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ABSTRACT

X-chromosome inactivation ensures equal expression of mammalian male and female X-linked genes by
transcriptionally silencing one X chromosome in each female cell. The pivotal molecule responsible for
the silencing is a long non-coding RNA XIST; however, an all-encompassing model explaining how
XIST induces silencing of the whole X chromosome is yet to emerge. This thesis aims to broaden our
understanding of XIST action in humans by leveraging an inducible XIST transgene capable of silencing
downstream reporters to identify sequences within XIST and XIST-interacting proteins critical for gene

silencing.

First, we demonstrate that the repeat A region of XIST is necessary and sufficient to induce gene
silencing, at least locally, irrespective of the makeup of the surrounding chromatin, and that XIST
induces silencing of a distal gene in one of the HT1080 cell lines. Second, we show that individual
repeats of a consensus repeat A sequence contribute additively to silencing. Mutations within a construct
consisting of two repeat A units both demonstrate that the two palindromic sequences within the repeat A
units spanning ‘ATCG’ and ‘ATAC’ tetranucleotides are critical for repeat A function and add to the
evidence that the first palindrome forms a hairpin, rather than engaging in pairing between repeat A

units.

Third, we explore which proteins are critical for XIST-induced silencing. We show that histone
deacetylation, an early mark of an X-chromosome inactivation, is likely a consequence, and not the cause
of XIST-induced silencing. We next demonstrate that in the transgenic HT1080 system, gene silencing is
not accompanied by recruitment of the H3K27me3 repressive histone mark and XIST induces silencing
independently of its previously reported associations with the polycomb repressive complex 2 (PRC2).
Finally, we performed siRNA-mediated knock-down of 31 proteins previously implicated to play a role
in X-chromosome inactivation. Our results show that proteins involved in XIST RNA localization
(YY1), chromatin organization (SATB2, HNRNPU), and cell cycle (ATM), as well as an E3 ubiquitin
ligase (SPOP) contribute to XIST-induced gene silencing in the HT1080 system. Thus, we demonstrate

that the repeat A alone induces gene silencing and identify candidate pathways critical for its function.



PREFACE

Parts of this thesis were previously published in:

Minks, J and Brown, CJ, Getting to the center of X-chromosome inactivation: the role of transgenes.
Biochem Cell Biol, 87(5): 759-766 (2009).

e The modified text published in this paper is contained in section 1. The candidate

(J. Minks) wrote the manuscript.
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Xite X-inactivation intergenic transcription elements M. m
YY1 YY1 transcription factor
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1 INTRODUCTION

The candidate (Jakub Minks) co-authored three review papers with other members of the Brown lab that
contributed to the views presented in this section. However, with the exception cited in the Preface, the

text of this review is novel.



1.1 Thesis overview

The transcriptional silencing of a whole X chromosome in the process of X inactivation is a classic
example of epigenetic regulation of gene expression, a set of mechanisms responsible for setting up of
chromatin features that ensure correct utilization of genetic information in each cell in the temporal and
spatial context, and their maintenance through cell divisions. The critical importance of epigenetic
regulation in development, genomic imprinting, disease and cancer has been recognized in recent years
(reviewed in [1-4]).

The discovery of the pivotal role of the XIST (X-Inactive Specific Transcript) gene more than twenty
years ago was a breakthrough in X inactivation research. However, despite the tremendous progress in
understanding XIST gene regulation, XIST RNA function and the protein componentry involved in
XIST-mediated silencing of the X, the precise mechanism of XIST action is still missing. With the
expanding knowledge of the composition and expression of mammalian genomes, many other regulatory
long non-coding RNAs (IncRNASs) have been identified. Strikingly, explorations of the function of these
RNAs show a common theme - their XIST-like ability to interact with one or multiple proteins, often
chromatin modifying complexes, and thus facilitate locus-specific regulation of gene expression.

In this thesis, we use a doxycycline-inducible transgenic system to probe which region of the 17 kb-long
XIST RNA is essential to induce gene silencing by creating a series of truncated XIST constructs and
testing their ability to silence fluorescent reporters. We further dissect which sequence features within
this region are responsible for XIST-induced silencing. Finally, to identify XIST-interacting partners
responsible for gene silencing, we probe in detail the role of histone deacetylases and polycomb

repressive complex 2, and perform a siRNA-mediated knock-down of 31 candidate proteins.

Our findings not only expand the knowledge of critical elements within the XIST sequence, its structure
and interacting proteins in humans, but also provide insights into the mechanisms of action of an

expanding family of regulatory IncCRNAs.

1.2 X-chromosome inactivation and the X-inactivation centre

X-chromosome inactivation ensures equal dosage of X-linked genes in XY males and XX females in
placental mammals. One of the two female Xs is randomly committed to silencing early in development,
and all subsequent daughter cells inherit the same silent X [5]. The precise timing of initiation of X
inactivation varies among species and while limited data on early events of human X inactivation exist

[6, 7], the timing has only been well explored in mouse (reviewed in [8]).



X inactivation has far-reaching implications in clinical genetics. Skewed X inactivation, a relatively
common and benign phenotype defined by predominant inactivation of either paternal or maternal X, can
dramatically influence the severity of clinical outcome of X-linked diseases in female heterozygotes
(reviewed in [9]). Skewed X inactivation has also been associated with increased frequency of recurrent
spontaneous abortions, premature ovarian failure, and trisomic pregnancies (reviewed in [10]).

X inactivation also dramatically affects the clinical manifestation of X-chromosome aneuploidies,
aneusomies and X:autosome translocations (reviewed in [11]). Thus, the knowledge gained in process of
elucidating the molecular workings of X inactivation not only sheds light on this fascinating biological
phenomenon, but also contributes substantially to understanding of manifestation of X-linked disorders.
Similarly, studies of chromatin changes that accompany the transcriptional silencing of the

X chromosome by XIST/Xist in the course of X inactivation have been at the fore front of epigenetics
generally, and more specifically, the research of transcriptional regulation by InCRNAs.

The restriction of X inactivation to a single chromosome implies a cis'-regulated process. Studies of
X/autosome translocations defined the X-inactivation centre (X1C/Xic) as a region of the chromosome
capable of inducing inactivation [12]. Subsequent molecular analysis of X-chromosome rearrangements
refined the location of the human XIC to Xq13 [13]; the Xic maps to the syntenic region in mouse [14].

As detailed in the following section, the key insight into the function of XIC/Xic came with the discovery
of the INcRNA XIST/Xist?. Apart from XIST/Xist, the XIC/Xic harbors several other non-coding genes

that are involved in regulation of proper XIST/Xist expression (reviewed in [15]).

Much of our knowledge of the cis-acting regulators of Xist expression that are found within the Xic have
come from gene deletion studies (reviewed in [16]). In mice, it has been shown that Tsix, a gene
antisense to Xist is expressed only early in development and is regulated by two enhancer elements, Xite
and DXPas34 [17, 18]. These elements suppress Xist up-regulation in cis [19]. The role of human TSIX
in XIST regulation is however unclear as unlike in mice, the human TSIX transcript does not reach the
XIST promoter [20]; moreover XIST and TSIX are expressed from the same X chromosome [21]. Adding
to the complex regulation of XIST/Xist are the recent discoveries of positive regulators of the Xist
transcription, non-coding RNAs Ftx and JpX, that are transcribed from the region located 5 of Xist

promoter [22, 23] and repA, a transcript originating from within 5” end of Xist [24].

L We use “cis” or “in Cis” to denote regulation restricted to the same chromosome, while “trans” or “in trans”
denotes regulation either on both copies of a chromosome, or when the regulating transcript originates from a
chromosome other than the chromosome of the regulated gene.

% We use the following convention when discussing XIST. We do not italicize XIST (as RNA), as it is the actual
gene product. We use Xist/Xist when referring specifically to the mouse gene/RNA. When capital letters are used
(XIST/XIST), we refer to either specifically the human, or in general a mammalian gene/RNA.



Ftx (five prime to Xist) was shown to up-regulate Xist expression through a yet-unknown mechanism
which may involve local changes to chromatin structure [23]. Interestingly an intron of Ftx harbors two
microRNAs: miR-374 and miR-421 [23]. miR-421 was shown to target a cell cycle-regulating kinase
ATM [25]. Jpx encodes a trans-acting non-coding RNA that is induced at the onset of X inactivation
[22]. Similar to Ftx, how Jpx expression leads to Xist up-regulation remains to be elucidated. RepA is a
1.6 kb-long non-coding RNA that spans the 5’ region of Xist, recruits PRC2 via repeat A sequences (see
secton 1.3.1) and up-regulates Xist expression. The mechanism of Xist up-regulation by RepA is also
currently unknown, but the up-regulation is accompanied by local recruitment of H3K27me3.

The long-anticipated trans-regulatory elements were also mapped to the Tsix region when the

X chromosomes were demonstrated to pair at the onset of X inactivation in a process that requires the
chromatin regulator CTCF and transcription factor YY1 [26-28]. In addition, another region located
200 kb 5'to Xist and termed Xpr (X-pairing region) also showed inter-allelic pairing [29]. Thus,

X inactivation in mammals requires expression of Xist which is delicately balanced by a surrounding
group of non-coding RNAS, serving as either activators or repressors to ensure that the dosage of X-
linked genes remains constant between males, females or even cells with an aberrant count of

X chromosomes.

X-chromosome inactivation in placental mammals is not the only example of dosage compensation of
sex chromosomes. Recently, a long non-coding RNA Rsx (RNA specific to X) with XIST-like properties
has been described in a marsupial Monodelphis domestica [30]. Similar to XIST, Rsx harbors a 5’ repeat-
rich region, is able to localize in cis and induces gene silencing upon expression [30]. In D.
melanogaster, the process involves two fold upregulation of X-linked genes in males carried out by a
complex consisting of X-linked non-coding RNAs expressed only in males, roX1 and roX2 (RNA on X
1 and 2) and a set of proteins responsible for deployment of H3K16ac, an active chromatin mark
(reviewed in [31]). In C. elegans, dosage compensation is achieved by two fold repression of X-linked
genes in XX females by a condensin-like dosage compensation complex (reviewed in [32]). In
conclusion, despite the diverse approaches to dosage compensation, different organisms frequently

employ non-coding RNAs to equalize sex-linked gene dosage.

1.3 XIST/Xist
XIST is exclusively transcribed from the inactive X (Xi) [33], coats the whole X chromosome from
which it is transcribed and is indispensable for its transcriptional silencing [34, 35]. XIST encodes an

approximately 17 kb-long, Pol Il-transcribed, spliced and polyadenylated RNA that contains no open



reading frames of significant length and is thus presumed to be non-coding. Here, we review the
previously published reports on XIST evolutionary conservation, as well as structure and function of
sequences within XIST/Xist and other INCRNAs. We also discuss another intriguing feature of XIST/Xist

— its nuclear localization.

1.3.1 Evolutionary sequence conservation of XIST
Sequencing of human XIST [34] and mouse Xist [36] revealed that while the overall structure of the gene

is similar (diagrammed in Figure 1.1), the primary sequence in general is not very well conserved (49
percent identity) [37]. Human XIST consists of eight exons. The 11 kb-long exon 1 and 4.6 kb-long exon
6 account for the most of XIST cDNA sequence; the remaining exons amount to approximately 1 kb in
total [34]. Splicing variants of full-length XIST RNA that exclude exon 3, 4 or 7 have been described,
along with truncated transcripts that lack fragments of exon 6 or that are terminated within exon 6 [34].
The limited degree of homology between exons 4 and 5 of XIST (66 and 59 percent identity,
respectively) and chicken protein coding gene Lnx3, a member of LNX (Ligand of Numb Protein) E3
ubiquitin ligase gene family, suggests that XIST is a derivative of Lnx3 [38, 39].

A distinct feature of the XIST gene is its enrichment for tandem repeat sequences named repeat A-F
(Figure 1.1); exon 1 harbors all of XIST’s repeats, with the exception of repeat E located in exon 6 [36-
38, 40, 41]. Repeat A, located approximately 1 kb 3’ from XIST transcription start site, consists of
extremely well conserved CG-rich core palindromes separated by stretches of T-rich sequence and its
composition is extensively discussed in Section 4. Repeat B is a small microsatellite C-rich tract broken
by an inserted sequence in primates. In dog, the order of repeat B and C is inverted. Repeat C, a 14-fold
repeat of an 11-bp-long monomer is murine specific; humans only contain 1 copy and mole and cow lack
repeat C altogether. Repeat D has a monomer length of 290 bp and its sequence is only moderately
conserved (64 percent identity) [40]. It takes up a substantial part of exon 1 in many species, but is short
in rodents when compared to other mammals. The repeat E monomer is 14-30 bp-long and consists of a
CT-rich tandem repeat, a simple TG dimer repetition and a species-specific sequence. While it has been
found in all species surveyed so far, repeat E shows the lowest sequence conservation. A 16 bp-long
repeat F located downstream of repeat A is present in 5 copies in voles, but only two copies in mouse

and human.

While the tandem repeat-rich structure may plausibly be important for XIST function, with the exception
of repeat A, substantial differences in size and composition of these repeats exist among species with

apparently functional XIST. Comparison of overall XIST conservation in 10 mammalian species



uncovered three exceptionally conserved regions: the Lnx3-derived exon 4, a region spanning the very

3’ end of exon 1 and the repeat A (96, 94 and 91 percent identity, respectively) [40].

1.3.2 Functional sequences within XIST/Xist
In order to achieve chromosome-wide silencing, the XIST RNA is able to perform two remarkable tasks.

It is able to cover the whole X chromosome in cis without interacting with other chromosomes or
delocalizing from the X and it is able to induce silencing of the vast majority of X-linked genes. Clearly,
both of these properties have to be embedded in the XIST sequence and analyses of truncated XIST/Xist

constructs have been instrumental in delineating these sequences.

Wutz et al. constructed an extensive panel of 50 Xist cDNA fragments with both internal and terminal
deletions whose expression was controlled by a DOX inducible promoter [42]. The constructs were
integrated into the Hprt locus in male embryonic stem (ES) cells and thus all the inducible transgenes
were single copy and in the same, known, X-linked site. Upon differentiation of the transgenic ES cells
containing the full-length Xist cDNA in the presence of DOX, Xist was shown to localize to the X and
silence the distant Pgkl gene, demonstrating a long-range silencing effect. The different constructs were
assayed for their ability to localize Xist to the single X and for silencing efficiency, measured by cell
lethality rate. The Xist transgene lacking only 900 bp of 5' sequence encompassing the repeat A was able
to localize, yet silencing was completely abolished. When the 900 bp was moved to the 3' end of Xist,
silencing was restored, which might suggest that secondary, rather than tertiary structure is important for
proper Xist function — or more specifically, that XIST consists of semiautonomous protein binding
domains connected by linker RNA sequence. This is in line with a recently proposed hypothesis that the
function of many IncRNAs depends upon their ability to interact with various protein complexes through
sequence modules that appear in different combinations to target appropriate components of the
chromatin modifying machinery to specific chromatin loci [43]. Remarkably, a similar deletion of the
repeat A region in human showed normal transcript levels but failed to localize [44]. While this
discrepancy may suggest that a yet unknown protein or proteins take part in Xist RNA aggregation by
binding to sequences 3’ of repeat A in mice, and that such binding does not occur in the human cells, it is
currently not clear whether the differing observations indicate a species- or cell-type specific effect. A
mouse model of the repeat A deletion validated the need for the repeat A region for X inactivation;
notably, Xist expression was greatly down-regulated [45]. This observation is in line with a previous
report on a 1.6 kb-long non-coding transcript, named RepA, which originates from the repeat A region,

interacts with PRC2 and facilitates Xist up-regulation [24].



Domains involved in localization were not as clearly delimited [42]. The 5' sequence showed some
localization and silencing activity, both of which were greatly enhanced in the presence of at least two
out of the three more distal regions proposed to be important for localization. In the absence of repeat A,
most of the 3' sequence was needed for proper localization. Therefore the interaction of Xist with
chromatin is achieved in part by the repeat A, and partly by redundant regions further downstream. The
construct lacking the repeat A has shown that a surprising number of features of the Xi heterochromatin
are recruited independently of genic transcriptional silencing, implying that Xist has multiple roles in the
establishment of a silent domain. In the absence of the repeat A, Xist is still able to recruit macroH2A,
H2AK119ubl, H3K27me3, H4K20mel and form a transcriptionally repressed domain [42, 46-49].

1.3.3 Sequence and structure of other regulatory long non-coding RNAs
Two decades after the discovery of the first IncRNAs, H19 and XIST [33, 50], it is now becoming

evident that non-coding RNAs are in fact abundant. Aside from the non-coding structural (e. g. tRNAs,
rRNAs) and small regulatory RNAs (miRNAs, piRNASs), there are many non-coding transcripts whose
function is not yet clear (reviewed in [51, 52]). Of particular interest for the study of XIST function are
other nuclear IncRNAs, which can function either in cis, i. e. in the genomic region of their transcription
(XIST, AIR, Kcnglotl and HOTTIP) or in trans, i. e. elsewhere in the genome (HOTAIR) (reviewed in
[53]). Interestingly, while the cis-limited effect of XIST/Xist is long-established, a recent report showed
that endogenous Xist transcripts can trans-migrate and localize to a multi-copy Xist transgene integrated
on an autosome [54]. It is however not clear to what extent the trans-migration also occurs during normal
X inactivation. Regulation of Xist itself involves, at least in mice, an antisense non-coding RNA Tsix
[55]. A transcript overlapping the repeat A region and dubbed repA has also been reported to regulate
Xist expression in mice [24]. The current view of events leading to proper monoallelic expression of
XIST/Xist in females has recently been extensively reviewed for the 50" anniversary of Lyon’s
hypothesis (e. g. [15]).

HOTAIR is a IncRNA expressed from the HOXC (homeotic genes cluster C) gene cluster that acts in
trans to suppress HOXD genes [56]. The approximately 2 kb-long RNA interacts with two distinct
protein complexes via domains located at the opposite ends of HOTAIR: the PRC2 component EZH2
interacts with the 5’ end, while the 3” end binds REST/CoREST via LSD1 [56, 57]. In cancer cells, an
increase in HOTAIR expression correlates with stronger cell invasiveness and poorer prognostic

outcomes, caused by epigenetic chromatin reprogramming due to altered PRC2 targeting [58].



HOTTIP is a novel member of the HOX gene-regulating INCRNASs [59]. Located at the distal, 5’end of
HOXA cluster and transcribed from the opposite DNA strand than the HOXA genes, HOTTIP forms a 3.8
kb-long, spliced and polyadenylated INcCRNA. HOTTIP maintains expression of the neighboring HOXA
genes with a distance-dependent decrease in effect over the span of 40 kb. A 1 kb-long region within the
5’end of HOTTIP directly interacts with WDRS5 to recruit MLL-containing complexes that, in turn,
deploy the H3K4me3 activating histone mark. Chromosome conformation capture experiments and the
use of transgenes showed that HOTTIP function requires physical interaction with the genes it activates.
Apart from HOTTIP, the HOXA genomic region harbors another IncRNA, a myeloid lineage-specific
HOTAIRML1, which is transcribed in antisense orientation from the CpG island within the HOXA1
promoter [59, 60].

Air is a more than 100 kb-long unspliced nuclear RNA expressed in antisense orientation from an
intronic CpG island near the 3’ end of a maternally expressed imprinted gene, 1gf2r, in mice [61, 62]. Air
induces gene silencing by two distinct mechanisms (reviewed in [53]): in the embryo proper, Air is
transcribed across the 1gf2r promoter and induces its silencing by DNA methylation. In extraembryonic
tissues of the placenta, in addition to Igf2r repression, Air silences Slc22a2 and Slc22a3, two other
maternally expressed cis-linked genes located several hundred kb upstream of Air. Air was shown to
silence Slc22a3 by recruiting the G9a histone methyltransferase that deploys the H3K9me3 histone mark
[63].

The Kcnglotl IncRNA regulates monoallelic expression of a cluster of maternally expressed genes
surrounding Kcngl in mice [64]. Kcnglotl is thought to establish a chromatin compartment lacking
RNA Pol Il and recruit G9a, PRC2, PRC1 and DNMT1, as reviewed in [53]. A recent study showed that
Kcnglotl transcription per se, and not the transcript might be sufficient to maintain the imprinting within
the Kcngl domain [64]. The Kenglotl RNA was demonstrated to span 500 kb, although stable shorter
transcripts have previously been documented [65]. Another study suggests a substantially extended size
of the imprinted domainunder Kcnqlotl regulation [66]. Similar to XIST/Xist, Kcnglotl harbors a

5’ silencing domain and a localization domain that contains an evolutionarily conserved motif predicted
to form a stem-loop and facilitate nucleolar localization of the Kcngl domain [67]. Interestingly,
attaching the sequences involved in Xist localization 3’ to the Kenqlotl silencing domain fully
reconstituted the Kcnglotl silencing ability [67]. Thus it is likely that Xist/XIST and Kcnglotl share
some mechanisms to induce gene silencing and advances in understanding of their function will therefore

be mutually informative.



1.3.4 Nuclear localization of XIST/Xist in the context of RNA metabolism
MRNA precursors and some snRNAs and microRNAs in metazoa are transcribed by RNA Pol 11. As

Pol 11 transcription proceeds, the nascent RNAs are spliced in spliceosomes to excise introns and capped
at the 5° end, as well as cleaved and polyadenylated at the 3 end to prevent degradation. The capping
and splicing promotes export of Pol Il transcripts to the cytoplasm, as some of the components of the
MRNA processing machinery remain bound to transcripts and recruit TAP/NXF1 RNA export receptor
which facilitates interaction with nuclear pores. mRNAs that fail to correctly process the 3” end are
degraded in exosomes (reviewed in [68, 69]). Following the export to cytoplasm, mRNAs interact with
ribosomes to serve as a template for translation and are eventually degraded via several ribonucleolytic

pathways [70].

Experiments utilizing 3 RACE (rapid amplification of cDNA ends) and cDNA sequencing revealed that
similar to other Pol Il transcripts, XIST/Xist RNA is spliced and polyadenylated, features typical for
protein-coding mMRNASs [34]. However unlike protein coding RNAs, XIST/Xist is localized exclusively
in the nucleus [34, 36, 71]. Thus, XIST/Xist is either actively retained in the nucleus, or it must be
efficiently shuttled back to the nucleus from the cytoplasm; it is however unclear how cis localization
would be regulated in the latter scenario. Two approaches were used to exclude the possibility of
transient cytoplasmic XIST presence [72]. First XIST RNA did not shuttle through cytoplasm between
nuclei in a heterokaryon assay, which utilizes cells that harbor more than one nucleus. Second,
transcription of a fusion XIST-GFP RNA did not produce GFP protein, suggesting that the fusion RNA
was not present in cytoplasm to allow for translation. The apparent lack of XIST export from the nucleus
was corroborated by an immunoprecipitation assay that demonstrated attenuated interaction of XIST
with complexes involved in mRNA splicing and export [72]. Thus, rather than harboring a specific signal
for nuclear localization, XIST/Xist may avoid export from the nucleus by using an alternative RNA
processing mechanism. However, it is not currently known whether XIST/Xist is also actively retained in

the nucleus and how this is achieved.

1.4 Proteins implicated in X inactivation

The conserved size and the repetitive nature of XIST/Xist suggest that it may serve as an adaptor that
links multiple components of the gene-silencing machinery and the Xi. Indeed, a number of proteins and
protein complexes that interact with XIST/Xist RNA have been identified to date [8], but direct
interaction with Xist has only been observed for the components of PRC2 [24, 73], splicing factor
SRSF1 (previously known as ASF/SF2) [74] and a transcriptional repressor YY1 [54]. While it is likely
that multiple factors are involved in the complex act of spreading XIST/Xist RNA along the X and



silencing most, but not all, X-linked genes, we predominantly focus on those that have shown an

evidence of specific interaction with the Xi or XIST/Xist (Figure 1.1).

1.4.1 Polycomb complexes

1.4.1.1 PRC2

Polycomb repressive complex 2 is intimately involved in X-chromosome inactivation. Not only is the
H3K27me3 histone modification it deploys enriched on the Xi, multiple experimental approaches have
shown that repeat A of Xist/XIST in both mouse and human directly interacts with PRC2 components.
Given its prominent place in X inactivation research, and our own studies of PRC2 involvement in XIST-

induced gene silencing, we discuss the role of PRC2 in X inactivation in detail in Section 5.

14.1.2 PRC1

The PRC1 core complex in Drosophila, where it was first discovered, consists of PC, PH, PSC and
RING proteins, each of which has 2-6 known mammalian homologs, and functions as a ubiquitin E3
ligase in deployment of a repressive chromatin mark H2AK119ubl (reviewed in [75]). Classically, the
PRC1 is thought to be recruited to chromatin in Drosophila by a chromodomain of the polycomb protein,
which recognizes H3K27me3 mark deployed by PRC2.

Recently, a newly discovered RYBP-PRC1 complex was shown to deploy H2AK119ub1l to a largely
overlapping set of genomic sites in PRC2-deficient mouse ES cells [76]. Another PRC1-like complex,
dRAF, consists of RING, PSC and KDM2, the latter of which is a demethylase of the H3K36me3 active
histone mark. This complex has been shown to be responsible for the most of the H2A ubiquitinylation

activity in flies [77].

In Drosophila, mutation of the chromodomain of the polycomb gene leads to body segment
transformation due to an aberrant expression of HOX genes. In mouse ES cells, PRC1 occupies the
promoters of more than 1000 genes, most of which are involved in the regulation of development, and
the majority of which harbor CpG islands and show ‘bivalent” H3K4me3/H3K27me3 marks early in
development [78]. The precise mechanism of PRC1 action is not fully understood, but involves
chromatin compaction [79] and inhibition of transcriptional elongation [80, 81], as reviewed in [75] and
[82].
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The role of PRC1 in X inactivation was discovered through observations that PRC1 components show
transient enrichment on the emerging Xi in mouse trophoblast stem cells, differentiating ES cells,
embryos and embryonic fibroblasts as well as differentiated human HEK293 cells [83, 84]. The global
loss of H2AK119ubl enrichment in RING1B-deficient cells and similar loss of Xi-specific
H2AK119ubl enrichment in RING1A/B double knock-outs demonstrated for the first time that PRC1 is
the complex responsible for H2A ubiquitinylation [83]. PRC1 deficient mouse ES cells are capable of
initiation and maintenance of X inactivation [85]. Mouse ES cells lacking functional PRC2 can recruit
RING1B capable of ubiquitinylating H2AK119 on the Xi [49]. While this finding was surprising at the
time, it is in line with the discovery of the RYBP-PRC1 complex that is recruited to chromatin
independent of PRC2 [76].

The interaction of Drosophila PRC1 complex with chromatin is facilitated by the chromodomain of the
PC protein, which binds exclusively to chromatin marked by H3K27me3 [86]. Polycomb has five
homologs in mammals (CBX2, 4, 6, 7 and 8), all of which were shown to co-localize with the Xi; a
fusion CBX4-EGFP protein failed to localize to the Xi in mouse ES cells, however endogenous CBX4
showed Xi accumulation in HEK293 cells [84, 87]. Other CBX proteins, CBX1, CBX3 and CBX5 were
previously known as HP1§3, HP1y, and HP1«, respectively, and interact with H3K9me3 (reviewed in
[88]). Mammalian homologs of polycomb differ in their binding preferences. In an in vitro peptide-
binding assay, CBX2 and CBX7 bound equivalently H3K9me3 and H3K27me3, while CBX4
preferentially interacted with H3K9me3. CBX6 and CBX8 failed to bind the methylated histone H3 tails
[87]. Chromodomains of all CBX proteins were able to non-specifically bind single-stranded RNAsS,
including an Xist fragment, with the exception of CBX2 which was proposed to bind nucleic acids via a
different domain [87]. The role of RNAs in PRCL1 recruitment to the Xi was further strengthened by the
observation that depletion of single-stranded RNA in cells resulted in a loss of CBX7 enrichment on the
Xi [87].

1.41.3 PCL2

Polycomblike (PCL), a well-conserved Drosophila protein and its mammalian homologues
(PCL1/PHF1, PCL2/MTF2 and PCL3/PHF19) were shown to interact with the PRC2 complex and
facilitate its localization to target genes [89-93]. The analysis of Pcl2 deletion transgenes established that
one of the two PHD domains is responsible for the PRC2 targeting [93]. PCL2 transiently co-localized

with the Xi in differentiating mouse ES cells and embryos at early stages of X inactivation coinciding
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with PRC2 enrichment on the Xi. Knock-down of PCL2 impaired recruitment of PRC2 both to its target

loci in undifferentiated ES cells and to the Xi upon differentiation [93].

1.4.2 Writers, readers and erasers of chromatin marks

1.4.2.1 ASH2L

ASH2L is a core component, along with WDR5, DPY30 and RbBP5, of several complexes associating
with SET (Su(var)3-9, Enhancer of zeste, Trithorax) domain-containing methyltransferases [94], as well
as a non-SET domain multi-subunit methyltransferase WRAD [95], that are required for trimethylation
of histone H3K4, a mark associated with actively transcribed promoters [96]. Unexpectedly, ASH2L has
also been shown to associate with the Xi in mouse [97]. The recruitment of ASH2L requires Xist
expression, but is independent of repeat A or the presence of functional polycomb complexes [97].
Intriguingly, a INcRNA HOTTIP, which is critical for recruiting H3K4me3 and establishing upregulation
of several genes within HOXA cluster was shown to directly interact with WDR5 [59].

1.4.2.2 H3R17 histone methyltransferase CARM1

CARML is one of the three known mammalian methyltransferases catalyzing mono- and dimethylation
of histone arginine residues (reviewed in [98]).While asymmetric dimethylation of arginine deployed by
class I arginine methyltransferases CARM1 and PRMT1 is associated with transcriptional activation,
symmetric dimethylation by class Il enzyme PRMT?5 leads to gene repression. CARM1 predominantly
methylates H3R17, and to a lesser extent H3R2 and H3R27, while PRMT1 targets the H4R3 residue.
PRMTS5 symmetrically methylates H3R8 and H3R3. CARML1 has been shown to play a role in nuclear
receptor signal transduction and chromatin remodeling [99, 100] and in the TP53-mediated DNA damage
response pathway [101]. Immunofluorescence has shown that H3R17 methylation is depleted from the

Xi in mouse embryonic fibroblasts [102], however no H3R17 demethylase has been described to date.

1.4.2.3 H3K9 histone methyltransferases

EHMT1 (GLP) and EHMT2 (G9a) are histone methyltansferases that form heteromeric complexes to
catalyze mono- and dimethylation of H3K9 [103, 104], histone marks associated with transcriptionally
silent euchromatin. H3K9me2 is enriched on the Xi [105, 106] and G9a was shown to interact with
Kcnglotl IncRNA in mouse placenta [65] and to be implicated in the placenta-specific imprinting of

distal genes within the Kcngl domain [107]. Notably, the de-repression of Kcnglotl-silenced targets
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was not observed in all G9a-defficient progeny, suggesting that alternative pathways are also at play.
While the cited findings make G9a a potential candidate for an XIST-interacting protein, X-inactivation

maintenance was unperturbed in G9a-deficient mouse embryos [108].

In contrast, to the H3K9mel- and H3K9me2-enriched facultative heterochromatin, constitutive
heterochromatin is marked by H3K9 trimethylation, which is in mammals carried out by SUV39H1 and
SUV39H2 and facilitates silencing by recruiting HP1 proteins CBX1, CBX3 and CBX5 (reviewed in
[88]). Immunofluorescence microscopy in somatic human cells revealed that the Xi is compartmentalized
into H3K9me3-enriched regions and H3K9me3-poor, but H3K27me3-rich regions [109]. The H3K9me3-
rich regions were also enriched with H4K20me3 and CBX3 (HP1y) and replicated relatively late
compared to H3K27me3-enriched regions, which in turn associated with Xist RNA accumulation and
enrichment with macroH2A. Ectopic XIST expression was shown to induce CBX3 recruitment to a
reporter gene promoter, further supporting a role for H3K9me3 in X inactivation [44].

1.4.2.4 H4K20 histone methyltransferase PR-SET7

The H4K20 monomethylation in mammals is deployed by the PR-SET7 (SETD8/KDMb5a) histone
methyltransferase [110-112] and removed by the PHF8 demethylase. SUV420H1/H2 are responsible for
di- and trimethylation of H4K20me; enzymes removing the higher methylation degrees of H4K20 are not
known [113]. Levels of both PR-SET7 and consequently H4K20me1l oscillate during the cell cycle and
are induced in late S and early G2/M, respectively [112]. PR-SET7-null mouse embryos die between 2-4
cell stage. PR-SET7-null mouse ES cells show defects in cell cycle and DNA damage repair [114].

An immunofluorescence screen utilizing an array of antibodies against histone modifications showed
enrichment of H4K20mel, but not -me2 or -me3, following induction of an ectopically expressed
transgenic Xist in undifferentiated mouse ES cells [47, 49]. Recruitment of H4K20mel is in part
dependent on PRC2 [49]. Importantly, expression of a repeat A-lacking Xist transgene that is unable to
induce silencing also caused H4K20melenrichment, demonstrating that H4K20mel recruitment occurs
independently of silencing [47]. Chromatin IP analysis confirmed H4K20me1l enrichment over the
coding region of puromycin selection marker upon ES cell differentiation when the transgenic XIST was
expressed [47], a phenomenon also observed for H3K27me3 mark deposited by PRC2 [48, 115].
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1.4.25 LSD1

LSD1 is a histone demethylase that acts as a co-repressor by demethylating H3K4 [116]; it has also been
shown to act as a co-activator by demethylating H3K9 [117]. The only other known mammalian H3K4
demethylase RBP2 interacts with PRC2 complex, and is thus involved in coordinated increase of
H3K27me3 and removal of H3K4 methylation [118]. As LSD1 directly interacts with HOTAIR IncRNA
[57] and the H3K4me3 histone mark is depleted from the Xi [106, 119], LSD1 may potentially be

involved in the X-chromosome inactivation.

1.4.2.6 macroH2A

macroH2A bears similarity to histone H2A, but contains a unique C-terminal sequence comprising
approximately 2/3 of the protein. There are three variants of macroH2A in humans: macroH2A1.1 and
macroH2A1.2 are encoded by H2AFY, macroH2A2 is a product of H2AFY2. Although the macroH2A is
involved in a context-dependent up- and down-regulation of autosomal gene expression and regulation of
cell cycle and cell proliferation [120], its role in X inactivation has been explored more extensively.
Shortly after its discovery, macroH2A was shown to form prominent foci in female cell nuclei that were
dubbed macrochromatin bodies [121]. Successful chromatin IP of XIST RNA in human HEK293 with an
antibody against macroH2A demonstrated physical proximity of macroH2A and XIST [122]. A
functional relationship was demonstrated when the lack of Xist expression was shown to result in loss of
macroH2A recruitment to the Xi in mouse embryonic fibroblasts; the silencing of genes on the Xi was
however unperturbed [123]. Conversely, ectopic expression of an inducible Xist results in
macrochromatin body formation in differentiating mouse ES cells and embryonic fibroblasts. In contrast,
lack of macrochromatin body recruitment in undifferentiated ES cells suggests that the environment
permissive to macroH2A recruitment is absent prior to the initiation of X inactivation [124]. The role of
macroH2A in silencing is further supported by chromatin IP experiments showing depletion of
macroH2A from active genes and its enrichment on the CpG methylated alleles of imprinting control
regions [125, 126].

1.4.2.7 DNMTs

In mammals, DNA methylation of cytosine in CpG dinucleotides serves as a chromatin mark that is
associated both with transcriptionally silent promoters of CpG island-containing genes and with gene
bodies of transcribed genes. Three DNMT enzymes are active in mammalian cells; DNMT1 maintains

CpG methylation through cell division by binding hemimethylated CpG sites and methylating the newly
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synthesized strand of DNA, while DNMT3A and DNMT3B are de novo methyltransferases with only
partially overlapping functions that establish methylation patterns during development (reviewed in
[127]).

Consistent with the association of DNA methylation with silent promoters and transcribed gene bodies,
gene promoters on the Xi show DNA hypermethylation while the Xi is relatively hypomethylated overall
[128, 129]; genes that escape from X inactivation and thus remain transcribed on the Xi accordingly lack
promoter CpG methylation [130]. DNA methylation, alongside macroH2A recruitment, is acquired
relatively late in X inactivation [131] and is dependent on SMCHD1 [132]. Disruption of DNA
methylation leads to partial upregulation of genes on the Xi and this effect is substantially compounded
by inhibition of XIST/Xist expression or by blocking of histone deacetylation [133, 134]. A study
performed in DNMT3B-defficienct cells from patients with ICF syndrome, revealed that DNMT3B is
responsible for methylation of LINE-1 (long interspersed nuclear element-1) repeats on the inactive X,
but not on the active X [135]. DNMT1-deficcient mouse embryos showed partial re-activation of X-
linked lacZ and EGFP transgenes, suggesting that unlike DNMT3B, DNMT1 may predominantly play a
role in gene repression [134, 136].

1.4.3 Chromatin-remodeling and nuclear ultrastructure proteins

1.4.3.1 ATRX

A member of the helicase family, ATRX is a chromatin remodeling protein involved in heterochromatin
formation and maintenance, as well as proper chromosome segregation in meiosis and mitosis [137,
138]. Several domains within ATRX are responsible for direct interaction with DAXX, HP1a,, MeCP2
and EZH2, while the C-terminal sequence of ATRX encodes a domain involved in ATRX targeting to
PML bodies (reviewed in [137, 138]). An immunofluorescence experiment showed that in the nucleus,
ATRX associates with telomeric, rDNA and heterochromatic repeats, as well as PML bodies [139-141].
Chromatin IP followed by massively parallel sequencing in mouse and human cells elucidated that
ATRX associates with G-rich tandem repeats and CpG islands both in the previously observed
heterochromatic regions (telomeres) and in euchromatin [142]. Mutations in ATRX cause Alpha-
thalassemia mental retardation syndrome [143] or myelodysplasia [144]; both conditions share a

common symptom, alpha thalassemia, caused by suppression of alpha globin (HBA).

Interestingly, ATRX was shown to co-localize both with the Xi in mouse embryonic and somatic cells
[145] and with the Y chromosome in mouse spermatogonia [146]. In differentiating mouse ES cells,

ATRX is recruited to the Xi relatively late during mouse ES cells’ differentiation [145], suggesting that it
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may be involved in maintenance, rather than initiation of X inactivation. Further, ATRX was shown to
bind upstream of XIST [145], as well as the unmethylated allele of the gene encoding H19 non-coding
RNA [147]; a group of imprinted genes, including H19 showed increased expression in ATRX-null

mouse brains [147].

1.4.3.2 YY1and CTCF

YY1 is a ubiquitous transcription factor that modulates activation or repression of gene expression by
multiple direct and indirect mechanisms (reviewed in [148]). YY1 has both DNA and RNA binding
capacity and is indispensable for Xist localization in mouse [54]. Specifically, YY1 directly interacts
with Xist DNA via three binding sites upstream of repeat F in Xist exon 1 and with the Xist RNA via the
repeat C region. Importantly, YY1 does not decorate the Xi, suggesting that it is not the factor
responsible for recruitment of Xist RNA in cis along the whole Xi, rather, the authors propose that YY1
facilitates nucleation of Xist particles at Xist locus [54], from which these particles spread along the Xi

via a yet unknown mechanism.

CTCF (CCCTC-hinding factor) plays a central role in two aspects of chromatin regulation: globally, by
maintaining chromatin architecture through regulation of chromatin looping, and locally by serving as a
chromatin insulator, (reviewed in [149]). In mammals, between 14 000 and 20 000 CTCF binding sites
have been identified genome-wide. Chromatin IP followed by massively parallel sequencing data
combined with chromosome conformation capture analyses showed that CTCF mediates intra- and
interchromosomal interactions. Chromatin looping is pivotal in insulating gene promoters from being
upregulated by enhancers, a phenomenon best described at the H19-1GF2 and betaglobin (HBB) loci
[150, 151]. The current model presumes that CTCF regulates chromatin organization and insulation by
recruiting the cohesin complex [152-155]. In X inactivation, CTCF is necessary for XIC pairing during
initiation [28, 156]. CTCF and YY1 were further identified to regulate expression of Xist, both directly

and via Tsix and its enhancer Xite (reviewed in [157]).

1.4.3.3 SAF-A /HNRNPU

Scaffold attachment protein A, also known as HNRNPU harbors an N-terminal dsDNA-binding domain
and a C-terminal RGG domain that facilitates interaction with RNA [158] and has been implicated in
various processes including gene expression and RNA metabolism [159-162] and telomere length

regulation [163]. SAF-A has been shown to associate with the Xi in mouse and human HEK?293 cells
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[97, 164]. Like Ash2l, Saf-A recruitment to the Xi also requires Xist transcription, but not the repeat A
region nor polycomb complexes [97]. Intriguingly for its potential role in regulation of X inactivation,
deletion of either the DNA or the RNA binding domains results in the loss of SAF-A localization to the
Xi [97, 164, 165]. The evidence of interaction between XIST/Xist and Saf-A is further strengthened by
the observation that knock-down of Saf-A results in a loss of Xist localization to the Xi in mouse
Neuro2a cell line and a failure to inactivate the X in differentiating mouse ES cells [165]. RNA
immunoprecipitation suggests that Saf-A binds Xist in a region within exon 1 between repeats C and D
that has previously been shown be involved in Xist localization [42]. Saf-A was also proposed to play a
structural role in the formation of a repressive Xi compartment consisting of non-genic chromatin, into

which genes on the Xi are relocated in the course of X inactivation [46].

1.4.3.4 SATB1 and SATB2

SATB1 and SATB?2 proteins bind to AT-rich DNA sequences within matrix attachment regions and
mediate their interaction with the nuclear matrix, thus ensuring the proper organization of chromatin.
SATB1 and SATB2 are expressed in largely non-overlapping subsets of cell lines [166-168]. Loss of
SATBL in mouse cells impedes Xist’s ability to induce silencing of the X, without affecting Xist
localization [169]. In SATBL1 expressing cells, Xist was frequently observed to form ‘rings’ around
SATBL1 foci, instead of showing the typical overlap with the Xi. Further, SATBL is expressed in
undifferentiated ES cells but is silenced within 3 days following differentiation. This timing coincides
with the window in which XIST can induce silencing. SATB2 can substitute for SATB1, with depletion
of either protein resulting in partial upregulation of a reporter gene. Furthermore ectopic expression of
SATBL1 in mouse embryonic fibroblasts, normally resistant to Xist-induced silencing, results in gene

silencing upon Xist induction [169].

1.4.3.5 HNRNPK

As recently reviewed [170], HNRNPK binds C-rich RNA and single-stranded DNA regions via its three
KH domains that are also present in HNRNPE, another member of the broadly defined and structurally
divergent HNRNP protein family. HNRNPK also contains a K-protein-interactive region that facilitates
binding with multiple kinases and transcription regulators. Thus, HNRNPK was proposed to act as a

‘docking platform’, mediating interaction between nucleic acids and multiple signaling pathways [171].
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Mass spectroscopy analysis identified more than 100 proteins interacting with HNRNPK [172], in
keeping with its involvement in a host of cellular processes including cell cycle regulation, DNA damage
control and regulation of MRNA metabolism. HNRNPK interacts with the 5* end of TP53-activated
lincRNA-p21 that is indispensable for repression of approximately 750 TP53-regulated genes [173].
While HNRNPK has not been shown to be involved in X inactivation, its proposed role in facilitating
non-coding RNA — protein interaction substantiates its position among potential XIST-interacting

partners.

1.4.4 Other proteins implicated in X inactivation

1.4.4.1 BRCA1l

The BRCAL tumor suppressor gene encodes a RING-domain containing ubiquitin ligase that is involved
in control of the cell cycle, maintenance of genomic integrity and transcriptional regulation (reviewed in
[174, 175]). BRCAL was reported to associate with XIST and to be essential for XIST RNA localization
to the Xi, and knock-down of BRCAL1 resulted in partial reactivation of an Xi-linked EGFP transgene
[176, 177]. Other reports, however, did not confirm these observations [178, 179] and the role of BRCA1
in X inactivation remains unresolved. BRCA1 was shown to be necessary for recruitment of ATR kinase
to the XY body during meiotic sex chromosome inactivation in mouse spermatocytes [180].

1.4.4.2 DICER1

DICERL is an RNase Ill enzyme responsible for generation of siRNA and miRNA small RNA species
from larger RNA templates [181]. These small RNAs are then loaded onto the RISC complex and, after
removal of the ‘passenger’ RNA strand, the ‘guide’ strand directs the RISC complex to the
complementary mRNA which either triggers mRNA degradation, or prevents its translation (reviewed in
[182]). In S. pombe, an alternative RITS complex maintains the transcriptionally silent centromeric
heterochromatin [183].

DICERL1 has been implicated in the regulation of the initiation of X inactivation, but conflicting data
about its precise role exist (reviewed in [184]). Briefly, dSRNA template was proposed to be formed by
low-abundance Xist and Tsix transcripts on the active X in mouse. DICERL1 processing of this dSRNA
has been suggested to suppress Xist by CpG methylation at Xist promoter [185]. Later studies have
however observed that DICERL1 is dispensable for X inactivation [186] and that the effect of DICER1 on
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Xist expression may be secondary, as DICER1 regulates expression of de novo methyltransferase
DNMT3A, which in turn regulates Xist expression via DNA methylation [187].

1.4.43 ATMand ATR

ATM and ATR kinases play pivotal roles in ATM-CHEK?2 and ATR- CHEK?1 kinase signalling
pathways that respond to DNA damage (reviewed in [188]). ATM-deficient mice further show disruption
in meiosis due to the lack of XY body chromosome crossover and XY synapsis, however meiotic sex-
chromosome inactivation is not affected [189]. Inhibition of ATM and ATR in mouse embryonic
fibroblasts leads to partial hypoacetylation of the Xi and reactivation of an Xi-linked EGFP reporter,
while Xist localization and macroH2A recruitment are not affected. Knock-down experiments show that
depletion of either ATM or ATR alone also induces partial EGFP reactivation [190]. Interestingly, Ftx, a
INCRNA transcribed from a region located 5’ of Xist and upregulated at the onset of random X
inactivation, was shown to positively regulate Xist transcription, possibly via miR-421 located within Ftx

intron and implicated in ATM regulation [25].

1.4.4.4 PARP1

PARP1 is a ubiquitous chromatin-associated poly(ADP-ribose) polymerase. While it seems to be
responsible for the bulk of PARP activity in mammalian cells, up to 17 members of the PARP family
have been identified [191]. PARPL1 is recruited to chromatin via its interaction with histones, various
DNA structures (e. g. single- and double-stranded breaks) and gene promoters, as well as a host of
chromatin proteins. In keeping with its abundance and binding promiscuity, PARP1 also serves a number
of roles, ranging from DNA repair, modulation of chromatin structure and gene transcription, DNA
methylation and histone deacetylation, either through its enzymatic activity or competition for binding
sites (reviewed in [192, 193]). PARP1 was reported to bind macroH2A1.2 and co-localize with the Xi.
Knock-down of PARP1 results in partial reactivation of an EGFP transgene in the presence of histone
deacetylase and DNA methylation inhibitors, suggesting that PARP1 may be involved in maintenance of
the Xi [194].

1.4.45 REST and CoREST
REST is a transcriptional repressor that regulates silencing of neuron-specific genes in non-neuronal

cells. REST recognizes a 23 bp-long conserved DNA motif via its zinc finger domain and recruits
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histone deacetylases HDAC1 and HDAC?2 via its N-terminal domain. The C-terminal domain of REST
binds CoREST, which in turn recruits a wide range of silencing factors including HDAC1/2, LSD1 and
H3K9 methyltransferases [195]. As discussed earlier, a complex consisting of REST, CoREST and
LSD1 are recruited by the HOTAIR IncRNA which represses HOX genes [57].

1.4.4.6 SMCHD1

SMCHD1 is a protein of unknown function that contains an ATPase domain and a SMC hinge domain
[132], shared among SMC proteins involved in sister chromatid cohesion, chromosome condensation,
and DNA repair [196]. The homozygous mutation of SmcHD1 is embryonic lethal in female, but not
male mice, suggestive of its involvement in X inactivation [132]. Indeed, homozygous mutation of
SmcHD1 led to a specific loss of promoter DNA methylation and transcriptional upregulation of genes
regulated by X inactivation [132]. Prominent localization of SMCHDL1 to the Xi provides additional
support for the major, yet undefined role of SMCHD1 in X inactivation [132].

1.4.4.7 SPOP and CUL3

CULS3 is one of seven mammalian cullin proteins that recruits a RING-family protein RBX1 to form an
E3 ubiquitin ligase [197]. CUL3 directly interacts with Speckle-type POZ protein (SPOP) [198], which
in turn interacts with the histone variant H2AFY (macroH2A1) [199] and PRC1 complex protein BMI1
[200] via its MATH domain. Knockdown of either SPOP or CUL3 in human HEK?293 cell line was
shown to disrupt recruitment of macroH2A1 to the Xi while XIST localization was unperturbed [200].
siRNA knock-down of either CUL3, SPOP or macroH2AL1 resulted in partial de-repression of an Xi-
integrated EGFP. Interestingly, these knock-downs resulted in partial re-activation of EGFP only upon
concurrent treatment of cells with DNA methylation and histone deacetylase inhibitors. This observation
is consistent with the currently-prevailing model which assumes that multiple, at least partially

autonomous, mechanisms ensure silencing of chromatin of the Xi.

1.45 Condensins
In C. elegans, the equal dosage of X-linked genes between XX hermaphrodites and X0 males is achieved

by hermaphrodite-specific downregulation of their two X chromosomes mediated by a condensin-
containing dosage compensation complex (DCC) [201]. The worm DCC consists of ten proteins: SDC-1,
-2, -3, DPY-21, -30, and five other proteins forming a complex homologous to condensin I and called
condensin I°%: MIX-1, DPY-27, DPY-28, CAPG-1 and DPY-26 [201]. The corresponding proteins
forming human condensin complex | are SMC2, SMC4, NCAPD2, NCAPG and CAPH [202].
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Recruitment of the DCC to the worm Xs is facilitated by two classes of DNA sequences: the autonomous
rex (recruitment element on X) and dox (dependent on X), which recruits the complex only when located
on the X [203]. Downregulation of gene expression is likely the result of the DCC-induced changes to
the higher order chromatin structure, however recruitment of the MLL/COMPASS H3K4
methyltransferase complex, which shares DPY-30 protein with the DCC was also reported [204].

1.4.6 Genetic evidence for indispensability of the implicated proteins for X inactivation
In Drosophila, a number of genes comprising the dosage compensation complex have been identified

due to the male-specific lethality of their disruption (reviewed in [31]). Hypothetically, a similar screen
for genes that induce female-specific lethality due to aberrations in initiation or maintenance of X-
inactivation could be performed in developing mammalian embryos in order to identify protein factors
that are critical for X-inactivation. Indeed, identification of SmcHDL1 as a previously unknown
component of X-inactivation machinery in mouse is a notable example of such a strategy [132]. Female-
specific lethality was not described for deficiency of any other protein discussed in section 1.4, however
many of the proteins (e. g. Dicerl, PRC1 and PRC2 components, YY1, CTCF, HNRNPU and CUL3
[205-211]) are critical for development of both male and female embryos. However, while depletion of
many proteins involved in X inactivation does not cause female-specific defects in embryonic
development, this does not eliminate them as candidates for essential X-inactivation factors. Rather, it
merely demonstrates that the gene-silencing machinery employed in X inactivation also performs other

functions that are critical to set up correct transcriptional patterns in developing embryos.
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Figure 1.1: Proteins enriched on the inactive X chromosome or interacting with XIST.

A number of proteins have been implicated to play role in X-chromosome inactivation, either due to their
enrichment on the Xi, or due to their binding to XIST/Xist RNA. The interactions described in this section are
summarized. Chromatin modifications shown in dark orange are enriched on the Xi. H3K4me3, shown in pale
orange, is depleted from the Xi, however ASH2L, the enzyme catalyzing H3K4 trimethylation, is enriched. The
scaled diagram represents human XIST exon structure and positions of repeat A-F within the human and mouse
XIST/Xist. For direct comparison of the relative position of repeat sequences, the same exon structure for
XIST/Xist is shown. The simple arrows connect proteins which were demonstrated to directly bind XIST/Xist with
their binding regions in XIST/Xist. The dashed lines dividing the inner circle separate proteins associated with
DNA from proteins associated more broadly with chromatin.
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1.5 Model systems for study of X inactivation

Studying X-chromosome inactivation in vivo is difficult because it occurs early in embryonic
development. Moreover, in vivo studies as well as experiments on fertilized oocytes in humans raise
ethical questions. For these reasons, there is a clear need for an in vitro system that would enable studies
of the early events of X inactivation. An ideal system to study X inactivation would mimic the
developmental state at which X inactivation normally occurs, allow for the rapid and controllable
manipulation of the DNA, RNA and protein componentry of X inactivation and induce X inactivation
gradually so that the intermediate steps of the process can be observed. Finally, an ideal system would
employ human cells, as human-focused studies of X inactivation specifically and epigenetic regulation
by IncRNAs in general will greatly improve our understanding of the role of IncRNAs in health and
disease.

Mouse ES cells recapitulate X inactivation in vitro, as XX ES cells retain two active Xs in the
undifferentiated state and undergo X inactivation upon differentiation [212]. Mouse ES cells allow both
loss of function (knockout) and gain of function (transgene) studies; both approaches have been
informative for exploring the processes involved in X inactivation, for example discovery of Xist
regulators [19, 24, 55], X-chromosome pairing [27-29], functional sequences within Xist [42, 54] and
chromatin changes occurring in the course of X inactivation (e. g. [102]).

By analogy, human ES cells could provide a similar model system. However, extending such studies into
humans has been challenging. Surveys of an array of undifferentiated human female ES cells showed
varying extents of X inactivation both among cell lines, and within the same cell line. While some
human ES cell lines retain two Xa's prior to differentiation and induce XIST only when differentiated, the
majority of clones have apparently already undergone X inactivation, and a subset of undifferentiated
XaXi ES cell lines failed to express XIST [213-217]. Since an errant epigenetic regulation of the XIC
may reflect an overall epigenetic instability and partial ES cell differentiation, the presence of two Xa's
has been suggested as a hallmark of healthy human ES cell culture. Interestingly, precocious X
inactivation can be triggered by a variety of factors inducing cellular stress, including derivation and
maintenance of human ES cell lines under atmospheric, rather than physiological, oxygen concentration

[218].

When X inactivation normally occurs during early human development however remains an outstanding
question. A report combining RNA/DNA fluorescent in situ hybridization analysis of six human
blastocysts showed an accumulation of XIST on a single X in 90 percent of cells [6]; early studies

suggested XIST expression in both male and female embryos at around the 8 cell stage [219, 220].
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A study comparing human, mouse and rabbit X inactivation revealed that in contrast with mouse, early
XIST expression in human is not immediately associated with gene silencing [221]. Given the lack of a
human ES cell system that would reliably model features of X inactivation, studies of human X

inactivation have relied upon human XIC transgenes in mouse ES cells and human somatic cells.

Integrating the human X/C into mouse ES cells showed that the human XIC was recognized by the
murine cells and triggered silencing of the single X in transgenic male mice [222]. However, only some
aspects of normal X inactivation were recapitulated in low copy-number (1-2) transgenes, as gene
silencing, or expression of the endogenous Xist was not induced [223, 224]. Similarly, only transgenic
cell lines carrying multi-copy integrations of the mouse Xic were able to trigger X inactivation from the

endogenous Xic [225].

The experiments testing the ability of a mouse Xist transgene to trigger X inactivation when induced at
different time points during ES cell differentiation had shown that Xist can only induce inactivation
during an early developmental window [226]. More recently, however, it has been shown that Xist can
recapitulate inactivation for a brief period during hematopoiesis [227], in lymphoma cells [169] and in
mouse embryonic fibroblasts when SATB1 is ectopically expressed [169]. In contrast to the previous
reports, transgenic Xist was able to form Xist foci and recruit H3K27me3 in mouse embryonic fibroblasts
[54]. These results challenge the previously accepted paradigm that X inactivation can only be induced in
early developmental stages and demonstrate that at least some features of X inactivation can be
recapitulated in more differentiated cells lines. In fact, imperfect X inactivation may help to uncover yet

unknown mechanisms that are overlooked in the more robust model systems.

Several transgenic systems have been developed in human somatic cells. Multi-copy XIST-containing
transgenes were able to induce XIST accumulation in cis in HT1080 male fibrosarcoma cells [228]. The
autosomal region coated by XIST showed nucleolar localization, histone H4 hypoacetylation and was
devoid of CoT-1 RNA hybridization. Further, the neomycin resistance gene was silenced and new
heterochromatic foci were established in cis, demonstrating both short and long range XIST action,
respectively. Similar data were obtained with HT1080 cells carrying an XIST-containing PAC (P1-
bacteriophage-derived artificial chromosome) clone [229]. In addition, an inducible human XIST
construct in HeLa cells was able to localize and recruit chromatin marks, although silencing was not
examined [48]. Overall, a number of human transformed differentiated cells seem to be capable of
recapitulating at least some of the process of X inactivation. Such random integrations, however, were

still subject to the variability of integration site and copy number. Therefore, Chow et al. [44] combined
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the availability of human somatic cells with demonstrated responsiveness to ectopic XIST and the ability

to target and to regulate expression and created an inducible single copy XIST transgene.
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1.6 Thesis objective

The precise mechanism involved in XIST-induced gene silencing is not fully understood, in particular in
human, where a comprehensive, well-controlled model system to study X inactivation akin to
differentiating mouse ES cells is lacking. In pursuit of elucidating the molecular pathways of XIST RNA
function, we took advantage of an inducible human transgenic system that enables us to focus on XIST’s
role in local gene silencing, deliberately isolating this critical facet of XIST action both from the
regulation of XIST expression that ensures only one active X is retained per nucleus, and from the ability
of XIST RNA to spread along the X chromosome.

We utilized a human HT1080 fibrosarcoma cell line in which an inducible XIST cDNA transgene is able
to efficiently silence a proximally located fluorescent reporter. To uncover how the silencing is achieved,
we first created a series of truncations to determine the minimal region of XIST responsible for silencing.
Then, we designed a set of mutations to probe how the sequence and structure of this region influences
its ability to silence. Finally, we tested which proteins are indispensable for the XIST-induced reporter
silencing by utilizing histone deacetylase inhibitors and sSiRNA-mediated knock-downs of PRC2 and 31
other proteins previously implicated in X inactivation. Collectively, the data on sequences within XIST
that are critical for proximal gene silencing and their secondary structure, as well as the proteins involved
in XIST-induced silencing both expand the understanding of molecular pathways that lead from
XIST/Xist expression to transcriptional silencing of the whole X chromosome in placental mammals and
allow us to draw comparisons between the results obtained in human and mouse systems that model

X inactivation.
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2 MATERIALS AND METHODS

27



2.1 Construct generation and creation of the transgenic HT1080 cells

Truncated XIST constructs (dPFIMI dANC, del 5’A + 5°A, del 5°A and 5’A) were derived from the pre-
existing full-XIST cDNA construct. The artificial repeat A construct, its shorter derivatives and mutants
were synthesized by GeneArt (now Invitrogen). The constructs were subsequently cloned into the
pcDNAS/FRT/TO plasmid (Invitrogen) using standard techniques and transfected into previously created
single-copy FRT-harboring HT1080 cells.

The Flp-In T-Rex system (Invitrogen) was used by Sarah Baldry (Brown laboratory) according to the
manufacturer's recommendations to generate the transgenic HT1080 cell lines. Briefly, HT1080 cells
were first transfected with pcDNAG/TR plasmid which carries the Tet repressor (TetR) driven by the
CMV promoter, grown in the presence of Blasticidin to allow for positive selection of cells in which
pcDNAG/TR was successful integrated and two clones showing strong TetR expression, 2-3 and 2-12,
were selected. Subsequently, the TetR-containing HT1080 cells were transfected with pFRT/LacZeo
plasmid harboring a FRT integration site and a SV40 promoter-driven gene for Zeocin resistance which
serves as a positive selection marker. After selection with Zeocin, single-cell colonies with random FRT
integration sites were expanded and assayed by Southern blotting to select for single-copy FRT
integration clones. At this point, the established clones can integrate the pcDNA5S/FRT/TO plasmid when
co-transfected with a Flp recombinase-containing pOG44 plasmid.

Successful pcDNAS/FRT/TO integration detaches the Zeocin resistance gene from the CMV promoter,
and brings a Hygromycin resistance gene (Hyg) directly 3’ of the CMV. Thus, cells with properly
integrated pcDNAS/FRT/TO are Hygromycin resistant and Zeocin sensitive. The FRT-integrated XIST
constructs cloned into the pcDNAS/FRT/TO can be induced by addition of tetracycline or doxycycline
(DOX).

In the absence of DOX, two TetR homodimers occupy the two TetO, sequences within a modified CMV
promoter and block transcription of XIST. Upon addition into culturing media, DOX binds the TetR
homodimers in 1:1 stoichiometry, which results in TetR conformation change, prevents TetR from

binding TetO2 sequences and allows the XIST to be expressed.

The HT1080 F55 cell line harboring a single copy FRT site integration on the X chromosome [230] was
a kind gift of Dr. Chunhong Yan. Genomic localization of the FRT integration sites in the utilized
HT1080 clones is listed in Table 2.1.
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Table 2.1: Genomic localization of FRT integration sites in the described HT1080 cell lines

Cell line name Genomic localization Approximate distance to the
nearest gene
2-3-0.5+3#1 7921.2 215 kb (MTERF)
2-3-0.5+3#4 3028 10 kb (CLDN1)
2-3-0.5a 8p23 in an intron (AGPATS5)
2-3-1.0#5 7p14.3 20 kb (BBS9)
2-3-1.0d 1p34.3 in an intron (MACF1)
2-12-0.5#3 3026 in an intron (FNDC3B)
2-12-0.5#8 4932 55 kb (DCHS2)
2-12-0.5+3#11 unknown unknown
2-12-0.5+3#2 10p13 in an intron (FRMD4A)
2-12-1.0#14 12g24 in an intron (FAM222A)
2-12-4.0#9 unknown unknown
F 55 DSRED #1 Xq23 [230] 150 kb (HTR2C)

2.2 ldentification of transgene integration sites by inverse PCR

The ends of linearized plasmids are subject to exonuclease activity. Thus the actual integrated transgene
often lacks several hundred of base pairs on each end (Figure 2.1A). A series of PCR assays was first
used to identify the 5°- and 3’-most transgene sequences that are still intact (Figure 2.1B). Pstl and Rsal
restriction endonucleases with a known restriction site several hundred bp internally from the identified
transgene ends were used to digest genomic DNA isolated from the 2-3-0.5+3#4 and HEK293 cell lines,
respectively. The use of frequently-cutting restriction endonucleases, typically those that recognize a
tetranucleotide sequence, yields a DNA fragment that on one end contains the plasmid sequence
fragment and on the other end several hundred bp to several kb-long genomic sequence fragment (Figure
2.1C). T4 DNA ligase (Invitrogen) was used to create circular DNA molecules and the entrapped
genomic DNA was amplified by nested PCR with primers facing outward from the plasmid fragment
(Figure 2.1D, E). Finally the PCR product was gel purified, and the DNA was either directly sequenced
or, if PCR did not yield DNA that was suitable for sequencing, cloned into the pPGEM-T easy vector
(Promega) and amplified in E. coli prior to sequencing (Figure 2.1F). Finally, the results of DNA
sequencing were compared to the plasmid sequence, and the genomic location of remaining genomic

sequence was identified using the BLAT algorithm (http://genome.ucsc.edu/cgi-bin/hgBlat).
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Figure 2.1: A general approach to identify transgene integration sites by inverse PCR.

(A), (B) PCR was used to identify 5’- and 3°-most plasmid sequences that were not degraded by exonucleases.

(C) Genomic DNA was digested by frequently-cutting restriction enzymes to obtain DNA fragments that contain a
portion of plasmid sequence and a genomic DNA bordering with the integration site.

(D) T4 DNA ligase was used to obtain circular DNA fragments.
(E) The entrapped genomic fragment was amplified by nested PCR.

(F) The resulting PCR product was gel purified and either sequenced directly, or cloned into the pPGEM-T easy
vector and amplified in E. coli.

2.3 Flow cytometry

HT1080 cell pellets were washed with PBS and resuspended in 0.5 mL of PBS with 10% FCS. LSRII
flow cytometer (BD) was used to record 30 000 events; 10 000 events were recorded in the siRNA-
mediated knock-down experiments, as less cells were used per experiment. Mean fluorescence intensity
of EGFP was assesed by using a combination of 488 nm laser excitation and 530/30 nm bandpass filter;
561 nm laser and 582/15 nm filter were used for DSRED-Express2.

2.4 RNAsolation and reverse transcription

RNA was isolated from frozen cell pellets by TRIZOL (Invitrogen) and treated with DNase | (Roche)
according to the manufacturers’ recommendations. Following phenol-chloroform extraction, RNA
concentration was assessed by spectrophotometer and 0.5-2.5 png of RNA was reverse-transcribed by M-

MLYV reverse transcriptase (Invitrogen) in a 20 puL total reaction volume.
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2.5 Quantitative PCR

HS Taqg (Fermentas) and EvaGreen (Biotium) were used in the quantitative PCR reactions under the
following conditions: 5 min. 95 °C, 40x [15 sec. 95 °C, 30 sec. 60 °C, 60 sec. 72 °C]; composition of the
reaction mix is shown in Table 2.2. Primer Express 3.0 (Applied Biosystem) software was used to design
the primers, which are listed in Table 2.3. The software’s algorithm consistently designed primers that
performed optimally under the standard cycling conditions described above. In the rare instances when
PCR primers did not perform, an alternative primer pair was designed. The use of one set of standard
gPCR conditions allowed maximum flexibility in combining multiple PCR reactions into one 96-well
plate run. The standard curve method (6 times 1:4 dilution series) was used to quantify sample
concentration and ‘blank’ reactions lacking the PCR template were included in each experiment to detect
any potential primer-dimer products. Unless specified otherwise, standards, samples and blank reactions
were assayed in triplicate.

Table 2.2: Quantitative PCR reaction mix composition

Reaction mix component Volume per
1 well [uL]

dNTP mix (25 mM) 0.16

MgCl; (25 mM) 2

HS reaction buffer (10x) 2

For + Rev primer mix (25 uM) 0.2

Template 15

HS Taq 0.16

EvaGreen (20x) 1

deionized H,0O 12.98

TOTAL 20
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Table 2.3: List of PCR primers

Primer name Sequence Notes
gXIST_-1kb F CTGCTCTGATGCCGCATAGTT plin Figure 3.7
gXIST_-1kb R TTTTGCTCGCGCACTACTCA

gXIST5F TCAGCCCATCAGTCCAAGATC p2 in Figure 3.7
gXIST5R CCTAGTTCAGGCCTGCTTTTCAT

QPFRT 4710 F

GCTCAGAAGAAATGCCATCTAGTG

QPFRT_4790 R

TTTTTTGGAGGAGTAGAATGTTGAGA

p3in Figure 3.7

QPFRT 5921 F

CCACCAACAGCAAAAAAATGAA

gpFRT_5986 R

ACTCATGAAAATGGTGCTGGAA

p4 in Figure 3.7

gpcDNAS F3 CGCCATCCACGCTGTTTT gRT-PCR of XIST expression,
qpcDNAGS R3 CCGGAGGCTGGATCGGT pS in Figure 3.7
gEGFP594 F AGCGCTACCGGACTCAGAT gRT-PCR, ChIP
gEGFP649 R GTACCGTCGACTGCAGAATTC

gACTB 1 TTGCCGACAGGATGCAGAA gRT-PCR
gACTB 2 GCCGATCCACACGGAGTACTT

qQSUZ12 F GGGAGACTATTCTTGATGGGAAGAG

gSUZ12 R TCCAACGAAGAGTGAACTGCAA

gEZH2 F GGTAAATCCAAACTGCTATGCAAA

gEZH2 R GGATGGCTCTCTTGGCAAAA

gHyg F CAGCGAGAGCCTGACCTATTG

gHyg R CAGGCAGGTCTTGCAACGT

gDsRED_Exp2 F TGAAGCTGCCCGGCTACTA

gqDSRED_Exp2 R TCCTCGTTGTGGGAGGTGAT

gPgkl 1F GGCACTTGGCGCTACACAA gPCR - ChiIP
gPgkl 1R CCTACCGGTGGATGTGGAAT

gPgkl 3F AGCGGCCAATAGCAGCTTT

gPgkl 3R CCCCTTCCCAGCCTCTGA

gPgkl 4F TCTGCCGCGCTGTTCTC

gPgkl 4R GATGGATGCAGGTCGAAAGG

gMYT1F GCTACAGCAGCTACCAGGGAAT

gMYT1R CTCTTCCACCAGGGTCTCTTCA

gAPRT F GCCTTGACTCGCACTTTTGT

gAPRT R TAGGCGCCATCGATTTTAAG
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Primer name

Sequence

Notes

gBRRN1_F TCTCGAGTTGCCAGAGTTAGGTT
gBRRN1 R TCTGGCGATCTTCTGCACACT
qSMC4L1_F AGAATGGGTTCCTCACTTGTTATTG
qSMC4L1_R TTAGAGTCGTTTTGCAACTGTGATT
qCNAP1_F ACTGCTTGCCAAAGCTAGTTACAA
qCNAPL R AGGGTTCGGACTCCTGGAAGT
gAOF2_F GGGATTTGGCAACCTTAACAAG
gAOF2_R CATGCCCGAACAAATTGACA
qQPARP1_F AACACTCATGCAACCACACACAA
gPARP1 R GCTGGCATTCGCCTTCAC
GASH2L_F GGCTGACACATTTGGCATAGATAC
gASH2L_R GATGGCAGACGTTGCAATGA
qSDC1_F CGAGAGGGCTGCTGAGGAT
qSDC1_R ATTCTCCCCCGAGGTTTCAA
qM96_F GAGGCCCTGGAGACTGGTATT
qM96_R GCATTGCACACAAGCCTCAT
qCUL3_F TCAGTCAGCCACACCAAAGTG
qCUL3 R CACTGTGTTTGGCTAAGTAGAACCTT
qSPOP_F TTCCAGGCTCACAAGGCTATC
qSPOP_R TTGCTCTCCTCCATTTCATGTTC
gATM_F AATGCTTGCTGTTGTGGACTACA
gATM_R ATCCAGCCAGAAAGCATCATTAA
gATRX_F ACAAGGCGTTCAAGCGAAAA
gATRX_R GTGCAAGGAAGTCATGAAGCTTCT
qSMCHD1_F CGGCTACCACTTTTATCAAGAACCT
gSMCHD1_R TGTTGCTGCTTCTTAACATCATTG
qBRCAL F GGCAAACTTGTACACGAGCATAA
gBRCAL R CAGAAAGGGTCAACAAAAGAATGTC
qH2AFY_F TTGAGGTGGAGGCCATAATCA
qH2AFY_R TTTCTTCTCCAGCGTGTTTCC
qQH2AFY2_F GATAGCCCCGAGACACATCTTG
qH2AFY2_R TGGCGATGGTCACTCCTTTT
qHNRPU_F GCGAAATTTTATTCTGGATCAGACA
gHNRPU_R GCTGGAAGCCTGCAAACAG
qSATBL_F GTTATTTATGTGCTGTCAAGTTTTGAAGT
gSATBL R TGAGTTGCCTCGTTCAAATGAT

gRT-PCR to assay knock-down
efficiency in section 5.2.3
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Primer name

Sequence

Notes

gSATB2_F CTGTCCGAGGGTCTTCTTCCT gRT-PCR to assay knock-down
qSATB2_R TGTCTTTGCAAGAGTGGCATTC efficiency in section 5.2.3
qSET7_F TGCAAGGCATCATCCACATAA

qSET7 R GGGAACTTTGTTCACGGAGAAA
qCARML_F CTGATGGCCAAGTCTGTCAAGTA
qCARML R AATGGGATTTCTATCCTGTGCAA
qRNF2_F CAGCCCTTAGAAGTGGCAACA
qRNF2_R TGGGTCTGGCCTTAGTGATCTT
qQYYLF ACCTGGCATTGACCTCTCAGA

qYYL R TTTTTCTTGGCTTCATTCTAGCAA
qCTCF_F CATCTCTGTGGCAGGGCATT

qCTCF R TTGTGAGGACGAGTACCTGTGTGT
qCBX4_F AGCTGATGGGATATCGGAAGAG
qCBX4 R ATTGGAACGACGGGCAAAG

qCBX7_F ATCGGCGAGCAGGTGTTC

qCBX7 R CACTTCACCAGATACTCGACTTTACC
qHNRPK_F GCCCCGAGCGCATATTG

gHNRPK_R TTCCAAGGTAGGGATGATTTTCTT
QEHMT2 F GGACGACTGCTCTAGCTCCAA
GEHMT2 R GGAGCAATCGCCCATCCT

QEHMTL F GTCCAGTACCTGCTTTCAAATGG
qEHMTL R TTGTACTCTGTGGCCCAGATCAT
qREST F TCCTTACTCAAGTTCTCAGAAGACTCA
qREST R CCACATAACTGCACTGATCACATTT
gRCORL_F GCATGGGTACAACATGGAACAG
gRCORL R GGCAAATCAGCCAATGACTTTT
qDICERL_F CATGAGGGCCGCCTTTC

qDICERL R CCATGCGGCTGGGTAGTC

qCLDNL-F AGCACCGGGCAGATCCA qRT-PCR in section 3.2.2
qCLDNIR CACGGGTTGCTTGCAATGT
qCLDN16-F CGCACCTGTGATGAGTACGATT
qCLDN16-R TCGAGTTACCACCAGCTTCAAG

gLERPREL1_F

TATGGAGGACGACAGGATGAGA

gLERPREL1_R

AACTTCTGCTCCCTCTACGTTCA

gILIRAP_F

GGCCCACTCTCCTCAATGAC

qILLRAP_R

TTTGCTGCAATATGTAGTGTTCCTT
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2.6 Cell culture
Clones harboring single-copy integration of XIST constructs into HT1080 fibrosarcoma cell lines were
generated and cultured as described previously [44]. The XIST transgenes were induced by doxycycline

(1 pg / mL) and cell culture medium was changed every 24 hours.

2.7 siRNA-mediated knock-down

siRNA-mediated knock-down was performed according to the manufacturer’s protocol. A 0.5-1 pL
aliquot of Dharmafect 4 transfection reagent (Thermo Scientific) and 2.5-5 uL of 5 uM siGenome
SMARTDpool siRNA (Table 2.4; Thermo Scientific) were used per 500 uL of medium in each well. Cells
were seeded in a 24-well plate at 30 000 cells per well density. Timelines for the DOX and siRNA
treatments varied and are always depicted for the individual experiments.
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Table 2.4: List of siRNAs used

Target gene (human)

Accession number

Product number

SUZ12 NM_015355 M-006957-00
EZH2 NM_152998 M-004218-03
BRRN1 NM_015341 M-012853-01
SMC4L1 NM_001002800 M-006837-01
CNAP1 NM_014865 M-021198-00
AOF2 NM_015013 M-009223-01
PARP1 NM_001618 M-006656-01
ASH2L NM_004674 M-019831-01
SDC1 NM_002997 M-010621-01
M96 NM_007358 M-012796-02
CUL3 NM_003590 M-010224-02
SPOP NM_001007228 M-017919-02
ATM NM_138292 M-003201-04
ATRX NM_138270 M-006524-01
SMCHD1 NM_015295 M-032684-00
BRCA1 NM_007298 M-003461-02
H2AFY NM_004893 M-011964-00
H2AFY2 NM_018649 M-010913-01
HNRPU NM_004501 M-013501-01
SATB1 NM_002971 M-011771-00
SATB2 NM_015265 M-023161-00
SET7 NM_030648 M-014643-01
CARM1 NM_199141 M-004130-00
RNF2 NM_007212 M-006556-01
YY1 NM_003403 M-011796-02
CTCF NM_006565 M-020165-02
CBX4 NM_003655 M-008356-01
CBX7 NM_175709 M-009561-02
HNRPK NM_002140 M-011692-00
EHMT2 NM_025256 M-006937-01
EHMT1 NM_024757 M-007065-00
REST NM_005612 M-006466-02
RCOR1 NM_015156 M-014076-01
DICER1 NM_030621 M-003483-00
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2.8 Chromatin immunoprecipitation

All steps were performed as published previously [231]; incubation with micrococcal nuclease for

8 minutes provided an ideal size of chromatin fragments. Antibodies used were: 5 ng (per reaction) of
anti-H3K27me3 (07-449; Millipore), 7.5 pg of anti-H3 (H9289; Sigma), 10 ug of 1gG (18140; Sigma)
and 2.5 pg of anti-panH4acetyl (06-598; Millipore).

2.9 RNA structure modeling

Mfold server version 2.3 was used to predict secondary RNA structures (http://mfold.rna.albany.edu).

2.10 Analysis of repeat A core sequences in mammals

Repeat A sequences in a panel of mammalian species were identified using a combination of BLAST,
BLAT and in silico PCR searches of mammalian genomes available through NCBI
(http://blast.ncbi.nlm.nih.gov) and ENSEMBL (http://www.ensembl.org/Multi/blastview) databases, as
well as UCSC genome browser (http://genome.ucsc.edu). Accession numbers or genomic locations of
repeat A sequences are listed in Table 2.5. Sequences were aligned in clustalw?2
(http://www.ebi.ac.uk/Tools/msa/clustalw2) and screened to exclude all non-bona fide repeat A CG-rich
core sequences from further analyses. CG-rich core sequences that contained bases deviating from the
canonical sequence of either stem 1 or stem 2 were identified. Finally, we tested whether such a mutation

was reciprocated by a mutation within the same repeat A unit, or in any other repeats of that species.
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Table 2.5: List of accession numbers or sequence coordinates of repeat A sequences compared in
sequence analyses

Species Accession number / genomic location
Mus musculus NR_001463

Rattus norvegicus chrX:91,467,666-91,468,097 Nov. 2004
Ellobius lutescens EU086094.1

Equus caballus U50911.1

Pan troglodytes

chrX:73,645,114-73,645,544 Oct. 2010 assembly

Gorilla gorilla

chrX:71,018,187-71,018,664 May 2011 assembly

Pongo pygmaeus

chrX:71,294,280-71,294,715 Jul. 2007 assembly

Homo sapiens

NR_001564

Macaca mulatta

chrX:72,974,560-72,974,994 Jan. 2006 assembly

Callithrix jacchus

chrX:65,411,057-65,411,432 Mar. 2009 assembly

Echinops telfairi

scaffold_298824:9,733-10,152 Jul. 2005 assembly

Cavia porcellus

scaffold_26:23,393,897-23,394,265 Feb. 2008 assembly

Tursiops truncatus

scaffold_92440:418-831 Jul. 2008 assembly

Oryctolagus cuniculus

U50910.1

Erinaceus europaeus

scaffold_354641:1,200-1,618 Jun. 2006 assembly

Sorex araneus

scaffold_229162:51,879-52,334 Oct. 2005 assembly

Felis catus chrn_ACBE01438274:3,390-3,792 Dec. 2008 assembly
Bos taurus NR_001464.2
Sus scrofa CU855548.6

Tupaia belangeri

scaffold_148376:1,812-2,307 Jun. 2006 assembly

Microcebus murinus

scaffold_20625:5,197-5,658 Jun. 2007 assembly

Canis lupus familiaris

chrX:60,410,297-60,410,751 May 2005 assembly

Ailuropoda melanoleuca

GL194824.1:76,507-76,993 Dec. 2009 assembly

Vicugna pacos

scaffold_25540:1,149-1,688 Jul. 2008 assembly

Tarsius syrichta

scaffold_135455:2,195-2,478 Aug. 2008 assembly

Myotis lucifugus

GL429771:10,780,415-10,780,834 Jul. 2010 assembly

Pteropus vampyrus

scaffold_7187:74,526-74,917 Jul. 2008 assembly

38


http://www.ncbi.nlm.nih.gov/genome/52
http://www.ncbi.nlm.nih.gov/genome/73
http://www.ncbi.nlm.nih.gov/genome/145
http://www.ncbi.nlm.nih.gov/genome/202
http://www.ncbi.nlm.nih.gov/genome/2156
http://www.ncbi.nlm.nih.gov/genome/10714
http://www.ncbi.nlm.nih.gov/genome/51
http://www.ncbi.nlm.nih.gov/genome/215
http://www.ncbi.nlm.nih.gov/genome/442
http://www.ncbi.nlm.nih.gov/genome/231
http://www.ncbi.nlm.nih.gov/genome/769
http://www.ncbi.nlm.nih.gov/genome/316
http://www.ncbi.nlm.nih.gov/genome/227
http://www.ncbi.nlm.nih.gov/genome/226
http://www.ncbi.nlm.nih.gov/genome/78
http://www.ncbi.nlm.nih.gov/genome/82
http://www.ncbi.nlm.nih.gov/genome/84
http://www.ncbi.nlm.nih.gov/genome/473
http://www.ncbi.nlm.nih.gov/genome/366
http://www.ncbi.nlm.nih.gov/genome/85
http://www.ncbi.nlm.nih.gov/genome/2702
http://www.ncbi.nlm.nih.gov/genome/905
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2.11 Statistical analyses
When shown, error bars represent £1 standard deviation. Two-tailed Student’s t-test was used to probe
whether differences in gene expression levels were significant. Correlations are calculated using Pearson

correlation coefficient.
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3 THE REPEAT A IS SUFFICIENT TO INDUCE GENE SILENCING IN MULTIPLE
INTEGRATION SITES IN THE HT1080 TRANGENIC SYSTEM

The candidate (Jakub Minks) designed, performed and analyzed all experiments presented in this section

with the following exceptions:

Sarah Baldry, a member of the Brown laboratory, has performed all experiments required to transfect
XIST transgenes into the HT1080 cells.

Transgene integration sites in HT1080 cells lines shown in Figure 3.5C were previously identified by Dr.

Jennifer Chow, Sarah Baldry, Jackie Goyns and Christine Yang of the Brown laboratory.
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3.1 Introduction

X inactivation has been most thoroughly studied in human and mouse. The key principles of

X inactivation are shared in both organisms, and indeed all placental mammals studied so far. However,
humans and mice differ in many aspects of X inactivation, ranging from different regulation of XIST/Xist
expression [20] to differences in XIST/Xist structure (see section 1.3.2) and the proportion of genes that
escape X inactivation (reviewed in [11]). As X inactivation is an early developmental event, human in
vivo studies are very limited due to ethical and practical considerations. Therefore, development of
human-specific model systems that recapitulate all or some features of X inactivation in vitro is critical

to further our understanding of the molecular underpinnings of human X inactivation.

As discussed in section 1.5, human ES cells have, so far, not proven as useful for the study of human

X inactivation as their mouse counterparts. Therefore, several human models employing differentiated
cell lines have been developed. With an intention to avoid the shortcomings of previously utilized
systems, and in the absence of an ES cell or a similar system that would mimic the events taking place
during normal X-chromosome inactivation in humans, our laboratory has previously developed a
transgenic system consisting of two main components. First, we created a set of HT1080 male
fibrosarcoma cell lines harboring randomly integrated single-copy FRT sites. Second, we cloned a series
of plasmid constructs containing either a full-length cDNA of human XIST or truncated XIST cDNAS
driven by a doxycycline inducible promoter [44]. These constructs were then transfected into the FRT
site-containing HT1080 cell lines.

In one HT1080 cell line (HT1080 2-3-0.5+3#4), the FRT site-containing plasmid was co-transfected with
an EGFP-containing plasmid, which resulted in EGFP integration directly downstream of FRT site. The
presence of fluorescent reporter gene allowed for convenient assessment of XIST’s silencing ability. For
this reason, the 2-3-0.5+3#4 cell line was used in the majority of experiments presented in this thesis.
Fluorescence in situ hybridization mapped the transgene to the 3q chromosome arm. Upon doxycycline-
mediated induction, full-length XIST transcripts localized in cis and silenced an adjacent EGFP reporter.
An approximately 80% decrease in EGFP signal was observed by flow cytometry after 4 days of XIST
expression. Notably, EGFP repression required continuous XIST expression. A subset of the epigenetic
modifications associated with X inactivation was also observed after XIST induction, however in
comparison with normal mouse X inactivation, the changes occurred at slower rate. Upon XIST
induction, the CMV promoter driving EGFP showed a decrease in H3K4 di- and trimethylation and H4
acetylation, accompanied by an increase of CBX3 (HP1y) and H4K20mel. No recruitment of H3K9me2
or DNA CpG methylation was observed in the course of EGFP silencing. The XIST signal co-localized

with a nuclear territory depleted for hnRNA transcription, forming a so called ‘CoT hole’ [228]. While
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this suggests that the transgenic XIST is able to form a silent compartment, chromosome-wide gene
silencing was presumably not induced, as haploinsufficiency for multiple cis-linked genes would have

likely resulted in cell death.

Taking advantage of the ability to re-target different XIST constructs into the same FRT integration site
and directly compare the function of various XIST constructs, Chow et al. tested the impact of three XIST
deletions [44]. First, a deletion of a central portion of XIST exon 1 had no effect on XIST localization or
EGFP silencing. Second, a deletion truncating the cDNA from the 3' section of exon 1 downstream
resulted in slightly less localized XIST accumulation, but did not affect EGFP silencing. Third, a
deletion of the repeat A region resulted in loss of XIST's ability to silence EGFP; consistent with the data
from mouse Xist constructs [42]. However in contrast to the mouse repeat A deletion, XIST localization
was also lost [44]. The transgenic XIST was also integrated into a commercially available HEK293 cell
line with a single FRT integration site. Compared to the HT1080 cell line, the HEK293 showed robust
recruitment of chromatin marks associated with the Xi [44].

In summary, the transgenic HT 1080 cells offer an exciting model for the study of human X-chromosome
inactivation because XIST induction leads to gene repression with only a subset of chromatin changes
observed in normal X inactivation and because it allows us to reproducibly probe the function of multiple
XIST constructs by inducing XIST expression with DOX and using flow cytometry or qRT-PCR to
measure the extent of gene silencing induced by XIST. The work presented in this section aimed to
refine the minimal sequence of XIST necessary and sufficient to induce gene silencing in the HT1080 2-
3-0.5+3#4 cell line. Further we explored whether the extent of XIST-induced gene silencing differs
between cell types and HT1080 cell lines, as well as in multiple single cell-clones of the same cell line.
Finally, we aimed to test whether the transgenic XIST has capacity to silences other transgenes and

endogenous genes.

3.2 Results

3.2.1 Repeat A is sufficient to induce EGFP silencing
To further explore which regions of XIST are critical for silencing, we first assayed the relative level of

transcription along the transgenic XIST. The “full-length’ XIST cDNA transgene corresponds to a
common splicing variant which retains XIST exons 1-7, but lacks approximately 2/3 of exon 6 [34, 44].
gRT-PCR data show approximately equal amount of transcripts along XIST, suggesting that most of the

transcripts span the whole length of the transgenic XIST (Figure 3.1). Importantly, the expression of the
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induced transgenic XIST in the HT1080 cell line is comparable to the XIST expression in normal female

lymphoblasts (Figure 3.1).
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Figure 3.1: Transcription along XIST.

(A) Schematic of full-length XIST cDNA transgene depicting position of gPCR primer pairs gXIST 1 — gXIST 16
relative to XIST exons and intron 7.

(B) Expression of XIST in the HT1080 cell line harboring full-length XIST cDNA transgene and three female
lymphoblast cell lines (593, 7050 and 7348), relative to ACTB expression. The error bars represent +1 s.d. In order
to compare the transcript abundance along the XIST transgene, genomic DNA from the HT1080 transgenic cell line
was used as a template for standard curve samples to normalize for variation in gPCR efficiency. Since the HT1080
transgenic cell line is male, it contains one copy of endogenous XIST and one copy of the transgenic XIST cDNA,
which contains exons 1-5, the spliced variant of exon 6, and exons 7-8. Therefore, we normalize for this variation in
copy number of different XIST regions.

Having confirmed that XIST transcription in the full-length cDNA transgene mimics XIST transcription
in normal female cell lines, we focused on delineating the XIST sequence that is critical for transgene
silencing. Our laboratory has previously shown that the ability of full-length XIST to silence EGFP was
retained in both a construct lacking the 3.8 kb region 3’ of repeat A sequences and in a construct lacking

exons 2-8 and the 3’-most portion of exon 1 [44]. We created a construct that combines these deletions
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(Figure 3.2A) and tested its silencing potential. Flow cytometry showed that even this construct
consisting only of the 5’-most fragment of exon 1 which includes repeat A and a further 3.5 kb of exon 1
sequence induced strong EGFP silencing upon XIST expression (Figure 3.2B). To probe whether the
overall structure of XIST impacts its ability to silence, we created a transgene in which repeat A region is
located at the 3, instead of at the 5” end of XIST. Flow cytometry survey of three single-cell colonies

again showed strong EGFP silencing upon XIST expression (Figure 3.2C).

Our laboratory has previously reported that the repeat A-lacking XIST construct failed to induce gene
silencing in the HT1080 cells [44]. A similar repeat A-lacking Xist also did not induce gene silencing in
mouse ES cells [42]. However, in contrast to the observations in the mouse system, the repeat A-lacking
construct was unable to form XIST foci in the HT1080 cells. To explore whether the failure of the
silencing-deficient human XIST to localize is accompanied by an accumulation of XIST in the
cytoplasm, we assayed nuclear and cytoplasmic concentrations of the truncated XIST. gRT-PCR analysis
of nuclear and cytoplasmic fractions revealed that both the full-length and the repeat A-lacking XIST

transgenes are predominantly localized to the nucleus (Figure 3.2D).
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Figure 3.2: XIST transgenes containing repeat A are capable of gene silencing.

All data on shown in this figure were measured in the EGFP-containing HT1080 2-3-0.5+3#4 cell line.
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(A) Schematic of full-length XIST cDNA transgene depicting XIST exons and regions included in shorter XIST
constructs. Deletion in the del 5°A construct spans units 2-9 of repeat A, as well as approximately 450 bp
immediately downstream of repeat A.

(B) Expression of EGFP in six single cell clones harboring the dPFIMI dNC construct was measured by flow
cytometry following XIST induction for 14 days. EGFP expression was also measured in the absence of XIST
expression in two clones (3 ug #1 and 1 pg #19). The clone names reflect the amount of plasmid DNA that was
transfected into the HT1080 cells (1 ng or 3 ug) and the order of the individual single-cell colony isolated.

(C) As in (B). XIST was induced for 10-12 days as indicated.

(D) A representative qRT-PCR analysis of cytoplasmic and nuclear concentrations of the full-length XIST cDNA
and del (5°A) constructs. The amount of XIST RNA in nuclear or cytoplasmic fractions was normalized,
respectively, to nuclear or cytoplasmic concentration of ACTB or PGK1 RNA. The error bars represent +1 s.d. of
gRT-PCR technical triplicate.

Since all transgenic cell lines tested up to this point that contained repeat A sequences were able to
silence EGFP and since the XIST transgene that lacked repeat A but was otherwise intact failed to repress
EGFP [44], we wished to test whether a transgenic cell line containing only a repeat A fragment is
sufficient for proximal gene silencing. Indeed, multiple single cell clones showed strong EGFP silencing
following induction of a construct containing only repeat A sequence (Figure 3.3A). The extent and
dynamics of EGFP silencing by repeat A mimicked that of full-length XIST over the first 5 days
following induction by doxycycline, suggesting that the ability of XIST to silence EGFP is solely
attributable to the repeat A region (Figure 3.3 B, C).
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Figure 3.3: Repeat A region of XIST is sufficient to induce gene silencing.

All data on shown in this figure were measured in the EGFP-containing HT1080 2-3-0.5+3#4 cell line.

(A) Expression of EGFP measured in 9 different single-cell clones (1 — 17) by flow cytometry. XIST was induced
for 10 days.

(B) EGFP expression following 5 days of transgene induction, measured by qRT-PCR. Values are normalized to
EGFP expression in uninduced cells and to ACTB expression. The error bars represent £1 s.d. of two biological

replicates.

(C) EGFP expression following 1-5 days (d1-d5) of full-length XIST and 5’A induction, measured by flow
cytometry and normalized to EGFP expression in uninduced cells (d0).

3.2.2 Genes both up- and downstream of transgenic XIST undergo silencing in multiple

integration sites
Efficient XIST-induced silencing requires not only functional XIST RNA and its protein partners, but

also proper genomic context, as has been demonstrated by limited spread of X inactivation into
autosomal portions of translocated X:A chromosomes (reviewed in [11]). Having established that

repeat A is sufficient for EGFP silencing, we aimed to better describe the HT1080 transgenic system and
explore both whether this effect extends to other genes and whether XIST functions in various

integration sites. The Flp-In system (Invitrogen) that was used to create the HT1080 transgenic cell lines
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consists of a plasmid that carries the gene for the tetracycline repressor (TetR) and an FRT-harboring
plasmid. The TetR-containing plasmid was integrated in two different, but unmapped, genomic sites in
the 2-3 and 2-12 ‘parental’ cell lines. Subsequently, numerous cell lines with differing random FRT
integration sites were created using either the 2-3 or the 2-12 ‘paternal’ HT 1080 cell lines. Finally, the
pcDNAS/FRT/TO plasmid was employed to integrate the transgenes into a FRT site by transient co-
transfection of a Flp integrase construct. Successful pcDNAS/FRT/TO integration results in expression
of the hygromycin resistance gene (Hyg) by the SV40 promoter, which is located approximately 2.3 kb
upstream of the transgene-driving inducible promoter and serves as a positive selection marker (detailed
in section 2.1). A commercially available HEK293 cell line (Invitrogen) containing FRT and TetR was
also used to probe the effects of ectopic XIST expression.

Using gRT-PCR, we first tested the expression levels of the TetR (Figure 3.4A). TetR was expressed in
all clones tested. Overall, the expression in the 2-3 -derived cell lines was stronger compared to 2-12-
derived cell lines (p < 0.0013, two-tailed t-test); we however note that TetR expression shows clone-to-
clone variation. As expected, XIST expression is upregulated in cells treated with DOX (Figure 3.4B).
Although the expression levels of XIST varied considerably in the six different cell lines tested, the
clones that showed higher XIST expression also tended to express Hyg more strongly. Previously, a qRT-
PCR analysis suggested hygromycin is not subject to XIST-induced silencing [44]. However, in all cell
lines tested here, XIST induction lead to Hyg repression (Figure 3.4C).
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Figure 3.4: Expression levels of TetR, XIST and Hyg in multiple integration sites.

Expression of TetR, XIST and Hyg was assayed by gRT-PCR with qTetR S:AS, gXIST5 S:AS and gHyg S:AS

primer pairs, respectively, and normalized to ACTB. In the samples labeled DOX +, XIST expression was induced

for 7-14 days. The error bars represent £1 s.d. of qRT-PCR triplicate.

49



To further explore how the surrounding chromatin influences XIST-induced silencing, we took
advantage of the set of existing transgenic cell lines with known genomic locations of the integrated FRT
site. As fluorescent reporters allow for efficient screening, we created a plasmid that carries both the

inducible repeat A and a DSRED Express2, driven by the mouse Pgkl promoter (Figure 3.5A).

Upon induction, repeat A efficiently silenced the reporter gene in the HT1080 2-3-1.0d (Figure 3.5B).
The silencing was less prominent in the HEK293 cell line and in the HT1080 2-3-0.5+3#4, the cell line
that harbors EGFP downstream of the FRT integration site (Figure 3.5B). Interestingly, the silencing of
EGFP in the HT1080 2-3-0.5+3#4 #3 cell line was also less prominent when compared to the original
5’ A transgene (Figure 3.3C). In this cell line, we observed that the cells clustered into two populations in
DOX-free media. One population showed EGFP and DSRED expression comparable to the other cell
lines, while the other population transcriptionally silenced both the EGFP and the DSRED express2
transgenes. After we isolated the transcriptionally silent and active cell populations by fluorescence-
activated cell sorting (FACS), the cultures reverted to the mixed populations of cells with transcribed and
silent reporters (data not shown). In the cell lines tested, removal of DOX from the culture media led to
reversal of the transgene silencing within 5 days (Figure 3.5B); DSRED express2 was fully expressed
after the cell lines were maintained for 30 days in DOX-free media (not shown). Similar lack of XIST’s
ability to induce stable (XIST-independent) silencing was also previously reported for the CMV
promoter-driven EGFP.

To test whether the ability of repeat A to silence the reporter depends on the genomic integration site, we
inserted the repeat A — DSRED express2 transgene into six HT1080 cell lines with a known
chromosomal location of the FRT integration site. Flow cytometry revealed that repeat A induced

efficient reporter gene silencing in multiple clones within all integration sites tested (Figure 3.5C).
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Figure 3.5: Repeat A silences the Pgk1-driven fluorescent reporter irrespective of the surrounding
genomic context.

(A) Map of the repeat A — DSRED express2 construct.

(B) DsRED express2 and EGFP expression, measured by flow cytometry, following induction and subsequent
repression of repeat A.

(C) Repeat A expression for 5 days results in robust silencing of DSRED express2. The error bars represent £1 s.d.
of the silencing levels of the individual single-cell clones (N = 8-11). Chromosome arms on which the transgenes
are integrated are shown; precise genomic localization of the probed integration sites is detailed in Table 2.1.
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Our laboratory has previously identified FRT integration sites in 9 cell lines. However, the precise
integration of the FRT sites, and therefore XIST transgenes, in two extensively used cell lines was
unknown. We have identified the integration sites in both the HEK293 and the HT1080 2-3-0.5+3#4 cell
lines by inverse PCR and DNA sequencing (Figure 3.6A, B). Using a combination of conventional PCR
and DNA sequencing, we have also established the precise transgenic DNA sequence resulting from the
integration of the FRT- and EGFP-containing plasmids in the 2-3-0.5+3#4 (Figure 3.6C).
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Figure 3.6: Genomic location of FRT sites in HEK293 and HT1080 2-3-0.5+3#4 cell lines.

(A) A view of the UCSC genome browser depicting the FRT integration site location in the HEK293 cell line. The

red arrow points to the region of transgene integration. The portion of DNA sequence obtained by inverse PCR
which was not part of the plasmid was submitted to BLAT query against human genome assembly hg19 (Feb.

2009). 30 bp of sequence flanking the breakpoint

(B) As in (A). The integration site in the HT1080 2-3-0.5+3#4 cell line is depicted. Asterisks highlight the genes

surrounding the transgene integration site that we

(C) The map of the transgene in the HT1080 2-3-0.5+3#4 cell line showing 30 bp of the flanking sequences

are shown.

re tested for XIST-induced silencing.

surrounding the breakpoint between pFRT lacZ Zeo and pEGFP N1 integrated plasmids.
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To further confirm that silencing results from an XIST RNA-related, sequence-specific effect, we also
demonstrated the absence of XIST transcripts which would proceed through the EGFP reporter
construct. Although some transcripts were present downstream of the polyadenylation site, transcription
was completely absent at a site approximately 2 kb 5” of the EGFP promoter (Figure 3.7).While the
absence of transcripts may also be explained by transcript instability, our conclusion that silencing is not
due to transcription interference is further supported by XIST-dependent attenuation of the expression of
the Hyg gene located upstream of XIST (Figure 3.4C) and absence of silencing with vector, or the

transgene deleted for repeat A (Figure 3.3B).
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Figure 3.7: Stable XIST transcripts do not overlap with EGFP gene.

(A) Position of the primer pairs p1-p4 relative to the transgenic XIST.

(B) qRT-PCR analysis of expression within full-length XIST transgene (p2) and upstream (p1) and downstream (p3,
p4) of XIST sequence following 5 days of DOX-induced XIST expression. Genomic DNA standard was used to
normalize for amplification efficiency. The error bars represent +1 s.d. of the gRT-PCR technical triplicates.

Finally, we explored whether XIST is able to induce silencing of the genes flanking the integration site in
the 2-3-0.5+3#4 cell line. gRT-PCR analysis showed that expression of full-length XIST induced
silencing of CLDN16, a gene located approximately 100 kb downstream of XIST. The approximately
50% decrease in CLDN16 transcription is consistent with the complete silencing of the cis-located allele
(Figure 3.8A). The silencing was however not observed when a construct containing only the repeat A
sequence was induced, nor in the construct lacking repeat A. As expected, no silencing of CLDN16 by
the transgene entirely lacking XIST sequence was observed. ILLRAP, a more robustly expressed gene
with a promoter located a further 120 kb downstream (i. e. 220 kb from XIST) was not subject to XIST-
induced silencing (Figure 3.8B). Very low expression levels of CLDN1 and LEPREL1 genes prevented a
reliable analysis by qRT-PCR.
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Figure 3.8: CLDN16 is silenced upon transgenic XIST induction.

gRT-PCR analysis of CLDN16 (A) and IL1RAP (B) expression following the induction of XIST for 5 days. Gene
expression was normalized to ACTB. The error bars represent £1 s.d. of the normalized expression levels for four
(full-length XIST cDNA) or two (the remaining constructs).

Together, our data show that the previously observed XIST-induced silencing of the reporter gene in the
HT1080 human somatic cells [44] can be recapitulated solely by the repeat A sequence in multiple
integration sites, in two cell lines (HT1080 and HEK?293) and irrespective of the genomic context
surrounding the integration site. In total, three different promoters: SV40, CMV and mouse Pgk1, located
either directly upstream or directly downstream of the XIST transgenes responded to XIST-induced
silencing. Moreover, we show that CLDN16, a gene located approximately 100 kb downstream of the
XIST, is also subject to XIST-induced silencing.

3.3 Discussion

The purpose of the work presented in this section was to validate and extend our previous observations
that the transgenic XIST is able to induce reporter silencing in a differentiated human cell line [44]. The
HT1080 model of human X-chromosome inactivation is attractive in several aspects. First, HT1080 is a
male cell line, thus endogenous X inactivation does not interfere with the effects of the transgene. The
use of single copy FRT sites integrated in the HT1080 genome allows targeting of multiple XIST
constructs into the same genomic region, thus eliminating different and/or multiple integration sites as a
factor influencing XIST’s ability to silence. Therefore it is possible to directly compare the effects of

multiple constructs at the same integration site as well as the effects of the same construct and reporter at
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different integration sites. The DOX-inducible promoter allows for control over XIST expression and
prevents any negative selection of cells in which XIST-induced gene silencing may be lethal. By
inducing XIST expression only after stable cell lines were established, the possibly-detrimental effects of
ectopic XIST expression can be observed. The transgenic model recapitulates some, but not all aspects of
endogenous X inactivation. Only a subset of changes associated with X inactivation is observed upon
induced XIST expression. Broadly, a loss of active chromatin marks akin to that seen in normal

X inactivation, but less rapid is observed, however recruitment of inactive marks is substantially
impaired. As the transgenic XIST in the HT1080 cells is still able to induce gene silencing, the
components of X inactivation absent in this system are dispensable at least for a local XIST-induced
gene silencing. Last, but not least, the HT1080 cells show rapid growth and good viability under a broad

range of culturing conditions.

We have shown that the inducible full-length XIST cDNA transgene is transcribed at approximately
equal amount as endogenous XIST in female lymphoblasts (Figure 3.1). The extent of transcription along
the transgene was constant between the 5’ end of exon 1 and exon 6; the XIST transcription dropped to
approximately 50% by exon 7. As the expression of the transgenic XIST depends on, and thus must
originate solely from, the inducible CMV/TetO2 promoter, we conclude that most transcripts span the
majority of XIST cDNA. These results demonstrate that only a single XIST isoform is needed to induce
gene silencing and suggest that the multiple spliced isoforms of XIST (discussed in Section 1.3.1) either

lack functional significance, or have other roles, possibly in the course of initiation of X inactivation.

We next focused on delineating the sequence of XIST that is critical for silencing. Previously, our
laboratory has showed the repeat A-lacking XIST transgene fails to form XIST foci and to induce gene
silencing [44]. We have now confirmed the lack of gene silencing by gqRT-PCR (Figure 3.3B) and shown
that despite losing the ability to localize to chromatin in cis, the del (5’A) transcript remained localized in
the nucleus. This finding contrasts with the observation in mouse ES cells, where a repeat A-lacking
construct was able to cover the cis-linked chromosome [42]. Recently, YY1 was shown to be
indispensable for Xist localization in mouse ES cells which requires YY1 binding both to the Xist DNA,
via YY1 binding sites in repeat F and to the Xist RNA, via the murine-specific repeat C [54]. The del
(5°A) construct lacks not only the repeat A, but also the region harboring YY1 binding sites that is
syntenic to mouse repeat F. Moreover, as human XIST practically lacks repeat C [34], either YY1
interacts with different regions of XIST, or the localization of XIST to the Xi is in human controlled by
an entirely independent mechanism. Thus, the difference between the mouse and the human repeat A-
lacking transgenes in their capacity to localize may either be caused by deletion of regions outside of the

repeat A in the human construct, or may be species- or cell type-specific. For example, the delocalization
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of the repeat A-less XIST in the HT1080 cells may be due to a reduced amenability of chromatin to
epigenetic modification and chromatin remodeling in the differentiated cells in comparison with the
plastic chromatin of ES cells, or due to an absence of a protein factor that is critical for engaging

sequences 3’ of repeat A in forming of the transcriptionally silent XIST domain.

The limited understanding of why some spliced and polyadenylated IncRNAs, including XIST, show
nuclear localization leaves us to speculate why the del (5’A) transcript remains nuclear after losing the
ability to localize in cis. Current models assume that XIST interacts with an array of proteins to form a
heterogeneous complex which comprises a nuclear compartment not permissible to transcription
(reviewed in [8]). We propose that these interactions per se are the reason why XIST is not exported to
the cytoplasm and that the repeat A-lacking transcript retains some of these interactions to remain
nuclear, but lacks the interactions mediated by the repeat A region to from a nuclear compartment, and
thus cannot induce gene silencing. Alternatively, XIST RNA, full length or truncated, may remain
nuclear simply because it avoids interaction with proteins involved in RNA exporting from the nucleus
[72].

Truncated Xist transgenes that retained the repeat A region were previously shown to induce gene
silencing [42] and a similar observation was made by Chow et al. [44] in the HT1080 transgenic system.
We have extended these analyses by showing that a construct combining the previously tested deletions
[44] also retained the ability to silence (Figure 3.2B). Transposing the repeat A region from its normal 5’
end location to the 3’ end also did not affect gene silencing (Figure 3.2C). While the previously
published studies showed that repeat A is necessary for gene silencing, constructs consisting of only
repeat A were not tested. Our results show that transcripts consisting of only the human 5’ A repeat
maintain nuclear localization (Figure 3.2D). We propose that similar to the repeat A-lacking transcript,
the nuclear localization of repeat A is due to binding of XIST RNA with proteins that interact with
chromatin; however, which sequence features of repeat A are required to maintain its nuclear localization
or what proteins are involved is currently not known. Finally, the 5’ A repeat construct retains the full
silencing potential of the whole XIST and thus, that the repeat A is both necessary and sufficient to
induce gene silencing (Figure 3.3A-C).

As the ectopic XIST expression in the HT1080 cells does not likely lead to a chromosome-wide
silencing, we were unable to systematically test whether repeat A alone can induce gene silencing
outside of the region from which it is transcribed. However, our finding that expression of the full-length
XIST cDNA, but not of the repeat A construct in the 2-3-0.5+3#4 cell line induces silencing of CLDN16
(Figure 3.8A), a gene located approximately 100 kb downstream of the transgenic site (Figure 3.6B),
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suggests that XIST requires the sequences 3’ of repeat A in order to form a functional silencing

compartment.

The ability of XIST to spread in cis and induce transcriptional silencing is modulated by yet unknown
chromatin features, as demonstrated by the limited inactivation of autosomal chromatin in X:autosome
translocations (reviewed in [11]). We used two approaches to test a hypothesis that different XIST
integration sites in the HT1080 cells will show varying degree of reporter gene silencing. First, we
surveyed existing cell lines with transgenic full-length XIST integrated in different genomic loci. In the
absence of DOX, XIST expression is suppressed by tetracycline repressor (TetR). The HT1080 cell lines
described here originate from two different HT1080 cell lines harboring TetR transgene (2-3 and 2-12).
We observed that while TetR expression was higher in the 2-3-derived cell lines, the lower TetR
expression in the 2-12-derived cell lines was fully sufficient to suppress XIST expression in the absence
of DOX (Figure 3.4A, B). In all the clones we examined, XIST expression was induced following DOX
treatment, however the extent of upregulation and the absolute levels of XIST RNA (normalized to
ACTB) varied considerably among the clones, and to some extent may be dictated by the chromatin
structure surrounding the integration sites (Figure 3.4B). Similarly, XIST expression led to silencing of
Hyg in all tested clones, although Hyg expression and the extent of silencing showed substantial clone to
clone variability (Figure 3.4C).

The variable XIST expression levels and differences in transgene silencing may be intrinsic to the
integration site or alternatively, they may be a result of stochastic events, as each cell line is derived from
a single-cell colony. We took advantage of the finding that a short fragment of XIST, the repeat A, is
sufficient for the gene silencing and created a construct that carries both the repeat A and a fluorescent
reporter. Based on our experience with the HT1080 transgenic system, we modified several features to
create a system that is better equipped to answer how repeat A induces gene silencing (Figure 3.5A).
Namely, we used the DSRED express2 fluorescent reporter for its comparatively shorter half-life and low
toxicity. Avoiding the use of EGFP allows greater flexibility in future experiment designs as EGFP is
often utilized as a marker of expression (e. g. in ShRNA screens). Further, the DSRED express2 is driven
by the mouse Pgkl promoter in the construct we generated. This avoids the complication in designing
specific qPCR primers that we encountered in the EGFP transgene, where the inducible promoter was
derived from CMV which also drives EGFP. Compared to the CMV promoter of viral origin, a
mammalian promoter may be a more biologically relevant target to acquire epigenetic changes induced
by repeat A. Finally, the new construct also harbors a LoxP site which will facilitate insertion of various

DNA elements to test their role in suppressing X inactivation.
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DsRED express2 was efficiently silenced following 12 days of repeat A induction in a 2-3-1.0d cell line
(Figure 3.5B). The silencing was less efficient when the transgene was integrated into the HEK293 cell
line. While the absolute extent of repeat A expression or its relative up-regulation was not tested, in our
hands, a wide range of absolute XIST transgene expression levels and even as low as 5-fold up-regulation
following treatment with DOX is sufficient to induce reporter gene silencing. This is in contrast with the
immunofluorescence-based experiments which showed that compared to the HT1080 transgenes, XIST
was better able to recruit marks of inactive chromatin in the HEK293 cells [44]. Silencing of both EGFP
and DsSRED express2 was attenuated in the HT1080 2-3-0.5+3#4 cell line. This is probably due to a
transgene silencing observed in a subset of cells which occurs independently of XIST expression and is
likely an X inactivation unrelated artifact. The reporter silencing required continuous repeat A
expression. The inability to induce stable gene silencing was also observed for the full-length XIST
transgene [44] and is consistent with the absence of recruitment of DNA methylation and other

chromatin marks acquired late in X inactivation.

Finally, a flow cytometry screen of variation of DSRED express2 silencing revealed that despite a
moderate variation among the individual clones, repeat A induced strong gene silencing in the six
different integration sites we tested (Figure 3.5C). While our results indicate that the surrounding
chromatin environment does not modulate the ability of repeat A to induce local gene silencing, we note
that the FRT-containing plasmid may preferentially integrate into accessible chromatin regions and thus,
that our screen of the existing clones with randomly integrated FRT sites may not capture the whole

spectrum of chromatin states.

Overall, we showed that the repeat A region of XIST alone is sufficient to induce robust silencing of two
different transgenic reporters, the CMV-driven EGFP and the Pgk1-driven DSRED express2 in multiple
cell lines, as well as an endogenous gene located downstream of the transgene in one of the cell lines.
These results demonstrate the robustness of the HT1080 transgenic system that has been critical for

dissection of the functional elements within the repeat A region.
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4 MINIMAL SEQUENCE OF XIST RNA AND STRUCTURAL REQUIREMENTS
FOR GENE SILENCING

The candidate (Jakub Minks) designed, performed and analyzed all experiments presented in this section
with the following exception:

Sarah Baldry, a member of the Brown laboratory, has performed all experiments required to transfect
repeat A-derived transgenes into the HT1080 cells.
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4.1 Introduction

The repeat A region of XIST/Xist was previously shown to be necessary for gene silencing in both
mouse and human [42, 44]. As detailed in section 3, we have also demonstrated that repeat A alone is
sufficient to induce gene silencing. Understanding which sequences within the repeat A are critical for its
function would add a new layer of resolution to the ongoing effort to describe, on a molecular level, how
XIST achieves X inactivation. A number of sequence and structural elements within repeat A may be
important in this process.

Repeat A consists of 24 bp-long CG-rich core sequences that are the best conserved XIST sequences
amongst eutherians. These sequences are separated by approximately 20-50 bp-long T-rich spacers
(Figure 4.2A). The CG-rich core is formed by two palindromes, each of which is broken by 4 bp-long
sequences. In contrast with other repeat sequences within XIST, the number of repeat A monomers is
also well conserved (see section 1.3.1). The lack of variation in repeat A sequence both among species
and between individual repeats of each species suggests that they are critical for XIST function, and are
likely involved in protein binding. The conservation of the number of repeat A units suggests either that
the repeat A functions as the whole and higher or lower number of units would interfere with the proper
repeat A structure, or that the putative protein cooperatively binds to repeat A in several copies and 8-9
repeat A units allow for optimal dynamics and/or extent of silencing. The number of repeat A units was
previously reported to correlate with the ability of Xist to induce silencing in differentiating mouse ES
cells [42].

The palindromic nature of the repeat A core sequences strongly suggests their involvement in forming a
distinct secondary RNA structure. Several alternative but mutually exclusive structures were previously
suggested (Figure 4.1). The first model proposed that each of the two palindromes forms a hairpin and
thus, the repeat A region of XIST RNA folds into a two-hairpin 8- or 9-mer [42]. However, an in vitro
analysis of repeat A structure by fluorescent resonance energy transfer (FRET), as well as sensitivity to
RNases that specifically digest single- or double-stranded RNA regions, proposed an alternative
structure. The first palindrome encompassing the ‘ATCG’ tetraloop was suggested to engage in pairing
between two separate monomers, and not within repeat A monomers, and the model proposed that the
second palindrome does not form a defined structure [73]. Nuclear magnetic resonance (NMR) analyses
of repeat A monomer and dimer structures revealed that under in vitro conditions, the first palindrome
formed a hairpin, while the second palindrome engaged in pairing between repeat A units [232, 233].
Thus, the primary sequence of repeat A shows a strong propensity to form secondary structures. The
exact nature of the repeat A structure is still unclear and its solution may require in vivo experiments, as

repeat A-binding proteins likely stabilize the RNA structure.
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Figure 4.1: Competing models of repeat A structure

Simplified representation of two models of repeat A structure. Canonical sequence of repeat A core is shown in the
top panel. The two palindromic sequences within the repeat A core are underlined and their engagement in forming
intra- versus inter-unit base pairs is shown. For simplicity, the intra-unit pairing is also shown for the second
palindrome, however experimental data does not fully support its formation [233]. The bottom panel illustrates the
overall structure of repeat A and lists the evidence in support as of either of the two models.

So far, two protein partners of repeat A have been identified. A splicing factor ASF/SF2, which is critical
for Xist RNA accumulation and processing, interacts with repeat A [74], however it is likely not directly
involved in gene silencing. The other known repeat A partner is PRC2, the protein complex responsible
for deployment of H3K27me3, a histone modification associated with transcriptionally repressed
chromatin and enriched on the Xi. While it has been shown to interact with repeat A, we demonstrate in

section 5 that PRC2 is not necessary for repeat A-induced gene silencing.

Therefore, while repeat A is known to be critical for XIST-induced silencing, neither the necessary
sequence and structure of the repeat A nor the repeat A-interacting proteins are known. In this section,
we take advantage of the transgenic HT1080 system to identify the sequence and structural elements

within repeat A that are critical for its function by creating a series of truncated and mutated repeat A
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constructs, transfecting them into the 2-3-0.5+3#4 cell line and testing the ability of these repeat A

transgenes to induce silencing of the EGFP reporter.

4.2 Results

4.2.1 Repeat A monomers additively contribute to silencing
In order to dissect the link between repeat A sequence and its silencing ability, we generated new

constructs that eliminated the potential confounding effect of sequence variations in the individual
monomers, particularly in the T-rich linker regions. We created an artificial repeat A consisting of a
nine-fold repetition of a 46 bp consensus monomer sequence, and containing restriction enzyme sites in
the T-rich stretches to further allow for the creation of constructs with reduced numbers of repeats
(Figure 4.2A). Flow cytometry data showed that the artificial repeat A silences EGFP to the same extent
as full-length XIST or human repeat A constructs (Figure 4.2B). Since variability within the individual
repeats and spacer regions did not contribute to silencing we were able to test the silencing ability of
constructs with fewer repeats. Transgenes harboring 2—6 repeat A monomers were functional, with a
linear relationship between the number of repeats and their silencing ability (Figure 4.2B). While we
observed as high as a 3.3-fold difference in expression levels of the individual artificial repeat A
constructs (data not shown), expression levels appear to fluctuate randomly, do not correlate with the
ability to silence and often vary for the same construct between individual biological replicates. A time
course experiment showed that silencing induced by the repeat A 2-mer gradually increased between day
2 and approximately day 8, however longer induction of the repeat A 2-mer did not promote further
EGFP silencing (Figure 4.2C).
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Figure 4.2: Repeat A monomers additively contribute to silencing.

(A) Human repeat A sequence consists of 8.5 copies of a well-conserved CG-rich core and T-rich spacer sequences.
Palindromic sequences hypothesized to form a secondary structure are underlined. Artificial repeat A was
constructed as a 9-mer repetition of consensus monomer sequence and restriction enzyme sites were introduced to
allow for the creation of shorter constructs.

(B) EGFP expression following 5 days of transgene induction as measured by gRT-PCR, relative to d0 and
normalized to changes in expression caused by induction of the vector alone and to ACTB expression (N = 2). Error
bars indicate +1 s.d.

(C) EGFP expression was measured by flow cytometry every 2 days for 16 days following induction of repeat A 2-
mer. EGFP expression in cells that were not induced with DOX served as a control.

Remarkably, even the 2-mer repeat A construct partially silenced EGFP, providing us with a well-
defined template for further dissection of the relationship between repeat A sequence and its silencing
ability. Repeat A monomers were previously predicted to form 2-hairpin CG-rich structures with the T-
rich stretches serving as spacers [42]. While alternative structures have since been proposed, for
simplicity, we refer to the four components of CG-rich consensus core as stem 1, loop 1, stem 2 and
loop 2 (Figure 4.3A). We created four variants of the 2-mer repeat A to probe the role of these elements

(Figure 4.3A). All mutations completely ablated the transgenes’ ability to silence EGFP compared to a
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canonical repeat A 2-mer, as measured by flow cytometry of two representative clones for each mutation
(Figure 4.3B), and analysis by gRT-PCR showed the same trends (Figure 4.3C). Thus, the most
conserved regions of XIST both among the individual repeats in human (Fig. 2A) and among different
species (Figure A.1), the CG-rich palindromes and their intervening ‘ATCG’ and ‘ATAC’ sequences, are

critical for XIST function.
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Figure 4.3: Mutation of the core repeat A sequences abrogates its silencing ability.

(A) Sequence of the canonical repeat A monomer and four mutant constructs created to target the hypothesized
repeat A hairpins. Underlined sequences correspond to stem 1 and stem 2. Dashes indicate no sequence change.

(B) Mean EGFP expression following 5 days of transgene induction, measured by flow cytometry and normalized
to EGFP expression in uninduced cells (d0) (N = 2).

(C) EGFP and hygromycin resistance gene (Hyg) expression following 5 days of transgene induction, measured by
gRT-PCR and normalized to ACTB and relative to EGFP expression in uninduced cells (d0) (N = 2).

Taking advantage of the well-defined 2-mer repeat A transgene, we used mfold [234] to design a quartet
of mutations that were predicted to enforce pairing either within (A1, A2) or between (B1, B2) each
monomer (Figure A.2 and Figure 4.4A). Measured by flow cytometry, the mutants that were predicted to

enforce the pairing within each monomer functioned better than those enforcing the interaction between
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the monomers; although, none of the four mutants silenced EGFP as efficiently as the canonical repeat A

2-mer (Figure 4.4B).
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Figure 4.4: Silencing ability of 2-mer repeat A construct is retained when forced to form the stem-
loop 1 structure but abrogated when the alternative structure is enforced.

(A) Sequence of the canonical repeat A 2-mer and four mutant constructs that either enforce formation of stem-
loop 1 (A1, A2) or an alternative folding (B1, B2) of repeat A sequences, as indicated by schematics. Dashes
indicate no change in sequence.

(B) Mean EGFP expression following 5 days of transgene induction, measured by flow cytometry and normalized
to EGFP expression in uninduced cells (d0) (N=7, two-tailed paired t-test).

4.2.2 Survey of repeat A mutations shows strong preference for stem 1 and mild
preference for stem 2 formation
To leverage the increasing number of sequenced mammalian genomes, we created a repeat A alignment

of 27 mammalian species (Figure A.1). As expected, repeat A was well conserved, in particular within
the CG-rich core sequences (Figure 4.5A). Of the defined stem-loop structures, loop 1 showed the
highest frequency of deviation from the canonical ‘ATCG’ sequence (Figure 4.5B), with approximately
10% (20/202) of repeat A units harboring an ‘AACG’ tetraloop instead.
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Sequence conservation of repeat A units among 27 mammalian species.

(A) Sequence conservation of 202 core repeat A units among 27 mammalian species. Lines on the X axis depict
(from top to bottom) position of bases, percent of units that deviate from canonical sequence, the canonical
sequence and arrows corresponding to bases forming the hypothesized stem 1 and stem 2.

(B) Average frequency of deviation from canonical sequence in the two putative stem-loops.

Taking advantage of the wealth of natural mutations, we asked whether a reciprocal mutation exists in

the same species that would re-create a fully complementary double stranded sequence either within the

same unit, or with another unit. Of the 50 stem 1 mutations we analyzed, 24 could not be linked with a

reciprocal mutation, suggesting that while the uncompensated deviations from the canonical loop 1
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sequence are not frequent, they are viable as, presumably, the overall ability of repeat A to induce
silencing is retained via the remaining repeat A units. Twelve of the remaining 26 mutations were
accompanied by a reciprocal mutation exclusively within the same unit, and further 10 could pair either
within the same unit, or with another unit (Figure 4.6A, C). These findings strongly argue in favor of the
predicted stem-loop 1 formation. Survey of stem 2 mutations uncovered 46 deviating repeat A units, 28
of which could not pair with any reciprocal mutation. Of the remaining 18 mutants, 8 could exclusively
form a stem-loop by pairing within each unit, with a further 3 allowing for pairing both within a unit and
with other units (Figure 4.6B, D). While the propensity of stem 2 region to harbor reciprocal mutations
that would allow for stem-loop 2 formation is less striking than that of stem 1, it is still remarkably high.
If the rate of reciprocal mutations was stochastic, mutation in any repeat A unit would occur with the
same frequency and therefore only about 11% of reciprocal mutations would be expected to occur within
the same unit in a 9-unit-long repeat A sequence. However, the frequency of reciprocal mutations that
occur solely within the same unit was 46% for stem 1 and 44% for stem 2. This argues either that stem 2
indeed forms a stem-loop by pairing within each unit, or that repeat A structure is species-specific and

may involve a combination of both modes of pairing.
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Figure 4.6: Frequency of reciprocal mutations within stem 1 and stem 2 suggests preference for
intra-unit pairing.

(A) Analysis of reciprocal mutations in the stem 1 of individual repeat A units. The table depicts the number of
occurrences when mutation in a repeat A unit would allow pairing due to the existence of a reciprocal mutation
within the same unit (highlighted in gray), in a different unit, or when no reciprocal mutation exists in the species’
repeat A (listed in the last column).
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(B) As in (A), but stem 2 is analyzed.

(C) Analysis of individual deviations from canonical repeat A within stem 1. Individual repeat A units are
categorized by their theoretical ability pair within the units or with another unit to form a complete stem.

(D) As in (C), but stem 2 is analyzed.

4.3 Discussion

The silencing of an adjacent EGFP reporter is achieved through an additive effect of repeat A monomers,
with even a 2-mer repeat A inducing partial EGFP silencing. The repeat A 2-mer also induced partial
gene silencing of a gene located approximately 100 kb downstream of the transgene integration site
(Figure 3.8A). These observations provide strong evidence that repeat A functions through additive
action of the individual units. The ability of a mere repeat A 2-mer to induce partial gene silencing not
only locally but also over a long distance is surprising and supports the model of additive repeat A
action. Notably, the extent of EGFP silencing reached equilibrium after 8-10 days of repeat A 2-mer
expression, while the full XIST cDNA transgene was previously shown to induce further silencing
beyond this time frame [44]. Thus, the number of repeat A monomers affects both dynamics and extent
of silencing and may explain why the number of repeat A units remains essentially constant in species
that show otherwise substantial variation in repeat structure of XIST. In agreement with a previous report
on mouse Xist [42], artificial repeat A retains full silencing potential when compared to human repeat A.
This suggests that neither the sequence variations within the CG-rich core nor the varying length of the

T-rich spacers in individual repeat A monomers is essential for XIST function.

The core repeat A sequence consists of two palindromes; the first allowing for perfect C-G pairing
broken by ‘ATCG’ and the second involving a G-U pair broken by ‘ATAC’. Several secondary
structures of repeat A have been proposed based on analysis of repeat A mutants [42], NMR data, [232,
233] and RNase footprinting and FRET data [73]. All of the proposed structures predict the existence of
an ‘ATCG’ loop. Indeed, mutation to “TTTT’ (Figure 4.3) completely abolishes repeat A function and
mutation to ‘TAGC’ in mouse partially abolishes Xist function [42]. The first palindrome was suggested
to form either a hairpin by pairing within each monomer [42, 232, 233] or alternatively, between
monomers [73]. The ability of repeat A 2-mer to induce gene silencing allowed us to use mfold, an RNA
structure prediction algorithm [234], to design repeat A mutants that would address which of the two
structures is functional. In our hands, modeling of larger than 2-mer repeat A structures was highly
unreliable as multiple structures of similar minimum free energies (AG) were predicted. We note that

while we designed the 2-mer mutants so that only one structure would be favored by mfold predictions,
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we have not experimentally confirmed (e. g. by employing NMR, FRET or RNase footprinting) the

structure of any of the described repeat A constructs.

Our experimental data (Figure 4.4) and assessment of evolutionary sequence conservation (Figure 4.6A,
C), support the intra-repeat pairing model, consistent with outcomes observed in mice [42], that the first
palindrome indeed forms a stem to expose the ‘ATCG’ tetraloop. Notably, neither of the mutants
designed to enforce the intra-repeat pairing silenced EGFP as efficiently as the repeat A 2-mer (Figure
4.4). This may indicate either that the specific sequence, rather than the structure is critical for the
function of repeat A units, or that the predicted structures are inaccurate. Indeed, the mfold algorithm is
unable to predict some secondary RNA structures (e. g. pseudoknots) and comparison of mfold results
with known RNA structures shows that the ability of mfold to predict the correct RNA structure is

greatly dependent on the RNA length and sequence [235].

The mutations we introduced to the second palindrome resulted in a complete loss of silencing ability
(Figure 4.3), supporting the importance of these sequences; however, these mutations did not directly
address the precise secondary structure. While the second palindrome was proposed to pair within each
monomer to form the second stem-loop [42], recent studies suggest that the secondary structure may
rather involve pairing between individual repeat A monomers [232, 233] or with the T-rich spacers [73].
Our assessment of evolutionary sequence conservation provides evidence in favor of second stem-loop
formation, though the frequency of compensatory mutations is less striking in comparison with stem-
loop 1 (Figure 4.6B, D). In conclusion, we and others have now shown that the core CG-rich repeat A
sequences are central to XIST/Xist silencing function. While the overall secondary structure of
mammalian repeat A remains to be solved, current models favor formation of at least one stem-loop
exposing ‘AUCG’ sequence, inviting speculations that this array of 9 stem-loops may serve as a

multimerization platform for binding of XIST/Xist partners.
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5 PROTEINS CRITICAL FOR XIST-INDUCED SILENCING

The candidate (Jakub Minks) designed, performed and analyzed all experiments presented in this section
with the following exception:

Angela Kelsey, a member of the Brown laboratory, has performed all fluorescent in situ hybridization

experiments.
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5.1 Introduction

A number of proteins have been implicated to play a part in X-chromosome inactivation, including
proteins involved in chromatin compaction and organization, writers, readers and erasers of histone
marks, transcription factors, and cell cycle regulators. Although there is no explicit evidence that the
XIST transcript per se cannot induce gene silencing, proteins and protein complexes have been shown to
interact directly with Xist RNA. Similar interaction between proteins and RNA was observed in other
IncRNAs that induce gene silencing (reviewed in sections 1.4 and 1.3.3).

While much is known about the differences between the active X and the inactive X, how XIST
transcription leads to the cis-linked transcriptional silencing remains elusive. In fact, the complex and
highly dynamic epigenetic changes that occur in the course of X inactivation pose a difficulty in
separating the changes that drive X inactivation from those that are merely a consequence of the XIST-
induced transcriptional repression. The HT1080 transgenic inducible XIST, combined with fluorescent
reporters, provides an excellent system to study the chromatin changes associated with the observed gene
repression. Indeed, our laboratory has previously shown that ectopic XIST expression induces some, but
not all chromatin changes associated with X inactivation [44]. Specifically, chromatin IP analysis has
shown a decrease in H4 acetylation followed by a decrease in H3K4 dimethylation and trimethylation
and recruitment of HP1y and H4K20mel at the EGFP promoter. H3K9me2 was not increased following
7 days of XIST expression and even prolonged XIST expression did not induce DNA methylation at the
EGFP promoter. Combined immunofluorescence and fluorescent in situ hybridization studies showed
that while expression of transgenic XIST in HEK293 cells leads to an accumulation of macroH2A,
H3K27me3 and H4K20mel foci that co-localized with the XIST signal, no such foci were observed to
co-localize with XIST foci in HT1080 cells (unpublished).

Histone deacetylation is among the earliest chromatin changes occurring at the onset of X inactivation;
approximately 50% of mouse ES cells show Xi-specific histone deacetylation 2-3 days after the onset of
differentiation [102]. In mammals, histone acetylation at lysine residues of N-terminal core histone tails
is associated with transcriptional activation (reviewed in [236-238]). The removal of acetyl groups from
histone tails is carried out by histone deacetylases (HDACs). HDACSs show differences in sub-cellular
localization [239] and apart from their role in histone deacetylation, HDACS, as well as their
counterparts, histone acetyltransferases, also regulate acetylation of a number of non-histone proteins.
HDAC:Ss function within multiprotein complexes; isolated HDACs typically show low substrate
specificity [237]. The 18 HDACs described in human are categorized in four families. Class | (HDACL1,
2,3 and 8), class Il (HDAC4, 5, 6, 7, 9 and 10), and class IV (HDAC11) are Zn2+-dependent. Class Il

includes sirtuins SIRT1-7, HDACs homologous to yeast Sir2 which require NAD+ as a cofactor. Histone
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deacetylases can be blocked by HDAC inhibitors. Despite their wide-reaching and unpredictable effect
on gene expression, HDAC inhibitors have been successfully used as therapeutic agents (e. g. in
psychiatry [240] and cancer treatment [241]). As histone deacetylases within each class show structural
similarities, the commonly used HDAC inhibitors typically affect catalytic activity of multiple HDACs
[242]. Thus, studies attempting to test whether histone deacetylation is leading, rather than following,
transcriptional silencing are inherently impacted by HDACs’ multiple and overlapping functions, as well
as limited selectivity of HDAC inhibitor treatment. Moreover, while HDACs are strong candidates for
proteins that are tethered by XIST to the Xi in early steps of X inactivation, the interaction with XIST
may not be direct.

As described in the preceding section, the repeat A region of XIST can autonomously induce gene
repression. This observation posits that either repeat A alone induces gene silencing, or that repeat A
binds proteins that carry out the gene repression. To date, apart from the splicing factor ASF/SF2, which
is involved in Xist RNA processing [74], PRC2 is the only known complex shown to interact with
repeat A via its components SUZ12 [73, 243] or EZH2 [24, 73]. H3K27me3, a mark deployed by PRC2
is enriched on the Xi [48, 115], and dissociation of Xist from the Xi results in delocalization of PRC2
[90]. Given the strong data pointing to PRC2 as a likely candidate for repeat A effector, we wished to
explore whether H3K27me3 is enriched at the EGFP promoter and whether PRC2 is necessary for
XIST-induced silencing of the EGFP reporter. While the HT1080 cell line did not previously show gross
enrichment for H3K27me3 by immunofluorescence, local enrichment was not tested. Indeed, despite the
lack of wide-spread enrichment of H4K20mel upon XIST induction observed by immunofluorescence,

chromatin IP showed H4K20me1 was in fact recruited to the silenced EGFP promoter [44].

Both HDACs and PRC2 are strong candidates for XIST-interacting partners. The former because XIST
expression is rapidly followed by histone deacetylation, and the latter because PRC2 components interact
with repeat A which can autonomously induce gene silencing. Alternative approaches to a hypothesis-
driven search for novel factors involved in X-chromosome inactivation employed various screening
approaches. N-ethyl-N-nitrosourea (ENU)-induced random mutagenesis yielded a mutation that was
embryonic-lethal only in females [244] and was later shown to disrupt SMCHDZ1, an Xi interacting
protein [132]. SATB1 was identified as an indispensable factor for X inactivation in mice when a
subpopulation of transgenic male lymphoma cells carrying an X-linked inducible Xist became resistant to
inactivation of the single X chromosome, which otherwise caused cell death [169]. Several groups
screened human autoimmune sera for an enrichment of signal over the Xi using immunofluorescence
[97, 245, 246]. Finally, results of two RNAi-mediated gene knock-down screens have been published. A

knock-down screen which used a siRNA library designed to knock-down 174 RNA-interacting proteins
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showed that HNRNPU is required for Xist localization in differentiated mouse cells [165]. In a separate
genome-wide study, a sShRNA-mediated knockdown of 32 genes caused partial re-activation of an Xi-

linked EGFP reporter in mouse embryonic fibroblasts [247].

In this section, we show that despite its known interaction with repeat A, PRC2 is not responsible for the
transcriptional silencing observed in the HT1080 transgenic system. We further demonstrate that while
histone deacetylation accompanies XIST-induced silencing of EGFP, inhibiting histone deacetylases
does not abolish the silencing potential of XIST. Finally, we extend our search for factors critical for
XIST action by performing a siRNA-mediated knock-down screen of proteins that were previously
implicated to play part in X inactivation to test whether they are critical for XIST-induced silencing in
the HT1080 system.

5.2 Results

5.2.1 XIST-induced histone deacetylation is not critical for gene silencing
Histone deacetylation closely follows XIST expression both at the EGFP promoter in the HT1080

transgene [44] and in the course of normal X inactivation [102]. We utilized a set of histone deacetylase
inhibitors to determine whether histone deacetylation is the cause or the consequence of EGFP silencing.
First, we employed gRT-PCR to test the effect of increasing concentrations of sodium valproate (VPA)
(1.5 mM — 6 mM) on XIST’s ability to silence EGFP expression (Figure 5.1). We observed that VPA
causes dose-dependent up-regulation of EGFP prior to induction of XIST with DOX (Figure 5.1A).
While the expression of EGFP in the VPA-treated cells was higher than in the untreated control
following 1 and 2 days of XIST induction, relative to the EGFP expression in the absence of XIST
induction, silencing by XIST was stronger in the VPA-treated cells. Native chromatin IP followed by
gPCR to assay histone acetylation levels at EGFP promoter confirmed that treatment with VPA results in
an increase of histone H4 acetylation prior to XIST induction (Figure 5.1B). However, even when the
cells were treated with the highest tested VPA concentration (6 mM), induction of XIST resulted in
proportional loss of histone H4 acetylation at EGFP promoter.

Next, we tested whether trichostatin (TSA), a more potent HDAC inhibitor [242], would disrupt XIST’s
ability to silence EGFP. As with VPA, increasing amounts of TSA (100 nM — 400 nM) resulted in an
increase of EGFP expression prior to XIST induction (Figure 5.1C). Unlike in the VPA-treated cells,
greater than 300 nM concentration of TSA resulted in continuous EGFP upregulation despite XIST
expression; of note, while the 300 nM concentration of TSA did not have dramatic effects on the cells’

phenotype, the highest TSA concentration resulted in poor cell growth.
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Figure 5.1: Effects of VPA and TSA on EGFP silencing by full-length XIST.

(A) Flow cytometry analysis of EGFP expression in cells treated with increasing concentration of VPA. VPA was
added to the media 24 hours prior induction of full-length XIST with DOX and the VPA concentration was
maintained for the duration of the experiment. Error bars indicate +1 s.d. of the gPCR triplicate.

(B) Native chromatin IP using panH4acetyl antibody (Millipore 06-598, 2.5 g per pull-down) and 1gG (Sigma
18765, 10 ug) as an unspecific control. Cells were treated with 6 mM VPA for 6 days (samples labeled VPA+)
and/or DOX for 5 days (samples labeled DOX+). Error bars indicate +1 s.d. of the qPCR triplicate.

(C) As in (A), but the impact of TSA treatment on EGFP expression is depicted.

While XIST was unable to silence EGFP after efficient inhibition of HDACS, this did not in principle
exclude the possibility that XIST is, at least in part, able to counteract the EGFP up-regulation caused by
histone hyperacetylation. To test this possibility, we treated the cells with VPA, TSA and two other
HDAC inhibitors — apicidin and MS-275, which was used in two different concentrations (Figure 5.2A-
E). In general, the highest concentrations of HDAC inhibitors that did not grossly affect the cells’
physiology were used. Based on a previously published report [242], the used concentrations of HDAC
inhibitors that should selectively inhibit different HDACs (Figure 5.2F). However the results of an in
vitro assay may not entirely reflect which HDACs are silenced in the cell culture. Following the
treatment with HDAC inhibitors for 24 hours, XIST was induced with DOX and flow cytometry was
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used to compare EGFP expression in DOX-treated versus untreated cells after a further 1 or 2 days.

EGFP expression increased in all samples treated with HDAC inhibitors (Figure 5.2A-E, blue lines).

When HDAC inhibitor treatment was combined with XIST induction, EGFP expression was markedly

lower in all instances (red lines). Finally, we probed whether the XIST will be able to attenuate EGFP

expression in HDAC inhibitor-treated cells that were previously treated with DOX for 48 hours to induce

partial EGFP silencing (Figure 5.2G). In accord with the previous observations, while EGFP expression

markedly increased in the presence of the HDAC inhibitor (red line), the continuing XIST expression

substantially reduced the EGFP up-regulation (purple line). We therefore conclude that silencing of

EGFP by XIST is not dependent on histone deacetylation and therefore, that histone deacetylation is a

consequence of transcriptional silencing.
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Figure 5.2: XIST partially counteracts the effect of HDAC inhibitors.

(A)—(E) EGFP expression measured by flow cytometry. HDAC inhibitors were added to the media 24 hours prior
induction of XIST with DOX.

(F) The HDAC inhibitors at concentrations used in this experiment inhibited a specific subset of HDACs in an in
vitro assay [242].

(G) EGFP expression measured by flow cytometry. After inducing XIST expression with DOX for 48 hours, the
cell culture was re-plated and treated with DOX, MS-275 (0.5 uM), or both.
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5.2.2 PRC2is not necessary for XIST action
One of the hallmarks of the Xi is enrichment for H3K27me3 [48, 115]; indeed, EZH2 and SUZ12,

components of PRC2, have previously been shown to directly interact with repeat A [24, 73]. As the
repeat A core is necessary for XIST-induced silencing in our transgene (Figure 3.3B), we wished to
explore if PRC2 is the effector responsible for EGFP silencing. Native chromatin IP following five days
of induction of the full-length XIST transgene showed accumulation of histone H3 but not H3K27me3 at
a site immediately 3’ of the EGFP promoter (Figure 5.3A). To test whether H3K27me3 is accumulated
within the promoter of an X-linked gene normally subject to X inactivation, we generated a separate
construct harboring the inducible human repeat A together with the DsRED-Express2 reporter driven by
the promoter of mouse Pgkl (Figure 5.3B). Similar to the results obtained with the EGFP reporter, the
DsRED-Express2 reporter is effectively silenced upon 5 days of repeat A expression (Figure 3.3B, C)

without any increase in H3K27me3 at three loci spread across the Pgkl promoter (Fig. 5B).
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Figure 5.3: H3K27me3 is not recruited to reporter promoters upon XIST-induced silencing.

(A) Chromatin IP followed by gPCR was used to assess H3K27me3 levels at the EGFP promoter in cells where
XIST was induced for 5 days versus in uninduced cells. Antibodies against histone H3 and 1gG were used as
positive and negative chromatin IP controls, respectively, as listed below panels. Primers targeting MYT1 and APRT
promoters were used as positive and negative controls, respectively, for H3K27me3 occupancy [248]. Position of
EGFP gPCR primers used in the chromatin IP experiment is indicated. Error bars indicate +1 s.d. of the g°PCR
technical triplicate.

(B) Map of an inducible 5°A transgene with the mouse Pgkl promoter driving DSRED-Express2 reporter showing
positions of gPCR primer pairs 1, 3 and 4. Chromatin IP was performed as in (A). Error bars indicate +1 s.d. of the
gPCR technical triplicate.
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To further examine whether PRC2 plays a role, perhaps distinct from H3K27me3 recruitment, in XIST-
induced silencing in the HT1080 system, we performed siRNA knock-down of SUZ12 and EZH2 for 36
hours combined with XIST induction for the last 24 hours (Figure 5.4A). Despite an effective SUZ12
(-91%) or EZH2 (-77%) mRNA down-regulation, measured by gRT-PCR (Figure 5.4B), the ability of
XIST to silence EGFP was unaffected. We observed relative upregulation of XIST in the PRC2 knock-
down cells (Figure 5.4B); however, in our experience, the approximately 2 fold difference in transgenic
XIST expression does not affect the extent of reporter silencing. To exclude the possibility that the short
timeframe of the knock-down experiment did not allow for sufficient depletion of the PRC2 complex, we
performed siRNA double knock-down of SUZ12 and EZH2 for 6 days, followed by qRT-PCR to assess
the impact on DsRED-Express2 silencing (Figure 5.4C). In accord with our previous observations,
depletion of the PRC2 complex did not abolish repeat A’s ability to induce silencing of the reporter
(Figure 5.4D). Taken together, we conclude that repeat A is able to cause silencing of multiple reporters
in the absence of PRC2 and without recruitment of H3K27me3.
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Figure 5.4: PRC2 is dispensable for repeat A-induced reporter gene silencing.

(A) The timeline of SUZ12 and EZH2 knock-down experiment.

(B) Knock-down of SUZ12 (-91%) and EZH2 (-77%) has no effect on EGFP repression by full-length XIST. qRT-
PCR results were normalized to ACTB and set to 1 in uninduced cells (EGFP, EZH2 and SUZ12), or cells induced
with DOX, but untreated with siRNA (XIST). Error bars indicate +1 s.d. of the gPCR triplicate.

(C) The timeline of double knock-down of SUZ12 and EZH2 followed by qRT-PCR, employing the alternative
construct that harbors repeat A and DSRED-Express2 reporter.

(D) Double knock-down of SUZ12 (-84%) and EZH2 (-64%) does not abolish DSRED-Express2 repression by
repeat A construct. Repeat A was induced by DOX in the double knock-down cells, but not in the control cells
treated only with the transfection agent. qRT-PCR results were normalized to ACTB and set to 1 in control cells
(DsSRED Express2, EZH2 and SUZ12 and MYT1), or the DOX-induced, double knock-down cells (repeat A).
MYT1, a gene normally repressed by H3K27me3 in HT1080 cell line shows slight upregulation upon following the
double knock-down.

5.2.3 Identification of proteins involved in XIST-induced silencing
We have shown that neither histone deacetylation, nor PRC2 recruitment are responsible for XIST-

induced silencing in the HT1080 transgenic system. To extend the search for proteins affecting XIST
silencing ability, we have designed a siRNA library targeting 31 proteins that were previously implicated

to play a role in X-chromosome inactivation (reviewed in section 1.4) and SDC1, a gene encoding
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syndecan-1, a proteoglycan facilitating interaction of cells with the interstitial matrix and not known to

be involved in X inactivation.

To test the effect of protein knock-downs on the ability of XIST to induce gene silencing, the 2-3-
0.5+3#4 HT1080 transgenic cell line was transfected with the siRNAs and after 24 hours, the full-length
XIST transgene was induced with DOX. Further 48 hours later, the samples were collected for flow
cytometry analysis of EGFP expression and gRT-PCR analysis to assay the efficiency of each gene
knock-down, as well as expression of EGFP and XIST (Figure 5.5A and Figures A.3 -A.6).

By comparing EGFP expression levels in the sSiRNA-treated samples and in the transfection reagent-
treated controls, we observed that the siRNA treatment affected the EGFP expression levels even when
XIST was not induced (Figure A.3). This is perhaps not surprising as many of the proteins targeted in the
knock-down screen are involved in chromatin regulation. Predictably, two days of XIST induction led to
partial EGFP silencing in the control cell line and in the siRNA-treated cells. To assess whether the
knock-down affected XIST’s ability to silence we introduced “relative loss of silencing ability”, a
measure that quantifies how many fold less silencing occurred in the siRNA-treated cells compared to

the transfection reagent-treated control cells (Figure 5.5B).

Depletion of seven proteins, ASH2L, ATM, DICER1, SPOP, SATB2, YY1 and HNRNPU caused a
substantial reduction of XIST’s silencing ability in two independent experiments, as is reflected by high
relative loss of silencing ability ratios when EGFP protein levels were assayed by flow cytometry (Figure
5.5C). CARML1 depletion also resulted in high relative loss of silencing ability ratio in one replicate,
however cell viability was dramatically reduced in the other replicate and we therefore could not confirm
the effect. The high relative loss of silencing ability was strongly correlated (r = -0.79, Pearson
correlation coefficient, first replicate of the flow cytometry assay) with reduced expression of EGFP in
the absence of XIST induction (Figure A.3).

Overall, the results showed high correlation between the two replicates and between flow cytometry and
gRT-PCR for both replicates (Figure 5.5C). In the first replicate, knock-down of SDC1, a protein that is
unlikely involved in X inactivation, showed a relative loss of silencing ability of 1.08, which closely
corresponded to the theoretical value, i. e. 1.00 if SDC1 had no influence on XIST’s ability to silence. In
the second replicate, the SDC1 knock-down showed a relative loss of silencing ability of 1.22, which
was unexpectedly high. To further validate the results of the second replicate, we have performed a
knock-down of SUZ12 and EZH2, components of the PRC2 complex that, as we have previously shown
(section 5.2.2), is not involved in EGFP silencing in the HT1080 system. Indeed, SUZ12 and EZH2

showed relative loss of silencing ability 0.95 and 0.87, respectively (data not shown).
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We further repeated the screen using the repeat A — DSRED Express2-containing HT1080 2-3-0.5a #8
cell line (Figure 5.5C). Based on the flow cytometry and gRT-PCR analyses, the protein knock-downs
that disrupted DsRED expression only partially overlapped with the candidates identified in the full-
length XIST cDNA — EGFP cell line. While the differences in the relative loss of silencing ability that we
observed following protein knock-downs in the full-length XIST cDNA versus the repeat A cell lines
may provide insights into the mechanism by which these proteins interact with XIST, we noted that the
DsRED expression levels showed overall weaker response to the treatment with the siRNAs, and we also
observed that cell growth and morphology were generally affected less in the 2-3-0.5a #8 cell line.
Therefore, we used a different repeat A-harboring HT1080 cell line in the subsequent knock-down

experiments.

As part of her thesis work, Angela Kelsey used fluorescent in situ hybridization to test how the siRNA-
mediated down-regulation of the proteins included in our panel affects XIST localization. XIST showed
tightly localized signal in the transfection reagent-treated control cells and following the knock-down of
the majority of the proteins. Interestingly, in 6 of the 32 siRNA-treated samples, XIST showed
delocalized, or ‘speckled’ signal. Proteins identified by the siRNA screen to be important for XIST
localization largely overlapped with those that were also shown to contribute to XIST-mediated EGFP
silencing (Figure 5.5C).
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Figure 5.5: siRNA knock-down screen identifies proteins involved in XIST-induced silencing.

(A) The timeline of single knock-down experiments.

(B) A formula used to calculate the relative loss of silencing ability. A ratio of EGFP or DSRED Express2

expression in cells expressing XIST (DOX +) versus in cells not expressing XIST (DOX -) was calculated for all

siRNA-treated cells and divided by an identically calculated ratio for the transfection regent-treated controls cells.
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(C) Flow cytometry and qRT-PCR was used to survey the relative loss of silencing ability. The full-length XIST
cDNA construct was screened in duplicate, along with the single screen utilizing the Repeat A-DSRED Express2
transgene. Samples are sorted in the order of a descending average relative loss of silencing ability as measured by
flow cytometry in the full-length XIST cDNA screen. The color coding corresponds to samples with highest (green)
to lowest (red) relative loss of silencing ability in each column. Samples in which excessive cell death occurred (D),
in which XIST failed to up-regulate at least 5-fold following DOX induction (X) or in which siRNA-mediated
knock-down failed to reduce the expression by at least 40% (K) were excluded from the analysis. H2AFY2 is not
expressed in the HT1080 cells we tested (N/E). The tick marks denote proteins that are indispensable for XIST
localization, as assayed by fluorescence in situ experiments that were performed by Angela Kelsey.

To further validate the candidates identified in the sSiRNA screen, we performed an extended analysis of
the impact of ATM, DICER1, SPOP and YY1 protein knock-down on the reporter gene silencing.
Instead of the single knock-down approach used in the original screen, two consecutive rounds of SiRNA
transfection and 3 days of DOX treatment were used to allow for stronger phenotype manifestation
(Figure 5.6A).

In comparison with the single knock-down treatment, the relative loss of silencing ability, measured by
flow cytometry, was more prominent after the double knock-down in all four candidate proteins (Figure
5.6B). We have noted that EGFP expression was attenuated in the siRNA-treated samples in comparison
with the transfection reagent-treated control cells, (i. e. samples that show relative fluorescent reporter
expression < 1.0 in Figure 5.6B). This ‘pre-silencing’ phenomenon, which was also observed in the
original screen (Figure A.3 and Figure A.4), was particularly apparent prior to DOX induction, but
persisted also in the DOX-treated cells (Figure 5.6B).

Next, we used the same experimental setup to assay the effects of the double knock-down on a cell line
harboring the repeat A - DSRED Express2 transgene. As the DSRED Express2 expression in the cell line
originally used was less modulated by the siRNA screen then the EGFP expression in the full-length
XIST cDNA cell line, we tested whether a different repeat A - DSRED Express2 cell line would respond
more strongly. Indeed, the HT1080 F55 #1 repeat A - DSRED cell line in which the transgene is
integrated on the X chromosome showed strong relative loss of silencing ability (shown above the
ascending arrows). Moreover, sSiRNA treatment in the HT1080 F55 #1 repeat A - DSRED cell line had
less impact on DsRED expression. While the ‘pre-silencing’ effect persisted to some degree in the cells
where XIST was not induced, as documented by values < 1.0 in Figure 5.6B, 3 days after XIST
expression DSRED expression was higher in the siRNA-treated cells, as documented by values > 1.0 in
Figure 5.6B.
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To ascertain that the effects observed are specific to the XIST-induced silencing, we performed a single
knock-down of the four tested candidate proteins in a cell line in which a plasmid harboring DOX-
inducible CMV promoter, but no XIST sequence is integrated upstream of the EGFP (‘vector’ in Figure
3.2A). The siRNA treatment resulted in attenuated EGFP expression, in accord with the results obtained
in the full-length XIST cDNA transgene. While the relative loss of silencing ability observed following
XIST induction was also in part present in the XIST sequence-lacking control cell line (Figure 5.6B), the
effect was consistently stronger in the full-length XIST-cDNA cell line (Figure 5.5C).
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Figure 5.6: Multiple cell lines and experimental setups validate the candidate proteins.

(A) The timeline of double knock-down experiments.



(B) siRNA knock-down of ATM, DICERI1, SPOP and YY1 lead to the relative loss of XIST’s silencing ability.
Duplicate double knock-down experiments are shown for both the full-length XIST cDNA - EGFP cell line and the
F55 #1 repeat A - DSRED Express2 cell line. A control single knock-down experiment utilizing a cell line in which
an empty vector, instead of XIST is integrated upstream of the EGFP is also shown. The individual bars represent
the reporter expression in the siRNA-treated cells as measured by flow cytometry. The data are normalized to the
reporter expression in transfection reagent-treated control cells. The relative loss of silencing ability is depicted
above the arrows.

5.3 Discussion

We have used the transgenic HT1080 system to explore which proteins affect the ability of XIST to
induce gene silencing and present evidence that neither histone deacetylation, nor H3K27 trimethylation
are the cause of XIST-induced gene silencing. Histone deacetylation closely follows Xist expression in
mouse [102] and the EGFP reporter is depleted of histone acetylation upon XIST-induced silencing in the
transgenic HT1080 system [44]. These observations can be explained by two different chains of events.
Either XIST/Xist recruits histone deacetylases or histone deacetylation is a secondary effect of gene
silencing achieved by other means. To address whether histone deacetylation is the cause or the
consequence of XIST-induced silencing, we have employed an array of histone deacetylase inhibitors

and tested the ability of the inducible XIST transgene to induce silencing of the EGFP reporter.

In an ideal experiment, treatment with HDAC inhibitors would ensure that EGFP acetylation levels
remain constant following XIST expression, which would rule out histone deacetylation as a factor in
XIST-induced silencing. If EGFP was still subject to silencing by XIST under such conditions, the
results would suggest that histone deacetylation indeed is a consequence of XIST-induced gene
silencing. However our results demonstrate that HDAC inhibitor treatment results in an increase of
EGFP expression (Figure 5.1). To control for this effect, we compared expression of EGFP in HDAC
inhibitor-treated cells in the presence and absence of XIST expression. In total, the cells were treated with
four different HDAC inhibitors, one of which, MS-275, was tested in two different concentrations
(Figure 5.2). In all cases, XIST was able to induce partial EGFP silencing, despite the presence of
HDAC inhibitors. The HDAC inhibitors we employed were previously shown to selectively inhibit some
of the histone deacetylases under the used conditions in an in vitro assay [242], as summarized in Figure
5.2F. None of the HDAC inhibitors suppresses Sir2 deacetylase homologs and HDACS. In conclusion,
our data suggest that XIST does not require histone deacetylation mediated by HDAC1-7 or HDACS9 to

induce gene silencing.

Prominent among the potential partners critical for gene silencing is the well-established chromatin

silencing complex PRC2. We however present evidence that repeat A-induced silencing occurs
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independently of PRC2. The XIST transgene we employed silenced two distinct reporters without
recruiting H3K27me3 (Figure 5.3) and despite siRNA-mediated knock-down of PRC2 components
(Figure 5.4), although it remains to be confirmed by western blot analysis that the SUZ12 and EZH2
proteins were also depleted and that levels of H3K27me3 were decreased. Silencing of EGFP is
accompanied by a substantial increase of histone H3 occupancy, suggesting that the transgenic XIST
induces chromatin compaction (Figure 5.3A). DsSRED-Express2 under the control of the mouse Pgkl
promoter is also silenced without recruiting H3K27me3 (Figure 5.3B).

In conclusion, while there is strong evidence for a role of PRC2 in X-chromosome inactivation, our data
argue that it is not necessary to induce proximal gene silencing and therefore other XIST/Xist-interacting
partner(s) are likely involved in silencing. That silencing can occur without PRC2 is supported by
observations that female embryos and ES cells lacking functional Eed (embryonic ectoderm
development, a core component of PRC2) are capable of initiation and maintenance of random X
inactivation [49, 115, 249]. Although EED is essential for maintenance of imprinted X inactivation in
extraembryonic tissues, Xist is able to coat the Xi when both the PRC2 components and H3K27me3
were absent prior to, and in course of, random X inactivation [249, 250]. In addition, H3K27me3 can be
recruited to in cis by constructs lacking repeat A that are silencing-defective [48]. Furthermore, a knock-
down screen for genes involved in maintenance of X inactivation in mouse embryonic fibroblasts failed
to identify PRC2 components amongst the candidates and an EZH2 knock-down confirmed that PRC2
was dispensable for silencing of the X-linked EGFP reporter [247].

As neither histone deacetylation nor H3K27 trimethylation by PRC2 are necessary for XIST’s ability to
induce silencing, we have broadened the search for XIST-interacting partners. We have compiled a list of
31 proteins that were previously shown to affect X inactivation and employed a siRNA-mediated knock-
down screen to identify proteins that affect XIST’s ability to silence fluorescent reporters (Figure 5.5).
The knock-down of seven proteins consistently attenuated the extent of XIST-induced silencing. Of these
seven proteins, four (ASH2L, SPOP, YY1 and HNRNPU) were also indispensable for XIST localization.
The remaining three proteins (ATM, DICER1 and SATB?2) contributed to XIST-induced silencing, but
their knock-down did not cause XIST delocalization. Conversely, knock-down of CBX7 and CUL3

caused XIST delocalization, but did not substantially disrupt gene silencing.

The seven proteins identified by the knock-down screen showed high relative loss of silencing ability
ratios largely because the EGFP expression was down-regulated prior to XIST induction. In other words,
rather than preventing XIST from silencing EGFP to the level observed in the transfection regent-treated

control cells, the knock-down of these proteins reduced the expression of EGFP and the extent of further
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silencing induced by XIST was relatively lower. The established function of some of the seven identified
proteins provides plausible explanation of the ‘pre-silencing’ effect. ASH2L is a subunit of protein
complexes involved in H3K4 trimethylation [94, 95], a chromatin mark associated with transcriptional
activation [96]. SATB2 and HNRNPU play role in maintaining higher order chromatin structure and
their knock-down may affect the accessibility of EGFP for expression. The strong correlation between
high relative loss of silencing ability ratios and the pre-silencing effect, as well as the slight, but
consistently observed relative loss of silencing ability in the cells lacking XIST sequence (Figure 5.6B)
require further probing. The pre-silencing effect was also was also present in the 2-3-0.5+3#4 cell line
lacking XIST sequence and it was substantially less prominent in the F55 #1 cell line harboring the repeat
A - DSRED Express2 transgene (Figure 5.6B). Therefore the pre-silencing may be a specific effect
observed only in some integration sites. Alternatively, the differences in the extent of pre-silencing may
be caused by the use of two different promoters driving the fluorescent reporter genes (CMV versus
Pgk1). While the F55 #1 and the 2-3-0.5+3#4 cell lines also harbor different XIST constructs (repeat A
versus full-length cDNA, respectively), it is unlikely that the pre-silencing is an XIST-specific effect as
down-regulation was also observed with vector only in the 2-3-0.5+3#4 cell line (Figure 5.6B). DICER1
was previously implicated to regulate establishment of Xist expression [185], however the interaction is
likely indirect via down-regulation of DNMT3A [187]. Our novel finding that down-regulation of
DICER1 impacts XIST-induced silencing opens the possibility that DICER1 may also have either a
direct or, more likely, an indirect role in XIST-induced silencing. Given the broad-ranging effects of
DICER1 knock-down on mis-regulation of gene expression, further studies are needed to uncover the

functional relationship between DICER1 and XIST-induced silencing.

Down-regulation of ATM was previously shown to cause partial re-activation of the Xi, but did not
affect Xist localization [190]. Similarly, we also demonstrated that ATM knock-down partially disrupts
XIST-induced gene silencing, without affecting localization. ATM is known to regulate the DNA
damage response (reviewed in [188]), however the previously examined knock-down induced Xi
reactivation was not accompanied by increase in DNA damage [190] and ATM knock-down does not

impact cell cycle progression [251].

SATB1 or SATB2 were previously shown to be indispensable for Xist-induced silencing in a redundant
fashion, but expression of Satbl or Satb2 was not required for Xist localization [169]. In the HT1080
cells, knock-down of SATB1 or SATB2 had no effect on XIST localization. However knock-down of
SATB2 alone, but not of SATB1 disrupted gene silencing. Interestingly, SATB2 positively regulates a
pluripotency factor NANOG [252]. It is thus possible that the cancer-cell-derived HT1080 cells are able
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to undergo ectopic XIST-induced silencing because they retain chromatin structure and/or gene

expression profile that confers them partial pluripotent-cell-like qualities.

Knock-down of RNF2, one of the core components PRC1 complex did not disrupt silencing or
localization. Combined with our previous results, this observation shows that the canonical polycomb
complexes are not recruited by XIST in the HT1080 cells. Interestingly, knock-down of CBX7 caused
XIST delocalization, without disrupting gene silencing. Recently, knock-down of CBX7 has been shown
to promote ES cell differentiation in mouse. Similarly to knock-down of SATB2, CBX7 down-regulation
may cause changes in chromatin structure and gene expression patterns which result in disruption of
XIST localization. The extent of delocalization may however be less prominent and does not prevent the

transgenic XIST to locally induce gene silencing.

ASH2L was previously shown to localize to the Xi in mouse ES cells, however knock-down of ASH2L
did not affect gene silencing or localization of XIST [97]. In contrast, we have observed disruption of
both localization and silencing following ASH2L knock-down. While the ‘pre-silencing’ of EGFP in the
ASH2L knock-down cells is consistent with its H3K4 methyltransferase role, the delocalization of XIST
following ASH2L knock-down supports its role in formation of the Xi-associated chromatin. Thus, we
and others have shown that ASH2L is intimately involved in X inactivation in mouse and humans and
further work is needed to decipher this seemingly paradoxical involvement of a gene-activating complex

in X inactivation.

YY1 was recently reported to mediate the initial loading of Xist RNA to the Xist gene and thus facilitate
nucleation of the Xi compartment in differentiating mouse ES cells [54]. Our results show that YY1 is
also indispensable for XIST localization and XIST-induced silencing in human cells. YY1 in mouse
binds Xist via repeat C [54], which is essentially absent in human [34]. It thus remains to be shown

which regions of XIST in human and other non-rodents are involved in YY1 binding.

HNRNPU/SAF-A was previously shown to localize to the Xi in both mouse and human cells [97, 164]
and is required for X inactivation in differentiating mouse ES cells and Xist localization in mouse
neuroblastoma cells [165]. Our results now extend these finding to the HT1080 cell line and allows us to
utilize the inducible XIST to address the precise mechanism by which XIST triggers changes in

chromatin organization that are critical for X inactivation.

CUL3 and SPOP interact to form an E3 ubiquitin ligase that interacts with macroH2A and PRC1.
Knock-down of either CUL3 or SPOP disrupts gene silencing on the Xi and recruitment of macroH2A,
but does not affect XIST localization [200]. In contrast, in the HT1080 cells, knock-down of either
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CUL3 or SPOP led to XIST delocalization. Surprisingly, while XIST delocalization was also
accompanied by disruption of XIST-induced gene silencing when we down-regulated SPOP, CUL3
down-regulation had no effect on gene silencing. It is possible that the residual expression of CUL3 is
sufficient for local XIST-induced silencing, but did not allow for establishment of a fully-developed
XIST body.

In summary, the siRNA-mediated screen has identified several proteins that contribute to XIST-induced
silencing in the HT1080 model of human X inactivation. We have demonstrated that the SiRNA-
mediated knock-down screen, in combination with fluorescent in situ hybridization to assay XIST
localization, is a powerful tool to identify XIST-interacting factors. However, the approach requires
careful use of control experiments to identify false positive candidates, as a number of XIST-interacting

proteins play a more general role, for example in cell proliferation and chromatin composition.

Knock-down of the candidate proteins never resulted in complete abolition of XIST-induced silencing.
While this may simply reflect that siRNA-mediated knock-down only achieves partial depletion of the
candidate proteins, alternatively, the candidate proteins we identified may contribute to gene silencing
only partially and in parallel with other proteins or protein pathways. Importantly, in combination with
our data on HDACs and PRC2, the siRNA screen has also demonstrated that a number of proteins and
protein complexes that were previously shown to affect X inactivation in other cell types are likely not
involved in XIST-induced silencing and/or XIST localization in HT1080 cells. These findings will thus
contribute to our understanding of which of the many processes that lead to the establishment of the Xi
during normal embryonic development are absolutely critical the primordial function of XIST RNA, the

cis-linked gene silencing.
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6 DISCUSSION
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6.1 Summary of the experiments and future directions

The single-copy DOX-inducible transgenic XIST provides a tractable system for dissection of the
relationship between the sequence and structure of the XIST transgene and XIST-induced silencing. In
contrast with normal course of X inactivation initiated from the XIC in vivo, the gene silencing by the
transgenic XIST is reversible and not accompanied by robust recruitment of inactive chromatin marks or
DNA methylation [44]. Using the transgenic system, we showed that the repeat A region of XIST is
sufficient and necessary for gene silencing and demonstrated that XIST is able to silence reporter genes
located directly upstream and downstream of XIST in multiple genomic integration sites. The bi-
directional effect of XIST on neighboring gene expression argues against a simple transcriptional
interference mechanism for the XIST transgene-dependant silencing.

As induction of the transgenic XIST is not lethal, arguing either that the HT1080 cells are tolerant to
partial functional uneuploidies, or that XIST fails to induce wide-spread silencing in the HT1080 cells.
The latter possibility is more probable as induction of XIST in the F55 cell line, in which XIST is
integrated on the single X chromosome also does not cause cell death. However, we demonstrated that an
endogenous gene located approximately 100 kb downstream of the transgene integration site is subject to
XIST-induced silencing in the HT1080 2-3-0.5+3#4 cell line. This is surprising, as many of the features
normally associated with the spread of heterochromatin across the Xi are absent upon XIST-induction in
the HT1080 cell line. If such a broader-range effect of the transgenic XIST can be confirmed in other
HT1080 integration sites, expression status of these genes will provide a means to assay XIST’s ability
to form a silent compartment beyond the proximally-located fluorescent reporter genes and to

characterize the postulated way stations implicated in XIST spreading (reviewed in [11]).

The search for the endogenous genes silenced by the transgenic XIST will require use of methods that
are sensitive enough to detect relatively small changes in expression, as complete allele silencing will
only lead to 50% or 33% decrease in transcription of genes located in diploid or triploid regions,
respectively. gRT-PCR is robust, and time and cost effective, but allows for only a limited set of genes to
be probed. While genes directly neighboring with the integration sites are strong candidates, it may be
misleading to assume that the XIST-induced silencing spreads linearly from the transgenic site. Genome-
wide approaches will circumvent the need to select the candidate genes. In our hands, expression
microarrays did not provide enough resolution to observe partial gene silencing and are limited by the
defined set of probes they carry. Therefore, whole genome RNA sequencing would be a method of
choice to uncover distant genes silenced by the transgenic XIST. As several lines of evidence suggest

that XIST-induced silencing involves changes to chromatin loop structure, whole genome chromatin
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conformation capture assays that probe for physical proximity between chromatin regions will provide

novel insights into the mechanism of XIST action.

We have leveraged the reproducibility of the silencing achieved by the single-copy DOX-inducible
transgenic XIST to examine in vivo the relationship between sequence and structure of the repeat A, the
region of XIST critical for silencing. In agreement with a previous report on mouse Xist [42], artificial
repeat A retained full silencing potential when compared to human repeat A, suggesting that neither
sequence variation within the CG-rich core nor the varying length of the U-rich spacers separating
individual repeat A monomers is essential for XIST function. We have further reduced the complexity of
deciphering one of the critical roles of XIST by showing that repeat A monomers act additively to induce
silencing and that the mere 92 bp-long repeat A 2-mer can induce silencing. Curiously, the 2-mer and
3-mer showed similar silencing efficiency. This phenomenon was also observed for 4-mer and 5-mer. It
is thus plausible that repeat A 2-mer, and not a monomer is the smallest functional element of XIST
capable of inducing gene silencing. Our system offers several ways to test this hypothesis. First, as we
have shown that even the 2-mer induces substantial silencing over longer time frame, repeat A monomer
should be constructed and its effects compared to the 2-mer. Second, a time course experiment can be
performed to assay whether the silencing of even-numbered (N)-mers shows the same extent and
dynamics of silencing as odd-numbered (N+1)-mers. Third, repeat A 7-mer can be constructed and tested
for silencing efficiency along with 6-mer. Other constructs could be created to test the relationship
between sequence, structure and function, for example to address whether the order and distance of the
two repeat A palindromes is critical for silencing. Similarly, the effects of repeat A mutations, in
particular when tested on the repeat A 2-mer-derived constructs, are likely to be more pronounced over
time frames longer than the 5 days of induction by DOX that we employed, as we demonstrate by a time
course experiment that tracked EGFP silencing by the repeat A 2-mer over the first 16 days Figure 4.2C.
However, elucidating which proteins interact with XIST, and specifically repeat A, is ultimately

biologically more relevant.

In an ongoing search for XIST-interacting proteins, we have demonstrated that gene silencing by the
XIST transgene is PRC2-independent and not induced by histone deacetylation. We have further
performed a siRNA-mediated knock-down screen to assay the involvement of 31 other proteins that were
previously implicated in various aspects of X inactivation. Seven of the 31 proteins that affected
silencing are involved in a surprisingly broad range of functions. SATB2 and HNRNPU regulate
chromatin organization. YY1 is critical for loading XIST RNA onto the Xi. A subunit of an E3 ubiquitin
ligase, SPOP, and a DNA damage response protein, ATM, contribute to gene silencing on the Xi.

ASH2L is enriched on the Xi, but its role is unknown and, given its canonical involvement in gene
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activation, not intuitive. And importantly, DICERL1 is a subunit of small-RNA-processing complexes
known to indirectly regulate Xist expression at the onset of X inactivation [187], but has not been implied
to contribute to XIST/Xist-induced silencing. In parallel, Angela Kelsey (a graduate student in Brown
laboratory) assessed the siRNA-treated cells for XIST localization by fluorescent in situ hybridization
and found that XIST signal was still present, but showed more dispersed localization upon knock-down
of ASH2L, SPOP, YY1, HNRNPU, CBX7 or CUL3. Thus, a subset of the identified proteins was only

involved in localization, or silencing.

In contrast to a similar construct in mouse ES cells [42], the repeat A-lacking XIST failed to localize in
the HT 1080 cells. The XIST sequence removed in the del 5°A construct however extends approximately
450 bp downstream of the repeat A and therefore not only eliminates the repeat A sequences, but also
disrupts some of the YY1 binding sites located downstream of repeat A. As YY1 knock down disrupts
XIST/Xist localization in the HT1080 cells (Figure 5.5C) and mouse embryonic fibroblasts [49], a more
refined repeat A deletion construct is needed to test whether the loss-of-localization effect can be
attributed to the loss of YY1 binding. It is also plausible that the proteins responsible for Xist localization
in mouse ES cells may not interact with XIST RNA in human, or the interaction of XIST with chromatin
requires intronic sequences not present in the cDNA transgene. Unlike in differentiating mouse ES cells,
XIST expression in the HT1080 transgenic system does not induce chromosome-wide silencing.
Furthermore, the local gene silencing in the HT1080 cells is reversible (i. e. XIST-dependent) [44]. In
mouse, Sequences 3’ of repeat A were previously shown to be responsible for Xist localization , as well

as for recruitment of several chromatin marks characteristic for the Xi (reviewed in [8, 253]).

The successful execution of this directed siRNA screen and the methodology we established to achieve
reproducible protein knock-downs, combined with a robust readout of fluorescent reporter gene silencing
provides a strong platform for the search of XIST-interacting proteins that are critical for gene silencing.
One line of experiments will focus on exploring precisely how the seven proteins we identified
contribute to the silencing. To that end, if a likely biological mechanism is lacking (e. g. for ASH2L and
ATM), we will use siRNAs to knock-down proteins that are known interacting partners of the identified
proteins. If previous studies are indicative of the candidates’ function in X inactivation, we will expand
these results in the HT1080 cell line. For example, YY1 binds Xist RNA via mouse-specific repeat C
sequences [54], and it is currently not clear how it interacts with human XIST. Similarly, how exactly
HNRNPU and SATB1/2 contribute to organization of chromatin that undergoes silencing by XIST/Xist
is unknown. Of highest importance for elucidating the cascade of events that are triggered by XIST are

the proteins that directly interact with XIST RNA. Therefore, all novel candidates for proteins involved
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in XIST-induced silencing will be tested by electromobility shift assay (EMSA) for their direct
interaction with XIST.

An alternative line of experiments will employ genome-wide screening techniques to broaden our search
beyond the known or likely candidates for XIST-interacting proteins. These techniques however carry
several potential caveats that need to be considered. If time- and cost-effective pooled screens, where
multiple proteins are targeted in each sample, are employed, no protein can formally be excluded as a
contributor to XIST-induced silencing, because the extent of individual proteins’ knock-down cannot be
assayed. Further, as our data exemplify, a number of potential candidate proteins are known to modulate
gene expression and thus, a simple experimental setup in which cells that show highest EGFP expression
following XIST induction would be recovered will be inherently biased to yield candidate proteins that
are involved in gene silencing (e. g. HDACS). Therefore an experimental design that controls for these
effects is needed. One such more laborious, but easier to track, approach would simply be to
substantially expand the screen while using the setup presented in this thesis. Such an experiment will
allow for control of effective gene knock-down and eliminate the effects unrelated to XIST-induced
silencing. However false positive and false negative results are still to be expected as knock-down of
some proteins that may be involved in X inactivation will be lethal and conversely, some proteins may be
identified because they prevent down-regulation of the reporter RNA or protein (e. g. if the knock-down
increased the reporter’s half-life), but are not directly involved in X inactivation.

6.2 Concluding remarks

We used the tetracycline inducible system to advance the understanding of events that follow XIST
induction and lead to transcriptional silencing of the cis-linked genes. Our results for the first time
provide evidence that repeat A alone is sufficient to induce gene silencing (Figure 3.3). This result
extends the previous reports both in mice [42] and in humans [44] that repeat A is necessary for gene
silencing. Moreover, we also show that an artificial repeat A, a 9-mer of a consensus repeat A sequence,

induces silencing to the same extent as the human repeat A sequence (Figure 4.2).

Similarly, oligomers of mouse consensus repeat A sequence were previously shown to be able to replace
the canonical mouse repeat A sequence [42]. As repeat A sequence is very well conserved between
mouse and humans (Figure A.1), it is not surprising that sequences tested in our study and in the mouse

model system behave identically with only two exceptions. First, in mouse, the two palindromic
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sequences within repeat A core were spaced by a ‘CT’ dinucleotide, in humans by a ‘CG’ dinucleotide
(Figure 4.2A). Second, the T-rich spacers separating the repeat A core sequences in the two studies
differed in sequence and length; while the human artificial repeat A had a 22 bp-long spacer (Figure

4.2A), two spacer lengths, 9 bp and 21 bp, were tested to be functional in mouse.

These results allow as to formulate two conclusions. First, the sequence deviations both among the
individual repeat A units and between human and mouse repeat A sequences, as well as the spacer
length, at least in the tested range, do not contribute substantially to the functionality of repeat A in gene
repression. Second, as almost identical repeat A sequences are functional in both mouse and human, it is
likely that repeat A forms identical structures in both species and that these structures are recognized by
homologous proteins. Given the high degree of repeat A sequence conservation among the species
sequenced to date, it is likely that an identical protein, or proteins, is responsible for the direct interaction

with repeat A in all XIST-carrying mammals.

Our detailed and quantitative analysis of the silencing ability of repeat A fragments ranging from the full
repeat A 9-mer to a 2-mer shows that the extent of silencing decreases with the number of repeats,
suggesting that individual repeat A units contribute to additively to gene silencing (Figure 4.2B). A
similar relationship between the number of repeats, ranging from 4 to 12, and the extent of gene
silencing was previously observed in mouse [42]. Further, our results with the series of mutations of
repeat A 2-mer shows that the two palindromic sequences within the repeat A core, as well as the

tetranucleotides that are spanned by each of the palindromes, are critical for its function (Figure 4.3).

In line with our data, previous results showed that disruption of the first palindrome ablates Xist’s ability
to induce gene silencing [42]. Interestingly, disruption of the ‘ATCG’ tetranucleotide sequence spanned
by the first palindrome led only to partial loss of repeat A silencing function in mouse [42], but
completely abolished the repeat A 2-mer function in human (Figure 4.3). While the transgenic systems,
as well as the assays used in the two studies differed, we attribute the different outcomes of the two
experiments to the difference in sequence to which the ‘ATCG”’ tetranucleotides were mutated: “TTTT’
in our study versus ‘TAGC’ in the study of mouse repeat A [42]. To reconcile these differences, a more

extensive series of repeat A core mutants is required.

Our data for the first time demonstrates that mutations in the second palindromic sequence within repeat
A core disrupt the ability of the repeat A 2-mer to induce gene silencing (Figure 4.3). Further, we
demonstrate that the mutation of the ‘ATAC” tetranucleotide sequence spanned by the second

palindrome ablates the silencing ability of the repeat A sequence (Figure 4.3). This result corroborates a
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previous report, in which a single T>C mutation within the ‘ATAC’ sequence completely abolished

repeat A function.

Because the repeat A core is rich in palindromic sequences, repeat A has long been proposed to form a
secondary structure; two competing models have emerged (Figure 4.1): one predicting that repeat A units
form a double stem-loop structure [42], the other suggesting that the palindromes interact not within the
same unit, but with palindromes and spacer sequences of another repeat A unit [73]. The two models
have recently been reconciled and a current model compatible with all previously published reports
suggests that the first palindrome within each repeat A core forms a hairpin, while the second palindrome
engages in inter-unit binding, thereby providing a double-stranded ‘backbone’ that presents the
individual repeat A hairpins, which are in turn presumed to facilitate repeat A-protein interactions via the
‘ATCG?’ tetraloop sequence [233].

Our data largely support this model, as mutations to the first palindrome that enforce pairing between
units resulted in a dramatic loss of repeat A 2-mer silencing ability (Figure 4.4). However, mutations of
the first palindrome that enforced the hairpin formation, but changed the hairpin sequence also attenuated
the silencing ability of the repeat A 2-mer. This data contrasts with a previous finding in a mouse
transgenic system, which showed that repeat A function was not affected when the sequence, but not the
ability to form a hairpin of the first palindrome was modified [42] and further work is needed to clarify
whether only the structure, or both the structure and the sequence of the repeat A hairpin stalk are critical

for its gene silencing function.

While the transgenic systems have been instrumental elucidating that repeat A is sufficient and necessary
for gene silencing by XIST, uncovering sequence and structural requirements for repeat A function and
gathering substantial knowledge about the sequences involved in XIST’s ability to ‘coat’ the X
chromosome, our knowledge about the proteins that are involved in XIST’s ability to spread along the

Xi-elect and induce chromosome-wide silencing is still limited.

Given the importance of the hairpin structure formed by repeat A core sequences for silencing (Figure
4.4), itis likely that the hairpin interacts with one, or multiple proteins. However, it is difficult to
envision, given the steric restrictions of protein-RNA interactions, that more than one protein interacts
with a repeat A unit at any given time. So far, both EZH2 and SUZ12, components of PRC2, as well as
ASF/SF2, a splicing factor, have been implicated to interact with repeat A. However, we (Figure 5.3 and
Figure 5.4) and others have shown that PRC2 is not necessary for XIST-induced silencing. Because

ASF/SF2 is critical for RNA processing, a study that would test the ability of XIST to induce silencing in
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the absence of ASF/SF2 is not feasible and therefore, ASF/SF2 is currently the only known candidate for

a repeat A-binding protein necessary for XIST-induced silencing.

We have identified several proteins that modulate XIST’s ability to silence a proximally-located gene
(Figure 5.5). While the results of the siRNA knock-down screen require further validation, based on the
current knowledge about the role of these proteins, the heterogeneous set may be categorized into
proteins involved in: regulation of nuclear ultrastructure (HNRNPU, SATB2), cis-targeting of XIST
(YY1), transcriptional activation (ASH2L, CARML1) and finally, proteins that likely influence XIST’s
ability to silence indirectly, through regulation of cell cycle (ATM), gene expression (DICER1) and
protein pathway regulation (SPOP). We also showed that histone deacetylation (Figure 5.2), and
components of polycomb repressive complexes PRC2 (SUZ12 and EZH2, Figure 5.4) and PRC1 (RNF2,
Figure 5.5) are not required for X1ST-induced silencing of a proximally-located reporter gene. A
previous report also demonstrated that XIST-induced silencing in the HT1080 transgenic system is
reversible and does not involve DNA methylation [44]. Based on these findings, we propose a
speculative model that is compatible with the current knowledge about our system and highlight several

unanswered questions.

Upon transcription, the transgenic XIST RNA interacts with YY1 which facilitates its localization in cis.
The transgenic XIST then induces silencing of genes in a region that spans several hundred kb, but is
unable to transcriptionally silence the whole chromosome. The spread of silencing is facilitated by
proteins regulating chromatin ultrastructure of which at least HNRNPU is directly recruited by XIST.
These proteins translocate the neighboring chromatin loops to the proximity of XIST and the chromatin
is transcriptionally silenced by a yet unknown mechanism, which requires the presence of CG-rich core
sequences within repeat A that fold to project a series of hairpins to which an unidentified protein binds.
This protein alone, or through interaction with other proteins and/or protein complexes induces
transcriptional silencing. The initial silencing also requires expression of ASH2L and CARM1, which
may serve to maintain a chromatin structure that is amenable to silencing [169]. Thus, by providing
binding sites for proteins with diverse roles, XIST serves as a signalling molecule, identifying the
chromosome to be silenced, providing a reference point to which chromatin is reeled and finally, locally
increasing concentration of proteins that silence chromatin in their vicinity. The role of XIST as a
scaffold ensuring that the right mixture of proteins is recruited to induce X inactivation also explains the
nuclear localization of XIST, which can be observed both for repeat A and for the sequences downstream

of repeat A.
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While the transgenic XIST is able to induce chromatin silencing that is accompanied by chromatin
compaction and histone deacetylation, it fails to trigger a stable, XIST-independent and chromosome-
wide silencing and induce many changes to chromatin that are observed in normal X inactivation [44].
Experiments that utilized differentiating mouse ES cells to recapitulate the events of normal X
inactivation demonstrated that XIST can only trigger X inactivation in a specific stage of embryonic
development [47]. The inability of the XIST RNA to induce widespread and stable gene silencing in the
HT1080 cells may indicate the deficiency of the system in forming the repressive compartment upon
XIST induction or in translocating genes into the repressive compartment, either because the chromatin
structure is no longer amenable to epigenetic modifications that impose the stable silencing, or because
the proteins inducing these changes are not expressed in the HT1080 cells. Indeed, while the transgenic
XIST was able to deplete hnRNA transcription, forming a so called ‘CoT hole’, accumulation of the
H3K27me3, macroH2A and H4K20mel inactive chromatin marks, at least at the level of resolution
achieved by immunocytochemistry, was not observed in the HT1080 cell line [44].

Also unknown is the mechanism that prevents XIST transcripts from silencing XIST itself. The simplest
explanation assumes that XIST indeed is in part silenced by XIST; however the expression of XIST
reaches equilibrium through this feed-back loop. This explanation is compatible with our observation
that XIST expression level fluctuates in the several first days following XIST induction (data not shown).
Alternatively, XIST may actively ‘refrain’ from silencing its own promoter; however this process would
need to be sequence-independent, as multiple promoters have been previously used to drive XIST/Xist

expression.

In summary, we have shown that the transgenic XIST in HT1080 male fibrosarcoma cells induces gene
silencing in multiple integration sites and across at least a 100 kb region. By recapitulating XIST-induced
gene silencing, but stopping short of full-featured X inactivation, our XIST transgene exposes the most
basal aspects of XIST function. Further data on the relationship of repeat A sequence, function and
proteins that it recruits will provide foundation for elucidating the yet unclear connection between
sequence of INcRNAs like XIST/Xist and their ability to silence chromatin.
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——=H#l.<-— —-F.#1.<-
—————————— TGTTTATATAT-TCTT-GCCCAT CEGEGCC ACGGATACCT
——————————— TTTTACATTT-TTTT TGCCCAT CGGGGCC ACGGATACCT
—CTTTCTTTTATTCCATCTCTGTT TT TGCC CAT -GGG GC T MCAGAT GACT
—CCTTTTCTGTATTTT-GCC CAT CeGEGC TGC GGATACCT
—TCTTTTCTATATTTT-GCCCAT CeGEGC TGC GGATACCT
—TCTTTTCTATGTTTT-GCCCAT CeGEGC TGC GGATACCT
—TCTCTTTTATATTTT-GCCCAT CeGEGC TGC GGATACCT
—TCTTTTCTATATTTT-GCCCAT CeGEGC TGC GGATACCT
—TCTTTTCTATATTTT-GCCCAT CeGEGC TGC GGATACCT
——————————— TCTTTTCTATATTTT-GCCCAT CGGGGC TGCGEATACCT
GECGGCTCTCTTCTTTC TTGTATT TT-GCC CAT CGGGEC TGC GRATACCE

——————————— TACTTTTTCTATTTT-GCCCAT CGGGGC TGT GRATALCA
CTGTGGATALTTGGTATGATT ATT T--GCC CAGCGGEGC TGT GGAT GCGT
——————————— CCTTTTCTACATTTT-GCCCAT CGGGGC TGT GGATAC CA
—TTTTCTATATTATTT-GCCCAT CGCEGC TGT GGATACCT
=TTTTCTGTGTATTAT-GCCCAT CEGEGC TGT GGATACCT
—ATTTATGTATATTTT-GCCCAT CeGEGC TGAGGATACCT
—CTTTTTCTATATTTG—GCC CAT CEGEGC TGC GGATAT CT
—TTTTTTCTATATTTT-GCCCAT CEGEGC TGC GGATACCG
—TATATTCTATATTTT-GCCCAT CEGEGC TGC GGATACCG
TTTTCCCCCCTCCTITICTATATT TT-GCC CAT CGGGEGT TGT GRATACCT

GTGTGTCCTCC CGCC
GTGTGTCCTCC AGCC
GCATGTACTCCTT CCCGTCCCTTC
G-——ATCTTCT: TALTTA
GGTTT: TATTATTT
GGTTT: TATTATTT
GGTTT: TATTATTT
GGTTT: TATTATTT
GGTTT: TATTATTT
GGTCT: TAL—-TTT
GLTTT: TTTCATTC
ATTTTLT
CTTTTCT
CATTTCCATATTTTGCCCATC GGGGC TATGGATACCTGSTTI TATTATTT
GGTTT-————GAT-TATTALC ATATT————-GCCC A-—— ACGGGGC TG TG
GLCTTTTAGLGAT-TTTAT AT ATATT TGGATGTAC ATGTACATGTATGTA
GGTTTT————-AT-TATCATTTTT TTC————ACCC A——— ACGGGGC TG TG
GGTTTTASTGTGTAT AT AGAT MGG TAGATAGATATATTATTATTGTTATT
GGTTTTALTA ATTGTTATT-—TATT
GTTTTTTAATTTTTITITCACTTTTTG———-TTTTTGGTTTCTTTTITTTC
AGTTTC TTATTGTTT
GGTTTTATTATTLA TTAT
GGTTTCACTATTAGT AGTAGTATCLT
GGTTTTALTATTT TTTSTTTTGTGT
AGTTGL
——————————————————— TGATTTAGTTC TCTATTTCCTCCACTTTICT
TTTTTTCT

——— = H2. - —— . {2 .-
ATTCCATGCC CAACGGEGT -TTIGGATACT TA- CC——————- TGCCTTT
ATTCCATGTCCAGCTGEGC-TTEEEATACT TALCC ———————- TGCCTTT
ACTCCSTGCCCARTEGEGC-TETGEATACT TAC CCGC TTTTALT TCGTTT
TTTTTTTGCC CAACGGEGC-TGTGEATACCTB————————————— CCTTT
TTTCTTTGCC CAACGGEGC - CGTEGEATACC T B ——————————— CCTTT
TTTCTTTGCC CAACGGEGC - CGTEGEATACC T B ——————————— CCTTT
TTTCTTTGCC CAACGGEGC - CGTEGEATACC T B ——————————— CCTTT
TTTCTTTGCC CAACGGEGC - CGTEGEATACC T B ——————————— CCTTT
TTTCTTTGCC CAACGGEGC-TGTGEATACC TA- ——————————— CCTTT
TTTCTTTGCC CAACGGEGC - CGTEGEATACC T B ——————————— CCTTT
TTCCTTAGCCCATCGGEGT-TGTGEATAGC T 6 ———————————— CCTTA
ATATTTTGCCCATCGGEGC-CGTGEATACC TG ———————————— CTTTA
ATATTTTGCCCATCGGEGC-TGTGEATACC TG ———————————— GTTTT
TTTCTTTGCC CAACAGEGT -TCTAGCTACC TG ——————————— TCTTA
GATLCCTGC-CTTATAGAT CACGRAC TATCT
CATATCTATGCATATACAT Ao GTATGTATGT G- —————————- TALTLT
GATACCTGCGTTTTAAT TC TTTTCT TTTLT
ATTTTTTACC CAACGGEGT -C ATGEATACCTG————————————— CCTTT
—-TTTTTGCCCAACGGEGC - CGTEGEATACC T ——————————— CCTTT
CCCCTTTGCC CAACGGEGC-CGTEEATACC TG ———————————— CCTCT
TTTCTTTGCC CAACGGEGC-TGTGEATACC T ———————————— CCTTT
TATTATTGCC CAACGGEGC-TGTGEATACC TG ———————————— CCTTT
TATTTTTGCC CAACGGEGC-TGTGEATACC TG ———————————— CCTTT
ATTTTTTGCC CAACGGEGC-C ATGEATACCTG————————————— CTTTT
CATTTCTGCTTCT TGTAGT —— TTAGT TTTC TA- —————————- TTCCA
ATATTTTGCCCATCAGEGT -THCEEATACCT G- —————————————LTTT
ATATTTTGCCCATCGGEGC-CGCEEATACCT G- —————————CTTT

1z4

100
160
41 @

43
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——>.#3.
TCATTCTTTTTTTTICTTATTATT TTTT TT-——TC TRARC TTGC CCATCT
TALTCCTTTTTTC TTCTTC TTACT TTTC TTC T-TC TAAAC TTGC CCATCT
TGGETTTTTCCCTCCTTC TCCTC TTCTTT TTC T-TC TRAAATTTGC CCATCT

TALTTTTTTTTTTTT TT———————————————————— AATTTGCCCATCG
TALTTCTTTTTT-ATTC GCCCATCG
TALTTCTTTTTT-ATTT: GCCCATCG
TALTTCTTTTTT-ATTC GCCCATCG
TALTTCTTTTTT-ATTC GCCCATCG
TALTTCCTTTTT-ATTC GCCCATCG
TALTTCTTTTTTITATTT: GCCCATCG
TTATATTTTTCCTTTTC TCGCCCATCG
LAT- TTA TTTGCCCATCG
AATATTGTTAT-———- TTT———————————————————— TTTGCCCATCG
ATTCCTTTTTTALAGAL AL ——— TTAGCCCACCE
G-LTCATTATTCTTTT TTTGTCCATCG
GCATTAATGTGTATCT TTTGCCCATCG
——=TTATTTTTTTTA TTTGCCCATCG
TATTTTATTTTTTTTTL TTTGCCCATCG
TALTTCTTTTTT TARAGA D —————————————————— —— TTTGCCCATCG
TALMTTTTCTCTTTTTA TTTGCCCATCG
TALMTTCTTTTTC TTT TTTALA————————————————— ATTTGCCCATCG
TAATTCTTTTTTITTIGTTIGTTTGTI TT T-——————. ALATTTECCCAT CG
TALMTTCTTTTCTTTTCTTTTC TTTCTTICTTTTTTALAATTTGC CCAT CG
TALTTCTTTTTTTTTTTTA TTGCCCATCG
TCACCCCTTTTTC TATAT TTTGCCCATCG
TATTTATTTACTTTARLARL———— - —— TGTGCCCATCG
TALTTTTTTTCCCCCTTALR GCCCATCG
L= . #3F. <

GGECTSTGEATACCTG. T-—— TTTATTC TTTTTTTCTTC T——-CCT————
GGET TTGEATACCTGC T-—— TTTATTC TTTTTTTCTTC TTC TCCT————

GGECTSTGEATACCTG. T-—— CTTCTTTTT TT-—————————— CCT————
GGECCACGRATACCTG  G———TTTATTTTTTTTTTCCC————— CCT————
GGECCGCEEATACCTG. T-—TTTTATT T--TTTTTTT-———— CCT————
GGECCGCGEATACCTG. T-—TTTTATT T--TTTTTT—————— CCT————
GGECCGCEEATACCTGC T-——TTTTATT T--TTTTTT T-———TCCT———
GGECCGCGEATACCTG. T-—TTTTATT T--TTTTTT—————— CCT————

GGECCGCEEATACCTGC T-——TTTTATT T--TTTTTT T-———TCCT———
GGECCGCEEATACCTG. T-——TTTTATTA--TTTTTTT-———TCCT———
GGECTSCGEATACCT G T-—— TTTAATTTCATTTTTT T-———CCCT————

GGECTSCGEATACCTGC C———TTTTTTCTTTTTTTC-————— CTCT———
GGECCGCEEATACCTGC T-—— TTTALATTTTTTTTTC-————— C-CT———
GGECTSCGEATACCTGC T-—— TTTAATTTTTTTTTC-—————C—=-T———
GGECCTCGEATACCTGTT-—— TTTATTTTT TCT-CC-————— CCCT————
GGECCATGEATACGT G G——— CTARLAACTTTTATC-————— CCCT————

GGECASCGERATACCTG. T-—— TTTALTTTTTTTTTTTTTTCACCCT————
GGECCACGEATACCTG. T-—— TTTALATTTTTTTTT T-———CCCCCT————
GGECCGCGEATACCTG. T-——TTTALATTTTTTTTT————— CCCCT————
GGECCACGEATACCTG. T-—— TTTTTATTATTATTA-——-TTTTCT———
GGECASTGEATACCTG. T-— TTTTATTTTTTTTTTTT-—CCCCCT———

GGECCACGEATACCTG. T-—TTTATTTTTTTTT-C—————— CCCT————
GGECCGCEEATACCTGC T-—— TTAATTTTTTTTTTC-————— CCCT————
GGECCGCEEATACCTGC T-—— TTTAATTTTTTTTC C—-————— TCCT————
GGECTSCGEATACCTGGT-—— TTTATTATTATTTTTG————- TChA————
GGECCGCEEATACCTGC T-—— TTTAATTTTTTTCCCC—————CCCT————

141
144
171
117
111
111
111
111
111
109
1zs
61

[3=]

117
1zg
157
1zg
153
1z5
145
123
134
150
190
il

a7

il

151
157
203
155
147
146
145
146
145
146
167
95

105
15z
165
224
17z
19z
162
158
164
ivo
157
227
107
135

GGECGCEEATAC CTECTGTGTCCCCTCTTCATC CCCAA-TCCCCTALCT 119

.. - L -
——-TAGCCCATCGGEGC CATGGATACCTGC TTTTTGTALA-ALALA LA LY
——-TAGCCCATCGGEGCCATGGATACCTGC TTTTTACCAA-ALAMCGCCG
——-TAGCCCATCGGEGC CATGGATACCTGC CTTTTTTTAACALGLALACS
———CAGCCCATCGGEGC CTCEGATACCTGC TTTTTTCCTT—————ALATT
——-TAGCCCATCGGEGT ATCGGATACCTGC TGATTCCCTTCCCC TC TGAL
——-TAGCCCATCGGEGT ATCGGATACCTGC TGATTCCCTTCCCC TC TGAL
——-TAGCCCATCGGEGT ATCGGATACCTGC TGATTCCCTTCCCC TC TGAL
——-TAGCCCATCGGEGT ATCGGATACCTGC TGATTCCCTTCCCC TC TGAL
——-TAGCCCATCGGEGC ATCEGATAC CTGC TGATTCCCTTCCCC TC TGAC
——-TAGCCCATCGGEGC ATCEGATAC CTGC TGATTCCCTTCCCC TC TGAC
——-TAGCCCATCGGEGCCATGGAT GCGT G- GATC TCCTC TCCACCCGA—
——-TAGGCCATCGGEGC CT-GEATACCTGC TG GTAC ACTAACCCTCC—
——-TAGCCCATCGGEGC CTCEGATAC CTGC TGTGTACCCCCTCTCTCCCC
——-TAGCCCATCGGEGC CTCEGATACCTGC AGTGCCCCCTTT TGCCCCCC
——-TAGCCCATCGGEGCCTTGGATAGCTGC TGTCCACTTCCTCCCCTC AL
——-TCGCCCATCCGEGCCTCEGATAC CTGC AGTCCGC TCCCTAACC TTAT
——-TAGCCCATCGGEGC CTCEGATAC CTGC TGT—— GTCTCCTTCCC TC—
——-TAGCCCATCGGEGC CTCEGATAC CTGC TGTGTACCCCCTCTCTCC —
——-TAGCCCATCGGEGC CTCEGATAC CTGC TGTGT-CCCCCTCTTICT—
——-TAGCCCATCGGEGC CTTGGATAC CTGC TGTGT-C TCCCCCTCCCT—
——-TAGCCCAT-GGEGC AGTEGAT GTGT - CCACGCGCCCCCCCCCCCALS
——-TAGCCCATCGGEGC CTCEEATACCTGC TGTGCCCCCCoCC———————
——-TAGCCCATCGGEGC CTCEGATAC CAGC TGTGTCCCCCCTCTCTCT—
——-TAGCCCATCGGEGC CTCEGATACCTGC TGTGGCCCCCTTTICTCCCC
——-TTGCCCAAC GGEGC TCTGGATACCTGC CTTATALTTATTATTATTTT
——-TAGCCCATCGGEGC CTCEGATAGCT GC TGTGTCC TCCTT TTCCCC—
CTGTAGCCCATCGGEGC CACGGATACCTGC TATTTTTTTTTI TTC—-T—

227
233
Z50
197
194
193
195
193
195
193
zZ1z
141
15z
199
zZ1z
271
215
237
z06
232
z09
z10
232
274
154
150
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—=r . #5. L= . #5 .
ALADADADALALACCTTTC TCGGT CCAT CGGEACC TCEGATACCTECGTT
——TTTCTCGGT CCAT CGGEACC TCGGATACCTECGTT
——TTTCTTGGT CCAT CGGEACC TCGGATACCTECGTT
———————TTTTTTGECCCAT CGEGECC TCGRATACCTGCTTC
—CCCCAACACTCTGEC CCAT CGEGETFACGEATACCTGCTTT

277
270
287
234
236

——CCCCALCACTCTGECCCAT CEGGG TG ACGEATATCTGCTTT
——CCATGGCCCACG ARG CARC ——AA T L GCAGTACTT TATTAC
—— ATTTT——CTGEGCCAT CGEGECALT GRATACCTGCTTT
——ACCCT——CTGECCCARCGEGECALT GRATACCTGCCTT
——————————— AAATT-—CTGECCCAT CGEGECALCGEATACCTGTTTT
A———ALTTALCAALTTT——TTGACCCACCGGEETAACGGATACCTGTTTT
AC——ALACATTTAMATGAGCCGGCCCAT CAGGGCLAACGGATACCTGCTTT
——————— CCCTTAACCCT-CTGGCCCAT CGGGGCLAT GRATACCAGCTTT
——CTAMC———-TGECCCAT CGEGECALT GRATACCTGCCTC
——CCAMCCCC-TTGECCCAT CAGGETALT GRATACCTGCTTT
—LALCTCTCTGGCCCAT CEGGGCATAGGATACCAGCTTT
———CCTCTCTGECTEAT CEGGGCLACGEATACCTGGTTT
——CCCAACTCCCTGECCCAT CGEGECALT GRATACCTGCTTL
—CCCCAACCCCCTSECCCAT CGEGECALT GRATACCTGCTTL
————ACCTCCTGECCCAT CGEGECALCGRATACCTGCTTT
TTTTTGALATTCACCCAT CGEGETC ACGEATACCTGCTTT
—— AL ACCACTGGCCCACCEGGGCC TAGGATACCTGCTTT
——ATTTTTCTTGCCCAT CGGGGCC TCGRATACCTGCTTT

T AGTCTTT TTTTCCCAT—————————~ GCC
T AGT--TT-
T AGT
T ATTTTTT-
T ——TLAALATT——
T ——TLAALATT——
T ——TLAALATT——

——TLAALATT——

——TLAALATT——

——TLAALATT——
C ATCATAT ATATTTTITT—————————GGCC
TTTTTTTITITI TTT TTAATTATG TG TG TG TTIGTTIGTTTSTI TTGGCC
TTTTTTTITTTI T—————————————~—. AAATTTATTT—————~ TTTHCC
TGTGGTTTTITITGTTI TG TI TT-———GTT TTTGAAT-TGGC TT TTGECC
TTTTTTTAALATGT—— ——=———=TTTTTTTTTTT———————=GGTC
TCTTTTCATATAAT-— ——=———=TGTTTTCTT—————————=GGTC
A BARARACT TTCCTTTTT————————=GGCC
TTTTTTALATGTGT-————————————— TGTTTTTTTTTTTTTCCTTGCC
TTTATTTAALARALA—— ———————AATTTTTTTTG———————~ GCC
T—————ABARATAC—— ———————AATARALTALAALGATTTTGCC
T—————TARLAATC—————————————— TTTGTTTTT————————=GGCC
A BARADA TTAMTTTT————————=GGCC
A BARARA TTTACTTTT T-——————— GECC
TTTTARLAARARA————— TTTTTTT—————————~-| GCC
T ATTTTT. TTTTTALTT—————————AGCC
T TTTTTTT- TTTCTTCTTTT———-TATAGCC
C ACTATTT- TTTTTCTT-—————————~ GCC
o6 ——— - 6.
CARCGGGGCC TCGEATACCTGC TG TTATTATTTTT T-———— TTTCTTTTT
CARCGGGGCCTCGEATACCTG . T-TTA——-ATTTTT T-———- TTTCTTTTC
CATCGGGGCCTITGEATACC TG . T-TC A————~ TTTT-———~ TTTTCCCTC
CATCGGGGCCTCHGEATACC TG . TC T A ————— ———— ——— = TTTTTTTTT
CATCGGGGCTTCGEATACCTGC TTTTTITITTT T T-————————. ATTTT
CATCGGGGCTTCGEATACCTGC TTTTTITITTT T T-————————. ATTTT
CATCGGGGCTTCGEATACCTGC TTTTTITITTTTI TT———————~. ATTTT
CATCGGGGCTTCGEATACCTGC TTTTTITITTTTT A —————————~ TTT
CATCGGGGCTTCGEATACCTGC TTTTATTTTTTAT T-——————————— TT
CATCGGGGCTTCGEATACCTGC TTTTATTTTTTAT T-——————————— TT
CACCCGGGCTGTGEATACCTGATTTTATTTTGTTI TTTTAAALAARTGTT
CACCGEGGCCCTGEATACC TG . TT————-ThA—————————- TTATTTTTT
CATCGGGGCCTIGEATACCTG . TT————-TGATTT T-———- TCTTTTTTT
CATCGGGGCC TCHGEATACCTG . TTA-——-TATTTT T-———- TTTTTALAT
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considered bona fide repeat A units and were thus excluded from further analyses.

Figure A.1: Analysis of repeat A sequences in 27 mammals.
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Figure A.2: Insilico prediction of repeat A mutant structure.

Structures and free energies of 2-mer repeat A and its mutants created to enforce pairing within each monomer (A1,
A2) or between the two monomers (B1, B2) predicted by mfold. Bases diverging from the canonical repeat A
sequence are capitalized and highlighted. AG values represent minimal free energy for the structures shown

[kcal/mol].
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Figure A.3: siRNA screen - raw data; flow cytometry analysis of reporter gene expression.

(A-C) Flow cytometry analysis of EGFP (A, B) or DSRED Express2 (C) expression in cells expressing XIST for
2 days (D2) versus in cells not expressing XIST (DO0). The values represent the mean amount of fluorescence, in
arbitrary units. The screen was performed in four batches and samples within each batch are identified by the
numbers 1-4 in parentheses. Samples labeled ‘lipo’ were treated with transfection reagent but not with sSiRNA.
B1-B4 refers to batches 1-4. R1 denotes the first replicate of the screen. Each batch contained two pairs of
transfection reagent-treated control cells (e. g. ‘lipo BIR1’ and ‘lipo BIR1-2’).

(D) The data from panels (A-C) are shown as a ratio of fluorescent reporter expression after XIST-induced
silencing (D2) compared to the cells that were not expressing XIST (DO).
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Figure A.4: siRNA screen - raw data; gRT-PCR analysis of reporter gene expression.

(A-C) qRT-PCR analysis of EGFP (A, B) or DSRED Express2 (C) expression in cells expressing XIST for 2 days
(D2) versus in cells not expressing XIST (D0). All data are normalized to ACTB expression and in arbitrary units.
The screen was performed in four batches and samples within each batch are identified by the numbers 1-4 in
parentheses. Samples labeled ‘lipo” were treated with transfection reagent but not with siRNA. B1-B4 refers to
batches 1-4. R1 denotes the first replicate of the screen. Each batch contained two pairs of transfection reagent-
treated control cells, e. g. ‘lipo BIR1” and ‘lipo BIR1-2’.

(D) The data from panels (A—C) are shown as a ratio of fluorescent reporter expression after XIST-induced
silencing (D2) compared to the cells that were not expressing XIST (DO).
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Figure A.5: siRNA screen - raw data; gRT-PCR analysis of XIST and repeat A expression.

(A-C) qRT-PCR analysis of XIST (A, B) or repeat A (C) expression in cells treated with DOX for two days (D2)
versus in cells not treated with DOX (DO0) is shown. All data are normalized to ACTB expression and in arbitrary
units. The screen was performed in four batches and samples within each batch are identified by the numbers 1-4 in
parentheses. Samples labeled ‘lipo” were treated with transfection reagent but not with siRNA. B1-B4 refers to
batches 1-4. R1 denotes the first replicate of the screen.

(D) The data from panels (A—C) are shown as a ratio of XIST or repeat A induction in DOX treated cells (D2)
versus in cells not treated with DOX (D0).
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Figure A.6: siRNA screen - raw data; gRT-PCR analysis of mMRNA knock-down efficiency.

The efficiency of sSiRNA-mediated mRNA knock-down measured by gRT-PCR is shown for the full-XIST cDNA
cell line or the repeat A - DSRED express2 cell line. The expression of each gene in the cells treated with the

respective siRNA is shown relative to expression in the transfection reagent-treated control cells and normalized to
ACTB. H2AFY2 was not expressed in the HT1080 cells.
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