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Abstract: Early in development, placental and marsupial mammals harbouring at least two X chro-
mosomes per nuclei are faced with a choice that affects the rest of their lives: which of those X chro-
mosomes to transcriptionally inactivate. This choice underlies phenotypical diversity in the compo-
sition of tissues and organs and in their response to environment, and can determine whether an
individual will be healthy or affected by an X-linked disease. Here, we review our current under-
standing of the process of choice during X-chromosome inactivation and its implications, focusing
on the strategies evolved by different mammalian lineages and on the known and unknown molec-
ular mechanisms and players involved. We also call for a revised manner in which to think about
choice during random X-inactivation.
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I. X-chromosome inactivation: a special case of dosage compensation between the
sexes

In several taxonomic groups of animals, including nematodes, insects and mammals,
the sex of a new individual is determined by sex chromosomes. The evolution of sex chro-
mosomes has meant that the different sexes might end up with different dosages of sex-
chromosome products; in humans, this would result in twice as much dose of ~1000 X-
linked genes in XX individuals compared to XY individuals. While for some species these
differences appear to be tolerable (reviewed in (Disteche, 2012)), many others have
evolved dosage compensation mechanisms to equalize sex-chromosome-linked gene ex-
pression between the sexes. Several strategies are known; for instance, in the fruit fly Dro-
sophila melanogaster, hypertranscription of the X chromosome in XY individuals ensures
an equal dose of X-linked products between XY and XX individuals. In the soil nematode
Caenorhabditis elegans, dosage compensation happens in XX individuals (hermaphrodites)
and results in halved expression of both X-chromosomes, hence reducing global X-linked
gene expression to the levels of the single X chromosome of XO individuals (males). In
most mammals studied, dosage compensation also happens in XX individuals, but instead
occurs via the transcriptional silencing of one of the X chromosomes, a process known as
X-chromosome inactivation (XCI) (or “lyonisation”, after geneticist Mary Lyon, who first
proposed such mechanism to occur (Lyon, 1961)). Contrary to X-hypertranscription in XY
flies or transcriptional repression of both X chromosomes in nematodes, XCI in XX mam-
mals involves the differential treatment of two homologous chromosomes sharing the
same nucleoplasm. While one X chromosome needs to remain transcriptionally active, the
other has to be (almost) completely shut down. In this review, we discuss our current
understanding of how this choice is made across different mammalian taxa, and the mo-
lecular players underlying different strategies to achieve it.
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I. Types of XCI choice across mammals: predetermined or rolling dice

Different mammals have developed different strategies to accomplish X-linked dos-
age compensation. In extant prototherian mammals (monotremes, the egg-laying mam-
mals), which possess multiple sex-chromosomes, chromosome-wide X-inactivation is ab-
sent, and dosage-compensation occurs in a locus- and tissue-specific manner (Whitworth
and Pask, 2016). In therian mammals, which include the marsupial and placental clades,
dosage compensation for X-linked gene products is achieved by nearly fully silencing one
of the two X chromosomes in XX individuals. The need for this selective silencing brings
about the problem of “choice”: how do these mammals choose which one of the two Xs to
inactivate? While some have solved this problem by always selecting the same X, for oth-
ers the process seems to be resolved rather randomly (Figure 1).
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Figure 1. X-chromosome inactivation across species. Left: phylogenetic tree indicating the evolution of random and im-
printed XCI and the emergence of long non-coding RNAs Xist and RSX in Theria. Right: X-chromosome inactivation
dynamics across development in representative species.

In marsupials (metatherians), the paternal X chromosome is exclusively (100%) cho-
sen for inactivation (Sharman, 1971), in a process known as “imprinted” X-chromosome
inactivation (iXCI). The situation is more diverse in placental mammals (eutherians): iXCI
occurs only in specific species and developmental stages and/or tissues, and the prevalent
form is “random” X-chromosome inactivation (rXCI), observed in adult somatic tissues
(Evans et al., 1965). During rXCI, and in the absence of “skewing” influences, both the
paternal X (Xp) and the maternal X (Xm) have roughly the same (~50%) chance of being
inactivated.

In the murine preimplantation embryo, the most well-studied model for XCI re-
search, a first wave of XCI following zygotic genome activation results in the exclusive
inactivation of the Xp (Figure 1). At the late blastocyst stage, inactivation of the Xp is
maintained in the extra-embryonic lineages, but reversed in the cells that will give rise to
the embryo proper, which subsequently undergo random XCI upon implantation (Harper
et al., 1982; Huynh and Lee, 2003; KE, 1996; Mak et al., 2004; Okamoto et al., 2004; Takagi
and Sasaki, 1975; West et al., 1977). Imprinted XCl is also observed in extra-embryonic cell
lineages of rat (Wake et al., 1976) and cow (Dindot et al., 2004; Xue et al., 2002). In humans,
early studies in trophoblast cells argued that the Xp is preferentially inactivated in this
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extra-embryonic tissue (Goto et al., 1997; Harrison, 1989); however, subsequent allele-spe-
cific analyses have concluded that XCI is in fact random in the placenta as well (Mello et
al., 2010), with possibly only a slight bias towards the Xp (Hamada et al., 2016). Likewise,
random XCI seems to be the only form of X inactivation in rabbit (Okamoto et al., 2011),
pig (Ramos-Ibeas et al., 2019; Zou et al., 2019) and cynomolgus monkey (Okamoto et al.,
2021), both in embryonic and extra-embryonic cell types.

At the molecular level, imprinted and random XCI share some mechanistic features:
both are regulated by a region on the X chromosome named the “X-inactivation centre”,
Xic (though non-homologous between marsupials and placental mammals) and both are
associated with the action of long non-coding RNAs (IncRNAs) that coat the X chromo-
some in cis and are proposed to direct gene silencing — for a recent review see (Dossin and
Heard, 2021). In placental mammals, the IncRNA Xist is considered to be the critical trig-
ger of XCI: this has been shown genetically in the mouse for both imprinted and random
forms (Borensztein et al., 2017; Namekawa et al., 2010; Penny et al., 1996). In marsupials
Xist is not conserved, but a IncRNA with Xist-like properties, Rsx, has been recently iden-
tified in the gray short-tailed opossum: Rsx is expressed from and accumulates on the
inactive X in XX cells and is able to silence genes in cis when transgenically inserted in
mouse embryonic stem cells (Grant et al., 2012). Accordingly, a recent methylome study
in koalas found that the DNA methylation landscape upstream of Rsx showed a XX-spe-
cific pattern (Singh et al., 2021), consistent with another study in the opossum (Wang et
al.,, 2014), altogether raising the possibility of Rsx being the functional analog of eutherian
Xist.

I. Mechanisms of iXCI: choosing to inactivate the Xp

At the molecular level, imprinted XCI implies the existence of an epigenetic differ-
ence between Xp and Xm that would fully bias the choice towards the paternal chromo-
some. Rastan and colleagues, using uniparental embryos, showed that Xist expression is
initially dictated solely by parental imprinting: paternal alleles are expressed and mater-
nal alleles remain repressed, irrespective of X chromosome number (Kay et al., 1994). The
imprint could be in theory carried by the Xp, in a way that would promote XCI in cis, or
by the Xm, in a way that would prevent XCI in cis. In marsupials, the molecular under-
pinnings of the imprint remain unknown, but a lot more has been investigated in the
mouse, given its imprinted form of XCI during preimplantation development. Over the
years, several hypotheses have been postulated regarding the nature of the imprint and
the molecular mechanisms that lead to the inactivation of the Xp (Figure 2).
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Figure 2. Hypotheses on the molecular nature of the imprint in mice. A. Paternal imprint: The Xp inherits a predisposi-
tion for silencing from its life cycle in the male. B. Maternal imprint: In the preimplantation embryo, repressive chromatin
marks on the Xm (including the Xist promoter region) prevent Xist expression on the Xm. In the extra-embryonic tissues
of the post-implantation embryo, Tsix expression prevents Xist upregulation in cis. C. Paternal and maternal imprint: A
combination of both hypotheses, also considering the different chromatin condensation states of the Xp in the sperm and
in the paternal pronucleus after fertilization.

The first proposals: a paternal imprint

Early studies postulated that the paternal X chromosome is intrinsically prone to in-
activation, perhaps due to different levels of DNA methylation (Krumlauf et al., 1986;
Monk et al., 1987; Mullins et al., 1987; Sanford et al., 1987) or DNA condensation at the
time of fertilization (reviewed in (Grant and Chapman, 1988)). More recently, another hy-
pothesis suggested that the Xp could retain an epigenetic memory acquired during its life
cycle in the male: in both eutherians and metatherians, the imperfect pairing of the X chro-
mosome with the Y chromosome during male gametogenesis results in the inactivation of
both sex chromosomes during the pachytene stage of meiosis, in a process called meiotic
sex chromosome inactivation (MSCI) (Cloutier and Turner, 2010; Lifschytz and Lindsley,
1972). According to this hypothesis, the Xp retained the epigenetic memory of MSCI si-
lencing and entered fertilization in a pre-inactivated state (Cooper, 1971; Huynh and Lee,
2003; Namekawa et al., 2010). However, it was later shown that the Xp, like the autosomes,
is transcribed right after fertilization, at the time of zygotic genome activation, and only
then silencing is initiated (Kalantry et al., 2009; Namekawa et al., 2010; Okamoto et al.,
2005; Patrat et al., 2009). Moreover, Heard and colleagues showed that paternally inher-
ited Xist transgenes that do not undergo MSCI are capable of inducing cis-inactivation
(Okamoto et al., 2005), suggesting that MSCI is not necessary for iXCI in mice. Hence, the
Xp is not inherited in a “pre-inactivated” state. This does not, however, answer the ques-
tion of which parental X harbours the molecular imprint that leads to Xist expression from
the Xp during early development.

The persistence of MSCI as a means of dosage compensation was postulated also in
metatherians and thought to explain how XCI was possible in the absence of a Xist hom-
olog (Davidow et al., 2007; Duret et al., 2006, Hore et al., 2007; Shevchenko et al., 2007).
The observation that X-linked genes silenced by MSCI are reactivated after meiosis and
subsequently re-inactivated in the female (Mahadevaiah et al., 2009), however, refuted
this hypothesis. As previously mentioned, an Xist analog was later found in marsupials,
the IncRNA Rsx (Grant et al., 2012), but the molecular nature of the imprint in this clade
remains unknown.
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The unexpected outcome: a non-canonical maternal imprint

Imprinted XCI in mice has also been postulated to rely on a maternal imprint (Kay et
al., 1994; Lyon and Rastan, 1984), later shown to be established in the female germ line
and to prevent the Xm from being silenced during early embryogenesis (Tada et al., 2000).
In agreement with the “maternal imprint” hypothesis, studies on mouse embryos carrying
extranumerary X chromosomes had shown that they died early in development only
when the extra chromosome was the maternal X (Goto and Takagi, 1998; Shao and Takagi,
1990; Tada et al., 1993), presumably due to failure of either Xm to inactivate (and ensuing
lack of dosage compensation). Interestingly, this contrasts with the case of humans:
XmXmY (Klinefelter syndrome) and XmXmXp (triple-X syndrome) individuals are viable,
consistent with the lack of imprinted XCI in our species.

Importantly, the maternal imprint in mice is lost at the morula stage, during preim-
plantation development, as observed in uniparental embryos (Kay et al., 1994), and sug-
gested by studies on diploid parthenogenetic embryos, which have two Xm chromosomes
(no Xp) — in these embryos, inactivation of one of the Xm eventually occurs, both in the
embryo proper and in the extra-embryonic tissues (Kaufman et al., 1978; Rastan et al.,
1980).

Recently, a large-scale nuclear transfer study using donor cells from different stages
of gametogenesis and embryogenesis showed that maternal and paternal X chromosomes
underwent inactivation during the time-window of imprinted XCI, except for maternal X-
chromosomes derived from fully grown oocytes (Oikawa et al., 2014). This confirmed that
a maternal imprint is established late in oogenesis, and erased in embryonic but also ex-
traembryonic lineages, where an imprinted XCI pattern persists. The loss of the imprint
during preimplantation development suggests that other mechanisms might underlie
iXCI in the extraembryonic lineages, which are being specified around the time the im-
print is lost.

Canonical genomic imprinting relies on allele-specific DNA methylation (see (Hanna
and Kelsey, 2021) for a recent review), and such mechanism was initially proposed to un-
derlie iXCI as well (Krumlauf et al., 1986; Monk et al., 1987; Sanford et al., 1987). Contrary
to these early hypotheses, however, later studies with DNA methyltransferase maternal
knockout embryos ruled out DNA methylation as having a role in setting the imprint
(Chiba et al., 2008). Recently, Yi Zhang's lab identified the polycomb-repressive complex
2 (PRC2)-dependent mark, H3K27me3, as a DNA methylation-independent mechanism
underlying the imprinted patterns of several loci across the genome (Inoue et al., 2017a),
including the Xist locus (Inoue et al., 2017b). In particular, a large H3K27me3 domain was
found to coat the Xist locus during oocyte growth and to persist through preimplantation
development, with loss of maternal H3K27me3 resulting in ectopic Xist expression from
the Xm and maternal XCI in preimplantation embryos (Inoue et al., 2017b). Interestingly,
this H3K27me3 domain at Xist and at other maternally-imprinted loci coincides with ma-
ternally-specific topological domains in early embryos as detected by Hi-C, a chromosome
conformation capture technique (Collombet et al., 2020). Of note, another repressive his-
tone mark, H3K9me3, has been shown to be enriched at the Xist locus in early preimplan-
tation embryos (Fukuda et al., 2014) but its role remains contested: while overexpression
of Kdm4b, a H3K9me3 demethylase, partially derepresses Xist on the Xm in parthenoge-
netic embryos (Fukuda et al., 2014), injection of Kdm4b mRNA into in vitro fertilization-
derived biparental embryos does not result in Xist derepression on the Xm in either XY or
XX embryos (Inoue et al., 2017b).

While the chemical nature of the imprint has finally been found, it is still not clear
which sequences are critical to carry the imprint and/or for the imprint to be laid. The
maternal H3K27me3 domain spans ~450kb, including not only the Xist locus but also its
positive regulators Jpx and Ftx (Furlan et al., 2018; Tian et al., 2010). The critical sequences
are most likely contained within a subregion of that domain, given that a 210 kb transgene
that contains Xist, [px, and part of Ftx, as well as Xist's negative antisense regulator Tsix
(Lee and Lu, 1999), can recapitulate imprinted expression of Xist in early mouse
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development (Okamoto et al., 2005). Tsix — which is not covered by the H3K27me3 domain
— was initially implicated as the imprinted locus, given that disruption of Tsix on the Xm
leads to Xist upregulation in cis and results in post-implantation death in females due to
impaired development of extraembryonic lineages (Lee, 2000; Sado et al., 2001). However,
at the 4-cell stage, when Xist starts to be upregulated on the Xp, Tsix is still silent on the
Xm (Sado et al., 2001), suggesting that the maternal imprint is independent from Tsix tran-
scription — which seems to be important at later stages, in the extraembryonic lineages, to
maintain the imprinted pattern of XCL

What about Ftx and Jpx? Deletions of either alone show that they are dispensable for
iXCl in preimplantation embryos (Collombet et al., 2020; Soma et al., 2014). However, ma-
ternal transmission of a ~115kb deletion that spans the Jpx locus, part of the Ffx locus and
the intergenic region in between them led to compromised viability of XX embryos and to
no XY pups being born (Collombet et al., 2020), a pattern compatible with loss of the ma-
ternal imprint. It remains to be investigated how exactly such sequences contribute to the
imprinted expression of Xist, if important for the establishment of the imprint (H3K27me3
deposition) during oogenesis, or for its maintenance, and whether other regions might be
necessary as well to carry the imprint (e.g. the Xist promoter).

In marsupials, whether the Rsx locus carries an imprint on either the Xp or the Xm or
both is not fully known, but a non-coding RNA antisense to Rsx, Xsr, has been recently
discovered and shown to exhibit a Tsix-like behavior (Mahadevaiah et al., 2020). Xsr is
expressed from the Xm in the early embryo, but not in adults, and is thought to prevent
Rsx expression in cis (Mahadevaiah et al., 2020). Early Xsr expression from the Xm could
play, in marsupials, an imprint role equivalent to Tsix during the maintenance phase of
XCI in murine extraembryonic tissues.

Overall, a rather complex picture emerges, which favors the existence of a maternal
imprint, at least in mice: during oogenesis and in the pre-implantation embryo, chromatin
condensation and deposition of repressive histone marks at the Xist promoter are associ-
ated with preventing Xist expression on the Xm. Later, in the extra-embryonic tissues of
the post-implantation embryo, Tsix expression from the Xm prevents its silencing in cis by
repressing Xist expression.

It is still possible, however, that the imprint is not carried by the Xm exclusively, but
that a combination of maternal and paternal signals is needed to ensure monoallelic Xist
upregulation on the Xp. For instance, chromatin structure at the Xist locus differs between
the paternal and the maternal chromosomes at the time of fertilization: not only the ma-
ternal X carries repressive chromatin marks, but the paternal X undergoes chromatin de-
condensation when the sperm-derived genome of the paternal pronucleus is subjected to
global replacement of protamines with histones (McLay and Clarke, 2003). It is hence pos-
sible that some loci, including Xist, are poised to be preferentially transcribed over their
maternal counterparts in the zygote. Moreover, since silencing of repeats (LINEs, SINEs)
is proposed to precede genic silencing in iXCI (Namekawa et al., 2010), it is also possible
that the Xp is treated differently according to its epigenomic content, with repeat-rich re-
gions being inherited in a pre-inactivated state through the paternal germline following
MSCI (Huynh and Lee, 2003; Lee and Bartolomei, 2013) and gene-rich regions being inac-
tivated de novo after ZGA. Interestingly, this could also be true for marsupials, where cot-
1 repeats are silenced during the final stages of spermatogenesis and hence possibly in-
herited in a pre-inactivated state (Mahadevaiah et al., 2009; Namekawa et al., 2007).

Evolutionary considerations about iXCI

Imprinted XCI was initially hypothesized to represent the ancestral form of X inacti-
vation in therian mammals, potentially present in the common ancestor between marsu-
pials and placentals, which diverged 180 million years ago (Brown and Chandra, 1973;
Cooper, 1971). Imprinted XCI was initially thought to be partially conserved in mice,
which also evolved random XCI, but lost in hominids, who evolved random XCI exclu-
sively — reviewed in (Berg et al., 2011). However, as it becomes clearer that the molecular
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players involved in marsupial iXCI and murine iXCI are different and not homologous, it
seems more plausible that iXCI evolved independently (and convergently) in the phylo-
genetic lineages of mammals with pouches and mammals with placentas; the common
ancestor had perhaps no X-linked dosage compensation mechanism, like monotremes.

The absence of imprinted Xist expression in non-rodent eutherian species, which in
general have a later onset of XCI in early development, has been suggested to be linked to
the fact that embryos of those species undergo several rounds of DNA replication before
Xist starts to be expressed; this way, parent-specific chromatin structure differences
would possibly be erased, resulting in the two Xist alleles being epigenetically identical
(Sado, 2017; Sado and Sakaguchi, 2013). A more recent model posits that an imprint that
instructs strictly monoallelic XCI must exist in species with early XCI initiation (such as
marsupials and mice) to prevent the possibility of inactivating both X chromosomes (Ma-
hadevaiah et al., 2020), which, nevertheless, sometimes happens during random XCI (dis-
cussed below). In early development the consequences of having two silent Xs (such as
cell death) would be very detrimental to the developing embryo, contrary to later devel-
opment, when more cells are present and the embryo could potentially afford to lose some
(Mahadevaiah et al., 2020). Also, while during random XCI, in post-implantation devel-
opment, inactivation of both Xs can be reversed (Mutzel et al., 2019), during iXCI such
reversion would probably be difficult to trigger, given the fast paced kinetics of preim-
plantation development.

Albeit intriguing, these hypotheses do not explain why, in both marsupials and mice,
it is always the paternal X but never the maternal X to be chosen for inactivation. A pro-
posal by Heard and colleagues is that a maternal imprint is needed “to prevent the early
activity of X-linked paternal genes involved in placental growth, as proposed in the pa-
rental conflict theory, particularly in rodents where zygotic gene activation occurs very
early on in development” (Okamoto et al., 2005). Interestingly, however, life is possible
even if it is the Xp that remains active: XX mice with a paternally-inherited Xist deletion
die during embryogenesis due to XCI failure in the extra-embryonic tissues (Marahrens
et al., 1997; Tada et al., 2000), but this lethality can be rescued by deleting Tsix on the Xm,
which then undergoes inactivation (Sado et al., 2001). While this indicates that inactivating
the Xm instead (and keeping the Xp active) can sustain life, it also suggests that the
strength of the imprint is such that it is very difficult to override it. It is still unknown
whether there would be decreased fitness due to inactivating the Xm in XX individuals.

On the other hand, had the opposite pattern of iXCI evolved in XX embryos — always
inactivating the Xm — then mechanisms would have had to evolve in XY embryos to make
sure that their Xm would always remain active during development. It is thus possible
that a strong maternal imprint preventing early inactivation of the Xm evolved to limit
the risk of XY offspring inheriting a pre-inactivated Xm, a condition that would be lethal
during early development.

I. Mechanisms of rXCI in mouse: a race for inactivation

In the context of iXCI, it is intuitive to think about choice: given its parental origin,
each chromosome has its fate predetermined. So, when talking about rXCI, we usually
pose the question of choice in similar terms: how is one of the X chromosomes chosen at
random to upregulate Xist and thus become the inactive X chromosome? However, this is
misleading. Contrary to what happens during iXClI, in which choice precedes Xist expres-
sion and gene silencing, choice during rXCI is only “set” after Xist is upregulated and
starts inducing (some) gene silencing in cis, which then prevents the other chromosome
from doing the same (Figure 3). Thus, it is the beginning of the XCI process itself that
determines choice — choice is not set from the start. Accordingly, we now know that both
X chromosomes can start upregulating Xist: this has been observed both in the early
mouse embryo and in cultured mouse embryonic stem cells undergoing differentiation
(Mutzel et al., 2019). This situation can be reversed (Mutzel et al., 2019), otherwise cells
would die, and thus the process is reset and each chromosome has another go at becoming
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the inactive X. Biallelic Xist expression is also observed in rabbit, monkey and human em-
bryos (Okamoto et al., 2011, 2021; Petropoulos et al., 2016; Vallot et al., 2017), but much
less is known in these species about the regulation of Xist expression and the onset of XCL
These observations serve to illustrate how, preceding the stages in which random XCI is
set, both chromosomes presumably have the potential to become the inactive X. Alterna-
tively, one could imagine a scenario more similar to what happens during iXCI: prior to
the initiation of rXCI, one of the chromosomes would be “marked” at random to become
the chosen one for inactivation. This chromosome would then upregulate Xist, which
would lead to transcriptional silencing in cis. However, no such mark has been discovered
— apart from the upregulation of Xist itself, which could be an indicator of which chromo-
some will be the inactive X (though not in 100% of the cases, as discussed above). This and
other alternative scenarios have been thoroughly and elegantly reviewed in Mutzel’s and
Schulz’s “systems biology perspective” on rXCI (Mutzel and Schulz, 2020). The model that
reflects our current understanding of the process is that the “random” choice we observe
in tissues of XX mammals is a final result of which chromosome managed to start inacti-
vating first while efficiently preventing the other chromosome from starting its own inac-
tivation. The Schulz lab has recently established a theoretical framework (accompanied
by experimental demonstrations) by which to think about the problem of random XCI
(Mutzel et al., 2019); this framework explains not only the process of choice, but also the
process of counting, as well as observations of XCI patterns from cells with different num-
bers of X chromosomes and across species.

In the absence of a choice mechanism before the upregulation of Xist during random
XCI, the question of choice — which X chromosome ultimately becomes the inactive X —
morphs into two separate questions: what influences the upregulation of Xist from one
chromosome or the other, and what mechanisms prevent one chromosome from upregu-
lating Xist when the other one started doing so.
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Figure 3. Dynamic model of choice during random XCI. Left: Pre-XClI status. Both X chromosomes are active and tran-
scribe X-linked genes. The dose of X-linked activators increases towards the threshold necessary for productive Xist up-
regulation. Middle: Biallelic X-chromosome transcription allows the cell to reach the threshold for Xist activation. X-linked
and autosomal cis and trans positive and negative regulators influence the initiation of Xist upregulation, which can occur
on a single X chromosome or on both of them. Only factors and loci discussed in the text have been included in the figure.
Right (top): In cells that have upregulated Xist monoallelically, X-wide cis-silencing triggered by Xist RNA causes a drop
in the level of activators, preventing the second chromosome from upregulating Xist. Choice is locked-in. Monoallelic Xist
expression (and cis-silencing) has to be sustained, either through enough dosage of activators and/or feedback mecha-
nisms. Right (bottom): In cells that have upregulated Xist biallelically, excess Xist expression triggers rapid downregula-
tion of X-linked activators on both X chromosomes, and this drop in levels below the threshold causes Xist expression to
switch off. Both X chromosomes remain active and the process has to start again. .

Influencing choice by influencing Xist upregulation

What do we know about how Xist might become upregulated asymmetrically? Both
cis and trans mechanisms could be at play; cis-mechanisms by acting independently on
each chromosome, and frans-mechanisms by underlying local (chromosomal) fluctuations
(e.g. trans-factors concentrations) that could affect chromosomes differentially. Certain
trans-acting factors have been proposed to bind asymmetrically to the Xist promoter: YY1,
RIF1 and KAP1. At the onset of XCI, RIF1 is associated to the X chromosome upregulating
Xist and is critical for its upregulation (Enervald et al., 2021). A very similar role has been
proposed for YY1 (Makhlouf et al., 2014), while KAP1 binds to the allele with no Xist ex-
pression, due to the absence of RIF1 (Enervald et al., 2021). The asymmetric binding of
RIF1 (and KAP1) seems to be downstream of fluctuations of antisense transcription across
the Xist locus (Enervald et al., 2021), while YY1 binding is due to differential DNA meth-
ylation of Xist alleles at the onset of XCI (Makhlouf et al., 2014), which has also been re-
ported as downstream to antisense transcription across the Xist locus (Navarro et al., 2006;
Sado et al., 2005; Sun et al., 2006). Together, these findings suggest that the asymmetric
binding of these trans-factors serve as “bookmarks” for the future active and inactive X
(though most likely not irreversibly), reinforcing asymmetries derived from cis-acting
mechanisms.

Several loci are known to influence the regulation of Xist in cis, however, this is
mostly based on knockout studies —i.e., we understand the consequences for XCI choice
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of the absence of such loci, but how they potentially regulate Xist asymmetrically when
their two copies are present remains speculative. One of such cis-acting loci is Xist’s anti-
sense transcription unit, Tsix. Heterozygous deletions of its promoter region lead to non-
random XCI patterns such that the mutant X chromosome is always the inactive X (De-
brand et al., 1999; Lee and Lu, 1999). It seems thus that the absence of Tsix substantially
increases the likelihood of Xist upregulation from the same chromosome, in such a way
that it is always the mutant chromosome that upregulates Xist and becomes the future Xi
— the other allele never has a chance to do it. One would thus expect Tsix-heterozygous
cells to be quicker than wild type cells at upregulating Xist and initiating XCI; such faster
kinetics during differentiation have indeed been observed (Loda et al., 2017; Yin et al.,
2021). Also, one can conclude that Tsix normally represses Xist expression in cis, and fur-
ther studies demonstrated that it is Tsix transcription per se (and not its RNA products)
that is important for such negative regulation (Sado et al., 2006; Shibata and Lee, 2004; Sun
et al., 2006). The exact mechanisms seem to involve chromatin changes at the Xist pro-
moter when Tsix is transcribed across it (Luikenhuis et al., 2001; Navarro et al., 2005;
Ohhata et al., 2007; Sado et al., 2005; Stavropoulos et al., 2001; Sun et al., 2006) and poten-
tially transcription interference via polymerase clashes (Mutzel et al., 2019). What are the
implications for the initiation of XCI when both Tsix alleles are functional? Given that Tsix
transcription seems to affect the likelihood of Xist expression in cis, asymmetries in Tsix
transcription between the two X chromosomes could therefore generate asymmetries in
Xist upregulation and therefore ultimately influence which X becomes inactive. We do not
know, however, whether for instance rates of Tsix transcription could modulate the prob-
ability of Xist to be upregulated — and if such relationship would be linear or non-linear.
Overexpression of Tsix from one allele exclusively has the expected effect of that chromo-
some remaining active (Luikenhuis et al., 2001) but no experiments have been done in
which Tsix transcription is modulated and Xist expression followed at the single-cell, sin-
gle-chromosome level. Importantly, while Tsix function is critical in mice, the locus is not
well conserved across placental mammals; in humans, the locus is predicted to be present
but its structure is different (it does not overlap with the entire Xist locus and promoter),
raising questions of whether TSIX is at all functional (Galupa and Heard, 2018; Migeon et
al., 2001, 2002).

While manipulations of Tsix seem to have an all-or-nothing effect regarding choice,
other loci in the vicinity of Xist have milder but significant effects on choice patterns. Het-
erozygous deletions of Xite (an enhancer-like locus upstream of Tsix) or of the promoter
of Linx (another IncRNA locus within the X-inactivation centre) lead to skewed patterns of
choice, with the mutant chromosome being more often the inactive X (Galupa et al., 2020;
Ogawa and Lee, 2003). These loci seem thus to be negative cis-regulators of Xist; Xite is
thought to act via influencing Tsix transcription and the promoter of Linx acts on Xist
independently of Tsix and presumably via a “silencer” (a “negative” enhancer) type of
mechanism (and not via Linx transcription or transcripts). In each case, asymmetries in
Xite or Linx function between the chromosomes could lead to asymmetries in terms of Xist
upregulation during development and differentiation, though presumably with less in-
fluence than Tsix, as judged by the results of the knockout studies. Like Tsix, Xite is poorly
conserved across placental mammals (Galupa and Heard, 2018), while the promoter of
Linx is well conserved, suggesting a more ancestral role as a cis-negative regulator (Galupa
et al., 2020). Another mouse-specific locus known to influence choice is the Xce, which we
discuss in a section below.

Interestingly, the three negative regulators of Xist — Tsix, Xite and Linx — all reside
within the same topologically associating domain (TAD). TADs partition the mammalian
genome in regions that include genes and cis-regulatory elements showing functional sim-
ilarities, and such partitioning seems to be critical, at least for some developmentally-reg-
ulated loci — for a recent review, please see (Tena and Santos-Pereira, 2021). The Xist/Tsix
unit — in mouse and human - lies at the boundary between two TADs (Dixon et al., 2012;
Galupa and Heard, 2018; Nora et al., 2012), witheach promoter associated with opposite,
neighbouring TADs — as mentioned, the Tsix promoter lies within the same TAD as Xite
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and Linx, and the Xist promoter shares a TAD with loci such as Jpx, Ftx, Xert and Rnf12,
which all have shown to be positive regulators of Xist. Genetic manipulations that invert
the Xist/Tsix locus, changing the TADs in which the promoters are placed, lead to misreg-
ulation of both Xist and Tsix and effects on XCI (van Bemmel et al., 2019), highlighting
how the cis-regulatory landscape of each promoter is critical for appropriate initiation of
XCL

Among the positive regulators of Xist within the same TAD as the Xist promoter,
three IncRNA loci have been reported to influence Xist expression in cis and could there-
fore affect choice — Ftx and Xert via their transcription (Furlan et al., 2018; Gjaltema et al.,
2021), and Jpx transcriptionally or post-transcriptionally (Rosspopoff et al., 2019; Tian et
al.,, 2010). Jpx has also been reported as a trans-acting regulator of Xist via its IncRNA (Sun
et al., 2013). A recent study has identified a series of proximal and distal enhancers that
are also required for activation of Xist upregulation in cis (Gjaltema et al., 2021). Elements
within the Xist locus itself have also been reported to contribute to Xist upregulation —e.g.
(Nesterova et al., 2003), including an antisense transcript, XistAR (Sarkar et al., 2015).

In conclusion, loci that influence the upregulation of Xist can ultimately influence
choice: the X chromosome that upregulates Xist first is more likely to become the Xi. Im-
portantly, a cis-acting positive feedback mechanism has been predicted to be essential for
the establishment of Xist monoallelic regulation during the initiation of XCI, and therefore
critical for choice (Mutzel and Schulz, 2020; Mutzel et al., 2019). This cis-acting positive
feedback mechanism reinforces Xist expression, either via mutual repression (Xist expres-
sion silences one of its cis-repressors) or via mutual activation (Xist expression promotes
expression of its cis-activators). Mutual repression is known to exist between Xist and Tsix:
silencing of Tsix expression by Xist RNA alleviates Tsix-mediated repression of Xist ex-
pression. Recently, the protein SPEN, shown to be essential for gene silencing during XCI
(Dossin et al., 2020), has been implicated in this feedback mechanism: SPEN (recruited by
Xist RNA) is required to silence the Tsix promoter, which in turn is required for consistent
Xist upregulation (Robert-Finestra et al., 2021).

Influencing choice by preventing Xist upregulation from the second chromosome

Choice during random XCI does not however depend exclusively on which X upreg-
ulates Xist first; this has to be sustained on that chromosome, and the other X has to be
prevented from upregulating Xist as well. Only then is choice really established. How
does this work at the molecular level? There are X-linked factors that need to be in a dou-
ble dose to activate Xist — this model explains not only the process of choice but also why
XCI happens in XX individuals but not in XY individuals, which never have a double dose
of such X-linked factors. When one of the chromosomes upregulates Xist, its RNA induces
silencing of genes in cis, including those coding for the X-linked activators — so their dose
in the cell is reduced to half, which is not enough for the other chromosome to be able to
upregulate Xist efficiently (Monkhorst et al., 2008; Schulz et al., 2011). Hence, the fate of
each chromosome becomes locked, as one proceeds to be the Xi, while the other remains
active — “choice” is thus determined, but only then. In cells in which both chromosomes
upregulate Xist, the same model predicts that cis-silencing leads to a quick drop in the
levels of X-linked activators, needed to sustain Xist upregulation, so Xist expression from
both chromosomes aborts and the process starts again (Monkhorst et al., 2008; Mutzel et
al., 2019).

One of such dosage-dependent X-linked activators is encoded by the Rnf12/Rlim lo-
cus: RNF12 is a ubiquitin ligase that targets for degradation the pluripotency factor REX1,
a repressor of Xist that binds to its promoter in undifferentiated cells (Barakat et al., 2011;
Gontan et al., 2012; Jonkers et al., 2009). In XY murine embryonic stem cells, extra copies
of Rnfl2 can activate Xist expression, while in XX murine embryonic stem cells, knockout
of Rnfl2 seems to abolish XCI during differentiation (Jonkers et al., 2009), although these
latter results have been contested (Shin et al., 2010). In vivo, Rnf12 knockout is reported to
prevent imprinted XCI but not the random form (Shin et al.,, 2010, 2014); however, the
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inducible system used for knocking out Rnf12 and study rXCI might not be the most suit-
able in terms of developmental timings (Hayashi et al., 2002), so Rnf12’s role in rXClI re-
mains open. We know, nevertheless, that there’s more to dosage-dependent regulation of
XCI than RnfI2: for instance, in XX murine embryonic stem cells with a single copy of
Rnfl12 (heterozygous deletion), XCI is not abolished, only delayed (Jonkers et al., 2009),
suggesting that there are other factors capable of activating XCI in a dosage-dependent
manner (Mutzel and Schulz, 2020). The other known X-linked activators of Xist and XCI
(such as Jpx and Ftx) cannot account for the feedback loop necessary to prevent upregula-
tion of Xist from one chromosome when the other already started it (Mutzel and Schulz,
2020), so additional factors remain to be identified.

I. Choice in human rXCI: biallelic dampening or direct monoallelic inactivation?

X chromosome activity has specific dynamics in humans: like in the mouse, both Xs
are transiently active in the inner cell mass of the blastocyst of the preimplantation XX
embryo (Okamoto et al., 2011; Petropoulos et al., 2016; Zhou et al., 2019), but, surprisingly,
at this developmental stage, XIST is expressed and from both X chromosomes (Okamoto
et al., 2011; Petropoulos et al., 2016; Vallot et al., 2017). Indeed, the XIST RNA accumulates
in cis forming a (typical) “cloud” as observed by RNA FISH (Okamoto et al.,, 2011;
Petropoulos et al., 2016), albeit without triggering H3K27me3 enrichment (Okamoto et al.,
2011). Curiously, the X chromosome in XY embryos also expresses XIST and shows cis-
accumulation (Okamoto et al., 2011). Together, these observations were taken as a strong
suggestion that XIST expression is uncoupled from XCI in human preimplantation devel-
opment. A similar picture has emerged for another primate, the cynomolgus monkey, in
terms of XIST expression in XX and XY embryos, as reported very recently in an unprec-
edented study characterizing XCI dynamics during development in a non-rodent species
(Okamoto et al., 2021). Choice seems thus to be preceded by XIST expression, like in the
mouse, but in both human and cynomolgus monkey it seems to be more about from which
X'to repress XIST expression.

Two models have been proposed to describe the initiation of dosage compensation
in the human preimplantation embryo: X-dampening and direct X-inactivation — and sim-
ilar considerations could be drawn for the cynomolgus monkey, see (Heard and
Rougeulle, 2021; Okamoto et al., 2021). According to the dampening model, progressive
increase in biallelic XIST expression results in a gradual biallelic downregulation of X-
linked genes from morula to blastocyst (Petropoulos et al., 2016), in a form of dosage com-
pensation reminiscent of the strategy adopted by C. elegans hermaphrodites and compa-
rable to an “absence of choice”. How this Xd/Xd state would later transition into an Xa/Xi
state, which is observed in human somatic tissues, hence triggering a choice between two
equal Xd chromosomes for one of them to become the Xi, is not known. X chromosome
dampening has also been described in XX human pluripotent stem cells (hPSCs, the ex-
vivo model of choice to investigate human XCI dynamics) during the conversion from
primed to naive pluripotency state: using bulk RNA-seq datasets, the authors have shown
that initial reactivation of the inactive X chromosome from primed to early naive state was
subsequently followed by X-dampening in late naive cells (Mekhoubad et al., 2012; Sa-
hakyan et al., 2017).

The dampening model remains controversial and has been contested both in preim-
plantation embryos and hPSCs — see (Kaur et al., 2020; Saiba et al., 2018; Spaziano and
Cantone, 2021) for reviews. While reanalyzing the same transcriptome dataset published
in Petropoulos et al. (2016) with more stringent conditions, De Mello et al. observed a
decrease in the proportion of biallelically expressed X-linked genes, which is consistent
with XCI, and a constant level of their median expression, hence refuting the hypothesis
of X-dampening and suggesting that human initiation of dosage compensation rather oc-
curs through direct X-inactivation (Mello et al., 2010). In agreement with the direct X-in-
activation model, Mandal et al. observed partial X-reactivation of the inactive X-chromo-
some rather than Xd/Xd dampening in hPSCs reverting from primed to naive state
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(Mandal et al., 2020), when re-analyzing published single-cell RNA-seq datasets (Sa-
hakyan et al., 2017). Although the dynamics of human dosage compensation initiation are
debated, an additional IncRNA, XACT, has been proposed to underlie choice (Vallot et al.,
2017); interestingly, XACT accumulates in cis on both (active) X chromosomes in an “an-
tagonistic” manner to XIST, i.e., regions of the X not covered by XIST are covered by
XACT, as if they repel each other (Casanova et al., 2019; Vallot et al., 2017).

I. Preferences in choice: random XCI patterns are often skewed

In theory, both X chromosomes during random XCI have the same probability of
being inactivated — this would of course be actually the case if both chromosomes were
genetically identical (which does not occur in wild populations, including human ones,
but happens in inbred strains in laboratories) or if, of their genetic differences, none would
influence the mechanisms of choice. However, deviations from 50:50 in patterns of inacti-
vation are often observed. This skewing can occur as (i) a result of stochasticity, (ii) due to
non-random choice at the onset of XCI, known as ‘primary’ choice, or (iii) result from
selection for or against cells carrying one specific active or inactive X chromosome, known
as ‘secondary’ choice (Belmont, 1996; Brown and Robinson, 2000; Orstavik, 2009; Puck
and Willard, 1998). Random XCI skewing due to stochastic events implies that, in the ab-
sence of genetic differences at the Xic or mutations in any other part of the X chromosomes
that significantly affect the mechanisms of choice, more than half of the cells in an embryo
(or adult) end up with the same inactive X. This phenomenon has been observed in inbred
mice that carry different parent-of-origin fluorescent tags on either of their chromosomes
but are otherwise genetically identical (Wu et al., 2014). These mice show a high degree of
XCI mosaicism between littermate siblings and even across tissues in the same individual,
with sometimes as much as 90% of the cells of a tissue carrying the same inactive X, based
only (presumably) on “stochastic choice” (Wu et al., 2014).

In humans, several studies have investigated the prevalence of skewed XCI in “phe-
notypically unaffected” XX individuals and reported widely different results, with the
percentages of individuals showing skewed XCI ranging from less than 10% to over 50%
(Amos-Landgraf et al., 2006; Bolduc et al., 2008; Fey et al., 1992; Gale et al., 1991; Migeon,
2007; Shvetsova et al., 2018); these variations could depend on the degree of skewing con-
sidered, the analysis method, the type of tissue analyzed and/or the age of the persons.
For instance, a study among one thousand XX human individuals found skewed XCI in a
large proportion of phenotypically healthy individuals, with ~15% of adults exhibiting
skewing greater than 80:20 in peripheral blood lymphocytes (Amos-Landgraf et al., 2006).
Whichever the degree of skewing, such stochastic-related imbalances reflect the ratio of
“founder” cells to adult cells in specific tissues and organs, as well as the timing and extent
of cell migration during development (Wu et al., 2014); importantly, XCI is initiated at a
time when the number of cells in the embryo is limited, hence achieving a perfect 50% -
50% inactivation ratio is not the most statistically likely event, already at the moment of
XCI initiation (Shvetsova et al., 2018). Yet, given the high heterozygosity in the human
population, another possibility is that the observed random skewing is in fact primary
skewing, with individual variations (e.g. SNPs) at X-linked loci potentially leading to
skewed XCI due to preferential choice of one X chromosome over the other at the time of
XClI initiation (analogous to Xce alleles in mice, discussed below).

In primary skewing, potentially any variant in genes involved in the XCI process
itself (usually genes within the Xic) could influence choice by having an impact on the
upregulation of Xist and/or on the feedback loop that keeps one X from expressing Xist
when the other started inactivating; the result would be that one X chromosome is prefer-
entially selected for inactivation as XCI starts in early development. An example of pri-
mary skewing is the modulation of XClI initiation by different X controlling element (Xce)
alleles in mice: mouse strains from different genetic backgrounds carry unique Xce alleles
that result in skewing phenotypes in the progeny of hybrid crosses (Cattanach and Pap-
worth, 1981). The Xce segment has not been clearly defined and, so far, the different
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attempts to map it have located it close or overlapping with the Xic (Calaway et al., 2013;
Cattanach and Papworth, 1981; Chadwick et al., 2006; Simmler et al., 1993; Thorvaldsen et
al,, 2012); reviewed in (Galupa and Heard, 2015). One study even suggests that it is not
just one locus but may include different X-linked regions (Thorvaldsen et al., 2012). Im-
portantly, not all those studies use the same approach to measure the “Xce effect” and
therefore they might be effectively mapping regions that contribute to skewing in XCI
patterns for hybrid crosses but not necessarily the Xce locus as originally defined (Catta-
nach and Papworth, 1981). Overall, six competing Xce alleles have been proposed, with
the order of strength being a<f<e<b<c<d, where Xce* is the most likely to be inactivated and
Xced the least likely. A new study has identified an additional allele, reportedly the weak-
est in the Xce allelic series (Sun et al., 2021). In Xce heterozygotes, the X chromosome car-
rying the weaker of the two alleles is more likely to be inactivated. The degree of skewing
can vary a lot, with cases of mean X inactivation patterns as profound as ~25:75 in
Xce/Xce hybrids (Calaway et al., 2013). Conversely, primary choice is presumably unbi-
ased in Xce homozygotes. In humans, a locus homologous to the murine Xce has not yet
been found, perhaps owing to the unique challenges faced when studying our species
(Peeters et al., 2016).

The so-called secondary skewing takes place post-XCI, when cells are selected either
for or against depending on which X chromosome they inactivated — reviewed in (Morey
and Avner, 2010). This mechanism occurs for instance in individuals that carry X-chromo-
some-linked variants associated with lethality or restricted survival and is often a hall-
mark of situations such as being carrier for X-linked diseases (Brown and Robinson, 2000;
Van den Veyver, 2001). In XX individuals with a structurally abnormal X chromosome
(with deletions or duplications) or carrying unbalanced X:autosome translocations, cells
that have inactivated the affected chromosome, in such a way that the normal X-chromo-
some and autosomal dosages are preserved, are positively selected for survival (Schmidt
etal.,, 1991). Another example of this mechanism can be found in XX individuals with Rett
syndrome, a neurodevelopmental disorder caused by a mutation in the X-linked gene
MECP2: unlike XY individuals, who often die of the condition, XX people can survive due
to counter-selection of cells carrying the mutated X chromosome (Carrette et al., 2018;
Ham et al., 2005; Lee and Bartolomei, 2013). On the other hand, females with balanced
X:autosome rearrangements usually inactivate the normal X chromosome in order to pre-
serve functional expression of autosomal genes on the translocated segment (McMahon
and Monk, 1983). An example of this situation is the manifestation of clinical symptoms
in women heterozygous for mutations in the X-linked DMD gene, which, when not func-
tional, results in Duchenne muscular dystrophy, a recessive disease. Several studies have
reported cases of women with Xp21;A translocations and preferential inactivation (due to
secondary skewing) of the wild-type X chromosome — reviewed in (Viggiano et al., 2016).
While inactivation of the wild-type fully-functional copy of the DMD gene in these indi-
viduals may seem counterintuitive, this mechanism likely prevents monosomy of autoso-
mal genes (Mattei et al., 1981, 1982), a potentially lethal condition that could occur if the
translocated X-chromosome segment (carrying the mutated DMD gene) were to be inac-
tivated.

I. XCI choice: the second most important moment in the lives of XX mammals?

Gastrulation has been considered the most important time in our lives, as famously
noted by the pioneering developmental biologist Lewis Wolpert, who sadly left us earlier
this year (Smith, 2021). For placental mammals with two X chromosomes, another critical
moment in their lives is when, in each of their cells, one of their X chromosomes becomes
inactivated. This choice, and the patterns of gene expression that derive from it, can have
significant implications. XCI is a major source of diversity within and between XX indi-
viduals; it generates stochastic, spatial mosaicism in gene expression across tissues and
organs, which can affect their function. While in organs in which many cells perform the
same function this might be of little phenotypic consequence, such region-to-region or
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sometimes left-to-right diversity can lead to uncompensated phenotypes in organs with
spatially segregated functions, such as sensory tissues and those part of the central nerv-
ous system (Wu et al., 2014).

In some cases, the choice of what X chromosome to inactivate can make the difference
between being healthy and unhealthy, as observed for genetically identical (monozygotic)
twins who are phenotypically discordant for genetic diseases carried on the X chromo-
some. Given that an X chromosome contains 1/20 of the genome’s genes, identical XX
twins can potentially differ by up to 5% in the genes they use (Bainbridge, 2003). For in-
stance, case-studies in XX twins carrying a mutation for Duchenne muscular dystrophy
have reported that a skewed XCI pattern renders one twin ill with the disease while the
other remains unaffected (Gomez et al., 1977; Lupski et al., 1991; Richards et al., 1990).

The relationship between XCI choice and the phenotypical manifestation of X-linked
mutations could perhaps inform on the long-standing question of why (or rather how)
rXCI evolved. The process that leads to the choice of which X to inactivate is especially
puzzling in mice: why selectively inactivating the Xp in the preimplantation embryo, only
to reactivate it and randomly re-inactivate it again upon implantation? An attractive hy-
pothesis is that rXCI could have been selected for as it can limit the consequences of det-
rimental X-linked mutations in XX individuals; but then why did not the same mechanism
evolve in marsupials? Could it be that differences in gene content between the placental
and marsupial X are such that marsupial X chromosomes are globally “less affected” by
mutations? The answer is probably connected to the different constraints and pressures
to which the X chromosome is subject in these lineages, and it will be fascinating to explore
these in the future.

Finally yet importantly, is choice reversible? Once established, XCI is mitotically her-
itable, i.e. daughter cells have the same inactive X as their mother cell, so choice is propa-
gated and skewed spatial patterns maintained. Reactivation of the inactive X chromosome
can happen spontaneously (though very rarely), in pathological contexts or in specific de-
velopmental moments, such as in the cells that will produce the embryo proper in mice or
during oogenesis — reviewed in (Chaligné and Heard, 2014; Spaziano and Cantone, 2021;
Talon et al., 2019).

Clinically, efforts are ongoing to develop strategies for inducing reactivation of the
inactive X in patients — for instance, targeted X-reactivation methods are underway to help
young XX individuals affected by Rett syndrome, who carry an active X chromosome har-
bouring a mutated allele of the MECP2 gene and an inactive X chromosome harbouring a
wildtype allele (Carrette et al., 2018; Katz et al., 2016; Lee et al., 2020; Przanowski et al.,
2018). “Awakening” their Xi could restore MECP2 function and fix Rett syndrome. Un-
derstanding how choice is established — and how it could be reversed — will therefore
remain an important subject of investigation in the X-inactivation field, with wider impli-
cations for how we think about epigenetic mechanisms, networks of gene regulation and
developmental decisions.
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