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Abstract

X-chromosome inactivation establishes dosage compensation betwserdb®f etherian
mammalghrough thdong nonrcoding RNA geneXIST. During development one of the female
X chromosomes upegulatesXIST, which coats that chromosome and causes the-trge
silencingof genes. The X chromosome being inactivateXI§Tis repaitioned within the
nucleus, condensethdenriched with heterochromatin associated factdrglerstanding the
mechanisms of how XIST functiommgasprovided insights into how necoding RNASs regulate
cellular biology, the process oféhromosomeénactivaton and novel tools for regulating the
epigenome.

Thefunction of XISTwasinvestigatedusingan inducibleXISTcDNA construct integrated into
the autosome of a male fibrosarcoma cell line, HT108@.chromatin domairsurrounding the
XISTloci had asignificant effect on its activityandof all the autosomal lo¢he 8pintegration
sitefunctioned most effectivglandwasthus used for furthestudies. A series of isogenic
induciblepartial XISTconstructs werereatedoy modifying the Full lengtiXISTconstructin 8p
to study themportance of individual regions ofiIST. The functions dependent each region of
XISTwere identified andhie relationships betwedhese identified processe®re then
examined through the useafemicalinhibitors.

XIST silencing of genes was demonstrated to depend wypmdistinct regionst the extreme
ends of the transcriptubthe internal sequences spanning these regions were dispensable
Silencing occurred without obvious dependence on chromatin modifications ghdsas
established byhietwo polycomb group complexethatin turnreliedondistinct regions oKIST
suggstingentirely independent mechanisnioth polycomb complexes were crucial, along

with additional elements, for the recruitment of additionagtwethromatin factord his study in
iii



human differentiated cellgeldedimportant insights beyond thoseen in mouse differentiating
cells. The results of this thesis revealed the regiond 8T that were both crucial and
dispensable for its activity, ardfer novel insights into the mechanisms that lead to

chromosome inactivation.



Lay Summary

In mammés the number of X chromosomes differs between males and fes@ST
inactivates one of the tw¥ chromosomes ifemalesso that all mammalsnly have a single
functioning X chromosomeXISTproducesa long RNA that coats its chromosome of origin and
recruitsfactorsthatcause it to become inactivatethis thesisexpandedhe current knowledge

of how XISTfunctions | designed andharacterized agies ofpartially deletedISTgeneghat
whencompared with the full lengtklSTrevealed the function of each regi@tudying these
partial XISTgenes revealed that the entire lengtiXt8Twas crucial for the numersypathways

it initiates | then deérmined how disrupting certain pathways affedteds chromosome
inactivation proceeded his work provided new insights into how XIST RNA functions as well
as how it might be best implemted as a therapeutic or tool for controlling chromosome

activity.
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Inactive X chromosome

Human / mouse hactivation centre
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List of genenamesand genetic factors

The genes described throughout this thesielisted below, along with their fuhamesin
most instaces thdactorswere described in the context of @tlthe human specific or eutherian
homologs of that gene. In the few instances where homologues between species were actively

distinguished thepecies name was included in brackets.

ACTB Actin Beta

ASH2L ASH?2 like histone lysine methyltransferase cos@ubunit
ATRX Alpha thalassemia/mental retardation syndrordenked
Cas9 CRISPRassociated endonuclease Cas9/Csnl

CBX Chromobox

CDX4 Caudal type homeobox 4

Clz1 Cipl-interacting zinc finger prote 1

CTCF CCCTGhbinding factor

DNMT3B DNA methyltrarsferase 3 beta

EED embryonic ectoderm development

EZH2 Enhancer of zeste 2 polycomb repressive complex 2 subunit
FIRRE Functional intergenic repeating RNA element
G9a/EHMT2 Euchromatic Histone Lysingethyltransferase 2

H2A Histone H2A

H3 Histone H3

H4 Histone H4

HDAC3 Histone deacetylase 3

HNRNPK Heterogeneous nuclear ribonucleoprotein K
HNRNPU/SAFA  Heterogeneous nuclear ribonucleoprotein U
HP1 Heterochromatin protein 1

HPH (hyg) hygromycin B phephotransferase (HPH)

JARID2 Jumonji And ATRich Inteaction Domain Containing 2

KLF4 Kruppel Like Factor 4

KMT5A Lysine methyltransferase 5A (alternate nameSE 7 or SETDS)
L3MBTL1  Lethal(3)malignant brain tumdike protein 1

LBR Lamin B Receptor

LINE-1 Long interspersed nuclear elements 1

MacroH2A  Core histone macrdi2A.1
NANOG Homeobox protein NANOG

OCT4 Octamerbinding transcription factor 4
PCGF(3/5) Polycomb group factor homologs 3 and 5
PTBP1 Polypyrimidine tractinding protein 1
PuroR Puramycin resistance gene

RBAP46/48 Retinoblastoma&inding Protein P46 and P48 subunits
RBM15 RNA Binding Motif Protein 15

XXi



RING1A/B Really Interesting New Gene 1/ Ring Finger Protein 1 paralogs A and B
RNF12 Ring Finger Protein 12

RSX (Metatherians) RNA osilent X

SHARP/SPENRNA-on-thesilent X

SMCHD1  Strucural maintenance of chromosome flexible hinge dorsaimtaining protein
1

SMRT Silencing Mediator For Retinoid And Thyroid Hormone Receptors
SUV4-20H1/2Suppressor Of Variegan 420 Homolog 1/2

Suz12 Suppressor Of Zeste 12

TetR Tet repressor

Tsix Mus musculus) antisense Xist (

XACT (Homo sapiens) X Active Specific Transcript

XIST (Homo sapiens/eutherian)Dactive Specific Transcript

Xist (Mus musculus) Xnactive Specific Transcript
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Chapter 1: Introduction

1.1 Thesisoverview

X-chromosome inactivatiofXCl) is the complex pcess that solves the otherwise lethal

problem of the different copy number of over a thousand genes between the roughly two halves
of the population in all species of eutherian mammals. This precassisual as it is facilitated

by a sinde gene, dong noncoding RNA (IncRNA)namedXIST (X-Inactive Specific

Transcript). Early in the development of all eutherian femalesegulation ofXISTleads to the
inactivation of one of the X chromosomésoughthe mechanisms governing this eatgge of

XCI vary between speci¢$]. XISTRNA spreads specifidly across & X chromosome of origin

and silences the majority of genes along its length while reorganizing the chromosomegheself
inactivated X chromosome (Xi) then remains stabért in all the somatic cellof an individual

for theremainder otheir life.

BecauseXISTis such a potent epigenetic regulator, it has la@ehremainsf great interesto
researcher®r the insights it provides into the role of RNA as functional eleméots dosage
compensabn is established arab atherapeuti¢ool. However over the years despite incredible
research being done, the mechanisms goveXigg activity werecomplicated by its large size
and the complexity of the various pathways it initiates. The researfcirpedthusfar has
reliedalmost exclusivelypn mouse models, and therefore there is a comparative paucity of

knowledge aboutumanXiSTand XCI.



Thefocus of this research wasfurther develom system that will allow fohumanXISTto be
studied, tacreate an initial map of the functions of the varicegions othhumanXISTand to
provide novel insights into holhwmanXISTfunctions.The model usethroughout this thesis

had an induciblXISTcDNA transgene integrated into chromosome 8 of a maldireelihat
allowed the activity oKISTto be charact&zed free of other XCI contributing factors. A series
of isogenic cell lines with inducib&ISTconstructs containing serial deletions were generated
using CRISPR to allow for each regionXiSTto be examined individually. These partkIST
constructsvere compared to tHall-lengthprogenitor tacreate a map showing the functions of
each region XIST. Finally, chemical inhibitors for key pathwagewnstream oKISTwere

used to create the firstitline in a human model of the interdependence ahebendence of

XCI processes. This work expands the current understanding of XCI as aashoddas
providesinsights into théunctional domains oKISTthat contribute to silencing distal genes and
modifying its surrounding chromatin along with insigimito how these various pathways relate
to each other. Sil enci nXISThvgsobsénedtpbrécedand 36
modifications to the surrounding chromat8everal independent pathwageifitating the
conversion of the XIST RNA bound chratim to heterochromatin were identified, as well as
novel insights into the hierarchy of how thésterochromatin marks were establishHus

work furtherexaminechow XISTactivity has functionally derged and adapted between mouse
and humans as welsaffering novel findings that mayelpreconcile current conflictingiews
within the field.Overall XIST was demonstrated to be extremely resilient as it retained most of
its functional capacity evemhen large internal regiongereexcised.The resultof this work

will provide a launching point for further studies of the mechanisms of KEIneRNA

activity.



1.2 The mammalian sex chromosomes and dosage compensation

In 1949 adense region of DNA was ofxwved in the nuclei of female cat neuronal cells, tamd

dense region of chromatin at the nucleolar periphery was originally labelled the nucleolar
satellite but came to be referred to as the Barr body, after its disc{]eferthe following

years itwas demonstrated that this body was female speaificiot unique to neuronal cells or

cats though it would ultimately be shown that the relative number of X chromosomes rather than
sex was responsible for the observed Badylja]i [4]. In 1959 it was clearly demonstrated that

the dense region of chromatin was a single X chromo$bmgs]. Within afew yearsDr Lyon
proposed thatree of the X chromosomes in mammalian females was being randomly inactivated
early i n an or gandthssnaclivateddXehroenbsonperhanremained

transcrigionally inert heterochromatin in somatictissue t hr oughout tfMB].i ndi vi

Across all mammalian species the mechanism used to compensate for the imbalance of gene
products between thsexes involvesiiactivation ofone allele for each of the-dked genes.

Both eutlerian and metatherian (marsupia@mmals have a single pairgsgx chromosomes,

with males being heterogametic (X and Y chromosomes) while females being homogametic with
two X chromosomes, one of which becomes inactivated through the process[6] XCI

Prototherians developed their sex chromosomes independently of therian mammals, possessing 5
X chromosomes and3Y chromosomes, the differencesuéting from the fusion of twdy

chromosomes in the platypus, amdrefound to regulate each gene individually rather than on a
chromosomewvide scalg9]i [13]. The random choice of which X chromosome was inactivated,

proposed in the Lyon hypothesis, was unique to, and universalgamatherian mammals. This
3



proces of random XCI was believed have developed from imprinting based inactivation of
the X chromosome which developed shortly after the therian mechanism of sex determination

arose ~181 million years aibl], [14], [15].

Over evolutionary time the theriaexdetermining chromosome (YY) underwent significant
degradation, with only 27 distinct proteins produced from its length, comparesl+a @060
produced from the X chrorsome[16]. In marsupials, imprintedCl has remained as the
system used to establish dosage compemshétween the sexgk7]. Analysis of multiple
marsupial species indicated that the imprinted XCI leaves a greater proportidmké&Xgenes
transcriptionally actie relative to eutheriarj&8]. RandomXCl allowed for both X
chromosomes to be transcriptionally active in half of cells, resulting in eutherian females having
a mosaiexpression profil¢l5]. Among eutherian mammals only rodents (mice and séitk)
utilize systems for both imprinted ancdhdomXCI in embryonic lineageswith the former state
being established prior to implantation then subsequently being replaced with random
inactivation[19]. Imprinted XClwas proposed to occur in the exéabryonic tissues of
bovines, though subsequent work has opposed2bjs[21]. In mice randm inactivationwas
demonstrated to bmore stable and extensive than imprinted XCI, withrechromatin
modifications and DNA methylation pathways unique to the process of random inactivation
[22]i [24]. The inactivation of genes along the Xi during X&hot universal, as ~15% of huma
and ~3% of mouse -Knked genesonsistently avoid inactivatiothrough unknown

mechanisms, and remain active on the Xi across ti$2868$27].

The processes involved in raomd XClwereobserved to vary acrespecies of eutherian

mammals, but gene silencing has generally been founctctoas the epiblast forms (E6.5 in
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mice) followed by subsequent steps ensuring the silencing will be mainfagjefBa3].

Following XCI, the Xiis immediately identifial@ within the nuclei of the cell by microscopy for
its clear depletion of transcriptional activity as well as euchrafediuresand its enrichment of
heterochromathassociated features and DNA methylation. The very earliest stediesed

that the compact chromatin of the Xi was typically associated with the nuclear and nucleolar
peripheries. The characteristic features assetvaith the Xi thatcan beclearly visualized in the

nuclei of female cellarelisted in table 1.1.



Xi feature Factor responsible Reference(s)
(where known/relevant)

Histone hypoacetylation Histone deacetylases (HDAC{ [34], [35]

(e.g.absence of H4K8ac ang

H3K27ac)

H3K27me3 enrichment PRC2 [36], [37]

H2A119Kub (UbH2A) PRC1 [38]

enrichment

H4K20mel enrichment PRSET7/SETD8 [39]

SMCHD1 enrichment -- [40]

MacroH2A enrichment - [41]

H3K9me2/3 enrichment SETDB1 [42]i [45]

HP1 enrichment - [46]

PromoteDNA DNMT3B [47]i [49]

hypermethylation

RNA polymease Il exclusion -- [50], [51]

Chromatin compaction - [2], [52], [53]

Nucleolar association CTCF,FIRRE [54], [55]

Nuclear periphery associatig LBR [56]

Transcriptional inactivity SPEN [57]1[59]

Table 1.1 Characteristic features of the inactive X chromosome




1.3 The initiation of XCI

Some of the first mechanistic insights into X@tiation came with the identification of an
essential loason the chromosome, located aj28.2 inhumans, and named the X inactivation
center KIC) [60], [61]. TheXICishecessary for a cell to initial
chromosomes and to then select one (in a diploid detiose chromosomes for subsequent
inactivationthough unknown mechanisms cemtly being investigatel2], [63]. The process of
XCl itself is initiated by the expression of a long rRooding RNA (IncRNA) within the center of
the XIC on the titure Xi. This INcCRNA was discovered in humaasd was termed the-X
inactivaion specific transcript{IST) [64]. The XISTRNA specificallycoatsits X chromosome

of origin andis ultimately responsible for establishing all of the characteristics of the Xi
described in table 1[65], [66]. XISThas been identified as the critical element for XCl in all
eutherian mammals where it is expressed as2dkb RNA transcript depending upon its
species of origif67], [68]. Marsupials independently evolvaccompletely distindhcRNA,

RSX to regulate tbir imprinted XCl. No sequence homology exists betw&3XandXIST, and

it is generally accepted that they have entirely different evolutionary of@dhsit was
demonstratechowever thatRSXwas capable of silencing genes on a transgenic chromosome
when expressed in mouse cefisggesting that the mechams employed by these INcCRNAs
were still functionally compatible across therians despite the mechanisms of XCI evolving
independently69], [70]. The convergent evolioin of INCRNAs as master regulators of the X
chromosome was part of the growing understanding that IncRIN4®evalent and essential to
many aspeds of cell biology (reviewed ii71]). Thereforg an understanding ofISTfunction

will prove illuminating to the broader field WicRNA biology.



1.4 XIST as the master regulator of eutherian XCI

Thediscovery of humaXISTRNA coating the Xi in human females was quickiypstantiated

in mice, andapidly followed up with functional studies establishing tKE T Xisttruly was a
nontcoding RNA and was essential for the silencing einked gene$65], [66], [72], [73] The
humanXISTRNA transcript was initially discovered as a 17kb isoform, thowbkexquent work
identified a 19.3kb transcript, making it much larger than the vast majority of IncRNAs identified
in mammalswhich on averagareless than 2kipe5], [74]i [76]. Multiple mouseXistisoforms

have also beediscovered, with the first discovered transcript being 15kb and the longest version
being 17k77], [78]. The spliced, plyadenylated and cappdSTRNA transcripts spread

from thesite of expression alorts chromosome of origito ultimately coat it in RNA65],

[78], [79]. As XISTspread, it remodelghe structural organization, histone code and the
proteingcomplexes bound to its chromosomes of origimepresentation of human and mouse

transcripts is shown at the end of this section.

One of the most common challengesgshers have faced when study¥i§ Twaspredicting
which regions oXISTwere likely functionally significant, as sequence conservatiomss the
locus isgenerally low across species. Chureaalfirst calculated a 66% sequence conservation
betweerhumanandmouseXISTtranscripts, and a 62% sequence conservation between mouse
and baine XISTtranscriptd80]. Using the Basic Local Alignment Search Tool (BLAST) to
align the mousist 17.9kb transcript (RBI reference NF001463) and human mRNA
sequenceXIST19.3kb transcript (NCBI referee NR_001564.2revealed a 67% sequence

conservation. A series of tandem repeat regions found ¥igllhomologuesverediscovered
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and their presence across speti®agh a great deal of expansion and contraction of the repeats
themselves has occurredtitveen homologug$5], [68], [78], [81] It was thought that the

conservation of these repeats indicated that iagl a significant role in the activity BIST

[82]. The® tandem repeats were initially named€A i n or der XISTowithtlee laB® al o n ¢
discoveredB8r epeat, Repeat F, [65] 8] d¢st)eAddiiohal Bonolagf Rep e :
specific tandem repeat sequences were discovered in b\8Mn¢Repeat G) and dagIST

(Repeat H) which are of unknown function and as far as the aatamare have yet to be
investigated67],[68) The 56 most repeat setpbethemest Repea:
conserved between humans and miceiatite most extensively studied regiondST. Human

Repeat A consistof a total of 429 nucleotides (nt) in lengtidas predicted to produce a series

of stem loop structurd65], [67]. Numerous studies usi@HAPE(Sel ect i ve 2Nj Hydr o
Acylation analyzed by Primer ExtensjpiNMR (Nuclear Magnetic Resonar)fiegerprinting

and computational modeling of Repeat A in both momsehaimans have predicted a range of

potential stem loop secondary structure confoiona{82]i [87]. Later studies probing for direct

RNA binding demonstrated a strong presence of-irgeeat binding betweehe individual

repeat segments of Repeat A and one of the key conclusions was that secondary stigictur

be inherently dynamif88]i [90]. This proposed dynamrange of conformations for Repeat A

was subsequently supported by statistical modelingjstRepeat A structurehatrevealeda

wide range of conformations likely to occur and additionally that there was no evidence of

secondary structure conservatmtrRepeat A between X3SThomologues analyzg@1].

NumerousRepeat A binding factors have recertigenidentified in mice some of which (SPEN

and RBM15)wereproposed to binist semicompetitively at Urich moifs between sections of

double stranded RNf87], [89]. The conflicting models predicting the secondarycttre of



humanXISTRepeat A by NMR may indicate that it too exists in a series of dynamic
conformations, however it has yet todieectly determined which factors bind to human Repeat

A [85], [86].

The remainder of th¥ISTrepeatgemainfar less extensively studied than Repeat A, though in

recent years an increasing number of studies have betgperprformed probing the structure

and function of these other reped®epeat F was identified ~1.4kb into the sequence of human

XIST, and consistef a more weakly conserved 101 nucleotif@dd. Nothing has been

determinedf the secondary structure of Repeat F or whether it interacts with any other regions

of theXISTtranscript t hough one study proposed |l ong rancg
of exon 1[87], [89]. In the primate lineages the Repeat BXtBTsplit into two distinct repeats,

with the 56 most region tchad | 2@ Repeatt Bhwg h utm
remained in the ancestral positi@b], [67], [81] Repeat Bhidentified & a93nt longsequence

and located ~1.9kb into the hum#&lSTsequencéas never been studied furctally [65], [67],

[81]. Repeat B was identi fi eHSTaglcohdignf1B86t of r epesc
although using the tandem repeat finoheticatedthat Repeat B may only consist of ~43nt of

true repeasequencg65], [67]. Human and mouse Repeat C differed strikingly in the number of

their repeats, as mouXést Repeat C consisted of 14 repeats sequences that were over 1.4kb

making it by far the largest Repeat C in a6 Thomologuewhile Human Repeat C doestno

even contain a complete repeat, being only 45nt in lg6@ih The humarXISTRepeat D

contained both the largest monomer of all the repeats (28®lopwas by far the largest of the 7

human repeat regions, at 2.7K5], [67]. It has been debate¢hether the 1.5kb region upstream

of this core Repeat D sequence was also part of the repeat given its much weaker conservation,
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though recent evidence has suggetitatilong range interactions may exist between the core
region of Repeat D and that ugstm regior{65], [67], [89] Repe&D was observed to be

typically more extensively degraded in rod&igt homologues thanther mammals with only

128nt of a single complete repeat monomer of maiistestill remaining entirely intact and 10
degenerate monomers discovered subsequ@mty[78]. The final repeat oKIST, Repeat E,

was also the only one not located in exon lilstead located iexon 6, 12kb into thXIST

RNA transcript. Whether Repeatigactually a repeat sequence in hun¥d8Tor whether it
simplyreflectsan AT rich and looaly structured region ofISTextensively bound by numerous
factorsis controversial65], [67], [88] The debate has led to inconsistency in where the edges of
the Repeaaredelineated and fahe purposes of this wotheencompassing 1.4kb referred o

as a repeat sequenéb], [67]. Evidence ofproteinbinding within Repeat B&s well as evidence
thatRepeat E participasen long range bindingwithnene peat r egi ons at t he

end ofXIST has been reportd89].

Since the discovery of the repeat sequences and early studies of Repeat A the prevailing view for
nearly 20 years of researaita the function oKISThasbeenthat the conserved Repeatd-Are

the essential functional elementsXdETin mammalgd82], [92]. Conservation has not always

been a clear indication of function when studyXisgt, however, as exon wasshown to be a

short but highly conserdesequence betweetiSThomologues and yet its removal frofist

revealed it to be dispensable for X@8], [94]. The research exanmng the regions of th&IST
homologues critical forarious aspects of XCI have therefore been almost exclusively focused

upon the repeats.
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1Kb

Silencing hnRNPU e IRNPY
H
o I it
A F B C D E
Mouse
Silencing & PRC1 & SMCHD1 Clz1
HDAC3 1
_______________________ _PRC2  __hnRNPU hnRNPU
LBR LBR LBR

Figure 1.1 Comparison of mouse and humarXIST transcripts

Summary of the humaxiSTand mous&isttranscripts sticture, with the repeat regions

highlighted by colour to illustrate the expansion and contractions that have occleréunav

The gaps between exons are not to scale and are merely shown stylistically as gaps between the
sections of the transcript tomenstrate their position. The regions of hun8T predicted to

bind to specific factors or be crucial for certain @®ses are listed above the construct, while a
sample of the relevant binding factors associated with m¥igsare shown below. Soliddck

lines indicate the regions critical for a process, while dotted lines indicate regions of questionable

significance.
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1.4.1 The localization of XIST to chromatin

Once an X chromosonwasselected to be inactivated in a femaddl,anammalianXISTRNA
coatedthe chromosome rapidly. A model of spreadiveisproposed wherXist RNA first
associatewith sites in close 3D spatial proximity to thestlocus, and then spreadutwards
along the DNA itself95], [96]. This model was supported whXist RNA induced outside of its
natural locus on the X chromosome bound to chromatin in close spatial proxintgy t
transgenic loas[95]. It has not yet been determined in any species what methiatepread of
XISTRNA across the X chromosonthough it was determined that the interactioiXist with
chromatinwas likely mediated by ptein intermediates rather than through direct RDIAA
hybridization[79]. The localization of th&XISTRNA in both mice and humamssultsin the
associated X chromosome forming large chromatin domains, with the majority of the
topologically associated domaiiTADs) of the active Xhromosome reformed into two large
megadomaings5], [97]. When visualized using microscopy the distributioiKtBTRNA
appeared as a localized mass surrounding the inactivated chromatin, which has become referred
to conventioally as theXISTRNA cloud (figure 12) [98]. XISTRNA in both mice and humans
remairs associated witthe X chromosome during interphasat Wwere showro belost during
mitosis and reaccumulated after replicatittrough it has been reported that fluorescently

labelled foci of mous&istwere still visible during mitosig79], [98], [99]

Two proteins strongly associated with localiziKigt RNA to chromatimmreHNRNPU and
ClZ1. HNRNPUhasbeen observed to be enriched on the Xi in mouse[¢€I, [101] and it
was subsequently demoreted that HNRNPU knockdown criéity disrupted the ability of

mouseXistto localize into an RNA cloufl02]. The model of HNRNPU directly binding to
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mouseXist RNA was subsequently validated in the various 2015 publicasicregimg for

potential bindingdctors[57], [59], [103] In humans hnRNPU aldondsXISTRNA, however

unlike mice itis not essential foKISTRNA to effectively localize to the chromatin fraction

most somatic cell lines, sugdes additional factors also combute to the procesaich as the

closely related hnRNPUL1104], [105]. HNRNPUwasobserved tdoe crucial for mousist
localization and spreading acrdbe X chromosomeluring XClI, though additional factors were
proposed to also be involvgt3], [106] HNRNPU was observed binding broadly across both
mouseXistand humarXiSTat both the region surroundinglRp e at D and -reppagd 30

region of the transcript of both homologu#65].

Anotherlocalization factor, ClZ1, was firgtbservedo beassociated witbXistin 2015 in one of
the large screensif Xistinteracting factors and isssociation was subsequently validated in
2017[59], [107], [108] Knockdown experiments have demontgtdathat ClZ1is necessary for
maintaining propekKistlocalization and silencing of genes along the mousaXipughit is
important to note that significant XCI was still able to o¢cgiven that female ClZ1 KO mice
areable to survive to terfl07]. Therewasevidence that CIZ1 acts as one of mist
localization factors during the establishment of Xglit in later time points takesi@ more
essential role in ensurirtat Xistremained bound to the X107], [108] CIZ1 binding to mouse
Xist RNA was demonstrated to depend specificaliyRepeat E, but was clearly found not to
require any region of exon 1 (Repeat®Aand F)[107]. HumanXISTRNA becomes enriched
for CIZ1 at Repeat E, but no research was done to determine the mechanisms responsible for that

enrichmen{109].
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Female human DNA (DAPI) Heterochromatin XIST RNA
IMRS0 nuclei (H3KZ27me3)

Figure 1.2 The human Xi is surrounded byXIST RNA, enriched for heterochromatin and

compacted chromatin

A female (IMR90) cell was fluorescently ldte®l by IF-FISH to illustrate theelative

enrichment of the heterochromatin mark H3K27me3 (red) and greater density of DAPI labelled
DNA (blue) at the XST RNA cloud (green) on the Barr body (Xi). The first paste@wsthe

merged imaged of these markshint the nuclei and the scale badirates 10pm. Arrowsare

used to indicate the position of the XIST RNA cloud across panels.
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1.4.2 The pathways and fators linked to XIST-mediatedtranscriptional silencing

Most of the ~1000 Xinked genes othe Xiwerefound to be consistently and stakiienced
across individuals and cell lines as a resuKI&Tspreading across the X chromosome. The loss
of transciptional activitywasobservedisingfluorescent microscopy using fluorescensitu
hybridization (FSH) and immunofluorescence (I&3the depletion of Cel RNA and
transcriptional machinery from the Barr Bog], [110]. Repeat A was first demstrated to be
essential for silencing using transgenic induckikg constructs in mouse embryonic stem cells
(ESC)[82]. Since then the Repeat A has become widely accepted as essenti@héimgsin
multiple studies of mowsXistand has even been demonstrated to be critical for hiXiSah
mediatedsilencing of a proximal reporter gefi93], [111], [112] A huge breakthroughmi
understanding how Repeat A mediated silencing came in 2015 wheeivtnt studies

identified SPEN as a mou3éstinteracting factor. SPEN (also referred to as SHARP) contains
multiple RNA binding motifs and was sulggeently shown to interact with seatother factors

that included histone deacetylases (HDACSs) and ssprs of gene activityp7]i [59], [103].

SPEN association with mouXeést Repeat A was essential for the initial silencing of genes
during XCI in mouse ES413]. It wasproposed that SPEN recruited Xist may activate pre
bound HDAC3 via the SMRT intermediate as a potential mechanism for estaiplighie

silencing, though HDAC3ndependent mechanisms of silencing at a minority of genes are also
believed to exis{103], [114] In the SPENSMRT-HDAC3 model system, it was proposed that
Xistmedatedactivation of HDAC3 along the X chromosome led to the deacetylation of histones
along the Xi. Additional factors and pathways contribute to signafurthersubset of genes

through their interaction witKist, including the polycomb group complexgRC)[59], [115]
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Conflicting reports have emerged about the role of RBM15 methylatibit-adenosine (m6A)

of theXISTtranscripts in mice and humar@urrentevidence seems to suggest thath mouse

and humarXISTRNA can undergo methylation in specific regions, including the region adjacent
to Repeat A and atST[58h [@16]3Saibsequent studieseofimoadet have
found that disruption of methylation along the transcripts did natpliXist-mediatedsilencing

[115], [117] Critically, from the perspective of understanding the activity of huKi&T, none

of the mechanisms propostxbe crucial foiXIST-mediatedyene silencing have been tested

outside of mouse cells.

An important aspect dhe abilityof XISTto silence geneis its ability to spread to silence large
swaths of a chromosome. Work by Dr Minks of the Brown lab detraied that just expressing
Repeat A of humaISTwas sufficient to repress an immedigtptoximal reporter gend.11].
However, it was not known what was necessar)i&Tto be able to silence distal genes and it
seemed probable that more extensive patewasre necessary to silence those genes. The
evidence of this increased complexity waspmrped indirectly by the observation that even in its
natural context, autsetof the ~1000 protein coding genes identified on the Xi avoid silencing,
remaining staly expressed from both X chromosomes. phaportion of genes silenced by
XIST differs noticeablybetweenmice and humanss ~15% or more of humanlXked genes
escape inactivation consistently, while only ~3% of moudimkéd genes escape inactivation
[118], [119] Additional X-linked genes escape siteng in atissuespecific orindividual

specific mannefl20], [121] ThefactorsthatmediateXISTspreadingacross the X to silence
geneswvereconventionally referred to as either waystations ondaty elements depending on

whether they promote or prevexiiST-mediatedsilencing ofa locusrespectively{122]. Recent
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evidence from mouse studies suggested that gene repression was medfaseckbruiting
SPEN specifically to thetgis of enhancers and promotgr3]. It was therefore clear that to
understand howISTestablished gene silencing requirdentifying boththe mechanisms

underlying targeting of transcriptionally active genes as wdlbasit silenceghem.

1.4.3 Mechanisms governing histone deacetylation of th€IST RNA coated chromatin

Deacetylation of histones on tie has receivethcreasedttentionrecentlyin mouseXCl as it
wasproposed to be a causative factor in the earliest stagssatflishing gene silenciiy14].
Hypoacetylation of H2A, H3 and H4 a common feature @he Xi in mice and humarj84],

[35], [123], [124] In both mice and human cells, deacetglaf the future Xioccursvery early

in the process of XCI and is establishedd@ T Xistexpression and spreadifigl0], [125]
Numerous HDAC proteins exist, but recent work identified HDAC3 specifically to be the sole
essential HDAC neessary for histone deacetylation mediated indirectly by méist®epeat A
binding to SPEN103], [114]. OnceXisthas established hypoacetylation of the Xi that state of
deacetylation was found to be stably maintained in differentiated cells even without the
continued presence &iist RNA [126]. The current model of histone deacetylation during XCI
suggestshat Xist activates HDAC3 already bound to the X chromosome via the SSNERIT
intermediates and that it does not directly recruit HDATI3}]. An additional role for histone
deacetylation contributing to the establishment of heterochromatin territories alongithe X

proposed, though the strength of the effect on PRC associated marks was relativg¢lylweak
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1.4.4 Role of the polycomb group complexes iXIST-mediated chromatin remodeling

The polycomb group complexes PRC1 and PRE&the most studied and divisiveST
associated factors, and their interaction and interdependence with eachasteetensvely
studied[127]i [133]. PRC2 is responsible for trimgthting lysine 27 on the histone tale of H3
(H3K27me3) whichis commonly associated with transcriptional inactiyit$4]. PRC2 consists

of four core component proteins that include catalytically active EZH2 as well as SUZ12, EED
and RbAp46/48 and cofactors such as JARID2 that are believed to be involved in regulating the
activity of EZH2 as well as regulating where it bindshe genom¢§l35]i [137]. PRC1 consists

of avariablearray of core factors that ubiquitinate lysine 119 of histone H2A (H2AK119ub or
ubH2A) via thecatalytically activecomponent RING1B138]. Thesultypes of PRChre

generally subdivided into tranonicalgroups that contained the CBX core component or the
nortcanonical RYBP subunit. Both versions &®®1 contain one paralog of PCGF, labelled 1
through €[138]. The norcanonical PRC1 containing specifically the PCGF3 or PCGF5 core
componentarebelieved to bind indirectly tXistand be the earliest PRCL1 types recruited by
Xistduring XCI, though both nenanonical and canonical PR@ave beershavn to be

ultimately recruited to the XiL39], [140]

H3K27me3 and ubH2Averesome ofthe earliest heterochromatin associated mabservedo
accumulate on the Xi during XCI, and their establishment being directly dependerXispon
RNA waswell establishe@36]i [38]. How PRC1 and PRC2 are bound and/or activateXigty
has beemxtensively studiedvith seemingly conflictingesultsover the yearghuswhat follows

is a brief overview of the key relevant findings.
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The importance of PRC2 for maintaining silencing of genes on the imprinted Xi was first
demonstrated in mouse Eed knockout trophectoders, tietiugh it was less crucial

maintaining the randomly inactivated Xi in the embryo pr¢péf]i [143]. Some studies
suggested that PRC2 bound directly to mouse Repeat A, though even at the time those studies
were contentioysas previous studies had found enrichment of H3KZ7atehe Xi in cells with
Repat A absent from thXisttranscrip37], [86]. Later work suggested that PRC2 recruitment
to the Xi by mous&istwas mediated bthe cofactor Jarid2 binding toregion extending from
Repeat F to B, with every region 36 dispensahb
chromatin with H3K27megL31]. Subsequent studies Xist deletion costructs led the same
researchgroup to suggest that PRC2 was not interacting Xighat all, but was being recruited
by PRC1]129]. PRC1wasshown to begirio enrich the mouse Xi with #H2A slightly before
PRC2 began to enrich the chromatin with H3K27€3l]. The first proposd mechanism of

how PRC1 was recruited by mousist came with the observation that hLnRNPK acted as an
intermediate between Repeats B and KiefRNA [59] and the PCGF3 and PCGFP5
containing types of PR(127]. Disruption of the PCGF3/5 containing PRC1, knockdown of
hnRNPK and removal of Repeat B & @Gntaining regions oXistall resulted in loss of both
ubH2A and H3K27me3 enrichment during mouse X839, [129], [140] As a result, one
popularcurrenthypothesigs that hnRNPK binding tXist Repeats B and C directly recruits
PRCL1 to ubiquitinate H2A on the future Xi and that these marks then recruit PRC2 to
trimethylatedH3 [127]. There was some evidence that PRC2 binding to ubH2A was facilitated
by the JARID2 cofactor, thoughis remains uncertaii33]. Some reporthave suggestethat
PRC1 and PRC2 create feedforward mechanisms to spread their marks on the Xi, with

H3K27me3 recruiting additional (non PCGF3/5 containing) PRCL1 to further enrich and maintain
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ubH2A enrichmenf139], [144] Currentlyit remains unclear how this model can be reconciled
with the observation tha{ist preferentiallybindsto regions enrichedpecifically with
H3K27me3/PRC2 at the very onset of {85], [114]. The pathway oKistrecruiting PRC1
which thenrecruitsPRC2 hashus faronly been observed in mouse modstsan outstanding

guestiorremains, namelwhether the same pathwesyalsoapplicable toXClI in humans.

1.4.5 Methylation of H4K20 and H3K9 during XCI

While the PRC associated maskerethe most studied Xi associated heterochromatin marks,
numerous other heterochromatin modifications have been ideragfettiched along the Xi, the
functional significancef which remails mostly unknown. Themonomethylation of lysine 20

of histone H4 (H4K20mel) becomes enriched on both the human and mouse Xi, yet little is
known about how it is established or what role it plays in [88], [145]. H4K20mel is

established by KMT5A (also referred to as-BRT7 or SETD8), a histone thgltransferase

that s presumed to be recruited to the future Xi but has yet to be investigated §ié6ilyrwo
forms of HIK20 methylation, H4K@mel and H4K20me3 (established by SLROH1/2), were
found to be maintained on the Xi in visibly distinct domdit¥5]. H4K20me3s generally
associated with gene repression as well as chromatin compaction and it must be determined why
a significant amount of H4K20mel remains enriched on the Xi without undergoing subsequent
dimethylation[147], [148] One of the few studies that examined H4K20me1l enrichment on the
Xi observed that disruption of PRC2 (EED KO) in mouse cell lines attenuated the proportion of
Xi with clear enrichment of H4KEme1( from 83% to 50%)128]. H4K20mel enrichment may

contribute to chromatin compaction through indirect chromatin binding faetg$8MBTL1),
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but thesebservations have y&i be confirmed in the context of XCl49]. No analysis in any
specietas beemperformed to determine whether KMT5A bindkSTvia intermediates or is
recruited through downstream pesses (like those described for PRC2 recruitment by PRC1 in
mice). Outside of the field of XCI, H4K20mdihs beemssociated with both gene activation and
gene repression in@ntextdependent maram andwasregularly associated with DNA repair

indicatingthat its role on the Xi may similarly be conteldpendenf146].

One of the other heterochromatin marks enriched early dufi@l of both mice and humans was
H3K9me3[45], [150], [151] The histone methyltransferase SETDB1 was proposed to be
responsible for establishing H3K9me3 enrichment during XCI but loss of SETDB1 in humans
somatic cells did not resut an accompanying loss of H3K9me3 enrichment, suggetstaig

other factors are capable of maintaining that MiasR], [153] H3K9me3 enrichment during

mouse XClwasfound to be essential for the initial silencing of ~150 genes along the Xi, but its
role maintainng silencing was minima#4]. It wasshown that the enrichment of H3K9me3 was
associated with the DNA hypermethylation of the Xi, believeloetone of the key mechanisms
responsible for maintainintpe inactivated status of the pdi4], [154]. Loss of H3K9me3 has

also been associated with proper chromatin compaction and folding of the Xi potentially through
the recruitment of factors such a H P46],J153]. H3K9me3 seemed to be enriched
independentlyf the Polycomb established marks, as these two groups of marks were enriched in
distinct regions of the Xi and disruption of either has not been associated with major effects on
the other mark42], [44]. At time of writing itis not known how SETDB1 becomes
recruited/activated or what processes control the extent of H3K9me3 enrichment during XCI.

Enrichment ofH3K9me2along the Xi has also been suggested,ghcstudies have been
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hamperediue to issues antibody crosseactivity,and is thoughto recruit CYDL to the Xi

promotingthe further spread of heterochromatin mgdd, [155].

1.4.6 The late chromatin modifications associated with the Xi

After the establishment of thearly chromatin modifications described so far during Xt&
histone variant MacroH2A and the SMC family protein SMCHiP4 ecruited to the Xj40],

[156]. It is believed that their rolss to maintain the inactivation status givenithate

recruitment, and both were recently proposed to interact directlyigtfil57]. MacroH2A was
discovered first of the two markahen it was obsged to be enriched on the mouse Xi after the
initial propagation of XClI, first leading to its association with maintenahe&Cl in the late
19909g[41], [156]. MacroH2A referred tthevariant histons of H2A containinga 30kDa

globular domain at the-@&rminal proposetb interfere with transcription and recruit HDACs
[158], [159] The distribution of MacroH2A in humans was obsdrtecolocalize with
heterochromatin including H3K27me3 both on autosomes and on the Xi, while negatively
correlating with active histone marks across the genfd#g], [160] It was discovered that the
continued enrichment of MacrolA2on the Xi depended upon the presencisfthrough as yet
unknown mechanisn426]. MacroH2Awasdemonstrated to be dispensable for mouse viability
during development and loss oftbaariants of MacroH2A had no observable effect on XCI
[161], [162] The proposed mechanisms governing astfacilitates the recruitment of
MacroH2A have become incraagly unclear with recent evidence that ubiquitination of
MacroH2A is also essential for its recruitmenttie Xi[163], [164] It was proposed that PRC1

activity represented an important fistep in MacroH2A becoming incorporated into the Xi
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though a recent paper under ewisuggested that this ubiquitination may instead be mediated
by BRCA1[165]. The way that MacroH2A becomes recruited to the Xi either directly or
indirectly by XISThas not been determined inyamammalian species nor is it known what

purpose MacroH2A plays in maintaining XCI.

The second late Xi agsiated heterochromatin mark that was of interest to this thesis was
SMCHDL. Like MacroH2A, SMCHD1 bemes enriched on the Xi late in the process<dl
though knockout of SMCHDL1 in mice produced clear defects in the maintenance of XCI at
~10% of inactivaed genes anasassociated with the chromatin compaction characteristic of
the Xi[40], [46]. SMCHD1 contributed to the accumulation of DNMT&kdiatedDNA
methylation of the mouse Xi, though SMCHDH&pendent DNA methylation pathways also
exist raising the question of whether its role in maintaining silencing was a result of establishing
DNA methylation[48]. SMCHD1may contribute to the compaction of the Xi, allowing Xist

to spread into a small subsdteuchromatin TADs during XCI and ultimately orporate them
into the large megadomains associated with the Xi (described in greateindseation 1.%

[166]. Contrary to the reports of direct interaction betw¥ehand SMCHD1[157], a separate
study has proposed that SMCHD1 enrichment to the mouse Xi depended entirely upon the
enrichment of ubH2A by PR(167]. This later model concluded that SMCHD1 enrichment
being dependent on Repeat B and C of malisghrough the mediation of HNRPK and PRC1
[167]. At time of writing the conflicting views of whether SMCHD1 binds moXs directly or
due to ubH2A enrichment remain unreconciled, Witle known about how SMCHD1 might be

recruited in humans.
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1.4.7 Nuclear positioning, structure and folding of the Xi

The unique position of the inactive X chromosome within the nucleusmvaarly charactestic
ascribed as a feature of the Barr bf@lly The Xi associates preferentially with both the nuclear
and nucleolar periphery, both of which are regions typically associated with heterochromatin
[168]i [170]. It is still being investigated what role the position of the Xi plays in
establishing/maintaining XCthough disruption of perinucleolar localizatiand Xist

expression from the Xi was shown toeaff maintenance of the Xi71]. The primary factor
believed to be involved in the localization of the Xi to the nuclear peripp&BR, a
transmembrane protein of the nuclear membthatwas found to associate with moXsst
potentially by binding both Repeat F and5B], [103], [172] Initially the assoation with LBR
was proposed to be important for proper silencing of a subset of genes on the XiXasttdor
properly coat the chromosorf&6]. However the importance of LBRasquestioned
subsequently as it was observed teehkittle effect on maintaining silencing in ESCs or the

viability of female micg115], [173]

A multifactorial modelwasproposed for how the Xi becomes associated with the nucleolar
periphery or perinucleolar compartment. feginucleolar localization of the Xvassuggested
to be dependent upon the continued expressidfisbfrom the Xi[171]. Recent work has
revealed that an additional IncRNRisre, is critical for the localization of the Xi to the
perinucleolar compartment as well as for the contireregichment of H3K27me3 in mouse
differentiated cell$174], [175] Firre wasreported to be transcribed from the active X
chromosome and att transon the Xi to ensure its associatiwith nucleolar membrar{é@74].

Firre transcriptsverefound to interact with th®xz4locus of the X chromosome which was
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found to be critical for perinucleolar associatid74]. TheDxz4locus has previously been
identified as the boundary sequencengein the two megadomains of the Xi, established during
XCI in both humans and mi¢b5], [97], [176]. CTCFwasproposed to act as a tether between
the nucleolar membrane and the Xi, principally by bindingtke4locus in an orientation
dependent naner[177], [178] Firr e RNA wasshown to be critical for CTCF accumulation at
the edge of the Xi adgent to the nucleolar membrane but the mechanisms governing this
interaction are not yet knowt74], [175] Firre knockouts were found to affect heterochromatin
mark retention on thXi but did not show sigs of gene reactivation on the, XioweverFirre

has also been found to affexttosomal gene expression indicating that it has multiple roles
within a cell[179], [180] Xistexpressed from mouse astanes can frequently ndsin
perinucleolar association, suggesting Kist itself is ultimately reponsible for nucleolar
association witlrirre RNA potentially recruitedn transthrough as yet unknown mechanisms
[171]. How XISTRNA itself directed the reorganization of its chrommogato the nucleolar

periphery has yet to be identified in any species.

1.5 The contextdependent factors contributing to XCI

Extensive research over the lasteral decades has idiéed numerous factors and loci along
the X chromosome that drive the exmies of XISTandcontribute to its function. The concept
of a critical region of the X chromosome being essentighi®ichromosomt undergo XCI
was poposed shortly after tHeyon hypothesis, and this region was termed thaactivation
center KIC) [181]. TheXIC was discoveredaoss eutherian speci@lecated at human Xql13

and mous& D) andwasdefined to include a region thednsisted of numerous genes crucial for
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regulating the onset and initiation of XCI, and generally defined as just under 1 Mb in size in
humans and mic82]i [184]. TheXIC comprises th&XISTgene itself as well as a range of
regulatory factas generally thought to att cis. Regulatory IncRNAsvereidentified within the
XIC which ranged in function from promotin()STup-regulation, such adPX and FTX[185],
[186], to preventingKistexpression, best exemplified by tm®usespecificXist
antisense/repressor INcCRNAsix[80]. TheXIC also containedenes foregulatory proteins
critical for XCl and conserved between humans and mice, incliRitigl2andCDX4[80],
[187]. One recent study using mouse ESCs suggested thedtdiishment of TADs within the
XIC itself was a key step in the uipgulationof Xistand chromosome inactivati¢h88].
Additional studies have supported this proposed model, that specializethses|and the 3D
organization of th&IC actively regulateist up-regulation and repression bgtermining
which factors are able to interact with its prom@185]. Understanding of th¥IC has
continued to develop over the years, with a novel conserved IncRNALJ¢Xeecently

identified as a context dependeigregulator of genes within its TAD oxIC [189].

Outside of theXIC itself, several additional Xinked factas werefound to affect the expression
or activity of XISTincluding the previodg discussed IncRNAIRREand the human specific
IncRNA XACT, proposed to a¢h transas aXISTantagonist specifically in humans pluripotent
cells[175], [190], [191] It wasproposed thaKACTexpression in human ESCs from both X
chromosomes during pluripotenoyight prevenXIST-mediatednactivation in humans during
the early stages of developm¢b®0]. In addition to these INcCRNAs, loci along the X
chromosome itselivereproposed to contribute witklSTduring inactivation. The importance of

theDxz4loci as a hinge mediating the formation of the Xi megadomains, associating with the
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perinucleolar compartment and potentially contributing to heterochromatin enrichment along the

Xi across mammals hd&eenpreviously describefd7], [177].

In addition to specific Minked factors or loci discussed, the broader sequence of the X
chromosomavasproposed to have adapted to cdnite to ensure efficient and rapid XClI, with
long interspersed nuclear elemdniLINE-1) being the primary examples of tlelisromosome
wide adaptatiofil92], [193] The X chromosomeasshown to generally be enriched with two
fold asmany LINE-1 elements relative ttié average autosome and these LINEseproposed
to act as waystations foiISTRNA to spread across the X chromosome in multiple species
[122], [194] [197]. Correlation between LINE density and efficiencyX@édt/ XIST-mediated
spreadingas well as inactivatiorhave been demonstrated through studigsstdnces okK:
autosome translocatiofis21], [192], [198] Conflicting reports have emerged atahe role of
LINE-1 elements during XCKist RNA has proportionally lower occupancy at LINEelements
on the Xi which led to the hypothesis that LINEelements promoted silencing at regions that
Xistdoes not codtl99]. The most recent study used computational predictive modeling to
conclude that both mougé@stand humarXISTRNA might bind to LINE1 elements through the
formation of DNA:RNA triplexes, though no functiortaktingwasperformed to suppothis yet
[200]. LINE-1 elements may have acted in a context dependent manner during XC{jswith
recruited to active LINEs and silent lines promoting the spreadtefdchromatifl97]. CTCF
binding along roughly 2000tss on the X chromosonveaspropcsed to be critical element
separating the remaining euchromatin and heterochromatin regions of[2GLKi[202] The
current knowledge of waystation and bdary elements does not allow farges subject to

inactivation and escaping to be accurately predicted however indicating that additional factors
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still remain to be identified contributing to the X chromosomes unique ability to undergo

inactivation[176].

1.6 The model systems used to stud¥Cl in mice and humans

The studies of XClI that have provided the insights described throughout this ehegter

primarily performed in mouse ESCs which have formed the basis of the current paradigm of how
XCI occurs and houXistfunctions. Mouse modelsakie offered numerous insights into XCI

through both in vitro and in vivo studies, and the indispensable natMistédr mammalian

viability was first demonstrated through mouse knockout styiii§sLater studies ah vivo

mouse knockouts established the mouse specifiotands of XCI, imprinted inactivation and
subsequent random inactivation in the embryo proper, were both indislesimsatability [73],

[203]. Xist has traditionally been shown to be indispensable for both types of mouse XClI,
however additionaXist independent mechanisms for establishing dosage compensation in the
epiblast may exisind act collaboratively with théist-initiated pathway$204]. Studies of

human XClweretraditionally limited toin vitro models but ivasestablished that humans, like

most eutherian mammals, only undergo one wave of XCI during developmeaspitopogd

t hat prior to XClI, a general o&édampendcurrgdd of g
as a temporary solution to dosage inequ§i@b]. The processes of mouse XClI and
differentiationwereshown to be interdependent, with studies suggesting that XCl depended

upon and promoted differentiati206]. This meant that studies Kfst activity in mice can only

be effectively performed in ESCs as otherwis&t did not induce gene silencing. The

connection between the differentiation Xist activity wasproposed to be a resuif its
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interactions with differentially regulated factors such as the SATB1/2 protsipgessed during
this narrow window for inactivatiof207]. The developmental window for X@lasassociated
with knownpluripotency factors OCT4, KLF4 and NANOG #und toinfluencemouseXist
and Tsix[208], [209] There was even evidence that the rolXistbinding factors shifted with
differentiation, as CIZ1 was found to be esseritiaKXistlocalization in somatic cells but

dispensable in stem celk05].

HumanXISTwasshown to be less dependent uploa state of differentiation of its cells amwas
shown to effectivelgilence gaes along the X chromosonredifferentiated somatic cell lines
[110], [112] This has allowed foXISTto be studied in inducible somatic cells lines whiare
the predominant model for studyixgSTin humang111], [112], [210] The ability ofXISTto
function in somatic cedland autosomally in humans has led it to be studied as a powerful
therapeutic tool for individuals living with Down syndrome or large scale chromosome
duplicationg211], [212] It has not yet been possibledonsistentlyrecapitulate the process of
random XCI through cell reprogrammibtgan embryonic like statas treanentswereshown to
permanently silencBISTexpression while also being unable to return the Xi to its pre
inactivated condition, potentially due to the retention of Xi associated chromatin [2hBkis

[217]

1.7 The HT1080model system used to stud¥IST activity

The purpose of the research performed in this thesis was to gain a novel understanding of how

XISTitself functions without the confounding effects of the factors that affed®dactivity or
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independently promote XCtéscribed in sections J.9°revious members of the Brown lab
created a model system for studyXIiBTas an inducible transgene integrated into the autosome
of a male somatic cell line (HT108[)12]. It was demonstrated that the indued8Ttransgene,
which was the sole source XISTRNA in the cells, produced a localized RNA cloud, silenced a
proximal reporter geni@ cisand enriched the local chromatin with Xi associated

heterochromatin featur¢$11], [112]

A series of HT1080 cell lines with inducib¥¢STcDNA constructs integrated into unique
locations throughout the genomas generated by firstansfecing with the Tet repressor

(TetR) expressing element pcDNA6/TW&hich integrated in two unique HT1080 cell lines. The
TetR expressing HT1080 cell lines82ard 2-12) were subsequently transfected with-Rk T
integration site containing plasmid, pFRT/lacZeo, which randomly integrated into the genome.
Single cellcloneswith singe FRT integrations were identified by Southern blotting. TetR was
continuously expresed by a CMV promoter ensuring that the subsequently integtedéd

cDNA construct, controlled by a Tet Response Element controlled construct througbfi Tet

system, emained transcriptionally inactiy218].

Th e OBl Ic DNA owvastlgnedbyusactessive integrations of tKESTCDNA

sequence into the pcDNA5/FRT/TOrestruct. The sequence XISTexon 1 (Genebank

accession mimberM97168 extending from nucleotides 105 to 10747 was amplified from

genomic DNA and cloned into the EcoRNesof the pcDNAS/FRT/TO vector. The sequence
corresponding to exons&of the shorXISTisoform was obtained from cDNA amplified and
integrated 15bp downstream of the 36 region o

enzymes. The 3 bXtSDwhdbased anihe shortecDNA isoformXdSTthat has
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2. 8kb at Xl$Tsplicedou{é5h [¥6]. & hort ~100 bp sequence of the pcDNA5
vector sequencease X pr es s ed at XIgTcNA sahstrechddwnstréam tashaaesult
of the cloning protocol leaving that sequence spanning the distance from the CMV promoter to

XISTintegration site.

The pcDNA5/FRT/TO plasmid containing téSTcDNA constructvas integrated into the

TetR expressing HT1080 cells with single FRT sites thrdragisientco-transfection with the
Flp-In T-Rex containing pOG44 plasmid. Clones wegkested for Hygromycin resistance
through the expression of thiyg gene (HPH) by a IV promoter upon the successful
integration of the pcDNA construct. The location of &autosomaKISTintegration constructs
wereidentified by inversg@olymerase chain reaction (PLCperformed by members of the

Brown lab[112]. An Xqg XISTintegration system was additionally generated from the HT1080
cell line, F55, that contained anlXked FRT site received from Yan and Boyd who created and
characerized the cell line (position in UCSC Human Genome Browser 2004 assembly
113,493,02) [219]. Theinitial random integrationf the FRT sitesresulted in three of the eight
constructdbeinglocated in the intronic regions of genép(8p, 12q) with the rest being located
kilobases from the nearest known gene. The surrounding chromatin environment also varied,
with 3 constructs locatein G-dark bands (3q, 7p, 15q) while the rest weredligBt bands. The

sites ofXISTintegrationare listed in table 1.2.
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Name (location) | Cell Line Nearest gene to integration G-banding
1p 2-3-1.0d MACF1 (intronic) Light
39 2-12-0.5#3 CLDNL1 (10kb away) Dark
4q 2-12-0.5#8 DCHS2(55kb away) Light
m 2-3-1.0 #5 BBS9(20kb away) Dark
79 2-3-0.5+3 #1 MTERF (215kb away) Light
8p 2-3-0.5a AGPATS (intronic) Light
12q 2-12-1.0 #14 FAM222A (intronic) Light
15q 2-3-1.0#12 LINC00052 (89kbaway) Dark
Xq F556B1 HTR2C (150kb away) Dark

Table 1.2 XIST Integration constructs in HT1080 cell line

XISTtranscription was induced in these HT1080 cells by treating the cells with doxycycline
(Dox) which bound and released the TETR homodimers blocking the CMV proj2b&r
[220]. Initially, 1pg/ml Dox was determined to be sufficient to indX¢8TRNA expression in
the HT1080 3q cell line (22-0.5#3)andproduce a localized and unifi@dSTRNA cloudand

this concentration of Doxycycline was found to be sufficient in all ther atielines[112]. All
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9 of the induce&ISTintegration sitesould produce clearXISTRNA cloud that was depleted

for transcriptional activity asvidenced byn overlapping Cet RNA hole.

Members of the Brown lab observed that 4 dayXI8fTcDNA induction with doxycyline in the
3 cells resulted in the 80% reduction of fluorescence of a proximal EGFP reportgtIjne
Numerous time points XISTinduction extending up to 31 days were examined, though EGFP
fluorescence was found to reach a lower plateau day 7 of induction with its fluaesdd?o

of pre XISTinduction levels. This indicated that the majority of the effectsISf-mediated
silencing of the proximal reporter had occurred after ~4 days of dox industibsequent work
published by Dr. Jakub Minks adopted the fday inducton period wien examining the EGFP
reporter gene and additionally observed a strong silencing effect of a ~80% decrease in the
transcript levels by qPCR.11]. The five day period of dox induction (5ddox) subsequently
became standard operation procedure forrattembers othe Brown lab when examining the
inducibleXISTconstructs in the HT1080 cell lines. The induZé8TRNA in 3q became
enriched with some chromatin marks associated with the Xi, such as H4K20mel, while
becoming depleted for marks associatetthwianscripional activity such as acetylation of H4

[112]

Previous work by Jennifer Chow had shown that by 4 days of induction a reporter gemalpro
to inducedXISTunderwent significant silencind12]. Work by Christine¥angidentified four
genes on 8p with coding SNPs that underwent sibgnafter five days oXISTinduction in the

8p XISTinducible HT1080 cell line (3-0.5a). These genes, in order of proximity toXh8T

cDNA constructs, wer€TSB DLC1, SLC25A37AndSTC1(tablel.3).
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Gene Transcript starhg38) | Location (Gband) | Distarce fromXIST
CTSB 11,842,524 8p23.1 5.11 Mb

DLC1 13,083,361 8p22 6.35 Mb
SLC25A37 | 23,528,956 8p21.2 16.80 Mb

STC1 23,841,929 8p21.2 17.11 Mb

Table 1.3 Distal genes that undergo allelespecific silencingby XIST induction from

8p(23.1)

1.8 CRISPR, theory and application for modifying XIST

There was a need to ensure maximal genetic and epigenetic similarity betweevelhdeletion
constructs to be generated during this research and liHertgih XISTcongruct. Previous work
had relied on the Fiin recombinase to create different induciKI&Tconstructs[112]

However this research project began sii@fter the advent of CRISPR technology as a novel
alternative that allowed for novel deletion constructs to be genetiaésdly by modifying Full

XISTand was adopted for these reasons.

CRISPR (clustered regularly interspaced short palindromic rgpe#tie adaptive immune
defense of bacteria and archaea that developed to remove pathogenic sequences from the hosts
genomeand provie pathogen resistan¢221]i [223]. Its potency as a tool for gerditingwas

realized when it was demonstrated to be functional with eukaryds$e aetl could be easily
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directed to produce double strand breaks of targeted sequences in the [R24jife26]. Of

the three types of CRISPR systdghe Type llincludesthe most commonly usesystem, Cas9.

The Cas9 nucleasgderived fromStreptococcus pyogengpCas9and cleaves a targeted

DNA sequence when bound todRNAs, the CRISPR RNA (crRNA) and the trans activator
RNA (tracrRNA)[227], [228] It was quickly determinedhowever that these two RNAs could

be fused together into a single guide RNARBIA or gRNA) that comprised a targeting
sequence complementary to the sequence of DNA to be cleaved and a Cas9 interacting domain
[228]. In order for a DNA sequence to be targeted by Cas9 it was determined thbiat 23
complementary RNA sequence was needed that was adjacent toraushemtide sequence

bound directly by the Cas9. This Cas9 binding sequence was termed thspgarceo adjacent

motif (PAM) which differ based on the type of Cas9 enzyme being usedcdrhmonly used
Streptococcus pyogen€as9 enzyme used in this reseatognized the sequence NGG, with a
much weaker affinity for NAG, though numerous other PAM recognizing enzyueies
subsequently developed, including the highly permissive xCas9[@28)i [231]. Cas9

unwinds DNA at the PAM sequence and checks for complarigrbetween its gRNA and the
DNA sequence. If complemeniiy occurred and formed anlBop then the HNHendonucleas
domain of Cas@leaveghe DNA bound to the gRNA while the RusdiBe endonucleasdomain
cutsthe noncomplemented DNA strand. These two ckgeevents produce a blunt end cut of
the double stranded DNA sequence ~3bp from the PAM seq{22&Je [232]. Numerous

research groups have demonstrated that the Cas9 directed system for mediating double stranded
breaks was highly efficient with most complementary target sequences being successfully cut
resulting in a high efficiency when generating homamygnodifications within the genome

[224], [233] [236]. A major initial concern of the Cas9 system was the fear ahogfet
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cleavage of sections of the genome caulmestquence complementation to the gRNA sequence
[237], [238] However this concern has decreased subsequently with numerous algorithms and
online tools such as GUIDEeq testing preemptively fpotential off target effect§239]i [241].
Specificity of a target sequence was found to be dramatically increased by shortening the
targeting sequence of a gRNA to lengths ofL®1it as well as other modifications to the gRNA

such as using locked nucleicids[237], [242] [244].
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1.9 Thesis objective

The overarching goal of this thesis wasteate a map of the regionsXiSTresponsible for its
various functions, determine what connections if any exist between the vatemcsng

pathways initiated bXISTand to create a model system that will facilitate further research of
said pathwaydn chapter 3he activity of XIST expressed from different chromosomes in the
male HT1080 cell line was tested to identifye bestmodel system availabfer further studies

and to identify how the integration sitem whichXIST was expressealffected is

reorganization of the surrounding chromatmchapter 4 series of isogenic partidlST
constructs were generated to allow for the functional significance of individual regi¥hSTof

to be determinednd to identify regions ofISTthatwere crucal for its stability and ability to
localize to a single unified region of the nucldaschapter 5,d identify the function of each
region ofXISTand identify potential interdependencies between the XCI associated pathways
the partialXISTconstructsvere tested relative to fuléngthcontrols The objective was to

identify the key elements ofiISTcrucial forgene silencing, chromatin remodelirgpd
perinucleolar localization ofIST. The final objective was to identify how key factorstie XCI
affectedeach otheand other aspects of XIST function and to create an outline of the steps in the
pathways initiated by XIST. Inhapter 6 chemical inhibitors were used to disrupt histone
deacetylation and polycomb group compleaerd the resultig effectson gene silencing and
chromatin remodeling were studietheresults obtained in thikesis significantly advances
understanding of howISTfunctionsin humans, provides both a map and validated model
system to direct future research gamdsets a modkof the relationship between key pathways

of humanXCl.
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Chapter 2: Methodologies

The methods listed in this chapter were written as step by step protocols for the various
experiments performed in this work. Each section describes a specific protocol, and it was
intended that a researcher following h&ructionsin this protocol woud be able to replicate
any of the work or research performed wtie need forefering to additional sources
minimized The figures that complement these protocols were includib@iinrelevant sections
rather than at the end of the chaptemakeeadt sectioras intuitiveand easy to follovas
possible

2.1 Cell culture and materials

The humanmmortalizedmale fibrosarcoma cell lin@1T1080,and its derivativegvere grown at
3 7 n ahumidifiedincubator maintaining 5% COn Dulbecco’'s modifie€agle medium
(DMEM) purchased fronGibca The DMEM media was supplemented to 1@ Fetal Calf
Serum (FCS)1X Penicillin-Streptomycin 1X nonessential amino acigsd2mM L-Glutamine
all from Gibca Induction of thedoxycyclineinducible XISTconstrucs within the HT1080 cell

lines was perforrd by further supplementing the DMEM media witigAm| doxycycline.

The femalammortalizedfibroblast cell line IMR90wascultured in Eagle's Minimum Essential

Medium purchased from Gibco supplemented with 1094-@%, 1XPenicillin-Streptomycin

1X nonessential amino acids a@thM L-Glutamineall purchased from Gibc@he female
immortalizedcell line, HTERFRPEZ was culturedri DMEM F12 from Gibco supplemented

with 10% v/v FCSrom Gibcoand 10ug/ml hygromyciB from Thermo FisheBoth female
celllineswerce ul t ured at 37 I n  an JconcentdatmniRegularmai nt ai
testingto ensure that all cell lines welree ofmycoplasma contamination was performed using

the MycoFluor Mycoplasma Kifrom Thermo Fisher.
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2.1.1 Transferring adherent cells between containers

As all the cells worked with were adherent getherallygrew in monolayerghey would

frequentlyneed tabe dilutel or Ospl it 6 to a | ovbplittingavasncent r at
performed vinen the cells reached80% confluencyy adding~15ul of 0.25% v/v Trypsin

EDTA (Invitrogen)percnfo f t he ¢ o n t Thesawwlundes weee ofteri raundedHe

neares10ul or100ul depending on the pipette being us€de Trypsin wagently rocked back

and forth to ensure it completely cogdthe surfacarea of the container and was then allowed

to sit for 24 minutes. Once the cells began to sloughafblume ofphosphate buffered saline

(PBS) twice that ofTrypsin was added to the flask and was gently pipetted up and down to

ensure an even mixture of the cells in suspermmhtransferred into a fresh containgn

appropriate volume of media wdenrapidly added tahefresh container.

If the cells were being harvested for some other purpose other than simply maintaining the cell
lines therthe cell suspensiomastransferrednto a 1.5mimicrocentrifugeube and was

centrifuged at 100€elative centrifugal force (rcffor 5 minutes. This caused the cells to form a
pellet at the bottom of the tube, allowing w@ernatanto be aspirated off. This cell pellets
eitherstored at7 0 f or s ub s e yasuwsedtfor sabseglieyt analgsimediately.
Typically, the number of cells in the tube were estimated based on the initial confluency of the
cells growing in the containefable 2.1summarizes the volumes ugidoughout this projecas

well as the approximate number of HT1080 cells that will fill each type of container if allowed to

reach confluency
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Container Surface area | Number of HT1080 cells Volume of | Volume Trypsin
when confluent media to split cells

T25 25 cn? ~2.5x16 6 ml ~400 pl

6-well plate ~10 cnt ~1.0x 16 3ml ~200 pl

24-well plate ~2 cnt ~2.0x 10 1 ml ~30 pl

96-well plate ~0.3 cn? ~3.0x 1d 300 ~5-10

100mm petri ~57 cnt ~5.7 x 16 12ml ~900 pl

dish

60mm petri dish| ~22 cn? ~2.2x 1P 5ml ~300 pl

Table 2.1 Surfacearea of cell growth containers along with the approximate volumes of
growth media and Trypsin used forculturing cells.

A summary table of the dimensions and working volsimiethe various tissue culture containers
used throughout this work. The name of each container is listed in the first column followed by
the surface area available for adherent cells to grow on amghpneximate number of HT1080
cells (the main type esl in this research) that could live on that surface area. The working
volume of media that cells were grown in was listed in the fourth column and the volume of
0.25% Trypsin that was found to be mogeefive for splitting confluent populations of cells

was listed in the final column
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2.2 Procuring RNA for analysis

2.2.1 RNA extraction and purification

The purification of RNA waperformed usingrizol from Invitrogenfollowing the harvesting of
cell pelles. Trizol was added tde cell pelletsn 1.5ml centrifige tubes and caused the cells to
rapidly disintegrate into the TrizoWithin a few minutesintil the mixture appeared
homogeneous. If the RNA was not to beriediately purified these Trizol mixtures were stored

at-7 0

To extract RNA from the cell padts, the cellTrizol mixturessatat room temperature for 5

minutes before 2Q0 of chloroform was addedndthe tubes wershaken vigorously for 15

seconds byand until the mixture was a clear opaque pink. The mixture was allowed to sit for 2

3 minutes aroom temperature before being centrifuged édd@rcff or 30 mi nut es at
clear colourless aqueous phase containing the RNA and consisting of slightly less than half the

total volume of the mixture was visible after being centrifuged. The aquéass was

transferred to a fresh tube by gently pipetting mixture and avoiding any of the white sediment

found in the interphase.

To precipitate the RNASOOul of isopropanol was added to treughly 500ul of RNA

containing liquid gently mixed by inversion, and then allowed to sit for 10 minutes at room
temperatureThe mixture washencentrifuged at 1200rcff or 10 mi nutes at 4
the RNA to precipitate out of solution and form a white translucent pellet at the bottom of the
tube. The liquid phase was carefytiguredout to avoid disturbinghe pellet and ml of 75%

ethanolwas pipetted onto thesflet. The 75% ethanol was obtained by diluting pure alcohol with
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DEPCtreated double distilled wateddH20).The pellet was then disturbed from the bottom of

the tube by gently vortexing or shaking by hand. The mixture was then centrifugé@Catc8

for 5 mi n topeailet theawtashed RNA he ethanol mixture was poured off gently and

the final drops wex pipetted away, leaving only the RNA pellet. To avoid the pellet completely
drying out 30-50 pl of ddH20 was immediately added to the pelleteotie last amount of 75%

ethanol was removed. The RNA mixture was then heated tof6610 minutes to fully

resuspend the pelléhe RNA was either used immediately, storee2ad if it was to

within a couple weeks, or else it was storeerad

2.2.2 DNAse treatment and reverse transcription of RNA

Prior to reverse transcription the RNA obtained from the Trizol purification described in 2.2.1
was treated with DNAseftom Rocheaccordingo their protocoto digest any DNA which may
contaminate the RAL To digest the DNAthe RNA mixturevas treated wh the appropriate
amount of 10x DNAsel buffet,0 units(1.25ul) of DNAsel andl1.25ul of 40 U/ul RiboLock
RNase Inhibitofrom Thermo FishelfThe samples were then incubated at 3fr 20 minutes,
allowing for the degradation of any DNAhe DNAsel enaye was then heat inactivated by

incubating theRNA mixtures at 75 for 10 minutes.

The RNA was then reverse transcribed using thHelIIW reverse transcriptase from Invitrogen.
The recipe used for the reverse transcription reaction is listed beldable2.2. The reverse
transcription mixtures were allowed to sit at room temperature for 5 minutes then were incubated

at42 for 2hours before the NMLV enzyme was heat inactivated at 95or 5 minutes.
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Reagent Volume for single reaction
5x FirstStrand Buffer 4 ul

0.1mM DTT 2 pl

1.25uM dNTPs 2 ul

50 uM Random hexamers 1pl

Ribolock RNAse inhibitor 0.5ul

M-MLV 1l

RNA 9.5l

Table 2.2 M-MLYV reaction conditions for a single RNA reaction

2.3 Measuring transcript levels by RT-gPCR

Two different sets of qPCR reagents were used throughout the course of this research, Hot Start
Fermentas Taq and Promega Go Taq B3t change in reagents svadie to the discontinuation

of Fermentas Tadn both cases the fluorescent nucleic acid dye EVA gf2@xfrom Biotium

was used to measuamplification of cDNA sequence$he recipgused to prepare the reaction
mixtureswerelistedin table 2.3 and.2. The primer sequences used for the various (?CR

described throughout this wovkereincluded in the appendix primer table A.2.
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Reagent Volume for single reactioful)
25mM dNTPs 0.16

50mM MgCh 2

10x Buffer 2

25nmol/ul sense and antisemsener mx 0.2

cDNA template 15

HS Fermentas Taq 0.16

EVA green 20X¥rom Biotium 1

ddH0O 12.98

Table 2.3 Recipe for 20ul RT-qPCR using Fermentas products

Reagent Volume for single reactionu)
25mM dNTPs 0.16

25mM MgCh 1.2

5x Buffer 4

25nmol/ul sense and antisense primer mix 0.2

cDNA template 15

Promega HS GoTaq G2 0.1

EVA green 20x 1

ddH0O 11.84

Table 2.4 Recipe for 20ul RT-qPCR using Promega GoTaq G2 ppducts
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Thereaction mixturesvere preparedn ice and wereun in either MicroAmp Optical 9évell

plates or 8ap strips fromApplied BiosystemsHot StartFermentag aqgreactions were heated

to 95 for 3 minutes, then completed 40 repeating cycles of 96r 20 seconds, 60 for 30

seconds and 72 for 1 minute. The Promega reactions were treated the same way, only at 96
instead of 95 . The cycle threshold (CWas calculated using tleeftware incuded wih the

various gPCR machineghe primary interest of this research wasdamparethe relative

guantification (RQ)f a gene of interegt.e. XIST) in different cell types or conditions. The RQ

would be calculated using @mdogenous control ge(e.g.PGK1). The difference in CTs

bet ween the gene of interest and control woul

which in turn would be &l to determine the RQ according to the formula below.

YY6 Y Y6 Y Yo 'Y

Y6 Y 6 Y oY

In certain cases, multiple endogenous control genes were used to calculate the RQ to avoid
potential confoundtg effects caused by variation of a single endogenous control. \Whénd
endogenous controls weusedtheir CT values were combined intoggometric meabased on
their respective primeefficiendes Primer efficiency wasalculated by graphing the €alues

of serially diluted cDNA on a log scale in Microsoft exf&45]. The calculatiorused to
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calculate the relative gene expression using multiple controls as wied afficiency calculation

shown belowj246], [247].

0" Q0O QWY Qa Vi i

00 OE EWHTWY OYD e T T T
00D QOO QQQW OW@EERWN | £@AYQT

01 VIO QQODdIMQ 1T P

2.4 PCRto amplify DNA sequences

The amplification of DNA sequences of interestfiyRusedhot starfTagDNA polymerase

from Invitrogen PCRmixtures were prepared accorgito the ecipe listed irtable 2.5 PCRs

were initially heated to 95 for five minutes, then completed 35 cycles alternating between

95 for 30 seconds, 562 for 30 seconds then 72 for 1 minute per kilobase of sequence to

be amplified (minimum time df minute).The only exception to thigrocedurecamewhen

preparing PCR products for pyrosequencifige PCRoroductsfor pyrosequencingvere

required tdbebiotinylated. ly the STC1andCTSBprimerswere directlybiotinylated in the

cases ofthe DLC1andSLC25A3 pyrosequencing primers,h e O r e v eimeach Mmixtpre i mer s
werefused to a M13 universal primghppendix primer table A.2)15 PCR cycles were carried

out using the M13 fusion primeasd theresulting PCR produatas used as a template for a

subsegantreaction using biotinylated M13 universal primers20rcycles.
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Following the finalamplificationcycle of all PCRs, the productsere incubated for 5 additional
minutes at 72 then either stored a20 or usedmmediately forsubsequent purposds.
instances wheramplifying theDNA templateproved difficult the PCRwere supplemented

with 20%Betaine(from Sigma by volume, adding 5ul dBetaine and 14.fl of water rather

than the full 19.5ul of water.Betaine acts to equilibrate Tm differensiddetween the two types

of base pairings, which in practice results in improved target synthesis and specificity across

difficult sequences while preventing nepecific products from being produci8].

Reagent Volume for single reactionu)
25mM dNTPs 0.2

50mM MgCb 0.75

10x Buffer 2.5

25nmol/ul sense amahtisense primer mix |1

DNA template 1
TaqDNA Polymerase 0.125
ddH0 195

Table 2.5 Recipe for 25ul PCR
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2.4.1 PCR product purification

The purification of PCR productgas carried out using the Qiaquick PCR purification kit
(commercially available from Qiaggrin every purification 20ul of PCR product was combined
with 100ul of the column binding buffer, Buffer PB, and mixed gently by pipettingniiked
120ul were tha placed on top of the membrane of the assembled Qiaquick column and
collection tube provided in the kit aéntrifugel at 17900 rcf forl minute.The column and
collection tubenvere removedrom the centrifugeand the flow througklisposedThe column

was filledwith 750ul of wash buffer, Buffer PE, and centrifdge 17900 rcf for 1 minuteThe
column and collection tub&ere removedrom the cenifuge and the flow through discarded
Thecolumnand tube weragainspunat 17900 rcf for 1 minute to esure that as much of Buffer
PE ha been removed as is possibléie columnwvas removedrom the collection tube and
placal in an appropriately laba&lt 1.5ml microcentrifuge tub&ypically, 50ul of ddHO was
added to each column, though this couldbpisted to increase or decrease the final
concentration of the DNA as the column only held 10ug of DNA. The@dias added to the
column and allowed tsit for 1 minute before being centrifuged for 2 minutes @A rcf. The
column was then discardeddaithe DNA solution could be either storedzt0 or used

subsequent applications immediately.
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2.5 Pyrosequencing

Pyrosequencing was performed on inglated PCR products obtained by the amplification of
specific sequences of cDNAII the PCR of pyrosequencing primer pairs were performed at a
melting temperature of 58.3°C and extension times of 1 minupe 01 PCR product vasused

in each pyrosequeing reaction in a PyroMark MD machine from Qiagen using CDT tips
according to the recommended protocol. The PCR prodoatbinedwith38ul o f Py r omar k.
binding buffer, 35l of ddHO and 1l of Streptavidin Sepharos¢igh Performancéeads from

GE Healhcare. The mixture was thagitatedat 1400 rpm to allow the DNA to bind to the

beads. While the PQBeadmixture was shaking, 0.144 of 25nmolful SNP primer was

combined with11.856ul of Pyromark Annealing buffan the well of a Pyromark optical plate

The containers of the Pyromark workstation were filled with the following: 1 with 200ml of 70%
ethanol, 2 with ~100ml denaturing solution, 3 with ~120ml of wash buffer and 5 with ~100ml of
ddH0. The workstations combas rinsed in ddkD to remove any sidual dust or

contaminants, then the PCR product containing mixture was sucked up through the comb of the
vacuum apparatu§he DNA and beads remained held against the outside of the semi permeable
membrane of the contly the negative pressure generatedhe vacuum apparatuds soon as

the liquid was sucked up, the comb was gently placed in each of the numlbe3amitainers

of the workstation, allowing the PCR product coated beads tr@aiedwith the various hjuids.
Thecomb of the vacuum appéaua was then carefullfowered directly over the optical plate

without touching the primer mixture. The vacuum was then disconnected using the switch at the
front of the workstation and the teeth of the comb were lowered directly into the wells of the

optical plate, swirling gently to ensure that the beads weregetemto the primer containing
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annealing mixture. The combs were then carefully removed, and the optical plate was heated to
80°C for 2 minutes. The plate was then loaded into the PyroMark isiihime and the CDT tips
were filled with their respective primg enzyme and substrate components from Qiagen. The
Pyromark software was used to run the PyroMark tai&zhineand calculate the allelic ratio

present within the PCR product.

Throughout this wrk the relative strength of induced gene silencing was mebbyre

comparing the change in alletontribution to total gene expressiacross the test condition
relative to the change induced by the control condition. The formula below was used ladecalcu
the normalized strength of silencing between a test dondg.g.qA) and a control condition

(e.g.Full XIST) in cells prior to and following the treatment.

NOd O EVh DI “o‘(‘)‘l QOO RO OGN CEONN & Qéa DI Qoo O Q¢ ¢
aQe € O o T A T T e T s s
01 QMOENQ 0 GO AW 0 QE Q®I Qo 0 Qé &

O@e M A ROADEN 0 RéE G QOO0 QEE vaaRadI Qoo o Q¢ ¢

This simple formula is useful as a value of 1 indicates that the test condition did not differ from
the control, while a value of O indicates ttta treatment did not affettte relative contribution

of an allele tdhe total gene expressidatatisti@l significance was calculated using the Mann
Whitney Utest comparing multiple biological replicates performed in technical dupli@tes
When multiple testing was being performed the significance was adjwasted bn the

Bonferroni correction [adjusted p = p/(number of teg§&5D].
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2.6 Protein Extraction and western Blotting

2.6.1 Protein Extraction from cells

Whole cell protein was extracted from cells by treating cell pelletsRattio

Immunoprecipitatiossay buffe(RIPA buffer). The cell pellets we harvested by Trypsin

treatment as described in section 2.1.1 and the remaining liquid on top of the pellet was aspirated
off. RIPA buffer (1M NaCl, 1% NP0, 0.5% sodium deoxycholate, 0.1%SDS, 50mM pH 7.4

Tris in ddHO) prepared according to the Coldriyg Harbor[251] protocolwas supplemented

with 1pl of Proteasdnhibitor Cocktail from Rocheper 100ul of RIPA buffer. RIPA buffavas

added at a concentration of 500ul per ~2xddlls (the approximate number of HT1080 cells in a

nearly confluent T25 flask Samplesvere gent |y agitated by shaking
allow for the breakdown of cellshen wereentrifuged at max speed (3000 rcfla t  fdér 20

minutes. The supernatant containing the protein component was trashsbearéresh

microcentrifuge tubéo be loaded immediately into an SIPAGE gel or stored a2 0

2.6.2 SDSPAGE gel

In preparation for runningrotein samples on tieDSPAGE gela 1.5mmglass spacer platnd
cover plate were sandwiched together in a caslengpand placed upon gel castiig stand(all
from Bio Rad. The volume within the plates was filled with water and allowed to sit for several

minutes to ensure that there was no &gkAs the water sat in th@ates 10mlof 12%
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acrylamide lower running gel consisting of 4.2ml of 28ctylamide/bisacylamide(Bio Rad,

2.5ml of 4x lower gel buffer (1.5M Triand0.4%SDSn distilled waterpH of 8) and 3.3ml of
distilled watemixed thoroughly then 40ul of 10% ammonium persulfate (prepared freshly each
time) as well as 10ul of TEMED dm FisheiScientific wasadded. The watewaspoured from

the watertight gel plates and this gel solutiaaspipetted in, filling the volume to within a cm of
thetop. The final cm of the plategasfilled with 100% isopropanol. The lower gel solidd for

a minimum of 30 minuteat which point the researcher consumed a cofie of upper gel

mixture consisting of 0.75ml 29:1 acrylamidefarsylamide, 0.45ml of 4x upper gel buffer

(0.5M Trisand0.4%SDSin distilled waterpH of 6.8) 1.8ml of distilledwater, 10ul of of 10%
ammaium persulfate and 5jaf TEMED (FisherScientific) wasprepared The isopropanol
covering the lower gelaspoured off completely, exposing the top of the lower §eeupper

gel mixturewaspoured ortop, filling the remaining centimeter in the gelgties.A 1.5mm gel

comb that accompanied the spacer plate was then inserted into the top of the plates. This upper

gel mixturesolidified over the course of 30 minutes.

The solid gel and its glass case were removed from thegastind and clamp and wdited

into the electrode assemiBio Rad with the short plates facing inwardbe comb was then
removed If only one gel was being run then a maglacer plate and short plate combination
wasinsertedon the other side of ¢helectrode assembly with short plate on the inside. This
created a watertight container that was fitted into the Bio Rad buffer tank and filled to
overflowing with Running buffelRunning buffemwas produced liter at a time by duting

100ml of 10x Runimg buffer (0.25M Tris, 1.92M Glycine and 1% w/v SDS in distilled water) in

900ml distilled water. The tank itself was then filled with the remaining Running bOffiee
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the gel was prepared for electrophoretigyl of each protei extract vas mixed witl2X SDS

gekloading buffer(4% SDS, 0.2% bromophenol blue, 20% glycerol and 200mM dithiothreitol)
according to the Cold Spring Harbor protocol
3 minuteg252]. Theprotein mixturewasloaded into each well of the gel, and BenchMark
Prestained Protein Laddémom Thermo Fisher was loaded irdoe of the wells abutting the

samples. The gel was run at 180 volts untildr@mophenol blueyein the various sampldsad

nearly reached the bottom of the gel but had not rurTb# bottom band of the Petained

Protein Ladder corresponded to ~10kial so it wagnsured that there was always a significant

gap between this band of the ladder and the bottom of the geture that the histonleadnot

beenrun off the gel.

2.6.3 Western blotting

As the gel irsection2.7.2was runningfreshTransfer bifer was preparedndcooledeither in a
freezer or on icelransfer buffer was prepared by combining 100ml of Tanstkr buffer

(0.25M Trisand1.9M glycinein distilled waterand stored at 4°C), 200ml of methanol and
700mlI of distilled waterThe gel wagemovedfrom the tankelectrode assembbnd spacer

plates The gel was immersed férminutes in cold ransferbuffer andthe transfer system was
prepared. Th&io Rad transér holder cassettgasarrangedvith the black frame (which would
face the negative electrode) on one side and the clear frame (which would face the positive
electrode) on the other. fdaam pad fronBio Radwas placed on top of the black frame and upon
tha was placed a piece of the filter paper supplied iNitrcellulose/Filter Paper Sandwich

from Thermo Fisher. The now soaked gel was placed carefully upon that piece of filter paper so
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as to becompletely supported by it and not touching any part@$fpiongebeneath. Carefully
andusing metal tweezers, til®e2umnitrocellulose was firdbriefly soaked inTransfer buffer

then placed on top of the gel. Pressure was applied with a smooth flatrierlo remove any
gaps that might exist between the odtellulose and gelnd a small amount of transfer buffer
was poured on top to ensure the nitrocellulose was completely sd@dieedther piece of filter
paper was placeoh top ofthe nitrocellulos¢o cover it completely. An additional piece of
spongy foa was then placed on top of the filter papé®e clear frame was then folded over and
fastened to the bladkame and the cassette was fitted into the Bio Garé AssemblyModule

for protein tranfer with the black of the cassette facing the black sidkeomodule The Core
Assembly Module was inserted into the Bio Rad protein transfer tank and a cold ice pack was
placed in the transfer tank as well. The tank was then filledwé#hsfer buffeand was hooked
up to a Bio Rad PowerPac HC power supphpté&in transfer was carried out at 90 volts for one
hour at 4 wi t h c of thaTraasfeibuffar esimd a magnetig stirtb@rt i o n

ensure dispersion of heat.

After the one hour therptein bound nitrocellulose membrane was transferredaictmntainer

filled with 40ml of blocking buffer consisting dfris bufferedsaline (TBS) with 0.1%/v

Tween20 and 3% Bovine Serum Albumin (BSA: 1.2 grams in 40ml TBS). The membrane was
gently rocled back and forth for one hour in the blocking bufferrevpnt the notspecific
absorption of antibodies into the nitrocellulod&er blocking the nitrocellulose was plade

inside a 50ml falcon tube containing 20ml of primary antibody solution (3%8®&A;, 0.1% v/v
Tween20 in TBS plus the relevant antiboslidilutedas listed in table 2)6The membrane was

incubated in this sol ut i toallovoevenccoatingdfthe eatite 4
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surface of the membrane with antibodies. Thd day the membrane was retrieved from its

falcon tube and was washed four timesSoninutes each inoom temperaturéBST (0.1% v/v
Tween20 in TBS). During each wash thérocellulosemembrane was placed on a rocker to

help wash off any unbound protsifT he nitrocellulosemembrane was then placed in a container
containing 20ml of secondary antibody solution (3% w/v BSA, 0.1% v/v T\#8an TBS plus

either goat antimouse or goat artiabbit fluorescently labelled secondary antibodiged in

table 26). The membrane was incubated in the secondary antibody solution for one hour at room
temperature on a gently rocking rocker. Following this secondary incubation, theranemvas
washed twice with TBST then once in TBS for 5 minutes each at room tdorpeféhis was

done to remove any unbound secondary antibodies. The protein and antibody bound membrane
was then imaged at the relevant wavelengths using-&0OR Odysseynachine from

BioAgilytix and the software packagknage Studio
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Primarywesterrblotting antibodies

Target Company Catalog # Lot # Host species| Dilution
H3K27me3 Diagenode C15410069 | A1824D rabbit 1:500
H4K8ac Abcam Ab45166 EP1002Y rabbit 1:2500
H2AK119ub | SigmaAldrich | 05678 2591849 mouse 1:2000
H4 Upstate 25296 07-108 rabbit 1:2000
b-actin Invitrogen MA5-15739 | TC263471 | mouse 1:5000

Secondaryluorescentvesternblotting antibodies

Target Company Catalog # Lot # Host species| Dilution
Rabbit LI-COR 92568071 |B8111301 | goat 1:10,000
antibodies

Mouse LI-COR 92532210 |926-:32201 | goat 1:10000
antibodies

Table 2.6 List of antibodies used for Western Blotting andtheir concentrations

The table lists the targets of western blotting that were examined in chapter 6 as well as the
product infornation for each antibody and its species of origin. Antibodies were subdlivide
between those that were used for primary and secondary labelling. All of the targets of the
primary antibodies had been shown to work in human models. The dilutions listedimathe
column indicate the concentration of the antibody in solution dahi@§Vestern blotting

reaction and was determined through trial with multiple concentrations. Only antibodies that
proved effective for Western blotting were shown here, and a etenfgt of the antibodies used

throughout this work is in the appendicexb(e A.3 and A.4).
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2.7 Generating gRNA plasmids

The methods described in section 2.7 are summarized in graphical format in figure 2.1, which
illustrates the key steps involved ireating a targeted gRNA expressing plasmid described in

greater detail througput sections 2.7-2.7.3.

2.7.1 Selecting gRNA targeting oligonucleotidesequences

To generate guide RNAs (gRNAs) that would allow for the specific modifications desired

throughout thé projecthe gRNA containing plasmid pSPgRN#om Charles Gersbackas
ordered(Addgene plasmid # 47108 ; http://n2t.net/addgene:47108 ;

RRID:Addgene_4718)[253]. This plasmid uses a U6 promoter directly upstream of two Bbsl
restriction siteshat allonedfor the orientedntegration of a gRNA sequence by attaching the
sequence CACC to the 54 AAACsetonsthelsbngeoaundl eb
gRNA oligonucleotideThe (RNA targetsequences were generated using H@&RESP online

design toole-crisp.org)produced by the German Cancer Research Center. The human genome
Homo sapien&RCh38 was selectddr referenceand the FASTA sequence for tRESTCDNA

regionof interesvas pasted into the tool. The O6strictéo
several adanced optionadjusted The minimum guide length was set to 19 and maximum to

20. The ©5bAspr eegdi ng meanthisisveassentia ferttranscapt iditiGtn

by the U6 promoter of the pSPgRN@Aff-target analysis was set to use Bowingth high

sensitivity for offtarges. Additionaloff targeteffects on th@uromycinresistance gexwere

selectechgainst as the Cas9 plasmantained &uroR geneThe maximum number of results
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was increased to over 50 to provide a range of optidms gRNAs were selected based on their
location within the region of interest as well as their spatjf(S-scorej241] and efficiency (E
score)254], in that order of importance. The gRNA sequences were then checked by BLASTnh to
check for potential oftarget effects not identified in the program. If no serious coneezns

uncoveredhensenseand antisensgargetingoligonucleotide sequences wereered from IDT

2.7.2 Cloning targeting oligonucleotides into pSPgRNA vector

Thetargetingoligonucleotides were resuspended in double distilled waterQ@idtd a
concentration of 100uM. Thaligoswere phosphorylatelly incubating with T4 polynucleotide
kinase according to the recipe in table2.7¥ 3 7 f o r Th& T kimasemwasiaaivated
at 95 f o,then3he tainperatureveemmped dowrt o 2 5 /miato enSure
proper hybridizationThis mixturewas then diluted 20€bld to a final oligonucleotide

concentration of 50nM
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Reagnt Volume for single reaction

Sense targeting oligonucleotide 1yl

Anti-sense targeting oligonucleotide 1l

T4 ligation buffer, 10x with ATP (1mM) 1l

(Thermo Fisher)

T4 polynucleotide kinase (Thermo Fisher) | 1 pl

ddH20 6l

Table 2.7 Phosphorylation of targeting gRNA oligonucleotides

The pSPgRNA plasmid was digested using the Bbsl restriction enzyme from New England

Biolabs. 1ug of plasmid was digesteyl 10 units of Bbsl enzyme in 1x NEBuffer 2.1l¢tded

down from 10x NEBuffer 2.1) for3hosa t 3 7 and then heat inactiywv
minutes.The plasmid was then dephosphorylatsdchn additional step ensure that it would

only be able tae-ligate back together with the phosphorylated tangedligonucleotidesTo

ensure that the plasmid was dephosphorylate@intarctic phosphatase buffesas added to the

digested pSPgRNA mixtui@ong with 10 units of Antarctiphosplatase emyme from New

England BioLabs. This reaction mixture was incubateat 3 7 for w0 minutes
inactivated by heating the r dgestedandn mi xt ur e t
dephosphorylated plasmid pSPgRNA plasmid was then column purified usi@é¢Ateick

PCR Purification Kii from Qiagerand resuspended in dgbl.

1.5 ng of targeting oligaucleotideand100ng ofpSPgRNAlinear plasmidvere incorporated

into the ligation mixtureto give a 2:1 molar ratio of targeting sequence to vector. The
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concentration of pSPgRNA was determined usitliteaspec 2000 from Phaacia Biotech
measuring the 260nm and 280nm absorbances accordingnoatireu f a direations.Eaéhs
XISTtargeting gRNA was generated using the following reaction sahgthe reaction

proceededeitherfor 2 hours at room temperature or overnight 4

Reagent Volume for single reaction

Digested and dephosphorylated pSPgRNA volume needed fat00Ong of DNA

Targeting oligonucleotides (50nm) 2 ul (each)

10x T4 DNA Ligase Buffer (Thermo Fisher| 2 ul

T4 DNA ligase (Thermo Fisher) 1pl

ddH20 Fill volume up to 20ul

Table 2.8 Reaction conditions for ligating target sequence into digested oligonucleotides.

After ligation, thereaction mixture was then treated with ExonucleaséNew England

Biolabg to cleanup linear DNA after ligation reaction$0X NEBuffer 4 was added tie

reaction conditionso a concentration of 1X8 pl to the 20pl ligation reactiorglong with 1l of

T5 Exonuclease. The exonuclease readtioubateca t 3 7 for 3dihgtathenut es ac

New England Biolabs protocbkfore being used immediately filansformations

273 Transforming gRNA plasmid into DH5U Compet

Subcloning Effici en cwefeoédids Gomdwimogen tind ailkgRA | | s

plasmids generated through this procedure were transformed into these cells. Transformations
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were carried out using the manufacturers protocol. These cells were stafedl andduring
transformations were thawed on ice and 50ul was transferteea il.5ml microcentrifuge tube.

To these cells was added 1.5ul of §RNA solution created in 22Z(~7.5ng of gRNA plasmid).

The cells were then gently mixed and allowed to sit on ice for 30 minutes before undergoing heat
shock by placing the tube inda2 water batHor 20 secondsThe cells were then returned to

their ice filled box for a furtherthi nut es. 75001 of 37 SOC medi a
Cold Spring Harboprotocol[255]and was added to the DH5U cell s
37 for 1 hour on a Bé&garlatesverepoepaset accoglingatathe2 2 5r p m
Cold Spring Harbor protocd256] andsupplemented with Ampicillin to a final concentration of
100ug/ml.Volumes of50pul, 150l and 300pl of gRNA r ansf or mewere&tb U cel | s
added to th ampicillin LB agar platesTheD H 5 dgll mixtures werespreacevenlyacross the

surface oftheLB agar plate. The plates were incubate
colonies were picked to be tested for the successful integration of the gRNistqgence into

the pSPgRNA plasmid.
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Sense & and Antisense Phosphorylated
Bbsl x 2

Target Sequences Target Sequence
L\ / WP
U6 gRNA h

- T T4 PNK
pSPgRNA
1. Bbsl 1. T4 Ligase
2. Antarctic
Phosphatase 2. T5 Exonuclease
pSPgRNA linear Targeted gRNA
without Target dephosphorylated Plasmid

pSPgRNA

Figure 2.1 Summary of method used to generate targeted gRNA expressing plasmids.

A graphical overview of the process used to insert a targeting DNA sequence ip&PiiRNA
plasmid. Two BBsl endonuclease target sequences alloweddayed sequence (blue) to be
integrated upstream of the remainder of the gRNA repeat and tracrRNA sequence (green). The
gRNA expression was driven by a U6 promoter (yellow). The tasgpteice of the gRNA was
ligated into the BBsl digested gRNA sequetxereate a plasmid that expressed the custom

gRNA.
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2.8 Plasmid purification

All plasmids were extracted from their host bacterial cells using the QlAprep Spin Miniprep Kit
accordingtoh e Qi agends di r ecweregrons overightant2dafliBal cul t ur
media with ampicillin at a concentration of 100ug/ml. These cultures were pelleted by spinning
down at 10000 rcf for 3 minutes at room temperature before being resuspendedurobBis

buffer (Buffer P1) and adding 250ul of Buffer P2. Thectem was mixed gently until clear and

350ul of Buffer N3 was addedhe ~850ul of reaction volume was then mixed again. The

reactions were centrifuged at,@80 rcf for 10 minutes. The@maining supernatant was then

applied to the QlAprep spin columns arghtrifuged for 1 minute at @0 rcf and the flow

through was discarded. 500ul of wash buffer (Buffer PB) was then added to the column which
was centrifugedor 1 minute at 1®00 rcf. Then 750ul of the other wash buffer Buffer PE was
added to the columbefore being centrifugeadice for 1 minute eacht 48,000 rcf, with the

flow through discarded after each washe column was then placed in a fresh 1.5ml
microcentrifuge tube and wé#ed with 50ul of ddHO. The water was allowed to sit in the tube

at room temperature for 1 minute before being centrifuged for 2 minute®a0x8f. The

column was then discarded and the plasmid containing water in the the microcentrifuge tube was

either stored at2 0 usedimmediatelyfor subsequent applications.

2.9 DNA electrophoresis through agarose gel

Whether checking PCR produmtdigestedolasmid sizes the DNA was run on an 1% wi/v

agarose gel in TriacetateEDTA (TAE) buffer. TAE bufferwas produced by diluting a stock
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solution of 40x TAE (1.6M Tris, 0.52M sodium acetate and 80mM EDTA with the pH adjusted
to 8.0 using acetic acid in distilled wat&rB9 in distilled water. The 1x TAt#as used as the
solvent forUltraPureagarose powddrom Invitrogen Theagarose was dissolved into T/Aly
microwaving the agarose and TAE in an Erlenmeyer flask with a volume at least 4x greater than
the volume of TAE until it staedto boil gently. The contents were then swirled gently to ensure
that theagarose had completely melted into the TAE. SYBR Safe Stain from Invitrogen was
added to the mixture to a concentration of Jd00and swirled gently to ensure equal

distribution of the stainBefore the gel began to solidify, it was poured into a Bid g casting

tray with the complementary comb inserted to be nearly touching the bottom of the casting tray.
The gelsolidified for at least 30 minutdseforethe comb was removed and the gel plased in

Bio Rad gel electrophoresis system filled withEH & room temperature. The edge of the gel

with the loading wellsvas placed next to the cathode (black electrode) so that the DNA would
flow through the length of the gel towards the anode (red electrode). DNA samples were mixed
with DNA Gel Loading Dye taratio of 5:1 A DNA ladder of appropriate size (usually

GeneRuler 100bp Plus DNA Laddeom Thermo Fishgrwas loaded next to the DNA samples.
The volumes loaded into an agarose gel varied based on the applcdtiorgeneral 5ul of

DNA sample woul be loaded into each well of a g&he samples wenein at~80 volts using a

Bio Rad Power Pac 300 power supply. Once the leading edge lmfadingoromophenol blue
dyehad travelled significant distancalong the gel the power supply was turnedaoidithe gel
transferred into aAlpha Innotech Alphalmager 22@@| imaging machineTheUV light of the
imaging machine caused tB&BR safe staied DNA to fluoresce, which was captured using the
built-in camera system. The machimascontrolledand thephaos were analyzedsing the

Alphalmager HP software suite for Windows.
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2.10 DNA extraction from mammalian cells

2.10.1 DNAZzol DNA purification from Life Technologiesmethod

To purify DNA using DNAzol(Life Technologiescellswere pelletecs described isection

2.1.1 Room temperature DNAzol was then added to the cell pellet, at a concentration of 100ul
perlfcel | s according to t he tubeavasoverseddevemaléimeds i n st
allow for the complete lysis of the tekllet, which rapidly disolved into the DNAzoforming
aclear and colourlessolution The DNA was precipitated by adding a volume of pure ethanol
half that of thevolume ofDNAzol (ex 50pl of ethanol was used to precipitate DNA from 100pl

of DNAzol). Thetube wasmixed by inwersion thensatfor 3 minutes at room temperature. The
tubewasthen centrifuged at,@00 rcf for 2 minutes at room temperature to pellet the
precipitatedNA. The DNAzol and ethanol was theemoved andie DNA pellet was washed
twice with 1ml of 75% ethnol in ddHO and gently agitated each time until the pellet released
from the bottom of the tube and floated freely within the ethanol solution. After the final wash
the ethanol waseemovedand the DNA pellet was resuspended irolume of 20100ul of

ddH0, depending on the application and size of the pellet.

2.10.2 Mouse Homogenizing Buffer (MHB) methodof DNA purification

This method of DNA purification is based on a protocol shared with the Brown lab by Andrea

Korecki of the Simpso lab in the Department dedical Genetics at the University of British
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Columbia.This protocol was designed to digest mouse ear notatiegas highly efficient at
producing usable DNA samplé®m cell pelletgsection 2.1.1)immediately before using
Mouse Homogenizing BuffeMHB: 50 mM KCL, 10 mM Tris HCL at apH 8.3, 2 mM
MgCl2, 0.1 mg/ml gelatin, 0.45% IGEPAL CA&30from SigmaAldrich and0.45% Tween 20
from SigmaAldrich all suspended in ddH20) Proteinas€limg/mlSigmaAldrich) was added
to the buffer to a concentratiarf 120ug/ml.After extensivaroubleshootingvolumes of 300ul
to 500ulof MHB supplemented with Proteinasen¢re effective for converting a pellet of

roughly 16 cells into a solution ideal for subsemu PCR. After theMHB Pro&inase K solution

was aded to a cell pellethe solutiorwas i ncubat ed o wextdaytght at 55
Proteinase K was inactivated by heating the s
was then either stored &0 or was i mmediately used for sub:

2.11 Transfection and selection of detion construct containing HT1080 cell lines

The CRISPR system used throughout this research involved a standard SpCas9 expressing
plasmid (pSpCas9(BBA-Puro) and sgRN expressing plasmids (pSpgRNA) that could be
transfected into cells together. The €agms codon optimized for human models and expression
was driven by a CMV enhancer and chicleactin promoter. A SV40 nuclear localization

signal was fused to the CaBensure its transport into the nucl¢2®5]. The pSPgRNA

produced &treptococcupyogenespecific guide RNA under the control of a U6 promoter
designed to be transibed in mammalian cell253]. Digesting the plasmid with Bbsl resulted in

non-matching 4 nt sticky ends on the linead plasmid allowing for an orientableégration of
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a target sequence into the gRNA. The final size of the gRNA plasmid following the integration

of a target sequence was 3.2kb and the Cas9 plasmid was 9.2kb.

All of the XISTdeletion constructthatwere generatedn this thesisvere a result of transfecting
gRNA and Cas9 plasmids intbe male fibrosarcoma cell line HT1080 cell lind-P.5a 1c.1
which carries a doxycycline inducibifell XISTcDNA construct integrated into chromosome
8p. The followingmethodology was arrived #irough extensive troubleshooting of conditions
to precisely excise a specific region of KKk Ttransgene using transient selectida.excise
specific regionsthree plasmids were transfected into the HT1080 cells, two gRiufessing
plasmids targetip the regions oKISTto be cut as well as a Cas9 expressing plasmid that
providedtransienfpuromycin resistancd he purified ~3.4kbgRNA plasmidsveredescribed in
section 27 and2.8. The~9.2kb Cas9 plamigSpCas9(BBRA-Puo (PX459) wasobtained
from Feng Zhang (Addgene plasmid # 48139 ; http://n2t.net/addgene:48139 ;
RRID:Addgene_4813®25]. Figure 2.2at the end of this sectigrovides a graphicalutline of

the steps involved in generating clonal potential deletion cell linésbgfection and selection.

The three plasmids wetensfecéd intothe HT1080 cellsusng Lipofectamine 3000eagents
(ThermoFisher)The transfectin protocol that waadapted fronthe manufacturers protocol.
The concentration and purity of the purified gRNA and Cas9 plasnedsdetermined by
measuring the 260nm and 280absorbance inraUltraspec 200@rom Pharmacia Biotecls
the protocol for lipofectamine suggedthat the DNA should be concentrated to greater than
0.5ug/ul the purified plasmids were typically concentrated in their,@dsblutions in a
Speed/ac systen from Savant ltegrated with the vacuum itself produced by a motor from A

Vac Industries.
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The Cas9 expressing plasmid that was to be used contained a puromycin resistance gene and was
the only one of the three plasmids that could be selected for. Atrthéhte molar réos

recommended based on the literature sugges®etb 1.:6molar ratiosof Cas9 plasmids to

individual gRNA plasmid237], [257], [258] It waseventually determined thatnaolar ratio of

1:4.5:4.5 fnass ratio of 1:1.5:1)5or the Cas9 and two gRNA plasmids was optirdaljg

plasmid solution was created prior to each transfection reactiom adnsisted of 0.375ug of

each gRNA plasmid and 0.25ug of the Cas9 plagfigdre 2.2 A)

The day before transfectipthe HT1080 cells to be modified were seeded into the wells of a 24
well plate to be ~4®0% confluent by the next daywhen performinghe transfection protocol,
Lipofectamine 3000 wafirst dilutedinto 25ulvolumesof Opti-MEM media(Gibco) andthe
resulting solutions were shaken vigorously for several seconds then allowed to sit at room
temperature while the plasmid solutions were aregh For each grouping of plasmids to be
transfectedwo different Lipofectamin®000dilutions weretested either consisting of 0.75ul or
1.5l of the reagerfigure 2.2 B) Theplasmid solutioe weremade by adding a total of 1ug of
plasmids to 50ul bOpti-MEM which was additionallupplemented witBpul of the P3000
reagent, included in the Lipofectamine reagentHgjial volumes of the plasmid solution
(~27ul) were then added the ~26pl Lipofectamine 300@olutions TheplasmidLipofectamine
mixtures werancubatedor 1520 minutesat room temperatudeefore being gently pipetted into
theappropriate welbf the 24well plate. The media was gently swirled to ensure an even
distribution of the DNALipofectamine particles. Thieansfectedatells wee grownfor at least 16
hours before their media was removed and replaced with prewarmed media containing

puromycinfrom Sigmaat a concentration of 1ug/ml. Selectiastedfor 72 hours (+/1 hour)
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with the puromycin containing media being changed ouhersecond day. Immediately
following selectionthe cells were washed twice with PBS and spilih Trypsinas described in
section 2.1.1and20-40 cells were transferrezhch to two 100mm petri dishes. This number was
determined by counting the celts& <10ul volume on the surface of the petri dish prior to the
addition of media. The remaining cells had their DNA extracted using MHB as described in
section 2.11.2. 12mdf media was added to the droplet of calleach100mmpetri dishand

was gentlyshaken talisperse the cellisvenlyacross the surface of the plate. Over the ©6xit4
days the cells were regularly observed as they grew to form colargesthan 12Ccells(figure

2.2 C)

Coloniesof sufficient sizewere picked by removing the madand washing the petri dishes
gently with PBS twice. Vacuum grease was applied to the base of PYREX Cloning Cylinders
(Corning thatwere then placed around individual @oies. Into each cloning cylinder was
applied 30ul 00.25% v/v Trypsirthat dissomtedthe cells from the plate surface over the
course oR-4 minutes.70ul of DMEM HT1080 mediavas added to eadlf the flasks and was
gently pipetted up and down to helgsociate the cells. The cells from each colony were then
transferred into wellsfa 24 well plate filled with 1ml of media. The cells in each well were
allowed to grow until they reach near confluency before being Raiighly aquarter to half of
thecells beingsplit weremoved to a fresh wellith the remaindehaving their DNA a&tracted

with MHB as described in section1®.2. The extracted DNA was tested tbe desired
modification toXISThby PCR as described in section 2.4 using primers spanning the region of
interest(p r i mer s u werelisted io appeadices talpe A.TThe PCR products from the

different colonies were run on agarose gels as described in sectioif 2.£6ll line produced
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only the correct sized PCR product then the prodastcolumnpurified as described in section
2.4.1 Theconcentratiorof thepurified PCR product wadeterminedy measuring the 260nm

and 280nnabsorbance using thditraspec 2008 pectromedr from Pharmacia BiotectBanger
sequencing was performed initially by the Integrated DNA Technol¢ddd9 operating out of

the BRC Sequaing Core at the University of British Columbia and subsequently by the
company Genewiz. When preparing gaampledor both companies the PCR products were
diluted to the appropriate concentratiomsldHO and one ofthep pr i mer s ( Appendi x
A.1) usd to create th&®CR product was sent along to be used to initiate the sequencing
reaction.lt was important to dermine whethedifferent deletion cell lines for each type of
deletionconstructwere from different progenitor cells and a result of uniGlRSPR eventsAs

the PCR targeting within the first exonXISTcould not distinguish between the transgene and
endogenous gene, only cell lines with homozygous and uniform PCR products were sent for
sequencingThe different cell lines for each delaticonstruct could only be confirmed to be
unique if they were frondifferent transfection treatments or if they carried unique sequences at
the cut site. If multiple deletion cell lines could not be proven to be unique then one was
randomly selected to beept and the others were discarded, ensuring that every remaining

deletion cell lindor each type of construct wasique.
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Cas9 B

RNA ( ,
Plismids OPIasmid I .
(0.25pg) Plasmids in Opti-MEM

(2x 0.375pg
2ul P3000 C %0
3/ Lipofectamine 3000 ~27ul ~27ul

U7 W

in Opti-MEM
c
Plasmid & Lipofectamine 3000 Replaced media with
mixture added to HT1080 cells ,s 1pg/ml Puromycin in
Overnight DMEM
incubation

Select for 3 days

in Puromycin
20-40 cells each Y

to form colonies

100mm Petri dishes with 12m| DMEM

Figure 2.2 Transfection protocol for generating XIST deletion cell lines using tageted

gRNA and Cas9 expressing plasmids

A graphical summary of th&teps involved in generating colonies of potential deletion

constructs. A) The concentrations of plasmids expressing the two gRNAs (green and blue), Cas9
(orange) as well as P3000 was adttedne volume of OptMEM. The lipofectamine 3000
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reagent was addl in 0.75 and 1.5ul volumes to two separate volumes ofNIpi B) The

plasmid mixture was evenly distributed into the two lipofectamine 3000 reagent containing
solutions. C) The plasmidd lipofectamine containing solutions were added to HT1080 cells i
a 24well plate. The next day the cells were treated with DMEM media supplemented with
1pg/ml puromycin for 3 days. The surviving cells were transferred to 100ml petri dishes at low
numbes in DMEM free of puromycin and grew for ~2 weeks to form colotiiascould be

picked and tested.
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2.12 Fluorescently labelling cells (IFFISH)

2.12.1 Fixing cells on coverslips

Adherent cells were cultured under the same conditions on glass 22mm x 22mm square
coveslips one to two days before they were to be permeabilized»ad] At the start of the
permeabilization and fixing procedure, coverslips were transferred into Coplin jars filled with
cold CSK buffef200mM NacCl, 300mM sucrose, 3mM Mg 10mM PIPES) ashmaking sure

to note which direction the cell coated side ofdbeerslip was facing. The coverslips were then
transferred into cold CSK buffer containing 0.5ml of Triéémn 10ml of CSK buffer for 8
minutes. The permeabilized coverslips were then fiearesl into 10ml of 4% paraformaldehyde
in PBS for 8 minutes at oo temperature to fix them. The coverslips were washed4or 3

minutes in 70% ethanol then stored in jars of 70% ethanol at 4

2.12.2 Creating fluorescent RNA probes through nick translation

Thefluorescent probes to be used for RNA fluoresaesitu hybridization (FISH) were created

from purified plasmids containing multi kilobaX¢STsequences. Three probes were used in
descendng order of f XI€Tqand &lacHBCla tdigdlisdtlabkb ofXIST

Sspanning the A repeats t XISTtangetsthedattey 3.68Sar t of t
cDNA short isoform sequence. Gla is a 10kb plasmid that targets both theciatrxdrexon

regions ofXISTextending from intron 4 onwards. &@#bbott Molecular nick translation

protocol was used accordingttoh e manuf act ur er iassructiodshomiokt t Mol e c L

translate these probes and label the resulting 50nt to 200nt fregwitdmeither Green 496 or
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Red 598dUTPs frorthe companyenza 1-2ug of plasmid was used in each nick translation
reaction and the resulting probes were resuspendequimbDEPC treated dd¥D and stored at
-20 in the dark as the fluorescently labelf@@bes were light sensitive and prone to

photobleaching

2.12.3 Immunofluorescence and Fluorescerih situ Hybridization (IF -FISH)

Immunofluorescence (IF) and RNA FISH were performed jointly in most experiments.
Permabilized and fixed cells on coverslips wéneubated face down on 100ul droplets of PBT
consisting of 1%/v Bovine Serum Albumin and 0.1% v/v Twe2f in PBS supplemented with
0.4Upul RiboLock RNAse Inhibitor (RI) from Thermo Fisher for twenty minutese Toverslips
were incubated at room in 1QICPBT supplemented with.4Ujul Rl and 1ul of primary antibgd
for 4-6 hours at room temperature or overnight at 4°C. The primary antifatliased at 1:100
dilution) used successfully throughout this wavkre listed in the appendices, table A.3. To
prevent the coverslip and antibody solution from drying, eadlerslip was individually sealed

between two layers of Parafilm, creating a samtight Parafilm pocket.

Just prior to retrieving the coverslips findheir Parafilm pockets, hybridization rixes were

created from fil of the nick translated fluoresceRNA probe mixed with 12l of human Cotl

and 2ul of Salmon Sperm DNA (both from ThermoFisher). The latter two ingredients prevented

nonspecific bindng of the fluorescent probe within the sellThe hybridization mixtures were
then completely dried in &peedVac system from Savant Integrated with the vacuum itself

produced by a pump from A Vac Industries. While the probes were being dried, the psversli
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were retrieved from their Parafilm pod¢kend washed three times in room temperature PBST
(PBS and % Tween20) before being incubated for 1 hour at room temperature with the
secondary fluorescenthabelled antibody (1:100 PBT supplemented with Gi4BRNase

Inhibitor, 1ul secondary antibgdesulting in an antibody 1:100 dilutipnThe secondary

antibodies used throughout this waonrlerelisted in the appendices, table A.4. From this point
onwards the coverslips were kept in dark containers to glmtbbleaching. The coverslips

were then wshed for 5 minutes in PBST three times, to remove the unbound secondary
antibodies. They were thdxed in 4% paraformaldehyde for 10 minutes. The coverslips were
washed once in PBS to remove most of the paraloiemyde then dehydrated by submerging
themfor two minutes each in 70%, 80% and finally 100% ethanol. The coverslips were then air

dried in adark container at room temperature forZminutes.

The dried probes were resuspended in 10ul of deionizethfoide from Sigma and heated to

80°C for 10minutes. To the RNArobes was added 10ofl hybridization buffer consisting of

20% v/v 20mg/ml Bweine serum albuminSigma Aldrich), 20% v/v Dextran Sulfate and 20% 4x

SSC in DEPC treated dd@. The fluorescentrobe mixture was gently stirred using thipette

tip and pipetted as a droplet on a piece of parafilm onto which a coverslip was pldcadecel

down onto the droplet. A second piece of parafilm was placed on top and the edges were sealed
creating a paafilm pocket where the probes hybridizedckmight at 37°C. In the few instances

where RNA FISH was performed without accompanying IF, theidization mixtures were
prepared and dried as described, thed the cov

transferred directly into 100% ethanollie dehydrated. The protocol for hybridization, whether
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IF had been performed or not, was the samee the coverslips had been dehydrated in 100%

ethanol.

The next day the coverslips were retrieved and incubated in a mixture consisting of equal
volumesof deionized formamide (Sigma) and 4x SSC (Invitrogen) at 37°C for 20 minutes. The
coverslips werghen incubated in 2x SSC at 37°C and 1x SSC at room temperature, for 15
minutes each. DAPI staining was performed by placing the coverslips ipngllisoution of

DAPI in pure methanol at 37°C from 15 minutes. The excess DAPI was rinsed off in methanol
and the coverslips were mounted on glass slides usjgp2hard set antifade mounting media

from Vectashield.

After letting the media harden, cells wamaged using a confocal fluorescence microscope,

either a Leica DMI 6000B or OlympuduoView FV10®, to capture and compile the

fluorescent signals from the secondary antibody, RNA probe and DAPI at 100x magnification.

Over the course of the project mplg different software packages were used with the

DMI6G000B. This resulted frorthe companies Leicand Olympus creatingicompatibilities

between the operating software and hardware, blocking cross compatiltiigctao mp et i t or s 6
products andemoving backwards compatibiltfor their products to force additional purchases

Initially the Openlab soivare fromPerkinElmemwas usedollowed byMicroPublisher 5.0 RTV

by Qimagingand finally Qimaging software from Teledyne. The FV1000 microscope was

operatel and images were captured using the FV10 ASW 4.2 Viewer software released by

Olympus.
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2.13 Analysis of IF-FISH images by qualitative and quantitative methods

2.13.1 Qualitative assessment of IFFISH images

The distribution of chromatin marks or proteins atXh8TRNA cloud through IFFISH

imaging (section 2.12) was assessed by visual inspectioreriflethmenbf a heterochromatin

mark at theXISTRNA cloud of a cell would be either defined as enriched relative to the average

level in the nucleus, or notenrichddhi s met hod r el i ed o definitibne i ndi \
of what constitutea@ cellbeingficlealy enricredd which was defined as having a noticeably

greater fluorescence than was observed in the surrounding hesttal proportion of cellin a

group that were visibly enriched for@hromatin mark or proteiat theXISTRNA cloud were

used as metricof how effectivelyXISTrecruitedthat heterochromatin marko try and ensure
consistency between different testseh of example figures demonsingt enrichment and

depl etion were used tEamplesofdnechad anel neergichedaellc her 6 s
used to guide callsf enrichment of H3K27me®&ereshown in figure 2.3A similar system was

used to analyze the depletion of €gtonly with depletion and nedepletion being the two

categories for cells. Quaditive assessments of theportion of cells withXISTat the

perinucleolar compartment or with diffu¢STRNA signals were also performed throughout

this work, and were far easir perform as they involved categorical statements about the

position of XISTRNA. When itwas necssary to determine whether two populations of cells

differed in their proportion of cells enriched for a given mark the Fisher exact test was used to

determne the statistical significance of the difference between gi@u83.
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Example of H3K27me3 enriched at XIST RNA Examile of H3K27me3 not enriched at XIST RNA

Merged XIST (green) H3K27me3 (red) .. A 4

Merged XIST (green) H3K27me3 (red)

Figure 2.3 Categorizing cells as either enriched or notreiched for factors at XIST RNA

cloud

Four fluorescently labelled cells that were either visibly enriched or not enriched for H3K27me3
at theirXISTRNA cloud in HT1080 cells expressj Full XISTfrom chromosome 8p. The

column of images on the lefterefour cells that had clear sohment of H3K7me3 at th&IST

RNA cloud. The column of images on the right did not show any signs of H3K27me3
enrichment at th&XISTRNA cloud. The colourmages shoedthe mergeathannelof XIST

(green), H3K27me3 (red) andAP (blue) within the nucleof cells. Images showing greyscale
XISTand H3K27me3 were includedongsidehe merged imagm exemplify the distribution of

the chromatin marks within éhnucleus at the site BISTRNA more clearly
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2.13.2 Quantifying the distribution of Xi associated factors at the XIST RNA cloud

relative to the nuclear background

The guantification of IFFISH images was carried out using the program ImageJ produced and
maintained by Fiji (Fiji is Just ImageJ) contributors. To analyze theoghtaken required the
plugin Broadly Applicable Routine@BAR). Prior to analysis the identities of all the images were
blinded by assigning them random alpha numeric namgsAl, A2 etc.) This was done by
various other members of the Brown Lab whotkbp document of thimldersidentities private.

To analyze a single cell, an image within one of these foldas®pened and converted to a
composite image from its source format élge > Color > Make Composite). The image was
then despeckled (Procesfpise > Despeckle), a medidilter process that decreases the
random variability inherent with high magnification fluorescent microscopy by normalizing
central pixel intensity to itaeighboring 8 pixelgfigure 24 A). The straightine tool wasused to
draw aline through thenudeusandXISTRNA signal (figure 24 B). To try toprevent operator
biasing of where to draw the line, tfidlowing rules weraised to determine where thied was
drawn First, the linehad to pass through the point or points of maxMi&8IT signal intesity.
Secondthe linewas drawn to bef maximum lengttwithout intersecting the nucleoli or leaving
the nucleusA drawback of thisecond rulevasthat the number of pixels measuredeach cell
differed Once the line was drawn, a mwdtiannel plot prfile (BAR > Analysis > Multichannel
Plot Profile) of the intensities for each of the colours (red, green and blue) was pr@idjuced

2.4 C). Each pixel Isected by the drawn line wascorded as a poialong the x axis ahat

graph with the intensig of all 3 colours recorded at each poifite dataof position and three

colour channel intensities wetlgen saved as.asv file (data > save datapd60 cells were
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analyzed foeachcondition.Combining all of these files together was donéBbgdleyBalaton
from the Brown Lalwho wrote thenecessary codes. The csv files wanmealgamated into a large
tsv file using a short unix code and Rscript to redaoth their folders and filesamesof origin

as additional columns in tlt®@mbined table

Analysisof thedata was performed using R studio. Tiiee colour channéhtensiiesat each

pixel (the base unit of measuremeiiot) each cell were divided intwvo categoriesXIST+ve or

XIST -ve. This was done by determining tlamge ofXISTRNA (green) florescenintensity in

every cell. The pixels thdiad a level of green intensity greater that 50% of the maxiatany

the range oKISTfluorescencevere afined asXIST+ve (figure 2.4C). Those that had a level of
green intensity below 25% of the maxim along the range ofISTfluorescenceavere defined

to beXIST-ve. Those pixels between 50% and 25% of the maximum green intensity value were

discarded tdoetterdelineatehe two groups.

To quanti fy wbneentfateonn thaXIST-ave regom od tke nucleus was different
from thecontrol XIST-ve region a twesample standard scoregzore) calculatiomas

performedfor every cell[260], [261] In each cell the meaiX) and standard deviatiqd pf the
factor of interestoés fl uor eXSTeve andvenegiensad i t y
the nucleuslong with the number (n) of measurements/pixels the Xk&Tand +ve regions

With these values the-gcoe was calculatedor each cell according to the following formula.

a | wel B
€ 3
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The zscorerepresets the difference beteen the fluorescent intensity betweenXh8T+ve and
-ve regions based on the combined variability of the dataasd&ccounts for the different
variance and number of measurements/beh the two region3d he sign of the score

indicatad whether thdactor is enriched (+) or depleted &t theXISTRNA and the magnitude

of the score indicates the relatieffectstrength of theXISTRNA compared to the other
processes governing that fadodistribution A z-score of 0 in thigontextindicatedtha there

was noeffectof XISTRNA on the distribution of a factor within the nucleus. A value of +2
would indicate that the factor of arest was more enriched at KkKSTRNA by two standard
deviations compared nuclear averafige & z-scores foeach onditionwere then compared
statistically using thélannWhitney testo determine the likelihood that a given two conditions
differed intheir population distributionThis test was chosen given the continuous nature of the
z-scores ad the lack of prioknowledge about the distribution of thes@ores within a group

[249]. The zscores for each deletion construct were graphed as a boxplot with the individual z
scores for eacbell superimposed on top. The averaggeare for each construct as well as its

standard deviativand significancedculatedwere included in accompanying tables.
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Straight Line tool

XIST +ve
XIST -ve region i
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50% of max
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XIST intensity

Figure 2.4 Quantification of the relative distribution of factors at the XIST RNA cloud
An outline of the steps involved in quantifyitige distribution ofan IF labelled factgrin this

case H3K27me3at theXISTRNA cloud in an individual cell. In all instances images of cells
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