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Abstract

The dosage compensation in placental mammals is achieved by silencing of one copy of the X chromosomes in a female
cell by a process called X chromosome inactivation (XCI). XCl ensures equal gene dosage for X-linked genes between the
two genders. Although the choice of X chromosome to be silenced is random, once the silencing of the X chromosome has
been established, this process is highly regulated and maintained throughout subsequent cell divisions. A long non-coding
RNA, Xist, and its interacting proteins execute this multistep process, but several of these regulatory proteins remain
unidentified. Recent technological advances based on the genetic and proteomics screening have identified several new
regulatory factors as well as dissected the molecular details of XCl regulation. Moreover, identification of regulators of XClI
offers an opportunity to explore reactivation of the inactive X chromosome (X/) as a potential therapeutic strategy to treat
X-linked diseases, like Rett syndrome. Here, we summarize recent reports that identified new regulatory proteins and RNA
species playing a crucial role in Xist localization and spreading, recruitment of silencing machinery to the X7, Xist interaction
with chromatin, and structural organization of the X7 in the nuclei.

Keywords: X chromosome inactivation, X chromosome reactivation, inactive X chromosome, X chromosome inactivation factor,
Xist

INTRODUCTION

X chromosome inactivation (XCI) is an epigenetic silencing phenomenon that achieves dosage compensation
in mammals. First described by Lyon" in 1961, XCI is established during early embryonic development,
and the fixed inactivation is then inherited through subsequent divisions in somatic cells. Ultimately, XCI
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balances gene dosage by ensuring that only one X chromosome is transcriptionally active per diploid cell.
However, the molecular details of the well-coordinated silencing of the X chromosome are not completely
understood.

The mammalian XCI isa multistep process and requires multiple regulatory factors for its successful execution.
However, gene dosage compensation is not unique to mammals, but also occurs in invertebrate species, such
as Drosophila melanogaster and Caenorhabditis elegans. While D. melanogaster doubles transcription from
the X chromosome in XY males, the X-linked gene expression is halved in XX C. elegans females to equalize
gene expression amongst genders™?. Even though the mechanistic strategies are substantially different
among species, considerable parallels are observed in the mechanisms by which dosage compensation is
achieved. Based on the investigation in different models, XCI has three well-demarcated stages: initiation,
establishment and maintenance. Lack of molecular details has been a major roadblock in understanding
how this complex process of XCI is regulated. The key players required for maintaining stringent control of
the transcriptional state of only one X chromosome in female cells remain mostly unidentified. Importantly,
defining the mechanism of XCI will also shed light on some of the unaddressed questions in the field.
For instance, one of the major challenges is how the compensation machinery discriminates between two
essentially identical X chromosomes. What also remains unanswered is the mechanism that precisely controls
the counting of the X chromosomes and the random choice of only one X chromosome for inactivation. How
does proper initiation and spreading of Xist along the X chromosome occur? The identification of regulatory
factors uniquely interacting with the silent X chromosome at various steps may also provide much needed
insight into the XCI mechanism.

While the mechanism of XCI is not completely defined, Xist is one of the very well-characterized regulatory
factors central to XCI. Xist is a 17kb long non-coding RNA (IncRNA) whose expression is very tightly regulated
in a cell-stage specific manner. The stable monoallelic Xist expression marks the initiation of the silencing
of Xi and coats the chromosome in cis®. Mouse embryonic stem cells (ESCs) have served as a model system
to dissect the early steps of XCI, because mouse ESCs carry two active X chromosomes (Xa)'*”\. But at the
onset of differentiation, the Xist transcription is upregulated on Xi along with several other stochastic
fluctuations in regulatory factors, such as pluripotency factors and epigenetic regulators'™. While Xist is
essential for the initiation of XCI, an antisense non-coding RNA, Tsix plays a crucial role in preventing Xist
expression from the Xa®. Although the mechanistic details of Tsix-mediated Xist down-regulation are not
completely understood, a recent study showed that the Hedgehog paracrine system induces Tsix expression
in pluripotent stem cells". Another study suggested that Xist down-regulation could result from either
binding of transcriptional factors within Tsix, or from counter-current movement of a Polymerase complex
that would inhibit production of a sense Xist transcript™"*?. Alternatively, Tsix itself could be a functional
repressor by sequestering Xist and targeting Xist for degradation by RNA interference (RNAi) dependent
mechanisms™. Once XCI is established, Tsix is only transcribed at low level from the Xa. Additional
repressors of Xist expression include the pluripotency factors, such as SOX2, OCT4, NANOG, and PRDM 14,
which prevent XCI in undifferentiated ESCs"™. Down-regulation of the pluripotent factors precedes the
initiation of XCI. Several positive X-encoded activators of Xist expression have also been identified and
includes, protein coding genes (Rnf12)™, and ncRNAs (Ftx and Jpx)"*'. The expression of several of these
factors is upregulated in the early stages of differentiation, explaining, at least in part, their involvement in
XCIL

The next wave of XCI is the establishment of silencing on Xi, which entails multiple steps, ensuing with the
spreading and coating of the Xist on Xi. While the active recruitment of silencing machinery to Xi is a key
component of establishing XCI, well-defined structural domains of Xist are also crucial for its function. The
structural domains of Xist could instruct the Xist:chromatin interactions and direct the subsequent assembly
of the epigenetic silencing machinery on Xi. One of the crucial regulatory region is the X inactivation center
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Figure 1. Model of X chromosome inactivation (XCI) in female embryos. (A, B) Imprinted and random XCI during development. XCl occurs
in two distinct X/s¢-dependent waves. (A) The first phase is the imprinted XCI that commences at the two-to-four cell stages. Cells in the
female embryo initiate the imprinted XCI that selectively inactivates the Xis¢ coated paternal X chromosome (Xp). Xist expression from the
maternal X chromosome (Xm) is inhibited due to the imprint signatures. RNVF72 is a trans-activator that functions in the imprinted XCl in a
dose-dependent manner. (B) As the embryo further develops into a blastocyst, Xp is reactivated in the pre-epiblast cells of inner cell mass
(ICM). Subsequent initiation of random XCI (rXCI) occurs in ICM right after implantation and randomly affects either the Xp or Xm. Inactive
state is stably maintained through further mitosis in the soma cells. Two copies of Rn7/72 were also suggested to be necessary to activate Xist
during random XCI. (C) Model of the sequence of events leading to silencing of X chromosome. Random XCI has three well-demarcated
stages: initiation, establishment, and maintenance. Upon initiation Xist is regulated by several ¢/s and trans-regulatory factors. Xist up-
regulation in ¢/s is followed by its tethering to the nucleation center by YY1, silencing then further spreads on the entire X chromosome. Xi/s¢
recruits Polycomb repressive complexes (PRC 1and 2), histone deacetylase 3 (HDAC3), and DNA (cytosine-5)-methyltransferase 1 (DNMTT),
which mediate methylation of H3K27, histone deacethylation and CpG islands methylation respectively

(Xic), which is enriched in protein-coding genes, non-coding genes, and regulatory elements important
for XCI". 1t is likely that the order of individual gene silencing on Xi is dictated by physical gene location
relative to the Xic. Additionally, there are several tandem repeats present in the Xist RNA that are described
as repeats A-F". Repeat A region of Xist, located in a small internal transcript (RepA), has emerged as
a key player in initiating the silencing events on Xi"”. Additionally, the repeat C region of Xist interacts
with transcription factor, YY1 and this interaction is essential to tether Xist to the nucleation center on
Xi®, Another important step in the stabilization of Xi is the Xist-mediated recruitment of chromatin
modifiers, including Polycomb repressive complexes 1 and 2 (PRC1 and PRC2) and macroH2A"*"**], These
proteins alter the epigenetic landscape of Xi by introducing repressive marks such as H3K27me3, H3Kome2,
H4K20mel1, and H2Aub1, which are essential for stabilizing the silencing of Xi®? [Figure 1]. Although
several studies provide substantive evidence to support the role of PRC in XCI, but the mechanism of PRC-
Xist interaction has been a topic of debate. Early experiments demonstrated a PRC2 interaction with RepA
region of Xist, which was then followed by PRC1 recruitment®. However, more recently, several studies
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pointed to more direct role of PRC1 in XCI, thereby pointing to a non-canonical recruitment of PRC to
Xi?¥. Some of these differences can be attributed to cell lineages used in the different studies or the technical
approaches; however more in depth investigation is needed to better understand the PRC-mediated silencing
of Xi. The discrepancies in the conclusion of various studies regarding the role of PRC in XCI have been
discussed in details elsewhere® and are not discussed further in this review. DNA methylation has also
been found to play an important role in the stabilization of the Xi state®. In summary, the plethora of
epigenetic modifications accumulating on Xi define its higher-order organization, which is essential for
stabilizing the three dimensional structure of Xi"".

Previously, XCI has been considered unidirectional during later stages of development, but more recently,
the idea of reactivating Xi has emerged. Evidence suggests that the epigenetic state of Xi can be reversed by
genetic or pharmacological manipulations®?*. Although these results were paradigm shifting, they were
not unexpected due to the inherent ability of Xi to shuttle between the active and inactive states during
embryogenesis. During embryo formation, XCI occurs in two distinct stages: first, imprinted inactivation
of paternal X (Xp), and second, random inactivation of either paternal (Xp) or maternal X (Xm) upon
differentiation®*"). Xp is inactivated shortly after fertilization due to maternal imprint, but it is subsequently
reactivated at the blastocyst stage of embryo development. This process is followed by random XCI in the
cells of the inner cell mass (ICM) of the embryo, and maintained throughout mitosis®”. Extensive analysis
using in vitro differentiation of cells isolated from ICM has enabled a comprehensive understanding of the
early events in the random XCI [Figure 1]. Further, the analysis of XCI status in epigenetically stable basal
breast cancer and ovarian cancer cell lines have revealed defects in Xi, evident by cells carrying two Xa®.
Although a preferential loss of Xi and gain of an additional copy of Xa could explain the Xa polyploidy,
the reactivation of Xi could not be ruled out. In fact, by identifying single nucleotide polymorphism (SNP)
differences in the X-linked genes, it was demonstrated that Xi was indeed reactivated in a subset of breast
cancer cells®™. Together, these findings point to the tantalizing possibility of synthetically manipulating the
state of Xi, which could have far reaching therapeutic implications for monogenic X-linked diseases, such as
Rett syndrome, CDKL5 syndrome, and Fragile X syndrome. The reversal of XCI could compensate for the
gene deficiencies by expressing the endogenous wild-type copy from Xi. Several studies have demonstrated
that upon the interference with the function of regulatory factors of XCI, the Xi can be reactivated in
mouse embryonic fibroblasts, fibroblast cell lines and cortical neurons®**. However, before embarking on a
translational approach based on the idea of X chromosome reactivation (XCR), a detailed understanding of
the XCR mechanism and regulatory factors is warranted.

Here, we review recent advancements in the XCI field that has provided crucial insights into the mechanism
of XCI and the regulators of the epigenetically inert landscape of Xi. We also discuss different methodologies
that combine biochemical, genomics, genetic and proteomics strategies to investigate the mechanism of XCI.
Using these new multidisciplinary technological strategies, we are better equipped with tools that can guide
the reversal of the established inactive state of the X chromosome. Identification of XCI factors (XCIFs) and
their individual roles in the silencing process are essential for comprehension of the mechanism as a whole
and could potentially aid development of novel approaches to treat X-linked diseases.

RECENT TECHNOLOGICAL ADVANCES PROVIDING NEW MECHANISTIC INSIGHTS INTO THE

XClI

A high level of epigenetic stringency of XCI accentuates the fascination with this paradigmatic phenomenon,
but at the same time its complexity has contributed to the stalled progress. The silencing of mammalian
X chromosome requires a well-regulated cascade of chromatin changes that are orchestrated by a battery
of XCI regulators, which include both cis and trans-acting protein-coding as well as non-coding RNAs.
Several of these crucial regulators remain unknown, mainly due to technical difficulties in discriminating
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screens®**4°*) and three proteomics screens'*? identified more than 500 XCIFs. So far, 87 of them have been validated using

candidate approaches. Screens highlight in yellow were performed in embryonic cells and focus on establishment of XCl, screens highlight
in blue were performed in differentiating cells and focus on maintenance of XCl and possibility of X chromosome reactivation (XCR)

molecular events unique to Xi; for example specific and non-specific binding interactions, gene expression,
and epigenetic modifications from two identical X chromosomes and binding partners of the 17kb long
Xist transcript. Even with the development of more unbiased and sensitive methods, the variations between
applied protocols and chosen biological systems have resulted in non-overlapping and often inconclusive
results. Here, we discuss recent technological developments that have expedited the identification of XCI
regulators and have provided intricate molecular details of initiation, maintenance, and establishment of
XCIL

Loss-of-function genetic screens

A candidate-based approach is not the most feasible and efficient method of defining the mechanism of
XCI. But lack of tools to interrogate this question on the genome-wide scale has been a limiting factor for a
very long time. In last few decades, the genetic screens combined with high-throughput technologies have
revolutionized the field by the identification of regulatory factors functioning in the epigenetic silencing
mechanism and ordering them into a pathway. The two widely famous genetic screening strategies include
gain-of-function screens that involve ectopic expression of genes using complementary DNA (cDNAs)
and loss-of-function screens that target the transcriptome using RNAi technology. Although no gain-of-
function screen has been done to investigate XCI, recently several loss-of-function screens have dissected the
mechanism of X chromosome silencing [Figure 2]. Many of these large-scale screens used a mouse fibroblast

B233:49] and luciferase), to determine the efficiency of Xi

cell lines carrying transgenic reporter on Xi (GFP
reactivation. Quite a few screens identified XCIFs that overlap between these screens, thereby validating

the findings and increasing confidence in the RNAi-based screening tools®***. The success of these initial
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screens also encouraged the use of more focused libraries, such as the chromatin modifiers"’ and RNA-
binding proteins*?. While shRNA-based libraries have immensely accelerated the field, use of Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)-based libraries is expected to fast-track our
understanding of the mechanisms of XCI. This is mainly because CRISPR technology has a capacity to cause
complete deletions of genes that will be more powerful in identifying XCI-specific genes and in ruling out
genes that are essential for survival.

An important criterion of successful screening strategy format is a biological phenotype that provides a
powerful readout for evaluating the reactivation of Xi. In this recombination era, there has been a surge in
the development of very useful reporter in vitro tools to study XCI, including immortalized cell lines with
Xi-linked gene tagged to reporters and mouse embryonic stem cells”. With several mouse models
available, an in vivo screen may provide more therapeutically relevant gene targets. The availability of these
tools could also facilitate phenotypic screens, which would identify factors that are selective to XCI initiation,
maintenance, or establishment.

[34,41]

Chemical based genetics screens

Another unbiased approach to identify X chromosome regulatory factors relies on small molecule
perturbations. While chemical screens could reveal tractable molecular targets functioning in XCI, they
could also provide an efficient tool to probe the targets’ functions and outline their mechanism-of-action.
As depicted in Figure 2, the workflow of a chemical screen resembles that of a genetic screen and relies on
a phenotypic screening to identify the small molecule(s) that gives a desired phenotype. In the case of XCI,
this phenotype is measured by the activation of a reporter gene. Recently a compound screen using ~400,000
molecules identified synergism between DNA methylation and Aurora kinase pathways for XCR"™. Another
screen with a smaller library of ~4300 chemical inhibitors identified RRM2 inhibitors that enhance DNA
demethylation by altering nucleotide metabolism causing XCR™. With an increasing repertoire of available
small molecule libraries, chemical screening holds a great promise to complement classical genetics in
discovering the regulatory factors involved in XCI.

RNA:protein interaction coupled to proteomics screens

A mammalian genome encodes several IncRNAs that associate with proteins to execute complex structural
and regulatory functions. Xist is one of the paradigmatic IncRNAs, and deciphering its interacting regulatory
functionsiscentral to understanding the Xist-mediated epigenetic silencing of the X chromosome. Several tools
are available to interrogate the IncRNA:protein interaction from a protein-centric view, but fewer methods
have been available with IncRNA in focus. However, evolution in the field of immobilized oligonucleotide
probes, affinity aptamers, and in vitro transcribed RNAs has allowed the capture of Xist:protein interactions
in vivo"**J. One such assay is an extension of comprehensive identification of RNA-binding proteins by
high-throughput sequencing (CHIRP-seq™") that uses a proteomics approach to identify the Xist-bound
proteome, called CHIRP-MS". CHIRP-seq is a an affinity-based method that generates high resolution map
of IncRNA binding sites by capturing IncRNA:chromatin complexes using tiling antisense oligos.

Another method is identification of direct RNA interacting proteins (iDRiP) that captures Xist-interacting
proteins using cDNA probes for Xist"**. However, to minimize the background and increase the specificity,
iDRiP method requires a cross-linking step and an additional DNAse treatment. Similarly, an RNA antisense
purification-mass spectrometry (RAP-MS) method modified previous assays and captured Xist:protein
complexes by using long antisense biotinylated DNA probes™*”,

Additionally, new methods have been developed to interrogate the spatial organization of Xi in the nuclear
3D space and are discussed in details elsewhere®. An imortant example is capture hybridization analysis
of RNA targets combined with high-throughput sequencing (CHART-seq). This approach revealed high-
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resolution maps of Xist interaction with chromatin across a developmental time course and pointed to the
preferential Xist-binding to gene-rich islands before spreading to gene-poor domains'®.

Novel XCI players identified through unbiased genetic and proteomic screens

Since the discovery of Xist in the early 1990s, Xist has garnered great interest, but molecular details about
its function in XCI have been limited. Coating by Xist precedes the silencing of Xi and initiates a cascade of
events that are necessary for the maintenance and establishment of the silencing. Several of these functions are
attributed to the characteristic molecular domains of Xist that include an abundance of repetitive sequences.
It has also been speculated that Xist interacts with different regulators, a few of which have been identified
by targeted RNA immunoprecipitation (RIP) assay. These regulators include ATRX, YY1, hnRNPU/SAF-A,
and PRC2. YY1 and hnRNPU facilitate the recruitment of Xist to Xi during the initiation and maintenance
phase of XCI respectively. YY1 is a transcription factor that possesses bivalent capacity to bind both DNA
and RNA, thereby functioning to dock Xist to the chromatin®’. The YY1 binding domain in Xist has been
mapped to the Repeat C region using targeted RIP and electrophoretic mobility shift assays (EMSA)>.
Another Xist-interacting protein crucial for its localization and identified through multiple screens is a
matrix protein called hnRNPU"»**I, Investigation of the hnRNPU by mutational analysis revealed
arginine-glycine-glycine (RGG) motifs essential for its interaction with Xist"®, ATRX, a high-affinity RNA-
binding protein (RBP) directly interacts with RepA/Xist RNA and promotes loading of PRC2"". Without
ATRX, PRC2 cannot interact with Xist or spread in cis along the X chromosome®. There is no denying the
fact that use of targeted approaches have identified several key players in XCI, as outlined above; however,
this progress has been slow. Recent technological advancements have revolutionized the discovery of new
regulatory factors and provided detailed information to order them in a sequential pathway. Here, we have
summarized different XCIFs discovered in recent years, based on their function in the silencing of the
mammalian X chromosome.

Xist interacting proteins

Recently, three different groups used distinct methodologies to capture proteins that interact with Xist.
These studies used RNA-centric approaches, including ChIRP-MS", iDRiP"*, and RAP-MS" to identify
Xist interactome. All together, ~300 proteins have been identified to interact with Xist [Figure 2]. The screens
identified several previously characterized Xist-interacting proteins, including hnRNPU, hnRNPK, AURKB,
RAD21, CTCEF, SPEN, and HDACS3, but the other known XCIF, like EZH2 and ATRX were not identified.
Interestingly, the three screens lacked significant overlap between the screens that could be attributed to
technical differences; for example, the efficiency of crosslinking or to the cell type used in these studies. A
more directed functional validation across different cellular systems could further address these concerns.
In the next section, we discuss some of the protein partners for Xist that have emerged from these screens
and have been functionally validated [Table 1].

SPEN (also known as SHARP or Mint) was identified through both proteomics and genetic screens and
belongs to the Split End RNA binding protein (SPEN) family of transcriptional repressors. SPEN proteins
execute transcriptional regulatory functions via three copies of RNA recognition motifs (RRMs) and
ortholog C-terminal (SPOC) domains®. SPEN is a part of multi-subunit complex that consist of NCoR/
SMRT co-repressor complex required for its interaction with HDAC3. Additionally, SPEN interacts with a
regulatory ncRNA, SRA, and this interaction modulates nuclear hormone receptor signaling”®. McHugh
et al." found that knockdown of NCoR/SMRT or HDAC3 abrogates Xist-mediated silencing. Further,
transcriptome analysis of X-linked genes in ESCs expressing functionally defective SPEN abrogated Xist
ability to initiate gene repression'’’. Identical results were obtained in multiple reporter systems, and showed
an increase in the expression of X-linked genes, upon RNAi-based Spen depletion**). Although the
X-linked gene expression was affected by the inhibition of SPEN function, surprisingly Xist coating of Xi
was not affected”. This suggested that SPEN is not crucial for Xist localization, accumulation, or spreading
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Table 1. List of XCIFs identified to-date using genetic, biochemical and proteomics screens™>3+404347-4%1

Function XCIF Pharmalogical inhibitors Surface Study Chromosome
tested (names)/availability protein mouse (human)
(+/-)
53BP1 - - [40] 2 (15)
ANAPCS5 - - [40] 5Q12)
AURKA VX680, MLN8237/+ - [32-34] 2(20)
AURKB VX680, MLN8237/+ - [33,49] 1Q7)
BRCA2 - - [34] 5(13)
CDC25a - - [40] 9(3)
CDK4 + - [40] 10 (12)
CLASPIN - - [34] 4M
GINS3 - - [34] 8 (16)
Cell cycle regulation LRWD1 - - [40] 5(7)
MCM8 - - [34] 2 (20)
NF1 - - [32] nan
ORC2 - - [40] 1(2)
PARP6 + - [34] 9 (15)
PLK2 + - [34] 13(5)
RAD21 + - [34,49] 15(8)
SKP2 + - [40] 15 (5)
SYCP1 - - [40] 3(M
ZWINT - - [40] 10 (10)
BCAS2 - - [40] 3D
LBR - - [49] Q)
METTL3 + - [401] 14 (14)
PTBP1 - - [40] 10 (19)
RNA binding and procesing RBMIS ) ) [42] 3
RRM2 HU, Resveratrol/+ - [41] 12(2)
SSB - - [40] 2(2)
WTAP - - [42] 17 (6)
HNRNPK - - [42,47] 13(9)
HNRNPU - - [42,47,49] 17 M
CCND2 + - [40] 6 (12)
ERBB4 + - [34] 1(2)
PDPK1 OSU-04402, BX912/+ - [32,34] 17 (16)
. . . PIK3CB LY294002; GNE-407 - [32,34] 9(3)
Signaling kinases
PRKD3 + - [34] 17.(2)
PRPF4B + - [40] 13 (6)
SGK2 + - [34] 2(20)
SRPK2 + - [40] 57
ACVR1 + [32,34] 2(2)
ACVR1b + [34] 15 (12)
Bmpr2 + + [34] 1(2)
TGF-B/BMP signaling PRRXI ' i 140d '
RNF165 - - [32] 18 (18)
SMAD2 - - [34] 18 (18)
SNIP1 - - [34] 4M
ZFYVE9 - - [34] 4M
ATF7IP - [41] 6(12)
ARID4B - - [34] 13(D
CTCF - - [49] 8 (16)
DNMT1 5-Azacytidine/+ - Multiple studies 9(19)
DTX3L - - [34] 16 (3)
H2AFX - - [40] 9 (1)
HMGN3 - - [40] 9(6)
D3 - - [40] 4
KLF17 - - [40] 4M
MBD1 - - [40] 18 (18)

MSL2L1 - - [34] 9(3)
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Transcriptional regulation NIPBL - - [34] 15(5)
PBRM1 + - [40] 14.(3)
PHC1 - - [40] 6(12)
SOX5 - - [32] 6(12)
SPEN - - [42,43,47,49] 4D
TITIN(TTN) - + [34] 2(2)
TOP1 + - [49] 2(20)
TOP2A + - [49] nan
YAF2 - - [40] 15 (12)
YY1 - - [12] 12.(14)
ZBP1 - - [40] 2(20)
ZNF496 - - [32] 9(19)
DVL2 + - [40] nan
HDAC3 TSA/+ - [34,40,49] 18 (5)
o MYC + - [40] 15(8)
WNT signaling PYGO! - - (321 9(15)
SMARCA4 - - [49] 9 (19)
SMARCD2 - - [34] nan
ACACA + - [34] nan
ACP1 - - [40] 12 (2)
ACSS1 - - [34] 2(20)
BCAS1 - - [40] 2(20)
C170RF98 - - [32] nan
CML3 - - [40] 6(4)
Other FBXO8 - - [32] 8(4)
LAYN - - [32] 9 (1)
PSMC4 - - [40] 7(19)
SMACIA - - [49] X (X)
SMC3 - - [49] 19 (10)
STC1 - - [32] 14.(8)
SUN2 - - [49] 15 (22)

Factors highlight in yellow were identified in screens performed in embryonic cells (establishment of XCI), factors highlight in blue were
performed in differentiating cells (maintenance of XCI). XCI: X chromosome inactivation; XCIF: XCl factor

but essential for Xi-linked gene silencing. Subsequent studies by Chu et al.*” and Monfort et al."**, mapped
SPEN binding to the A-repeat of Xist. It has been suggested that SPEN could create the initial silenced
compartment on the X chromosome by excluding Pol I, providing an Xi silencing permissive environment.
Evidently, Pol II was found to be localized in the Xist clouds of SPEN depleted ESCs, and loss of SPEN altered
the recruitment of chromatin modifiers, like PRC2 complex and Ring1b™*’). Interestingly, similar analysis by
Monfort et al.*” failed to reproduce the complete loss of Polycomb complexes (EZH2 and RING1B proteins),
but the reported partial loss was sufficient to de-repress X-linked genes in the SPEN depleted ESCs. These
contradictory results remain to be addressed, and the exact Xist-independent mechanism by which SPEN
regulates XCI is unclear.

RBM15 and WTAP (Wilms tumor-assosiated protein) are two proteins recently linked to the N°-
adenosine (m°A) RNA methyltransferase complex. RBM15 is an RNA binding protein (RBP) and a SPEN
family member, containing a SPOC domain; however, it does not have redundant functions with SPEN.
Although several region of Xist are m°A modified but the functional significance of this post-transcriptional
modification for XCI remains unclear. It is suspected to mediate RNA splicing or RBP binding. RBP15 along
with a very similar protein RBM15B and methyltransferase-like 3 (METTL3) facilitates the recruitment
of m°A machinery to Xist in a WTAP-dependent manner®™. RMB15 was identified as a Xist-interacting
protein through iDRiP"*”, and a proteomic study confirmed its interaction with WTAP®”. Xist interaction
with RMB15-WTAP complex was mapped to A-repeat and implicated in transcriptional silencing of the X
chromosome. Further, a study by Moindrot et al.*? showed that knockdown of RBM15 and WTAP increased
the number of cells with biallelic signals for X-linked genes, Pgk1 and Rnfi2, demonstrating transcriptional
reactivation of Xi-linked genes. Interestingly, like SPEN, the loss of WTAP and RBM15 did not interfere with

Xist recruitment on Xi*?.
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hnRNPK is an RBP and a member of the hnRNP protein family. Another member of this family is hnRNPU,
is a Xist-interacting protein, and loss of hnRNPU reactivated several Xi-linked genes®. Along with hnRNPU,
hnRNPK was one of the most abundant proteins identified in a ChIRP-MS screen carried out using cells with
doxycycline-inducible Xist on chromosome 11", This protein was identified through multiple screens using
different cell lineages; epiblast stem cells (EpiSCs) that had just undergone random XCI and trophoblast
stem cells where Xp is always silenced*”. The reactivation of Xi-linked Usp9x in hnRNPK-depleted EpiSCs,
confirmed that hnRNPK regulates XCI*”. Surprisingly, northern blot analysis showed that the depletion
of hnRNPK does not impact Xist abundance or splicing"”. As with SPEN, hnRNPK depletion did not alter
Xist localization on Xi, however PRC2 recruitment was significantly decreased. Chu et al."” also showed that
hnRNPK directly binds Xist, with its strongest interaction located downstream of Repeat F.

Chromatin modifiers identified through the screens

The global state of chromatin undergoes extensive remodeling, causing transition from a relatively open
configuration to a more compact state. SWI/SNF is a part of the chromatin-remodeling complex found in
all living organisms. In eukaryotes, this complex is capable of altering the position of nucleosomes along
DNA, which considerably impacts transcription®™. SWI/SNF is also a platform that interacts with many
transcription factors and chromatin remodeling proteins. A few components of this complex were found to
be important for XCI, including SMARCA4"* and SMARCD2"". It is suggested that SWI/SNF interaction
with Xist is required for proper maintenance of PRC2 function on the Xi**,

Transcriptional regulators of XCI

There are number of cis-acting regulatory elements that are located in the Xic. Several studies have used
genetic approaches to delineate their roles. Identified factors include non-coding RNA genes Jpx", Linx*’),
Tsx'®, Xite™, and Ftx" as well as protein-coding genes Rnfi2", Chic1", Ppnx'®, Xpr', and Napi1L2'".
With few exceptions, the exact mechanism by which these factors modulate Xist or Tsix function remains to
be determined. While interrogation of cis-regulation of XCI continues, the trans-regulation of this process
has also garnered immense interest. Trans-regulation of XCI refers to the regulation of X-linked gene
expression by diffusible factors that can either activate or inhibit the silencing of Xi. As discussed earlier,

pluripotency factors are one of the trans-acting negative regulators of XCI*.

Recently, Bhatnagar et al.®” and Sripathy ef al.®" have carried out unbiased large-scale genome-wide screens
to identify cis and trans-acting regulators of XCI. Both the screens used fundamentally different reporters
to identify Xi reactivators but identified several XCIFs in common [Table 1 and Figure 3]. Among identified
XCIFs there is a large representation of BMP/TGF-X signaling pathway components found in three different
[Table 1 and Figure 3]. Inhibition of this pathway was shown to decrease Xist expression.
Interestingly, Xist promoter contains several SMAD-binding motifs in close proximity to the YY1-binding site
crucial for anchoring Xist to Xi. This suggests that several regulatory pathways may converge to stringently

studiesl*+1!

regulate Xist expression. Additionally, RNF12 also controls SMAD transcription factor levels, a process that
may function as a potential feedback loop for regulating Xist levels'*®l.

Additionally, the identification of XCIFs raises the prospects of Xi reactivation as a therapeutic strategy
due to several reasons. First, several of the XCIFs identified through the screens possess enzymatic activity
that can be targeted by pharmacological agents, for instance DNMT1 and RRM2. Secondly, another major
category of XCIFs identified includes serine/threonine kinases, such as for example, PI3kinase signaling
network (PDPK1, SGK2 and PRKD3), ACVR1 receptor, DNMT1 and Aurora kinase A, which can be targeted
by several small molecule inhibitors.

The 3D conformation of the Xi
The X chromosome was originally identified as a Barr body due to its peculiar heterochromatin structure
in the nucleus. Classical cytological and electron microscopy studies have revealed a unique ultrastructure
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Figure 3. Functional annotation clustering of X chromosome inactivation (XCI) factors (XCIFs). Pathway based evaluation for 87 XCIFs
identified through multiple genetic and proteomics screens were categorized according to biological process and molecular function using
PANTHER protein class ontology

as well as a distinctive localization of Xi. The advent of 3C technologies and the use of DNA FISH
combined with super-resolution microscopy have shed light on the organization of the X chromosome.
Chromosome Conformation Capture combined with High-throughput sequencing (Hi-C) showed that
Xi has unique structural features that dictate its conformation and localization. Xi is condensed and
partitioned into extremely large loops, up to 77 megabases long, called "superloops” that are organized
into two macrostructures, called "superdomains” One of the key regulators of Xi organization is the
macrosatellite repeat locus Dxz4, which encodes two IncRNAs'*? and separates the “superdomains”.
Although the mechanism by which Dxz4 regulates the organization and 3D structure of Xi warrants more
investigation, several new functions for Dxz4 have emerged from recent studies. First, Dxz4 could sequester
the nucleophism, a component of the nucleolus essential for the formation of nucleolus-associated domains
(NADs)*". These NADs could influence positioning of Xi in a nucleus. Secondly, Dxz4 harbors IncRNA
that includes CTCF binding, which is essential for XCI initiation*”. Thirdly, Dxz4 plays a role in mediating
long-range intrachromosomal interactions on the Xi*”. Importantly, the deletion of Dxz4 from Xi leads to
the disappearance of superdomains and superloops”, but does not interfere with XCI initiation or with the
enrichment of epigenetic marks”™".

Recently, a 3D map of Xi revealed that the formation and progression of the loops brings the distant regions
of Xi together, affecting their transcriptional status”. One such example is the “escape genes” that are in
close vicinity of one another, even if they are physically separated by megabase pair distance on Xi"”",
Existence of mechanisms regulating escape from XCI suggests that this process is not only an imperfection
of the natural system, but that it could be very well-orchestrated with important biological implications.

FINAL REMARKS
XClisa complex mechanism that that requires both cis and trans-acting regulatory factors for the immaculate
execution of the transcriptional silencing of Xi. Despite the discovery of XCI over 50 years ago, several
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open questions remain. How many XCI activators and repressors exist? How do these regulators function
in different stages of XCI, and are they cell-type or cell-stage specific? These and many other questions
remain to be addressed. But as futurists predicted, we are in a state of active technological revolution;
this advancement has provided us with powerful tools to interrogate the mechanism of XCI much more
intricately than what was possible only a few years ago. Recent studies have identified several regulatory
elements that are required for the initiation, establishment, and maintenance of XCI. Such studies have also
revealed the plasticity of the inactive state of the X chromosome, which was previously limited to early stages
of embryogenesis or induced pluripotency.

As discussed earlier, new tools have been developed recently that have aided our understanding of XCI,
especially by identifying proteins that either interact with Xist or transcriptionally regulate its expression.
Using elegant tools, the structural and organizational maps of Xi in the nucleus have also been generated. In
light of recent findings, we now realize that XCI is more variable than previously thought, and that its outcome
is dependent on the crosstalk of different regulatory elements at multiple levels. Diverse molecular, biochemical,
and genetic approaches have identified more than 500 proteins that are involved in XCI [Figure 2], with 87 of
them having been validated using a single-gene approach [Table 1]. How these different proteins regulate the
silencing of XCI, or which steps of XCI are regulated by these factors, remains to be addressed. However, the
emerging fact from these studies does point to multiple gene-silencing mechanisms. Pathway analysis”*”’!
revealed that newly discovered XCIFs can be categorized into 14 different pathways, that include: Wnt
signaling pathway, p53 pathway, TGF-p signaling pathway, p53 pathway feedback loops 2, and EGF receptor

signaling pathway [Figure 3].

Finally, an important therapeutically relevant question is, can Xi be reactivated to compensate for gene
deficiencies in X-linked diseases? One such example is Rett syndrome, which is a rare neurodevelopmental
disease caused by loss-of-function mutations in the X-linked gene MECP2 encoding Methyl CpG binding
protein. As discussed above, reactivating Xi-linked MECP2 in Rett syndrome patients can restore symptoms
associated with the disease and possibly reverse the disease” . But the lack of understanding of XCI has
limited its applicability as a target for treatment. The identification of molecular players in XCI could be
beneficial in expediting efforts to develop XCR-based therapeutic approaches. In fact, many of the XCIFs
identified are druggable and efforts are underway to target them for pharmacological interventions.
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