acid (Gibco, 11140050), 1% EmbryoMax® 2-Mercaptoethanol (Sigma, ES-

007-E) and 5 µg/mL insulin (Sigma Aldrich, I0516). The medium was sterilized by filtering using 

bottle filters (Fisher Scientific, FB12566510). After filtering, LIF (Sigma Aldrich, ESG1107) was 

added to a final concentration of 1000 U/mL together with PD0325901 (Axon Medchem, Axon 

1408) at final concentration of 1 µM and CHIR99021 (Axon Medchem, 1386) at final concentration 

of 3 µM were added to the medium. The medium was stored at 4°C and brought to room 

temperature prior to using. 

7.2.5 Differentiation media for assessment of developmental potential 
Differentiation medium 1 was prepared as the serum medium without LIF (Sigma Aldrich, 

ESG1107) and 1% EmbryoMax® 2-Mercaptoethanol (Sigma, ES-007-E). Differentiation medium 

2 was prepared as the serum medium without LIF (Sigma Aldrich, ESG1107). 
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7.2.6 Mouse epiblast-like stem cell medium 
For differentiating and culturing mESCs to EpiLSCs, medium was prepared with 4.5 g/L 

glucose DMEM/F-12 GlutaMAX (Life Technologies, 10565018) supplemented with 15% KnockOut 

serum replacement (Life Technologies, 10828028), 0.5% Penicillin/Streptomycin (Gibco, 

15140122), 1% Non-essential Amino Acid (Gibco, 11140050) and 1% EmbryoMax® 2-

Mercaptoethanol (Sigma, ES-007-E). The medium was sterilized by filtering using bottle filters 

(Fisher Scientific, FB12566510). After filtering, FGF2 (IMB) was added to a final concentration of 

7 ng/mL. The medium was stored at 4°C and brought to room temperature prior to using. 

7.2.7 Freezing medium 
For fibroblasts and mESCs (in either serum or 2i), freezing medium was prepared by 

supplementing each of them with 10% DMSO (Sigma Aldrich, D8418-100ML). For EpiLSCs, 

medium without FGF2 was prepared and supplemented with 10% DMSO (Sigma Aldrich, D8418-

100ML) and 15% KnockOut serum replacement (Life Technologies, 10828028). 

7.2.8 Plate coating 
For mESCs (when needed) and EpiLSCs, 2 mL of 0.1% gelatin solution (Sigma, G1890) 

or Attachment Factor 1X (Gibco, S-006-100 100mL) were added in a 35- or 60-mm plate and 

placed for at least 30 min in the incubator. The plates can be left for longer taking care of the 

gelatin not drying up in the incubator. Afterwards, plates were coated with gelatin and then 

inactivated feeders MEFs were seeded: for mESCs at a density of 1x105/cm2 and for EpiLSCs at 

a density of 4x104/cm2. Coating for mESCs was only done for transfection and differentiation 

experiments. 

7.3 Mouse work 
Animal experiments were conducted in compliance with local and European animal 

welfare regulations and were approved by the relevant authorities (ethical committees on animal 

care and use of the federal state of Rhineland-Palatinate, Germany; covered under LUA license 

G 23-5-049). Mice, aged 7–24 weeks for MEF isolation or 7-month old for lung isolation, were 

housed in ventilated cages with enrichment materials under controlled conditions (humidity 40–

70%, temperature 22 ± 2 °C) on a 12-hour light/dark cycle and provided food and water ad libitum. 

WT female mice in a C57BL/6J background were transferred to cages with WT males of 
the same background and allowed to mate overnight. The morning after, plugs were checked and 
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plug-positive female mice were separated in a new cage; this is referred to as E0.5. Non-positive 

females were transferred to their old cage. On E13.5, females were sacrificed by CO2 inhalation; 

7-month-old mice were directly sacrificed (no mating). Females were placed in a CO2 chamber 

until no breathing was seen. Females were taken out of the cage, sprayed with 70% ethanol 

(Sigma Aldrich, ES-007-E) and the ventral abdominal skin was cut and opened using dissecting 

scissors. The uterine horn containing the embryo strings popped out and the horns were isolated 

and separated from the uterus using dissecting scissors. The horns were placed in PBS -Ca2+ -

Mg2+ string and taken to the laminar hood for the isolation of fibroblasts. The lungs were directly 

cut into two pieces and snap-frozen in dry ice. 

7.4 Cell culture 
All cells were grown in a humidifier incubator (Thermo Scientific, 3308) at 37 °C and 5% 

CO2. For mESCs and EpiLSCs, the media were changed daily. For fibroblasts, the medium was 

changed every 2-3 days. Splitting of either cell type was performed with they reached a confluency 

of around 80% percentage. 

7.4.1 Isolation of mouse embryonic fibroblasts 

After isolating the horns from the uterus and inside the laminar hood, the string was 

transferred to a 100-mm cell culture dish (Falcon, 353003) with PBS -Ca2+ -Mg2+ and embryos 

were individually isolated from the yolk sac with the help of tweezers and the placenta and 

umbilical cords were removed. Afterwards, the embryos were transferred to a 100-mm cell culture 

dish (Falcon, 353003) with PBS -Ca2+ -Mg2+. For each embryo, the head was removed with a 

scalpel and the heart with tweezers and the remaining body parts were cut into smaller pieces 

with the scalpel until a homogeneous mixture was obtained and transferred to 15-mL falcon tubes. 

Per embryo, 900 µL of 0.25% Trypsin/EDTA (Life Technologies, 25200056) was added to each 

tube together with DNAse I to a final concentration of 0.1 µg/mL and the mixture was incubated 

in a water bath at 37 °C for 15-20 min. The reaction was neutralized with fibroblast medium and 

the resulting cells were plated in a 6-well plate (one well per embryo); this is referred to as p0. 

When the wells were approximately 85% confluent, cells were frozen at a density of 2.2x106 cells 

per vial. 
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7.4.2 Expansion and splitting of mouse embryonic fibroblasts 
One vial of fibroblasts p1, was thawed and grown in a 150-mm plate and two days later 

cells were split 1:2 to two 150-mm plates (p2) and the process was repeated once more until p3. 

The four plates at a confluency of 90% were detached and frozen at a density of 2×106 cells per 

vial. Fibroblasts were split when the wells reached a confluency of around 85% and were never 

used beyond passage 8 (p8). For splitting, the medium was removed, rinsed once with PBS -Ca2+ 

-Mg2+ and enough accutase (Sigma Aldrich, A6964-100ML) to cover the plate was added; the 

plate was incubated in the incubator until detached, floating cells were visible under the 

microscope. For expansion, cells were transferred usually at a 1:2 ratio to new plates containing 

fibroblast medium; for freezing, cells were pelleted (1,000 rpm for 3 min), the medium was removed 

and frozen with freezing medium at the desired density. 

7.4.3 Inactivation of fibroblasts (feeders) 
One vial of MEFs at p4, was thawed and grown in a 150-mm plate and two days later cells 

were split 1:2 to two 150-mm plates (p5) and the process was repeated once more until p6. Two 

days later, the fibroblast medium was removed and per plate, 20 mL of inactivation medium was 

added to each plate. Cells were incubated for 3 hours and afterwards the inactivation medium was 

removed, cells were washed twice with DPBS +Ca2+ +Mg2+ and cells were detached. The resulting 

feeders were frozen at a density of 2.15×106 cells per vial. 

7.4.4 Isolation of hybrid mESCs 
Prior to embryo thawing, EmbryoMax® M2 Medium (Sigma, MR-015-D) was added to 35-

mm plates and placed in the incubator for equilibration for 30 min. In addition, plates containing 

small drops of KnockOut serum replacement (Life Technologies, 10828028) covered with 

EmbryoMax® Filtered Light Mineral Oil (Sigma, ES-005-C) and placed in the incubator for 

equilibration for 30 min. 

Cryopreserved C3H/Bl6 2-cell stage embryos in embryo straws, obtained from Janvier 

Labs, were thawed by placing them in a distilled water bath for 15 s. The straws contained a cotton 

plug, and the plug was cut with scissors; the other end of the straw was also cut and with the help 

of a syringe, the embryos were pumped out of the straw into a 35-mm plate containing equilibrated 

M2 medium (Sigma, MR-015-D). Embryos were allowed to settle and then were washed three 

times by consecutive transfers to equilibrated M2-containing medium before placing them in 

EmbryoMax® KSOM Mouse Embryo Media (Millipore, 637429) drops in the incubator. Embryos 

were monitored each day and further processed until the blastocyst stage. Blastocyst were 
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washed one by one in EmbryoMax® Acidic Tyrode's Solution (Millipore, MR-004-D) before 

seeding them in individual feeder-coated wells of a 48-well plate with serurm/LIF medium. The 

blastocysts were allowed to attach for two days and afterwards, the medium was changed to a 

fresh aliquot daily until outgrowths were visible. Cell lines were split and mESCs were expanded.  

7.4.5 Expansion and splitting of hybrid mESCs 
For every splitting event, feeders were thawed the day before at a density of 1x105 

cells/cm2; if needed, gelatin coating was performed. Cells were then split and passaged usually 

every 2-3 days, depending on the density of seeding. mESCs were split when the wells reached 

a confluency of around 85%. For splitting, cells were detached by removing the medium, rinsing 

once with PBS -Ca2+ -Mg2+ and enough accutase (Sigma Aldrich, A6964-100ML) to cover the plate 

was added; if two or less plates were handled, they were placed in the incubator for 2-3 min, 

otherwise they were incubated in the hood and when the accutase was added to the last plate, 

the first one was already ready for detaching. For each plate, 1 volume of serum medium was 

added and cells were detached by gently pipetting up and down until a single-celled suspension 

was obtained; the process was repeated with all plates. For expansion, cells were transferred 

usually at a 1:5 ratio to new feeder plates containing serum/LIF medium; for freezing, cells were 

pelleted (1,000 rpm for 3 min), the medium was removed and frozen with freezing medium at the 

desired density. 

7.4.6 Isolation of mESCs from feeders 
mESCs were isolated from feeders when the either 6-well or 60-mm plates reached a 

confluency of around 75-80% using the EasySep™ Mouse PE Positive Selection Kit II 

(STEMCELL Technologies, 17666) with some modification. Cells were detached with accutase 

and centrifuged at 1,000rpm for 3 min and the pellets were resuspended in 300 µL of isolation 

buffer. The mixtures were transferred to polystyrene round-bottom tubes (Fisher Scientific, 

10186360) with 3 µL of the provided FcR blocker, mixing them carefully before adding 0.3 µg of 

the provided conjugated anti-mouse antibody and samples were incubated for 15 min in the dark. 

Each sample was topped up with a 10-fold excess of isolation buffer and centrifuged at 300×g for 

10 min using low brake. The supernatant was removed and the pellets were resuspended in 200 

µL of isolation buffer before adding 20 µL of the provided selection cocktail and samples were 

incubated in the dark for 15 min. The vial of the provided RapidSpheres was vortexed for 30 s 

prior to using and 15 µL of them were used per 200 µL of buffer; samples were carefully mixed 

and incubated in the dark for 10 min before topping up to 2.5 mL of isolation buffer. The samples 
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were placed in a magnetic rack for 10 min; mESCs remain in the suspension while the fibroblast 

remain in the bound beads-antibody complex, therefore the supernatants were transferred to 

falcon tubes and cells were centrifuged at 1,000rpm for 3 min. The pellets were either frozen until 

further processing for RNA extraction or cultured for 3 additional days for embryoid bodies.  

7.4.7 Differentiation of mESCs to embryoid bodies (EBs) 
EBs were generated as previously described with some modifications (Bedzhov et al. 

2013). C3H/Bl6 mESCs isolated from feeders and cultured for up to three days in gelatin-coated 

plates with 2i/LIF medium were resuspended differentiation medium 1 at a concentration of 1×10⁶ 

cells/mL. Drops of 30 µL were plated on the lid of 10-cm bacterial plates and the plate was filled 

with PBS -Ca2+ -Mg2+; the lid was flipped in order to form hanging drops and cells were allowed to 

aggregate for 3 days in the incubator. Cells that aggregated and formed “balls” were transferred 

to 10-cm bacterial dishes with differentiation medium 1 and with shaking for 3 more days in the 

incubator; cells were constantly monitored for growth. After three days, the cell bodies were plated 

on gelatin-coated wells or coverslips in differentiation medium 2 for 3 days. If needed, the medium 

was changed and EBs were cultured for 3 more additional days. Beating structures were counted 

at the end of the experiment. Cells were either fixed with 4% PFA or TRIzol™ (Invitrogen, 

15596026) was added to the plates. 

7.4.8 Differentiation of mESCs to EpiLSCs and splitting 
mESCs were detached at 125,000 cells were seeded for timepoints 0 and 2 days of 

differentiation and an additional well for day 5 and 7. All cells were seeded, as specified for 

EpiLSCs, in serum/LIF medium. For days 2 and the additional well, the medium was changed to 

EpiLSC medium while for day 0 it was changed to a fresh aliquot of serum/LIF medium; the 

medium was changed daily. For the additional well, cells were split, as specified for EpiLSCs, and 

colonies were seeded for days 5 and 7. Cells were collected at the respective points after 

differentiation was induced by removing the medium from the wells, rinsing carefully once with 

PBS -Ca2+ -Mg2+ and proceeding with the splitting procedure for EpiLSCs. After two rounds of 

washing, cells were centrifuged for freezing but instead of freezing medium, TRIzol™ (Invitrogen, 

15596026) was added and cells were snap frozen.   

EpiLSCs were split when the wells reached a confluency of around 80%. If differentiated 

cells were found, the plates were cleaned with a pipet tip before proceeding. For splitting, the 

medium was removed, rinsed once with PBS -Ca2+ -Mg2+ and cells were incubated with PBS/EDTA 

solution for exactly 2 min. Afterwards, the detaching solution is removed and epiblast-like medium 

https://paperpile.com/c/IN3s5l/6EhU
https://paperpile.com/c/IN3s5l/6EhU
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without FGF2 is added to the plate; using a cell scraper, cells are gently detached from the plate 

and resuspended with a 5 mL serological pipette to triturate cells making sure to obtain a mixture 

with smaller colonies and not single cells. Cells are then transferred to a falcon tube and washed 

twice with epiblast-like medium without FGF2 (200×g, 15-30 s) and then cell pellets are gently 

resuspended in complete epiblast-like medium and seeded to new feeder plates with complete 

epiblast-like medium. For freezing, after the two washes, cells were centrifuged at 200×g for 5 min 

and the pellet was gently resuspended in the EpiLSC freezing medium. 

7.4.9 Liposome-mediated transfection 
In a DNA LoBind Eppendorf 1.5 mL tube, 3.74 µL of Lipofectamine™ 3000 reagent was 

mixed with 125 µL of Opti-MEM™ I (Gibco, 31985062) supplemented with LIF (Sigma Aldrich, 

ESG1107) at final concentration of 1000 U/mL. In a second tube and for Rosa26 targeting 800 ng 

of pCK704, 200 ng of pCK176, 2.062 µg of pCK180 and 3 µg of pCK579 were added to a tube 

containing P3000 reagent (2 µL/µg DNA) and 125 µL of Opti-MEM™ I (Gibco, 31985062) 

supplemented with LIF (Sigma Aldrich, ESG1107) at final concentration of 1000 U/mL. The 

contents of the first tube were then transferred into the second tube, vortexed for 30 s, briefly 

centrifuged, and incubated at room temperature for 20 min. In the meantime, 1×10⁶ cells were 

centrifuged at 1,000 rpm for 3 min, the supernatant was discarded, and the pellet was resuspended 

in 500 µL of Opti-MEM™ I (Gibco, 31985062) supplemented with LIF (Sigma Aldrich, ESG1107) 

at final concentration of 1000 U/mL. For piggyBac transposition, 2 µg of pCK693 and 352 ng of 

pCK603 were used. The DNA–lipofectamine mixture was added to the cell suspension, which was 

gently mixed by pipetting and incubated at room temperature for 2 minutes. In the meantime, the 

fibroblast medium was removed from the culture plate, and 2 mL of fresh Opti-MEM™ I (Gibco, 

31985062) supplemented with LIF (Sigma Aldrich, ESG1107) at final concentration of 1000 U/mL 

was added to the 60-mm plate. After incubation, the transfection mixture was carefully added 

dropwise onto the plate, and cells were incubated for 6 hours. Following this incubation, the 

medium was replaced with serum/LIF medium.  

For the jetOPTIMUS® DNA Transfection Kit, 500 µL of the provided buffer were mixed with 

800 ng of pCK704, 200 ng of pCK176, 2.062 µg of pCK180 and 3 µg of pCK579 and the tube was 

vortexed for 1 s and spun down. The provided reagent was vortexed for 5 s and span down and 

7.5 µL of the reagent were added to the DNA-buffer mix. The mixture was vortexed for 1 s and 

spun down and incubated at room temperature for 10 min. In the meantime, cells were detached 

and collected and 1 million cells in serum/LIF medium without antibiotics were added to the mixture 

and pipetted up and down to get a single-celled suspension. In addition, the fibroblast medium 
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was removed from the culture plate, and 1 mL of serum/LIF medium without antibiotics was added 

to the 60-mm plate. After incubation, the transfection mixture was carefully added dropwise onto 

the plate, and cells were incubated for 4 hours. Following this incubation, the medium was replaced 

with serum/LIF medium. 

For both kits, the next morning after transfection, selection with the respective antibiotic (1 

µg/mL of puromycin for the Rosa26 targeting or 5 µg/mL of blasticidin for the piggyBac 

transposition) was initiated and maintained for 2 days, changing to fresh aliquots daily. Single 

colonies were then picked and transferred individually into gelatin coated 96-well plates containing 

2i/LIF medium for expansion. The plate was then divided into two: one on gelatin and 2i/LIF 

medium for genotyping and one with feeders and serum/LIF medium for expansion. For NHEJ 

inhibition, 200 µM of Novobiocin and 1 µM of AZD-7648 were used from the liposome generation 

step until selection was done. 

7.5 DNA fluorescence in situ hybridization (DNA FISH) 

7.5.1 Isolation of bacterial artificial chromosomes (BACs) 
The BACs RP23-378I14 and RP23-391D18 for the X chromosome and RP24-169C1 for  

chromosome 6 were used. For each, one isolated colony from agar plates was taken and used for 

inoculating 4 mL of LB supplemented with chloramphenicol for around 8 h. 500 µL of the culture 

were taken and added to 250 mL of LB supplemented with chloramphenicol in a 1000 mL flask 

and incubated for 16-18 h. Next day, the cultures were centrifuged at 5,000×g for 10 min at 4 °C 

and the supernatant was removed and the bacterial pellets were snap frozen until further 

processing. Isolation of the BACs was performed using the NucleoBond Xtra BAC kit (Takara, 

740436.10) according to manufacturer’s instructions. BAC DNA concentrations were measured 

using a DS-11 FX+ Spectrophotometer/Fluorometer (DeNovix). 

7.5.2 Verification of BACs by PCR 
100-150 ng of BAC DNA were used for BAC verification by PCR. A PCR master mix was 

prepared by combining 11.5 µL nuclease free water, 4 µL of 5× Green Taq buffer (IMB Protein 

Production Core Facility), 0.4 µL of dNTP mix (NEB, N0447S), 0.4 µL of 10 μM forward primer, 

0.4 µL of 10 μM reverse primer and 0.3 µL of ScreenBlend DNA Polymerase (IMB Protein 

Production Core Facility). The samples underwent PCR with the following thermal cycling 

conditions: initially denaturation at 94 °C for 1 min 30 s, followed by 33 cycles of denaturation at 

94 °C for 30 sec, annealing at 55 °C for 30 sec, and elongation at 68 °C for 1 min/kb. A final 
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extension at 68 °C for 5 min was followed by holding the samples at 10 °C. The PCR products 

were analyzed by running them on an agarose gel, with the gel percentage selected based on the 

size of PCR product. 

7.5.3 Nick translation and purification of BACs 
Alexa Flour 647-aha-dUTP 1 mM (Thermo Fisher, A32763) and Alexa Flour 555-aha-dUTP 

1 mM (Invitrogen, 10654193) were used; RP23-378I14 was labeled with Alexa Fluor 647 while 

RP23-391D18 and RP24-169C1 with Alexa Fluor 555. The fluorophores were diluted to 0.1 mM 

with nuclease-free water. A 0.1 mM dNTP mix from the nick translation kit (Abbott Molecular, 

07J0001) was prepared by mixing 10 µL of 0.3 mM of dATP, 10 µL of 0.3 mM of dCTP and 10 µL 

of 0.3 mM of dGTP; dTTP 0.1 mM was prepared by diluted 10 µL of 0.2 mM dTTP with 20 µL of 

nuclease-free water. 

1 µg of BAC DNA were used for fluorophore labeling using a nick translation kit (Abbott 

Molecular, 07J0001). Per reaction, a master mix together with the BAC was prepared by adding 

2.5 µL of fluorophores 0.1 mM, 5 µL of 0.1 mM dTTP, 10 µL of 0.1 mM dNTP mix, 5 µL of 10x 

reaction buffer, 10 µL of enzyme mix; the mix was topped up to 50 µL with nuclease-free water. 

Nick translation was performed by incubating the samples at 15 °C and the timing varied between 

samples (6 h for RP23-378I14 and RP24-169C1 and 14 h for RP23-391D18) and the reaction was 

stopped by a 10-min incubation at 70 °C. 

Purification was done using the Oligo Clean & Concentrator kit (Zymo Research, D4061) 

according to the manufacturer’s instructions. 200 µL of ethanol were used for the purification. 

Samples were eluted in 50 µL of nuclease-free water and kept at -20 °C until further use. 

7.5.4 Hybridization 
For fixation, the medium was removed and cells were rinsed once with PBS -Ca2+ -Mg2+ 

and 4% PFA was added to the wells and incubated for 15 min in the fume hood. Cells were washed 

twice with -Ca2+ -Mg2+, 5 min each and the samples were kept in -Ca2+ -Mg2+ or processed 

immediately.  

The hybridization probes were prepared by adding the purified probe(s), 3 µg of COT 

human DNA (Sigma, 11581074001), 20 µg of yeast tRNAs (Invitrogen, AM7118) and topped up 

with water to 40 µL; if cells were seeded on coverslips, 5 µL per probe were used and 10 µL if 

cells were seeded on 8-well µ-slide ibidi chambers. 0.1× of total volume of 3 M sodium acetate 

were added and 3× of total volume of ice-cold 100% ethanol (kept at -20 °C) were added. The mix 
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was vortexed on the highest setting and spun down before centrifuging at maximum speed for 30 

min at 4 °C. The supernatant was carefully removed by pipetting and the probes were carefully 

washed with cold 70% ethanol and centrifuging at maximum speed for 5 min at 4 °C. The 

supernatant was carefully removed by pipetting and the probes were air dried and resuspended 

in a hybridization buffer; if cells were seeded on coverslips, the probes were resuspended in 7 µL 

of hybridization buffer per coverslip and in 200 µL of hybridization buffer for 8-well µ-slide ibidi 

chambers.  

Cells were permeabilized for 10 min with freshly prepared PBS supplemented with Triton 

X-100 0.1% and saponin 0.1% and cells were washed twice with -Ca2+ -Mg2+, 5 min each. Proteins 

were then precipitated with HCl 0.1 N for 15 min and washed once with 2× SSC buffer for 10 min 

afterwards. Cells were then incubated in the equilibrating solution for 30-45 min. The equilibrating 

solution was removed and the probes were added to the samples: for coverslips, the probe in 

hybridization buffer was added to a glass slide and the cells facing the solution were placed on 

top, sealing the coverslips with rubber solution; for 8-well µ-slide ibidi chambers, the probe in 

hybridization buffer was added. Samples were light-protected and incubated for 10 min at 85 °C 

and then transferred to a humid hybridization oven for 16 h. After incubation, the rubber solution 

on the coverslips was removed by soaking the glass slide in 2× SSC buffer and the coverslips and 

placed facing upwards; for the 8-well µ-slide ibidi chambers the hybridization solution was 

removed. Samples were washed twice with 2× SSC buffer, each for 5 min; washed three times 

with 1× SSC buffer at 45 °C, each for 5 min; washed three times with 0.1× SSC buffer at 45 °C, 

each for 5 min. Samples were counterstained with DAPI 1:2000 for 10 min and afterwards they 

were rinsed once with PBS -Ca2+ -Mg2+, rinsed once with miliQ water, rinsed once with PBS -Ca2+ 

-Mg2+ and finally mounted with ProLong Gold Antifade Mountant (Invitrogen, P36930) or 

VECTASHIELD Vibrance® Antifade Mounting Medium with DAPI (Vector Laboratories, H-1800-

10). Before imaging, samples mounted with ProLong were cured for at least 24 h and at least 1 h 

for VECTASHIELD.  

7.6 Nucleic acid work 

7.6.1 Genomic DNA (gDNA) isolation 
The medium from cells growing on 96-well plates was removed and 50 µL of 

QuickExtract™ DNA Extraction Solution (Biozym, QE09050) were added. Plates were incubated 

at 55 °C for 1 h followed by 15 min at 75 °C. gDNA was either used immediately and can be stored 
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at 4 °C for short-term or at -20 °C for long-term. For RT-qPCR, gDNA was diluted 1:30 with 

nuclease-free water. 

7.6.2 Isolation of high molecular weight gDNA and library preparation 
C3H/Bl6 cells were purified from feeders and grown on gelatin-coated plates in 2i/LIF for 

no more than five days and gDNA was isolated as previously described (passage 24). For lungs, 

300 µL of QuickExtract™ DNA Extraction Solution (Biozym, QE09050) were added and samples 

were grinded, followed by an incubation at 55 °C for 1 h followed by 15 min at 75 °C. 

gDNA samples were topped up to 500 µL with gDNA dilution buffer and 1 mL of the lower 

phase of pre-equilibrated phenol:chloroform:isoamyl alcohol pH 8 were added to each sample; 

samples were shaken to homogeneize and transferred to a phase lock tube. Samples were 

centrifuged and the upper phase was transferred to a LoBind tube containing 50 µL of sodium 

acetate 3 M and 1 volume of isopropanol was added; samples were incubated for 1 h at - 20 °C. 

The gDNA was pelleted by centrifugation at maximum speed for 1 h at 4 °C, with two washing 

steps with 70% ethanol for 10 min at maximum speed at 4 °C; gDNA was incubated at 37 °C for 

5 min to remove all liquid. Tris pH 8 was added to the pellets (50 µL for lung samples and 40 µL 

for cell samples) and the samples were incubated at 50 °C for 2 h. Samples were run on a gel to 

assess integrity of the high molecular weight gDNA. 

Size selection of fragments larger than 30 kb, adapter ligation and barcode ligation were 

done according to the manufacturer’s instruction using the Ligation Sequencing Kit V14 from 

Oxford Nanopore Technologies. 

7.6.3 RNA isolation and complementary DNA (cDNA) preparation 
 TRIzol™ Reagent was added directly to the samples; for EBs, RNA was added directly to 

the plate and equally distributed to cover the entire cell surface. Plates were either stored at −80°C 

or immediately processed for RNA extraction. EBs remained attached to the well of the plates so 

with a pipette tip, they were detached and transferred to a 1.5-mL tube and homogenized using a 

handheld pestle. An equal volume of 99.9% ethanol was added to the TRIzol™ lysates and total 

RNA was subsequently extracted according to the manufacturer’s instructions using the Direct-

zol™ RNA MicroPrep Kit. RNA was eluted in nuclease-free water. RNA concentration and purity 

were measured using a DS-11 FX+ Spectrophotometer/Fluorometer (DeNovix). RNA samples 

with 260/280 ratios between 1.8 and 2.0 were considered acceptable for downstream applications. 
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Complementary DNA (cDNA) was synthesized from the isolated RNA. For each reaction, 

500 ng of total RNA in a final volume of 5 µL was mixed with 0.435 µL of 0.1 mM oligo(dT) and 

0.435 µL of 10 mM dNTP (NEB, N0447S) mix. The mixture was briefly vortexed, incubated at 65°C 

for 5 min, and immediately chilled on ice on a 96-well metal rack. Following a brief centrifugation, 

the reverse transcription master mix was added to each sample: 1.739 µL of 5× reverse 

transcription buffer (IMB Protein Production Core Facility), 0.87 µL of 0.1 mM DTT (Sigma Aldrich, 

D0632-25G), 0.109 µL of RNasin® Ribonuclease Inhibitor (Promega, N2515) and 0.25 µL of M-

MLV reverse transcriptase (IMB Protein Production Core Facility). Samples were mildly vortexed, 

briefly centrifuged, and incubated sequentially at 25°C for 10 min, 42°C for 50 min, and 70°C for 

15 min in a thermocycler. The resulting cDNA was diluted to 300 µL of nuclease-free water and 

used for RT-qPCR analysis. 

7.7 Quantitative PCR (qPCR) 
RT-qPCR was performed using the LightCycler 480 System (Roche) in a final volume of 7 

µL. 3.5 µL of either diluted cDNA or gDNA together with 3.5 µL of a master mix containing FastStart 

Universal SYBR Green Master (Roche, 4913914001) and primers at a final concentration of 300 

nM were mixed and added to a LightCycler® 480 Multiwell 384-well plate (Roche, 04729749001). 

Plates were sealed before quantification with LightCycler® 480 sealing foil (Roche, 04729757001). 

The samples were initially denatured at 95 °C for 10 min (ramp rate 4.8 °C/s), followed by 

45 cycles of denaturation at 95 °C for 15 s (ramp rate 4.8 °C/s), and annealing-elongation at 60 

°C for 1 min (ramp rate 2.5 °C/s), with single signal acquisition at each cycle. For the melting curve 

analysis, the samples were denatured at 95 °C for 15 s (ramp rate 4.8 °C/s), then held at 60 °C 

for 1 min (ramp rate 2.5 °C/s), followed by a gradual melt at 95 °C (ramp rate 0.11 °C/s) with 

continuous signal acquisition every 5 °C. Finally, the samples were cooled at 40 °C for 30 s (ramp 

rate 2.5 °C/s). Cp values were determined using the Abs Quant/2nd Derivative Max analysis mode 

in the LightCycler 480 software (version 1.5.1.62). The values were normalized against the 

geometric mean of Cp values from housekeeping genes. If needed, further normalizing was 

performed against WT controls. 

7.8 Genotyping 
For Rosa26 genotyping, the TaKaRa LA Taq ® DNA Polymerase Hot-Start Version with 

the 10× buffer was used (Takara, RR042A) following manufacturer’s instructions with some 

modifications. Per 100 µL of master mix, 0.25 µL of La Taq-HS enzyme were used, primers were 
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used at a final concentration of 0.6 µM and depending on the cell confluency before gDNA 

extraction, 0.8 to 2 µL of template solution were used; p99 was used as a forward primer and p58 

as a reverse primer. The following thermal cycling conditions were used: initially denaturation at 

94 °C for 3 min, followed by 33 cycles of denaturation at 98 °C for 10 s, annealing at 60 °C for 15 

s, and elongation at 68 °C for 8 min 30 s. A final extension at 72 °C for 10 min was followed by 

holding the samples at 10 °C. The PCR products were analyzed by running them on an agarose 

gel, with the gel percentage selected based on the size of PCR product. 

For piggyBac transposition, qPCR on gDNA was used. All genes on the shredder vector 

(Cas9, EGFP, Bl6 gRNA, BlastiR) were amplified; AmpR was also added to ensure that only 

transposition of the shredder vector occurred. Samples were normalized to autosomal Hbb-g and 

Nanog genes. 

7.9 Immunofluorescence stainings 
For mESCs, cells were seeded onto ifeeder-coated 8-well µ-slide ibidi chambers and for 

EBs, they were seeded on gelatin-coated coverslips (Starstedt, 83.1840.002). Once they were at 

around 85% confluency, samples were washed twice with PBS -Ca2+ -Mg2+. The cells were then 

fixed with 4% paraformaldehyde in PBS -Ca2+ -Mg2+ for 15 minutes at room temperature. After 

three washes with PBS -Ca2+ -Mg2+, samples were stored at 4 °C in PBS -Ca2+ -Mg2+ until staining. 

For permeabilization, the samples were incubated in 0.3% Triton X-100 in PBS -Ca2+ -Mg2+ 

for 3 minutes, followed by two PBS -Ca2+ -Mg2+ of 5 min each. Blocking was performed using 1% 

BSA (Pan Biotech, P06-1391500) in PBS -Ca2+ -Mg2+ for 30 minutes at room temperature. After 

one additional wash in PBS -Ca2+ -Mg2+, samples were incubated overnight at 4 °C with the 

respective primary antibodies, diluted in 0.1% BSA in PBS -Ca2+ -Mg2+. Following three washes 

with PBS -Ca2+ -Mg2+, samples incubated with the respective secondary antibodies, diluted in 0.1% 

BSA in PBS -Ca2+ -Mg2+, for 1 hour at room temperature. They were then washed three times with 

PBS -Ca2+ -Mg2+ and counterstained with DAPI 1:2000 for 10 min and afterwards they were rinsed 

once with PBS -Ca2+ -Mg2+, rinsed once with miliQ water, rinsed once with PBS -Ca2+ -Mg2+ and 

finally mounted with ProLong Gold Antifade Mountant (Invitrogen, P36930) or VECTASHIELD 

Vibrance® Antifade Mounting Medium with DAPI (Vector Laboratories, H-1800-10). Before 

imaging, samples mounted with ProLong were cured for at least 24 h and at least 1 h for 

VECTASHIELD.  
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For myosin stainings, an antigen retrieval step was performed. After fixation, the antigen 

retrieval buffer was boiled to 115 °C and once it was boiling it was added to the EBs and incubated 

for 20 min at 98 °C; more buffer was added during the incubation time if needed. The samples 

were then placed on a water-filled chamber for 20 min and washed three times with PBS -Ca2+ -

Mg2+ and the protocol continued from the permeabilization step. 

7.10 Long read sequencing and analysis 
Sequencing was performed using a minION flow cell on two rounds. 400 ng (~15 fmol) of 

library pool were loaded on a minion flow cell (sequencer ID: MN24510, flow cell type: FLO-

MIN114, flow cell ID: FAX59673) and the sequencing was run for 26 h 10 min. The flow cell was 

then washed with the DNAse I solution from the Flow Cell Wash Kit (Oxford Nanopore 

Technologies). The library pool was loaded again for a total running time of 72 h. 

For base calling, demultiplexing and adaptor trimming: dorado v0.3.4 was used for base 

calling the raw pod5 input files in 'hac' accuracy mode using the 

"dna_r10.4.1_e8.2_400bps_hac@v4.2.0" model to produce bam files that include information 

about base modifications. Base modification information was extracted from bam files using 

modkit v0.1.12 using the options "--cpg --ignore h --combine-strands" to produce pileup 

information in the form of bedMethyl files. To produce sequencing reads in fastq format, guppy 

v6.5.7 was used for demultiplexing and adaptor trimming. 

Sequencing reads were mapped against the Mus musculus GRCm39 genome assembly 

(release 109) using minimap2 v2.26 with the options "-y -ax map-ont --MD --cs --secondary=no". 

pycoQC v2.5.2, nanoplot v1.41.3 and FastQC v0.12.1 were used to obtain metrics for read 

length distribution and assess overall sequencing quality. To estimate sequencing depth per 

chromosome, mosdepth v0.3.3 was used after alignment, and ratios of mapped versus total reads 

per chromosome were obtained using samtools idxstats v1.17. MultiQC v1.15 was used to 

visualize results. 

7.11 Microscopy and image analysis 
Images were acquired taking Z-planes using a fluorescence spinning disc confocal 

microscope, VisiScope 5 Elements (Visitron Systems), which is based on a Ti-2E (Nikon) stand 

and equipped with a spinning disc unit (CSU-W1, 50 μm pinhole; Yokogawa). The set-up was 

controlled using VisiView 5.0 software, and images were acquired with a ×100/1.49 NA oil-
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immersion objective and a sCMOS camera (BSI; Photometrics). 3D stacks of images were 

recorded for each sample. Raw .companion.ome files were processed using Fiji (ImageJ2, v2.16) 

and converted to .tif files using a macro program. The intensity of all channels was equally adjusted 

for all images per replicate. For DNA FISH, the resulting .tif merged files containing intensity 

projections were produced from Z-stacks and further used for quantification experiments. For 

immunostainings, the resulting .tif merged files contained maximum intensity projections. 

mESCs grow as 3D colonies, therefore for DNA FISH dot counting, a region of Z-stacks 

was defined. Within that Z-stack, using the Cell Counter tool, cells with one or two X dots as well 

as cells with one or two chromosome 6 dots were counted and recorded. The process was 

repeated for all acquired images in each passage, in each replicate or for each sex, depending on 

the experiment. 

7.12 Software 
R Studio Version 2022.12.0+353 (2022.12.0+353) was used to plot graphs. 

Adobe Illustrator 2025 was used to generate and assemble figures. 
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Sex-specific differences in lifespan and ageing are observed in various
species. In humans, women generally live longer but are frailer and
suffer from different age-related diseases compared to men. The hallmarks
of ageing, such as genomic instability, telomere attrition or loss of
proteostasis, exhibit sex-specific patterns. Sex chromosomes and sex
hormones, as well as the epigenetic regulation of the inactive X
chromosome, have been shown to affect lifespan and age-related diseases.
Here we review the current knowledge on the biological basis of sex-
biased ageing. While our review is focused on humans, we also discuss
examples of model organisms such as the mouse, fruit fly or the
killifish. Understanding these molecular differences is crucial as the elderly
population is expected to double worldwide by 2050, making sex-specific
approaches in the diagnosis, treatment, therapeutic development and
prevention of age-related diseases a pressing need.

1. Introduction
It has become increasingly evident that males and females across species
show differences in lifespan (see Glossary) and ageing. In many mammals,
females live longer than males, while in birds, males are the longer-lived
sex [1]. In humans, women live on average 5 years longer than men [2].
Paradoxically, women are frailer (see Glossary) later in life (usually after the
onset of menopause) and do not necessarily have a longer healthspan [3]
(see Glossary). Age-associated illnesses are often sex-biased. For example, in
2018, men older than 65 years showed higher death rates of cancer, heart
disease, stroke and diabetes, while Alzheimer’s disease (AD), influenza and
pneumonia showed higher death rates in women [4]. Women are also more
susceptible to autoimmunity [5]. Such age-associated sex biases deserve more
attention, as the elderly population worldwide is expected to double from
12% to 22% between 2015 and 2050.

Sex is often not reported in the scientific literature, making it hard
to link sex-specific effects to ageing, although sex-biased gene expression
is widespread in human tissues [6]. With exceptions, most genome-wide
association studies (GWAS) omit sex chromosomes [7]. Lastly, the inclusion
of women in clinical trials has been historically limited [8], and their under-
representation has only recently initiated a callout to understand women’s
health across their lifespan [9]. The inclusion of women in clinical trials will
avoid restricting the development and the application of current therapies,
especially when a female-biased disease is encountered [10].
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One reason why either sex can be more prone to certain age-associated phenotypes are the sex chromosomes. In mammals,
females are XX and males XY, where the presence of the Y chromosome triggers the development of male gonads and secondary
sexual traits. The type of sex determination system, whether it involves heterogametic XY males (see Glossary) as in mammals
or heterogametic ZW females (see Glossary) as in birds, has been correlated with adult sex ratios (see Glossary) [1,11]. Mammals
share evolutionarily conserved sex chromosomes, but in wild populations, not all mammalian females live longer than males.
However, when they do, they have a longer median lifespan of around 20% [12]. How the sex chromosome complement
impacts longevity is an active area of research [13,14]. Female mammals undergo X-chromosome inactivation (XCI), in which
one of the two X chromosomes becomes heterochromatic, leading to the silencing of most of its genes (see box 1). Recently,
genetic and epigenetic changes affecting the inactive X of females as well as the Y chromosome of males have been linked to the
development of age-associated traits and diseases.

Box 1. The X chromosome and X-chromosome inactivation.

In mammals, sex is determined by the sex chromosomes, with males containing a gene-rich X chromosome and a degen-
erated, gene-poor Y chromosome; females instead harbour two X chromosomes. Sry/SRY is the Y-chromosomal male-deter-
mining gene, and its expression during embryonic development triggers a signalling cascade for the development of testis
from undifferentiated gonads while suppressing ovarian differentiation. An XX genotype results in the expression of genes
involved in the development of ovaries [15]. Although the X and Y chromosomes are non-homologous, a handful of X
chromosome genes are also present in the Y chromosome. These X–Y pairs are known as gametologues and are mainly
located in the pseudoautosomal region. The Y chromosome contains around 60 protein-coding genes of which 17 are
gametologues (see Glossary) in humans and 9 in the mouse [16].

The XX versus XY genotype results in a gene dosage imbalance between the sexes with males exhibiting X-linked
monoallelic expression. This may disrupt protein stoichiometric ratios and perturb molecular networks [17]. To equilibrate
gene expression levels between the sexes, during the embryonic development of female mammals, one X chromosome is
chosen for the collective silencing of all its genes. This is referred to as XCI, as reviewed by Galupa & Heard [18].

XCI begins with the upregulation of the master regulator Xist/XIST (which stands for X-inactive specific transcript),
a long non-coding RNA transcribed from the future inactive X, coating it in cis (see Glossary). Xist then spreads to the
rest of the X chromosome and induces a cascade of epigenetic mechanisms, including histone modifications, macroH2A
deposition and DNA methylation. This promotes silencing, late-replication and structural reorganization of the X chromo-
some. The choice of which X to silence is random, but once a decision is made, the inactivated chromosome is propagated
mitotically during each cell division.

XCI does not silence all genes as some are able to escape silencing. The mammalian X chromosome contains roughly
a thousand of protein coding genes, and the number of escape genes is estimated to be around 20% in humans [19] and
3–8% in mice [20]. Escape from XCI occurs in a highly tissue-specific and, in humans, also in a variable fashion [18,21–23].
Ten human gametologues and four in mice escape inactivation [24]. Despite their high degree of sequence similarity,
gametologues often exhibit functional differences between their X and Y versions [25]. These differences can contribute to
sex-biased responses in various biological processes [26,27].

Besides the X and Y chromosomes, the action of sex-specific hormones can also contribute to an increase or reduction in
the lifespan of one sex [13,28]. Experimental models such as the four core genotype (FCG) mouse model allow researchers to
discern the contribution of gonadal sex versus sex chromosomes to biological processes such as ageing (see box 2).

Here we review sex-specific differences in the context of ageing and age-related diseases. Those could arise from social,
environmental (not explored in this review) and physiological differences between men and women. We discuss these biological
characteristics in the context of the hallmarks of ageing, which are an integrated framework to categorize causes and features of
age-associated decline [35,36]. We then focus on how the epigenome of the inactive X and its master regulator Xist/XIST could
contribute to both disease manifestation and resilience.

2. Sex bias and the hallmarks of ageing
Ageing is the progressive deterioration of cellular functions over time, compromising an organism’s integrity [35,36]. The
proposed hallmarks of ageing comprise cellular and molecular features that contribute to the phenotypic characteristics
of the ageing process. They are grouped into three categories and are tightly related to one another [35,36]. The primary
hallmarks (genome instability, epigenetic alterations, telomere shortening, loss of proteostasis and disrupted autophagy) directly
contribute to a decline in cellular function by different means. These are initially counteracted by the antagonistic hallmarks,
which, over time, become detrimental (cellular senescence, mitochondrial dysfunction and deregulated nutrient sensing).
Ultimately, mishandled damage to nucleic acids or proteins leads to stem cell exhaustion, altered cellular communication,
chronic inflammation and dysbiosis (see Glossary) (grouped as the integrative hallmarks). Sex differences in the hallmarks of
ageing have been reviewed by Hägg & Jylhävä [28]. Here, we provide a brief discussion of sex bias in ageing hallmarks (see
figure 1), especially in the light of novel insights gained in the last 3 years in humans and other species. When provided, we also
report a list of genes that have been correlated with the hallmarks of ageing in a sex-specific fashion (see table 1).
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2.1. Genomic instability
Genomic instability is the result of accumulated DNA damage leading to mutations and malfunctions. Cells exhibit various
DNA damage repair (DDR) mechanisms and at least some of them act differentially in the sexes and along the ageing
process. For example, the repair efficiency of double-strand breaks in peripheral lymphocytes decreases with age in women
but not in men [40]. DDR-related proteins have been shown to play sex-specific roles. p53, an autosomal-encoded protein, is
a key transcription factor that apart from acting as a tumour suppressor [65] has been shown to regulate the X chromosome
status. p53 binds to the murine X inactivation centre and its loss perturbs XCI [66]. Also, the X chromosome encodes p53
regulators such as kinases and deubiquitinases [67]. Since males have just one X chromosome, mutations in those X-encoded
p53 regulators can result in a more significant impact in males [68]. This could provide one explanation why age-associated
cancer, except for reproductive and thyroid, is male-biased [67,69]. Another relevant DDR factor is the X-encoded FANCB. Its
pathogenic variants result in accelerated ageing in men [39,70].

Genomic instability can also arise from the expression of transposable elements. The Y chromosome is especially rich in
transposons. It has been shown in the fruit fly that a male burden exists when Y heterochromatin loss upon ageing leads to
transposon depression [71]. Whether such a ‘toxic Y’ reduces male lifespan and whether this is conserved has been debated, but
recent work suggests this is not the case [72].

Genome instability can impact each sex differently if it affects the sex chromosomes directly. Aneuploid cells (see Glossary)
can expand through clonal mosaicism (see Glossary), a process taking place in ageing human lymphocytes and other tissues
[42,73]. Sex chromosome aneuploidies in ageing occur at a higher frequency than for any autosome, with loss of the Y
chromosome (LOY) and X chromosome (LOX) being the major form of somatic mosaicism in males and females, respectively.
LOX occurs with a frequency of less than 3% in women below 40 years, increasing to more than 35% in women older than
80 years [38]. It preferentially affects the inactive X [38,74] and is associated with an increased risk of lymphoid leukaemia
and acute tonsillitis [75,76], smoking [38], vitamin B complex deficiency [76] and bacterial-caused pneumonia [76]. LOY is
found in different cell types [77], increases from around the age of 50 [78–80] and is correlated with a shorter lifespan [81] and
the onset of age-related diseases including AD and bladder and prostate cancers [37,41]. The loss of gametologues via LOY
[82,83] or loss-of-function mutations [84] could be a relevant determinant of why cancers are usually deadlier and male-biased.
Transplantation of Y-lacking haematopoietic stem cells (HSCs) to recipient male mice leads to cardiac malfunctioning and
fibrosis as they age [85]. Genes on the inactive X on the other hand can also provide a genetic reservoir for reduced cancer
incidence in women [86]. Whether sex chromosome aneuploidies are drivers or consequences of sex-specific ageing is not well
understood. The use of study systems other than humans (e.g. rats [87]), single-cell technologies to study de novo somatic
mutations [88], as well as recently developed tools that allow the induction of defined aneuploidies in mammalian systems
[89,90] will open up new routes to understanding if, how, and why sex chromosome loss impacts ageing.

2.2. Telomere attrition
Telomeres are repetitive DNA sequences located at the end of each chromosome. They associate with proteins to protect free
chromosome ends from fusions and from activating DDR pathways [91]. Telomeres shorten at each cell division, and once they
are so short that they no longer bind telomere-binding proteins, cells undergo death or replicative senescence (see Glossary)
[92]. Telomere attrition (see Glossary) occurs due to the absence of telomerase, a ribonucleoprotein (RNP) complex that adds

Box 2. The FCG mouse model and ageing studies.

Since sex chromosomes trigger the development of the gonads (XX females develop ovaries, XY males testes), a sex-specific
phenotype cannot be unambiguously ascribed to sex hormones secreted by gonads or the cellular karyotype. For this
reason, the FCG mouse model was developed. Male gonads in mammals develop due to the presence of a single gene,
Sry. While Sry is found in the Y chromosome, it can induce maleness independently of its chromosomal location. The FCG
mouse model makes use of this property, as a transgenic male expressing Sry from chromosome 3 develops male gonads
independently of the sex chromosome karyotype. Mating of such a male XY− (Sry+) mouse, in which Sry is transferred to
an autosome, with normal XX females results in four offspring genotypes or phenotypes: (i) gonadal males with XX (Sry+)
genotype; (ii) gonadal males with XY− (Sry+) genotype; (iii) gonadal females with XX genotype; and (iv) gonadal females
with XY− genotype.

Comparing mice with different gonads, but the same sex chromosome complement, allows researchers to discern the
action of sex hormones produced by testis and ovary. On the other hand, sex chromosome complement can be evaluated
by comparing mice with the same gonads (XX versus XY) [29]. If in this comparison a difference is detected, other mouse
models can help to discern whether those arise from the second X or Y chromosome [30]. Of note, a recent study identified
an X-to-Y copy translocation in the FCG model, which impacts the dosage of nine genes [31]. One of these is Tlr7, whose
excessive dosage leads to autoimmunity. Nonetheless, the FCG model has been a powerful tool to delineate the contribution
of gonadal hormones as well as the identification of genes in sex chromosomes that play roles in physiology and disease
(for a complete list, see [32]). Not many studies have investigated ageing with the FCG model, but it appears that XX mice,
regardless of the gonads, live longer than their XY counterparts and that the presence of ovaries lengthens lifespan only in
XX mice [33]. In addition, the extra X chromosome confers resilience to age-dependent cognitive decline [34].
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nucleotides to the telomeres. Telomerase activity is repressed in most somatic cell types, and thus telomeres are a key factor in
how many times a somatic cell in an organism can divide [93].

It is clear that telomeres shorten during ageing across different tissues, but there has been conflicting data on whether
sex is an important factor in telomere homeostasis [94–97]. Mutations in telomerase-associated proteins result in male-biased
dyskeratosis congenita, characterized by faster telomere attrition rates and therefore shorter telomere length (TL) [43]. Inter-
estingly, the majority of germline pathogenic mutations causing dyskeratosis congenita occur in the X-linked dyskerin gene
(DKC1), one of the proteins that stabilizes and positions the telomerase complex [43]. The lower incidence of affected females is
due to skewed XCI (see Glossary) [98]. While skewed XCI is tissue-dependent and increases with female age, it is a rare event in
newborns and extreme skewing is mainly seen in the context of X-linked pathogenic diseases [99,100].

Besides important X-encoded proteins for telomere homeostasis, chromosome-specific attrition rates can also contribute to a
sex bias in age-related diseases [101]. Telomeres on the inactive X undergo faster attrition rates than those on the active X [102].
Chromosomes bearing shorter telomeres and containing large heterochromatin regions, such as the Y or inactive X, are more
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Figure 1. Graphical illustration of the hallmarks of ageing and how they are affected in a sex-specific manner. One example per hallmark (green for females and
yellow for males) is illustrated. Primary hallmarks are shaded in light blue. Chromosome instability results in Y chromosome loss in men and X chromosome loss in
females. Telomere attrition is faster in males than females, in part due to the oestrogen responsiveness of the TERT subunit of the telomerase complex. Epigenetic
alterations include hypermethylation of the Y chromosome and relaxation of the heterochromatic inactive X that leads to the upregulation of X-linked genes. Loss
of proteostasis affects primarily males, where X-linked mutations reduce lifespan and influence disease onset. Disabled macroautophagy is female-biased with lower
activity seen in osteoblasts and skeletal muscle. Antagonistic and integrative hallmarks are shaded in beige and light grey, respectively. Cellular senescence negatively
affects males before females. Mitochondrial dysfunction affects males before females and is associated with impaired clearance of reactive oxygen species (ROS) and
production of antioxidants. Nutrient sensing: sex effects depend on the modulation of each pathway. The example shows oestradiol, which improves glucose tolerance
in males. Integrative hallmarks: Loss of stem cell potential is faster in males. Altered intercellular communication is illustrated by the increase in mitochondrial-derived
microvesicles in female aged astrocytes. Inflammaging affects males more than females. Dysbiosis starts later in females, as menopause impacts microbial diversity.
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Table 1. Genes or loci linked to the ageing hallmarks in a sex-dependent manner in different species. When a locus is reported, we additionally provide the variant
or probe used (for GWAS and EWAS). The LOY-related loci identified by Wright et al. [37] were also found to be involved in LOX. However the LOX variants had little
correlation to LOY in Liu et al. [38].

Phenomenon Species Bias Gene/Locus Location Ref

Genomic instability

Decreased DNA damage repair
efficiency resulting in Fanconi
anemia

Homo sapiens Male FANCB Chr X [39]

Decreased DNA damage repair
via non-homologous end
joining in blood lymphocytes

H. sapiens Female ATM Chr 11 [40]

H. sapiens Female BLM Chr 15

H. sapiens Female XRCC6 Chr 22

LOY H. sapiens Male PMF1, PMF1-BGLAP; rs2736609, rs2842873 Chr 1 [37,41]

H. sapiens Male TSC22D2, LINC01214; rs59633341, rs4681200 Chr 3

H. sapiens Male SENP7; rs4683900
SPINK8, FBXW12; rs115854006
LINC01214; rs4681200
FAM172BP,TRMT10C; rs13088318

Chr 3

H. sapiens Male NREP, STARD4-AS1; rs56084922, rs56116444 Chr 5

H. sapiens Male CCDC162P; rs13191948
CD164; rs11251
QKI; rs381500
MEAT6; rs4709819

Chr 6

H. sapiens Male MAD1L1; rs4721217, rs4721217 Chr 7

H. sapiens Male RBPMS; rs35091702, rs2979469 Chr 8

H. sapiens Male NPAT; rs4754301
C11orf65; rs227079

Chr 11

H. sapiens Male WBP4; rs10687116 Chr 13

H. sapiens Male TCL1A, TUNAR; rs1122138, rs1122138
DLK1, LINC00523; rs137952017, rs72698721

Chr 14

H. sapiens Male CENPN, ATMIN; rs12448368, rs77874075 Chr 16

H. sapiens Male TP53; rs78378222, rs201753350
FAM117A; rs77522818, rs78997619

Chr 17

H. sapiens Male LINC01478; rs11082396, rs80277818
BCLN2; rs17758695

Chr 18

H. sapiens Male TPX2; rs60084722 Chr 20

LOX H. sapiens Female PHC2; rs10798950 Chr 1 [38,42]

H. sapiens Female S1PR1; rs11166573
LOC100506274; rs16866241
CPS1; rs66826907
SP140L; rs725201, rs17327417, rs3731723,
rs3086612, rs11885965, rs184226567, rs11686798,
rs1678185

Chr 2

H. sapiens Female EOMES; rs2887944
CX3CR1; rs3732378
LPP-AS1; rs13080752

Chr 3

H. sapiens Female TADA2B; rs568868093
CENPU; 4:184696883:C:CT

Chr 4

H. sapiens Female ERAP2; rs3832368 Chr 5

H. sapiens Female JARID2; rs794791
BTN3A2; rs57760309, rs150289512

Chr 6

(Continued.)
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Table 1. (Continued.)

Phenomenon Species Bias Gene/Locus Location Ref

HLA; rs141806003, 6:29866672:A:G
HSPA1A; rs9266234, rs9267283, rs2844455
C2; rs115378818
HLA-DQA1; rs7771548, rs146406015
ITPR3; rs7752348
CENPQ; rs9395493
SCML4; rs1739873
CENPW; rs9372840
MYB; rs4895441
SHPRH; rs148401398
LOC102724152; rs381500

H. sapiens Female MAD1L1; rs2280548 Chr 7

H. sapiens Female CSMD1; rs1827666
MSC; rs10099390

Chr 8

H. sapiens Female TNFSF8; rs36118932 Chr 9

H. sapiens Female ATM; rs751343 Chr 11

H. sapiens Female KLRB1; rs5796352 Chr 12

H. sapiens Female CSNK1A1L; rs11147640 Chr 13

H. sapiens Female IL27; rs181206
HEATR3; rs754391850

Chr 16

H. sapiens Female TP53; rs78378222
PRKAR1A; rs768326149, rs16973034

Chr 17

H. sapiens Female TOMM40; rs113106418
LILRA1; rs10411397

Chr 19

H. sapiens Female NCOA6; rs2076668 Chr 20

H. sapiens Female GSPT2; 23:51749114:C:CGT
KLF8; rs6521410, rs141849992
AMER1; rs181043195
AR; rs58638231
PLS3; rs12836051, rs60523627
DXZ1; rs2942875
DXZ4; rs11091036

Chr X

Telomere attrition
Faster telomere attrition
rate resulting in dyskeratosis
congenita

H. sapiens Male DKC1 Chr X [43]

Epigenetic alterations
Hypomethyation in muscle,
tail, and kidney correlates
with decreased expression of
androgen receptors

Ovis aries,
Mus musculus

Male MKLN1; cg21524116 Chr 6 (M. mus) [44]

Hypermethylation in the blood H. sapiens Male NLGN4Y; cg03055837, cg04691144, cg27443332,
cg03706273
LOC100101121, TTTY23; cg00311963
DDX3Y; cg14180491
TBL1Y; cg01707559
TTTY20; cg06636270
TMSB4Y; cg26198148

Chr Y [45,46]

(Continued.)
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Table 1. (Continued.)

Phenomenon Species Bias Gene/Locus Location Ref

TTTY14; cg03244189, cg13845521, cg11816202,
cg15345074

Hypomethylation in the blood H. sapiens Male TTTY15; cg25032547
DDX3Y; cg17816615
E1F1AY; cg01988452, cg13308744
TTTY13; cg14467015

Chr Y

H. sapiens Female GAGE10; cg15833111 Chr X [47]

Age-dependent loss in
hematopoietic stem cells
results in increase X-linked
expression, hypomethylation
and higher chromatin
accesbility

M. musculus Female Xist/XIST Chr X [48]

Loss of Proteostasis

Decrease or loss-of-function
of the E1 ubiquitin-activat‐
ing enzyme leads to X-linked
infantile spinal muscular
atrophy and shorter lifespan

H. sapiens Male UBA1 Chr X [49]

Decrease or loss-of-function
of the E2 ubiquitin-conjugat‐
ing 2A enzyme leads to
neurodegenerative diseases

H. sapiens Males if it is a germline
pathogenic variant; in
aging, depending on
the neurodegenerative
disease

UBE2A Chr X [50]

WT Ubiquilin−2 aggregates in
synucleinopathies

M. musculus,
H. sapiens

No formally tested UBQLN2 Chr X [51]

Germline mutations lead to
ALS and FTD

H. sapiens Earlier onset in males
UBQLN2

Chr X [52]

FMRP mutations lead to
adult-onset neurodegenera‐
tive disorder, possibly to its
role in the ubiquitin pathway

H. sapiens Males FMR1 Chr X [53,54]

Tau aggregation by increased
expression of the USP11
deubiquitinase in the female
brain

M. musculus,
H. sapiens

Females USP11 Chr X [55]

Disabled macroautophagy

Decreased number of
autophagic vesicles in the
aged osteoblasts assessed by
LC3-II protein levels

M. musculus Female Map1lc3b Chr 8 [56]

Decreased autophagic activity
in the aged osteoblasts is due,
in part, to lower number of
autophagic vesicles, assessed
by LC3-II protein levels

M. musculus Female

Map1lc3b

Chr 8 [57]

Pathogenic germline variants
can lead to impaired
autophagy in the Danon
disease

M. musculus Males are more
affected but a later
onset is seen in
females, resulting in a
shorter male lifespan

LAMP2 Chr X [58]

ALS/FTD-related pathogenic
UBQLN2 mutations impair

H. sapiens Earlier onset in males UBQLN2 Chr X [59]

(Continued.)
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easily lost, leading to aneuploidy and/or LOX/LOY [103]. Finally, telomere shortening disrupts XCI maintenance by reducing
the deposition of H3K27me3, allowing for the reactivation of genes that under normal XCI dynamics are silenced [104].

Recently, mouse models with human-like telomeres [105] and comparable human somatic expression levels of telomerase
[106] have been developed, facilitating mechanistic approaches for studying telomere attrition rates and sex differences in
human ageing.

2.3. Epigenetic alterations
Although there are multiple uses of the term epigenetics, we herein use it to refer to modifications that alter gene expression
across multiple cell divisions without changing the primary DNA sequence. Epigenetic regulators include non-coding RNAs,
histones and their associated post-translational modifications and DNA methylation (DNAme). DNAme at cytosine residues is
one of the most widely studied epigenetic marks [107]. Interestingly, DNAme appears to be one of the most reliable biomarkers
to estimate how physiological conditions (‘biological age’) differ from an individual’s chronological age [108,109]. Mathematical
modelling has led to the generation of various ‘epigenetic clocks’ that identify specific methylated cytosine sites correlating with

Table 1. (Continued.)

Phenomenon Species Bias Gene/Locus Location Ref

ubiquitin-proteasome-driven
mitophagy

Cellular senescence and inflammaging
Higher expression in dendritic
cells, natural killers, T cells,
B cells and macrophages
promotes inflammation and
oxidative stress

H. sapiens Male CXCR4 Chr 2 [60]

H. sapiens Male HLA-DRB5 Chr 6

H. sapiens Male DDIT4 Chr 10

H. sapiens Male JUNB, ZFP36 Chr 19

Higher expression, related to
higher activity of T cells

H. sapiens Females CCR4 Chr 3

H. sapiens Females CYBA Chr 16

H. sapiens Females IL−2RG Chr X

H. sapiens Females MZB1 Chr 5

H. sapiens Females XBP1 Chr 22

Decreased inflammation in
monoctyes and macrophages

M. musculus,
H. sapiens

Females Xist/XIST Chr X [61]

Dysbiosis

KO mice (resembling FXS)
have a misregulated gut
microbiome. FXS is more
prevalent in males

M. musculus No formally tested but
fragile X syndrome is
more prevalent in
human males

Fmr1 Chr X [62]

Increased expression of these
genes is correlated with a
stronger immune responses in
undisrupted microbiota

M. musculus Females Kdm6a, Eif2s3x Chr X [63]

Stem cell exhaustion

Faster attrition rate impairs
stem cell proliferation leading
to bone marrow failure

H. sapiens Male DKC1 Chr X [43]

Altered intercellular communication
Higher expression in
astrocytes of mitochondria-
derived microvesicles

M. musculus Females TSG101 Chr 7 [64]

M. musculus Females Anxa2, Hspa8 Chr 9

ALS, amyotrophic lateral sclerosis; EWAS, Epigenome-wide association studies; FTD, frontotemporal dementia; FXS, fragile X syndrome; GWAS, Genome-wide
association studies; LOX, loss of the X chromosome; LOY, loss of the Y chromosome.
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accelerated ageing in males [110]. More recently, ‘new clocks’ have identified evolutionarily conserved sites exhibiting age-rela-
ted changes across different mammalian species [111]. Some of these methylated sites can become hypomethylated with age,
which correlates with higher expression levels of androgen receptors across mammalian species [44]. Also, the Y chromosome
becomes hypermethylated with age [45–47]. However, mechanistic experiments that causally connect locus-specific methylation
changes with ageing and sex are still lacking.

XCI is another paradigm of epigenetic regulation (see box 1), and, perhaps unsurprisingly, disrupted XCI and misregulation
of its master regulator Xist/XIST have been implicated in sex differences in several ageing hallmarks. Increasing evidence marks
the immune system not only as being at the heart of several ageing processes but also as one of the most sensitive systems with
regard to disruption of XCI. As such, Xist/XIST regulation and epigenome remodelling of the X during ageing deserve special
attention (see §4).

2.4. Loss of proteostasis
Proteostasis refers to the regulation of a balanced proteome through processes such as protein synthesis, folding, localization
and degradation [112]. Ageing disrupts proteostasis, leading to increased discrepancies between mRNA and protein abundance
[113] and sex-specific alterations in the tissue proteome of mice [114,115]. The brain contains the most long-lived proteins with
females exhibiting slower turnover rates of these proteins than males [116]. Although this could be seen as a ‘benefit’ of a slow
ageing process, it could be detrimental since spontaneously damaged proteins will be present for longer in females. Of interest,
many long-lived proteins in the brain are related to female-biased AD [117].

Mechanistically, such observations could be explained by sex-specific alterations in the protein synthesis machinery. For
example, protein levels of the ribosomal large subunit complex are higher in the aged female liver [114]. Inefficient handling
of misfolded proteins and protein aggregates may also play a role. Long-lived organisms resist protein damage [118], have
an active proteasome [119], exhibit higher expression of chaperones and proteasome subunits [120] and show enhanced
mitochondrial detoxification of oxidative species [121]. Proteasome activity varies between males and females in a tissue-specific
manner. Higher protein degradation activity can be detected in the murine male kidney, murine female small intestine and
spinal cord [122] and human female blood cells [123].

For proteotoxic stress occurring in the endoplasmic reticulum and mitochondria, the unfolded protein response (UPR) serves
as a protective mechanism that can differ between males and females (reviewed in the context of age-associated diseases by
Wodrich et al. [124] and gonadal ageing by Okan et al. [125] and Rahmani et al. [125,126]). For example, female pancreatic β
cells in mice demonstrate greater resilience to endoplasmic reticulum stress (see Glossary) compared to their male counterparts
[127]. In nematodes, the gonadal-to-soma axis is required for UPR activation in the mitochondria with XX hermaphrodites (see
Glossary) being more responsive than XO males [128].

One explanation for why these processes are sex-biased could be the X-linkage of members of the ubiquitin–proteasome
system (UPS; see table 1). Loss-of-function mutations or decreased function either shorten lifespan primarily in men [49] or the
disease onset is earlier in men [52]; however, female-biased vulnerabilities exist [55]. Deficiency and misregulation of X-encoded
UPS proteins are correlated to neurodegeneration [50,51] and earlier cognitive decline in X-linked disorders [53,54].

Currently, there is no systematic study of how and whether the X chromosomal location of proteostasis pathway genes
affects lifespan in the two sexes. This could for example be addressed by investigating the highly conserved UPS and UPR
system in different species with different sex chromosome complements.

2.5. Disabled macroautophagy
Macroautophagy, the main form of autophagy, is the delivery of cytoplasmic components to the lysosome for their degradation
and recycling [129]. This process becomes defective during ageing. Autophagic activity is lower in females than in male fruit
flies, promoting disruption of the epithelial gut structure and barrier function [130]. In mammals, basal autophagic activity
tends to be lower in murine female skeletal muscle and adipose tissues [56,130]. Age-related changes in autophagic activity have
been reported in murine female osteoblasts and skeletal muscle [56,57]. As reviewed in [131], some autophagy-related genes
and modulators of the autophagy signalling pathway in the brain are X-encoded in mammals but it is unknown whether their
chromosomal location contributes to the lower autophagic activity seen in different female tissues.

Chaperone-mediated autophagy is another form of autophagy that declines during ageing. In this process, some proteins
are delivered to the lysosomes by binding to chaperones, instead of being membrane-encapsulated [132]. The X-encoded factor
LAMP2A is a central regulator of chaperone-mediated autophagy and is thought to be involved in the age-related decline
of this pathway. Indeed, mutations in the LAMP2 gene lead to Danon disease, in which males are more affected and have a
shorter lifespan [58]. Moreover, the X-encoded ubiquilin 2 protein impairs autophagy of the mitochondria when mutated [59].
The enrichment of these X-linked genes as key regulators of such pathways provides a rationale for exploring autophagy in
sex-related processes. This is of relevance in age-induced XCI relaxation, which has been previously addressed by [104] and will
be further discussed in §4.1.
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2.6. Cellular senescence and inflammaging
Cellular senescence refers to the permanent arrest of cell division. While senescence can prevent further damage and is therefore
initially protective, accumulation of senescent cells is harmful. Male mice exhibit a higher number of senescent cells across their
lifespan than females [133], and this can be attributed to more efficient clearing of senescent cells by the female immune system
[134]. Accumulation of senescent cells in the human immune system, known as immunosenescence, decreases the capacity of
immune cells to clear aberrant cells. This, in turn, appears to promote the production of proinflammatory molecules, such as
interleukin 6 and 18, which accumulate prematurely in ageing men [135]. Over time, the constant state of low-grade chronic
inflammation is known as inflammaging [136]. Inflammaging has tissue-specific outcomes and is, for example, greater in the
female cortex of the ageing brain [137,138]. Fibrosis and inflammation also play a major role in the ageing of the female
reproductive tract [139], a property that is modulated by cycling and pregnancy numbers.

Ageing amplifies the sex differences in immune cell types found in young individuals and affects gene expression pro-
grammes in a sex-specific manner. For instance, while monocyte numbers do not change between the sexes during ageing,
their chromatin accessibility and gene expression are higher in males [60,135]. Another mechanism that shows sex specificity
is attributed to the X chromosome. Upon inflammation in monocytes and macrophages, Xist/XIST surprisingly shows a
cytoplasmic localization. Here, this long non-coding RNA interacts with p65 in order to dampen the proinflammatory NF-κB
complex [61]. Many questions are left unanswered including how Xist/XIST senses inflammation and how this nuclear RNA
can translocate to the cytoplasm. More studies are needed to uncover whether Xist/XIST’s role in inflammation diseases is more
general [140].

2.7. Mitochondrial dysfunction
Mitochondria and the metabolites they produce are a central focus of ageing research, as mitochondrial activity declines over
the lifespan [36]. While reduced energy production in ageing can help limit reactive oxygen species (ROS; see Glossary) as their
levels decrease too, ROS clearance pathways are also impaired, thus leading to higher oxidative stress. Mitochondrial numbers
decrease upon ageing, with lower numbers observed in men [141]. Females exhibit refined mitochondrial processes that can
contribute to their lifespan lengthening while delaying disease. Those include higher energy production, higher content of
antioxidants to clear ROS and better responses to mitochondrial-induced stress [142]. This can be, for example, observed in the
sexually dimorphic bioenergetic profiles of immune cells [143,144] or expression changes in genes important for mitochondrial
function in the heart [145]. The FCG model (see box 2) revealed that the Y chromosome, independently of the sex hormones, can
be responsible for upregulating Hk2 and Pdk4, both of which are nuclear-encoded mitochondrial genes [146]. However, if this is
relevant to sex-specific differences in ageing remains to be analysed.

The mitochondria’s crucial role in energy-demanding tissues is underscored by mitochondrial DNA (mtDNA) mutations
(e.g. induced by ROS) occurring in ageing. How mtDNA mutational load affects the sexes needs further investigation,
but interestingly, those processes have been associated with the property of mutated mitochondria to become ‘selfish’ and
negatively affect the fitness of the ageing host [147]. Of note, mitochondria are maternally inherited, and assumptions that
female-specific processes have evolved to maintain mitochondrial function and mtDNA have been proposed [148]. Thus,
the question of whether and how mitochondrial haplotypes selected in females contribute to sex-specific ageing will be an
intriguing area of study.

2.8. Deregulated nutrient sensing
As our bodies age, they handle nutrient sensing, uptake and metabolism in increasingly complex ways. Dietary restriction
can extend lifespan in some animals, but its effectiveness diminishes with age [149]. Inhibition of the kinase mammalian
target of rapamycin (mTOR) pathway by rapamycin acts as one of the major nutrient-sensing pathways. By inhibiting mTOR,
rapamycin mimics caloric restriction and increases lifespan from yeast to worms to mice. Interestingly, it interacts with sex
in different ways. In the fasted state, the mTOR pathway generally exhibits higher basal activity in females than in males
[150]. In Drosophila, the activation of the mTOR/S6K enhances inflammation through atypical NF-κB activation in fat cells,
while its inhibition extends female lifespan. This is not through the downstream autophagic flux, which responds similarly
between the sexes [151]. One of the major downstream targets regulated by mTOR is adenosine monophosphate-activated
protein kinase (AMPK), which is activated in response to low cellular energy levels. In the killifish, constant AMPK activation
appears to benefit females. The constant genetic activation of the AMPKγ1 isoform generates a youth-like response to fed-fasted
feeding switches in the adipose tissue of old females [152]. Conversely, when AMPK is activated through direct inhibition of
the nucleotide salvage pathway, this extends lifespan in males through improved liver function [153]. In mice, interfering with
AMPK produces mixed results with regards to which sex profits from the interventions, potentially due to variations in genetic
background and the specific tissues analysed [150]. Since the evolutionary origins of the X and Y chromosomes in killifish, fruit
fly and mammals, and accordingly, their gene compositions are entirely different [154], it is unlikely that sex-biased effects on
mTOR arise from X-linkage.

Indeed, sex hormones influence how the body interprets nutrient signals. For example, oestradiol (see Glossary), the female
sex hormone, improves glucose tolerance in males but not females [155]. It would be interesting to understand the molecular
basis of these sex-specific differences in nutrient sensing, but because hormones, X chromosomes and dietary requirements
differ for various model organisms, it will likely be challenging to extrapolate the findings to humans.
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2.9. Dysbiosis
The commensal bacteria found in the mammalian gastrointestinal tract are important for nutrient absorption and digestion,
protection against pathogens and synthesis of beneficial metabolites. The composition and function of the intestinal microbiome
change considerably during ageing, which in turn influences its interaction with the immune system and thus correlates with
e.g. increased susceptibility to infectious diseases and reduced vaccination response.

Compared to males, the female gut microbiome is more diverse [156] and harbours, for example, species that ensure better
glucose metabolism [157]. This greater abundance of beneficial bacteria in the female gut is kept until menopause [158]. After
menopause, the female gut microbiome becomes similar to men [159]. Depletion of the gut microbiome in mice significantly
alters sexually dimorphic gene expression, particularly in the liver. Germ-free male mice show downregulation of male-biased
genes and upregulation of female-biased genes, while germ-free female mice exhibit attenuated female-biased gene expression.
Those genes belong to metabolic pathways regulated by sex hormones and growth hormonal signalling. The gut microbiome
thus appears to be crucial to maintaining proper sexual differentiation of gene expression and metabolism in mice [160]. The
transit time (see Glossary) is also associated with the gut microbiome and varies between the sexes [161].

Sex-dependent changes in microbial diversity can, for example, influence cytokine (see Glossary) production [162]. Since
microbial diversity is known to be altered in, e.g. Fragile X syndrome [62], genes encoded by sex chromosomes may be causally
related to sex-dependent dysbiosis upon ageing. In a recent study, this idea was investigated using the FCG mouse model. XX
mice showed a better immune response to dead bacteria than XY mice, regardless of gonadal sex. Although clearance of the
gut microbiome by administration of antibiotics impaired this effect, it was restored after recolonization of the intestine with
bacteria that produce short-chain fatty acids, a known class of immunomodulators. At the molecular level, these effects were
associated with expression changes in the X-linked genes Kdm6a and Eif2s3x, which both belong to the class of XCI escapee
[63]. Some X chromosome escape genes have been linked to promoting acute proinflammatory cellular responses, as observed
in sex-biased human glioblastoma [86]. Alternatively, Y-linked gametologues could positively influence the immune response
in XY individuals. For example, functional divergence has been demonstrated to occur in the context of the Uty paralogue of
Kdm6a through a protective activity against pulmonary hypertension [26,27,163]. These hypotheses are yet to be tested in the
context of the gut-microbiota axis.

2.10. Stem cell exhaustion
Tissue-residing stem cells are important to renew tissues such as the gut, skin or blood. Their function declines with age and
many stem cell populations face decreased potential during ageing [164,165]. HSCs are the go-to cell type for tissue stem cell
biology as their derived mature cells (e.g. erythrocytes or macrophages) are largely short-lived and cannot proliferate. Ageing
results in decreased HSC potential [166], cessation of proliferation in up to 30% of its population [167] and HSC size increase,
which is negatively associated with functionality [168]. Cell cycle analysis indicates that aged HSCs are in a more quiescent state
than young ones [169]. Given that proliferation is central to stem cell biology, it is unsurprising that the functional decline of
stem cells can be linked to primary hallmarks, such as DNA damage [170] and telomere attrition. For instance, bone marrow
failure is the main cause of death in dyskeratosis congenita [43].

How is stem cell function different between males and females and how does it impact ageing? The adult intestinal stem
cells of the fruit fly show intrinsic sex differences reflecting on the expression of genes involved in growth and metabolism
[171–173] impacting the cell cycle and thus susceptibility to cancer [68]. Differences associated with the cell cycle are also
observed in rodents, where haematopoietic, neural and muscle stem cells proliferate faster in females [174]. It will be important
to study and analyse sexes separately in the recently developed stem cell tracing single-cell gene expression technologies (e.g.
[167] used both male and female individuals together). Different stem cell-containing tissues need to be studied and ideally
involve comparisons of humans to other systems whenever possible.

2.11. Altered intercellular communication
Cell–cell interactions can impact ageing by activating inflammatory pathways leading to enhanced immunosenescence [60].
Yet, there has been little research into sex-biased changes in intercellular communication with ageing. One observation relates
to cell–cell communication occurring through extracellular vesicles. These vesicles are secreted by cells and transfer different
macromolecules to others [175]. Through increased levels of biogenesis factors (e.g. Annexin 2, Alix, TSG101 and HSC70),
microvesicle numbers increase upon ageing in female but not male mouse brains. These vesicles are of mitochondrial origin and
are produced by astrocytes [64]. The content of these vesicles, the target cells, as well as the molecular nature of the sex bias,
remains obscure. Extracellular vesicles have also been correlated with female-dependent neuroinflammation in ageing [176].
Finally, other forms of perturbed intercellular communication have been reported between (e.g. granulosa cells and the ageing
oocyte [177]).

3. The roles of sex hormones in human ageing
The major sex hormones are testosterone and oestradiol, which are important for the development of sexual organs and
traits. Both are present in males and females but in different amounts. Testosterone is the major male sex hormone and
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oestradiol—metabolized from testosterone by the enzyme aromatase—is the major female sex hormone. Humans experience
a ‘mini-puberty’ (see Glossary) in early infancy, and both hormones are detected circulating in the human body at low levels.
However, their main peaks start during puberty between 8 and 13 years in girls and 9 and 14 years in boys. In the mouse, this
corresponds to 4–6 weeks postpartum in females and 7–11 weeks in males [178,179]. In men, testosterone decreases steadily
from around the age of 30 years and is accompanied by an increase in oestradiol levels. Eventually, this can result in a
state referred to as andropause and is characterized by fatigue, insomnia, mood changes, irritability and lower sexual desire.
Between 40 and 49 years, the frequency of andropause among men is 0.1%, increasing to 5.1% by 79 years [180]. Oestradiol
in females is dynamic with constant cycling during menstruation after puberty. Between 35 and 45 years of age, females enter
perimenopause, characterized by irregular hormonal changes. After this—post-menopause—oestradiol levels drop abruptly
[181].

Sex hormones exert their effects by binding to membrane-bound or intracellular receptors, which are expressed in a variety
of cell types, tissues and even organelles [182,183]. They regulate brain sexual differentiation [184], change chromosomal
three-dimensional conformation [185] and induce sex-biased expression profiles, to some extent through hormone-related
transcription factors [6]. The roles of sex hormones in healthspan and lifespan are actively investigated (comprehensively
reviewed by Ng & Hazrati [186]). Nonetheless, it appears that sex hormones are protective, a property from which both sexes
can ‘profit’. For instance, premature menopause is associated with a shorter lifespan and higher mortality rates [187]. In mouse
skeletal muscle cells, oestradiol is present in mitochondria, reducing oxidative stress and increasing mitochondrial respiration
[188]. In males, the adipose tissue is an inflammatory hub, and testosterone alleviates this by reducing fat mass [189].

If both sex hormones hold anti-ageing properties, why do men age faster? The decline in testosterone in men starts earlier
than the oestradiol decline in women. Such a decline in males does not trigger specific diseases but rather increases the risk
of developing them. For example, in men with andropause, there is a co-occurrence with diabetes, osteoporosis and increased
fat mass [190]. In females, many of the hallmarks of ageing worsen during peri- and post-menopause. For instance, levels
of the antioxidant glutathione are higher in the female brain during the reproductive age, offering protection against ROS.
Glutathione decline leads to the remodelling of metabolic pathways that expose females to mitochondrial dysfunction [191].
Possibly, oestradiol could be also more protective than testosterone. However, the oestradiol pulses during the reproductive age
of mice come at a price as the constant remodelling of the female reproductive organs in each cycle results in age-dependent
fibrosis and inflammation [139].

The supplementation of sex hormones, also referred to as hormonal therapy (HT; see Glossary), is an opportunity for
ameliorating ageing-induced symptomatology. This is of particular interest in females given the sudden oestradiol decrease,
but can also be applied to men [192,193]. Ideally, HT is provided early enough so that its protective effects can be sufficiently
sustained, usually before 60 years [194]. The cellular response upon HT is cell-type-specific. Oestrogen therapy in post-meno-
pausal women reduces the production of proinflammatory cytokines [195] while increasing B cell counts [196]. In mice, the
mammary tissue responds rather negatively to exogenous oestrogen by increasing the risk of developing breast cancer [197,198].
Hormonal phases influence the onset and incidence of colorectal cancer, with oestrogen supplementation being associated with
a lower risk of developing the disease in post-menopausal women [199,200]. More research is needed to understand how
different human cell types respond to age-related HT, including testosterone effects. An example includes the development of a
hormonal signalling map as it has been recently done in the mouse lemur [201]. While animal models offer insights, establishing
clear parallels with human responses is crucial for developing more effective, personalized HTs while reducing side effects.

Additionally, many issues still need to be addressed and properly designed case-control studies with the appropriate control
subjects are needed. For instance, many females undergo hormonal changes when they use contraceptives for birth control
[202]. How they affect female lifespan is not clear, but combinatorial therapies decrease the risk of developing colorectal,
endometrial, ovarian, lymphatic and haematopoietic cancer, with the effects persisting for at least 30 years in past users [203].
How the constant use of hormones can modify male healthspan, including the risk of cardiovascular disease and death, is less
well studied, but bodybuilders, who consume androgens as part of their activities, are an ideal case study to do so [204]. Further
investigations are also needed to determine if these beneficial effects persist with the newer generation of birth control pills.
When needed, the use of emerging organisms in ageing research can provide deeper mechanistic insights into these processes
[205].

4. Balancing the seX: opposing effects of the X chromosome
XCI (see box 1) provides expression equilibration of X-linked genes between the sexes but can also benefit females. Although
XCI is usually random, it can become skewed to one of the parental chromosomes, which is relevant when genes are mutated
in a heterozygous fashion. This can prevent the expression of pathogenic variants, a possibility that males do not possess (for a
detailed discussion see [206]). XCI can also buffer the effect of cancer mutations occurring on the X [207,208]. Lastly, the biallelic
expression of female escapees can provide resilience, for example, if they encode tumour-suppressor genes [84]. The two X
chromosomes are beneficial to female lifespan and healthspan, but, nonetheless, can also affect females negatively (see figure 2).

4.1. Moonlighting roles of Xist/XIST beyond triggering XCI
Xist/XIST establishes XCI, but once this repressive state is induced, it is dispensable for maintenance, making XCI a bona fide
epigenetic mechanism [209,210]. Nonetheless, there are exceptions to the rule, with ageing being one process associated with
XCI relaxation in some loci of human skin fibroblasts [211] and whole tissue murine spleen and kidney [212]. Cells of the
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female immune system are especially sensitive to Xist/XIST loss, resulting in differentiation defects during haematopoiesis
and aggressive blood cancer [48,213]. Aged HSCs show perturbed Xist localization resulting in hypomethylation, chromatin
accessibility changes and increased variability in gene expression [214]. In mature naive lymphocytes, Xist/XIST becomes
dispersed and only re-associates with the inactive X upon stimulation. Nonetheless, the spatial redistribution does not result
in a global re-expression of X-linked genes as one would perhaps expect: female naive lymphocytes show expression profiles
highly similar to males, with only few genes being bi-allelically expressed [215,216]. Similarly, in a mouse model with mildly
impaired Xist function, phenotypes become penetrant in an age-related fashion with escapees being the primary targets [217].
One prominent escape gene and regulator of the innate immune system is Tlr7. Its expression in Xist/XIST-depleted B cells leads
to the generation of a female-specific B cell population that accumulates with age and can also be observed in autoimmune
disorders [218].

Consistent with this, misregulation of Xist RNA is also observed in autoimmunity [219–221]. Xist deletion in B cells is
sufficient to induce features of autoimmune diseases [222]. Intriguingly, Xist may exert female-biased autoimmunity unrelated
to its role in XCI. Xist alone serves as a ligand to trigger autoimmunity pathways [223]. Moreover, RNPs associated with
Xist/XIST RNA can serve as autoantigens, which leads to the production of autoantibodies [224]. While autoimmune diseases
such as systemic lupus erythematosus or Sjörgen syndrome are rather rare in the elderly population, autoantibodies increase
with age, presumably as a result of tissue damage and apoptosis. While strong evidence supports the role of Xist/XIST in
autoimmunity, there are contradictory changes of Xist/XIST expression in the brain [225–227], which are yet to be linked to
possible age-related neurological illnesses.

In summary, these examples demonstrate that the roles of Xist can go beyond canonical XCI. Within the canonical Xist-RNP,
Xist may regulate autosomal genes [228]. Besides that, it may act as a ligand on its own [224] and inhibit the action of
other regulatory factors in compartments other than the nucleus [61]. Since Xist is an abundant transcript in females, these
possibilities are certainly worthwhile studying in the context of ageing and should encompass tissues other than the immune
system.

4.2. Two Xs are better than one: escaping provides resilience
How can the X-linkage of genes regulating any of the hallmarks discussed above be responsible for sex bias in ageing? This
question becomes striking for the immune system, as 172 immune-related genes are found on the human X (15% out of
all X-linked genes), making it the chromosome containing the highest density of such genes [229,230]. The female immune
response is more powerful than that of males, and females contain more circulating immune cells, but this renders women more
prone to autoimmunity [231]. Their susceptibility appears to arise from the XX karyotype as demonstrated using the FCG model
[232].

??
?

Figure 2. Artistic illustration of the opposing effects of the double X chromosome dosage in females. The biallelic expression of some genes on the second (and
inactive) X chromosome in female mammals extends their lifespan and consequently, females celebrate more birthdays (right-hand plate). While their lifespan is
longer, having that additional X chromosome comes at the expense of a worsened healthspan (frailty), and thus having a higher risk of autoimmunity and specific
neurological disorders (left-hand plate).
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Besides Tlr7, the X-linked histone demethylases Kdm6a and Kdm5c appear to influence sex-specific ageing by being escape
genes [19,20]. Kdm6a escapes XCI leading to sex-biased expression in, e.g. CD4+ T cells from mice and humans. Conditional
deletion of Kdm6a in CD4+ T female cells alleviates neuropathology in multiple sclerosis mouse models by a general decrease
in proinflammatory cytokines [233]. XX, compared to XY and XO, mice are more resilient to AD, and this has been correla-
ted with Kdm6a, where overexpression in males attenuates amyloid beta-dependent cognitive decline [234]. More recently,
overexpression of catalytically dead Kdm6a in the hippocampus of male mice improved memory and learning upon ageing
[235]. Kdm5c is another X-linked demethylase responsible for sex-specific phenotypes. Kdm5c and Kdm6a have been proposed
to have a protective role against coronary heart disease in young females [236,237]. However, when a double dose of Kdm5c is
expressed in murine adipocytes, this leads to higher weight gain and body fat after a high-fat diet [238], thus highlighting the
context-specific benefits and detriments of escape.

Due to the often subtle dosage effects between XX and XY individuals, there is an incomplete understanding of how escape
from XCI contributes to sexual dimorphism in age-related diseases. Because escape appears to be highly tissue-specific and can
occur in a variable fashion, such studies will be challenging but clearly necessary to advance tailored therapies for men and
women.

5. Concluding remarks and future perspectives
Sex differences in lifespan and ageing involve a combination of factors including the X chromosome and hormones. Because
males and females age differently, it is imperative to investigate the fundamental basis of sexual dimorphism across that
process. The inclusion of both sexes in scientific studies, independently of the study system, is essential to understanding
how ageing affects each sex (e.g. reviewed by Lushchak et al. [239]). A step towards closing this gap is the policy established
by the National Institute of Health to consider sex as a biological variable [240]. In addition, exploring sex hormones within
the framework of ageing and life history will be fruitful. For example, in Drosophila, sex steroids affect intestinal physiology
[241], while pregnancy transiently remodels the female mouse brain [242]. In the killifish, ablation of the germline leads to
an enhanced DDR in females, while extending lifespan and improving metabolic functions in males [205]. Pregnancy can also
protect against age-related fibrosis and inflammation caused by reproductive cycling in humans [139], thus underscoring its
relevance as a biological variable in future studies. Equally important will be to integrate the X and Y chromosomes in GWAS,
which will allow for the identification of sex-linked alleles contributing to age-related diseases.

Research using humans is challenging, with a limited number of deeply mechanistic experiments being feasible [243]. Thus,
except for a handful of examples (LOY as a driver in uveal cancer [244] and leading to age-related cardiac dysfunction [85];
Xist KO leading to autoimmunity [217]), many of the phenotypes observed during ageing (e.g. LOX, changes in methylation
loci, Xist downregulation and XCI skewing) lack direct evidence of a causative impact on ageing. They could also reflect an
adaptation to other processes occurring along the ageing process. Besides further focus on mechanisms, extending the ageing
field to samples and organs other than the blood and the haematopoietic system will be also necessary. For instance, the
observation of non-canonical regulation of Xist/XIST in lymphocytes has been recently recapitulated in mouse and human lung
alveolar type 2 cells, which display a high degree of XCI escape [245]. XCI seems apparently more plastic in humans than in
mice and sex-specific programmes govern function in many human organs [6].

Ageing is the common functional decline every human faces, and yet we still do not understand how to successfully tackle it.
More research is needed in order to provide therapies for healthy ageing that every man and woman can benefit from.

Glossary
• Adult sex ratio: the proportion of male-to-female individuals in an adult population.
• Aneuploidy: alterations in chromosome numbers that deviate from the euploid complement (e.g., two copies for human

autosomes).
• Clonal mosaicism: amplification of cells harboring a different genotype than the inherited germline genome as a result of

unrepaired mutations.
• Cytokine: a group of secreted peptides or proteins that have an effect on target cells by typically affecting their growth,

proliferation or differentiation.
• cis: on the same chromosome where a given gene or regulatory molecule (e.g., Xist/XIST non-coding RNA) is encoded.
• Dysbiosis: also known as dysbacteria, refers to an imbalance in the intestinal flora
• Endoplasmic reticulum stress: accumulation of unfolded or misfolded proteins in the endoplasmic reticulum
• Frailty: the condition of vulnerability to worse health outcomes.
• Gametologues: Genes that have homologues on the X and Y chromosomes.
• Healthspan: the length of time an organism lives in good health, free from major limitations.
• Hermaphrodites: organisms harboring male and female gonads.
• Heterogametic sex: the sex of a species with two different sex chromosomes (males in the XY and females in the ZW

determination systems).
• Homogametic sex: the sex of a species with two homologous sex chromosomes (females in the XX and males in the ZZ

determination systems)
• Hormonal therapy: the use of hormones for medical treatment.
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• Lifespan: the period of time for which an organism lives.
• Mini-puberty: activation of the hypothalamic-pituitary-gonadal axis between birth and the first few months of life in

humans.
• Oestradiol: main active form of estrogen during the female reproductive time (note that other estrogen-derived molecules

exist).
• Reactive oxygen species: highly active chemicals with unpaired electrons arising from cellular metabolism. Examples

include superoxide (O2
-), hydrogen peroxide (H2O2) and nitric oxide (NO).

• Replicative senescence: the phenomenon of an irreversible block to cell proliferation after a cell has completed a defined
number of cell cycles (also known as the Hayflick limit).

• Skewed XCI: non-random inactivation of the X chromosome, i.e., when one of the two parental X chromosomes is
preferred for inactivation.

• Telomere attrition: time-dependent telomere length shortening.
• Transit time: the time it takes for food to travel through the gut.
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