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The long non-coding RNA (lncRNA) Xist is crucially involved in a process called X
chromosome inactivation (XCI), the transcriptional silencing of one of the two X chromo-
somes in female mammals to achieve X dosage compensation between the sexes.
Because Xist RNA silences the X chromosome from which it is transcribed, the activation
of Xist transcription marks the initiation of the XCI process and thus, mechanisms and
players that activate this gene are of central importance to the XCI process. During
female mouse embryogenesis, XCI occurs in two steps. At the 2–4 cell stages imprinted
XCI (iXCI) silences exclusively the paternally inherited X chromosome (Xp). While extraem-
bryonic cells including trophoblasts keep the Xp silenced, epiblast cells that give rise to
the embryo proper reactivate the Xp and undergo random XCI (rXCI) around implantation.
Both iXCI and rXCI are dependent on Xist. Rlim, also known as Rnf12, is an X-linked E3
ubiquitin ligase that is involved in the transcriptional activation of Xist. However, while
data on the crucial involvement of Rlim during iXCI appear clear, its role in rXCI has been
controversial. This review discusses data leading to this disagreement and recent
evidence for a regulatory switch of Xist transcription in epiblasts of implanting embryos,
partially reconciling the roles of Rlim during Xist activation.

Introduction
During embryogenesis X dosage compensation in female mice occurs in two waves. An early,
imprinted form of XCI (iXCI), which silences exclusively the paternally inherited X (Xp), follows soon
after zygotic genome activation (ZGA) at the end of the two-cell stage. While this pattern of XCI is
maintained in extraembryonic tissues including trophoblast and primitive endoderm, epiblast cells
which give rise to the embryo proper reactivate the Xp (XCR) and undergo a random form of XCI
(rXCI) around implantation [1,2]. The X-linked long non-coding RNA Xist plays crucial roles during
both forms of XCI and paints the X from which it is expressed [3,4]. Thus, the onset of Xist transcrip-
tion is considered as the initiation of the XCI process. Because early during pre-implantation develop-
ment the maternally inherited Xist gene contains an imprint that abolishes its activation [5,6], Xist is
only activated from the paternally inherited allele, thus ensuring silencing exclusively of the Xp during
iXCI. However, in implanting embryos, this imprint is no longer present and thus either the mater-
nally or paternally inherited X is silenced during rXCI in epiblast cells. To ensure the random and
mono-allelic up-regulation of Xist, mathematical modeling has provided strong evidence for the
requirement of a trans-acting X-linked activator inducing Xist transcription when expressed from two
alleles, with the silencing of one activator allele preventing up-regulation of Xist on the other X
chromosome [7]. Therefore, whether or not an X-linked activator requires two alleles to activate Xist
transcription is highly significant as to the underlying mechanisms.
The Rlim gene (also known as Rnf12), which is localized on the X chromosome encodes a RING

H2 zinc finger ubiquitin ligase (E3) [8,9]. In cells, RLIM can shuttle between the nucleus and cyto-
plasm in a phosphorylation-dependent manner but localizes mainly to the nucleus [10,11], where
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many of its substrates — including transcription factors and transcriptional co-regulators — reside [9,12–15].
Like many other RING finger E3s, RLIM self-ubiquitinates and mutations or deletion of RLIM’s RING finger
can induce gain of function activities such as stabilization of the mutated Rlim as well as its substrate proteins
[9,14,16,17].
RLIM activates Xist via the proteasomal targeting of REX1 (Figure 1), a potent repressor of Xist transcription

[12]. Indeed, the early embryonic lethal phenotype observed in Rlim KO females [18,19] is largely reversed in
Rlim-Rex1 double KO mice [20], demonstrating a central functional interaction of this module during XCI in
vivo. However, while data on the crucial involvement of Rlim during iXCI appear clear, its role in rXCI has
been controversial. Crucial roles of high, dose-dependent cellular RLIM levels achieved by expression from two
alleles for the activation of Xist have been reported in female embryonic stem cells (ESCs). This contrasts dis-
pensable functions of Rlim during rXCI in mice with Xist activation dependent on low nuclear REX1 levels
(Figure 1). The different mechanisms of how the Rlim-Rex1 axis promotes XCI have major consequences for
iXCI, XCR and rXCI as they lead to divergent biological concepts. This review discusses mechanisms of how

Figure 1. Two distinct models of how RLIM, via proteasomal targeting of REX1, activates Xist transcription.

Upper panel: REX1 binds to regulatory sequences of the Xist gene, thereby repressing transcription and XCI. The E3 ligase

RLIM activates Xist transcription by mediating polyubiquitination of REX1 (ub) leading to proteasomal degradation. Lower panel,

left: Current model of how Xist is activated by the Rlim-Rex1 module based on ESC data (ESC model). Xist activation depends

on RLIM expressed from two alleles. Not shown are postulated additional factors. Lower panel, right: Model of mechanisms

underlying Xist activation by the Rlim-Rex1 module in female mice (in vivo model). Activation of Xist can occur when REX1 is

below threshold levels, if RLIM is present or not. Postulated additional factors regulating Xist transcription are not shown.
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Xist transcription is activated by Rlim and its importance during XCI, thereby partially clarifying and reconcil-
ing this controversy.

Overcoming transcriptional repression by Rex1: the in vivo model
The in vivo model of the roles of the Rlim-Rex1 module for Xist activation has been proposed recently [21]
and is mostly based on data obtained in female mice with a conditional Rlim KO (cKO). This model assigns a
critical role to nuclear levels of Rex1 in the activation of Xist, independently of the Rlim status (Figure 1). We
first summarize the published in vivo data in historical order, comparing data focusing on those conflicting
with the ESC model.
Early on, it was discovered that a Rlim cKO targeted to female oocytes, led to a female-specific parent of

origin effect in offspring: a maternally transmitted Rlim KO allele (KOm) resulted in embryonic lethality of all
female offspring at peri-implantation stages, while pre-implantation development appeared normal. KOm hemi-
zygous males or heterozygous female embryos receiving a paternally transmitted Rlim KO allele (KOp) devel-
oped normally. The lethality of female KOm embryos was due to failure of iXCI as no signs of XCI could be
detected in trophoblast tissues. However, blastocyst outgrowths of female E4.5 embryos with a germline Rlim
KO developed Xist clouds in the epiblast region as well as ESCs isolated from these embryos. This prompted
the original conclusion that Rlim is important for iXCI but not rXCI in female mice [18]. The claim that Rlim
is dispensable for rXCI in mice was confirmed in tetraploid complementation assays in which female ESCs
lacking Rlim were able to form post-gastrulation embryos that displayed signs of XCI. This was further corro-
borated by mouse genetics, targeting the Rlim allele on the Xm in pre-implantation epiblast cells via a pater-
nally transmitted Sox2-Cre transgene, which allowed the efficient generation of adult female animals displaying
normal XCI but systemically lacking Rlim [22]. However, these findings of Rlim-independent Xist activation in
female epiblast cells or female ESCs in vitro were in direct conflict with results obtained from an independent
female Rlim KO model in ESCs (see below). Targeting the Rlim cKO in embryos after ZGA by inducing Cre
recombinase expression via a paternally transmitted Rosa26-Cre transgene recapitulated the early embryonic
lethality in females [19]. Together with data obtained from single embryo RNA-seq experiments on pre-
implantation embryos systemically lacking Rlim, the crucial role that Rlim plays for X dosage compensation
during iXCI was confirmed [19]. Initial Xist RNA expression, formation of Xist clouds and signs of X-silencing
were detected in female embryos lacking Rlim up to morula stages. However, at blastocyst stages these embryos
no longer displayed signs of elevated Xist mRNA and clouds as well as X-silencing. It was concluded that
during iXCI, Rlim is important for the maintenance but not initiation of Xist transcription [19]. Again, the
Rlim-independent activation of Xist was in direct conflict with the ESC model. As REX1 was identified as a
target of RLIM in ESCs [12], examining the genetic interaction between Rlim and Rex1 in mouse embryos
identified REX1 as the critical Rlim target for iXCI as the Rlim phenotype was reversed by additional KO of
Rex1 [20]. This finding indicated that Rlim regulates iXCI by targeting the Xist repressor REX1 for proteasomal
degradation (Figure 1) and thus both genes work as a functional module during pre-implantation development.
Testing the expression profiles of the Rlim-Rex1 module via immunostaining comparing early WT and Rlim
KO mouse embryos revealed that low REX1 levels are dependent on the presence of Rlim throughout pre-
implantation development. This function of Rlim was independent of sex, occurred in most/all cells of the
embryo and was particularly pronounced at blastocyst stages [21]. Such expression profiles are fully consistent
with crucial roles of the Rlim-Rex1 module during iXCI (Figure 1). Moreover, as Rex1 mRNA levels are
up-regulated from low levels after ZGA to high levels at blastocyst stages [17], such pattern explains the Rlim
functions for the maintenance as opposed to initiation of Xist transcription [19], with a stringent requirement
of RLIM’s E3 ligase functions to ensure low REX1 protein levels at later pre-implantation stages. However, the
functional interaction between Rlim and Rex1 dramatically changes with a precipitous Rlim-independent
down-regulation of REX1 at implantation specifically in epiblast cells [21,23]. As a consequence, low REX1
protein levels are no longer Rlim-dependent (Figure 2A), allowing for the activation of Xist specifically in epi-
blast cells [21]. Thus, the functional interaction of the Rlim-Rex1 module is active throughout pre-implantation
development but severed specifically in epiblast cells of implanting embryos, indicating a major switch in the
regulation of Xist transcription, and explaining as to why Rlim is crucial for iXCI but dispensable for rXCI
[21]. Considering the onset of Xist mRNA expression in female embryos lacking Rlim during both iXCI and
rXCI at time points when Rex1 protein levels are low, a common theme emerges indicating that it is REX1
levels that critically influence Xist expression, thereby providing a compelling mechanism of iXCI regulation by
the Rlim-Rex1 module in mice [21] (Figure 1).
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Dose-dependent activation of Xist by Rlim: the ESC model
The ESC model implies that RLIM levels expressed from two alleles reach a critical dose required for down-
regulation of REX1 and activation of Xist. XCI leads to silencing of one Rlim allele, thereby the dose of RLIM
falls below the threshold ending the XCI process. This model, which is based on early results obtained in ESCs,
has been the prevailing model over the last decade [1,24,25] and is attractive as it complies with theoretical
considerations about a trans-acting X-linked activator of Xist during rXCI.
This model is derived mostly by data obtained from female ESCs in which the Rlim gene is mutated by the

insertion of foreign DNA into the Rlim gene (Rnf12-333f; Figure 2B). In heterozygous Rnf12-333f ESCs, the
initiation of Xist transcription and XCI is markedly delayed with a strong bias to inactivate the KO allele
[26,27]. Moreover, a female Rnf12-333f ESC derivative carrying the same Rlim mutation on both alleles is
unable to activate Xist [27]. This ESC line expresses very high levels of REX1, which, upon induction of differ-
entiation, appears partially resistant to down-regulation [12]. Interpreted as KO effects, it was concluded that
high RLIM levels expressed from two Rlim alleles is required for the random, monoallelic up-regulation of Xist,
but that other contributing factors must exist [24]. Other data in favor of the ESC model was the finding that
the ectopic overexpression of RLIM induces Xist expression in male ESCs causing inactivation of the single X

(A) (B)

(C)

Figure 2. Roles of the RLIM/Rex1 module during random XCI.

(A) Difference in REX1 regulation and status in epiblast cells and ESCs at the timepoint when XCI is triggered. Upper panel: In

epiblast cells levels of REX1 are very low and Rlim-independent. Lower panel: Different ESC lines display variable REX1 levels.

As ESCs represent cells at pre-implantation stages, REX1 is under the control of Rlim. (B) Effects of Rlim on XCI in female ESC

models. RLIM full length protein with functional domains is shown. NLS, nuclear localization sequence; BD, basic domain;

NES, nuclear export sequence; RING, RING finger domain. Background of ESCs (f, F121; p, pGK12.1), expected peptides

potentially expressed from each KO locus, and ability to develop Xist clouds are indicated. (C) Example of how the presence of

RLIM333 can affect/obscure data interpretation. In Rnf12-333f heterozygous ESCs XCI is strongly biased towards the mutated

allele. In support of the ESC model this bias has been interpreted from a KO perspective concluding that Rlim regulates X

choice. An alternative explanation for this bias is that the presence of RLIM333 inhibits Xist transcription by stabilization of

REX1 and XCI can only occur when RLIM333 is removed by silencing of the mutated allele. Such scenario is in support of the

in vivo model. Within this ESC system these different scenarios cannot be distinguished.
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[26]. As male cells carry only one X this result was interpreted as evidence for RLIM expression from two
alleles triggering XCI in females.
Rnf12-333f ESC derivatives were used to generate data resulting in claims concerning the contribution of

Rlim and cis-acting activators of Xist towards rXCI [28]. Moreover, Rnf12-333f ESCs were used to generate
mice and the homozygous Rnf12-333f mutation inhibits iXCI and to some degree rXCI in female embryos
leading to embryonic lethality. Importantly, this phenotype is reversed in Rnf12/Rex1 double KO females, in
which both iXCI and rXCI occurred in a normal manner [20].
However, the Rnf12-333f mutation is not a KO, but due to a cloning artifact the ‘Rnf12KO’ locus expresses a

truncated RLIM protein containing the N-terminal 333 aa (RLIM333) [17,29], including the nuclear localiza-
tion sequence and part of the REX1 interaction domain but lacking C-terminal sequences including the RING
finger and the nuclear export sequence (Figure 2B). Thus, the nucleocytoplasmic shuttling as well as the E3
ligase activities of this RLIM mutant protein are defective, trapping RLIM333 to the nucleus and altering its
regulation including decreased turnover. Importantly, RLIM333 acquires dominant-negative functions towards
target proteins, as its expression in ESCs can lead to the stabilization and accumulation of Rex1 in the nucleus
[17,29].
The importance of Rlim for XCI in ESCs has been controversial early on, as primary ESCs isolated from

female RlimKO mice developed Xist clouds and gave rise to post-gastrulation embryos [18,22]. Over the years
several female ESC lines lacking Rlim other than Rnf12-333f derivatives have been generated including in
pGK12.1 [30] and F121 [27] backgrounds (Figure 2B), and data on XCI were variable: While the presence of
Rlim generally improves efficiency of developing Xist clouds upon differentiation, in some ESC systems its pres-
ence was crucial [20], in others it was not [29]; (Figure 2B). At this stage, the underlying reasons for these dis-
crepancies are unclear due to differences in ESC lines and differentiation protocol used [17]. Moreover, some
lines do not develop Xist clouds using one differentiation protocol, but Xist clouds can be detected using
another (Rnf12-0f, Rlim-0f; Figure 2B). Thus, the importance of Rlim for XCI in female ESCs is variable and
the picture remains somewhat unclear due to lack of rigorous control experiments on ESC status, REX1 levels
and differentiation protocols.

Discussion
Mechanisms of Xist activation by the Rlim-Rex1 module
The different mechanisms promoted by the ESC vs the in vivo models as to how the Rlim-Rex1 module acti-
vates Xist transcription, have important implications for the regulation of iXCI, XCR and rXCI, leading to
divergent biological concepts. Comparing data compatibility with models, it is important to emphasize that the
in vivo model is fully consistent with important functions of Rlim for inducing XCI in specific ESC lines,
depending on endogenous REX1 levels (as discussed below). Therefore, to differentiate between the two
models, data assigning crucial functions for XCI in female ESCs need to be distinguished from those that
demand Rlim to be present in two copies, which have been mostly based on results obtained from Rnf12-333f
ESCs. In Rnf12-333f ESCs both the lack of functional Rlim and the presence of truncated RLIM333 stabilize
REX1, thereby independently affecting the kinetics of the rXCI process (Figure 2C). Within this system, these
enhancing effects cannot be distinguished but only KO effects were considered, and this represents a major
problem as many of the results that support the requirement of two Rlim alleles can actually be explained by
the in vivo model, when stabilizing effects of RLIM333 on REX1 are considered. Concerning the effects of
RLIM333 on REX1 dynamics, extremely high levels of REX1 protein have been reported in homozygous
Rnf12-333f ESCs, which moreover, are mostly resistant to differentiation-induced down-regulation over a
period of 72 h [12]. In contrast, in epiblasts lacking Rlim, REX1 is very low/undetectable 6 h after initiation of
rXCI [21]. Thus, in contrast with female ESCs lacking Rlim that retain some ability to activate Xist [22,29],
induction of rXCI in Rnf12KO systems is excessively impaired. Concerning the skewed rXCI in female ESCs
carrying a heterozygous Rnf12-333f mutation: Rather than the requirement of an active copy of Rlim to
induce/maintain Xist transcription, the inhibition of Xist transcription by the presence of RLIM333 might
account for the observed X-bias in XCI (Figure 2C), and such scenario would be in support of the in vivo
model. Consistent with such scenario is the observation that heterozygous female RlimKO systems do not
display such bias (22). The presence of RLIM333 may also explain discrepancies observed in mice. Rnf12-333f
females are defective in iXCI and die around implantation, a phenotype similar to the Rlim phenotype but
more severe in terms of Xist transcription and initiation of iXCI onset at pre-implantation stages [18–20].
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Importantly, a significant portion of male Rnf12-333f animals die during embryogenesis [20], a phenotype not
observed in RlimKO mice [31], suggesting additional gain of functions of Rlim333 against other Rlim targets
[17]. Concerning the Rnf12/Rex1 double KO female mice that undergo mostly normal XCI [20], even though
mice used in this study were the Rnf12KO expressing RLIM333 [29], the additional Rex1 KO eliminates all
Rlim effects on Rex1 including effects caused by RLIM333.
Thus, by stabilizing REX1 and inhibiting Xist transcription, the presence of RLIM333 is likely to significantly

interfere with the Rlim-Rex1 dynamics and the kinetics of the XCI process. While the deletion of Rlim333 in
Rnf12-333f ESC improves their ability to activate Xist [29], in all Rnf12-333f derivative cell lines and mice, the
consequences of RLIM333 expression have not been addressed. Therefore, combining the existing published
data, it cannot be excluded that the misinterpretation of data caused by a cloning artifact significantly contribu-
ted to the ESC model.
Concerning male ESCs undergoing XCI upon RLIM overexpression, while the in vivo model cannot explain

these results, it is unclear how strong an argument this result represents for the ESC model. This is because like
male cells, female cells heterozygous for Rlim contain only one copy of Rlim, yet only the female cells undergo
XCI while the male cells do not. This indicates a significant difference in mechanisms underlying Xist activa-
tion between sexes and that rXCI in females is not associated solely with the number of Rlim alleles. Moreover,
the Rex1 KO in male mice does not result in an up-regulation of Xist, indicating that, unlike in females, REX1
is not involved in repressing Xist in male embryos. While the reasons of why Xist transcription is initiated in
male ESCs overexpressing RLIM are unclear, more experiments are needed to clarify the roles of the Rlim-Rex1
axis in male ESCs.
Another argument for the ESC model that has repeatedly been made is that because Rlim is X-linked and

regulates XCI in ESCs, its mechanisms of action should comply with the mathematical modeling data [1,7,25].
However, because Rlim is not required for activation of Xist during rXCI in mice [21,22], the theoretical prere-
quisites assigned for X-linked Xist activators during rXCI namely to be present in two copies do not apply.
In contrast, the combined data from mice demonstrate Xist activation in female animals lacking Rlim both

during iXCI and rXCI, and the dynamic expression of REX1 mechanistically explains why this is. The in vivo
model is attractive because it is consistent with most/all in vivo results on Rlim function in mice, including
expression patterns, genetics, activation of Xist, X-silencing and phenotypes. Moreover, the functional severance
of the Rlim-Rex1 axis and regulatory switch of Xist expression in epiblasts is consistent with the finding that
both male and female mice lacking Rex1 do not ectopically up-regulate Xist even after removal of the maternal
Xist imprint but undergo normal embryogenesis [32]. From a developmental perspective, with a
Rlim-independent down-regulation of REX1 specifically in epiblasts, the in vivo model offers a convenient
window for XCR in implanting embryos. While the expression profile at late blastocyst stages is not in support
of an active role of REX1 in the XCR process [21], the functional interruption of the Rlim-Rex1 axis is likely
required to allow for rXCI. Considering the ESC model, it is difficult to see mechanisms of how XCR could be
orchestrated in the very short time window that exists between the end of pre-implantation and early post-
implantation stages. Because it appears inconceivable that Rlim uses different mechanisms in mouse embryos
vs ESCs and XCI occurs only in females, the combined findings favor the in vivo model and essentially exclude
the ESC model.

Functions of Rlim during XCI
Concerning the importance of Rlim functions for XCI, results that appear contradictory have been published
over the years. In mice, by targeting Rex1 for degradation, Rlim plays crucial roles for the maintenance of Xist
transcription during iXCI in female pre-implantation embryos. This represents its main in vivo function, as
Rlim is dispensable for rXCI in the epiblast. However, REX1 levels in epiblast cells at the time point of rXCI
initiation are slightly higher in RlimKO embryos when compared with controls [21]. Moreover, early female
post-implantation embryos lacking Rlim express somewhat lower Xist levels [22] and Xist cloud detection in
the ICM of blastocyst outgrowths is less frequent [29], suggesting that the presence of Rlim may slightly influ-
ence REX1 levels in epiblast cells and thus possibly the timing of onset and/or efficiency of the rXCI process.
Thus, minor and redundant functions of Rlim during rXCI in mice are likely.
In female ESCs Rlim has variable importance for activating Xist (Figure 2B). Because there is a limited

window in time when female cells are competent to undergo XCI, such variability may be partially explained
by the combination of two features that converge on REX1 levels. First, ESCs represent cells at pre-implantation
stages, when REX1 is under the strict control of Rlim. Second, different ESC lines express various levels of
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REX1. Thus, at the time point when XCI is triggered, Rlim is more or less required to adjust REX1 levels allow-
ing for Xist activation, depending on both the initial REX1 levels and the kinetics of Rex1 mRNA down-
regulation. In contrast, due to an Rlim-independent down-regulation of Rex1 mRNA that starts at implantation,
epiblast cells express very low REX1 protein levels when XCI is triggered (Figure 2A) and thus, Rlim is dispens-
able. Consistent with such a scenario, differences in Rlim requirement for rXCI have been reported in female
ESC pGK12.1 and F121 lines [18,22,27,29] and the ability to activate Xist generally correlates with endogenous
levels of REX1 [17,29]. Furthermore, such scenario might also partially explain the observation that the activa-
tion of Xist transcription in vitro via differentiation into embryoid bodies or upon the addition of retinoic acid
occurs with considerably slower kinetics when compared with epiblast cells in mouse embryos. Thus, the
importance of Rlim for XCI in ESCs is to decrease REX1 levels to allow for Xist transcription, analogous to its
role during iXCI.
Such scenario implies a switch in Xist regulation occurring specifically in differentiating epiblast cells likely

involving a separate set of transcriptional regulators. Thus, functions of Rlim during pre-implantation develop-
ment are restricted to keeping REX1 levels below the threshold allowing for the activation of Xist by other
factors, consistent with a recent report that identified up-regulation of Xist during iXCI by GATA transcription
factors [33]. Likewise, Rlim is dispensable for XCI in the epiblast, implying that other factors must exist,
responsible for activating Xist expression and X choice during rXCI. Indeed, the X-linked histone demethylase
Kdm5c has been proposed as a dose-dependent activator of Xist [34]. Even though this gene escapes
X-silencing [35], expression levels are higher in female cells before XCI when compared with those after XCI,
due to lower expression from the silenced X [36,37]. Thus, at this stage the contribution of Kdm5c for the
monoallelic up-regulation of Xist remains unclear but the existence of other X-linked Xist activators appears
likely.
The functions of Rlim during rXCI have been controversial for more than a decade and a general problem

was the inadequate discussion of published, contradicting data. While data challenging the ESC model were
available early on, these results were either systematically dismissed as erroneous without scientific evidence, or
ignored by the proponents of the ESC model, even after the revelation of the cloning artifact in Rnf12-333f
ESCs. Over the years such biased data representation has significantly contributed to the confusion in the XCI
field about the functions of Rlim.
In summary, compelling results show that Rlim is dispensable for Xist transcription during rXCI in female

mice, and that the Rlim-Rex1 module is selectively active in pre-implantation embryos during iXCI. In female
ESCs, due to remaining REX1, there is various requirement of Rlim for Xist activation, but this is not depend-
ent on the presence of two Rlim alleles. Moving forward, it will be exciting to identify novel X-linked factors
that participate in the monoallelic up-regulation of Xist during rXCI and elucidate their mechanisms of action.

Perspectives
• Two conflicting models have been proposed as to how the E3 ligase Rlim activates expression

of Xist, the master regulator of XCI.

• Recent results favor one model of how the proteasomal targeting of the transcriptional repres-
sor REX1 by Rlim regulates Xist transcription.

• These findings support research into the identification of novel X-linked Xist activators during
rXCI.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This work was supported by NIH grant R35 GM145263.

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-

ND).

1105

Biochemical Society Transactions (2024) 52 1099–1107
https://doi.org/10.1042/BST20230573

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


Acknowledgements
We thank T. Fazzio for advice and discussion.

Abbreviations
ESC, embryonic stem cell; iXCI, imprinted XCI; rXCI, random XCI; XCI, X chromosome inactivation; ZGA, zygotic
genome activation.

References
1 Loda, A., Collombet, S. and Heard, E. (2022) Gene regulation in time and space during X-chromosome inactivation. Nat. Rev. Mol. Cell Biol. 23,

231–249 https://doi.org/10.1038/s41580-021-00438-7
2 Payer, B. (2016) Developmental regulation of X-chromosome inactivation. Semin. Cell Dev. Biol. 56, 88–99 https://doi.org/10.1016/j.semcdb.2016.04.

014
3 Brown, C.J., Hendrich, B.D., Rupert, J.L., Lafreniere, R.G., Xing, Y., Lawrence, J. et al. (1992) The human XIST gene: analysis of a 17 kb inactive

X-specific RNA that contains conserved repeats and is highly localized within the nucleus. Cell 71, 527–542 https://doi.org/10.1016/0092-8674(92)
90520-M

4 Penny, G.D., Kay, G.F., Sheardown, S.A., Rastan, S. and Brockdorff, N. (1996) Requirement for Xist in X chromosome inactivation. Nature 379,
131–137 https://doi.org/10.1038/379131a0

5 Harris, C., Cloutier, M., Trotter, M., Hinten, M., Gayen, S., Du, Z. et al. (2019) Conversion of random X-inactivation to imprinted X-inactivation by
maternal PRC2. Elife 8, e44258 https://doi.org/10.7554/eLife.44258

6 Inoue, A., Jiang, L., Lu, F. and Zhang, Y. (2017) Genomic imprinting of Xist by maternal H3K27me3. Genes Dev. 31, 1927–1932 https://doi.org/10.
1101/gad.304113.117

7 Mutzel, V., Okamoto, I., Dunkel, I., Saitou, M., Giorgetti, L., Heard, E. et al. (2019) A symmetric toggle switch explains the onset of random X
inactivation in different mammals. Nat. Struct. Mol. Biol. 26, 350–360 https://doi.org/10.1038/s41594-019-0214-1

8 Ostendorff, H.P., Bossenz, M., Mincheva, A., Copeland, N.G., Gilbert, D.J., Jenkins, N.A. et al. (2000) Functional characterization of the gene encoding
RLIM, the corepressor of LIM homeodomain factors. Genomics 69, 120–130 https://doi.org/10.1006/geno.2000.6311

9 Ostendorff, H.P., Peirano, R.I., Peters, M.A., Schluter, A., Bossenz, M., Scheffner, M. et al. (2002) Ubiquitination-dependent cofactor exchange on LIM
homeodomain transcription factors. Nature 416, 99–103 https://doi.org/10.1038/416099a

10 Bustos, F., Segarra-Fas, A., Nardocci, G., Cassidy, A., Antico, O., Davidson, L. et al. (2020) Functional diversification of SRSF protein kinase to control
ubiquitin-dependent neurodevelopmental signaling. Dev. Cell 55, 629–647 e7 https://doi.org/10.1016/j.devcel.2020.09.025

11 Jiao, B., Taniguchi-Ishigaki, N., Gungor, C., Peters, M.A., Chen, Y.W., Riethdorf, S. et al. (2013) Functional activity of RLIM/Rnf12 is regulated by
phosphorylation-dependent nucleocytoplasmic shuttling. Mol. Biol. Cell 24, 3085–3096 https://doi.org/10.1091/mbc.e13-05-0239

12 Gontan, C., Achame, E.M., Demmers, J., Barakat, T.S., Rentmeester, E., van, I.W. et al. (2012) RNF12 initiates X-chromosome inactivation by targeting
REX1 for degradation. Nature 485, 386–390 https://doi.org/10.1038/nature11070

13 Johnsen, S.A., Gungor, C., Prenzel, T., Riethdorf, S., Riethdorf, L., Taniguchi-Ishigaki, N. et al. (2009) Regulation of estrogen-dependent transcription by
the LIM cofactors CLIM and RLIM in breast cancer. Cancer Res. 69, 128–136 https://doi.org/10.1158/0008-5472.CAN-08-1630

14 Kramer, O.H., Zhu, P., Ostendorff, H.P., Golebiewski, M., Tiefenbach, J., Peters, M.A. et al. (2003) The histone deacetylase inhibitor valproic acid
selectively induces proteasomal degradation of HDAC2. EMBO J. 22, 3411–3420 https://doi.org/10.1093/emboj/cdg315

15 Bach, I., Rodriguez-Esteban, C., Carriere, C., Bhushan, A., Krones, A., Rose, D.W. et al. (1999) RLIM inhibits functional activity of LIM homeodomain
transcription factors via recruitment of the histone deacetylase complex. Nat. Genet. 22, 394–399 https://doi.org/10.1038/11970

16 Weissman, A.M., Shabek, N. and Ciechanover, A. (2011) The predator becomes the prey: regulating the ubiquitin system by ubiquitylation and
degradation. Nat. Rev. Mol. Cell Biol. 12, 605–620 https://doi.org/10.1038/nrm3173

17 Wang, F. and Bach, I. (2019) Rlim/Rnf12, Rex1, and X chromosome inactivation. Front. Cell Dev. Biol. 7, 258 https://doi.org/10.3389/fcell.2019.00258
18 Shin, J., Bossenz, M., Chung, Y., Ma, H., Byron, M., Taniguchi-Ishigaki, N. et al. (2010) Maternal Rnf12/RLIM is required for imprinted X-chromosome

inactivation in mice. Nature 467, 977–981 https://doi.org/10.1038/nature09457
19 Wang, F., Shin, J., Shea, J.M., Yu, J., Boskovic, A., Byron, M. et al. (2016) Regulation of X-linked gene expression during early mouse development by

Rlim. Elife 5, e19127 https://doi.org/10.7554/eLife.19127
20 Gontan, C., Mira-Bontenbal, H., Magaraki, A., Dupont, C., Barakat, T.S., Rentmeester, E. et al. (2018) REX1 is the critical target of RNF12 in imprinted

X chromosome inactivation in mice. Nat. Commun. 9, 4752 https://doi.org/10.1038/s41467-018-07060-w
21 Wang, F., Chander, A., Yoon, Y., Welton, J.M., Wallingford, M.C., Espejo-Serrano, C. et al. (2023) Roles of the Rlim-Rex1 axis during X chromosome

inactivation in mice. Proc. Natl Acad. Sci. U.S.A. 120, e2313200120 https://doi.org/10.1073/pnas.2313200120
22 Shin, J., Wallingford, M.C., Gallant, J., Marcho, C., Jiao, B., Byron, M. et al. (2014) RLIM is dispensable for X-chromosome inactivation in the mouse

embryonic epiblast. Nature 511, 86–89 https://doi.org/10.1038/nature13286
23 Rogers, M.B., Hosler, B.A. and Gudas, L.J. (1991) Specific expression of a retinoic acid-regulated, zinc-finger gene, Rex-1, in preimplantation embryos,

trophoblast and spermatocytes. Development 113, 815–824 https://doi.org/10.1242/dev.113.3.815
24 Barakat, T.S. and Gribnau, J. (2012) X chromosome inactivation in the cycle of life. Development 139, 2085–2089 https://doi.org/10.1242/dev.069328
25 Furlan, G. and Galupa, R. (2022) Mechanisms of choice in X-chromosome inactivation. Cells 11, 535 https://doi.org/10.3390/cells11030535
26 Jonkers, I., Barakat, T.S., Achame, E.M., Monkhorst, K., Kenter, A., Rentmeester, E. et al. (2009) RNF12 is an X-encoded dose-dependent activator of

X chromosome inactivation. Cell 139, 999–1011 https://doi.org/10.1016/j.cell.2009.10.034
27 Barakat, T.S., Gunhanlar, N., Pardo, C.G., Achame, E.M., Ghazvini, M., Boers, R. et al. (2011) RNF12 activates Xist and is essential for X chromosome

inactivation. PLoS Genet. 7, e1002001 https://doi.org/10.1371/journal.pgen.1002001
28 Barakat, T.S., Loos, F., van Staveren, S., Myronova, E., Ghazvini, M., Grootegoed, J.A. et al. (2014) The trans-activator RNF12 and cis-acting elements

effectuate X chromosome inactivation independent of X-pairing. Mol. Cell 53, 965–978 https://doi.org/10.1016/j.molcel.2014.02.006

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-

ND).

1106

Biochemical Society Transactions (2024) 52 1099–1107
https://doi.org/10.1042/BST20230573

https://doi.org/10.1038/s41580-021-00438-7
https://doi.org/10.1038/s41580-021-00438-7
https://doi.org/10.1038/s41580-021-00438-7
https://doi.org/10.1038/s41580-021-00438-7
https://doi.org/10.1016/j.semcdb.2016.04.014
https://doi.org/10.1016/j.semcdb.2016.04.014
https://doi.org/10.1016/0092-8674(92)90520-M
https://doi.org/10.1016/0092-8674(92)90520-M
https://doi.org/10.1016/0092-8674(92)90520-M
https://doi.org/10.1016/0092-8674(92)90520-M
https://doi.org/10.1038/379131a0
https://doi.org/10.7554/eLife.44258
https://doi.org/10.1101/gad.304113.117
https://doi.org/10.1101/gad.304113.117
https://doi.org/10.1038/s41594-019-0214-1
https://doi.org/10.1038/s41594-019-0214-1
https://doi.org/10.1038/s41594-019-0214-1
https://doi.org/10.1038/s41594-019-0214-1
https://doi.org/10.1006/geno.2000.6311
https://doi.org/10.1038/416099a
https://doi.org/10.1016/j.devcel.2020.09.025
https://doi.org/10.1091/mbc.e13-05-0239
https://doi.org/10.1091/mbc.e13-05-0239
https://doi.org/10.1091/mbc.e13-05-0239
https://doi.org/10.1038/nature11070
https://doi.org/10.1158/0008-5472.CAN-08-1630
https://doi.org/10.1158/0008-5472.CAN-08-1630
https://doi.org/10.1158/0008-5472.CAN-08-1630
https://doi.org/10.1158/0008-5472.CAN-08-1630
https://doi.org/10.1093/emboj/cdg315
https://doi.org/10.1038/11970
https://doi.org/10.1038/nrm3173
https://doi.org/10.3389/fcell.2019.00258
https://doi.org/10.1038/nature09457
https://doi.org/10.7554/eLife.19127
https://doi.org/10.1038/s41467-018-07060-w
https://doi.org/10.1038/s41467-018-07060-w
https://doi.org/10.1038/s41467-018-07060-w
https://doi.org/10.1038/s41467-018-07060-w
https://doi.org/10.1073/pnas.2313200120
https://doi.org/10.1038/nature13286
https://doi.org/10.1242/dev.113.3.815
https://doi.org/10.1242/dev.069328
https://doi.org/10.3390/cells11030535
https://doi.org/10.1016/j.cell.2009.10.034
https://doi.org/10.1371/journal.pgen.1002001
https://doi.org/10.1016/j.molcel.2014.02.006
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


29 Wang, F., McCannell, K.N., Boskovic, A., Zhu, X., Shin, J., Yu, J. et al. (2017) Rlim-dependent and -independent pathways for X chromosome
inactivation in female ESCs. Cell Rep. 21, 3691–3699 https://doi.org/10.1016/j.celrep.2017.12.004

30 Norris, D.P., Patel, D., Kay, G.F., Penny, G.D., Brockdorff, N., Sheardown, S.A. et al. (1994) Evidence that random and imprinted Xist expression is
controlled by preemptive methylation. Cell 77, 41–51 https://doi.org/10.1016/0092-8674(94)90233-X

31 Wang, F., Gervasi, M.G., Boskovic, A., Sun, F., Rinaldi, V.D., Yu, J. et al. (2021) Deficient spermiogenesis in mice lacking Rlim. Elife 10, e63556
https://doi.org/10.7554/eLife.63556

32 Masui, S., Ohtsuka, S., Yagi, R., Takahashi, K., Ko, M.S. and Niwa, H. (2008) Rex1/Zfp42 is dispensable for pluripotency in mouse ES cells. BMC Dev.
Biol. 8, 45 https://doi.org/10.1186/1471-213X-8-45

33 Ravid Lustig, L., Sampath Kumar, A., Schwammle, T., Dunkel, I., Noviello, G., Limberg, E. et al. (2023) GATA transcription factors drive initial Xist
upregulation after fertilization through direct activation of long-range enhancers. Nat. Cell Biol. 25, 1704–1715 https://doi.org/10.1038/
s41556-023-01266-x

34 Samanta, M.K., Gayen, S., Harris, C., Maclary, E., Murata-Nakamura, Y., Malcore, R.M. et al. (2022) Activation of Xist by an evolutionarily conserved
function of KDM5C demethylase. Nat. Commun. 13, 2602 https://doi.org/10.1038/s41467-022-30352-1

35 Carrel, L., Hunt, P.A. and Willard, H.F. (1996) Tissue and lineage-specific variation in inactive X chromosome expression of the murine Smcx gene.
Hum. Mol. Genet. 5, 1361–1366 https://doi.org/10.1093/hmg/5.9.1361

36 Berletch, J.B., Ma, W., Yang, F., Shendure, J., Noble, W.S., Disteche, C.M. et al. (2015) Escape from X inactivation varies in mouse tissues. PLoS
Genet. 11, e1005079 https://doi.org/10.1371/journal.pgen.1005079

37 Marks, H., Kerstens, H.H., Barakat, T.S., Splinter, E., Dirks, R.A., van Mierlo, G. et al. (2015) Dynamics of gene silencing during X inactivation using
allele-specific RNA-seq. Genome Biol. 16, 149 https://doi.org/10.1186/s13059-015-0698-x

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-

ND).

1107

Biochemical Society Transactions (2024) 52 1099–1107
https://doi.org/10.1042/BST20230573

https://doi.org/10.1016/j.celrep.2017.12.004
https://doi.org/10.1016/0092-8674(94)90233-X
https://doi.org/10.1016/0092-8674(94)90233-X
https://doi.org/10.1016/0092-8674(94)90233-X
https://doi.org/10.7554/eLife.63556
https://doi.org/10.1186/1471-213X-8-45
https://doi.org/10.1186/1471-213X-8-45
https://doi.org/10.1186/1471-213X-8-45
https://doi.org/10.1186/1471-213X-8-45
https://doi.org/10.1038/s41556-023-01266-x
https://doi.org/10.1038/s41556-023-01266-x
https://doi.org/10.1038/s41556-023-01266-x
https://doi.org/10.1038/s41556-023-01266-x
https://doi.org/10.1038/s41556-023-01266-x
https://doi.org/10.1038/s41467-022-30352-1
https://doi.org/10.1038/s41467-022-30352-1
https://doi.org/10.1038/s41467-022-30352-1
https://doi.org/10.1038/s41467-022-30352-1
https://doi.org/10.1093/hmg/5.9.1361
https://doi.org/10.1371/journal.pgen.1005079
https://doi.org/10.1186/s13059-015-0698-x
https://doi.org/10.1186/s13059-015-0698-x
https://doi.org/10.1186/s13059-015-0698-x
https://doi.org/10.1186/s13059-015-0698-x
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

	How does the Xist activator Rlim/Rnf12 regulate Xist expression?
	Abstract
	Introduction
	Overcoming transcriptional repression by Rex1: the in vivo model
	Dose-dependent activation of Xist by Rlim: the ESC model

	Discussion
	Mechanisms of Xist activation by the Rlim-Rex1 module
	Functions of Rlim during XCI

	Competing Interests
	Funding
	References


