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ABSTRACT

This thesis aimed to define and manipulate epigems¢bility of human embryonic
stem cells (hESCs). The allele-specific expressodn22 imprinted genes was
examined in 22 hESC lines by distinguishing patdensingle nucleotide
polymorphisms in genomic DNA and cDNA. Half of thenes examinedPEG1Q
PEG]1 MESTIT1 IGF2, H19, GTL2 NESP55 PHLDA2 and ATP10GQ showed
variable allele-specific expression between cealledi indicating vulnerability to
disrupted imprinting. However, 8 gendsQNQ10OT1 NDN, NDNL1, SNRPN IPW,
PEG3 KCNQ1andCDKN1Q showed consistent monoallelic expression. Morgove
4 genes TP73 IGF2R, WT1andSLC22A18 known to be monoallelically expressed
or to exhibit polymorphic imprinting in human tiesi were always biallelically
expressedMEST isoform LIPEG10andNESP55showed an association between the
variability observed in interline allele-specifiggression status and DNA methylation
at their imprinting regulatory regions. These eucks demonstrate gene-specific
differences in the stability of imprinted loci ieBC lines and identify disrupted DNA

methylation as one potential mechanism.

hESOD1 (luman _enbryonic $em cells_o@erexpressingDNMT1) cell lines were
established to manipulate epigenetic stability &SEs. Of ~ 2,200 CpG loci
examined by restriction landmark genomic scannRIig3S), cell lines (cultured over
23 passages) having only endogenDbd8VIT1 showedin vitro culture induced DNA
methylation alterations at 6 loci. However, hESOD&ll lines showed DNA
methylation alterations at only 1 or 2 loci, indiog that overexpression of exogenous
DNMT1resulted in increased epigenetic stability. Ofrgrinting regulatory regions,
10 tumour-suppressor gene promoters and 3 regetsguences examined, 3 loci
(DAPK-1, MGMT and TIMP-3) were indentified to be hypermethylated in hESOD1
cell lines, whereas other 21 loci showed normalhylation levels. These evidences
demonstrate that overexpression of exogenbdBVIT1 can prevent hESCs from
accumulating DNA methylation changes upowvitro culture and cause locus-specific
hypermethylation.
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LIST OF ABBREVIATIONS

Abbreviation Explanation

% Per cent

T Degree Celsius

5mC 5-methylcytosine

aa Amino acids

ART Assisted reproductive technology
bp Base pair

BSA Bovine serum albumin

BWS Beckwith-Wiedemann syndrome
CM Conditioned medium

CO, Carbon Dioxide

COBRA Combined bisulphite restriction analysis
CpG Cytosine-Guanine dinucleotide
CTCF CCCTC-transcription factor

DKO Double knockout

DMR Differentially methylated region
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DNMT DNA methyltransferase

dpc Days post coitum

EC Embryonal carcinoma

EG Embryonic germ

EpiSC Epiblast stem cell

ESC Embryonic stem cell

FACS Fluorescence activated cell sorting
FBS Foetal bovine serum

FISH Fluorescence in situ hybridisation
FITC Fluorescein isothiocyanate

GFP Green fluorescent protein

H,O Water

hESOD1 Human embryonic stem cells overexpressing DNMT1
IAP Intracisternal (A) Particle

ICF Immunodeficiency, centromeric instability and facial anomalies
ICM Inner cell mass

ICSI Intracytoplasmic sperm injection
iPS Induced pluripotent stem

IVF in vitro fertilisation

KO Knockout

KSR Knockout serum replacement
LIF Leukaemia Inhibitory Factor

LOI Loss of imprinting

LOM Loss of methylation

LOS Large offspring syndrome

M Molar

Mb Megabase

MEF Mouse embryonic fibroblast
MMC Mitomycin C

mRNA Messenger RNA

MSP Methylation-specific PCR

NEAA Non essential amino acids
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PFA Paraformaldehyde

PBS Phosphate buffered saline

PCNA Proliferating cell nuclear antigen

PCR Polymerase chain reaction

RFLP Restriction fragment length polymorphism
PGC Primordial germ cell

PWS Prader-Willi syndrome

RLGS Restriction landmark genome scanning
RNA Ribonucleic acid

RNAI RNA interference

RT Reverse transcription

SCID Severe combined immunodeficiency disease
SCNT Somatic cell nuclear transfer

SD Standard deviation

SNP Single nucleotide polymorphism

T-DMR Tissue-specific differentially methylated region
TE Trophectoderm

TKO Triple knockout

UTR Untranslated Region

uv Ultraviolet

\Y Volt

ZP Zona pellucida

GENE NOMENCLATURE

All mouse gene abbreviations are written with atediped first letter, and subsequent
lower case letters, while for all other speciesrabiations are fully capitalised. Italics

are used for gene nam@sr se whereas protein names are not italicised.
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1. INTRODUCTOIN

In the last two decades, several pluripotent aedld (embryonal carcinoma cell lines,
embryonic stem cell lines, embryonic germ cell $irend induced pluripotent cell
lines) have been established in the human (Andestwad., 1984; Park et al., 2008;
Shamblott et al., 1998; Takahashi et al., 2007;n$un et al., 1998; Yu et al., 2007).
Regardless of their origins, all cell lines sharailar morphological characteristics,
express key pluripotency markers (e.g. OCT4 and D&\ are capable of long-term
self-renewalin vitro and have an ability to differentiate into multidagesn vitro
and in vivo. Thus, these cell lines are thought to be a mdadelunderstanding
mechanisms of differentiation of human tissues, anahaterial for pharmaceutical
screening and for human therapeutic applicatioasidwed by Fenno et al., 2008;
Pera, 2001; Thomson and Odorico, 2000).

Despite these merits, however, several limitatibage been exposed while human
embryonic stem cells (hESCs) are propagated ardralitiatedin vitro. Firstly, in
order to grow themn vitro, animal-derived compounds have typically added int
culture media that are not acceptable for safe hutrensplantation (Amit et al.,
2004; Ludwig et al., 2006b; Xu et al., 2001). Settgnin terms of differentiation,
optimised protocols and conditions have not beaoadiered to yield homogeneous
populations (Anderson et al., 2007; Burridge et a007; Denning et al., 2006).
Thirdly, they are prone to accumulate karyotypio@malities (especially gain of
chromosomes 17qg and 12) over extended culture (Betkal., 2007; Draper et al.,
2004). Finally, there are indicators of epigenetriations in hESCs upoim vitro
culture (Allegrucci et al., 2004; Bibikova et #008; Pannetier and Feil, 2007; Rugg-
Gunn et al., 2007), the consequences of which atrget defined.

A larger number of studies in various species raggested that epigenetic errors in
at least some imprinted genes of preimplantati@gestembryos and their derived
foetuses, placentae (Khosla et al., 2001a; Marak. e2004; Sato et al., 2007; Young
et al.,, 2001) and ESCs (Dean et al., 1998; Fujinettal., 2006; Humpherys et al.,

2001; Mitalipov et al., 2007) can occur when assiseproduction technology (ART)

procedures including superovulation,vitro maturation (IVM),in vitro culture (IVC),

in vitro fertilisation (IVF) are applied. These errors cayhenotypic abnormalities,

growth defects and Large offspring syndrome (LOS)ird) prenatal and postnatal
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development (Dean et al., 1998; Fernandez-Gonsdlalz, 2004; Young et al., 2001).
Current methods for establishing and culturing hBBEs rely on ART procedures
(reviewed by Fenno et al., 2008; Hoffman and Cagrer2005), implicating that at

least some hESC lines may have epigenetic erranspainted loci.

Because epigenetic errors at imprinted loci arenknto be closely associated with
tumourigenesis and several congenital disordetseérhuman (reviewed by Feinberg,
2007; Horsthemke and Ludwig, 2005; Jelinic and Sh2007; Robertson, 2005),
comprehensive studies are required to indentifythhdrehESC lines are epigenetically
stable while they arm vitro cultured. There are conflicting data about theyepétic
stability of in vitro cultured hESCs (Allegrucci et al., 2007; Bibikogaal., 2006;
Calvanese et al., 2008; Maitra et al., 2005; Mi@ah, 2006; Plaia et al., 2006; Rugg-
Gunn et al., 2005; Sun et al., 2006). Preliminanydies of a limited number of
imprinted genes in few hESC lines detect little rmr epigenetic variations and
disruptions (Mitalipov, 2006; Plaia et al., 2006;dg-Gunn et al., 2005; Sun et al.,
2006). However, recent studies have detected egiigemstability at certain CpG
islands, ribosomal DNA and tumour-suppressor gerenpters by increasing the
number of hESC lines and genes examined (Allegretail., 2007; Bibikova et al.,
2006; Calvanese et al., 2008; Maitra et al., 2005).

1.1 Human embryonic stem cell line

1.1.1 Derivation

The first derivation of hESC lines was reportedTimpmson et al., (1998). hESC lines
were established from inner cell masses (ICMs) whan blastocyst stage embryos
that werein vitro fertilised and cultured (Thomson et al., 1998). Heyns were
donated from infertile couples who underwent IViegadures. The zona pellucidae
(ZP) of 20 blastocysts were removed by pronase, BhdCMs were isolated by
immunosurgery and plated onto mouse embryonic llagis (MEFs) mitotically
inactivated by irradiation. Following 9 to 15 dagsculture, ICM-derived outgrowths
were dissociated into clumps either by exposur@dd/Mg?*-free PBS or dispase, or
mechanical dissociation, and then re-plated oneshfr MEFs to continue their
expansion. Finally, 5 hESC lines (H1, H7, H9, HI& aH14) were established
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(Thomson et al., 1998). hESCs showed prominenteolicktnd a high ratio of nucleus
to cytoplasm and express high levels of telomeeaswity and cell-surface markers
(e.g. SSEA-3, SSEA-4) (Thomson et al., 1998). Thaye capable of prolonged
symmetrical self-renewah vitro and had a capacity to differentiate into derivegiof
all primitive embryonic germ layers (ectoderm, mison and endoderni vivo, as
demonstrated from teratoma formation (Thomson.ei8B8).

Based on initially designed conditions by Thomsorale (1998), numerous hESC
lines have been established. Currently, ~ 400 hH8€&s are presumed to be
established in over 20 countries (reviewed by Alegi and Young, 2007). The

majority of cell lines are generated from the ICMf blastocyst stage embryos.
However, some cell lines are generated from sibflstomeres of 8- to 10- cell stage
embryos or morula stage embryos (Chung et al., ;2B80&anskaya et al., 2006;

Strelchenko et al., 2004). Very recently, 6 patgmcific hESC lines have been
established from pathenogenetic derived blastostggie embryos (Revazova et al.,
2007). Furthermore, it has been clearly confirmbdt tSCNT-hES-1, previously

shown to be derived by somatic cell nuclear tranSE€NT) (Hwang et al., 2004), is a
pathenogenetically derived-stem cell line, as deteed by genome-wide single
nucleotide polymorphisms (SNPs) and DNA methylatioralyses at three imprinted
loci (KvDMR1 H19 DMR andSNRPNDMR) (Kim et al., 2007a).

1.1.2 Characterisation

Established hESC lines need to be characterisddrvat least six criteria (reviewed
by Hoffman and Carpenter, 2005; Laslett et al., 300'he criteria are (1) the
expression of hESC-specific cell surface makerg. (8SEA-3, SSEA-4, TRA-1-60,
TRA-1-60, TRA-1-81 and alkaline phosphatase), {(@hhevel of telomerase activity,
(3) a normal euploid karyotype over extended caltu¢4) the expression of
pluripotent transcription factors (e.g. OCT3/4 améNOG), (5) teratoma formation
(with components of all three germ layers) aftejection into severe combined
immunodeficient (SCID) mice, and (6) spontaneoutentiation into three germ
layers underin vitro conditions. These criteria are important to deteemwhether

hESC lines have proliferative, pluripotency, diffetiative capacities and karyotypic
stability (reviewed by Hoffman and Carpenter, 20D&slett et al., 2003). Although
investigators realise the importance of charaa&as for maintaining hESC lines,
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some of newly derived cell lines have not beenyfaharacterised. For example,
teratoma formation, karyotyping and telomerasevdgtianalyses are frequently
omitted (Chung et al., 2008; Ludwig et al., 200Rix;hards et al., 2002). Importantly,
each laboratory uses different protocols and melteto characterise their derived cell
lines, implicating batch-to-batch and data varididoetween laboratories. Thus, a
recent study by the international stem cell in&t(ISCI) has compared 59 hESC
lines derived from 17 laboratories using same maand materials (e.g. antibodies)
to identify common characteristics between lineslgd&umi et al., 2007) that can

define the hESCs characteristics.

1.1.3 Culture conditions

hESC lines are usually derived and cultured on MB&sfeeder cells in medium
containing foetal bovine serum (FBS) (Thomson etX398). Importantly, FBS is a
complex mixture containing undefined compounds, dnaatch-to-batch variation and
may contain factors to induce differentiation ofSEs (reviewed by Unger et al.,
2008). Furthermore, to isolate ICM from the blagiistage embryo, immunosurgery
needs to be performed using antibodies raised fesmmal species (Solter and
Knowles, 1975). Therefore, current methods and mnad¢efor deriving and culturing
hESC lines are not independent of animal-derivadpmnents and hence the transfer
of animal pathogens to hESC lines can be a poteitia In fact, a study by Martin et
al., (2005) has demonstrated that hESC lines caorporate an immunogenic
nonhuman sialic acid, N-glycolylneuraminic (Neu5Godm mouse feeder cells, FBS
and/or KnockOut SR (KSR) that they are culturechwithus, new culture conditions
(serum-, animal product- and feeder cell-free) aeguired for safe human

transplantation.

1.1.3.1 Serum-free

A study by Amit et al. (2000) has suggested thatdfbroblast growth factor (bFGF)
is an essential component to maintain an undifteatsd state of hESCs in serum-free
condition. Thus, FBS was replaced with the bFGF K&R (serum replacement)
(Amit et al., 2000). Based on above condition, 178%-lines (HUES1 to HUES17)
and HS293 and HS306 cell lines were establisheav@§@cet al., 2004; Inzunza et al.,
2005). However, feeder cells such as MEFs and ptathuman fibroblasts are still

required to support hESCs self-renewal in this ¢@mrd Furthermore, KSR contains
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AlbuMAX which is a lipid-enriched bovine serum athin (BSA) (Amit et al., 2000;
Unger et al., 2008). Thus, this system is not ahkoeaved component independent.

1.1.3.2 Feeder cell-free

A feeder cell-free culture condition was firstiyroduced by Xu et al., (2001). The
feeder cells were replaced with either matrigeliclwhwas a solubilised basement
membrane preparation extracted from mouse EngbHbtelm-Swarm (EHS)
sarcoma (Kleinman and Martin, 2005), or human lamiXu et al., 2001). Thus,
hESCs can be maintained on either matrigel or lamin the MEF-conditioned
medium (CM) containing KSR and bFGF. Within thisxddion, hESCs exhibit long-
term maintenancm vitro with the inhibition of spontaneous differentiatiPXu et al.,
2001). However, MEFs need to be cultured in theiomedtontaining FBS to obtain
MEF-CM, and KSR still needs to be added. Thus, toisdition is also not animal-

derived component independent.

1.1.3.3 KSR-free

Recently, two cell lines (WA15 and WA16) have belemnived in a serum- and KSR-
independent culture medium which is named as Tg&Rdwig et al., 2006a; Ludwig
et al., 2006b). Five factors, bFGF, LiCl (lithiunhloride), GABA -aminobutyrid
acid), pipecolic acid and T@Fare components of TeSR1 (Ludwig et al.,, 2006a;
Ludwig et al., 2006b). However, several limitatiohave been exposed in this
condition. The WA15 cell line has a karyotypic abmality over extended culture
(Ludwig et al., 2006a; Ludwig et al., 2006b). Moven the costs of some components
are very expensive for everyday research use dbnefaerefore, a new variant,
mTeSR1, that contains BSA and cloned zebrafishcbfisroblast growth factor
(zbFGF) has been developed for culture of hESQOdatnigel (Ludwig et al., 2006a).

1.1.4 Differences between mouse and human ESCs

Morphological differences between human and mous€<£have been reported on
the basis of manual passage methods (Ginis €104l4). mESCs form thick layers up
to ten cells over feeder cells, whereas hESCs tbimlayers from two to four cells
(Ginis et al., 2004). Moreover, hESCs form rourdt &nd loose colonies with well-

defined edges, whereas mESCs form more spherichatigim colonies (Ginis et al.,
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2004; Reubinoff et al., 2000). The population-diudpl(PD) time of hESCs (24h to
72h) is much longer than that of mESCs (~ 12h) (@owt al.,, 2004). Although
almost all stem cell markers including SSEA-3/4,AFR60/81/254, GTCM-2, TG-
30/343 and alkaline phosphatase are expressedSE$iEonly SSEA-1 and alkaline
phosphatase are present in mESCs (Henderson @0@R; Laslett et al., 2003). In
addition, class 1 major histocompatbility (MHC) aimtyl antigens are expressed
only in hESCs (Draper et al., 2002).

The pluripotency of both mESCs and hESCs is guidedistinct signalling pathways.
Activin/Nodal/TGR3 (transforming growth factor3) pathways are essential for
maintaining the undifferentiated state of hESCsafBe et al., 2005; James et al.,
2005; Vallier et al., 2005; Xiao et al., 2006), ahds bFGF needs be added in the
hESC culture medium (Xu et al., 2005). However, i@8ESely on JAK (janus-
associated tyrosine kinase)/STAT (signal transduceand activators of
transcription)/BMP  (bone morphogenetic protein) hpatys to maintain an
undifferentiated state without feeder cells (Witlig et al., 1988; Ying et al., 2003a),
and thus LIF (leukemia inhibitory factor) should bdded in the mESC culture
medium (Williams et al., 1988). BMP4 in combinatienth LIF has shown to be
sufficient to maintain mESCs (serum- and feedes)frie an undifferentiated state
(Ying et al., 2003a). However, LIF and BMPs are raiille to maintain an
undifferentiated state of hESCs in the feeder-tngléure condition (Pera et al., 2004;
Reubinoff et al., 2000; Xu et al., 2002).

Recently, mouse and rat epiblast stem cells (Epi&&se been derived from the late
epiblast layer of postimplantation embryos (5.76 dpd 7.5 dpc, respectively) (Brons
et al.,, 2007). Interestingly, the Activin/Nodal sailing pathway was required for
maintaining pluripotency of EpiSCs within the cheally defined medium, indicating
similarity to hESCs. Also, EpiSCs were morpholoticalistinct from mESCs but
similar to hESCs, showing compacted and round ce$orfBrons et al., 2007).
However, SSEA-1 is expressed in EpiSCs which igonegent in hESCs (Brons et al.,
2007).

1.1.5 Differences between human pluripotent cell i nes
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Years before the derivation of hES and human ermmicygerm (hEG) cell lines
(Shamblott et al., 1998; Thomson et al., 1998), hinenan embryonal carcinoma
(hEC) cell line provides @ vitro model to understand mechanisms of differentiation
of human tissues (Przyborski et al., 2000). The hte€ line is derived from a
testicular germ cell tumour (Andrews et al., 198%his cell line contains
undifferentiated stem cell components of terataoaroas (Pal and Ravindran, 2006;
Sperger et al., 2003). Thus, the hEC cell line esagally considered as malignant
counterparts of embryonic stem cells. hEG celldiaee derived from primordial germ
cells (PGCs) isolated from the developing gonautijes and mesenteries of 5- to 9-
week embryos (Shamblott et al., 1998). Very regemiduced pluripotent stem (iPS)
cell lines are derived from somatic cells by virdtoduction of transcriptional factors
including OCT3/4 and SOX2 with either NANOG and P2BI(Yu et al., 2007), or
MYC and KLF4 (Park et al., 2008; Takahashi et2007). Although they are derived
from different sources, they share many parts ofmrmoon features including
pluripotency, andn vivo andin vitro differentiative capacity. However, they have

distinct differences between cell lines.

hES, hEC and iPS cells share a similar morphotbgy is distinct from hEG cells
(Andrews et al., 1984; Ginis et al., 2004; Shantbéttal., 1998; Takahashi et al.,
2007; Thomson et al., 1998). hEG cells form tigid enore spherical colonies that are
difficult to be dissociated into single cells, wkas hES, hEC and iPS cells form
relatively flat, loose and round colonies that @asily dissociated into single cells by
trypsin and other enzymes. At the molecular leREIS, hEC and iPS cells express all
cell-surface markers except for SSEA-1, but hEGsakpress all makers including
SSEA-1 (Andrews et al., 1984; Thomson et al., 199&mson et al., 1995). OCT3/4
and NANOG are expressed in hES, hEC and iPS dallstheir expression are still
unknown in hEG cells (Andrews et al., 1984; Sharttgdoal., 1998; Takahashi et al.,
2007; Thomson et al., 1998). Furthermore, hEC dedlguently contain karyotypic
abnormalities, often with gain of chromosome 17d #re presence of one or more
isochromosomes 12p (Andrews et al., 1984; Drapeal.et2004). hES cells retain
normal karyotypes at earlier passages but havéasikaryotypic abnormities of hECs
under the feeder-free condition (Baker et al., 2@aper et al., 2004). hEG and iPS
cells retain normal karyotypes at earlier passdyésit has not confirmed yet at later
passages (Park et al., 2008; Shamblott et al.,;M9&t al., 2007). Finally, hEC cells
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form teratoma containing simple structures, wherdsS and iPS cells form teratoma
with the variety of tissues representative of lalee embryonic germ layers (Andrews
et al.,, 1984; Park et al., 2008; Thomson et al9819u et al., 2007). Teratoma
formation has not been examined in hEG cells (Shatitndx al., 1998).

Table 1-1. Comparison of human pluripotent stem cel Is

Marker

hES cells

hEC cells

iPS cells

hEG cells

Morphology

Flat, loose and round
colony

Flat, loose and round
colony

Flat, loose and round
colony

Tight and spherical
colony

SSEA-1

+

SSEA-3

SSEA-4

TRA-1-60

TRA-1-81

+ |+ |+ |+

+ |+ |+ |+

+ |+ |+ |+

+ |+ |+ |+

Alkaline
phosphatase

+

OCT3/4

+

+

+

Unknown

NANOG

+

+

+

Unknown

Karyotype

Normal

Abnormal

Normal

Normal

Teratoma
formation

+

+

+

Unknown

+; expresssed, -; not expresssed

1.2 Epigenetic modifications

In the last decade, epigenetic mechanisms haveééensively studied with different
model systems to understand how gene transcriptiailegulated and mediated in
nuclei of mammalian cells. Genes need to be inaativ active depending on the
tissue type, and this process is guided by epigeneidifications. DNA methylation

and histone modifications are known to be critieplgenetic modifications of the
genome that can directly modulate chromatin strectie.g. heterochromatin and
euchromatin) and regulate gene expression in mammaklls (reviewed by Bird,

2002).

The term “epigenetic” describes heritable changegyene expression that occur
without genotypic changes during development (regik by Jaenisch and Bird, 2003;
Li, 2002; Reik, 2007; Surani, 2001). In mammalsigepetic marks inherited from
parents are thought to be erased at the early sstafegerm cell development
(reviewed by Constancia et al., 2004; Ferguson+samid Surani, 2001; Reik et al.,
2001). Subsequently, neo epigenetic marks at DNBAhastones are differentially set

up among lineages, resulting in differential gempression of each cell. Lineage-
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specific gene expression allows stem cells to ffeerdntiated into various types of
tissues, together with the production of tissue=csjz transcriptional factors.

Recently, the ‘Human epigenome project (dep://www.epigenome.oryj/ has

emerged (2008; Brena et al, 2006) and ‘Human genoproject (see

http://genomics.energy.ggvvhas been completed (Lander et al., 2001; Veetaal.,

2001). A number of techniques have been newly dgeel to investigate epigenetic
modifications in detail, revealing that aberranigepetic modifications in the genome
might be associated with many types of human dese@gsviewed by Feinberg, 2007;
Robertson, 2005).

1.2.1 DNA methylation

DNA methylation is known to be a major epigenetiogess in the mammalian
genome and is responsible for diverse biologicanpmena including embryonic
development, genomic imprinting, X-inactivation,shalefence against transposable
elements and tissue-specific gene expression (vedieby Bird, 2002; Feinberg,
2007; Jaenisch and Bird, 2003; Reik, 2007; Sur2bdl). DNA methylation occurs
by covalent addition of a methyl group (gHrom the methyl donorSadenosy-L-
methionine (AdoMet) to the 5-position of cytosine ithe pyrimidine ring of a
symmetrical cytosine-guanine (CpG) dinucleotidesutiing in the formation of 5-
methylcytosine (fC) (Figure 1-1) (reviewed by Bestor, 2000; Chend Btumenthal,
2008). Less frequently, DNA methylation can alsewcin non-CpG dinucleotides
such as CpNpG and non-symetrical CpA and CpT (Rhaysaet al., 2000). The
enzymatic reaction of DNA methylation is carriedt oy DNA methyltranferases
(DNMTSs) (Bestor et al., 1988; Okano et al., 1998a).

In the human genome, 60 ~ 90% of cytosine residtee$ocated in CpG dinucleotides
and approximately 50 million CpG dinucleotides @resent (Lander et al.,, 2001,
Venter et al., 2001; Zhao and Zhang, 2006). OvéX I CpG dinucleotides are
concentrated on CpG rich regions designated as Sla@ds which are normally
unmethylated, whereas over 80 % of CpG dinuclestate not associated with CpG
islands and highly methylated (Zhao and Zhang, p0D&kai and Jones (2002) have
defined that a CpG island is a region of 500 basespn size with GC content of at
least 55% and a ratio of observed/expected CpGuémry of at least 0.65. By
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computational analysis of the human genome seque®,@00 CpG islands are
predicted in the human genome (Lander et al., 20@hter et al., 2001). Most human
chromosomes contain between 5 to 15 CpG islandsnegiabase (Mb), but some
chromosomes including Y chromosome, chromosomd 4,622 and 19 contain more
or less CpG islands in a range 2.9 to 43 CpG islgad Mb (Lander et al., 2001).

Cytosine 5-methyl Cytosine
NH, NH,
Z°~ DNMTs 2O~ At
N c N o
(I: (I! Sd ........ L ..... t h> (I: (I!
-adenosy-L-methionine
O& NN 0& NN

| |
DERQE DETRQEL

Figure 1-1. The formation of 5-methylcytosine

The DNA methyltransferasg®NMT9 catalyses the methylation of the 5 position of
the cytosine ring by using§adenosy-L-methionine (AdoMet) as the donor molecul
for the methyl group (C§J.

1.2.2 DNA methylation and transcriptional control

Methylated CpG islands are not randomly distributethe genome but are clustered
in the specific chromatin, heterochromatin, contejnrepetitive sequences and
transposable elements (Yoder et al., 1997b). Bhis ensure transcriptional silencing
of potentially harmful transposons or viral sequen¢reviewed Bird, 2002; Jaenisch
and Bird, 2003). In the euchromatin regions, howeuamethylated CpG islands are
typically found near 5' end regions of genes sushu@translated regions (UTRS),
promoters and the first exon and intron (Marino-RRamet al., 2004), and most of

them overlap the transcriptional start sites, tesgin gene expression (Figure 1-2 A).

1.2.2.1 Monoallelic methylation

Exceptions are CpG islands involved in genomic intprg and genes on the inactive
X chromosome in females. Genomic imprinting is madlehic expression of a subset
of genes that can be mediated by methylation of paeental allele at specific
regulatory regions (reviewed by Constancia et241Q4; Ferguson-Smith and Surani,
2001; Reik and Walter, 2001; Surani, 2001). Thhbs, itnprinted allele is generally
(but not always) silenced by methylation, but tlieeo allele of imprinted genes is

expressed and unmethylated. In terms of X inactimatthe promoter region of the
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transcriptionally activeXist allele on the inactive X chromosome is unmethgate
whereas that of the transcriptionally inactkist allele on the active X chromosome is
methylated (reviewed by Avner and Heard, 2001).sTlyene loci related to genomic
imprinting and X chromosome inactivation are motedigally methylated on their

regulatory regions to result in monoallelic express

1.2.2.2 Hypermethylation

Hypermethylation has frequently been found at themwter regions of tumour-
suppressor genes (TSGs) and miRNA genes in vatypes of cancers, resulting in
transcriptional silencing (Figure 1-2 B) (reviewby Bibikova et al., 2008; Esteller,
2007; Feinberg, 2007; Reik, 2007). For instai€8R1(Estrogen receptdr CDH1
(E-Cadherin and TIMP-3 (tissue inhibitor of metalloproteinasg-®romoters are
hypermethylated in cancers derived over 15 diffeheman tissues and in most cases
these genes are transcriptionally silenced, althodlgey are expressed and
unmethylated in normal tissues (Ohm et al., 206djthermoremir-9-1, mirl24a3
mir-148a mir-152 and mir-663 promoters are hypermethylated in human breast
cancers that is associated with transcriptionahsihg of these genes (Lehmann et al.,
2008).

A

Heterochromatic region Euchromatic region

Exon3

Exon3

Figure 1-2. Typical DNA methylation patterns of CpG dinucleotides in the
human genome

(A) In normal cells, CpG islands at the promotegioa of gene are unmethylated
permitting gene expression, whereas CpG islandspatitive sequences within the
heterochromatic region are hyper-methylated. (Bydncer cells, the promoter region
of the gene is hyper-methylated resulting in geitensing, whereas CpGs within
repetitive sequences are hypo-methylated. Red mnglets indicate repetitive
sequences in heterochromatin. Blue rectanglesateliexons of a tumour suppressor
gene in euchromatin. Vertical bars indicate CpQudieotides. Filled circles represent
methylated CpG dinucleotides. Arrows indicate tcaipgion. Adapted from Esteller
(2007).
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1.2.2.3 Mechanisms

At least three mechanisms are thought to be indoiwetranscriptional regulation
mediated by DNA methylation. Firstly, transcriptidactors such as major late
transcription factor (MLTF) and upstream transcoptfactor (USF) are not able to
access their binding sites in some genes due tegdigenetic modification of cytosine
bases to 5-methylcytosine (Watt and Molloy, 1988)is prevents these genes from
being transcribed. Secondly, particular transaimdl insulators, CTCF (CCCTC-
biding factor) and YY1, bind to only unmethylatedN® (Donohoe et al., 2007;
Fedoriw et al., 2004; Kim et al., 2006; Schoenle¢ral., 2003). Their bindings do not
allow enhancers to access to promoter regions wégjeresulting in gene silencing.
Finally, methyl-CpG binding domain proteins (MBDWMBD2, MBD3, MBD4 and
MeCP2) bind only methylated DNA and recruit chrémaemodelling complexes to
form a transitionally repressive structure thatdke#o gene silencing (Fujita et al.,
2003).

1.2.3 DNA methyltransferases (DNMTS)

DNA methylation is enzymatically catalysed by DN/Aetnyltransferases (DNMTSs)
(reviewed by Bestor, 2000; Li, 2002). So far, thraetive DNMTs (DNMTL1,
DNMT3A and DNMT3B) have been identified in both theman and mouse (Bestor
et al., 1988; Okano et al., 1998a). DNMT1 maintaidNA methylation patterns
during the progression of replication at the S phasing hemimethylated CpG
dinucleotides as substrates in the nascent strhbiNg (reviewed by Bestor, 2000;
Li, 2002). Thus, it is popularly known as a mairstece methyltransferase. DNMT3A
and DNMT3B are thought to be involved in the cr@atof new methylation patterns
at unmethylated CpG dinucleotides as substratear(®@let al., 1999; Okano et al.,
1998a). Thus, they are generally namedl@sovomethyltransferases. Additionally,
DNMT3L and DNMT2 have been identified, but no mdtiansferase enzymatic
activities have been confirmed yet in mammals (Aapa al., 2000; Aapola et al.,
2002; Okano et al., 1998b). Instead, DNM3L actsaamethylation mediator by
stimulating the methylation activity of DNMT3A arldNMT3B (Hata et al., 2002;
Suetake et al., 2004). DNMT2 acts as a RNA methytiferase which methylates
tRNA” (Goll et al., 2006; Jurkowski et al., 2008).

24



1.2.3.1 DNMT1

1.2.3.1.1 Alternative transcripts

The first mammalia®nmt1cDNA was identified from mouse by Bestor et @l9§8).
Dnmtl encodes for a protein of 1620 amino acids 3@ kDa in molecular weight
(Bestor et al., 1988pnmtlhas tissue-specific splicing transcripts, somgemt13,
pachytene spermatocyteBrimtlp and oocyte-specifiOnmtl (Dnmtlg isoforms,
which are derived from sex-specific promoters (Mheit et al., 1998). Dnmtlo (175
kDa in molecular weight) is a truncated form 118eXminal amino acids of Dnmtls
(Mertineit et al., 1998). Dnmtlo has an enzymatativdy and is present in
unfertilised oocytes and preimplantation embryoseitivieit et al., 1998). Dnmtlo
protein is localised in the cytoplasm of the metegghll oocyte and preimplantation
stage embryos, but it is in the nucleus at thelBstage only (Cardoso and Leonhardt,
1999; Howell et al., 2001; Mertineit et al., 199B8).human, expression of an oocyte-
specificDNMT1 mRNA is detected in mature oocytes and embrydbea2-cell, 4-
cell and blastocyst stages, but not in somatiu¢iss(Hayward et al., 2003). The
expression and distribution of DNMT1o0 protein has been examined yet in human

oocytes and preimplantation stage embryos.

In initial studies, no DNMT1s protein is detected imouse oocytes and
preimplantation stage embryos, although its trapsas present (Cardoso and
Leonhardt, 1999; Mertineit et al., 1998). Thusisitbelieved that only Dnmtlo can
maintain DNA methylation patterns during preimpéitn stage development.
However, recent studies by Kurihara et al. (2008) €irio et al. (2008) have found
that Dnmtls protein is present in the nucleus oftisecoocytes and preimplantation
stage embryos. Moreover, Kurihara et al. (2008)dsmonstrated that inactivation of
Dnmtls in mouse embryos by either RNA-mediated knockdoam antibody
neutralisation leads to loss of methylation at iti® DMR and intracisternal A-type
particle (IAP), indicating thaDnmtlscan be involved in the maintenance of DNA
methylation patterns at imprinted loci and repetitsequences during preimplantation

development (Kurihara et al., 2008).

1.2.3.1.2 de novo methylation
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DNMT1 can also act as @& novomethyltrasferase to methylate unmethylated CpG
dinucleotides, althoughm vitro assays have indicated a 10 to 50 fold prefereoce f
hemimethylated CpG sites (Bacolla et al., 1999dPRaa et al., 1999; Yoder et al.,
1997a). For example, the over-expressionDoimtl in mESCs and human lung
fibroblasts (IMR90/SV40) shows a significant ingean both maintenance aae
novo DNA methyltransferase activities, resulting in Bymethylation of repetitive
elements, tumour-suppressor gene promoters andnitegroci (Biniszkiewicz et al.,
2002; Vertino et al., 1996). Furthermore, of 1749CCloci examined by restriction
landmark genomic scanning (RLGS), an additional 838 (21%) arede novo
methylated in human lung fibroblasts overexpres®NMT1 (HMT17, HMT19 and
HMT1EL1 lines) (Feltus et al., 2003).

1.2.3.1.3 Role in development and differentiation

Gain- and loss-of-function studies @NMT1 in the mouse and human have
demonstrated that appropriateNMT1 expression is essential for embryonic
development and lineage-specific differentiationESCs overexpressingpnmtl
exhibit hypermethylation at repetitive sequencemifomeres and IAP) and loss of
imprinting of 1gf2 and H19 (but not Igf2r, Peg3 Snrpn and Grfl) that leads to
embryonic lethality after diploid and tetraploidabtocyst injection (Biniszkiewicz et
al.,, 2002). Moreover, the inactivation ddnmtl in mESCs show extensive
perturbations of DNA methylation (at repetitive 8eqces, sub-telomeric domains
and imprinted loci) and genomic imprinting thatdeao elongated telomeres, failure
of differentiation towards hematopoietic and canadjocyte lineages, and embryonic
lethality (Chen et al., 2003; Gonzalo et al., 200#&ckson et al., 2004). Furthermore,
Dnmtl knockout (KO) MEFs show demethylation at IAP eletseand loss of
imprinting that gives rise to growth retardationdacell death mediated bg53
(Jackson-Grusby et al., 2001). In the human, complieletion ofDNMT1 in the
human colon cancer cell line (HCT116) leads to wlosomal defects, cell cycle
arrest and cell death (Chen et al., 2007).

1.2.3.2 Overlapping functions of DNMTs

If one of DNMTsis functionally lost by mutation or deletion, p@ears that they can

compensate for each other to maintain DNA metlgtatpatterns, although the
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supporting data is contradictory. Single KOsDafmt3aand Dnmt3bin mESCs and
MEFs show no apparent changes in global methyldeeals (Okano et al., 1999;
Dodge et al., 2005). Only certain classes of mgatellite sequences are demethylated
(Okano et al., 1999). In contrast to single KOsyéweer, Dnmt3aandDnmt3bdouble
knockout (DKO) mESCs an®nmtl Dnmt3aand Dnmt3b triple knockout (TKO)
MESCs show substantial loss of methylation at imipd loci, retroviral sequences,
and major and minor satellite repeats (Okano efl889; Tsumura et al., 2006). In the
human, DNMT1 and DNMT3B DKO in HCT116 show significantly reduced
methyltransferase activity and loss of genomic DM&thylation (about 95%), but
single KOs ofDNMT1 andDNMT3B in HCT116 exhibit only 20% and 3% loss of
methylation, respectively (Rhee et al.,, 2002; Réeal., 2000). The methylation of
promoter regions gh16"<*? (a prototypic INK4 proteijy TIMP-3 andIGF2 is not or
little changed in single KO cells, whereas theggares were completely demethylated
in DKO cells (Rhee et al., 2002). Importantly, s$enOs of Dnmt3aandDnmt3bin
MESCs have no perturbation of undifferentiated stath states, showing normal
morphology and expected expression and promoteretiniation of transcriptional
factors Oct4 andNanog (Jackson et al., 2004; Li et al., 2007; Okan@let1999).
These cells retain an ability to differentiate iftematopoietic and cardiomyocyte
lineages an@®ct4 andNanogpromoters are methylated after differentiatiorck3an

et al., 2004; Li et al., 2007). Unlike in single K@nmt3aandDnmt3bDKO mESCs
show reduced ability to form embryo bodies andedéhtiate into hematopoietic and
cardiomyocyte lineages (Jackson et al., 2004; lalet2007). This has been defined
by abnormal expression of trophoblast-, mesodernaald endodermal markers
(Jackson et al., 2004; Li et al., 2007). The pranotgions oDct4 andNanogremain
unmethylated and the genes are still expressed differentiation (Jackson et al.,
2004; Li et al., 2007). Collectively, the inactivat of one of theDNMTs does not
affect global DNA methylation and cellular diffeteation capacity. This may be due
to the fact thatDNMTs can compensate for each other to maintain nornidd D
methylation patterns in the mammlian genome. Tlsis endicates that they may share

the target sites to be methylated.

Notably, there are contrasting data. Chen et2003) has showed that Bnmt3aand
Dnmt3b DKO J1 mESCs, endogenous C-type retrovirus (pMfinor satellite and
IAP repeats are demethylated. These demethylateidckn be remethylated by
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overexpression of eith&@nmt3aor Dnmt3bcDNA, but not withDnmt1cDNA (Chen

et al., 2003). Furthermore, loci demethylated bwgctivation of Dnmtl can be
remethylated by overexpression @hmtlcDNA, but not withDnmt3aand Dnmt3b
cDNA, respectively (Chen et al., 2003). Thus, Ckel., (2003) has suggested that
the role ofDnmtl, Dnmt3aand Dnmt3bcan not be overlapped and their target sites
are different, and thereby they are required caatper expression to maintain normal
DNA methylation patterns in the mammalian genome.tke other hand, of 1300
CpG sites examined by RLGS, an additional 236 lax@ detected, indicating
demethylation iDnmt1KO cells (Hattori et al., 2004). In addition, te@me loci are
identified to be demethylated Dnmt3aandDnmt3bDKO cells, suggestin@nmt],
Dnmt3aandDnmt3bcan share same target sites to be methylatedofiHattal., 2004).

1.2.3.3 Structure of DNMTs and associated functiona | domains

1.2.3.3.1 DNMT1

DNMT1 consists of two domains namely a regulatddyterminal domain and a
catalytic, C-terminal domain (reviewed by Bestof0@; Cheng and Blumenthal,
2008). Both domains are linked by a short stret€hrepeated Gly-Lys (GK)
dipeptides (Figure 1-3). The C-terminal domainDMIMT1 contains six conserved
motifs (I, IV, VI, VIII, IX and X) that allows trasfer of methyl groups from AdoMet
to cytosine, mostly within CpG dinucleotides (Bdaddt al., 1999; Posfai et al., 1989;
Pradhan et al., 1999). In detail, motifs | and Xftogether to form AdoMet binding
sites, motif IV contains the prolylcysteinyl dip&f# providing the cytosine thiolate at
active sites, motif VI contains the glutamyl re®dinat protonates the 3 position of
the target cytosine, motif IX maintains the struetof the target recognition domain
that makes base-specific contacts in the majorvgroand VIIIs’ function is not clear
yet (Lauster et al., 1989; Posfai et al., 1989; efodt al., 1997a). The N-terminal
domain ofDNMT1 contains a number of functional domains includingraliferating
cell nuclear antigen (PCNA) binding domain (PBD)naclear localisation signal
(NLS), a DNA replication foci targeting sequence={Ror TS), a cysteine-rich Zh
binding motif (ATRX), and a polybromo homology domgPBHD) (Bestor, 2000;
Cheng and Blumenthal, 2008). Thus, the N-terminamain allows targeting to
replication foci, discriminating between hemimetitgd and unmethylated CpG

dinucleotides, and associating with chromatin medsf while DNA is replicated
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(reviewed by Bestor, 2000; Cheng and Blumenthal820 Furthermore, the N-
terminal domain is responsible for recruitibgmtlto DNA repair sites (Mortusewicz
et al., 2005).

N-terminal regulatory domain C-terminal catalytic domain
PBD (GK)n | v vl vl X X
onmte [ [T ] | [ATRX] |
NLS
1 v VNIl IX X
NLS NLS
1 v VNIl IX X
NLS
1 v v vl
DNMT3L | BEATRX. — | HE R 387aa
NLS
1 v v vl IX X
N2 (AN N AW e

Figure 1-3. The structure of the member of the mamm  alian DNMT family

The N-terminal domain contains a proliferating celclear antigen (PCNA)-binding
domain (PBD) shown as a purple rectangle, a nutbeatisation signal (NLS) shown
as a blue rectangle, an a cysteine-rich* zsinding motif (ATRX) shown as a grey
rectangle, a polybromo homology domain (PBHD) shagna green rectangle, a
DNA replication foci targeting sequence (RFT or BBpwn as a red rectangle and a
tetrapeptide (proline-tryptophan-tryptophan-projinmotif (PWWP) shown as a
yellow rectangle. The C-terminal domain contains @nserved motifs (I, 1V, VI,
VIII, IX and X). Both domains are linked by a shettetch of repeated Gly-Lys (GK)
dipeptides. | is involved in the formation of thel@dMet binding sites, IV binds to
substrate cytosine at the active site, VI contdives glutamyl residue serving as a
proton donor, IX maintains the structure of thesttdie-biding sites, X participates in
the formation of the AdoMet binding sites. Vlligiriction is not clear yet. aa is as
amino acids. Adapted from Bestor (2002), and CleertyBlumenthal (2008)

The N-terminal domain of DNMT1 possesses the cdipabof transcriptional
repression, independent of catalyzing DNA methgtatjiRountree et al., 2000). The
transcriptional repression activity can be enhanbgdinteracting with histone
deacetylases (HDAC1 and HDAC2) which remove acgtgups from the tail of
histones and help to maintain condensed chromadtircteare and transcriptional
silenced states (Fuks et al., 2000; Rountree e2@00). Moreover, DNMT1 interacts
with the number of proteins, including heterochrimarotein B (HP13), histone
methyltransferases (SUV39H1 and G9A), tumour swggme protein 53 (p53),
retinoblastoma (Rb), DNMT3A/3B and DNA methyltragsfse 1 associated protein 1
(DMAP1) (Esteve et al., 2005; Esteve et al., 2006ks et al., 2000; Fuks et al., 2003;
Kim et al.,, 2002; Pradhan and Kim, 2002; Rountréeale 2000) that enhances

transcriptional repression activity of DNMT1. Faxample, DMAP1 (encoding for
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467 amino acids and 53 kDa in molecular weight) wsadated as a DNMT1
interacting protein by yeast two-hybrid screeniRgintree et al., 2000). A luciferase
activity assay has demonstrated that transcriptiepaession activity of DNMT1 can
be stimulated by a direct interaction of 212 - 422no acids of DMAP1 with the first
120 amino acids of DNMT1 (Liu and Fisher, 2004; Riwee et al., 2000). Therefore,
a specific interaction between DNMT1 and other @rat related to histone
modifications, cell cycle and apoptosis might bseasial to mediate transcriptional

regulation of genes in mammalian nuclei.

1.2.3.3.2 DNMT3A and DNMT3B

DNMT3A and DNMT3B share a structural similarity WiDNMT1 (reviewed by
Bestor, 2000; Cheng and Blumenthal, 2008) (Figw&).1Both DNMT3A and
DNMTS3B proteins are organised into a large reguiatd-terminal domain and a
smaller catalytic C-terminal domain (Figure 1-3yvardomains are linked by a short
stretch of repeated Gly-Lys (GK) dipeptides (reveemby Bestor, 2000; Cheng and
Blumenthal, 2008). The C-terminal domain of DNMTaAd DNMT3B contains six
conserved motifs (I, 1V, VI, VI, IX and X). Theiregulatory N-terminal domains
contain NLS, ARTX and PWWP (proline-tryptophan-tiggphan-proline motif)
(Bestor, 2000; Cheng and Blumenthal, 2008).

A truncation mutant study of Dnmt3a and Dnmt3b baggested that the PWWP
domain is essential for the association with hetferematin at the S phase to maintain
DNA methylation patterns at pericentric heterochaonregions (Chen et al., 2004).
Moreover, the PWWP domain of Dnmt3a and Dnmt3b &soeaiated with
transcriptioanlly silenced and condensed mitotiouofatin during mitosis (Ge et al.,
2004). Recently, point mutation (serine 270) of BWWP domain has been found in
Japanese patients who suffering from the ICF (imwdeficiency, centromeric
instability, and facial anomalies) syndrome (Shmohet al., 2002), which is
characterised by loss of methylation at pericengeen heterochromatin of
chrosomosomes 1, 9 and 16 (Chen et al., 2004; 4l,€t999).

DNMT3A and DNMT3B can repress gene transcriptionnbgans, independent of
catalyzingde novoDNA methylation (Bachman et al., 2001; Fuks et2001; Fuks et
al., 2003). Their transcriptional repression ati¢i are mediated by ARTX-like
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PBHD of the N-terminal domain (Bachman et al., 20Bliks et al., 2001). The
transcriptional repression activity of DNMT3A andNDIT3B can be enhanced by
interacting with each other, histone-modifying emeg, histone-remodelling enzymes
or other co-repressors. Specifically, DNMT3A and NDRBB interact with

DNMT1/3L, HDACs, RP58 (sequence-specific transooiml repressor), hSNF2H
(ATP-dependent chromatin remodelling enzyme), piRhd SUV39H1 (Bachman et
al., 2001; Fuks et al., 2000; Fuks et al., 200KksFet al., 2003; Geiman et al., 2004;
Kim et al., 2002). These interactions allow formimg heterochromatin and

stimulating of transcriptional repression activity.

1.2.3.3.3 DNMT3L

Another methyltransferase like protein (DNMT3L) Hasen identified in the human
and mouse (Aapola et al., 2000; Aapola et al., 200ike Dnmt3a and Dnmt3h
Dnmt3lis highly expressed in the germ cell and embrysteen cell (Bourc'his et al.,
2001; Kaneda et al., 2004; La Salle et al., 2008mt3lis essential for establishing
and maintaining DNA methylation patterns at impethtioci, unique nonpericentric
heterochromatic sequences and repetitive sequéAnesud et al., 2006; Bourc'his et
al., 2001; Hata et al., 2002; Webster et al., 20@MT3L also consist of two
domains as same as other DNMTs have, and both denae linked by GK
dipeptides (Figure 1-3). HoweveDNMT3L has only few components in both
domains. The N-terminal domain &NMT3L contains only ARTX and NLS, and
only four conserved motifs (I, IV, VI and VIII) angresent in the C-terminal domain.
Thus, this can be explained wiDNMT3L lacks the enzymatic activity to transfer
methyl groups to DNA (Bestor, 2000; Margot et &003; Suetake et al., 2004).
Interestingly, even iDNMT3L has a NLS domain (156-159 amino acid), it is shown
to be localised in both the cytoplasm and nucleudi®i3T3, COS-7 and human
rhabdomyosarcoma (RD) cell line (Aapola et al.,208ata et al., 2002).

1.2.3.3.4 DNMT2

DNMT2 is the smallest methyltransferase and hasy dhé C-terminal domain
containing six conserved motifs (reviewed by Besg®00). In contrast to the other
DNMTs, DNMT2 is localised to the cytoplasm of tréexted NIH3T3, indicating that
it does not directly contact with genomic DNA (Getlal., 2006). No methylation or
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phenotypic changes are detected Dnmt2 KO mice and no endogenous DNA
methyltransferase activity has been confirmed @kaho et al., 1998b). However,
interestingly, transgenic flies androsophila S2 cells overexpressing mouse and
Drosophila Dnmt2 cDNA show an increased methylation activity and
hypermethylation at two loci (CG8547 and CG8553ard& Reddy et al., 2003; Tang
et al., 2003). Furthermore, recently it has beg@oned thaDNMT2 can methylate to
C5 position of cytosine 38 (C38) in tRK®, suggesting that it may function as an
active RNA methyltransferase (Goll et al., 2006)n€erved motifs IV, VI and VII of
DNMT2 catalyses methylation to tRN® (Jurkowski et al., 2008).

1.2.4 Histone modifications

Within eukaryotic nuclei, genomic DNA needs to lgitly compacted and organised
into a structure, chromatin (Bernstein et al., 20Q&chner et al., 2003). The
nucleosome (the fundamental unit of chromatin) amposed of 146 base pairs of
DNA wrapped around an octamer that consists of ¢apies each of core histone
H2A, H2B, H3 and H4 (Bernstein et al., 2005; Laaheteal., 2003). The nucleosomes
are linked together by the linker DNA and historie Kithough the core region of the
histone octamer remains inside the nucleosomeNtterminal tails of histones are
exposed and post-translationally modified by aeityh, methylation,
phosphorylation, ubiquitylation and sumoylation (istein et al., 2005; Lachner et al.,
2003). For example, histone H3 can be methylatdgsates 4, 9, 27, 36, and 79, and
histone H4 can be methylated at lysine 20 (Lacknat., 2003).

Histone modifications co-operate to form a specifltromatin structure and to
regulate gene transcription (reviewed by Jaenisah Bird, 2003; Li, 2002; Relik,
2007). For instance, both acetylation of H3 and &% methylation of H3 at lysine 4
(H3-K4), at lysine 36 (H3-K36) and at lysine 79 (K39) are closely associated with
active genes and frequently found in euchromatyiores, whereas methylation of H3
at lysine 27 (H3-K27) and methylation of H3 at hesi9 (H3-K9) and at lysine 20
(H3-K20) are co-related with transcriptional reiea of genes and the formation of
large constitutive heterochromatin domains (Beinstéal., 2005; Peters et al., 2001;
Rice et al., 2003; Schotta et al., 2004).

32



Different degrees of methylation at the same resiahay influence different degrees
of chromatin structures. Histone methylation tagisce on the lysine (K) residues.
Lysine residues can be mono-, di-, and try-metlegddPeters et al., 2003; Rice et al.,
2003; Schotta et al., 2004; Wu et al., 2005). H3tH®ethylation is predominantly
localised in pericentric heterochromatin regionshereas H3-K9 mono- and
dimethylation are enriched at early replicatinghgomatin regions (Rice et al., 2003;
Wu et al., 2005). In addition, H3-K27 monomethyatiand H4-K20 trimethylation
are largely localised in heterochromatin regionshergas H3-K27 di- and
trimethylation, and H4-K20 mono- and dimethylatiane present in euchromatin
regions (Peters et al., 2003; Schotta et al., 2004)

1.2.5 Histone methyltransferases (HMTSs)

Histone methylation is catalysed by the numberistione methyltransferases (HMTS).
Five histone methyltransferases (Suv39hl, Suv38B3, Eset and Eu-HMTase) have
been identified in mammals (Dodge et al., 2004eRett al., 2001; Tachibana et al.,
2001). Interestingly, although all histone mettamisferases can transfer methyl
groups at K residues of histone H3 and H4, thelthstinct enzymatic activities and
localisation patterns in mammalian nuclei. Suv38hdl Suv39h2 tend to be localised
in the pericentric heterochromatin region, wheré@s and Esearelocalised in the
euchromatic region (Dodge et al., 2004; Lehnertal 2003; Tachibana et al., 2001;
Tachibana et al., 2002). An vitro activity assay has demonstrated that G9a has a 10-
to 20-fold strong enzymatic activity, compared tov89h1 (Tachibana et al., 2001). In
addition, G9a can methylate both H3-K27 and H3KBereas Suv39hl and Suv39h2
preferentially methylates only H3-K9 (Rice et &003; Tachibana et al., 2001;
Tachibana et al., 2002).

KO studies in mice have suggested thav39h1Suv39h2G9aandEsetare essential
for early embryonic development and germ cell défgiation (Dodge et al., 2004;
Lehnertz et al., 2003; Peters et al., 2003; Paerd., 2001; Tachibana et al., 2002).
G9a KO mice showed loss of H3-K9 methylation in thecleomatic region and
apoptosis that leads to embryonic lethality betw@&n- 12.5 dpc (Peters et al., 2003;
Tachibana et al., 2002EsetKO mice also result in embryonic lethality betweh
and 5.5 dpc (Dodge et al.,, 2008uv39h1/2DKO mice show loss of H3-K9
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methylation in the heterochromatin region, chrommesb instability and impaired
spermatogenesis (Lehnertz et al., 2003; Petels 081).

1.2.6 Histone modifications associated with DNA met  hylation

Histone modifications have an important role to mein DNA methylation patterns
in the genome. In the funguN€urospora crassainactivation ofDIM-5 (defective in
methylation 5 encoding a H3-K9 methyltransferase) leads to lass DNA
methylation at-n, #63, 1D21, 9A20 and rDNA (Tamaru and Selker, 208Igreover,
in Arabidopsis thalianathe mutation o0KRYPTONITE(a H3-K9 methyltransferase)
shows loss of DNA methylation at CpNpG trinucleedbut not CpG dinucleotides)
(Jackson et al., 2002) and the deletiorD&iM1 (decrease in DNA methylatipna
SWI2/SNF2-like protein, causes 70% reduction ofogeic methylation at repetitive
sequences (Jeddeloh et al., 1999). In mamrgaig39hland Suv39h2DKO mESCs
show loss of DNA methylation at pericentric satellrepeats (but not at minor
satellites or endogenous C-type retroviruses) (edtanet al., 2003). Furthermore,
G9a KO mESCs show loss of maternal methylation at3heon DMR, resulting in
loss of imprinting ofSnrpn(Xin et al., 2003). The mutation ath (lymphoid specific
helicase a member of the SNF2 chromatin remodelling family mice shows
substantial loss of DNA methylation at the repetitsequences, promoter regions of
single copy gene{Globinand Pgk-2), and an imprinted loci$1@ DMR) (Dennis
et al., 2001). These evidences indicate DNA metiogrlaand histone modifications
(chromatin remodelling) are interdependent and ithterplay between them is

required for regulating gene transcription in marsmna

1.3 Genomic imprinting

1.3.1 Imprinted genes

Genomic imprinting describes an epigenetic processilting in the parent of origin-
specific monoallelic expression of a subset of gemeviewed by Constancia et al.,
2004; Reik and Walter, 2001; Surani, 2001). AlthHougost genes in mammals are
expressed from both parental alleles, imprintedegeare preferentially expressed
from either the paternal or maternal allele (rewdvwby Ferguson-Smith and Surani

2001). Since the first imprinted genes, moursilin-like growth factor 1gf2), its
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neighbouring genkl19, andlgf2 receptor(lgf2r) have been discovered (Barlow et al.,
1991, Bartolomei et al., 1991; DeChiara et al.,10990 far ~ 80 imprinted genes in
mice and ~ 50 imprinted genes in humans have lmsmified (Morison et al., 2005).
This number is continually increasing. A study bsging large-scale expression
profiling has estimated that a larger number ofdodette transcripts (over 2,000) in
the mouse and human genome are imprinted (Nikaidd.,e2003), although allele-
specific expression of these candidates has nat &e@mined. Table 1-1 summarises
known human imprinted genes. Briefly, human im@thgenes have been identified
on at least 10 human chromosomes. Most of them ctustered in specific
chromosomes (e.g. chromosomes 7, 11, 15), wheamras sf them are randomly
disributed in the rest of chromosomes. Approximatehllf of genes are expressed

from the maternal allele and the other half areresged from the paternal allele.

Table 1-2. Known human imprinted genes
Functional
component

1p36 TP73 | M
1p31 ARHI I

HYMAI |
PLAGL1 |

locus Transcript Imprinting status Expressed allele

o

6024

Z|TU0|T

6025 IGF2R PI

7pl12 GRB10 | P
CALCR PD
SGCE |
PEG10 |
PPP1R9A |
PON1 PD
DLX5 |
CPA4 |
MEST | P
|
|

o

=

<
o

7921

SIZ|0|IZ|T0|0|Z

o

=

<
o

7932
MESTIT1

COPG2IT1
10922 CTNNA3 PD
H19 |
IGF2

IGF2AS |
INS

TRPMS PD
KCNQ1 |
11p15 KCNQ10T1 |
CDKN1C |
SLC22A1LS PD
SLC22A18 |
PHLDA2 |
OSBPL5 |
ZNF215 PD

S22 NZ| 0| Z|0|0|O|O|Z|Z|T0)|T

35



WT1 I P
11p13
WT1AS I P
DLK1 I P
14932
MEG3 I M
MKRN3 I P
MAGEL2 I P
NDN I P
SNURF I P
SNRPN I P
HBII-436 I P
HBII-13 I P
HBII-437 I P
15q11 SNURF-SNRPN
HBII-438A I P
PWCR1 I P
HBII-52 I P
HBII-438B I P
UBE3A-AS I P
UBE3A I M
ATP10A I M
18g21 TCEB3C I M
PEG3 I P
19913
ZIM2 I P
20011 NNAT I P
L3MBTL I P
NESP55 I M
GNASXL I P
20013 GNAS1
Exon-1A | P
GS-a I M
SANG I P

I, imprinted; NI, not imprinted; PI, polymorphic printed; PD, provisional data; M,
maternal; P, paterndljmprinting is isoform dependent. Adopted from Mam et al.,
(2005).

Detailed summaries of known imprinted genes, theictions and expression patterns
are available in following websites; (1) Mammali&enetics Unit, MRC, Harwell,

Oxfordshire, UK; [ttp://www.har.mrc.ac.uk/research/genomic_imprighn (2)

Cancer Genetic Laboratory, Department of Biochamistniversity of Otago,

Dunedin, New Zealand;http://igc.otago.ac.nz/home.html(3) Jirtle Laboratory,

Duke University, Durham, USA, the Geneimprinkttp://www.geneimprint.con)/

and (4) Laboratory for Genome Exploration Resea@roup, RIKEN Genomic
Research Center, Yokohama, Japattp(//fantom?2.gsc.riken.go.jp/imprinting/

1.3.2 Human chromosome 11p15

Most imprinted genes (at least 80%) are not rangaligtributed within the genome
but are clustered in specific chromosomes, whichthsught to influence their
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coordinated transcriptional regulations within ¢éws (Reviewed by Ferguson-Smith
and Surani, 2001; Reik and Walter, 2001; Surar®120Some clusters are very large
(several megabases in size) and are highly corddrm®veen the human and mouse.
Within clusters, maternally and paternally improhigenes, as well as non-imprinted
genes are localised together. For example, 10 imgatigenes (6 maternally expressed
genes and 4 paternally expressed genes) and 7mmmied genes have been
identified on human chromosome 11pl5 (Table 1-1 Bigdire 1-4). This cluster
consists of two independent imprinting sub-domadwsnain 1 containingMIRPL23
H19, IGF2, IGF2ASandINS genes and domain 2 containiNg\PIL4, TSSC3TSSC5
CDKN1Q0p57'P? KCNQ1, KCNQ1OT/AIT1, TSSC4andCD81 The allele-specific
expression of these genes are guided by two impgirtontrol regions (ICRs; ICR1
and ICR2) located oiKCNQLKCNQ1OT1land IGF2-H19 loci, and differentially
methylated regions (DMRs) located on the upstrefithelGF2 gene (reviewed by
Reik and Walter, 2001; Robertson, 2005; Surani,1200

ICR2 DMRs ICR1
i €ICch~ KeNQt CTChH—
EEEE _HJ ddde EEMS  HE o o
Were |1
CDKN1C TSSC4 TH INS IGF2 H19 MRPL23
} sLc22a18 CRBD— cost @~
TSSC3 RHEMX
NAPIL4 KCNQ10TT ASCL2
— E—
Centromere Telomere
Paternally expressed T Methylated at CpG sites
I" Maternally expressed T Unmethylated at CpG sites
I_’ Not imprinted (O Enhancer

|:| DMRs (differentially methylated regions) or ICRs (imprinting contral regions)

Figure 1-4. Human chromosome 11p15

7 non-imprinted genesN@APL4 TSSC4CD81, RHEMX ASCL2 TH, MRPL23 and
10 imprinted genes can be found within this loasthin the 10 imprinted genes, 6
(OSBPL5TSSC3SLC22A18CDKN1C KCNQZL H19) are maternally expressed and
4 (KCNQ1OT1 INS IGF2, IGF2AS are paternally expressed. Imprinted gene
expression in this locus is controlled by ICRs (imfing control regions), DMRs
(differentially methylated regions), CTCF (CCCTGxing factor) proteins and
enhancers. ICR2 is also known K¥DMR1 and is maternally methylated and
paternally unmethylated. ICR1 is also known 149 CTCF and is paternally
methylated and maternally unmethylated. UpstreanGé2, three DMRs (DMRO,
DMR1, DMR2) have been characterised in the humaMRD is maternally
methylated, whereas DMR1 and DMR2 are paternallyhpiated. Adapted from
Robertson (2005).

The CTCF (CCCTC-binding factor) proteins are alseolved in the regulation of
imprinted gene expression within two domains. Thiyd to only unmethylated
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alleles of both ICR1 and ICR2 and act as insulamgrevent enhancers from binding
to the promoter region of corresponding genes [faitick et al., 2007; Prawitt et al.,
2005; Sparago et al.,, 2004). For example, onceGMEF protein binds to the
unmethylated maternal allele of ICR1, enhancers reok able to access to the
promoter region ofGF2. Thus,IGF2 is transcriptionally silenced from the maternal
allele, whereas thEl19 gene can be expressed. On the paternal alleleRi,| DNA
methylation blocks CTCF binding that allows enhante access to the promoter
regions of IGF2, resulting inIGF2 expression from the paternal allele aHd9
silenced (Reviewed by Ferguson-Smith and Suraf]2Beik and Walter, 2001).

1.3.3 Differentially methylated regions (DMRS)

The allele-specific expression of imprinted gersesantrolled by DNA methylation at
their regulatory regions (reviewed by Li, 2002; IRand Walter, 2001). In imprinted
loci, DNA methylation usually occurs in a specifiegion named as differentially
methylated region (DMR). The DMR is differentialiyethylated between parental
alleles to direct monoallelic expression of itsresponding imprinted genes. For
example, theSNRPN gene is paternally expressed and maternally sitenoe
association with paternal unmethylation and maternehylation at th&NRPNDMR
(EI-Maarri et al., 2001; Geuns et al., 2003; Luafet al., 2002). So far, at least 15
DMRs have been identified in the human and mousktla@y are largely conserved
between species (Table 1-2). Most of them are iE@@lin promoter regions of their
relevant imprinted genes. However, some DMRs aralilwed in intronic regions (e.g.
KvDMR1 and Igf2r DMR2) that are associated with the expression disamse
transcripts (e.g<KCNQ1OT1andAir) (Horike et al., 2000; Lee et al., 1999; Smilinich
et al.,, 1999; Vu et al., 2004; Wutz et al., 199¥dt all DMRs are associated with
allele-specific expression of imprinted genes. Rostance, IGF2R DMR2 is
differentially methylated, but biallelic expressiaf IGF2R is frequently found in
human tissues, indicating that other epigenetic haeisms such as hisone
modifications may be involved IKGF2R imprinting (Monk et al., 2006a; Vu et al.,
2004).
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Table 1-3. Known DMRs and timing of establishment o

f their imprints

Imprinting marks
Gene Reference
Human Mouse
S (DMR1), .
IGF2R-AIR L . (Arnaud et al., 2006; Lucifero et
locus G (DMR2; Min oocyte, U in al., 2002; Stoger et al., 1993)
sperm)
(Kerjean et al., 2000; Li et al.,
PEG1 G (M in oocyte, U in sperm) G (M in oocyte, U in sperm) 2002; Lucifero et al., 2002; Sato
et al., 2007)
SLC22A18 S (Lewis et al., 2004)
CDKN1C S (Lewis et al., 2004)
(Geuns et al., 2007b; Khoureiry
. . . . et al., 2008; Lewis et al., 2004;
KvDMR1 G (M in oocyte, U in sperm) G (M in oocyte, U in sperm) Sato et al., 2007: Umlauf et al..
2004)
IGF2 S (DMRO, DMR2) S (DMRO, DMR2) (Murrell, 20(2)((3);0(8)swald etal,
RASFRF1 G (M in sperm, U in oocyte) (Yoon et al., 2002)
U2AF1-RS1 S and G* (Shibata et al., 1997)
(Borghol et al., 2006; Davis et
al., 2000; Hartmann et al., 2006;
IGF-H19 G G Kerjean et al., 2003; Kerjean et
locus (M in sperm, U in oocyte) (M in sperm, U in oocyte) al., 2000; Lucifero et al., 2002;
Olek and Walter, 1997; Sato et
al., 2007; Ueda et al., 2000)
DLK1-GTL2 . . . . (Geuns et al., 2007a; Lin et al.,
locus G (M in sperm, U in oocyte) | G (M in sperm and U in oocyte) 2003)
NDN G G (El-Maarri et al., 2001; Hanel
(PM in oocyte, U in sperm) (PM in oocyte, U in sperm) and Wevrick, 2001)
G® (M in oocyte, U in . . (El-Maarri et al., 2001; Geuns et
SNRPN sperm) G (Miin oocyte, Uin sperm) al., 2003; Lucifero et al., 2002)
. . (Arnaud et al., 2006; Lucifero et
PEG3 G (M in oocyte, U in sperm) al., 2002)
c (Hayward et al., 2001; Liu et al.,
NESP55 SorG 2000)

2 dependent on regions examin&dpnflicting data’ dependent on isoforms; -, Not
examined yet; M, methylated; U, unmethylated; P&ttiplly methylated; G, germline
DMRs; S, somatic DMRs

Histone modifications can also occur at DMRs an&d4@hat may regulate imprinted
gene expression (Fournier et al., 2002; Grandjeaal..e2001; Gregory et al., 2001;
Hu et al., 2000; Lewis et al., 2004). Repressivaadme marks such as methylation at
histone H3 lysine 9 (H3-K9) and lysine 27 (H3-K2&nd to be found in the
methylated allele of ICRs and DMRs, whereas adtiigéone marks such as H3 and
H4 acetylation can be found in the unmethylateélallof ICRs and DMRs. For
example, ingf2r, 1gf2-H19, Snrpn andU2afl-rsllocus, acetylation of H3 and H4 are
present on the unmethylated alleles of tli#MRs, whereas methylation of H3-K9
can be found in the methylated alleles (Fourniealet2002; Grandjean et al., 2001;
Gregory et al., 2001; Hu et al., 2000; Lewis et2004).
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1.3.4 The life cycle of imprint

1.3.4.1 Erasure

In gametes, before the acquisition of differenBNA methylation patterns on both
parental alleles, pre-existing DNA methylation pats from the previous generation
require to be erased (reviewed by Constancia ,e2@04; Ferguson-Smith and Surani,
2001; Reik and Walter, 2001; Surani, 2001). In theuse, this occurs when
primordial germ cells (PGCs) migrate from the ganitidge to the gonad (at
approximately days 10.5 to 13.5 of gestation) (idaget al., 2002; Li et al., 2004;
Szabo et al.,, 2002). This timing corresponds to 3hé¢o 11-weeks in the human
(Onyango et al., 2002). A study by Hajkova et &002) has examined DNA
methylation patterns at DMRs &%eg3 Litl, Snrpn H19 and non-imprinted genex
actin) in developing germ cells. All of above genes deenethylated between 10.5
and 13.5 dpc. This is associated with the allekzsjg expression of imprinted genes
(Snrpn Igf2 and H19), showing that monoallelically expressed genesoinec
biallelically expressed between 10.5 and 13.5 &xalfo et al., 2002). Furthermore,
embryo cloning (SCNT, somatic cell nuclear transfesing PGCs as donor cells
shows that imprints at different loci examined utithg Pegl Meg3 Peg3andH19
are erased between 10.5 and 13.5 dpc (Lee eD@R,; ¥amazaki et al., 2003).

1.3.4.2 Establishment and maintenance

Following this erasure, DNA methylation imprintseagestablished at two different
developmental time points, during gametogenesisdamehg embryogenesis to result
in monoalleleic expression of imprinted genes. AiIsSmDMRs, DNA methylation
patterns are established when germ cells are diffeting (reviewed by Reik and
Walter, 2001; Surani, 2001). These DMRs are teragetjermline DMRs or primary
DMRs’. However, at ‘somatic DMRs’ (also known sedary DMRs or post-zygotic
DMRs), DNA methylation patterns are establishecerafiertilization or at post-
implantation stages of development. Table 1-2 sune®ahe timing of establishment
of imprints at known DMRs. For examplgf2r DMR2 is methylated in oocytes and
unmethylated in sperm, indicating that it is a gexenDMR, whereadgf2r DMR1 is
considered as a somatic DMR that is unmethylatdzbth oocytes and sperm (Stoger
et al., 1993).
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In germline DMRs, the establishment of genomic imgr occurs at different
developmental time points between female and ni@lmale germline, acquisition of
methylation atH19, Rasgrfl and Gtl2 DMRs begins to be initiated in prenatal
prospermatogonia before the start of meiosis amnspleted prior to the end of the
pachytene phase of meiosis (between 13.5 and p8)5(Bavis et al., 2000; Li et al.,
2004; Oakes et al., 2007; Ueda et al., 2000). mmafe germ line, DNA methylation
begins to be acquired in the growing oocyte (106~days after birth) following the
pachytene phase of meiosis, but this may contiritex &ertilization in the female
pronulceus of the zygote (El-Maarri et al., 2001icifero et al., 2002; Obata and
Kono, 2002). Once imprints are established, they ba maintained throughout

mammalian development.

This whole process termed as ‘the life cycle of riimi has been well reviewed by

Constancia et al., (2004) and Ferguson-Smith amdn§y2001). If this process does
not progress properly during development and diffgation of gametes and embryos
due to either mutation or deletion of imprinted ulegory regions, diseases such as

congenital disorders and cancers occur in humathgaimals (see section 1.3.5).

1.3.4.3 Imprint formation and DNMTs

During development of gametes, the PGCs genomplimlly demethylated between
10.5 and 13.5 days of mouse gestation, althougletitee sequences including
intracisternal A particle (IAP), long interspersaatclear element 1 (LINE1) and minor
satellites appear to be only partially demethylgtedikova et al., 2002; Kafri et al.,
1992; Li et al., 2004; Szabo et al., 2002). Atshene time, DNA methylation imprints
are erased in PGCs. Following demethylation, gesomé&GCs are subsequendy
novo methylated between 15.5 and 18.5 days of gestatisn determined by
immunostaining against 5-methylcytosi(@nC) (Coffigny et al., 1999). At the same
time, DMRs within imprinted loci begin to acquireNB methylation in male germ
cells (Davis et al., 2000; Li et al., 2004; Oakesak, 2007; Ueda et al., 2000),
although maternal imprints are acquired in growangytes after birth (El-Maarri et
al., 2001; Lucifero et al.,, 2002; Obata and Kon®02. Thus, genome-wide
demethylation andde novo methylation are associated with the erasure and

establishment of imprints in developmental timeline
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During embryogenesis, in only few hours later aftstilisation (at the pronuclear
stage), the paternal genome is actively demethyjlatbereas the maternal genome is
passively demethylated in a manner dependent of D&#lication and this may
continue up to 16-cell stage (Mayer et al., 2006yw@ld et al., 2000; Santos et al.,
2002). Following further cleavages of embryale novo methylation occurs to
establish tissue-specific epigenetic marks (Mayeale 2000; Oswald et al., 2000;
Santos et al., 2002). However, sex-specific imprare preserved from genome-wide
demethylation andle novomethylation, although almost all non-imprinted gerare
demethylated and subsequerdly novomethylated (Gaudet et al., 2004; Lane et al.,
2003). It is unclear yet how imprints are resistanihe waves of DNA demethylation
andde novomethylation in the genome. One possible explanatidhat unmethylted
alleles can be protected frotle novomethylation by interaction with CTCF proteins
or other proteins (e.g. YY1) recognising unmethgdaiCpG loci (Donohoe et al.,
2007; Fedoriw et al., 2004; Fitzpatrick et al., 208im and Kim, 2008; Kim et al.,
2006). Alternately, the methylated alleles can betgeted from demethylation by
interacting methyl-CpG biding domain proteins (eldBDs) or other proteins
recognising methylated CpG loci (reviewed by BRE0D2).

Studies by the deletion and mutationDofmtshave demonstrated that the acquisition
and maintenance of DNA methylation patterns at intpd loci are guided bnmts
(Bourc'his et al., 2001; Howell et al., 2001; Kaaed al., 2004; Kurihara et al., 2008;
Lucifero et al., 2007)Dnmt1o KO in mice show loss of methylation at maternally
methylated DMRs with biallelic expression of matdhyimprinted genes in embryos,
indicating thatbnmtlois important for the maintenance of maternal imgriduring
early embryonic development (Howell et al., 200M). addition, inactivation of
Dnmtlsin preimplantation stage embryos leads to lossnethylation at theH19
DMR (Kurihara et al., 2008). MoreoveDnmt3a KO in germ cells show loss of
methylation at both maternal and paternal imprintec (Kaneda et al., 2004).
Inactivation ofDnmt3Lin mice leads to loss of imprinting of all matdimamprinted
genes including Snrpn Ndn Zfp127 Kcnglotl and Peg3 in oocytes and
preimplantation embryos (Bourc'his et al., 2001faHet al., 2002). Thus, abnmts
are required to establish and maintain normal imprduring gametogenesis and

embryogenesis.
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1.3.5 Imprinting disruption associated with human d isease

The disruption of imprinting and dysfunction of oome more imprinted loci are
associated with a range of human congenital dissydmcluding Prader-Willi
syndrome (PWS), Angelman syndrome (AS), Silver-Rusyndrome (SRS), and
Beckwith-Wiedemann syndrome (BWS), Transient NeandDiabetes Mellitus
(TNDM), Albrights hereditary osteodystrophy (AH@®seudohypothyroidism type l1a
(PHP-1a) and type 1b (PHP-1b), Biparental comphgtatidiform mole (BICHM)
(reviewed by Robertson, 2005). In addition, impngtdisruption is also associated
with human cancers (reviewed by Feinberg, 2007nHet al., 2005; Jelinic and Shaw,

2007). Table 1-3 summaries imprinted genes assatigith human diseases.

Table 1-4. Known imprinted genes associated with hu  man diseases

Location Gene Disease type
1p36 TP73 Cancer
6q24 HYMAI TNDM
PLAGL1 TNDM
6925 IGF2R Cancer
7p12 GRB10 SRS
7q21 PEG10 Cancer
DLX5 Rett syndrome
7432 MEST SRS, Cancer, BiCHM, AgCHM
MESTIT1 SRS
11p13 WT1 Cancer
H19 BWS, Cancer
IGF2 BWS, Cancer
KCNQ1 BWS, RWS, JLNS
11p15 KCNQ10T1 BWS, Cancer, TNDB, BiCHM, AgCHM
CDKN1C BWS, Cancer
TSSC3 Cancer
SLC22A18 Cancer
ZNF215 BWS
14932 DLK1 Cancer
MEG3 Cancer
NDNL1 PWS
NDN PWS
15911 SNRPN PWS, BiCHM, AgCHM
IPW PWS
ATP10C AS, Cancer
UBE3A AS
19q13.4 PEG3 Cancer, BiCHM, AgCHM
20913 L3MBTL Cancer
GNAS1 AHO, PHP-IA, PHP-IB, BIiCHM, AgCHM, MAS

PWS, Prader-Willi syndrome; AS, Angelman syndrom®RS, Silver-Russel
syndrome; BWS, Beckwith-Wiedemann syndrome; TNDMsanEient Neonatal
Diabetes Mellitus; AHO, Albrights hereditary ostgsttophy; PHP-1A,
Pseudohypothyroidism type 1B; PHP-1B, Pseudohypoitiigm type 1B; BiCHM,
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Biparental complete hydatidiform mole; RWS, RomaMard syndrome; JLNS,
Jervell and Lange-Nielsen syndrome; MAS, McCunerigliit syndrome

1.3.5.1 Beckwith-Wiedemann syndrome (BWS)

BWS is predominantly a maternally transmitted digorthat is characterised by
congenital overgrowth with a large tongue (macrsgi®), large organs
(visceromegaly), large body size (macrosomia), el$ & increased predisposition to
develop of embryonal Wilms’ tumours (Bliek et &001; DeBaun et al., 2003; Lee et
al., 1999; Robertson, 2005; Weksberg et al., 2008)st BWS cases are due to
epigenetic alternations at imprinted genes on cbemme 11pl5 (reviewed by
Robertson, 2005). Half of BWS patients have lossnethylation atkvDMR1 and
consequently loss of imprinting ®(CNQ1OT1(Bliek et al., 2001; Lee et al., 1999;
Smilinich et al., 1999; Weksberg et al., 2003).4d_&squently, gain of methylation on
the maternal allele of ICR1IGF2/H19 locus) can be found in BWS patients that is
associated with transcriptional silencing 619 and biallelic expression aiGF2
(Reik et al., 1995; Weksberg et al., 1993). Morepadtered gene expression and
methylation ofCDKN1Chave been reported in some BWS patients (Diaz-Melyal.,
2005).

1.3.5.2 Prader-Willi syndrome (PWS) & Angelman synd rome (AS)

PWS and AS known as neuro-developmental disorderassociated with genetic and
epigenetic mutations on human chromosome 15qltel/8(ved by Robertson, 2005).
PWS is characterised by weak muscle tone (hypotoniacomplete sexual
development, mental retardation, feeding diffi@dtin early infancy, followed in later
infancy or early childhood by excessive eating abdsity. Genetic alterlations such
as maternal uniparental disomy (UDP), chromosonetétibns and gene mutations
have commonly found in PWS patients, (reviewed bybdktson, 2005). Less
frequently, epigenetic alterations at tBRRPNDMR can be found that is associated
with loss of imprinting ofSNRPNand its neirboring geneENF127 IPW, NDN and
NDNL1 (Reis et al., 1994; Sutcliffe et al.,, 1994). AS c¢haracterised by
developmental delay, severe mental retardatiorerdtspeech, ataxia and aggressive
behaviour (Orstavik et al., 2003; Robertson, 200%) majority of AS patients is
arisen by molecular defects such as deletions demmal chromosome 15qg11-13,

paternal UPD and germlindBE3A (ubiquitin protein ligase E3Amutation. In only
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5% of AS patients, loss of methylation at ®iSRPNDMR has been reported (Cox et
al., 2002; Orstavik et al., 2003).

1.3.5.3 Cancers

Imprinting disruptions can be frequently found umiours and cancer cell lines in the
human (reviewed by Feinberg, 2007 ; Jelinic andw&I28007 ; Robertson, 2005 ). A
PCR-RFLP (Restriction Fragment Length Polymorphisamglysis using avinli
restriction enzyme site in exon 9 BEG3 (paternally expressed geng I3as revealed
that PEG3 is monoallelically expressed in normal cell linssd tissues, but it is
biallelically expressed in choriocarcinoma (JEGA &eWo), glioma (HTB-16, HTB-
17, and CRL-1620) and endometrial cervical ovacalhlines (RL-95, C33A, ME180,
Ovcar-3 and Ovcar-5) (Dowdy et al., 2005; Maegatal.e2001). Loss of imprinting
of PEG3is associated with loss of methylation at ##G3 DMR (Dowdy et al.,
2005; Maegawa et al., 2001). MoreoveEG1(MEST) is expressed from the paternal
allele in normal tissues and cells, but biallelkpr®ession can be detected in invasive
breast carcinomas and lung caners (Nakanishi eR@04; Pedersen et al., 2002).
IGF2 andH19 are the most commonly affected genes in the varlmuman cancers
(reviewed by Feinberg, 2007).

1.3.6 Imprinting disruption associated with ART

Assisted reproductive technology (ART) procedures @esigned to overcome the
human infertility (reviewed by Horsthemke and Lugw2005; Lucifero et al., 2004a,;
Maher, 2005). ART procedures include isolation, ipalation, and culture of
gametes and embryos im vitro. Additionally, superovulation, cryopreservationdan
intracytoplasmic sperm injection (ICSI) are alswalved in ART procedures. It has
been reported that ART procedures have detrimaitatts on the baby such as a
higher frequency of preterm delivery, reduced bibight, and increased perinatal
mortality compared to natural singleton pregnangshieve et al., 2002). Moreover,
recent studies have suggested that ART proceduagscause genetic and epigenetic
disruptions at imprinted loci (reviewed by Horsth@mand Ludwig, 2005; Maher,
2005; Maher et al., 2003). Currently, derivatiorn @alture of hESC lines have relied
on ART procedures (reviewed by Allegrucci et a002), implicating that hESC lines

can have epigenetic errors at imprinted loci.
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1.3.6.1 Intracytoplasmic sperm injection (ICSI)

ICSI is a technique used to inject a spermatozimatire cytoplasm of an oocyte using
a micromanipulator that bypasses almost all of nadtiertilisation (Cox et al., 2002;

Manning et al., 2000). Thus, ICSI may have phybrcdéleterious effects to oocytes
and sperm. For example, to perform ICSI, cumuluts Ggound oocytes need be
denuded prior to micromanipulation. Moreover thersp acrosome reaction into
oocytes is completely bypassed and this may digheloocyte activation (reviewed
by Horsthemke and Ludwig, 2005; Maher, 2005).

1.3.6.1.1 Oligospermia

Spermatozoa used in ISCI often originate from tilfeermen who sometimes have
abnormal semen parameters (Hartmann et al., 200Bayashi et al., 2007). A study
by Kobayashi et al., (2007) has demonstrated th&7oinfertiie men analysed, 16
(16.4%) show moderate oligospermia (defined asnspesunt, 5-20 x1%ml) and
severe oligospermia (<5x¥fl), although normal spermia is determined by
20x10/ml. Kobayashi et al., (2007) has compared the wyhation status at 7
imprinting regulatory regions between normal sparrand oligospermia. Although
KvDMR1andPEG3DMRs are normally methylated in both, aberranthyletion at
H19 (LOM), GTL2 (LOM), PEG1(GOM), ZAC (GOM) andSNRPN(GOM) DMRs
are detected in 16 oligospermia patients (Kobayashal., 2007). Margues et al.,
(2004) has examined that of 123 infertile men itigased, 96 patients show
oligospermia (46 were moderately and 50 were sgvaffected). Of 96 oligospermia
examined, 23 show gain of methylation at 9 DMR, although th&VIESTDMR is
normally methylated in all oligospermia. Thus, inmpd spermatogenesis is closely
linked to imprinting disruption that should be datly considered before a

spermatozoa use for ISCI (Hartmann et al., 2006).

1.3.6.1.2 Superovulation

Oocytes used in ICSI usually originate from womedmwvhave undergone an ovarian
hyperstimulation with gonadotrophin. Gonadotrophia commonly used in
superovulation to collect sufficient numbers of yies for ART in the human and for
experimental research in various animal speciesemestudies have suggested that

superovulation can be associated with epigenescugiions of imprinted loci in
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oocytes and their derived embryos (Fortier et28l08; Kerjean et al., 2003; Sato et al.,
2007). A study by Sato et al., (2007) has analybedDNA methylation status at
PEG1 and H19 DMRs in superovulated human oocytes. Of 16 humaaoytes
examined, 6 show loss of maternal methylation @PlEG1DMR and 2 show gain of
methylation at thé119 DMR (Sato et al., 2007). In mouse superovulatedyss, gain

of methylation is detected at ti#l9 DMR, although other loci includinBeg] Litl
andZac are normally methylated (Sato et al., 2007). Farrtiore, a study by Kerjean
et al., (2003) has examined the DNA methylatiotustatlgf2r, PeglandH19 DMRs

in 2-cell mouse embryos generated from superowiiladeytes. All loci are aberrantly
methylated in embryos, showing loss of methyla@drPegl and Igf2r DMRs and
gain of methylation at thél19 DMR (Kerjean et al., 2003). Thus, superovulation
might disturb the establishment of imprints (Lupifet al., 2004a; Sato et al., 2007)
that may be due to artificially enforced oogenasid folliculogenesis.

1.3.6.2 In vitro culture (IVC)

There is evidence from animal studies of preimg@iaoh embryos thah vitro culture
(IVC) of embryos in medium containing undefinedtéas (e.g. serum) influences not
only epigenetic alterations of imprinted loci blgaphenotypic abnormalities during
prenatal and postnatal development (Dean et al98;1®oherty et al., 2000;
Fernandez-Gonzalez et al., 2004; Khosla et al.120Blann et al., 2004; Young et al.,
2001).

1.3.6.2.1 Serum

Studies by Khosla et al., (2001) and Fernandez-&enzet al.,, (2004) have
investigated the effect of fetal calf serum (FCS)rimg development of both
preimplantation and postimplantation stage mousérgms. Embryos arén vitro
cultured up to the blastocyst stage in chemicadlfinreéd M16 medium without and
with 10% FCS and then transfer into the uterusegipient mice (Khosla et al.,
2001a). The foetuses (day 14 of gestation) derivech blastocyst stage embryos
cultured in presence of FCS show decreased expresdiH19 and Igf2 that is
associated with gain of methylation on the mateatiale ofH19 ICR1 (Khosla et al.,
2001a). In addition, aberrant expressioab10andGrb7 genes is detected in theses
foetuses (Khosla et al., 2001a). Khosla et al.0{2Chas found that the weight of
foetuses derived from blastocyst stage embryosiadltin presence of FCS is lighter
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than foetuses derived from blastocyst stage embeyttsired in absence of FCS.
Fernandez-Gonzalez et al., (2004) has also foualcthie levels of mMRNA expression
of growth-related imprinted gene$gf@, Mest H19 and Grb10) are significantly
down-regulated in blastocyst stage embryos cultimegresence of FCS, compared
with blastocyst stage embryos cultured in abseh¢e€C&. Fernandez-Gonzalez et al.,
(2004) has found that the weight of mice deriveoifrblastocyst stage embryos
cultured in presence of FCS is significantly heattan mice derived from blastocyst
stage embryos cultured in absence of FCS. In sHesp,of methylation atGF2R
DMR has been reported as a consequenca oftro culture of ovine embryos in
medium containing serum that is associated withgéaDffspring syndrome (LOS)
(Young et al., 2001). Thus, poorly defined factorserum can alter imprinted gene
expression and methylation that causes phenotypioranalities during prenatal and

postnatal development.

1.3.6.2.2 Amino acids

The allele-specific expression of imprinted genesl HNA methylation at their
regulatory regions have been examined in mouseya®br vitro cultured up to the
blastocyst stage in two different media (Whittensxd KSOM"; KSOM
supplemented with amino acids) (Doherty et al., O®lann et al., 2004). The
Whitten’s medium is previously known to lack mettiize and other amino acids
supplements, compared to KSOM (Doherty et al., 2000; Mann et al., 2004;
Rinaudo and Schultz, 2004). Over 60% of embryosiced in the Whitten’s medium
have loss of imprinting dfi19 (associated with loss of methylation at HiE9 DMR)

and loss of methylation at ttgnrpn DMR (but monoallelic), whereas only 14% of
embryos cultured in the KSO¥! medium have these imprinting defects (Doherty et
al., 2000; Mann et al., 2004). In addition, a maray analysis has revealed that
embryos cultured in the Whitten’s medium have abdrexpression of 114 genes,
whereas only 29 genes are aberrantly expressetasiobysts cultured in KSOk}
(Rinaudo and Schultz, 2004). Mann et al., (2004 &lgo examined the imprinting
and DNA methylation status in foetuses (day 9.gextation) derived from embryos
cultured in the Whitten’s medium. Aberrant imprihtgene expression and DNA
methylation are detected ldiL9, Snrpn Ascl2andPeg3loci (Mann et al., 2004). Thus,
genetic and epigenetic changesnivitro cultured embryos can be occurred due to the

lack of key amino acids supplied in the culture med

48



1.3.6.3 In vitro fertilisation (IVF)

A study by Li et al., (2005) has demonstrated thfaR3 in vitro fertilised mouse
embryos examined, 9 embryos show loss of imprinbhdgd19 and gain of DNA
methylation at the maternal allele of tH&89 DMR. However, 1 of 14n vivo fertilised
embryos shows loss of imprinting bifL9 (Li et al., 2005b). Moreover, 2 of 23 IVF-
derived embryos have aberrant imprinting Igf2, whereas none of 14 vivo
fertilised embryos show aberrant imprinting lgf2 (Li et al., 2005b). Of other
imprinted genes@dknlcandSlic22all) examined, all have normal imprinting status
in bothin vitro andin vivo fertilised embryos. Furthermore, mESC lines detifrem
IVF embryos show gain of methylation at tH&9 DMR, whereas mESC lines derived
from in vivo fertilised embryos show normal methylation at HEQ DMR (Li et al.,
2005b). Thus, IVF can also be associated with ege disruption at some imprinted

loci.

1.3.6.4 ART procedures associated with human congen ital disorders

In the human, case-controlled cohort studies hamomstrated that children born
from ART procedures (e.g. ICSI and IVF) have ameased incidence of imprinting
defects (reviewed by Lucifero et al., 2004a; Mal2f05). An initial study did not
observe imprinting defects in ART-conceived chifdr@Vanning et al., 2000).
However, recent studies of registered children withprinting defects have
demonstrated that ART-conceived BWS and AS childeer associated with
epigenetic disruption at three DMREVDMR], H19 DMR and SNRPNDMR) on
human chromosome 15q11-13 (Cox et al., 2002; Dekawh., 2003; Gicquel et al.,
2003; Orstavik et al., 2003). For example, of 1A ® patients examined, six were
born following ART (2 were born by ICSI and 4 wdyern by IVF) and they have
loss of methylation atvDMR1 (Gicquel et al., 2003). Moreover, Maher et alQQ2)
has reported that 6 of 149 BWS patients are bdlomiong ART (3 were born by ISCI
and 3 were born by IVF) and 2 of 6 have loss ofhylation atkvDMR1 DeBaunet
al.,, (2003) has demonstrated that of 7 IVF and ICSkeored BWS children
examined (5 were born by ICSI and 2 were born biy)]\6 show loss of methylation
at KvDMR1 and gain of methylation at thd19 DMR (DeBaun et al., 2003). In
addition, loss of methylation on the maternal allef theSNRPNDMR is found in
ICSI-conceived AS children (Cox et al., 2002; Ovgteet al., 2003). Thus, overall,
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ART procedures are associated with an increasedeptikility to epigenetic
disruption atkvDMR1 H19 and SNRPNDMRs that may lead to human congenital

disorders.

1.3.7 Genomic imprinting in human oocytes and embry  0s

1.3.7.1 Maternal methylation imprint

The methylation status &dvDMR1in the human oocytes and preimplantation stage
embryos has been examined (Geuns et al., 2007yrEing et al., 2008)KvDMR1is
methylated in oocytes and unmethylated in spermuii&eet al., 2007b). A similar
maternal methylation imprint has been reportech@SNRPNDMR (EI-Maarri et al.,
2001; Geuns et al., 2003). TBAIRPNDMR is methylated in human oocytes (GV, Ml
and MII stages), but it is unmethylated in sperfiN&arri et al., 2001; Geuns et al.,
2003). In fertilised embryos (day 2 to 6), BRRPNDMR is differentially methylated
that is associated with monoallelic expressioSNRPN(Geuns et al., 2003; Huntriss
et al., 1998)PEG] LIT1 andZAC DMRs are also methylated in human oocytes but
unmethylated in sperm, indicating maternal methytatimprints (Kerjean et al.,
2000; Li et al., 2002; Sato et al., 2007).

1.3.7.2 Paternal methylation imprint

Paternally inherited methylation imprints have besported aH19 andGTL2DMRs
(Geuns et al., 2007a; Kerjean et al., 2000). Fik® DMR is differentially methylated
in primary germ cell lines obtained from the goratidges of 5- to 11-week post-
fertilisation of female embryos (Onyango et al.02p) However, theH19 DMR
become unmethylated in fetal spermatogonia androag&erjean et al., 2000). Then,
the acquisition of methylation imprint at th&9 DMR appears only in a subset of
adult spermatogonia (Kerjean et al., 2000). Thitenp@l methylation imprint is
maintained up to mature spermatozoa (Kerjean et28i00). A similar paternal
methylation imprint can be found at tedL2 DMR (Geuns et al., 2007a). TI&TL2
DMR is unmethylated in oocytes (GV, Ml and Ml sésy, whereas it is methylated in
sperm (Geuns et al., 2007a).

1.3.8 Genomic imprinting in embryonic stem cell lin es
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1.3.8.1 Mouse and monkey embryonic stem cells

Mouse and monkey studies have raised concerns dbeustability of epigenetic
marks at imprinted loci in vitro cultured ESC lines (Dean et al., 1998; Feil et al.
1997; Fujimoto et al., 2006; Humpherys et al., 200@italipov et al., 2007; Mitalipov,
2006).In vitro cultured mESC lines show gain of methylationHif9 ICR1 andigf2
DMR2 and loss of methylation at thé?afl-rs1 DMR that leads to loss or gain of
imprinting of their corresponding genes (Dean et198; Feil et al., 1997). A study
by Humpherys et al., (2001) has demonstrated Varatpression patterns BifL9 and
Mestgenes between individual mESC subclones. Moreavesifro cultured monkey
ES cell lines show loss of imprinting dGF2 and H19 mediated by aberrant
methylation at thelGF2 DMR (Fujimoto et al., 2006; Mitalipov et al., 2007
Mitalipov, 2006). SincdGF2, H19 and SNRPNin monkey blastocyst stage embryos
are monoallelically expressed (Fujimoto et al., @)0mprinting errors in monkey
ESC lines are most likely to originate durimgvitro culture. Thus, imprinted gene
expression and methylation patterns appear to babla and unstable upan vitro

propagation of mouse and monkey ESC lines.

1.3.8.2 Human embryonic stem cells

Initial studies on hESCs regarding imprint stapilieached different conclusions
compared to mouse and monkey ESCs studies (Mitglip006; Plaia et al., 2006;
Rugg-Gunn et al., 2005; Sun et al., 2006). Thelealipecific expression of 6
imprinted genesIGF2, H19, KCNQ1OT1 TSSC5 IPW and NESP5% and DNA
methylation of three imprinting control regionkvDMR1, SNRPNDMR andH19
DMR) observed “normal” imprinting and methylatiomats in all 4 hESC lines
studied (hSF-6, H9, H7 and HES-3) (Rugg-Gunn et 2005). Moreover, three
additional studies made the same conclusions t88Cis have a substantial degree of
imprinting stability in both the differentiated anohdifferentiated states (Mitalipov,
2006; Plaia et al., 2006; Sun et al., 2006). Foangxle, Sunet al, (2006) has
examined the allele-specific expression of 4 impdngenesREG1Q H19, KCNQ1
andNDNL1J) in SHhES-1 and HUES?7. All genes are monoalldijcakpressed (Sun
et al., 2006). This monoallelic expression persigteough differentiation into
embryoid bodies (EBs) (Sun et al., 2006). MoreoMtalipov (2006) has examined
the allele-specific expression ¢6F2 and H19 in BGN2 and H1 and Plaia et al.,
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(2006) has examined the DNA methylation statuSMRPN DLK1 andH19 DMRs
in BGO1V. All genes are normally imprinted in batudies (Mitalipov 2006; Plaia et
al., 2006).

1.4 Thesis aims

The overall aim of this thesis is to investigate #stability of a wider range of 22
imprinted genes and 3 non-imprinted genesinnvitro cultured 22 hESC lines
(Chapter 3) and also to provide mechanistic insighd imprinting instability by
analysing DNA methylation at potential imprintinggulatory regions (Chapter 4).
Another aim is to determine whether overexpressiam full-lengthDNMT1 cDNA in
hESCs may increase the epigenetic stability uporitro prolonged culture (Chapter
5).
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2 MATERIALS AND METHODS

2.1 Human embryonic stem cell lines

22 human embryonic stem cell (hESC) lines and 1 d@mummbryonic carcinoma
(hEC) cell line (NTERA2) were used for this thegisable 2-1). 16 HUES-lines
(HUES1, HUES2, HUES3, HUES4, HUES5, HUES6, HUESTJH38, HUES9,

HUES10, HUES12, HUES13, HUES14, HUES15, HUES16 &WES17) were

provided by Dr. Chad Cowan (Harvard University) aadltured as previously
described in Cowan et al., (2004). BGO1 was deriveth the BresaGen, Inc. and
cultured as previously described in Mitalipova let @003). H1 was derived from the
Wisconsin Alumni Research Foundation (WiCell Reskdnstitute) and cultured as
previously described in Thomson et al., (1998).hBbiL-HESC1 and HES-2 cell
pellets were provided by Dr. Christine Mummery (lHedht Laboratory) (Reubinoff
et al., 2000; van de Stolpe et al., 2005). Both NO&nd NOTT2 were derived and
cultured in University of Nottingham (Allegrucci at., 2007; Burridge et al., 2007).
NTERAZ2 was cultured as previously described in Audret al, (1984). Table 2-1

summarise the characteristics and culture methb@sah cell line. A human colon
cancer cell line, HCT116, was cultured and providgdDr. Hazel Cruickshanks
(University of Nottingham).

Table 2-1. Human embryonic stem cell lines

Cell line Gender |[Passage |passage method (Growth matr  ix Reference
HUES1 Female 31 Trypsin MEFs

HUES2 Female 27 Trypsin MEFs

HUES3 Male 37 Trypsin MEFs

HUES4 Male 26 Trypsin MEFs

HUES5 Female 30 Trypsin MEFs

HUES6 Female 35 Trypsin MEFs

HUES7 Male 26 Trypsin MEFs

HUESS8 Male 37 Trypsin MEFs

(Cowan et al., 2004)

HUES9 Female 30 Trypsin MEFs

HUES10 Male 29 Trypsin MEFs

HUES12 Male 28 Trypsin MEFs

HUES13 Female 32 Trypsin MEFs

HUES14 Female 27 Trypsin MEFs

HUES15 Female 31 Trypsin MEFs

HUES16 Male 29 Trypsin MEFs

HUES17 Male 35 Trypsin MEFs

BGO1 Male 45 Mechanical MEFs (Mitalipova et al., 2003)
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H1 Male 26 Trypsin Matrigel (Thomson et al., 1998)
HESC-NL1 Female 22 Mech+Disp MEFs (van de Stolpe et al., 2005)
HES-2 Female 56 Mech+Disp MEFs (Reubinoff et al., 2000)
NOTT1 Female 25 Trypsin Matrigel (Allegrucci et al., 2007;
NOTT2 Male 32 Trypsin Matrigel Burridge et al., 2007)
NTERA2 Male 70 Mechanical MEFs (Andrews et al., 1984)

MEFs: mouse embryonic fibroblasts, Mech: mecharpeakaging, Disp: dispase

2.2 Antibodies

Antibodies were used for Western blot and immurinstg analyses. Table 2-2 and 2-

3 summarise suppliers, immunised hosts and dilddotors of each antibody.

Table 2-2. Primary antibodies

Antibody Supplier cat. No. Imn;‘%llfed Western I:I:)I;J = Ifriit”nci:nostaining
DNMT1?* NEB M0231 Rabbit 1:2000 -
DNMT3A ABGENT AP1034a Rabbit 1:200 -
DNMT3B ABGENT AP1035a Rabbit 1:200 -
o-Tubulin Calbiochem CP06 Mouse 1:2000 -
OCT3/4 Santa Cruz SC-5279 Mouse 1:500 1:200
NANOG?* R&D system AF1997 Goat 1:200 1:200
SSEA4 Chemicon MAB4304 Mouse 1:100 1:100
SOX1? R&D system AF3369 Goat 1:1000 -
SOX17* R&D system AF1924 Goat 1:1000 -
BRACHYURY? R&D system AF2085 Goat 1:1000 -
5-Methylcytosine? Calbiochem NA81 Mouse 1:1000 1:1000

@ Following initial thaw, aliquots were made to avdigeze and thaw repeats and
stored at -20 °C. Other antibodies were storedamt°C fridge.

Table 2-3. Secondary antibodies

i Dilution factor
Antibody Supplier Cat. No. Immunised —
host Western Blot Immunostaining

Anti-rabbit-HRP GE Healthcare NA934 Donkey 1:17,500 -
Anti-mouse-HRP GE Healthcare NA931 Sheep 1:10,000
Anti-goat-HRP Santa Cruz G2704 Donkey 1:10,000 -
Cy3 conjugated Jackson s ) )
anti-mouse ImmunoResearch 115-165-068 Goat 1:250
FITC conjugated Jackson 115-095-068 Goat - 1:200
anti-mouse ImmunoResearch
FITC conjugated |\, s Biologicals | NB710-F Rabbit - 1:200
anti-goat

Horseradish Peroxidase (HRP) conjugated secondahityodies were stored in the 4
°C fridge. Other florescence antibodies were stanethe -20 °C freezer under the
dark condition.

2.3 Oligonucleotide
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All oligonucleotides were synthesised and purchadeom Sigma-Genosys
(http://www.sigmaaldrich.com/Brands/Sigma_Genoswyslht in  the 0.05 pmol

synthesis scale and desalt purification. Particalagonucleotides used for Southern
blot (Table 2-7) were purified by high-performarmpiid chromatography (HPLC).
For Southern blot, oligonucleotides were resuspgndeRNase/DNase free water
(Sigma, W4502) to give a final mass of 100 ng. Otbkgonucleotides for PCR
(polymerase chain reaction) were resuspended ins&B&lase free water to give a
final concentration of 100 uM. Individual stock utibns of forward and reverse
primers were prepared to be a concentration of MO for PCR, 10 pM of forward
primer and 10 pM of reverse primer were mixed atlaratio to be a concentration of
5 uM. Oligonucleotides and optimal PCR conditiorsssummarised in Table 2-4, 2-5,
2-6, 2-7 and 2-8.
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Table 2-4. Primers used for genotyping and allelic specific expression

) . Band size (bp) Optimised PCR Condition
Gene Polymorphism Primer sequence (5° —3’) Reference

gDNA cDNA MgCl ; (mM) | Temp. (T) | Cycle No.

Genotyping
F:CAGGAGGACAGAGCACGAG
R:CGAAGGTGGCTGAGGCTAG
Allele-specific expression
F:GGGCTGCGACGGCTGCAGAGC
R:GAGAGCTCCAGAGGTGCTC

gDNA: 55
229 161 1.5 40 (Mai et al., 1998a)
cDNA: 58

TP73 Styl

F-TTCAACAACGTTAGGCCAGCTGGGTTAATTTC
Acll R:GTCCTCCCAGTTAAGGGAGGCTGA 178 178 25 60 38
IGF2R (Vu et al., 2004)

F:-TTTGATGGCCACACTGGTGCAAGATGGATGAG
Mscl R:CGCTAAAACCACTACCTGCTGCGCT 120 120 25 60 38

Genotyping
F:GCAAGCCTTCCTCATCTTATG
R:GTTCCAGTCCACTTCATAGC
Allele-specific expression
Genotyping F
R2:CAGGAGTCAGCACACACCAG

SLC22A1 CIT 232 381 15 55 35 (Monk et al., 2006a)

F-TCATTTTCCTGCCTGGTTGC
PEG10 CIT R GGAGCCTOTCATTCACAGC 406 406 15 63 38 (Sun et al., 2006)

Genotyping
F:AGTGTCGATTCTGGATGACC
R:TCAACCTTAGTCAGAGCTCC Isoform 1:
Allele-specific expression 281 1209
(Isoform1) F:CATGGGATAACGCGGCCATG Isoform 2:
Genotyping R 1183
(Isoform2) F:GGTCTTACCTGAATCAGGATG
Genotyping R

gDNA: 1.5 gDNA: 55

Isoform 1: Isoform 1:
1.5 60 38

Isoform 2: Isoform 2:
2.5 55

PEG1 G/IC

(Nakabayashi et al., 2002)

Genotyping
F:GATTCACAACAGTGGTATGG
MESTITL GIA RTCAGGGATATGTTGGGTGAA 520 1359 15 55 38
Allele-specific expression
F:GAGGAAACTACCGCCTATAA

Genotyping R

. F:AATCAGAGAGCAAGGCATCG .
WT1 Hinfl R GTGCAAGGAGGTATGTACATC 319 319 2.5 62 40 (Mitsuya et al., 1997)




H19

Alul

F:TACAACCACTGCACTACCTG
R:TGGCCATGAAGATGGAGTCG
or
F:-TGCTGCACTTTACAACCACTG
R:GTGGCCATGAAGATGGAGTC

228

239

148

159

15

58

40

Rsal

F:CGGACACAAAACCCTCTAGCTTGGAAA
R:GCGTAATGGAATGCTTGAAGGCTGCTC

704

624

15

60

38

(Chen et al., 2000a;
Hashimoto et al., 1995;
Morison et al., 2000)

IGF2

Apal

F:CTTGGACTTTGAGTCAAATTGG
R:GGTCGTGCCAATTACATTTCA

292

292

2.5

58

38

(Cui et al., 1998;
Hashimoto et al., 1995;
Onyango et al., 2002)

TSSC4

G/A

Genotyping
F:GAGATGGCCCAGCCTGACCCCACTGGC
R:AACCTTTATTGTCCCTACCAGGGAGCC
Allele-specific expression
F:CCTTGAGCCGTTGAGCAGCTG
Genotyping R

235

1410

15

60

35

KCNQ1

G/IA

Genotyping
F:CTGTCACTGCCTGCACTTTG
R:GCCGTTTGGCCGTGCCCAC
Allele-specific expression
F:CTTCGCCGAGGGACCTGGACCTG
R:GATGAACAGTGAGGGCTTCC

190

271

15

58

38

(Monk et al., 2006a)

KCNQ1O0T1

G/IA

F:GATCCTCTCCAGGCAGCTTCTTCCACA
R:CATAAGGTAGGTAAGTTTGTGTCCCTG

268

268

2.5

62

38

(Lee et al., 1999)

CDKN1C

G/IA

F.CTAGCCAGCAGGCATCGAG
R:CTCCATCGTGGATGTGCTG

270

270

15

58

40

(Monk et al., 2006a)

PHLDA2

T/IC

Genotyping
F:ATGAAATCCCCCGACGAGG
R:TTGCAATGGGCACAGTGAT
Allele-specific expression
Genotyping F
R:GGTCCGACTCGTCCAGCGT

916

494

15

58

40

(Qian et al., 1997)

NAP1L4

G/IC

Genotyping
F:GTTTCCAGCCCGCTGAATCTG
R:CTCAGGGCACCAAGGTGGTTC
Allele-specific expression
F:GAGGAGGAATTAGAAGGTGAC
Genotyping R

278

848

15

55

38

(Monk et al., 2006a)




SLC22A18 G/IC

Genotyping
F:CTTCAGCAGGGACAGCAGTCAGG
R:GAGGAGGCTGCTCCACTCGCTGG
Allele-specific expression
F:GCTCTTCATGGTCATGTTCTCCA
R:GGAGCAGTGGTTGTACAGAGG

260

365

15

62

40

(Onyango et al., 2002)

DLK1 CIT

F:CCGGCTTCATCGACAAGAC
R:CACCACAAAGATTAGGACAGACC

640

640

15

63

38

(Kobayashi et al., 2000)

GTL2 AIG

F:GTGTGTACCTTGGTTGGTGACTC
R:GAGGCATATATTTGAGTTACACATACCCCTTAGTCC

368

368

15

62

38

(Wylie et al., 2000)

NDN Mbol

F:GCCCGAATACGAGTTCTTTT
R:CACACATCATCAGTCCCATA

540

540

2.5

60

38

(MacDonald and Wevrick,
1997)

NDNL1 CIA

F:AAGCCCTATCCAGGTCTCG
R:TTGATAACCAAAGGCACACTC

453

453

15

60

40

(Sun et al., 2006)

SNRPN BstUI

F:AACCAGGCTCCATCTACTCTTTG
R:TCTTGCAGGATACATCTCATTCTA

925

217

2.5

60

35

(Morison et al., 2000)

IPW Hphl

F:CTGCATGATTTTTTTTCAAAAA
R:ATATAGGGAGGTTCATTGCACA

390

390

15

56

38

(Wevrick et al., 1994)

ATP10C Avall

F:GGCTCAGTGTAGGTCCCAAG
R:AGGCTGAGGAAACCAGGAC

204

204

15

65

40

(Meguro et al., 2001)

PEG3 Mnll

F:CCCTCCCCTCGCATAATAACTA
R:TCTTCTGTCTGTCTCCTCTCCC

338

338

2.5

58

38

(Dowdy et al., 2005)

NESP55 CIT

Genotyping
F:GGCTCCTTGTGCTGTCTGTCTTGTAG
R:CCACACAAGTCGGGGTGTAGCTTA
Allele-specific expression
F:-TCGGAATCTGACCACGAGCA
R:CACGAAGATGATGGCAGTCAC

233

1141

15

60

38

(Hayward et al., 2001)

Table 2-5. Primers used for bisulphite sequencing

Optimised PCR Condition

Bisulphite region Primer sequence (5° —3’) Band size (bp) Reference

MgCl, (mM)

Temp. (T)

Cycle No.

TP73 promoter

F:GTTTGGGGGATAGTAGGGAGTT
R:ACCCTAAACCTCCTACCTACAACC

552

15

55

38

(Dong et al., 2002)

PEG1 promoter

F-TYGTTGTTGGTTAGTTTTGTAYGGTT
R:AAAAATAACACCCCCTCCTCAAAT

290

15

55

38

(Kerjean et al., 2000)




F.ATTGATAGGTTATAAGTGTTAGTTGTGTG

GTL2 CTCF biding site el R UasS oS 490 25 55 38 |
F-GTAAGTTTTATAGGTTGTAAAGGGGGTGTT (Kawakami et al., 2006)

GTL2 CpG2 R:CCACAACTAATAACTAAAAAAATAAACATT 216 25 55 38
F-GGGTAGGATTTAAGTTGGAGG

SLC22A18 promoter R-CAACAAACACRTCAAAAACACC 427 1.5 55 40
F:-GGGGTTGGTAGTAGTGGTTG

KCNQ1 promoter R:CRCCCTCCRCCAACTCCAAC 233 L5 55 40
F:-TGATGTGTTTATTATTTYGGGG (Monk et al., 20062)

KVDMR1 R:CCCTAAAATCCCAAATCCTC 304 25 55 38
F-GTTTTAAATTGYGAGGAGAGGGG

CDKN1C promoter R-CCTCTCRAATCTCCRAAC 284 2.5 55 40
FLTTAAATTAATTTTGGATATATTTAGGTAAG
R1-TCAAATCCTTACTTTATTCTAACATATCT 448

NDN promoter Nested PCR 2.5 55 38 (El-Maarri et al., 2001)
F2.TATATTTTTTTAGTTTAAATAGGAAAT 280
R2:TCTAACAAAAACAAAACCTCTA
FTTTTTGTAGAGTTAGAGGGTAGGT

NESP55 DMR A ovaviliasovredlayl 344 25 55 38 (Judson et al., 2002)
FTTGGTGTTGGAAAGTGTTTG

IGF2 DMRO ARSI LI 300 25 55 40 (Monk et al., 2006b)
F:-GGGATTGGGTTAGGAGAAGTTT

IGF2 DMR2 R:CCCCCAAAAATAACCAACAAT 164 25 57 40
F:GGAAAGAAAATTTTTATAGGTAGGATAGT

PEG3 DMR R:AAACCCTAAACCTCCTAAACTAAATCTAA 173 25 57 40
F-GGTGTAATTTATATAAGGTTTATAGTTTG

PEG10 DMR R:AACAAAAAAAATAAAATCCCACAC 234 25 55 38
F:-AGGAGTTTTTGGGGTTTTTAAGT .

IGF2R DMR 1 prrp LIS S LI 287 25 57 40 (Kim et al., 2007b)
F:.GTAGTTTTTGTTTGGTTTTTGTTTG

IGF2R DMR 2 R.CCTATTCACACATAAAATAACCCCT 285 25 57 40
F-TATGGGTATTTTTGGAGGTTTTTT

H19 CTCF6 R:AAATCCCAAACCATAACACTAAAAC 811 25 57 40

SNURE/SNRPN DMR F-TAGGTTGTTTTTTGAGAGAAGTTAT 236 a5 . 40

R:AAAAAAACTAAAACCCCTACACTAC




Table 2-6. Primers used for methylation-specific PC =~ R

Optimised PCR Condition

Gene Primer sequence (5 —3) Band size (bp) Reference
MgCl, (mM) | Temp. (C) | Cycle No.

Methylated F TTAGGTTAGAGGGTTATCGCGT 116
Methylated R TAACTAAAAATTCACCTACCGAC

CDH1 2.5 60 41 (Herman et al., 1996)
Unmethylated F TAATTTTAGGTTAGAGGGTTATTGT 97
Unmethylated R CACAACCAATCAACAACACA
Methylated F CGTTTCGTTATTTTTTGTTTTCGGTTTC 116
Methylated R CCGAAAACCCCGCCTCG

TIMP3 25 60 41
Unmethylated F TTTTGTTTTGTTATTTTTTGTTTTTGGTTTT 119
Unmethylated R | CCCCCAAAAACCCCACCTCA (Zochbauer-Muller et al.,
Methylated F GGATAGTCGGATCGAGTTAACGTC o6 2001)
Methylated R CCCTCCCAAACGCCGA

DAPK1 25 60 41
Unmethylated F GGATAGTTGGATTGAGTTAATGTC 103
Unmethylated R CAAATCCCTCCCAAACACCAA
Methylated F GTATAGTTTCGTAGTTTGCGTTTAGC 102
Methylated R AACTCGCGACTCGAATCCCCG

GATA4 25 60 41
Unmethylated F TTTGTATAGTTTTGTAGTTTGTGTTTAGT 101
Unmethylated R CCCAACTCACAACTCAAATCCCCA

(Akiyama et al., 2003)

Methylated F AGTTCGTTTTTAGGTTAGTTTTCGGC 103
Methylated R CCAATACAACTAAACGAACGAACCG

GATAS 15 60 41
Unmethylated F TGGAGTTTGTTTTTAGGTTAGTTTTTGGT 101
Unmethylated R CAAACCAATACAACTAAACAAACAAACCA
Methylated F TCGGTTTTCGCGTTTTGTTCGT 95
Methylated R AACCGAAAACTATCAACCCTCG

HIC1 25 60 41 (Dong et al., 2001)
Unmethylated F TTGGGTTTGGTTTTTGTGTTTTG 118
Unmethylated R CACCCTAACACCACCCTAAC

CCND1 Methylated F TACGTGTTAGGGTCGATCG 276 25 55 41 (Evron et al., 2001)




Methylated R CGAAATATCTACGCTAAACG
Unmethylated F GTTATGTTATGTTTGTTGTATG -~
Unmethylated R TAAAATCCACCAACACAATCA
Methylated F ATTTGTTTTCGTCGGGTC 107
Methylated R ATTAAAAACGACGCAACG
ESR1 2.5 55 41 (Imura et al., 2006)
Unmethylated F GTATTTGTTTTTGTTGGGTT 114
Unmethylated R CCAAAATTAAAAACAACACA
Methylated F TTATTAGAGGGTGGGGCGGATCGC 150
Methylated R GACCCCGAACCGCGACCGTAA ~
P16 y 15 58 a1 (Zochbauggévjl-uller etal.,
Unmethylated F TTATTAGAGGGTGGGGTGGATTGT 151 )
Unmethylated R CAACCCCAAACCACAACCATAA
Methylated F TTTCGACGTTCGTAGGTTTTCGC 81
Methylated R GCACTCTTCCGAAAACGAAACG ~
MGMT y 25 60 a1 (Zochbauggévjl-uller etal.,
Unmethylated F TTTGTGTTTTGATGTTTGTAGGTTTTTGT 03 )
Unmethylated R AACTCCACACTCTTCCAAAAACAAAACA
Table 2-7. Oligonucleotides used for Southern blot
Gene Oligonucleotide probe Reference
a-Satellite GAAACACTCTTTTTGTAGAATCTGCAAGTGGA (Chen et al., 2007)
Satellite 2 TCGAGTCCATTCGATGAT )
(Saito et al., 2001, 2002)
Satellite3 TCCACTCGGGTTGATT
Table 2-8. Primers used for RT-PCR
Gene Primer sequence (5° —3) Band size (bp) Optimised PCR Conditions Reference
MgCl, (mM) | Temp. (C) | Cycle No.
Forward GGCCGAAACTGAGTATGTGC
MGMT 99 15 60 31
Reverse CCTTTAATACAGCGGTGCCT
(Imura et al., 2006)
Forward GCAGCAAGCAGATAGACTCA
TIMP-3 116 1.5 60 28
Reverse CTTCCCTCCCTCACTCTTAC




Forward CGTGCGACAAGAGCTACAAG .
HIC-1 304 15 60 33 (Kanai et al., 1999)
Reverse ATGTGGCTGATGAGGTTGCG
Forward CTGGCCTGTCATCTCACTACG
GATA4 263 15 60 30
Reverse GGTCCGTGCAGGAATTTGAGG
Forward TCGCCAGCACTGACAGCTCAG )
GATA5 290 15 60 35 (Bai et al., 2000)
Reverse TGGTCTGTTCCAGGCTGTTCC
Forward GACCACAGTCCATGCCATCAC
GAPDH 457 15 60 25

Reverse

GTCCACCACCCTGTTGCTGTA




2.4 General methods

2.4.1 Genomic DNA extraction

Genomic DNA was isolated by either the standardnpliehloroform extraction or
DNeasy Tissue kit (Qiagen: 69504). For the phenol/chlorof extraction, cell
pellets were harvested by 0.05% Trypsin EDTA (lmgen: 25300-054), washed with
PBS (Invitrogen: 14190) once, and centrifuged & g%or 4 min. Washed cell pellets
were resuspended in 2 ml of lysis buffer (see se@il1.1.22) and incubated at 37 °C
overnight with agitation. The following day, an afjwolume of phenol/chloroform
(1:1, see section 8.1.1.13) was added to cell égsand mixed with vortexing. To
separate between organic and aqueous phasesfugattan was performed at 800 g
for 15 min. Only aqueous phases were taken outpdaced into a new tube. The
phenol/chloroform exaction was repeated until tbaean agueous phases. Genomic
DNA was precipitated by adding 1 in 10 of the votuwf 3M NaOAc (see section
8.1.1.12) and 2 volumes of 100% ethanol (see gsedid.1.16). Genomic DNA
pellets were visualised by inverting the tube, pthmto a new tube using a pipette tip,
and centrifuged at 16,000 g for 15 min. DNA pelletsre washed once with 70%
ethanol and leaved to be air-dried. Dried pelleerenresuspended in appropriate
amounts of RNase/DNase free water (Sigma: W4508) flicking. For the DNeasy
Tissue kit, genomic DNA was extracted accordinghts manufacturer’s ‘purification
of total DNA from cultured animal cells’ protocalde the DNeaSyTissue Handbook,
March 2004). To elute genomic DNA, 100 ul of RN&¥éase free water was added
into a column, incubated for 1 min and centrifuggd8,000 g for 1 min. Genomic
DNA was quantified by a NanoDrBpL000 spectrophotometer (Thermo Scientific)
and stored at -20 °C.

2.4.2 RNA extraction and cDNA synthesis

Total RNA was extracted from cells using the RN&adjni kit (Qiagen: 74104) with
QIAshredder (Qiagen: 79654), following manufactistéRNeasy mini protocol for
isolation of total RNA from animal cells’ protoc@@ee the RNeasy Mini Handbook,
June 2001). Cell pellets were harvested using 0.0%9psin EDTA, washed with
PBS once, centrifuged, and resuspended in the Rlfferb(provided in the Kit)
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containing 10 pl-mt of p-Mercaptoethanol (Sigma: M3148). The small residual
amounts of DNA were removed by the RNase-Free DMNtekit (Qiagen: 79254).
RNA was eluted in 30 pl of RNase-free water. Thacemtration of RNA was
quantified by a NanoDr&p1000 spectrophotometer. 1 pg of total RNA was nssve
transcribed into complimentary DNA (cDNA). The rese transcription (RT) was
performed by the First-Strand cDNA Synthesis KiE(Bealthcare: 27-9621-01) with
pd(N)6 random hexamer primer (provided in the kitjcording to the manufacturer’s

protocol. cDNA was stored at -20 °C.

2.4.3 Polymerse chain reaction (PCR)

PCR was performed in a 38 reaction volume, with 0.625 Units of Hotstar aq
DNA polymerase (Qiagen: 203205), 1X supplied reactbuffer, 0.5uM of each
primer (see Table 2-4, 2-5, 2-6, 2-7 and 2-8),1.3.5 mM of MgC}, 0.25 mM of
dNTP (Invitrogen: R725-01) and 50 ng of each temeplan a thermal cycler
(TECHNE TC-512). The PCR cycling conditions were’@5or 15 min followed by
30 ~ 41 cycles (9%C for 1 min, X°C for 30 s, 72C for 1 min) and a final extension
step at 72C for 9 min. Optimised PCR conditions are summadriseTable 2-4, 2-5,
2-6, 2-7 and 2-8.

2.4.4 Gel electrophoresis

To visualise genomic DNA and PCR products, geltetghoresis was performed in
0.8% ~ 3% agarose gels (Invitrogen: 15510-027) amexp in 1X TBE (see section
8.1.1.1) containing 0.2 pg-mi-1 ethidium bromideyi®: E1510) using the Scie-Plas
Maxi Horizontal Gel Unit with removable castingysa(SLS Ltd: ELE8170). 1X TEB
was used as a gel electrophoresis buffer. PCR ptedmd genomic DNA were mixed
with Gel Loading Dye (Sigma: G2526) and loaded iatxh lane of the gels. Gel
electrophoresis was performed at 60 ~ 130 V usir@oasort E835 power supply
(SLS Ltd). PCR products and DNA were visualised ébyrujifilm LAS-100 Gel
Documentation system and a CCD camera. Imagescaptared by a Fujifilm LAS-
100 software and quantified by an Aida Image Analys4.15 (Raytek Scientific Ltd,
Sheffield) software. For the quantification of ealsand, a rectangular region of

interest was drawn around each PCR band. The sdpradity was measured and
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normalised with local background measurement aroandectangular region of

interest. Then, normalised values were exportexiNitrosoft Excel for analysis.

2.4.5 Genotyping and allelic specific expression

Genotyping was performed by either PCR-RFLP (retstn fragment length
polymorphism) or direct sequencing, according tevjigus publications described in
Table 2-4. For PCR-RFLP, amplified PCR productsemgigested with appropriate
restriction enzymes described in Table 2-4. 2% ~ Agarose (Invitrogen: 15510-
027) gels were used for gel electrophoresis. Thedgminantly monoallelic
expression was defined when the allelic ratio w8sl XCui et al., 1998). Direct
sequencing was performed by either forward or s&/erimer, as described in section
2.5.9.

2.4.6 Bisulphite modification

500 ng to lug of genomic DNA was digested with eitigamH (Roche: 10 220 612
001) orEcaoRI (Roch: 10 703 737 001) overnight at ¥7. The digested DNA was
placed into a sterile screw-cap tube, incubatedlG °C for 5 min for DNA
denaturation and then immediately placed on ice.p2of 3 M NaOH (see section
8.1.1.8) was added to each tube and incubated @@ 8# 20 min. During incubation,
the bisulphite solution was prepared. 3.8 g of sadbisulphite (BDH: 103564D) was
mixed with 5.5 ml of RNase/DNase free water (SigM&502) and 1 ml of 3 M
NaOH using a tube roller under dark condition. At tsame time, 110 mg of
hydroquinone (Sigma: H9003) was dissolved in 1 fMfRBlase/DNase free water by
heating at 55C for 10 min. The dissolved hydroquinone was addeihe bisulphite
solution and mixed together. 270 of the freshly prepared bisulphite solution was
added to denatured DNA. Incubation was performe&5atC for 5 h under dark
condition. Following incubation, bisulphite treatBA was added into a 2 ml sterile
tube (Eppendorf: 0030 120.094) containing §0®f RNase/DNase free water (see
section 8.1.1.20), 90l of 3 M sodium acetate (see section 8.1.1.12)lapidof Pellet
Painf™ (Novagen: 69049-3). Then, 9p0of ethanol (see section 8.1.1.16) was added
and mixed by inversion. Centrifugation was perfodna¢ 14,000 g for 20 min. DNA
pellets were washed with 5Q0 of 70% ethanol and centrifuged for 10 min at 89,0
g. The pellets were air-dried for 10 min and resusied in 50ul of RNase/DNase
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free water. 5ul of 3 M NaOH was added into dissolved pellets desulfonation of
DNA and incubated at 37C for 15 min. Finally, bisulphite-converted DNA was
purified using the QIAquick PCR purification kit @&en: 28104) according to
manufacturer's protocol. DNA was eluted in B0 of RNase/DNase free water.
Bisulfite modified DNA was stored at -2C and used for PCR.

2.4.7 Combined bisulphite restriction analysis (COB RA)

2 pl of bisulphite modified DNA was used for PCR (&B.6 and 2.5.3). Primers for
COBRA are described in Table 2-5. Following PCR RPf@roducts were digested
with appropriate restriction enzymes described abl& 2-9. Gel electrophoresis was
performed and gel images were visualised, captaedl analysed, as previously

described in section 2.5.4.

Table 2-9. Restriction enzymes used for COBRA

Gene Restriction enzyme Supplier Catalogue Number

TP73 Acll NEB R0598S
IG2R BstUI NEB R0518S

BstUI NEB R0518S
PEG10 -

Acil NEB RO551S

Acll NEB R0598S
PEG1

HpyCH41V NEB R0619S
SLC22A18 BstUI NEB R0518S
CDKN1C HpyCH41V NEB R0619S

BstUI NEB R0518S
KvDMR1

HpyCH41V NEB R0619S

HpyCH41V NEB R0619S
IGF2 DMRO

Acil NEB RO551S

Acll NEB R0598S
IGF2 DMR2 Acil NEB R0551S

HpyCH41V NEB R0619S

HpyCH41V NEB R0619S
H19 CTCF

Acil NEB RO551S

Acll NEB R0598S
GTL2 CpG2

HpyCH41V NEB R0619S
SNRPN Acil NEB RO551S

HpyCH41V NEB R0619S
PEG3

Acil NEB RO551S
NESP55 Acll NEB R0598S

Acil NEB RO551S
GNAS1 XLas

BstUI NEB R0518S

2.4.8 Methylation-specific PCR (MSP)
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2 ul of bisulphite modified DNA was used for MSP. Pera for MSP were described
in Table 2-6. PCR and gel electrophoresis wereoped as previously described in
sections 2.5.3 and 2.5.4. For the positive contggdnomic DNA wasin vitro
methylated bySs$ methylase (NEB: M0226S). 1 ul db-adenosy-L-methionine
(SAM) was added into 19 ul of RNase/DNase free matgive a final concentration
of 1600 uM. In a 20 pl reaction volume, 5 pul of gemc DNA (1 pg), 2 ul of 10X
buffer, 1 ul ofSs$ methylase, 2 ul of SAM and 10 pl of RNase/DNas® fwater
were added in the tube and mixed with flicking. Mhiecubation was performed at 37
°C for 2 h, followed by enzyme inactivation at 8D for 20 min. DNA was purified
using the QIAquick PCR purification kit (Qiagen:1Z8l) according to manufacturer’'s
protocol.

2.4.9 Sequencing

For direct sequencing, PCR products were purifiedhe QIAquick Gel Extraction
Kit (Qiagen: 28704) according to manufacturer's tpcol (see OIAquick spin
Handbook, March 2006). Elution was performed ini20f RNase/DNase free water.
Purified PCR products were quantified by a NanoBBrap00 spectrophotometer. 20
ng of PCR products and either forward or reversemenr were sent to the DNA
sequencing laboratory (University of Nottingham)r Fclonal sequencing, PCR
products were purified by the QIAquick Gel ExtractiKit, cloned into PCR XL-
TOPO vector (Invitrogen: K4750-20), and subseqyemgdnsformed into One Sifot
TOP10 Chemically Competerii. coli (Invitrogen: C4040-03). Individual colonies
were inoculated into 2 ml of LB medium containingariéamycin (50ug/ml, see
section 8.1.1.14) and cultured overnight in 8G@%8haking incubator. The following
day, plasmids were extracted using the QlAprep Sfimprep Kit (Qiagen: 27104)
according to manufacturer’s protocol (see QlApremiptep Handbook, June 2005).
10 insert-containing colonies determined IBgoR digestion were sequenced using
the M13 forward primer. Sequencing results werdyaed by a Chromas Lite v2.01

software http://www.technelysium.com.au/chromas lite.Btml

2.4.10 Transformation

One Shdt TOP10 Chemically CompeteBt coli (Invitrogen: C4040-03) for bisulfite

clonal sequencing (see section 2.5.9) and Sub rngoniEfficiency™
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DH50™ Competent cells (Invitrogen: 18265-017) for the stamction of pCAG-
DNMT1-IRES-PAC and pCAG-DsRed2-C1-DNMT1-IRES-PAC aqiids (see
section 2.5.14 and Chapter 5) were used. Once demipeells thawed, 0.5 pl of
either PCR products or plasmids were added inis aeld mixed by flicking the tube.
The tube was incubated for 30 min on ice, follovsgdncubation for 1 min at 42 °C.
Then, 1 ml of SOC medium was added into the tube.tlibe was incubated for 1 h at
37 °C with shaking. Following incubation, 200 ulswvspread onto an agar plate
containing an antibiotic (see 2.4.1.14 and 2.4)1.A5late was placed upside down

and incubated overnight at 37 °C.

2.4.11 Protein extraction and quantification

Total proteins were extracted using the RIPA bufése section 8.1.2.14). Extracted
proteins were quantified by the Bradford assay §&stion 8.1.2.17). Trypsinized cell
pellets were placed into an eppendorf tube, wasined with PBS and centrifuged at
150 g for 4 min. Cell pellets were resuspended n~250 pl of RIPA buffer
containing Complete, EDTA-free Protease Inhibitocktail (Roche: 11 873 580 001).
Incubation was performed for 20 min on ice. Thém tube was placed into liquid
nitrogen (LN) for 30 sec for snap-freezing and placed intolslusater to thaw. The
tube was grated in an eppendorf rack at least &stirBnap freezing and grating were
repeated at least 3 times. Then, centrifugationpea®rmed at 16,000 g for 30 min at
4 °C. Only supernatant was taken out and placedaimew tube and stored at — 80 °C.

2.4.12 Western blot

30 pg of each protein extract was mixed with thatedn loading buffer (see section
8.1.2.15), boiled at 100 °C for 5 min and loadetbah~ 8 % SDS-PAGE (sodium
dodecyl sulphate-polyacrylamide gel electrophojegids. 6 pl of Prestained Protein
Marker, Broad Rage (6-175 kDa), (NEB: P7708S) wsedufor the determination of
the molecular mass. Electrophoresis was perforrhn@&\é ~ 100V for 2 h within 1X

protein electrophoresis buffer (see section 8.).Zhe electrophoretically separated
proteins on the gel were confirmed by Commassie lgal staining (see section
8.1.2.8). Proteins were transferred to the Hybo@d Blitrocellulose Membrane (GE

Healthcare: RPN203D) by a wet-transfer system at @%ernight. The membrane

was stained by Poncea S (see section 8.1.2.18)mEnhebrane was incubated in 5%
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Skim milk (see section 8.1.2.5) for 3 h at room penature and then probed with a
primary antibody (see Table 2-2) for 3 h at roomngerature with agitation. The
membrane was washed 5 times for 1 h with TBST ¢se&on 8.1.2.4), and incubated
with a HRP-conjugated secondary antibody (see Tab® for 1 h at room
temperature with agitation. The membrane was washeohes with TBST for 1 h,
treated with 1 ml of ECL Advanf¥ Western Blotting Detection reagent (GE
Healthcare: RPN2135), and exposed to a Kodak BioMaR film (Sigma: F5388).
Antibodies used in western blot and their dilutfantors were described in Table 2-2
and 2-3.

2.4.13 Southern blot

Each 5 pug of genomic DNA was digested with eitdpall (Roche: 10 239 291 001)
or Msp (Roche: 10 633 518 001) overnight at 37 °C. PHehloroform extraction
and ethanol precipitation were performed to pudifyested genomic DNA. DNA was
resuspended in 20 ul of RNase/DNase free water5apd of Gel Loading Dye
(Sigma: G2526) was mixed into 20 pul DNA. Gel eleptroresis was performed at 60
V for 5 h. Then, the gel was stained by 0.2ug-ethidium bromide (Sigma: E1510)
for 10 min and subsequently destained for 10 mirth wdistilled water. The
electrophoretically separated genomic DNA was \isad by a Gel Documentation
system and a CCD camera (see section 2.5.4). Thaebraee transfer was set-up as
previously described (Southern, 2006). The membtamsfer was performed within
0.4 mM NaOH (see section 8.1.4.10) overnight. Themtorane (Hybond-XL;
Amersham RPN203S) was washed with 2X SSC (seeose@ti.4.2) for 2 min with
agitation and air-dried between two filter papdfsliier Scientific) for 20 min. The
membrane was baked in a gel dryer (Bio-Rad: 16®B)l7donnected with a
HydorTecH" vacuum pump (Bio-Rad: 165-1781) at 80 °C for Zdr. hybridisation,
the membrane was placed in the hybridisation battié washed with 2X SSC once.
50 ml of pre-hybridisation solution (see 2.4.4.8swadded into the hybridisation
bottle and incubated at 65 °C for 4 h with rotatiora hybridisation oven. The probe
was prepared, while incubation was in progresghénfirst tube, 5 pl of 1 mml™
Random Hexamers (NEB: S1230S), 5 ul of 100 ng Lp¥&be provided by Dr. Hazel
Cruickshanks (University of Nottingham), and 4 fiRNase/DNase free water were
added, mixed together with flicking several timegubated at 100 °C for 5 min and
placed into ice for 2 min. In a second tube, 2.9§10X buffer, 5 pl of 0.5 mM?P-
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dCTP (PerkinElmer), 2.5 ul of 0.5 mM dNTPs less 8Cand 1 ul of Klenow (NEB:
M0210S) were added and mixed together with flickegyeral times. The Klenow
filled mixture in the second tube was placed irte first tube, mixed together with
flicking several times and incubated at room terapge for 4 h in a perspex box.
Before 1 h for probing, 25 ml of pre-hybridisatisnlution was taken out from the
hybridisation bottle and placed into a new tubed &25 g of Dextran sulphate
(Sigma: D8906) was dissolved into this tube wittation (see section 8.1.4.9). After
4 h incubation, 1 pl of 0.5 M EDTA (see 2.4.1.6)swadded into in the tube to
inactivate the Klenow enzyme. Then, unincorporatedeotides were removed by a
ProbeQuart’ G-50 Micro Column (GE Healthcare: 27-5335-01), aading to
manufacturer’s protocol. The probe was denaturdd@t°C for 5 min and placed into
ice for 2 min, added into the Dextran sulphate ahissd hybridisation solution, and
mixed together. 25 ml of pre-hybridisation solutievas poured off from the
hybridisation bottle and this probe mixture was edtldhto the bottle. Hybridisation
was performed overnight at 65 °C. Following dag thembrane was washed twice
with a low stringency wash buffer, 2X SSC/0.1% S[B&e section 8.1.4.11), at room
temperature for 20 min with rotation and washectémvith a high stringency wash
buffer, 0.1X SSC/0.1%SDS (see section 8.1.4.1255atC for 15 min. Finally, the
membrane was washed once in 2X SSC (see sectich,lexposed to a Kodak
BioMax MS film (Sigma: Z363049).

2.4.14 Plasmid construction

pCAG-DNMT1-IRES-PAC and pCAG-DsRed2-C1-IRES-PAC gpieds were
genereated. With the DsRed2 expression, it is gaslyscriminate positive cell lines
expressing exogenoudDNMT1 using fluorescence microscopy. Furthermore,
immunocytochemistry and fluorescence-activated sedinner (FACS) analyses are
available for analysing living or fixed cells withiba specific antibody (Liew et al.,
2007; Ren et al., 2006; Smith et al., 2008; Zaragbal., 2007). However, due to the
potential cytotoxic effect of fluorescent reporfgpteins in mammalian cells (Liu et
al., 1999; Vallier et al., 2004b), a plasmid with@sRed2 was also utilised in this
thesis.

24141 pCAG-DNMT1-IRES-PAC
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The pDsRed2-C1-hDNMT1 plasmid was produced durinyevious project in the
laboratory of Prof. Yong-Mahn Han (KAIST). This phaid contains a 5.2kb full-
length humarDNMT1 cDNA. The pDsRed2-C1-hDNMT1 plasmid was digestetth w
EcoRI (Roche: 11 175 084 001) ams$idl (Roche: 11 292 595 001) with appropriate
buffers. Then, gel electrophoresis was performeal 8% agarose gel. A 5.2kb band
of DNMT1 cDNA was cut out by a blade. To puribNMT1 cDNA from the gel, gel
extraction was performed using the QIAquick Gelrastion Kit (Qiagen: 28704)

according to manufacturer’s protocol (see OlAqgfiiskin Handbook, March 2006).

The p336 plasmid (see section 5.2.1.1) providedimf. Chris Denning (University

of Nottingham) was digested withcaRl. Following gel electrophoresis on a 0.8%
Agarose gel, the linearized p336 plasmid (6.3kb} yurified from the gel by the

QIAquick Gel Extraction Kit (Qiagen: 28704). Shrirdgkaline Phosphatase (SAP,
Promega: M1821) was used to treat into the diggdtesinid to prevent self-ligation.

HumanDNMT1 cDNA (EcaRl) and p336 EcoRI-SAP) were ligated using the Quick
Ligation™ Kit (NEB: M2200S) according to manufacturer’s mrotl. Transformation
was performed with Sub cloning Efficied®yDH5a™ Competent cells (Invitrogen:
18265-017) (see section 2.5.10). 20 colonies warglbicked up by pipette tips and
inoculated into 2 ml of LB medium containing 100 -p§* Ampicillin. Then,
incubation was performed at 37 °C overnight withovous shaking. The following
day, Miniprep was performed by the QIAprep Spin Miap Kit (Qiagen: 27104)
according to manufacturer’s protocol (see QlAprepiptep Handbook, June 2005).
To elute each plasmid, 50 pl of RNase/DNase freaem{&igma: W4502) was added
into the column. Following elution, 2 ul of eaclaginid was subjected to restriction
enzyme digestions witkcoR (Roche: 11 175 084 001pcil (NEB: R0595S) Xcm
(NEB: R0533S) an®ad (Roche: 10 669 792 001) to confirm the corresemion of
DNMT1cDNA into p336.

2.4.14.2 pCAG-DsRed2-C1-DNMT1-IRES-PAC

The pDsRed2-C1-hDNMT1 plasmid was digested vsdl (NEB: R0138S), and
Klenow (NEB: M0210S) was used to treat irfBal sites to make blunt ends from
sticky ends. ThenAgd (NEB: R0552S) digestion was performed with t8al-

digested and Klenow-filled pDsRed2-C1-hDNMT1 plagntsel electrophoresis was
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performed in a 0.8% agarose gel. A 5.9 kb band sR&I2ZDNMT1 cDNA was cut
out from the gel by a blade. DsReDRMT1 cDNA was purified using the QIlAquick
Gel Extraction Kit (Qiagen: 28704).

The p336+linker (p388) plasmid (see section 5.2 drdvided by Prof. Chris Denning
(University of Nottingham) was double digested witmd (NEB: 0560S) andigd.
Gel electrophoresis was performed on a 0.8% agayelséA 6,469 bp band of p388
was cut out from the gel by a blade. The digestedmpid was purified using the
QIAquick Gel Extraction Kit (Qiagen: 28704). Thehgation between DsRed2-
DNMT1 cDNA (Sal-Klenow-Agd) and p388 Pmd-Agd), and transformation were
performed. Individual 12 colonies were handpickedoy pipette tips and inoculated
into 2 ml of LB medium containing 100 pg:mlAmpicillin. Incubation was
performed at 37 °C overnight with vigorous shakiflgen, Miniprep was performed.
12 plasmids were subjected to restriction enzyngestions withBanHl| (Roche: 10
220 612 001)Sad and EcoR to confirm the correct insertion of DsReBNMT1
cDNA into p388.

2.4.15 Mouse embryonic fibroblasts (MEFs) culture

The MEFs 43 batch established in our laboratory weesl for producing conditioned
medium (BG-K CM). MEFs were cultured in the T75ska(Fisher Scientific: TKT-

130-190W) and split at a ratio of 1:3. Once MEFseneonfluent, the MEFs medium
was aspirated and MEFs were washed once with 1®fnDulbecco Phosphate
Buffered Saline (DPBS, Invitrogen: 14190-169). Th2ml of 0.05% Trypsin EDTA

(Invitrogen: 25300-062) was added in the flask mretibated for 3 min at 37 °C in an
incubator. The flask was tapped gently to dislodge cells and 8 ml of MEFs
medium was added to inactivate Trypsin EDTA. Thealin@ was pipetted over the
flask surface vigorously and placed into the urgaertube. Centrifugation was
performed at 200 g for 4 min. The medium was asgguraand cell pellets were
resuspended in 2 ml of MEFs medium. The cell susparwas added into a new T75
flask containing 13ml of MEFs medium. Then, MEFsrevéencubated in a 37 °C

incubator until they were confluent.

To prepare BG-K CM, MEFs were mitotically inactigdtfor 2.5 h at 37 °C with 10
ng-mi* Mitomycin C (Sigma: M4287, see section 8.1.5.2)the same time, 10 ml of
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0.1% gelatine solution (see section 8.1.5.7) wadeddnto a new T75 flask and
incubated at 37 °C for 2.5 h. Mitotically inactigdt MEFs were washed with PBS
three times and harvested by 0.05% Trypsin EDTAIlIsCeere counted by a

Neubauer haemocytometer (Fisher scientificc MNK-BQOP). Cells were

centrifuged at 150 g for 4 min and resuspended pprexiate amounts of MEF
medium. 4.8 x 1Dcells were seeded into a gelatine-coated T75 flask

2.4.16 BG-K CM medium collection

The BG-K medium (see section 8.1.5.3) was conditiohy mitotically inactivated
MEFs (see section 8.1.5.2). 25ml of the BG-K mediwas added to mitotically
inactivated MEFs in a T75 flask. Following inculoati overnight, the BG-K CM
medium was collected and placed into a 150 ml I8te€ontainer (SLS Ltd:
CON7572). bFGF (Sigma: F0291) was added into thekBGM medium to give a
final concentration of 4 ng-mMl 10 ml aliquots were stored at -80 °C. BG-K CM was

normally collected during 7 days.

2.4.17 HUESY culture

To generate hESODL1 cell lines (see Chapter 5), HUESIs were cultured by
trypsin-passaging on matrigel in the BG-K CM medias previously described
(Allegrucci et al., 2007; Anderson et al., 2007;rigige et al., 2007). HUES7 cells
were usually cultured in the T25 flask (Fisher 8tifec: TKT-130-150L), and split at
a ratio of 1:3. Once HUESY7 cells were conflueng, tiedium was aspirated and cells
were washed once with 5 ml of PBS. Then, 1 ml 05% Trypsin EDTA (Invitrogen:
25300-062) was added in the flask and incubated forin at 37 °C in an incubator.
Then, the flask was banged to dislodge the cadim fihe flask and 4 ml of the BG-K
medium (see section 8.1.5.3) were added to indetiVaypsin EDTA. The medium
was pipetted up and down over the flask surfacereigsly and placed into a
universal tube. Centrifugation was performed at §5@r 4 min. The medium was
aspirated and cell pellets were resuspended in& BG-K CM medium. 1 ml of cell
suspension was added into a new T25 flask contahiml of the BG-K CM medium.
Cells were incubated in a 37 °C incubator. The oradivas changed everyday until

cells were confluent.
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2.4.18 OCT3/4, NANOG and SSEA4 staining

HUES?Y cells were seeded at a density of f>xcHlis per well onto a 8-well chamber
slide (Nunc Labtek: 177402). Cells were cultured 2d ~ 48 h until fixation. The
medium was aspirated, and cells were washed ortbePRBS and fixed with 4% PFA
(see section 8.4.3.8) for 30 min at room tempeeatGells were washed three times
with 0.2% Tween 20 in PBS. Then, cells were perntisad with 0.2% Triton X-100
for 30 min at room temperature and washed once @i#% Tween 20 in PBS.
Blocking was performed for 1 h at room temperatuith 2% BSA/0.1% Tween 20 in
PBS. Then, primary antibodies, OCT3/4 (Santa C®5Z:5279), NANOG (R&D
system: AF1997) and SSEA4 (Chemicon: MAB4304), weeated at 1:200, 1:200
and 1:100 dilutions and incubated for 1 h at roemperature (see Table 2-2). Cells
were washed three times with 0.2% Tween 20 in FBf$ondary antibodies, FITC-
conjugated anti-mouse secondary antibody (1:2@fidi, Jackson ImmunoResearch:
115-095-068), Cy3-conjugated anti-mouse secondarybady (1:250 dilution,
Jackson ImmunoResearch: 115-165-068), and FITQigatgd anti-goat secondary
antibody (1:200 dilution, Novus Biologicals: NB7EH)-were treated and incubated at
room temperature for 30 min (see Table 2-3). Cellse washed three times with
0.2% Tween 20 in PBS and mounted using VECTASHIE bbunting medium with
DAPI (Vector Laboratories: H1200).

2.4.19 Transfection and puromycin selection

Cells were harvested by 0.05% Trypsin EDTA. The benof cells was counted by a
Neubauer haemocytometer (Fisher scientific: MNK-B2OP). 1x16 cells were
resuspended in 750 pl of hypo-osmolar buffer (Edpein 4308 070.501), and
incubated at room temperature for 20 min. 50 pg 6hearized plasmid was added
into the cell suspension and mixed together. Thdure was placed into a Geneflow
Electroporation Cuvette (Geneflow: E6-0070). Eleptration was performed by
using previously optimised conditions, 600V/30 Aaderson et al., 2007). Cells were
seeded into one of 6 wells. The following day, thedium containing 300 ng-thbf
Puromycin (Sigma: P8833) was added into cells lecs@uromycin-resistant colonies.
Following medium change everyday, puromycin-resistalonies were handpicked
up by pipette tips and transferred into one of 2dlsv Once cells were confluent in

one of 24 wells, each colony was trypsinised, sead® one of 24 wells (Fisher
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scientific: TKT-190-010Y). Cells were expanded te bonfluent in a T25 flask
(Fisher scientific: TKT-130-150L).

Transiently transfection was performed by a GenedanY (Stratagene: 204130)

according to manufacturer’s protocol.

2.4.20 Cell cycle analysis

Cells harvested by 0.05% Trypsin EDTA were resudpdnn 1 ml of PBS. To fix the
cells, 2.5 ml of 100% ethanol was added into resnded cells to give a final
concentration of 70%. Incubation was performed oa for 15 min to prevent
clustering of cells during fixation. Cells were leétd by centrifugation at 150 g for 4
min. The cell pellets were resuspended in 500 jihefsolution containing 50 prgl™
Propidium lodide (PI, Sigma P4170), 0.1 -m§" Ribonuclease A (RNase A, Sigma
P6513), and 0.05% Triton X-100 and incubated at°G7for 40 min. Following
incubation, 3 ml of PBS was added into the solutionwash briefly. Cells were
pelleted by centrifugation at 150 g for 4 min aeduspended in 500 pl of PBS. The
cell cycle analysis was carried by a CYTOMICSTM BGO5FIlow Cytometer
(Beckmen Coulter). Data were analysed by WinMDI  8v2.
(http://facs.scripps.edu/software.hjrahd Cylchred v1.0.2 programmes.

2.4.21 Statistical analysis

All statistically analyses were performed using SAS.0 for windows (SPSS Inc.,
Chicago, USA). All results are presented as mearstandard deviation (SD) unless
otherwise stated. The Post Hoc, Mann-Whitney andgkal-Wallis tests were
performed on all samples. A non-parametric Krudkallis test and a Mann-Whitney
test were used for between-groups analysis. Whestatiatically significant result

(p<0.05) was returned, a Post Hoc test was uspdrform pairwise comparisons.
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3 ALLELE-SPECIFIC EXPRESSION OF IMPRINTED GENES IN
HUMAN EMBRYONIC STEM CELL LINES

3.1 Introduction

3.1.1 Allele-specific expression of imprinted genes

Although most autosomal genes are expressed fram fmrental alleles, imprinted
genes are known be monoallelic expressed in a pafarigin-dependent manner
(reviewed by Reik and Walter, 2001; Surani, 200he allele-specific expression of
imprinted genes is guided by allele-specific défgral epigenetic marks on their
regulatory regions (reviewed by Constancia et28l04; Li, 2002). In the human, ~ 50
genes have been identified to be imprinted (sedeThl) (reviewed by Morison et al.,
2005). However, imprinted genes are not always ralbelccally expressed. Genes
can be imprinted in a tissue-specific, isoform-pEc promoter-specific or

polymorphic manner (reviewed by Constancia et241Q4; Murrell, 2006). For most

human imprinted genes, the allele-specific expogssitatus in the inner cell mass
(ICM) of blastocyst stage embryos is unknown aretdfore the expected status of

human embryonic stem cells (hESCSs) is undefined yet
3.1.1.1 Tissue-specific imprinting

Some imprinted genes show either monoallelic olidi@a expression depending on
the tissue. This is defined as ‘tissue-specifipimting’. For exampleWT1 (Wilms’
tumour 3 is monoallelically expressed in lymphocytes fromripeeral blood,
fibroblasts from fetal skin, body and umbilical dprand placenta, whereas it is
biallelically expressed in kidney and fetal braiiinfo et al., 1994; Mitsuya et al.,
1997). Furthermord)JBE3A (ubiquitin protein ligase E3As know to be imprinted in
brain, but other tissues show biallelic expressfBougeulle et al., 1997). Other
imprinted genes includingTP10CGATP10A(Meguro et al., 2001J;NAS1(G protein

a subunit )} (Hayward et al., 2001)GRB10 (growth factor receptor-bound )0
(Blagitko et al., 2000) and&KCNQ1 (potassium voltage-gated channel, KQT-like
subfamily, member)X{Gould and Pfeifer, 1998) are previously knowrh&ve tissue-

specific imprinting in the human.
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3.1.1.2 Isoform-specific imprinting

Some genes can be imprinted in an isoform-speaif@mner. For example?EG1
(paternally expressed gen® MIEST (mesoderm specific transcrjptas two isoforms
(isoform 1 and 2) derived from their unique firstoas (exon A and exon 1) in the
human (Kosaki et al., 2000REGL1 isoform 1 is monoallelically expressed in most
human tissues, whereB&G1lisoform 2 is biallelically expressed (Kosaki et 2000;
Nakabayashi et al., 2002). Moreover, (BBB10geneconsists of 4 different splicing
variants GRB1(®, GRB1@, GRB1@ and GRB1®@) and they have distinct allele-
specific expression patterns (Blagitko et al., 208ikichi et al., 2003). For instance,
GRB101 is expressed from the maternal allele in the sakehauscle, whereas other

variants are expressed from two alleles (Blagitkal.e 2000).

3.1.1.3 Promoter-specific imprinting

Some genes can be imprinted in a promoter-spatifioner. ThdGF2 (Insulin-like
growth factor 2 gene was first identified to have promoter-specimprinting
(Ekstrom et al., 1995; Vu and Hoffman, 1994). Weli and chondrocytes, th&F2
transcript derived from the P1 promoter is exprésBem both parental alleles,
whereas otherlGF2 transcripts derived from P2, P3 and P4 promotees a

monoallelically expressed (Ekstrom et al., 1995;avid Hoffman, 1994).

3.1.1.4 Polymorphic imprinting

Some genes can have polymorphic imprinting (defiagdnter-individual variations
of imprinting) in the same tissues (reviewed by Miir2006). For exampldGF2R
(insulin-like growth factor 2 receptpshows various expression patterns (monoallelic,
predominant monoallelic and biallelic) between agea of term placentae examined
(Monk et al., 2006a; Xu et al., 1993). MoreovieHLDA2 (pleckstrin homology-like
domain, family A, memben/ZSSC3(tumor suppressing subtransferable candidate
3)/IPL (imprinted in placenta and livieis monoallelically or biallelically expressed in
adult brain and blood (Muller et al., 2000; Qianaét 1997). Other imprinted genes
including andTSSC5(tumour suppressing subtransferable candidaySI5C22A18
(Solute carrier family 22, member Y18 ooper et al., 1998) arM/T1 (Jinno et al.,

1994) are previously known to have polymorphic imfimng in the human.
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3.1.2 Determination of allele-specific expression

The allele-specific expression status of human img@d genes can be determined by
either polymerase chain reaction-restriction fragmkength polymorphism (PCR-

RFLP) or direct sequencing (Cui et al., 1998; Matkal., 2006a; Onyango et al.,
2002).

3.1.2.1 Genotyping

Genotyping is required to identify the sample hgviem heterogeneous genotype,
because this type is only informative for analysalgle-specific expression of an
imprinted gene. In this manner, DNA need to be #mdl by PCR at the region
containing a polymorphic site that allows determina genotype followed by either a
restriction enzyme digestion recognising a polyrharsite or direct sequencing (Cui
et al., 1998; Monk et al., 2006a; Onyango et &02).

3.1.2.2 Allele-specific expression

Once a sample has been determined as a heterozggootype and thus informative
for an imprinted gene, allele-specific expressiérthe gene can be determined by
PCR-RFLP and direct sequencing. In this time, cDi&d to be amplified by PCR
and then either a restriction enzyme digestionir@ctisequencing allows determining
monoallelic, predominant monoallelic or bialleligpeession of the gene (Cui et al.,
1998; Monk et al., 2006a; Onyango et al., 2002k &lele-specific expression of the
gene can be determined by the relative band iritebsitween two alleles in PCR-
RFLP or the relative peak height between two asl@éhedirect sequencing (Cui et al.,
1998; Monk et al., 2006a; Onyango et al., 2002PCGR-RFLP, loss of imprinting is
determined as a ratio of less than 3:1 betweemmitie-abundant and less-abundant
alleles, according to Cui et al., (1998). In direefjuencing, the electrophoretogram
shows that both peaks are present at a polymosgiieiavith the same height. This is

defined as loss of imprinting (Monk et al., 2006exyango et al., 2002).

3.1.3 Allele-specific expression associated with bi  ological
consequences

The allele-specific expression of some imprinteciegeidentified in the human is
closely associated with several biological consages including congenital disorders,
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PWS (Prader-Willi syndrome), BWS (Beckwith-Wiedemasyndrome) and AS
(Angelman syndrome) (reviewed by Robertson, 200®k$Werg et al., 2003) and
cancer formation (reviewed by Feinberg, 2007; deland Shaw, 2007). Moreover,
some imprinted genes are involved in embryonic platental development, cell
proliferation, cell death and behaviour (reviewgdReik and Walter, 2001; Surani,
2001).

3.1.3.1 Genes related to human cancers

The allele-specific expression afP73 PEG], IGF2, SLC22A18and PEG3 is
associated with human tumourigenesis (Chi et 8691 Dowdy et al., 2005; Kaghad
et al., 1997; Lee et al.,, 1998; Maegawa et al., 1200ai et al., 1998a; Mai et al.,
1998b; Nakanishi et al., 2004; Pedersen et al.2288hwienbacher et al., 2000). In
detail, TP73 (tumour protein 7B is located in human chromosome 1p 36.3 that is
paternally imprinted (Kaghad et al., 1997MP73 is monoallelically expressed in
normal tissues, whereas it is biallelically expesssn diverse human cancers,
including lung, prostate and kidney carcinomas (&€hal., 1999; Kaghad et al., 1997,
Mai et al., 1998a; Mai et al., 1998IHEG1is located in human chromosome 7q32
that is maternally imprinted (Kerjean et al., 20B0@saki et al., 2000; Riesewijk et al.,
1997). Loss of imprinting oPEGL1is often found in invasive breast and lung cancers
(Nakanishi et al., 2004; Pedersen et al., 20@¥}2 is maternally imprinted on human
chromosome 11p15 (Giannoukakis et al., 1993; Ohlssal., 1993). Loss and gain of
imprinting of IGF2 has been commonly found in ovarian, lung, lived alon
carcinomas (reviewed by Feinberg, 2007; Jelinic &hdw, 2007)SLC22A18ISSC5

is located in human chromosome 11p15 that is ingliin a tissue-specific manner
(Lee et al., 1998). Gain of imprinting oBLC22A18 has been found in
hepatocarcinomas (Schwienbacher et al., 20BDL22A18is biallelically expressed
in normal liver tissues, whereas it is predominatipnoallelically expressed in
hepatocarcinomas (Schwienbacher et al., 20PB{3 (paternally expressed geng 3
is maternally imprinted on human chromosome 19di@\dy et al., 2005; Maegawa
et al.,, 2001). Loss of imprinting d?EG3 is frequently found in glioma, ovarian,

cervical and choriocarcinoma cell lines (Dowdy let2005; Maegawa et al., 2001).

3.1.3.2 Genes related to human disorders
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KCNQ1OTL(KCNQL1 overlapping transcript)ALIT1 (long QT intronic transcript },
which is maternally imprinted in human chromosorip1s, is an imprinted antisense
RNA of theKCNQ1gene (Lee et al., 1999; Smilinich et al., 199%s4 of imprinting

of KCNQ1OT1mediated by loss of methylation KYDMR1 is frequently found in
BWS patients (Lee et al., 1997; Smilinich et al999). Less frequently, loss of
imprinting of IGF2 and H19 can be found in BWS patients (Reik et al., 1995;
Weksberg et al., 1993).

SNRPN(small nuclear ribonucleoprotein-associated polyp#gptN) contains multiple
discrete functional components includi@NURF and UBE3A-AS (reviewed by
Morison et al., 2005)IPW (imprinted in Prader-Willi syndromes an untranslated
RNA (Wevrick et al., 1994) andATP10C encodes for an aminophospholipid-
transporting ATPase (Meguro et al., 2001). Thesegeare maternally imprinted and
located in the PWS and AS critical region on hurmaromosome 15qg11-13 (Figure
3-1). Loss of imprinting ofSNRPN IPW and ATP10Care closely associated with
PWS and AS (Meguro et al., 2001; Orstavik et 02 Reis et al., 1994; Sutcliffe et
al., 1994; Wevrick et al., 1994). FurthermoMDN and NDNL1, members of the
MAGE (melanoma antigen) protein family, are alsotenaally imprinted on human
chromosome 15g11-13, are potentially involved in $Whd AS (MacDonald and
Wevrick, 1997).

PWS ICR AS ICR
11 1
PWS ICR UBE3A-AS
PW
Q)
_i i [
|
§ NDN m SNURF/SNRPN l
NDNL1
MKRN3 ASICR UBE3A
ATP10C

— —_—
Centromere Telomere

Paternally expressed T Methylated at CpG sites
r’ Maternally expressed T Unmethylated at CpG sites

I DMRs (differentially methylated regions)
Figure 3-1. The Prader-Willi syndrome/Angelman synd  rome locus

The GNAS1gene located in human chromosome 20g13 contair8phaudiscrete
functional components includinBlESP55 (neuroendocrine secretory protein )55
NESP55AS(NESP55 antisenye XLas (Golgi-specific Ga isoform), Exon 1A
(untranslated RNA), anGsa (G protein alpha-subunit) (Hayward et al., 200i; &t
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al., 2000). Loss of imprinting ofExon 1A and NESP55 is associated with
Pseudohypoparathyroidism type 1b (PHP-1b). Moreovess of imprinting of

Gsa can be found in Albright hereditary osteodystrofAidO) and PHP-1a (Bastepe
et al., 2005; Hayward et al., 2001; Patten etl@90).

3.1.3.3 Genes related to tissue development and dif ~ ferentiation

TP73has an important role in the regulation of cettleyand apoptosis (Kaghad et al.,
1997).CDKN1Cencodes for a cyclin-dependent kinase (CDK) intbittihat plays an
important role in the regulation of cell cycle (Hda and Mukai, 1995; Matsuoka et
al., 1995).PEG10 (paternally expressed gene)l@ retrotransposon-derived gene,
have an important role in liver regeneration andbsonic development (Okabe et al.,
2003; Tsou et al., 2003\WT1plays an important role in urogenital developmemd
hamatopoietic differentiation (Kreidberg et al.,989 Park et al., 1993; Pritchard-
Jones et al., 1990pPLK1, which encodes for a cell-surface transmembraneejrot
containing six epidermal growth factor (EGF) repmatifs, plays an important role in
the regulation of adipocyte differentiation, andmatopoietic differentiation and
proliferation (Kawakami et al., 2006; Li et al.,@8a).PEG3has an important role in
the regulation of apoptosis mediated by p53, entbcyodevelopment and
differentiation of neuronal cells (Deng and Wu, @0Qi et al., 1999).NDN and
NDNL1 have an important role in regulation of neuron#kedentiation (Boccaccio et
al., 1999; Kobayashi et al., 2002).

3.1.4 Allele-specific expression in human oocytesa  nd embryos

Although allele-specific expression of imprintechge has been extensively studied in
mouse oocytes and preimplantation stage embrydg,few studies are available in
the human. So far, allele-specific expression ohgrinted genes has been examined
in human oocytes and preimplantation stage embryG&2 and SNRPN are
monoallelically expressed in preimplantation stagebryos (Huntriss et al., 1998;
Lighten et al., 1997; Salpekar et al., 2001) iroasdion with differential methylation
at the SNRPN DMR (El-Maarri et al., 2001; Geuns et al., 200PEGL1 is
monoallelically expressed in preimplantation stagebryos (Monk and Salpekar,
2001) that is associated with differential DNA mgthion at the PEG1 DMR
(Kerjean et al., 2000; Sato et al., 2007). Howevwd§ST is expressed from both
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parental alleles in human oocytes and preimplantaimbryos (Daniels et al., 1997;
Ray et al., 1997). Monoallelic DNA methylation ktDMR1 (Geuns et al., 2007b;
Khoureiry et al., 2008}119 (Kerjean et al., 2000; Sato et al., 20ZAC (Sato et al.,
2007),GTL2 (Geuns et al., 2007a) DMRs has been reported imahuoocytes and
preimplantation stage embryos, implicating thatrticerresponding genes could be
monoallelically expressed.

3.1.5 Allele-specific expression in human embryonic germ cell lines

The allele-specific expression bfl9, TSSC5SNRPNandIGF2 has been examined
in human embryonic germ (hEG) cell lines (LV.EB,.RC, EU.EE, SD.EP and
SD.EC) derived from primordial germ cells (PGC9)lased from the developing
gonadal ridges and mesenteries of 5- to 9- weeksyas (Onyango et al., 2002;
Shamblott et al., 1998). All genes are monoallaic predominant monoallelic
expressed in 1 to 2 informative lines (see Tabl&).3In detail, TSSC5is

monoallelically expressed in LV.EB (Onyango et 8D002).H19 is monoallelically

expressed in SD.EP and SD.EC lines that is assdowath differential methylation at
theH19 DMR (Onyango et al., 20025NRPNs monoallelically expressed in SL.RC.
Predominant monoallelic expressionlGfF2 is observed in two cell lines, LV.EB and
SL.RC, showing an allele ratio of 4:1 or 5:1. Th@nyangoet al, (2002) has

suggested hEG cell lines have stable imprintingustéhat may not be a significant

barrier to hEG used in human therapeutic applioatio

3.1.6 Allele-specific expression in human embryonic stem cell lines

The allele-specific expression of imprinted genes tbeen reported in human
embryonic stem cell lines (Mitalipov, 2006; Plataag, 2006; Rugg-Gunn et al., 2005;
Sun et al.,, 2006). Rugg-Gunet al, (2005) has examined the allele-specific
expression of 6 imprinted gend&EF2, IPW, KCNQ1OT1H19, TSSC5:andNESP5%

in 1 to 3 informative cell lines (total 4 cell lime&xamined; hSF-6, H9, H7 and HES-3)
with a wide range of passages (passages from 485psee Table 3-1). Sun et al.,
(2006) has examined the allele-specific expresdbmt imprinted genesH19,
KCNQZL NDNL1andPEG1Q in sHhES-1 and HUES-7 cell lines at passage® &Pt
(see Table 3-1). Mitalipov et al. (2006) has exadithe allele-specific expression of
H19 andIGF2 in BGN2 and H1. All genes studied are monoalldiycar predominaly
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monoreallically expressed in all cell lines exanmlin®italipov, 2006; Plaia et al.,
2006; Rugg-Gunn et al., 2005; Sun et al., 2006).

In contrast to data from other mammalian ESC lipesviously shown to exhibit
imprinting errors (Dean et al., 1998; Feil et a997; Fujimoto et al., 2006;
Humpherys et al., 2001; Mitalipov et al., 2007; alippov, 2006), hESC lines possess
a substantial degree of imprinting stability (Mipelv, 2006; Plaia et al., 2006; Rugg-
Gunn et al., 2005; Sun et al., 2006). However,elae limitations in human hESC
studies that preclude the general conclusion ofrimhpstability in hESC lines.
Because over 400 hESC lines have been currentiplesied, the few cell lines (total
9 cell lines) examined can not be extrapolatedetoegalise the imprinting status of all
hESC lines. Within 9 cell lines, only one or twollcknes are informative for
imprinted genes (Table 3-1) that is also diffictdt generalise ‘normal’ imprinting
status in hESC lines. Moreover, although ~ 50 imted genes have been identified in
the human (Morison et al., 2005), only few imprihtgenes are employed to

determine imprinting stability of hESC lines (TaBld)

3.1.7 Chapter aims

The overall aim of this chapter is to perform thesincomprehensive assessment to
date of allele specific expression of 22 impringeshes and 3 non-imprinted genes in
22 hESC lines, because imprinting disruptions irf6GE may induce spontaneous
differentiation, prevent fronm vitro andin vivo differentiation into a specific lineage,
and form a certain type of cancers that are note@eble for human safe

transplantation (Allegrucci et al., 2004).

22 human imprinted genes were selected in this €h&pee Table 3-2), because they
are functionally known to be important for early layonic development and
differentiation, or to be closely associated widveral human congenital disorders
and tumours (see section 1.3.5 and 3.1.3).

In total, 22 hESC lines are examined in this Chafsee Table 2-1). 16 HUES-lines
were derived from the Harvard University and cuwdtur(on MEFs with trypsin
passage) under same protocols and materials, asagm®numbers are similar (from
26 to 37) (Cowan et al., 2004). Additional 6 caties (BGO1, H1, NOTT1, NOT2,
HES-2 and NL-HES-1) were independently derived frive different laboratories
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and cultured in various culture conditions and rodth (Allegrucci et al., 2007;

Burridge et al., 2007; Mitalipova et al., 2003; Rewff et al., 2000; Thomson et al.,
1998; van de Stolpe et al., 2005). Their passagaoets were variable from 25 to 45.
(Allegrucci et al., 2007; Burridge et al., 2007;tMipova et al., 2003; Reubinoff et al.,
2000; Thomson et al., 1998; van de Stolpe et @052
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Table 3-1. Imprinting status of mammalian embryonic

stem cell lines

Imprinted genes

Species Cell line Reference
PEG10 IGF2 H19 KCNQ1 KCN10T1 TSSC5 NDN NDNL1 DLK1 SNRPN IPW NESP55 U2AF1-RS1 IGF2R
LV.EB PM - - M - - - - -
SL.RC PM - - - - M . B
(Onyango et al.,
EG EU.EE - - - - - - - - 2002)
SD.EP - M - - - - - -
SD.EC - M - - - - - -
hSF-6 M (p49~p86) - - - - - M (p49~p86) -
M (p42 ~p62;
Human He - IV - M (p58-p96) - - - M (p61-p87) -
H7 - M (p58~p155) - M (p58~p155) PM (p58~p155) - - - - -
(Mitalipov, 2006;
HES-3 - M (p92~p101) - - - - - M, PM (p92~p101) Plaia et al., 2006;
ES m Rugg-Gunn et al.,
SHhES-1 M (p21~p47, - M (p24~p47, M (p24~p47, - - - - 2005; Sun et al.,
(p21-p47) (p24~pa7) (p24~pa7) (b24ep62) o,
HUES7 M (p21~p47) - M (p21~p47) - - - - - -
BGN2 - M - - - - - -
H1 PM - - - - - - -
BGO1V - M - - - M M R R
ORMES-1 B - - - - - M - -
ORMES-3 B - - - - - - - -
ORMES-5 B M - - - - - - -
Primate | ES | ORMES-6 B B - M - - M . . (F”J'm"g’e)e‘ al.,
ORMES-7 B - - M - - M - -
ORMES-8 B B - M - - M - -
ORMES-10 B B - M - - - - -
SF-1-1 PM PM - - - - - - - PM B
SF-1-3 PM PM - - - - - - - PM B
Mouse ES (Dean et al.,
1998)
SF-1-8 PM PM - - - - - - - PM B
SF-1-G M M - - - - - - - M B

M, monoallelic expression; PM, predominant mondiallexpression; B, biallelic expression; passagalmer in parenthesises

85




3.2 Results

To investigate the allele-specific expression of iB$rinted genes and 3 non-
imprinted genes (see Table 3-2), PCR-RFLP and tdgeguencing were performed,
according to previous publications described inl@&s4.

Table 3-2. Imprinted genes and none-imprinted genes used in this
chapter
Location |Gene Imprinting EXZ‘;ESIZEd Protein name or description A(r:]fjen‘:‘gjaorn
1p36.33 TP73 | Maternal Tumour related protein NM_005427
SLC22A1 PD or NR Organic cation transporter NM_003057
64253 IGF2R Pl Biallelic Insulin-like growth factor 2 receptor NM_000876
7921 PEG10 | Paternal Retroviral gag pol homologue XM_496907
PEG1 | Paternal Alpha/B hydrolase fold family NM_015068
7a3z MESTIT1 | Paternal AF482998
11p13 WT1 | Paternal Zinc finger protein AY245105
NAPIL4 NI Biallelic Nucleosome assembly protein NM_005969
PHLDA2 PD Maternal Pleckstrin homology-like domain AF019953
SLC22A18 | Maternal Organic cation transporter AF059663
CDKN1C | Maternal Cyclin-dependent kinase inhibitor NM_000076
11p15.5 KCNQ10T1 | Paternal AJ0006345
KCNQ1 | Maternal Voltage-gated potassium channel BC111847
TSSC4 NI Biallelic Tumor suppressing candidate AF125568
IGF2 | Paternal Insulin-like growth factor 2 X07868
H19 | Maternal AF087017
14q32 DLK1 | Paternal Delta-like 1 homolog NM_003836
GTL2 | Maternal Gene trap locus 2 AL117190
NDN | Paternal Necdin, neuronal growth suppressor U35139
NDNL1 | Paternal MAGE-like protein NM_019066
éigll— SNRPN | Paternal Small nuclear ribonucleoprotein NM_022806
IPW | Paternal u12897
ATP10C | Maternal ATPase, Class V AH010630
19g13.4 PEG3 | Paternal Zinc-finger protein NM_006210
20913.2 NESP55 | Maternal Neuroendocrine secretory protein 55 M21741
Abbreviations: |, imprinted; NI, not imprinted; Ppolymorphic imprinting; PD,

provisional data, NR, no reports of imprinting asgtAdopted from Morison et al.,
(2005).

3.2.1 TP73

The allele-specific expression of TP73 was analysed Sty polymorphism (Mai et

al., 1998a). 9 informative cell lines (HUES1, HUES®UES7, HUES8, HUES10,
HUES16, HES-2, NOTT2 and NTERAZ2) were identifiedggnotyping after genomic
PCR amplification, followed bysty digestion (Figure 3-1 A). The allelic specific
expression offP73in 9 cell lines was determined by RT-PCR, followey Sty
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digestion (Figure 3-1 B). Biallelic expressionTd®73was detected in all informative
cell lines, indicating an allele ratio of less thdil of the two alleles. The biallelic
expression ofTP73 was maintained duringn vitro prolonged culture of HES-2
(passages 56, 65 and 96).
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Figure 3-2. TP73 imprinting in hESC lines

(A) Genotyping. PCR amplification with genomic DNoA each cell line, followed by
Sty digestion distinguished between heterozygous loehozygous cell line. (B)
Allele-specific expression. RT-PCR with cDNA of ammative heterozygous cell lines
was carried out, followed b$ty digestion. 50bp DNA ladder is denoted as theetett
M. Digestion with Styl is indicated +, digested and -, not digested. Téteer, N
indicates a negative control of RT-PCR.

3.2.2 IGF2R

The allele-specific expression BF2R was analysed by both @ctll polymorphism
located in the promoter region and/lad polymorphism located in the intronic DMR
(Vu et al., 2004). 12 informative cell lines (HUESHUES2, HUES3, HUES4,
HUES5, HUES12, HUES13, HUES14, BG01, HESC-NL1, N@Tand H1) for an
Acll polymorphism and 3 informative cell lines (HUESBSJES9 and HES-2) for a
Msd polymorphism were identified by PCR-RFLP (FigBe€ A and C). Of these
informative cell lines examined, all cell lines gled biallelic expression, indicating
an allele ratio of less than 3:1 of the two allglegyure 3-2 B and D). The biallelic
expression retained during vitro prolonged culture of HESC-NL1 (passages 22 and
58) and HES-2 (passages 56 and 96).
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Figure 3-3. IGF2R imprinting in hESC lines

(A) Genotyping for arAcll polymorphism. (B) Allele-specific expression @BF2R
for an Acl | polymorphism (C) Genotyping for BIsd polymorphism. (D) Allele-
specific expression dGF2R for aMsd polymorphism. (A and C) PCR amplification
with genomic DNA of each cell line, followed B\cll andMsd digestion respectively
distinguished between homozygous and heterozygenstgpes. (B and D) RT-PCR
with cDNA of informative heterozygous cell linespllbwed by Acll and Msd
digestion respectively. 50bp DNA ladder is dendbgdthe letter, M. Digestion with
Acll or Msd is indicated +, digested and -, not digested. Téteer, N indicates
negative control of RT-PCR.

3.2.3 PEGI10

The allele-specific expression #EG10 was examined by a C/T polymorphism
located in exon 12 (Sun et al., 2006). Of 4 infaiweacell lines (HUES5, HUES?,

HUES10 and HUES12) examined, 3 showed monoallelmression, indicated by

only either the C or T allele at a polymorphic gfegure 3-3 A and B). However, in

HUESS5, PEG10was biallelically expressed, indicated by both i@l & peaks at a

polymorphic site (Figure 3-3 B).
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Figure 3-4. PEG10 imprinting in hESC lines
(A) Genotyping. Chromatograms distinguished genegyafter PCR amplification of
each cell line followed by direct sequencing. (Bleke-specific expression. RT-PCR
with cDNA of informative heterozygous cell linesllbwed by direct sequencing. A
circle indicates a polymorphic site.
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The isoform-specific imprinting dPEG1was examined by direct sequencing (Kosaki
2002). 13 infaiveacell lines (HUES1, HUES2,
HUES7, HUES10, HUES12, HUES15, HUES16, HUES17, BGOIERAZ2, HES-2,
NOTT1 and NOTT2) were identified by a G/C polymagph located in exon 12 of
PEGL1 (Figure 3-4 A). Of 13 cell lines examined, 10 deles showed monoallelic

expression and 1 cell line (HUES10) showed predantimonoallelic expression



indicated by a higher G peak than a C peak at snpwlphic site. NOTT2 and
NTERA2 showed biallelic expression indicated by hbbdd and C peaks at a
polymorphic site (Figure 3-4 BREG1isoform 2 was expressed from two alleles in
10 of 13 informative cell lines examined (Figure43C). However, it was
predominantly monoallelically expressed in HUESh@icated by a higher C peak
than a G peak at a G/C polymorphic site. NOTT1 Hi&ERA2 showed monoallelic
expression indicated by only either the C or Glalé a polymorphic site (Figure 3-4
C). Isoform-specific imprinting status ¢fEG1 persisted duringn vitro prolonged
culture of HES-2 (passages 56, 65 and 96) (Figutd83and C).

3.2.5 MESTIT1 (PEG1-AS)

The allele-specific expression MESTIT1was examined by a G/A polymorphism
located in exon 2 oMESTIT1(Nakabayashi et al., 2002). 12 informative celes
(HUES2, HUES4, HUES7, HUES9, HUES10, HUES12, HUESHBJESI16,
HUES17, HES-2, NOTT1 and NOTT2) were identifieddgnotyping (Figure 3-5 A).
Of 12 informative cell lines examined, 9 cell lir@sowed monoallelic expression and
2 cell lines (HUES12 and NOTT1) showed predominantonoallelic expression.
However,MESTIT1was biallelically expressed in HUES15, indicatgdboth G and
A peaks at a polymorphic site (Figure 3-5 B).

3.2.6 WT1

The allele-specific expression &VT1 was determined by &linfl polymorphism
located in exon 1 oVT1(Mitsuya et al., 1997). 6 cell lines (HUES2, HUESRIES5,
HUES8, HUES9 and BGO01) were informative (Figure &h Of 6 cell lines
examined, all cell lines showed biallelic expressimdicating an allele ratio of less
than 3:1 of the two alleles (Figure 3-6 B).
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Figure 3-5. PEG1 imprinting in hESC lines

(A) Genotyping. Chromatograms distinguished genesyafter PCR amplification of
each cell line followed by direct sequencing (B)efd-specific expression (FEG1
isoform 1. (C) Allele-specific expression BEG1lisoform 2. (B and C) RT-PCR with
cDNA of informative heterozygous cell lines, folled by direct sequencing. A circle
indicates a polymorphic site.

3.2.7 H19

The allele-specific expression dfil9 was determined by botilul and Rsd
polymorphisms (Hashimoto et al., 1995; Morison ket 2000). 11 informative cell
lines (HUES1, HUES3, HUES5, HUES7, HUES9, HUES1WB%$14, HUES15,
HES-2, NOTT1 and NOTT2) for Alul polymorphism and 13 informative cell lines
(HUES1, HUES3, HUES4, HUESS5, HUES7, HUES9, HUESA0ES14, HUES15,
BGO1, HES-2, NOTT1 and NOTT2) for Rsd polymorphism were identified by
PCR-RFLP (Figure 3-7 A). Of all informative celh&és examined, most cell lines
sowed monoallelic expresion, except for NOTT2 andSH2. NOTT2 and HES-2
showed biallelic expression (an allele ratio fror:1 to 2.8:1) at both polymorphic
sites (Figure 3-7 B). Biallelic expression Igl9 persisted duringn vitro prolonged
culture of HES-2 (passages 65 and 96).
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Figure 3-6. MEST10T1 imprinting in hESC lines

TGTTAAC

(A) Genotyping. Chromatograms distinguished genegyafter PCR amplification of
each cell line followed by direct sequencing. (Bleke-specific expression. RT-PCR
with cDNA of informative heterozygous cell lineslléwed by direct sequencing. A

circle indicates a polymorphic site.
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Figure 3-7. WT1 imprinting in hESC lines

(A) Genotyping. PCR amplification with genomic DNoA each cell line followed by
Hifl digestion distinguished between heterozygous kohozygous cell line. (B)
Allele-specific expression. RT-PCR with cDNA of amfative heterozygous cell lines
followed by Hifl digestion. 50bp DNA ladder is denoted by theeletM. Digestion
with Hifl is indicated +, digested and -, not digested. [Etter, N indicates a negative
control of RT-PCR.

3.2.8 IGF2

The allele-specific expression ¢6F2 was determined by aApa polymorphism
located in exon 9 (Hashimoto et al., 1995; Onyaegaal., 2002). 10 cell lines
(HUES1, HUES5, HUES6, HUESS8, HUES9, HUES16, HUESIESC-NL1, HES-2
and NOTT2) were informative (Figure 3-8 A). Of 1€lldines examined, 9 cell lines
showed biallelic expression, indicating an allelea of less than 3:1 of the two alleles.
However, HUES9 showed predominant monoallelic esgion (an allele ratio 3.7:1)
(Figure 3-8 B). The biallelic expression &F2 persisted duringn vitro prolonged
culture of HES-2 (passages 56, 65 and 96).

94



-
2 - w
] o N @ % W © N~ E
€ T 8 ® ¢ ®© @ n ® 9 T T T % < < T g - o~ =
B I - I O I O - O [SEE
< W oW oW oW oW oW oW oW oW oW ow oW ow ow w w o 9 E E [
Z 3 2 3 2 2 2 232 2 2 2 2 2 32 3 2 E Yo 0 & w o w
oI I ¥ I I I I I r T I T XTI I I rzmz=zz=z21I I I
e — —
-= = =flk= Te=s== ===8=S
B
HUES-1 HUES-3 HUES-5 HUES-7 HUES-9
M - + N M - + N M - + N M - + N M - + N
—— 7—_ T e T —— .
- —_ - -—
HUES-10 HUES-14 HUES-15 HES-2 p65 HES-2 p96
M - + N M - + N M - + N M - + N M - + N
— == . Ea- Ee
1:2.4 BT
NOTT1 p25 NOTT2 p32
M + N M - + N
— -_——-—
Cc
= . 2 8 3
Eroaoo oy e e n e e 2O 23 29 5 g s &= _
- B B B - B s N o o
4 W W oW oW oW ow ow ow W owoowWwwwwwO o o HkE=E
Z 2 2 22 2 2 2 22 32322 22 2 F O w W Wwo O =
o I I I XTI I I I I ITIT T T T T Tz o I Iz =z I
e - S O TS o S L DS T D RS e e e T EES e T
D
HUES-1 HUES-3 HUES-4 HUES-5 HUES-7
M - + N M - + N M - + N M - + N M- + N
.., | —— H-.- r- !—' |
HUES-9 HUES-10 HUES-14 HUES-15 BGO1
M - + N M - + N Mm - + N M - + N M - + N
= — -
== T == (s
HES-2 p65 HES-2 p96 NOTT1 p25 NOTT2 p32

-+ N M- + N M- + N

M- + N M
!—g_- g—f g..— ;_._. 1

1:28 118 1:24

Figure 3-8. H19 imprinting in hESC lines

(A) Genotyping for @419 Alul polymorphism. (B) Allele-specific expression idiL9
Alul RFLP. (C) Genotyping for &419 Rsd polymorphism. (D) Allele-specific
expression oH19 Rsd RFLP. (A and C) PCR amplification with genomic BNf
each cell line followed byAlul and Rsd digestion distinguished between
heterozygous and homozygous cell line. (B and D)-FRR with cDNA of
informative heterozygous cell lines followed Bjul and Rsd digestion. 50bp DNA
ladder is denoted by the letter, M. Digestion whAhil and Rsd is indicated +,
digested and -, not digested. The letter, N indgategative control of RT-PCR.
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Figure 3-9. IGF2 imprinting in hESC lines

(A) Genotyping. PCR amplification with genomic DNA each cell line followed by
Apa digestion distinguished between heterozygous lamahozygous cell line. (B)
Allele-specific expression. RT-PCR with cDNA of amiative heterozygous cell lines
followed by Apa digestion. 50bp DNA ladder is denoted by theeletiM. Digestion
with Apa is indicated +, digested and -, not digested. Téteer, N indicates a
negative control of RT-PCR.

3.2.9 KCNQ1 (KvLQT1)

The allele-specific expression 8&ICNQ1 was determined by a G/A polymorphism
(Sun et al., 2006). 8 informative cell lines (HUEHAUES2, HUES6, HUESS,
HUES9, HUES12, HUES13 and NOTT1) were identified dhyect sequencing
(Figure 3-9 A). Of 8 cell lines examined, all catles showed monoallelic expression,

indicated by either G or A allele at a polymorpsite (Figure 3-9 B).
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Figure 3-10. KCNQ1 imprinting in hESC lines

(A) Genotyping at the G/A polymorphic site. Chroograms distinguished genotypes
after PCR amplification of each cell line followég direct sequencing. (B) Allele-

specific expression. RT-PCR with cDNA of informai\heterozygous cell lines

followed by direct sequencing. A circle indicategalymorphic site.

3.2.10 KCNQ1OT1 (LIT1)

The allele-specific expression 88CNQ1OT1was examined by two G/A and C/T
polymorphisms (Lee et al., 1999). 12 cell lines &81, HUES2, HUES7, HUESS,
HUES9, HUES10, HUES12, HUES13, HUES17, H1, BGOl &idS-2) were
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informative for a G/A polymorphism (Figure 3-10 Apther 12 cell lines (HUES2,
HUES4, HUES7, HUES9, HUES10, HUES14, HUES15, HUESBES17, BGO1,
HESC-NL1 and HES-2) were informative for a C/T potyphism (Figure 3-11 A).
Of all informative cell lines examined, all showetbnoallelic expression (Figure 3-
10 B and 3-11 B). Monoallelic expression KENQ1OT1is maintained duringn
vitro prolonged culture of HESC-NL1 (passages 22 andaB8)HES-2 (passages 56,
65 and 96).

3.2.11 CDKN1C (p57"'7?)

The allele-specific expression GDKN1Cwas examined by a G/A polymorphism of
CDKN1C (Monk et al., 2006a). Of 3 informative cell linddUES04, HUES14 and

HUES15) identified by direct sequencing (FigureZ3A), all showed predominantly

monoallelically expression (Figure 3-12 B).
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Figure 3-11. KCNQ1OT1 imprinting in hESC lines (G/A polymorphism)

(A) Genotyping at the G/A polymorphic site. Chroograms distinguished genotypes
after PCR amplification of each cell line followeg direct sequencing. (B) Allele-

specific expression ’CNQ1OT1at the G/A polymorphism. RT-PCR with cDNA of
informative heterozygous cell lines followed byedit sequencing. A circle indicates a

polymorphic site.
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Figure 3-12. KCNQ1OT1 imprinting in hESC lines (C/T polymorphism)

(A) Genotyping at the C/T polymorphic site. Chroogaams distinguished genotypes
after PCR amplification of each cell line followég direct sequencing. (B) Allele-

specific expression. RT-PCR with cDNA of informai\heterozygous cell lines

followed by direct sequencing. A circle indicategalymorphic site.
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Figure 3-13 CDKN21C imprinting

in hESC lines

(A) Genotyping at the G/A polymorphic site. Chroograms distinguished genotypes
after PCR amplification of each cell line followég direct sequencing. (B) Allele-
specific expression. RT-PCR with cDNA of informai\heterozygous cell lines
followed by direct sequencing. A circle indicategadymorphic site.

3.2.12 PHLDA2 (TSSC3/IPL)

The allele-specific expression ®HLDA2 was examined by a T/C polymorphism
(Qian et al., 1997). 10 informative cell lines (H®E HUES2, HUES4, HUESS5,
HUESS8, HUES14, HUES15, HUES16, HUES17 and HESC-NAié4pe identified by
direct sequencing (Figure 3-13 A). Of 10 cell lireeamined, 4 cell lines (HUES1,
HUES2, HUES8 and HESC-NL1) showed predominantly oadielic expression but
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6 cell lines (HUES4, HUES5, HUES14, HUES15, HUESI® HUES17) showed
biallelic expresion (Figure 3-13 B).
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Figure 3-14. PHLDAZ2 imprinting in hESC lines

(A) Genotyping at the T/C polymorphic site. Chroogaams distinguished genotypes
after PCR amplification of each cell line followég direct sequencing. (B) Allele-

specific expression. RT-PCR with cDNA of informai\heterozygous cell lines

followed by direct sequencing. A circle indicategadymorphic site.

3.2.13 SLC22A18 (TSSC5)

The allele-specific expression 8LC22A18was examined by a G/C polymorphism
located in exon 11 (Onyango et al., 2002). 7 infative cell lines (HUES5, HUES12,
HUES13, HUES14, HUES15, HESC-NL1 and NOTT2) werentdied by direct
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sequencing (Figure 3-14 A). Of 7 cell lines exardirel showed biallelic expression,
indicated by both G and C peaks at a polymorphé(sigure 3-14B).
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Figure 3-15. SLC22A18 imprinting in hESC lines

(A) Genotyping at the G/C polymorphic site. Chroageams distinguished genotypes
after PCR amplification of each cell line followég direct sequencing. (B) Allele-

specific expression. RT-PCR with cDNA of informai\heterozygous cell lines

followed by direct sequencing. A circle indicategadlymorphic site.

3.2.14 DLK1 (PEGY)

The allele-specific expression @LK1 was determined by a C/T polymorphism

located in the 3' UTR region (Kobayashi et al., @00By direct sequencing, no
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informative cell lines were identified, showing albbmozygous types, T/T (Figure 3-
15). Thus, the allele-specific expression of tleagcould not be determined.
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Figure 3-16. DLK1 imprinting in hESC lines
Chromatograms showed all T/T genotypes in the hie®Cand NTERAZ2 after PCR
amplification, followed by direct sequencing. Aate indicates a polymorphic site.

3.2.15 GTL2 (MEG3)

The allele-specific expression @TL2 was determined by an A/G polymorphism
located in exon 5 of5TL2 (Wylie et al.,, 2000). 11 cell lines (HUES3, HUES7,
HUES10, HUES12, HUES13, HUES14, HUES15, HUES17, €B&1 and
NOTT1) were informative (Figure 3-16 A). Of 10 céhes examined, 8 cell lines
line (HUES1ghowed predominant
monoallelic expression, and 1 cell line (HUES15)wéd biallelic expression (Figure
3-16 B).

showed monoallelic expression, 1 cell
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Figure 3-17. GTL2 imprinting in hESC lines
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(A) Genotyping at the A/G polymorphic site. Chroograms distinguished genotypes
after PCR amplification of each cell line followéeg direct sequencing. (B) Allele-

specific expression. RT-PCR with cDNA of informaiwheterozygous cell lines

followed by direct sequencing. A circle indicategadymorphic site.
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3.2.16 NDN

The allele-specific expression DN was examined by &bol polymorphism
(MacDonald and Wevrick, 1997). 7 cell lines (HUESHJES8, HUES15, HUES17,
BGO1, NOTT2 and H1) were informative, as determibgdCR-RFLP (Figure 3-17
A). Of 7 cell lines examined, all showed monoadledkpression (Figure 3-17 B).

A

T T Tr = = v T

| | 100bp DNA Ladder
0
2
3
4
5
6
7

] HeEsc-NL1p22

o (=]
wn o
T N 9 g 9 © n o o T oTo% s oo% T J - a o
n o0 N 0N 0 0 n O 0 0 0 0 g O B 0 ¢ =k - oo
w w w w w w w w w w w w w w w w w (=20 . (%] [%]
2 2 2 2 2 2 2 2 2 2 2 2 32 2 2k 900 W oW e
I I XTI I T T T T T T T TITITT Z o=z 2 T T I
—— B G L, S S g e o g —-———
B
HUES-4 HUES-8 HUES-15 HUES-17 BGO1
M - + N M - + N M - + N M- + N M - + N
—— -— —— —— -—
NOTT2 p14 NOTT2 p26 NOTT2 p32 H1
M - + N -+ N M - + N M- + N

i =

m— — —— e

Figure 3-18. NDN imprinting in hESC lines

(A) Genotyping. PCR amplification with genomic DNA each cell line followed by
Mbol digestion distinguished between heterozygous lammozygous cell line. (B)
Allele-specific expression. RT-PCR with cDNA of amfative heterozygous cell lines
followed byMbol digestion. 50bp DNA ladder is denoted by theeletM. Digestion
with Mbal is indicated +, digested and -, not digested. Tdteer, N indicates a
negative control of RT-PCR.

3.2.17 NDNL1 (MAGEL2)
The allele-specific expression dfDNL1 was determined by a C/A polymorphism
(Sun et al., 2006). Only HUES9 was identified asrdormative cell line (Figure 3-18

A). In this cell line,NDNL1 was monoallelically expressed, indicated by onlpefak

at a polymorphic site (Figure 3-18 B).
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Figure 3-19. NDNL1 imprinting in hESC lines

(A) Genotyping at the C/A polymorphic site. Chroograms distinguished genotypes
after PCR amplification of each cell line followég direct sequencing. (B) Allele-

specific expression. RT-PCR with cDNA of informai\heterozygous cell lines

followed by direct sequencing. A circle indicategadymorphic site.

3.2.18 SNRPN

The allele-specific expression 8NRPNwas determined by BstUl polymorphism
located in the 5’UTR of exon 2 (Morison et al., BROL1 cell lines (HUES3, HUESA4,
HUES5, HUES6, HUES7, HUES10, HUES12, HUES17, BGIQTT1, NOTT2 and
H1) were identified as informative cell lines (Figu3-19 A). Of 11 cell lines
examined SNRPNwas monoallelically expressed in all cell linegy(ffe 3-19 B). To
identify the possibility of PCR and restriction gne bias, monoallic expression of

SNRPNwas confirmed by direct sequencing (Figure 3-19 C)
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Figure 3-20. SNRPN imprinting in hESC lines

(A) Genotyping. PCR amplification with genomic DNA each cell line followed by
BstU digestion distinguished between heterozygous lemaozygous cell line. (B)
Allele-specific expression. RT-PCR with cDNA of amfative heterozygous cell lines
followed byBstJI digestion. 50bp DNA ladder is denoted by théeletM. Digestion
with BstUl is indicated +, digested and -, not digestede Tétter, N indicates a
negative control of RT-PCR. (GNRPNimprinting confirmed by direct sequencing.
RT-PCR with cDNA of informative heterozygous ceihds followed by direct
sequencing. A circle indicates a polymorphic site.

3.2.19 IPW

The allele-specific expression ¢PW was determined by &lphl polymorphism
located in exon 3 (Wevrick et al.,, 1994). 12 celes (HUES1, HUES3, HUESS,
HUES7, HUES10, HUES12, HUES15, HUES17, BG0O1, HESQ;NHES-2 and
NOTT2) were informative (Figure 3-20 A). Of 12 céltes examined, 11 cell lines
showed monoallelic expression and 1 cell line (HUBSshowed predominant

monoallelic expression (Figure 3-20 B). The moraall expression olPW was

108



stably maintained durin@ vitro prolonged culture of HESC-NL1 (passages 22 and
58), HES-2 (passages 56, 65 and 96) and NOTT24gassl4, 26 and 32).
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Figure 3-21. IPW imprinting in hESC lines

(A) Genotyping. PCR amplification with genomic DNA each cell line followed by
Hphl digestion distinguished between heterozygous lammhozygous cell line. (B)
Allele-specific expression. RT-PCR with cDNA of amfative heterozygous cell lines
followed byHphl digestion. 50bp DNA ladder is denoted by theeletiM. Digestion
with Hphl is indicated +, digested and -, not digested. Téteer, N indicates a
negative control of RT-PCR.

3.2.20 ATP10C (ATP10A)

The allele-specific expression ATP10Cwas determined by afwall polymorphism
(Meguro et al., 2001). 12 informative cell linesUBS2, HUES5, HUES6, HUES?7,
HUES10, HUES15, HUES16, HUES17, HESC-NL1, NOTT1,ITNQ and NTERA2)
were identified by PCR-RFLP (Figure 3-21 A). Of ddll lines examined, 8 cell lines
showed biallelic expression (an allelic ratio fran@:1 to 1.7:1), 2 cell lines (HUES6
and HUES16) showed predominant monoallelic expoesgach allelic ratio, 5.0:1
and 6.6:1), and 2 cell lines (HUES5 and HUES7) sltbmonoallelic expression. The
biallelic expression oATP10Cwas maintained durinm vitro prolonged culture of
HL-HESC-1 (passages 22 and 58) and NOTT1 (pas&igasd 29).
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Figure 3-22. ATP10C imprinting in hESC lines

(A) Genotyping. PCR amplification with genomic DNA each cell line followed by
Avall digestion distinguished between heterozygous lochozygous cell line. (B)
Allele-specific expression. RT-PCR with cDNA of amfative heterozygous cell lines
followed byAvall digestion. 50bp DNA ladder is denoted by thedetM. Digestion
with Aval is indicated +, digested and -, not digestede Tatter, N indicates a

negative control of RT-PCR.

3.2.21 PEG3 (ZIM2)

The allele-specific expression BfEG3 was determined by &nll polymorphism
located in exon 9 (Dowdy et al., 2005). 6 cell $i&lUES4, HUES6, BGO1, HESC-
NL1, NOTT2 and NTERAZ22) were informative (Figure23-A). Of 6 cell lines
examined, 5 cell lines showed monoallelic expresdiat one cell line (NTERA2)

showed biallelic expression (Figure 3-22 B).
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} | 11| 100bp DNA Ladder
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+ N

.
—
—
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-—

Figure 3-23. PEG3 imprinting in hESC lines

(A) Genotyping. PCR amplification with genomic DNA each cell line followed by
Mnll digestion distinguished between heterozygous lamahozygous cell line. (B)
Allele-specific expression. RT-PCR with cDNA of amfative heterozygous cell lines

followed by Mnll digestion. 50bp

DNA ladder is denoted by theeletiM. Digestion
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with Mnll is indicated +, digested and -, not digested. Téteer, N indicates a
negative control of RT-PCR.

3.2.22 NESP55

The allele-specific expression 6fESP55was examined by a T/C polymorphism
(Rugg-Gunn et al., 2005). 9 cell lines (HUES1, HYEBUESS5, HUES9, HUES12,
HUES14, HUES15, BG01 and HESC-NL1) were informaii#egure 3-23 A). Of 9
cell lines examined, 8 cell lines showed monoallexpression, and one cell line
(HUES5) showed biallelic expression, indicated bythbC and T peaks at a
polymorphic site (Figure 3-23 B). The monoallelixpeession of NESP55 is
maintained duringn vitro prolonged culture of HESC-NL1 (passage 22 to 58).

3.2.23 SLC22A1

The allele-specific expression 8LC22Alwas determined by a C/T polymorphism
(Monk et al., 2006a). 9 cell lines (HUES1, HUESAJES10, HUES13, HUES16,
HUES17, H1, HESC-NL1 and HES-2) were informativég(ife 3-24 A). Of 9 cell
lines examined, 4 cell lines (HUES1, HUES10, HUESA®& HES-2) showed
monoallelic expression, 2 cell lines (HUES16 andB$817) showed predominant
monoallelic expression, and 2 cell lines (BG01 aHdES7) showed biallelic
expression (Figure 3-24 B).

111



HUES-1 HUES-2 HUES-3 HUES-4 HUES-5
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
f\/\/\ O At I Wt
HUES-6 HUES-7 HUES-8 HUES-9 HUES-10
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
. \ i N
L T e
HUES-12 HUES-13 HUES-14 HUES-15 HUES-16
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
i "MI\N\ It Do
Mo WA It It I
HUES-17 BGO1 HESC-NL1 p22 HESC-NL1 p58
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
il | I \ / \u A W
&NW\/\ W\f\fw\/\ M A"_‘: Wl
HES-2 p56 HES-2 p65 HES-2 p96 NOTT1 p25 NOTT2 p32
Mg / H j\‘| \ \
NiA Moy | Wi
NTERA2
TTTTTTTTTTT
fia z‘\z
e
B
HUES-1 HUES-4 HUES-5 HUES-9 HUES-12

[\ M/\M /\ i W\M\A

HUES-14 HUES-15 BGO1 HESC-NL1 p22 HESC-NL1 p58
ATC ATCCTGAG TACATCCTGAG

/\ Ll i L

Figure 3-24. NESP55 imprinting in hESC lines

(A) Genotyping at the T/C polymorphic site. Chroogaams distinguished genotypes
after PCR amplification of each cell line followég direct sequencing. (B) Allele-

specific expression. RT-PCR with cDNA of informaiwheterozygous cell lines

followed by direct sequencing. A circle indicategadymorphic site.
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Figure 3-25. SLC22A1 imprinting in hESC lines

(A) Genotyping at the C/T polymorphic site. Chroogaams distinguished genotypes
after PCR amplification of each cell line followég direct sequencing. (B) Allele-

specific expression. RT-PCR with cDNA of informai\heterozygous cell lines

followed by direct sequencing. A circle indicategadymorphic site.

3.2.24 TSSC4
The allele-specific expression 015SC4was examined by a G/A polymorphism. 3
informative cell lines (HUES16, HUES17 and H1) wedentified by direct

sequencing (Figure 3-25 A). Of 3 cell lines exardinal showed biallelic expression
(Figure 3-25 B).
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Figure 3-26. TSSC4 imprinting in hESC lines

(A) Genotyping at the G/A polymorphic site. Chroograms distinguished genotypes
after PCR amplification of each cell line followég direct sequencing. (B) Allele-

specific expression. RT-PCR with cDNA of informai\heterozygous cell lines

followed by direct sequencing. A circle indicategadymorphic site.

3.2.25 NAPIL4

The allele-specific expression dIAPIL4 was determined by a G/C polymorphism
(Monk et al., 2006a). 9 informative cell lines (HBE HUES2, HUES4, HUESS5,
HUES6, HUES12, HUES13, H1 and HES-2) were idemtiffEigure 3-26 A), Of 9

cell lines examined, all cell lines showed biatledixpression.
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Figure 3-27. NAPIL4 imprinting in hESC lines

(A) Genotyping. Chromatograms distinguished genegyafter PCR amplification of
each cell line followed by direct sequencing. (Bleke-specific expression. RT-PCR
with cDNA of informative heterozygous cell lineslltaved by direct sequencing. A
circle indicates a polymorphic site.
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Table 3-3. Summary of genotyping and allele-specifi

c expression of human embryonic stem cell lines

Cell line
Loci Gene o DNA
HUES1 HUES2 | HUES3 HUES4 | HUES5 | HUES6 | HUES7 | HUES8 | HUES9 HUES10 | HUES12 HUES13 HUES14 | HUES15 | HUES16 | HUESL7 BGOL HL HESC-NL1 HES-2 NOTT1 | NOTT2 | NTERA2
gDNA AB B/B B/B B/B B/B AB AB AB B/B AB B/B B/B B/B B/B AB B/B B/B B/B B/B AB B/B AB AB
1p36.33 P73 styl
CDNA AB AB AB AB AB AB AB AB AB
gDNA crr T cic T A A crr A T crr A crr A A crr crr T crr o crr T T A
SLC22A1 crr
CcDNA cr- crr - - csT csT cr- cr cr-
gDNA AB AB AB AB AB AIA AIA B/B BB AIA AB AB AB AIA AIA AIA AB AB AB B/B BB AB B/B
6025.3 Acl
CcDNA AB AB AB AB AB AB AB AB AB AB AB AB
IGF2R
gDNA AIA AIA AIA AIA AB AIA AIA AIA AB AIA AIA AIA AIA AIA AIA AIA AIA AIA AIA AB AIA AIA AIA
Mscl
CcDNA AB AB AB
gDNA cic cic crc cic crr crc crr cic cic crr crr cic cic crc crc crc cic cic A cic cic cic cic
7q21 PEG10 crr
CcDNA cr - - cr-
gDNA Gic Gic [l GG cic cic Gic GlG GIG Gic Gic GlG cc Gic Gic Gic Gic cic cic GIc Gic Gic Gic
PEG1 GIc CDNA! -ic G- G- G>C -Ic -Ic -Ic -Ic G- G- -Ic Gic GIC
7932 CcDNA? Gic Gic Gic Gic Gic Gic G<C Gic Gic Gic -Ic Gic Gl-
gDNA GG GIA GlG GIA AA AA GIA GlG GIA GIA GIA GIG AA GIA GIA GIA GG AA AA GIA GIA GIA GIA
MEST10T1 GIA
CcDNA G- G- -IA G- G- G<A GIA -IA -IA G- G<A Gl- ND
gDNA BB AB AB BB AB B/B AIA AB AB AIA AIA AIA B/B B/B B/B B/B AB BB B/B AIA AIA AB B/B
11p13 WT1 Hinfl
CcDNA AB AB AB AB AB AB ND
11p15.5 gDNA Gic Gic Gl Gic Gic Gic cic GlG cic cic Gic Gic GlG GlG GlG GlG cic Gic GlG Gic GIG GIG GlG
NAPIL4 Glic
CcDNA Gic Gic Gic GIC GIC GIC GIC Gic GIC
gDNA crr crr A crr crr A T o T A A A crr crr crr crr T cic crr A ND cic A
PHLDA2 crr
CcDNA c<T c<T crr cr c<T crr crr crr crr c<T
gDNA GG GG cic GG Gic GlG GG GlG GIG GlG Gic Gic Gic Gic GlG GlG GIG GIG Gic cic cic Gic cic
SLC22A18 Glic
CcDNA Glic GIC GIC GIC GIC GIc Gic
gDNA GG GG GlG GIA GlG GlG GIG GlG GIG GlG GIG GlG GIA GIA GlG GlG GIG GIG GlG GiG GG GIG GlG
CDKN1C GIA
CcDNA AG A<G A<G
gDNA GIA GIA GlG GG AA A GIA GIA GIA GIA GIA GIA A A GIA GIA GIA GIA GlG GIA NA NA NA
KCNQIOTI GIA
CcDNA /A Gl- A A A A Gl- Gl- ND /A Gl- A Gl-
gDNA GIA GIA GlG AA GlG GIA GIG GIA GIA GlG GIA GIA GlG GlG GlG GlG GG GG GlG GIG GIA AA GIG
KCNQ1 GIA
CcDNA Gl- A A Gl- /A Gl- Gl- A
gDNA GG GG GlG GG GlG GlG GG GlG GIG GIG GIG GIG GlG GlG GIA GIA GG GIA GIG GIG GG GIG GIG
Tssc4 GIA
CcDNA GIA GIA GIA
gDNA AB AA AA AA AB AB AA AB AB AA AA AA AA AA AB AB AA AA AB AB AA AB B/B
IGF2 Apal
CDNA AB AB AB AB A<B AB AB AB AB AB
H19 gDNA AB B/B AB B/B AB AA AB AA AB AB B/B B/B AB AB AA AA B/B AA AA AB AB AB AA
Alul
CcDNA B A- B B B B A- A- B B B
Rsal gDNA AB B/B AB AB AB AA AB AA AB AB B/B B/B AB AB AA AA AB AA AA AB AB AB AA
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CcDNA /B A- A- B -IB -IB -IB A- A- -IB AB B AB
gDNA T T A T A A T A T A A A A A A A ND T A A T T A
DLK1 crr
CcDNA
14q32
gDNA GG NA NG GIG GlG GlG NG GlG GIG NG NG NG NG NG GlG NG GIG NG NG GlG NG GG A
GTL2 AG
CcDNA -G A- -6 A- A- AG AG -G ND A- G
gDNA cic cic crc cic crc crc cic cric ciA crc crc cic cic crc crc cc cic cic cic cic cic cic cic
NDNLL ciA
CcDNA -IA
gDNA B/8 B/B B/B AB B/B B/B B/8 B B/B B/B B/B B/B NA B B/B B AB B B/B B/B B/8 B B/B
NDN Mbol
CcDNA /B A- -IB -IB A- A- A-
gDNA NA B/B B AB B B AB A B/B B B AA B/B B/B B/B B AB B B/B AA B B NA
15q11-
s SNRPN BstUl
CcDNA B B A- B A- A- B B A- B B B
gDNA AB AA AB AA B/B AB AB B/B AA AB AB B/B AA AB AA AB AB AA AB AB AA AB B/B
PW Hpht
CcDNA B A- A- A- A>B A- B A- B A- A- B
gDNA B/B AB B/B B/B AB AB AB B/B B/B AB AA AA B/B AB AB AB B/B B/B AB B/B AB AB AB
ATP10C Avall
CcDNA B A- A<B A- B B A>B B B B B AB
gDNA B/B B/B B/B AB B/B AB B/B AA AA B/B B/B B/B B/B B/B AA AA AB B/B AB B/B B/B AB AB
19q13.4 PEG3 Mnll
CcDNA B B A- A- B AB
gDNA Tic T T Tic Tic A cic A Tic cic Tic A Tic Tic cic cic Tic cic Tic A cic T cic
20q13.2 NESP55 crr
CcDNA -Ic T Tic T - T - -Ic -Ic

gDNA e.g. A/B: alleles are informative heterogene(/B); alleles are homogenous wild type (A/A)elds are homogeneous mutant type
(B/B). cDNA e.g. A/B: monoallelic expression (Aff gB); predominant monoallelic expressions(A<BAGiB); biallelic expression (A/B)
determined by Cui et al. (1998)PEGlisoform 1,° PEG1isoform 2

117



3.3 Discussion

The purpose of this study was to investigate thpriming stability in 22in vitro
cultured hESC lines by analysing the allele-spe@ipression of 22 imprinted genes
and 3 non-imprinted genes. Of 23 imprinted genesnéxed, 9 geneEG1Q PEG],
MESTIT1 IGF2, H19, GLT2 NESP55 PHLDA2 and ATP10GQ were variably
imprinted between hESC lines, whereas other gemasesl stable imprinting (Table
3-3 and 3-4), indicating gene-specific imprintinigrdption. Moreover, of 22 hESC
lines examined, 12 cell lines (HUES1, HUES2, HUEBRYES6, HUES7, HUES9,
HUES15, HUES16, HESC-NL1, HES-2, NOTT1 and NOTTZ)owed that
imprinting was disrupted at least one imprintedukcThus, in contrast to previous
studies, which showed imprinting stability in hEf@es (Mitalipov, 2006; Plaia et al.,
2006; Rugg-Gunn et al., 2005; Sun et al., 2006priming instability can be detected
by increasing the number of cell lines and impdngenes examined.

Table 3-4. Imprinting stability of human embryonic stem cell lines

Partial- No. of cell Imprinting
allelic lines analysed stability

KCNQ10T1 12 12
NDN
NDNL1
SNRPN 12 12 Stable
IPW 11 1 12
Paternally PEG3 5
expressed | WT1
gene PEG10 3 1 4
PEGL1 isoforml 10 12
PEGL1 isoform2 10 12 Unstable
MESTIT1 12
IGF2 10
DLK1
KCNQ1 8
CDKN1C 3
TP73

IGF2R

Maternally | g| co2a18
expressed
gene H19 11
GTL2 8 1
NESP55
PHLDA2
ATP10C 2 2

Imprinted gene Monoallelic Biallelic

PN R

[ee]

Stable

=
N

14

13
10
9 Unstable
10
11

Non- NAPIL4
imprinted | TSSC4
gene SLC22A1 5 2

Stable

N W O(N[O|FRP|FP|N|N

Variable
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3.3.1 Genes that are stably imprinted

3.3.1.1 Genes that are monoallelically expressed

8 imprinted genesNDN, NDNL1, SNRPN IPW, PEG3 KCNQ1 KCNQ1OT1land
CDKN1C were identified to be monoallelically expressadail informative hESC
lines, indicating that the genes are stably impdnand maintained upan vitro
culture. This concurred with the imprinting stalyilpreviously observed faBNRPN
IPW, NDNL1, KCNQ1 and KCNQ1OT1imprinting in a range of studies which
examined between 1 and 24 informative cell linedg&umi et al., 2007; Mitalipov,
2006; Rugg-Gunn et al., 2005; Sun et al., 2006).

Interestingly,NDN, NDNL1, SNRPNand IPW genes are known to be clustered on
human chromosome 15g11 ~ q13. (El-Maarri et al0120/acDonald and Wevrick,
1997; Sutcliffe et al., 1994; Wevrick et al., 1998urthermoreKCNQ1, KCNQ10T1
and CDK1NC genes are also clustered on human chromosome 1(Ljgk5et al.,
1999; Lee et al., 1997; Mitsuya et al., 1999; Smuh et al., 1999). In mouse and
monkey ESC lines, the imprinting stability has beeported in their orthologous
regions (Dean et al., 1998; Fujimoto et al., 2086humacher and Doerfler, 2004).
These evidences indicate that imprinting stabtigyn be regionalised in mammalian
ESC lines. The reason for such a regionalisedIgyaisi not clear, but one possibility
is that stably established methylation imprintsngbrinting control regions (ICRS) in
blastocyst stage embryos can be inherited into mallam ESCs and this can be
maintained with monoallelic expression of theirregsponding genes upan vitro
culture. IndeedKvDMR1 and SNRPNDMR are known as ICRs in the human and
mouse, and their maternal methylation imprints atably established during
oogenesis (Geuns et al., 2003; Geuns et al., 2QQifero et al., 2002; Sato et al.,
2007). These stable imprints are maintained througpreimplantation stage embryo
development with monoallelic expression of thelatige genes (Geuns et al., 2003;
Geuns et al., 2007b; Huntriss et al., 1998; Lewialg 2004; Salpekar et al., 2001).
Therefore, these imprints can be stably inheriteid ESCs and this may be not

susceptible to DNA methylation changes upomitro culture.

3.3.1.2 Genes that are biallelically expressed
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Unexpectedly, 4 imprinted gene§,P73 IGF2R WT]1 and SLC22A18 were
biallelically expressed in all informative hESC ds (Table 3-4). There are two
possibilities to explain this. Firstly, their impts have not been established in
blastocyst stage embryos and thus their derivedChlsses are still biallelically
expressed. Currently, the allele-specific expressod TP73 IGF2R WT1 and
SLC22A18has not been examined in human gametes and pegitapbn embryos to
confirm this possibility. Secondly, it can be alsxplained by tissue-specific
imprinting. TP73 IGF2R WT1, and SLC22A18are imprinted in a tissue-specific
manner (Chen et al., 2000b; Cooper et al., 1998gDai al., 2002; Jinno et al., 1994;
Mitsuya et al., 1997; Monk et al., 2006a; Xu et 4P93). For example/NT1 and
IGF2R are biallelically expressed in normal placentad &iuneys, although other
tissues show monoallelic expression (Jinno etl@P4; Mitsuya et al., 1997; Monk et
al., 2006a; Xu et al., 1993). MoreovéR73is biallelically expressed in normal brain,
ovary and cervix tissues (Chen et al., 2000b; Dengal., 2002), although it
monoallelically expressed in normal gastric, paatceand thymus tissues (Kang et
al., 2000; Mai et al., 1998a). Thus, the biallelipression ofGF2R WT1, SLC22A18
andTP73could be normal in hESC lines.

In this Chapter, 3 non-imprinted gendSEC4NAPIL4 andSLC22A) were used as
control for biallelic expressiol.SSC4andNAPIL4 were biallelically expressed in all
informative lines. This was consistent with prewabservations in hESCs and fetal
tissues (Monk et al., 2006a; Rugg-Gunn et al., 208bwever,SLC22A]1 which was
previously identified to be not imprinted in humand mouse tissues (Monk et al.,
2006a), showed variable imprinting in hESC lIn8EC22A1was monoallelically or
predominant monoallelically expressed 7 of 9 infative cell lines. Only 2 cell lines
(HUES7 and HESC-NL1) showed biallelic expressiomug, SLC22A1 may be

potentially imprinted or polymorphically imprinted early embryonic cells.

3.3.2 Genes that are unstably expressed

9 imprinted genesH19, GTL2 PEG1lisoform 1 and 2PEG1Q MESTIT1 NESP55
ATP10CG PHLDAZ2 andIGF2) showed unstable imprinting status in some indive
cell lines (see Table 3-3 and 3-4). This concumeth the imprinting instability
previously observed fafd19, IGF2, GTL2 PEG1andNESP55mprinting in 7 to 20
informative cell lines examined (Adewumi et al.0Z(.
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3.3.2.1 Loss of imprinting

Of 9 genes, 6 imprinted geneREG1Q PEG1 isoform IMESTIT1 H19, GTL2 and
NESP5% were identified to have loss of imprinting in last one hESC lines. In
detail, PEG10was monoallelically expressed in 3/4 informatiel dnes, but it was
biallelically expressed in HUESS, indicating los$ inprinting. NESP55 was
monoallelically expressed in 8/9 informative ceflels. Only one cell line, HUES5
showed biallelic expression, indicating loss of fmping. PEG1 isoform l1lwas
monoallelically expressed in 11/12 cell lines, N@TT2 showed biallelic expression,
indicating loss of imprinting.H19 was monoallelically expressed in almost all
informative cell lines, but HES-2 and NOTT2 showzdllelic expressionMESTIT1
was monoallelically expressed in 11/12 informatisel lines. HUES15 showed
biallelic expression of MESTIT1 indicating loss of imprinting.GTL2 was
monoallelically expressed in 9/10, but HUES15 shibweiallelic expression,

indicating loss of imprinting.

Loss of imprinting ofPEG1Q PEG1 isoform IMESTIT1 H19, GTL2andNESP55s
known to be associated with various cancers andesttal disorders (Bastepe et al.,
2005; Gicquel et al., 2005; Nakanishi et al., 200kabe et al., 2003; Pedersen et al.,
2002; Tsou et al., 2003; Weksberg et al., 1993). éxample, loss of imprinting of
PEGL1 isoform lis associated with human breast and lung carcisgiiNakanishi et
al., 2004; Pedersen et al., 2002). Moreover, ldsmprinting of H19, GTL2 NESP55
and MESTIT1is associated with human cancers, BWS patients SR8 patients
(Bliek et al., 2001; Chen et al., 2000a; Gicquealet2005; Reik et al., 1995). In this
Chapter, NOTT2 have loss of imprinting BEG1 isoform landH19. HUES5 have
loss of imprinting of PEG10 and NESP55 HUES15 have loss of imprinting of
MESTIOT1andGTL2 HES-2 has loss of imprinting f19. Although developmental
consequences have not examined in the Chapteg tedlslines need to be carefully

considered to be excluded for human therapeutibcapions.

3.3.2.2 Gain of imprinting

4 imprinted genedGF2, PEG1 isoform 2PHLDA2 andATP10G appeared to have
gain of imprinting in at least one informative lina detail, IGF2 was biallelically
expressed in almost all informative hESC lines @@/ Dnly one cell line, HUES9,
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showed predominantly monoallelic expression, inthca gain of imprinting.
Moreover, PEG1 isoform 2is normally biallelically expressed in human tessu
(Kosaki et al., 2000; McMinn et al., 2006; Nakalstyaet al., 2002). Consistently,
biallelic expression oPEG1 isoform 2was detected in 10/12 cell lines. However,
HUES16 and NOTT1 showed monoallelic or predomiryantbnoallelic expression,
indicating gain of imprinting. In addition, of 1Gformative cell lines examined,
PHLDA2 was biallelically expressed in almost informatigell lines. However,
HUES1, HUES2, HUES7 and HESC-NL1 showed predomipamonoallelic
expression, indicating gain of imprinting. FinallTP10Cwas biallelically expressed
in 7/11 informative cell lines. However, HUES5, H8& HUES7 and HUES16
showed monoallelic or predominantly monoallelic mgsion, indicating gain of

imprinting.

The imprinting disruption ofGF2, PEG1, PHLDA2 and ATP10Cis known to be
associated with congenital disorders and cancecx(@l et al., 2005; Meguro et al.,
2001; Muller et al., 2000; Nakanishi et al., 208¢arago et al., 2004; Weksberg et al.,
1993). Thus, HUES1, HUES2, HUES6, HUES7, HUES9, SBU& HESC-NL1 and
NOTT1 cell lines, identified to have gain of impiing of at least one imprinted locus,

also need to be considered to be excluded for huheapeutic applications.

Interestingly,IGF2, which was previously known to be monoallelicatypressed in
most human and mouse tissues (Giannoukakis et983; Ohlsson et al., 1993), was
biallelically expressed in hESC lines. There aned¢hscenarios that could explain
biallelic expression ofGF2 in hESC lines. One is that the vitro culture conditions
lead to loss of imprinting diGF2. In monkey ESC lines, of 7 informative cell lines
examined, loss of imprinting diGF2 was detected in all informative lines, as a
consequence ofin vitro culture conditions (Fujimoto et al., 2006). Anathe
explanation is that thE5F2 imprint was not established yet in the ICMs ofsibeyst
stage embryos. IndeelF2 was reported to be biallelically expressed in necaisd
human blastocyst stage embryos, but it became miehcaly expressed after
postimplantation (Murrell, 2006; Oswald et al., BRCFinally, thelGF2 expression in
hESCs could be in a dosage-dependent manner. Atrstgly has demonstrated that
IGF2 is one of key factors to regulate for stem celvaual (Bendall et al., 2007).
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Thus, biallelic expression ¢6F2 may be required to grow hESCs and maintain them
in an undifferentiated state.

3.3.3 Imprinting errors associated with  in vitro culture

Available data from mouse preimplantation stagergogand their-derived stem cell
lines have suggested that imprinting errors canabeumulated duringn vitro
prolonged culture (Dean et al., 1998; Humpheryal.e2001; Khosla et al., 2001a; Li
et al., 2005b). Similarly, alterd@6F2 andH19 imprinting has been detected in hESC
lines duringin vitro long-term culture (Adewumi et al., 2007; Rugg-Gwtral., 2005).
Adewumi et al., (2007) have found tH&F2 is monoallelically expressed at earlier
passages of the CCTL-9 cell line, but it becomdldieally expressed at later
passages. Moreover, Rugg-Gunn et al.,, (2005) hasdfd119 is biallelically
expressed in H9 at later passages, although itreeamallelic at earlier passages. In
this study, HESC-NL1 (passages 22 and 58) and HE&skages 56, 65 and 96) were
used to confirm this possibility. However, no imyiing changes were detected-i9
and IGF2 loci. Furthermore, of other imprinted genes exadjnnone showed
imprinting changes uponn vitro prolonged culture. Instead, in this Chapter,
imprinting errors were observed at earlier passagfeRESC lines. The passage
numbers of cell lines, which are identified to @amprinting errors, are 22 to 35 (see
Table 2-1), suggesting that short periodnrvitro culture may be sufficient to cause

imprinting errors in hESC lines.

3.3.4 Imprinting errors derived from donor embryos

In this Chapter, 16 HUES-lines were included toneixee the imprinting stability.
Interestingly, 8 cell lines (HUES1, HUES2, HUES5UES6, HUES7, HUESY9,
HUES15 and HUES16) appeared to be unstable, bubttier 8 cell lines (HUESS3,
HUES4, HUESS, HUES10, HUES12, HUES13, HUES14 and&EBLY) appeared to
be stable, although they were derived and cultumedame methods and materials
(Cowan et al., 2004). The passage numbers aresatstar (from 26 to 37). Only

known variations between cell lines are donor emmdry

Previous reports have demonstrated that oocytegmmhplantation stage embryos
can have imprinting errors, when ART procedureg.(&/F and IVC) are applied
(Horsthemke and Ludwig, 2005; Khosla et al., 200z ifero et al., 2004a; Maher,
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2005; Young and Fairburn, 2000). These imprintingrs in mouse embryos are
stably inherited into ESCs (Li et al., 2005). A6 HUES-lines are derived from
embryosin vitro fertilised and cultured up to blastocyst stagew@o et al., 2004).

Thus, it is possible that some blastocyst stagergmsbused for derivation of 16
HUES-lines can have imprinting errors, while thegia vitro fertilised and cultured.

These errors can be stably inherited into some HUES (Allegrucci et al., 2004).

Another possibility is that 16 HUES-lines are dedvifrom slightly different stage of

blastocyst stage embryos (Cowan et al., 2004),icaphg that some imprints were

not fully established in some blastocyst stage goshrMoreover, 16 HUES-lines

have derived from frozen and thawed low-grade epghaving different blastocysts
grade scores (3AA to 4CB), as classified by Garae., (2000). These factors can
also influence that some cell lines appear to éelstbut some cell lines are not.

3.3.5 Imprinting errors and other factors

It has been suggested that, imprinting of mateynaipressed genes (eld19 and
NESP5% can be easily disrupted in vitro long-term culture of hESC lines (Rugg-
Gunn et al., 2005). In this Chapter, of 11 patdynaekpressed genes examined, 4
genes PEG1Q PEG1 MESTIT1andIGF2) showed unstable imprinting in hESC lines.
Of 10 maternally expressed genes examined, 5 qeli® GTL2 NESP55PHLDA2
and ATP10GQ showed unstable imprinting in hESC lines. Thidligates no
relationship between imprinting disruption and tgdiparental expression status (i.e.
maternal or paternal). Moreover, the imprintingrajgion between hESC lines
showed no relationship with karyotypic aberratioctgjomosomal locations, genders,
and culture conditions (see Table 2-1).

3.3.6 Further works needed

Previously, it has been reported that mice derifrech mESCs having imprinting
errors, have widespread cancer formation (Holm.e2805). In this Chapter, it was
not examined whether imprinting errors in hESC dinean be associated with
developmental consequences during lineage-spedfféerentiation and post-
transplantation. To investigate thigs,vivo andin vitro differetnation studies need to
be examined with hESC lines having imprinting defecThe allele-specific
expression of imprinted genes is guided by diffeatrepigenetic marks (e.g DNA
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methylation and histone modifications) at their rmpng regulatory regions. This
needs to be examined to understand mechanistghingito imprinting instability of

some hESC lines.

125



4 DNA METHYLATION AT IMPRINTING REGULATORY
REGIONS IN HUMAN EMBRYONIC STEM CELL LINES

4.1 Introduction

The allele-specific expression of imprinted genas be regulated by allele-specific
differential DNA methylation at their regulatorygiens (reviewed by Constancia et
al., 2004; Ferguson-Smith and Surani, 2001; Reik \Afalter, 2001; Surani, 2001).
Thus, this chapter aimed to determine whether dvBidA methylation in selected
12 imprinting regulatory regions is associated \lih allele-specific expression status

of imprinted genes in hESC lines examined in Chrapte

4.1.1 DNA methylation associated with imprinted gen e expression

DNA methylation is responsible for regulating th#ela-specific expression of
imprinted genes, although histone lysine methytatind H3 and H4 acetylation have
been reported to be involved in this (Carr et2007; Fournier et al., 2002; Lau et al.,
2004; Lewis et al., 2004; Umlauf et al., 2004; uak, 2004). DNA methylation at
imprinted loci occurs in a specific region namedaatdifferentially methylated region
(DMR) (Fitzpatrick et al., 2002; Lin et al., 2008parago et al., 2004). Often DMRs
contain more than one CpG island (Fitzpatrick t2102; Lin et al., 2003; Sparago et
al., 2004). The DMR is differentially methylatedtlween parental alleles to direct the
allele-specific expression of its relative imprihigenes (reviewed by Reik and Walter,
2001; Surani, 2001). For exampREG1 (paternally expressed geng is expressed
from the paternally allele mediated by paternal ethylation at thePEG1 DMR
(Kosaki et al., 2000; Nakabayashi et al., 2002;elPeeh et al., 2002; Riesewijk et al.,
1997). On the other hand, maternal methylation e PEG1 DMR directs

transcriptional silencing d?EG1from the maternal allele.

So far, ~ 15 DMRs have been identified in the huraad mouse (see Table 1-2).
Most DMRs are frequently found in the promoter oegof imprinted genes, but some
DMRs are located in the intronic region of improhigenes that is associated with the
expression of antisense transcripts (Mancini-Dinoagtlal., 2006; Sleutels et al., 2002;
Smilinich et al., 1999; Wutz et al., 1997; Zwartakt 2001). The imprinting control
region (ICR), which is also differentially methydat on both parental alleles, act as a

regional imprinting controller that can direct #&lespecific expression of its
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surrounding genes (Gicquel et al., 2005; Lin et 2003; Schoenherr et al., 2003;
Sparago et al., 2004). For example, on human chsome 11p15.5 (mouse distal
chromosome 7), two ICRs (ICR1 also knownHi® DMR and ICR2 also known as
KvDMRJ) have been identified to direct the allele-speakpression of more than 13
imprinted genes (see Figure 1-4).

4.1.2 Imprinting regulatory regions

4.1.2.1 KvDMRL1 (ICR2)

The KvDMR1 (potassium voltage differentially methylated regibn a ~2kb CpG
island, is located in intron 10 6fCNQ1 (potassium voltage-gated channel, KQT-like
subfamily, member)lon human chromosome 11p15.5 (mouse distal chromes’)
(Lee et al., 1999; Smilinich et al., 1999; Umlatitk, 2004). In the human and mouse,
KvDMR1is known to be a germ-line DMR which is methylaiadoocytes but is
unmethylated in sperm (Geuns et al., 2007b; Khowrei al., 2008; Lewis et al.,
2004), indicating that the maternal allele-specifitethylation atKvDMR1 is
established during gametogenesis. This germ-lieeip methylation akvDMR1is
maintained throughout mammalian development (Getias, 2007b; Khoureiry et al.,
2008; Lewis et al., 2004).

Deletion studies in the mouse and human have reddalat the paternal allele of
KvDMR1is essential for regulating the allele-specifipmssion of 9 imprinted genes
in the centromeric region of a cluster (Fitzpatretkal., 2002; Horike et al., 2000;
Lewis et al., 2004; Mancini-Dinardo et al., 2008).mice, for example, the deletion
of unmethylated paternal allele &&vDMR1 leads to transcriptional silencing of
Kcnglotl and biallelic expression oTssc3lpl, Slc22al8Tsscs Cdknlép57P2,
Kcnql, Tssc4 Osbplg Cd81 andAscl2ZMash2 (Fitzpatrick et al., 2002; Lewis et al.,
2004; Mancini-Dinardo et al., 2006). However, thedetion of methylated maternal
allele of KvDMR1 shows no changes in allele-specific expressiothese imprinted
genes. Similar results have been reported in theahu(Horike et al., 2000). The
deletion ofKvDMR1 on the paternally inherited chromosome in chickam0 cells
leads to transcriptional silencing 88 CNQ1OT1and increased expression of both
CDKN1CandKCNQ1genes, implicating loss of imprinting &@DKN1CandKCNQ1
(Horike et al., 2000). Importantly, Fitzpatrick &t, (2002) and Horike et al., (2000)
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have demonstrated that the deletion KKIDMR1 show no perturbation of the
imprinting status of théGF2-H19 domain located in the more telomeric region of a
cluster, indicating thalkvDMR1 is associated with allele-specific expression of

imprinted genes within the centromeric region cfuster (see Figure 4-1).

Loss of maternal methylation KEvDMR1 leads to loss of imprinting ddCNQ1O0T1
that has been frequently found in BWS patients Wfilins’ tumours (Bliek et al.,
2001; Lee et al.,, 1999; Smilinich et al., 1999). rBtver, gain of imprinting of
CDKN1Chas been reported as a consequence of loss oflataih atKkvDMR1 that

is frequently found in hepatocarcinomas (Schwiehbaet al., 2000).

A
Human chromosome 11p15.5
KvDMR1
§ OSBPLS CDKN1C TSSC4
SLC22A18 cD81
TSSC3 RHEMX
NAPTL4 KCNQ10T? ASCL2
B

Mouse distal Chromosome 7

KvDMR1

% Osbpl5 CdkniC
Sic22a18

Tssc3
Nap1i4 Kengiott Ascl2

Figure 4-1. KvDMRL1 in the human and mouse

(A) Human KvDMR1 in chromosome 11p15.5. (B) Moud¢vDMR1 in distal
chromosome 7KvDMR1know as ICR2 which is paternally unmethylated @mnally
methylated) that directs the allele-specific expi@s of imprinted geneOSBPLS
NAP1L4 SLC22A18CDK1INC KCNQ1L KCNQ10T1TSSC4CD81 andASCLJ in

a cluster. Maternally expressed genes shown in Pedyene KCNQ1OT] is
paternally expressed shown in blue. Genes areshallly expressed shown in black.
The CTCF protein binds to the unmethylated pateshiele ofKvDMRL1 Vertical bars
indicate CpG dinucleotides. Filled circles represerethylated CpG dinucleotides.
Unfilled circles represent unmethylated CpG dinattées.

4.1.2.2 H19 DMR (ICR1)
TheH19 DMR (ICR1), a ~2kb CpG island, is located in the matemeric region of
a cluster on human chromosome 11p15.5 and in tti®logous region on mouse

distal chromosome 7 (Olek and Walter, 1997; Pardl.et2004; Thorvaldsen et al.,
1998). TheH19 DMR lies between ~ 2 kb upstream of tH&9 promoter and ~ 90kb
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downstream of th&GF2 gene (Thorvaldsen et al., 1998). In the humanraodse, the
H19 DMR is known to be a germ-line DMR which is metitgd in matured
spermatogonia but unmethylated in oocytes (Borghal., 2006; Kerjean et al., 2000;
Olek and Walter, 1997; Ueda et al., 2000), indigatthat paternal allele-specific
methylation at theH19 DMR is established during gametogenesis. This [jeem
specific methylation at thed19 DMR is maintained throughout mammalian
development (Fedoriw et al., 2004; Kerjean et20Q0; Li et al., 2004; Szabo et al.,
2002).

Deletion studies in the mouse and human have redetlat theH19 DMR is
responsible for regulating the allele-specific egsion of bottH19 andIGF2 genes
(Schoenherr et al., 2003; Sparago et al., 2004rvEfdsen et al., 1998). The deletion
of theH19 DMR on the paternally inherited allele leads tssl@f imprinting ofH19
and reduced expressionlgf2 (Thorvaldsen et al., 1998). Furthermore, the deledf
theH19 DMR on the maternally inherited allele leads teslof imprinting ofgf2 and
reduced expressed bFL9 (Schoenherr et al., 2003; Thorvaldsen et al., 198Bus,
both parental alleles @19 DMR are required for regulating the allele-specifi

expression ofGF2 andH19 genes in the human and mouse.

The CTCF (CCCTC-binding factor) proteins and enleamtements are also required
for regulating the monoallelic expression of bls#t2 andH19 genes (Figure 4-2 A).
Seven CTCF biding sites have been identified infthmmanH19 DMR (four CTCF
biding sites in the mougd19 DMR) (Hark et al., 2000). Two enhancer elemenés ar
identified which lie between 7 and 9 kb downstrezrtheH19 promoter and ~100 kb
downstream of thégf2 promoter (Figure 4-2 A). The CTCF proteins bindthe
unmethylated maternal allele of their biding sitesthe H19 DMR and acts as an
insulator that blocks interaction between B promoter and enhancer elements on
the maternal allele (Hark et al., 2000; Schoenbkesl., 2003; Sparago et al., 2004).
Thus, IGF2 is transcriptionally silenced from the materndklal whereadH19 is
transcriptionally active. On the other hand, thehylated paternal allele of tHe19
DMR suppresses the accessibility of CTCF protevag allows enhance elements to
bind to the IGF2 promoter, resulting in paternal expression @F2 and
transcriptional silencing dfl19 (Hark et al., 2000; Schoenherr et al., 2003; Spas
al., 2004). Deletion and mutation studies have akgethat the CTCF proteins have
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an important role for maintaining DNA methylatioratferns at theH19 DMR
(Fedoriw et al., 2004; Pant et al., 2004; Pant.e803; Schoenherr et al., 2003). The
inactivation of CTCF proteins and point mutationtledir biding sites lead tde novo
methylation at the unmethylated maternal allelehefH19 DMR that is associated
with loss of imprinting oH19 andIGF2 genes (Fedoriw et al., 2004; Pant et al., 2004,
Pant et al., 2003; Schoenherr et al., 2003).

Aberrant DNA methylation patterns at tH&9 DMR can be found in patients who are
suffering from Silver-Russell syndrome (SRS), BWfd aarious cancers (Bliek et al.,
2001; Gicquel et al., 2005; Reik et al., 1995; Wiekg et al., 2003). For example, in
SRS patients, loss of paternal methylation at #i® DMR has been detected in
association with reduced expressiorl®F2 and biallelic expression &119 (Gicquel

et al., 2005). Moreover, gain of methylation at tHhed DMR has been detected in
some BWS patients and Wilms’ tumours that is asgediwith reduced expression of
H19 and biallelic expression ¢6GF2 (Bliek et al., 2001; Prawitt et al., 2005; Reik et
al., 1995; Weksberg et al., 1993).

TheH19 DMR in preimplantation stage embryos and theiraaiESCs is known to
be highly susceptible to DNA methylation changesrup vitro culture that leads to
phenotypic abnormalities during prenatal and pdatndevelopment (Dean et al.,
1998; Doherty et al., 2000; Fernandez-Gonzale. e2@04; Khosla et al., 2001a; Li
et al., 2005b; Mitalipov et al., 2007; Rugg-Gunn at, 2005). For instance,
hypermethylation at thel19 DMR (associated with transcriptional silencingHif9
and biallelic expression d6GF2) has been detected in mouse blastocyst stage embryos
and mESCs as a consequencmaitro culture conditions (Dean et al., 1998; Doherty
et al., 2000; Khosla et al., 2001a; Mann et alQ4)0 Their derived foetuses have
phenotypic abnormities including polyhydramnios,opanandible development,
interstitial bleeding and increased fetal mass (Detal., 1998 and Khosla et al.,
2001a).
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Figure 4-2. IGF2-H19 and DLK1-GTL2 DMRs

(A) IGF2-H19 domain on human chromosome 11p15.5. PRK1-GTL2 domain on
human chromosome 1493®&F2 and DLK2 are paternally expressed, wheréH<®
and GTL2 are maternally expressel{sF2 and DLK1 are protein encoding genes,
whereasH19 and GTL2 are non-coding genes. The monoallelic expressicimase
genes is mediated by allele-specific differenti@tiylation at DMRs, CTCF proteins
and enhancer elements. Vertical bars indicate Cpthickbotides. Filled circles
represent methylated CpG dinucleotides. Arrows emtangular boxes indicate gene
transcription.

4.1.2.3 GTL2 DMR (IG-DMR)

The GTL2(gene trap locus 2DMR (also known as IG-DMR), a ~4kb CpG island, is
located in human chromosome 1432 (mouse dist@inobsome 12) (Astuti et al.,
2005; Kawakami et al., 2006; Lin et al., 2003; Tdkat al., 2002). In the human and
mouse, theGTL2 DMR is known to be a germ-line DMR which is metitgd in
sperm but unmethylated in GV, Ml and MII stage desy(Geuns et al., 2007a; Lin et
al., 2003), indicating that paternal allele-specifnethylation at the&TL2 DMR is
established during gametogenesis. This germ-liseiBp methylation at theGTL2
DMR is maintained throughout mammalian developn{@#uns et al., 2007a; Lin et
al., 2003; Takada et al., 2002; Wylie et al., 2000)

A deletion study in mice has suggested that theemal allele of theGtl2 DMR is
essential for regulating the allele-specific expi@s of its surrounding 4 imprinted
genes within a cluster on mouse distal chromosa2ng.ih et al., 2003). The deletion
of the Gtl2 DMR from the maternally inherited allele leadsbiallelic expression of
DIkl (delta, drosophila, homolog-like),1Dio3 (deiodinase iodothyronine typeg a8nd
Rtl1 (retrotransposon-like Y1 and transcriptional silencing @tl2 (Lin et al., 2003).
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However, the deletion of th&tl2 DMR from the paternally inherited allele shows no
changes in allele-specific expression of these gi€him et al., 2003). Interestingly,
additional two CpG islands (CpG1l and CpG2) havenhéentified in theDLK1-
GTL2domain (Astuti et al., 2005; Carr et al., 2007 walkami et al., 2006; Takada et
al., 2002; Wylie et al., 2000). However, it has heen examined yet whether they can
direct allele-specific expression of imprinted gemethin a cluster.

Spatial, structural, epigenetic characteristicthefDLK1-GTL2 domain are similar to
those of thedGF2-H19 domain (Figure 4-2)IGF2 and DLK2 are expressed on the
paternally inherited allele, wheread19 and GTL2 are maternally expressed
(Bartolomei et al., 1991; DeChiara et al., 1991b&yashi et al., 2000; Miyoshi et al.,
2000).1GF2 andDLK1 are protein encoding genes, whered® and GTL2 encode
for non-coding RNA (ncRNA) (Bartolomei et al., 199Kalscheuer et al., 1993;
Wylie et al.,, 2000). The allele-specific expressiomnthese genes is mediated by
differential allele-specific methylation &19 and GTL2 DMRs (Lin et al., 2003;
Sparago et al., 2004; Thorvaldsen et al., 1998;i&\at al., 2000). Moreover, similar
to the H19 DMR, there are CTCF binding sites (located 1131 dma 840 bp,
respectively, upstream of @TL2 transcription start site) and enhancer elements
(located 8.9 kb and 10.7 kb, respectively, dowiastredf aGTL2 transcription start
site) within theGTL2 DMR (Figure 4-2) (Takada et al., 2002; Wylie et, £000),
implicating that allele-specific expression@fK1 andGTL2genes may be guided by

CTCF proteins and enhancer elements.

Aberrant DNA methylation patterns at t&'L2 DMR have been reported in human
cancers and oligospermia patients (Astuti et aDQ52 Kawakami et al., 2006;
Kobayashi et al., 2007). Gain of methylation atihenethylated maternal allele of the
GTL2 DMR has been found in neuroblastomas, phaeochrgtiomoe, renal cell
carcinomas and Wilms' tumours (Astuti et al., 200&awakami et al., 2006).
Moreover, loss of paternal methylation at t68L2 DMR has been detected in
oligospermia patients, as a consequence of impajpedmatogenesis (Kobayashi et
al., 2007).

4.1.2.4 PEG1 DMR
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The PEGL1 (paternally expressed geng MR, a ~600 bp CpG island, is located in
the promoter and exon 1 BEG1on human chromosome 7q32 (mouse chromosome
6) (Riesewijk et al., 1997). In the human and motlsePEG1DMR is known to be a
germ-line DMR which is methylated in oocytes bunathylated in sperm (Kerjean et
al., 2003; Kerjean et al., 2000; Lucifero et abp2b; Obata and Kono, 2002; Sato et
al., 2007). This indicates maternal allele-speaifiethylation at thd?PEG1 DMR is
established in the germ line. This germ-line speaifethylation at th€ EG1DMR is
maintained throughout mammalian development (McMehmal., 2006; Nakabayashi

et al., 2002; Pedersen et al., 2002).

MESTIOT1(MEST intronic transcript YPEGLAS which is maternally imprinted,
has been identified to be transcribed in the oppatrection toPEG1and shares the
promoter region oPEGL1 isoform 1(Li et al., 2002; Nakabayashi et al., 2002). Thus,
it has been suggested that maternal allele-speungitylation at th EG1DMR can
also direct the paternal expressionMESTIOT1(Li et al., 2002; Nakabayashi et al.,

2002). However, clear evidences about this havdeen reported yet.

Aberrant DNA methylation at theEG1 DMR can be found in oligospermia patients
(Kobayashi et al., 2007; Marques et al., 2004) suqgerovulated oocytes (Kerjean et
al.,, 2003; Sato et al., 2007). This may be duemgpaired spermatogenesis and
oogenesis. Moreover, loss of imprintingREG1 has been detected in breast and lung
carcinomas that is associated with loss of matemethylation at thd®’EG1 DMR
(Nakanishi et al., 2004; Pedersen et al., 2002).

Isoform 2 Isoform 1
Paternal exonA exoni
] []

Figure 4-3. PEG1 DMR in the human

The PEG1 DMR is maternally methylated, but it is paternallgmethylatedPEG1
isoform ltranscribed from exon 1 is paternally expressdtkreasPEG1 isoform 2
transcribed from exon A is expressed from both mafealleles. Paternal-specific
unmethylation at tfeEG1DMR is responsible for expressionEG1 isoform land
MESTIT1from the paternal chromosomMESTIT1is located on an intron ;FEG1
isoform 2, shares the promoter regionREG1 isoform 1 and is transcribed in the
opposite direction t°’EGL Vertical bars indicate CpG dinucleotides. Fillgccles
represent methylated CpG dinucleotides. Arrowscaid gene transcription.
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4.1.2.5 IGF2R DMR1 and DMR2

Thelgf2r (insulin-like growth factor2 receptpgene contains two DMRs (DMR1 and
DMR?2) in mouse proximal chromosome 17 (Barlow et 8991; Kalscheuer et al.,
1993; Stoger et al., 1993) (Figure 4-4). DMR1 isaled in the promoter region of the
Igf2r gene which is methylated on the paternal chromesbuat unmethylated on the
maternal chromosome (Stoger et al., 1993). DMR2 2&b CpG island, is located in
intron 2 oflgf2r, which is methylated on the maternal allele buhathylated on the
paternal allele (Stoger et al., 1993). In the mops¢ernal allele-specific methylation
at thelgf2r DMR1 is acquired after fertilization, indicatingat it is a somatic DMR
(Stoger et al., 1993). However, maternal allelezdjme methylation at thelgf2r
DMR2 is acquired during gametogenesis, indicatingt tit is a germ-line DMR
(Lucifero et al., 2002; Stoger et al., 1993). Thas not been examined in human

gametes and preimplantation embryos.

Deletion studies in mice have revealed that diffeed methylation at théggf2r DMR2
and the presence of th&ir transcript are essential for regulating alleleedpe
expression ofigf2r, Air, and two placental-specific imprinted gen&cp2a2and
Slc22a3 in a cluster (Sleutels et al., 2003; Sleutelalet2002; Wutz et al., 1997;
Zwart et al., 2001). For example, the deletionhaflgf2r DMR2 in mice leads to loss
of imprinting ofIgf2r, Slc22a2andSlc22a3and transcriptional silencing @&fir (Wutz

et al., 1997; Zwart et al., 2001). Moreover, théetien of theAir transcript leads to
loss of imprinting ofigf2r, Slc22a2and Slc22a3(Sleutels et al., 2003; Sleutels et al.,
2002).

In the human, onlyGF2R DMR2 has been reported to be differentially medbad on
human chromosome 6926, wherd@~2R DMR1 is completely unmethylated on
both parental alleles (Smrzka et al., 1995), ingiiiy thatt GF2R DMR2 may direct
monoallelic expression dGF2R However, biallelic expression ¢5F2R has been
mostly detected in lymphoblastoid cells and fetal adult tissues including placentae,
heart and liver, although preferential expressibthe maternal allele diGF2R has
been reported in some tissues (Kalscheuer et33;IMonk et al., 2006a; Xu et al.,
1993). This indicates no correlation betwekdF2R imprinting and differential
methylation atIGF2R DMR2. Thus, recent studies have suggested thatr oth

epigenetic marks at histones may be involvedGR2R imprinting (Monk et al.,
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2006a; Vu et al., 2004). Alternatively, the lacknoéthylation atlGF2 DMR1 may be
associated with the biallelic expression®F2R (Hu et al., 1998).

In the mouse, aberrant DNA methylation lgf2r DMR2 has been detected in
superovulated oocytes, amdvitro cultured embryos and mESCs (Dean et al., 1998;
Kerjean et al., 2003). This may be due to impamedenesis anéh vitro culture
conditions. Moreover, loss of methylation at #&~2R DMR2 has been reported in
sheep, as a consequencero¥itro culture of ovine embryos that is associated with
Large Offspring syndrome (LOS) (Young et al., 2001)

Mouse chromosome 17
DMRA1 DMR2

suors 11| (57 g | (o -

Afr +-

Maternal m m "l | r’m’— Sic22a2 | Sic22a3
Aj.

ir 9

Human chromosome 6926
DMR1 DMR2

AIR €
o g LLL 5@
AIR

Figure 4-4. IGF2R DMR1 and DMR2 in the mouse and human

(A) In the mouse, DMRL1 is paternally methylated lmoaternally unmethylated.
DMR2 is maternally methylated but paternally unm&ted. (B) In the human,
DMR1 is completely unmethylated, whereas DMR2 f$edentially methylated. No
AIR transcript is detected in the human. Verticarsindicate CpG dinucleotides.
Filled circles represent methylated CpG dinuclexgtid Arrows indicate gene
transcription.

4.1.2.6 PEG3 DMRs

The PEG3(paternally expressed geng¢ BMR, a 364bp CpG island, is located in the
promoter and exonl oPEG3 on human chromosome 19g13.4 (mouse proximal
chromosome 7) (Dowdy et al., 2005; Kim et al., 2003t al., 1999; Maegawa et al.,
2001). In the mouse, theeg3 DMR is know to be a germ-line DMR which is
methylated in oocytes but unmethylated in spernmé&ad et al., 2006; Lucifero et al.,
2002), indicating that maternal specific methylatet Peg3DMR is acquired in the
germ line. This has not been determined in humameggs and preimplantation stage

embryos.
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In the mouse, 5 additional imprinted gengs{29 Zf264 Zim1, Zim2 andZim3) have
been indentified within the surroundirReg3 DMR (Kim et al., 2000a; Kim et al.,
2001; Kim et al., 2003; Kim et al., 2000b), implicag that thePeg3DMR may act as

a ICR in a cluster on chromosome 7 to direct akbglecific expression of these genes.
To examine this possibility, deletion and mutatstadies are required. In the human,
ZIM2 has been reported to be imprinted, whereas theantig status of other genes
has not been identified (Kim et al., 2000a; Kinakt2001).

Interestingly, the Gli-type transcription factorYY, has been reported to bind to the
unmethylated allele of theeg3DMR (Kim and Kim, 2008; Kim et al., 2003; Kim et
al., 2006). Similar to the CTCF protein, YY1 actsaamethylation sensitive insulator
that can regulate allele-specific expressiorPef3and its neighbouring genes (Kim
and Kim, 2008; Kim et al., 2003; Kim et al., 200@he inactivation of the YY1
protein in mice leads to down-regulation B&€g3 expression mediated by gain of
methylation at thé€?eg3DMR (Kim and Kim, 2008), indicating that YY1 isssntial
for maintaining an unmethylated state at the pataltele of thePeg3DMR.

Loss of methylation at theEG3DMR has been detected in various cancer celsline
including JEG3 and BeWo, HTB-16, HTB-17, and CRI2Q6RL-95, C33A, ME180,
Ovcar-3 and Ovcar-5 that is associated with logmpfinting of PEG3(Dowdy et al.,
2005; Maegawa et al., 2001).

4.1.2.7 NDN and SNRPN DMRs

The NDN DMR, a 880bp CpG island, is located in the promoggion of NDN
(Boccaccio et al., 1999; El-Maatrri et al., 2001ulet al., 2004). ThENRPNDMR, a
~4.3kb CpG island, is located in the promoter axwh& of SNRPN(EI-Maatrri et al.,
2001; Sutcliffe et al., 1994). BothDN andSNRPNDMRs are maternally methylated
but paternally unmethylated in normal tissues omdw chromosome 15q11 (mouse
chromosome 7) (MacDonald and Wevrick, 1997; Tsailet1999). In the human and
mouse, both DMRs are known as germ-line DMRs wlaich methylated in oocytes
but unmethylated in sperm (El-Maarri et al., 20@Eeuns et al., 2003; Hanel and
Wevrick, 2001; Lucifero et al., 2002), indicatingpat maternal allele-specific
methylation aNDN andSNRPNDMRs is acquired during gametogenesis. This germ-
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line specific DNA methylation is maintained durimgammalian development (El-
Maatrri et al., 2001; Geuns et al., 2003; Huntriszl.e 1998; Salpekar et al., 2001).

Aberrant DNA methylation &DN andSNRPNDMRs has been reported in PWS, AS
and oligospermia patients (Cox et al., 2002; Kokhya&t al., 2007; Orstavik et al.,
2003; Sutcliffe et al., 1994). For example, lossnadthylation atNDN and SNRPN
DMRs has been found in some PWS patients thasizcaded with loss of imprinting
of SNRPN(EI-Maarri et al., 2001; Reis et al., 1994; Sdtelet al., 1994). Moreover,
loss of methylation at thENRPNDMR is frequently found in ART-conceived AS
children (Cox et al., 2002; Orstavik et al., 2003ain of methylation at thENRPN
DMR has been reported in oligospermia patientsaasonsequence of impaired

spermatogenesis (Kobayashi et al., 2007).

4.1.3 DNA methylation at DMRs in ESCs

In vitro derived and cultured mouse and rhesus monkey B&@s been identified to
have imprinting errors associated with aberrant DNwthylation at imprinting
regulatory regions (Dean et al., 1998; Feil et 4B97; Fujimoto et al., 2006;
Humpherys et al., 2001). In contrast to mouse avdus monkey ESCs, 5 hESC lines
exhibit a substantial degree of imprinting stapilin association with normal
monoallelic DNA methylation patterns 8NRPNH19, GTL2 NESP55ndKvDMR1
DMRs (Plaia et al., 2006; Rugg-Gunn et al., 20@s)ly one cell line, H9, shows gain
of methylation at thé4119 DMR at later passages (p66 ~ pl101) that is notcissal
with biallelic expression dfi19 (Rugg-Gunn et al., 2005).

4.1.4 Chapter aims

Unstable and variable imprinting has been detesyeidcreasing the number of hESC
lines and imprinted genes examined in Chapter 8sTthe aim of this Chapter is to
determine whether imprinting instability in hESChds are correlated to DNA

methylation changes at potential imprinting reguiategions.
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4.2 Results

Direct bisulphite sequencing was performed to gare overview of the mean
methylation status aTP73 KCNQL CDKN1C and SLC22A18promoters, and
KvDMR], PEG], PEG1Q IGF2, GTL2 NDN andNESP55DMRs in all informative
cell lines characterised in Chapter 3. Clonal lpkite sequencing and combined
bisulphite restriction analysis (COBRA) were penied to confirm DNA methylation
at theNESP55PEGY, PEG1Q GTL2andNESP53DMRs.

4.2.1 Direct bisulphite sequencing electrophoretogr ams

Figure 4-5 shows direct bisulphite sequencing ebptioretograms at tHREG1DMR

in HUES7, HUES12, HUES17, BGO1 and NOTT2. The degrieDNA methylation
in each CpG dinucleotide is determined by the indgteak height of C (cytosine) and
T (thymine) as follows: 1) If a C peak is higheamha T peak in a CpG dinucleotide,
the CpG dinucleotide is defined to be predominaméthylated (yellow rectangle). 2)
If a T peak is higher than a C peak in a CpG dieniddle, the CpG dinucleotide is
defined to be predominantly unmethylated (blueamgle). 3) If both C and T peaks
are present at the equal height in a CpG dinuclepthe CpG dinucleotide is defined
to be monoallelically methylated (grey rectangl)lf a C peak alone is present in a
CpG dinucleotide, the CpG dinucleotide is definethé methylated (black rectangle).
5) If a T peak alone is present in a CpG dinuctentthe CpG dinucleotide is defined
to be unmethylated (white rectangle). 6) A red aegte indicates the mutation of
CpG dinucleotides. Six criteria were previouslyidefl by Frigolaet al, (2006). On
the basis of these criteria, direct bisulphite seqing was performed in selected 12

imprinting regulatory regions.
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Figure 4-5. Direct bisulphite sequencing electropho retograms

PCR with bisulphite modified DNA of HUES7, HUES1RIUES17, BGOl1 and
NOTT2 and direct sequencing were performed to giveverview of the mean DNA
methylation status of thBEEG1 DMR. Sequencing data were analysed by Chromas
Lite v2.01. The CpG dinucleotides are numbered a$o 212. The degree of
methylation in each CpG dinucleotide is determibgdhe relative peak height of C
and T. C>T indicates predominant methylation (yellcectangles). C<T indicates
predominant unmethylation (blue rectangles). C=dicates hemimethylation (grey
rectangles). C alone indicates complete methyla(iolack rectangles). T alone
indicates complete unmethylation (white rectanglé@$)ree types (C>T, C<T and
C=T) are defined to be differentially methylated_gG dinucleotides.
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4.2.2 TP73 promoter

DNA methylation at 50 CpG dinucleotides within fhie73promoterwas analysed by
direct bisulphite sequencing (Dong et al., 2002ERPwith bisulphite modified
genomic DNA of 8 informative cell lines (see sent®?2.1, HUES1, HUES6, HUES7,
HUESS8, HUES10, HUES16, HES-2 and NOTT2), HESC-Npas6ages 22, 58) and
NTERAZ2, and direct sequencing were performed. Tagrek of methylation was
determined by the relative peak height of C andb0.CpG dinucleotides in the
promoter region of P73were completely unmethylated in all hESC lineg(iFé 4-6
A). However, NTERA2 showed predominant methyla@d27/50 CpG dinucleotides.
No methylation changes were detectedinnvitro prolonged culture of HES-2
(passages 56, 65, 96) and HESC-NLL1 (passages R ig8re 4-6 A and B).
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Figure 4-6. DNA methylation atthe TP73 promoter

(A) DNA methylation at th& P73 promoter region was analysed in 8 informative cell
lines determined in Chapter 3. (B) DNA methylatiah the TP73 promoter was
analysed in HESC-NL1 (passages 22, 58). In thensatie diagram, a block box
represents exon 1, two white boxes represent wsifti@al regions (URTS), and a gray
box indicates a CpG island. An arrow indicatesaagcriptional start site. Numbers (-
30209 to -29902) indicate the sequence positiotyaea within a CpG island. The
first and last CpG dinucleotides are numberedixadb a transcription start site. Blue
vertical bars indicate CpG dinucleotides within thgion analysed. Yellow rectangles
indicate predominant methylation at CpG dinuclesdidBlue rectangles indicate
predominant unmethylation at CpG dinucleotides. t@&/hrectangles indicate
unmethylation at CpG dinucleotides.

4.2.3 PEG10 DMR

DNA methylation at 15 CpG dinucleotides at BlEG10DMR was analysed by direct
bisulphite sequencing (Suzuki et al., 2007). PCHh Wisulphite modified genomic
DNA of 4 informative hESC lines (see section 3.HBIES5, HUES7, HUES10 and
HUES12) and direct sequencing were performed. Tégre® of methylation was
determined by the relative peak height of C andifferential methylation at the
PEG10 DMR was detected in HUES7, HUES10 and HUES12 (€igd-7 A).
However,PEG10DMR was completely unmethylated in HUES5. Theséhgiation
patterns were confirmed by COBRA (Figure 4-7 B &) Two BstUI restriction
enzyme sites were analysed to determine methylaépendent sequence differences
in PCR products of bisulphite modified genomic DAgure 4-7 B). Three digested
bands and one undigested band were detected in AUHBFES10 and HUES12 cell
lines, indicating differential methylation at tREG10DMR (Figure 4-7 C). However,
only one undigested band was detected in HUES&ahdg unmethylation eEG10
DMR.
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Figure 4-7. DNA methylation at the PEG10 DMR

(A) DNA methylation at thePEG10DMR was analysed in 4 informative cell lines
determined in Chapter 3. In the schematic diageamlock box represents exon 1, a
white box represents an untranslated region (URMJ, a gray box indicates a CpG
island. An arrow indicates a transcriptional stite. Numbers (-473 to -245) indicate
the sequence position analysed within a CpG islafiie first and last CpG
dinucleotides are numbered relative to a trangonpstart site. Blue vertical bars
indicate CpG dinucleotides within the region anati/sYellow rectangles indicate
predominant methylation at CpG dinucleotides. Biegtangles indicate predominant
unmethylation at CpG dinucleotides. Grey rectangfeicate hemimethylation at
CpG dinucleotides. White rectangles indicate unglation at CpG dinucleotides. (B)
A schematic diagram shows tvwgstJl enzyme sites at theEG10DMR. (C) The
COBRA analysis of th®EG10DMR. M, 100 bp DNA Ladder; UBstUl-undigested;
D: BstJl-digested.
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4.2.4 PEG1DMR

25 CpG sites within thPEG1DMR were subjected to DNA methylation analyses by
direct bisulphite sequencing (Kerjean et al., 2000CR with bisulphite modified
genomic DNA of 13 informative cell lines (see senti3.2.4, HUES1, HUES2,
HUES7, HUES10, HUES12, HUES15, HUES16, HUES17, BGIRES-2, NOTT1,
NOTT2 and NTERA2) and direct sequencing were peréat. The degree of
methylation was determined by the relative peafghtitedf C and T. Differential DNA
methylation of thePEG1DMR was detected in HUES1, HUES2, HUES7, HUES10,
HUES12, HUES15, HUES16, HUES17, HES-2 and NOTTgyfa 4-8 A). However,
the PEG1 DMR was completely unmethylated in NOTT2 and NTERAnd
completely methylated in BGO1. These methylatiotigpas at the?PEG1DMR were
confirmed by clonal bisulphite sequencing (Figus@ B). Of 10 clones examined in
HES-2, 5 clones were methylated at RiEEG1DMR (filled circles), but other 5 clones
were unmethylated (unfilled circles), indicatingffeliential methylation on both
parental alleles. Moreover, NOTT1 showed differ@ntinethylation at theéPEG1
DMR (6 clones unmethylated, 4 clones methylated)wever, all 10 clones were
completely unmethylated in both NOTT2 and NTERANAmethylation changes
were detected duringn vitro prolonged culture of HES-2 (passages 56, 65, 96),
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although no DNA methylation changes were detectddl-HESC1 (passages 22, 58).
HES-2 (p56) showed predominant methylation or hegthylation at 25 CpG
dinucleotides. However, they became predominantipethylated in HES-2 (p65 and
p96).
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Figure 4-8. DNA methylation atthe PEG1 DMR

(A) DNA methylation at thePEG1 DMR was analysed in13 informative cell lines
determined in Chapter 3. In the schematic diag@atlock box represents exon 1, a
white box represents an untranslated region (URMYl, a gray box indicates a CpG
island. An arrow indicates a transcriptional stai. Numbers (-32 to +159) indicate
the sequence position analysed within a CpG islafiie first and last CpG
dinucleotides are numbered relative to a trangoripstart site. Yellow rectangles
indicate predominant methylation at CpG dinuclesdidBlue rectangles indicate
predominant unmethylation at CpG dinucleotides. yGnectangles indicated
hemimethylation at CpG dinucleotides. White rectasgndicate unmethylation at
CpG dinucleotides. (B) Clonal bisulphite sequencatghePEG1 DMR in HES-2,
NOTT1, NOTT2 and NTERAZ2. Black vertical bars inde&£pG dinucleotides within
the region analysed. A scale bar corresponds tdbd.0Open and filled circles
represent unmethylated and methylated CpG sitpecasely.

425 IGF2 DMRO
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DNA methylation at 5 CpG sites in the PO promotggion ofIGF2 was analysed by
direct bisulphite sequencing (Monk et al., 2006BLCR with bisulphite modified
genomic DNA of 10 informative cell lines (see senti3.2.8, HUES1, HUESS5,
HUES6, HUES8, HUES9, HUES16, HUES17, HESC-NL1, HE&d NOTT2) and
direct sequencing were performed. The degree ofiytagdion was determined by the
relative peak height of C and T. Differential DNAethylation of thel GF2 DMRO
was detected in all cell lines (Figure 4-9). No Inydtion changes at tH&F2 DMRO
were detected durinig vitro prolonged culture of HESC-NL1 (passages 22 toabi)
HES-2 (passages 56 and 96).
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Figure 4-9. DNA methylation at the IGF2 DMRO

DNA methylation at thdGF2R DMRO was analysed in 10 informative cell lines
determined in Chapter 3. In the schematic diagramyhite box represents an
untranslated region (URT), and a gray box indicat€pG island. An arrow indicates
a transcriptional start site. Numbers (19 to 31&jJidate the sequence position
analysed within a CpG island. Numbering refers ¢oeasion no. NM_001007139.
Blue rectangles indicate predominant unmethylatainCpG dinucleotides. Blue
vertical bars indicate 5 CpG dinucleotides withia tegion analysed.

4.2.6 KCNQ1 promoter

DNA methylation at 19 CpG dinucleotides in the paten region ofKCNQ1 was
analysed by direct bisulphite sequencing (Monklgt2®06a). PCR with bisulphite
modified genomic DNA of 8 informative cell linesegs section 3.2.9, HUES1, HUES2,
HUES6, HUES8, HUES9, HUES12, HUES13 and NOTTL1), dimdct sequencing
were performed. The degree of methylation was deted by the relative peak
height of C and T. Th&«CNQ1 promoter was completely unmethylated in all cell

lines examined (Figure 4-10).
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Figure 4-10. DNA methylation at the KCNQ1 promoter

DNA methylation at the promoter region KECNQ1was analysed in 8 informative

cell lines determined in Chapter 3. In the scheendithgram, a block box represents
exon 1, a white box represents an untranslatedmg@RT), and a gray box indicates
a CpG island. An arrow indicates a transcriptiostalt site. Numbers (-48 to +109)
indicate the sequence position analysed within & GQgland (accession number:
AJ006345). The first and last CpG dinucleotides arembered relative to a

transcription start site. Blue rectangles indicatedominant unmethylation at CpG
dinucleotides. White rectangles indicate unmetihyhatat CpG dinucleotides. Red

rectangles indicate the mutation of CpG dinuclexgtidBlue vertical bars indicate CpG
dinucleotides within the region analysed.

4.2.7 KvDMR1

DNA methylation at 17 CpG sites within tHevDMR1 was analysed by direct
bisulphite sequencing (Monk et al., 2006a). PCRhvhiisulphite modified genomic
DNA of 18 cell lines and direct sequencing were fqrened. The degree of
methylation was determined by the relative pealgtiteof C and TKvDMR1 was
differentially methylated in all cell lines (Figuee-11). The differential methylation
pattern akKvDMR1was not changed during vitro prolonged culture of HESC-NL1
(passages 22 to 58) and HES-1 (passages 56, @baféigure 4-11).
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Figure 4-11. DNA methylation at the KvDMR1
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DNA methylation at th&vDMR1was analysed in 18 cell linel@NQ1OT1KCNQJ,
CDKINC and TSSC5informative cell lines) characterised in Chapter I8 the
schematic diagram, block boxes represent exonlkxronl0 respectively and a gray
box indicates a CpG island. Numbers (255,468 to.6Ib5 indicate the sequence
position analysed within a CpG island. Numberinigneto accession no. AJ006345.
Yellow rectangles indicate predominant methylat@in CpG dinucleotides. Black
rectangles indicate methylation at CpG dinucleatiddue vertical bars indicate CpG
dinucleotides within the region analysed.

4.2.8 CDKN1C promoter

DNA methylation at 26 CpG sites in the promoterisagof CDKN1Cwas analysed

by direct bisulphite sequencing (Monk et al., 20062CR with bisulphite modified

genomic DNA of 3 informative cell lines (see senti®.2.11, HUES4, HUES14 and
HUES16) and direct sequencing were performed. Tégre® of methylation was
determined by the relative peak height of C andHalf of the promoter region was
completely unmethylated (CpG sites from 2 to 13ut the other half was
predominantly unmethylated in these cell lines (Gp@s from 14 to 25) (Figure 4-
12).
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Figure 4-12. DNA methylation at the CDKN1C promoter

DNA methylation at the promoter region GDKN1Cwas analysed in 3 informative
cell lines determined in Chapter 3. In the scheendithgram, a block box represents
exon 1, a white box represents an untranslatedmd@RT), and a gray box indicates
a CpG island. An arrow indicates a transcriptiostart site. Numbers (-85 to +124)
indicate the sequence position analysed within & GQgland (accession number:
AC005950). The first and last CpG dinucleotides amembered relative to a
transcription start site. A yellow rectangle indespredominant methylation at a CpG
dinucleotide. Blue rectangles indicate predominamimethylation in CpG
dinucleotides. White rectangles indicate unmetiyhatat CpG dinucleotides. Red
rectangles indicate the mutation of CpG dinuclexgtidBlue vertical bars indicate CpG
dinucleotides within the region analysed.

4.2.9 SLC22A18 promoter

DNA methylation at 32 CpG sites in the promoterisagf SLC22A18wvas analysed
by direct bisulphite sequencing (Monk et al., 20062CR with bisulphite modified
genomic DNA of 6 informative cell lines (see senti8.2.13, HUES5, HUES12,
HUES13, HUES15, HESC-NL1 and NOTT2) and direct seging were performed.
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The degree of methylation was determined by thativel peak height of C and T.
SLC22A18romoter was unmethylated in all cell lines (Fegdr13). No methylation
changes at thELC22A18romoter were detected duriimgvitro prolonged culture of
HESC-NL1 (passages 22, 58) and HES-2 (passag&5586).
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Figure 4-13. DNA methylation at the SLC22A18 promoter

(A) DNA methylation at the promoter region &LC22A18was analysed in 6
informative cell lines determined in Chapter 3 &Bylin the HES-2 cell line (passages
56, 65, 96). In the schematic diagram, a block temxesents exon 1, two white boxes
represent untranslated regions (URTSs), and a goayimdicates a CpG island. An
arrow indicates a transcriptional start site. Numbge1240 to -915) indicate the
sequence position analysed within a CpG islande@gon number: AC013791). The
first and last CpG dinucleotides are numberedikadb a transcription start site. Blue
rectangles indicate predominant unmethylation atGCginucleotides. A Grey
rectangle indicates hemimethylation at a CpG dentalle. White rectangles indicate
unmethylation at CpG dinucleotides. Blue verticatsbindicate CpG dinucleotides
within the region analysed.

4.2.10 GTL2 CpG2 and DMR

The GTL2 CpG2 (10 CpG dinucleotides) am@TL2 DMR (32 CpG dinucleotides)
were subjected to analyse the DNA methylation sthgudirect bisulphite sequencing
(Kawakami et al., 2006; Wylie et al., 2000). PCRhabisulphite modified genomic
DNA of 11 informative cell lines (see section 32.HUES3, HUES7, HUES10,
HUES12, HUES13, HUES14, HUES15, HUES17, HESC-NLOTN2 and H1) and
direct sequencing were performed. The degree ofiytagion was determined by the
relative peak height of C and GTL2 CpG2 was completely methylated in all cell
lines (Figure 4-14 A). Differential methylation t¢tie GTL2 DMR was observed in
HUESS, HUES7, HUES10, HUES12, HESC-NL1 (passagea@@d)NOTT1. However,
the GTL2 DMR was methylated in HUES13, HUES14, HUES15, HUES&nd H1.
These DNA methylation patterns @T'L2 DMR were confirmed by COBRA (Figure
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4-14 C and D). TwdHpyCHA4IV restriction enzyme sites were analysed t@mheine
methylation-dependent sequences differences in prG&ucts of bisulphite modified
genomic DNA (Figure 4-14 C). The COBRA analysiswad that twoHpyCH4IV
sites were methylated in HUES10, HUES13, HUES14EBWLG, HUES17 and H1
(only two digested bands detected). However, HUERES7, HUES12, HESC-NL1
(p22) and NOTT1 showed differential methylation bath parental alleles (one
undigested band and two digested bands detect®. dethylation changes at the
GTL2 DMR were detected during vitro prolonged culture of HESC-NL1 (passages
22, 58) and HES-2 (passages 56, 65, 96). Gid.2 DMR was differentially
methylated in HESC-NL1 (p22) and HES-2 (p56), huieacame hypermethylated in
HESC-NL1 (p58) and HES-2 (p65 and 96) in all CpGiudieotides. DNA
methylation patterns at th@TL2 CpG2 were maintained duririg vitro prolonged
culture of HESC-NL1 (passages 22 and 58) and Hg®&&sages 56, 65 and 96).
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Figure 4-14. DNA methylation atthe GTL2 CpG2 and DMR

(A) DNA methylation at theGTL2 CpG2 andGTL2 DMR was analysed in 11

informative cell lines determined in Chapter 3.tlie schematic diagram, two block
boxes represent exonl and exon2 respectively, wodgtay boxes indicate CpG2
(64,697 to 64,913) and DMR (96,617 to 97,051) respely. An arrow indicates a

transcriptional start site. Numbers indicate thgueece position analysed within a
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CpG island. Numbering refers to accession no. AlLB07 Blue vertical bars indicate
CpG dinucleotides within the region analysed. (BYA methylation at theGTL2
CpG2 and DMR was analysed in HES-2 (passages 5695 Yellow rectangles
indicate predominant methylation at CpG dinuclesdidBlue rectangles indicate
predominant unmethylation at CpG dinucleotides. yGrectangles indicate
hemimethylation at CpG dinucleotides. (C) A schemaliagram shows two
HpyCHA4IV restriction enzyme sites at t&TL2 DMR. (D) The COBRA analysis of
the GTL2DMR. M, 100 bp DNA Ladder; UHpyCH4IV-undigested; DHpyCH4IV-
digested.

4.2.11 NDN DMR

DNA methylation at 26 CpG sites within ti¢{DN DMR was analysed by direct
bisulphite sequencing (El-Maarri et al., 2001). P@igh bisulphite modified genomic
DNA of 7 informative cell lines (see section 3.2.18UES4, HUES8, HUES15,
HUES17, BGO1, H1 and NOTTZ2), and direct sequenuiage performed. The degree
of methylation was determined by the relative phalght of C and T. Differential
methylation oNDN DMR was detected in HUES4, HUESS8, HUES17, BGO1dhd
However, theNDN DMR was completely unmethylated in both HUES15 Bi@IT T2
cell lines (Figure 4-15).
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-232 87
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I (T 1 [ T T O O I T B O R
CpGsites 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 18 20 21 22 23 24 25 26
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Figure 4-15. DNA methylation at the NDN DMR

DNA methylation at theNDN DMR was analysed in 7 informative cell lines
determined in Chapter 3. In the schematic diagebipck box represents exon 1 and
a gray box indicates a CpG island. An arrow indisaa transcriptional start site.
Numbers (-232 to -87) indicate the sequence posditalysed within a CpG island.
The first and last CpG dinucleotides are numbeedative to a transcription start site.
Blue vertical bars indicate CpG dinucleotides withihe region analysed. Yellow
rectangles indicate predominant methylation at Gdicleotides. Blue rectangles
indicate predominant unmethylation at CpG dinudtkxst. Grey rectangles indicate
hemimethylation at CpG dinucleotides. White rectasgndicate unmethylation at
CpG dinucleotides.

4.2.12 NESP55 DMR

DNA methylation at 28 CpG sites within tiNESP55DMR was analysed by direct
bisulphite sequencing (Judson et al., 2002). PCR bisulphite modified genomic
DNA of 9 informative cell lines (see section 3.2.22UES1, HUES4, HUESS5,
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HUES9, HUES12, HUES14, HUES15, HESC-NL1 and BGO) direct sequencing
were performed. The degree of methylation was deted by the relative peak
height of C and T. Differential methylation at tNESP55DMR was detected in all
hESC lines, except for HUES5. HUES5 showed compleimethylation at the
NESP55DMR. No methylation changes &6FESP55DMR were detected durinmp
vitro culture of HESC-NL1 (passages 22, 58) and HESa&9g@ges 56, 65, 96) (Figure
4-16 A and B). These methylation patterns were iomefd by clonal bisulphite
sequencing (Figure 4-16 C) and COBRA (Figure 4-1@rid E). Clonal bisulphite
sequencing revealed that all cell lines have diffigal methylation at th&lESP55
DMR, except for HUESS5 (Figure 4-16 C). Consistentihhe COBRA analysis showed
that only one undigested band was detected in HUmBS8Eating unmethylation
(Figure 4-16 E). However, other cell lines showedt tthree digested bands and one

undigested band together, indicating differentiatimylation.
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Figure 4-16. DNA methylation at the NESP55 DMR

(A) DNA methylation at theNESP55DMR was analysed in 9 informative cell lines
determined in Chapter 3 and (B) HES-2 (passages656,96). In the schematic

diagram, a block box represents exon 1, a whiterbpresents an untranslated region
(URT), and a gray box indicates a CpG island. Amwvarindicates a transcriptional

start site. Numbers (+1 to +246) indicate the segegosition analysed within a CpG
island. The first and last CpG dinucleotides arebered relative to a transcription

start site. Yellow rectangles indicate predominawethylation at CpG dinucleotides.

Blue rectangles indicate predominant unmethyla@nCpG dinucleotides. Grey

rectangles indicate hemimethylation at CpG dinudes. White rectangles indicate

unmethylation at CpG dinucleotides. (C) Clonal lphite sequencing at tiéESP55

150



DMR in HUES1, HUES4, HUES5, HUES9, HUES14, HUESI &ES-2 (p96).
Blue vertical bars indicate CpG dinucleotides witkthe region analysed. A scale bar
corresponds to 10 bp. Open and filled circles gmeunmethylated and methylated
CpG dinucleotides respectively. (D) A schematicgdaan shows twoaAcll enzyme
sites at theNESP53DMR. (E) The COBRA analysis of ti¢dESP55DMR. M, 100 bp
DNA Ladder; U,Acll-undigested; DAcII-digested.
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Table 4-1. Summary of DNA methylation status of 12 potential imprinting regulatory regions in hESC lin es
Locus Gene region HUES1] HUES2 | HUES3 | HUES4 | HUES5 | HUES6 | HUES7 | HUES8 | HUES9 | HUES10| HUES12 | HUES13 | HUES14 | HUES15| HUES16 | HUES17| BGO1 H1 HESC-NL1| HES-2 | NOTT1| NOTT2 | NTERA2
1p36.33 |TP73 Promoter U U U u U u U U U PM
7921 |PEG10 DMR U D D
7932 |PEG1 DMR D D D D D D D M D/PU? D U
SLC22A18 Promoter U V] U U U
CDKN1C Promoter PU PU PU
11p15.5 |[KCNQIOTI KvDMR1 D D D D D D D D D D D D D D D D D D D D D D
KCNQ1 Promoter U U U U U U U U
IGF2 DMRO D D D D D D D D D D
vagaz |oTiz DMR D D D D M PM PM D/IM® DIM® D
CpG2 M M M M M M M M M
15q11 |NDN DMR D D V] D D D U
20913.2 |[NESP55 DMR D D V] D D D D D D D

U, unmethylated; M, methylated; D, differentiallyethylated;

8 in vitro culture induced loss of methylation
® in vitro culture induced gain of methylation
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4.3 Discussion

The purpose of this study was to investigate whetherall DNA methylation at 12
potential imprinting regulatory regions was assdawith the typical expression
status of their relevant imprinted genes in hE$@dias determined in Chapter 3. Of
12 regions examined by bisulphite sequencing andBRA) 6 regions TP73
promoter,PEG10DMR, PEG1 DMR, SLC22A18promoter KvDMR1 and NESP55
DMR) showed the association between DNA methylatiand allele-specific
expression of 8 imprinted genésR(73 PEG1Q PEG1 isoform 1SLC22A18KCNQJ
KCNQ1OT1 CDKINC and NESP5% in hESC lines (Table 4-3), indicating a
regulatory role for DNA methylation at these imped loci. However, DNA
methylation atiIGF2 DMR, GTL2 CpG2, GTL2 DMR and NDN DMR was not
associated with allele-specific expression®F2, GTL2 andNDN (Table 4-3). This
indicates that DNA methylation does not regulatel@lspecific expression of at least

some imprintedjenes in hESC lines.

Table 4-2. The association between DNA methylation ~ and imprinting in
hESC lines

inti Methylation
Locus Gene Imprinting - Y Association
status Region Status
1p36.33 | TP73 B Promoter U Associated
M D .
7921 PEG10 B DMR 0 Associated
PEG1 M D Associated, PEG1 isoform 2 not
isoform1 B U associated
7932 DMR
q M D
MESTIOT1 Not associated
D D
Associated, but not associated with
SLC22A18 B Promoter U KVDMR1
CDKN1C PM Promoter U
KCNQIOTI M KvDMR1 D Associated with KvDMR1
11p18.5 F cno1 M Promoter U
H19 DMR * D
IGF2 B DMR2 * D Not associated
DMRO D
M D/M
DMR
B M .
Not associated
M D/IM
14932 GTL2 CpG2
B M
M CpG1
B p
Not associated, but associated with
15911 NDN M DMR D/U SNRPN-SNURF DMR *
20013.2 | NESP55 M DMR D Associated
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| | B | | v | |
M, monoallelic expression; PM, predominant mondiall@xpression; B, biallelic
expression; U, unmethylated; M, methylated; D, eteéhtially methylated; DMR,
differentially methylated region; * indicates Daflem Alexandra Thurston Ph.D.
thesis (2006). The allele-specific expressionamhegene was previously described in
Chapter3.

4.3.1 DNA methylation associated imprinting in hESC s

4.3.1.1 PEG10, PEG1 and NESP55 DMRs

The differential methylation at theEG10DMR is associated with the monoallelic
expression oPEG10in HUES7, HUES10 and HUES12 (see section 3.2.3yell\er,
loss of methylation at thEEG10DMR was correlated to the biallelic expression of
PEG10in HUESS. ThePEG1 DMR was differentially methylated in 10 ¢fEG1
isoform 1 monoallelic cell lines, whereas it was unmethylaiea NOTT2 and
NETRAZ2, exhibiting biallelic expression dPEG1 isoforml(see section 3.2.4).
Finally, differential methylation at tldESP55DMR was associated with monoallelic
expression oNESP55in HUES1, HUES4, HUES9, HUES12, HUES14, HUES15,
BGO01 and HESC-NL1 (see section 3.2.22). Only orklioe, HUES5, showed loss
of methylation at th&dESP55DMR that was associated with the biallelic expiess
of NESP55 These evidences indicate tiREG1Q PEG1 andNESP55imprinting in
hESC lines mediated by differential methylatiortretir DMRs. This association has
been reported in other human fetal and adult tssuguding brain, kidney, placenta
and testis (Bastepe et al., 2005; Kerjean et @bp2McMinn et al., 2006; Riesewijk
et al., 1997; Suzuki et al., 2007).

MESTIOT1is previously identified as an antisense transcofp PEG1 which is
transcribed in the opposite direction BEG1 (Li et al., 2002; Nakabayashi et al.,
2002). Becaus®ESTIOT1shares the promoter region BEG1 isoform land both
MESTIOT1andPEGL1 isoform Jare expressed on the paternally inherited alielgs
been suggested that paternal allele-specific unytegibn at thePEG1DMR can also
direct the paternal expressionMESTIOT1(Li et al., 2002; Nakabayashi et al., 2002).
In this Chapter, however, no obvious relationshepneen DNA methylation at the
PEG1 DMR and MESTIOT1imprinting was detected. For instance, although th
PEG1DMR was differentially methylated in HUES1BESTIOT1was biallelically
expressed (see section 3.2.5). Moreover, NOTT2 stlawonoallelic expression of
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MESTIOT1 although thePEG1 DMR was completely unmethylated. Thus, other
epigenetic modifications, rather than DNA methyati may be involved in
MESTIOT1imprinting. Alternatively, other undiscovered d@iféntially methylated
regions could diredlESTIOT limprinting.

4.3.1.2 KvDMR1

KCNQZL KCNQ10T1 CDK1INCandSLC22A18nhave been identified to be clustered
in the centromeric region on human chromosome LBp{tbouse distal chromosome
7) (Morison et al., 2005; Reik and Walter, 2001 pBRidson, 2005)KvDMR1 located

in intron 10 ofKCNQL1is differentially methylated on both parental k& although
KCNQJ1, CDK1NC and SLC22A18promotersare predominantly unmethylated in
human and mouse tissues (Fitzpatrick et al., 2B@Zpatrick et al., 2002; Lewis et al.,
2004; Mancini-Dinardo et al., 2006; Monk et al.0B&; Smilinich et al., 1999). Thus,
it has been suggested that allele-specific exmessif KCNQ1l, KCNQ1OT1
CDKINC and SLC22A18is guided by monoallelic methylation at tikeyDMR1
(Fitzpatrick et al., 2007; Fitzpatrick et al., 20Q@2wis et al., 2004; Mancini-Dinardo
et al., 2006; Monk et al., 2006a; Smilinich et d1999). In this ChapteKCNQJ,
CDKINC and SLC22A18 promoters were predominantly unmethylated or
unmethylated in hESC lines, whereas both methylatedunmethylated alleles at the
KvDMR1 were present across the 16 CpG dinucleotides eeainicorrelating with
the monoallelic or predominant monoallelic expressaf KCNQ1, KCNQ10T1 and
CDKING but not the biallelic expression ddLC22A18 This indicates that
differential methylation aKvDMR1 can directKCNQ1, KCNQ1OT1 andCDK1NG
(but NnotSLC22A18imprinting in hESC lines.

Interestingly, althoughKvDMR1 was differentially methylated in hESC lines,
SLC22A18was biallelically expressed (see section 3.2.IBgre are two possibilities
to explain this. One possibility is that other egigtic marks at histones may direct
SLC22A18mprinting in hESC lines. Recently, Monk et aRPQ6) has demonstrated
that, in human tissues including placentae, livayscle and lymphocyte, active
histone marks (H3K4me2 and H3K9Ac) appear at thtemal allele ofSLC22A18
whereas repressive histone marks (H3K9me2 and H3I€3Y appear at paternal

allele, suggesting that differential histone mat&ad to maternal expression of
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SLC22A18 Another possibility is that unmethylation at tis&C22A18promoter
directs the biallelic specific expression3ifC22A18n hESC lines.

4.3.1.3 TP73 Promoter

Previously, unmethylation at thEP73 promoter in normal human tissues including
brain, ovary and cervix was reported to be assediatth the biallelic expression of
TP73(Chen et al., 2000b; Dong et al., 2002). In thiwgter, 50 CpG dinucleotides in
the TP73 promoter were completely unmethylated in all hEft@s examined,
consistent with the biallelic expression ©P73 (see section 3.2.1). Importantly,
however, no reports are currently available abbetrhonoallelic expression P73
mediated by differential methylation at tA€73 promoter. Thus, it is still unclear

how TP73imprinting is regulated in the human.

TP73is known to be a tumour-suppressor gene whicharsstriptionally inactive in
human brain and ovarian cancers mediated by hypkytagon at its promoter (Chen
et al.,, 2000b; Dong et al., 2002). In this Chapsamilarly, hypermethylation at the
TP73promoter was detected in NTERA2, a testicular geethtumour. The mRNA
level of TP73 in NTERA2 now needs to be examined to determirgo@ation

between DNA methylation and gene expression.

4.3.2 DNA methylation not associated imprinting in hESCs

4.3.2.1 GTL2 CpG2 and DMR

Human fetal tissues (heart, kidney, liver, lung &rain) show differential methylation
at theGTL2DMR that is associated with monoallelic expres®bGTL2 (Kawakami

et al., 2006; Wylie et al., 2000). In this Chapteowever, no obvious relationship
between DNA methylation at th@ TL2 DMR and its imprinting was detected. For
example, of 32 CpG dinucleotides surrounding B&L2 DMR, most CpG
dinucleotides were completely methylated in HUESHBIES14, HUES17 and H1
that was not associated with monoallelic expresaib®TL2 (see section 3.2.15).
Furthermore, GTL2 was biallelically expressed in HUES15, inconsistavith
complete methylation at 31 CpG dinucleotides wittiie GTL2 DMR. Thus, these
evidences indicate that DNA methylation at Gi€L2 DMR may be not able to direct
allele-specific expression d6TL2 in hESC lines. There are two possibilities to
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explain GTL2 imprinting in hESC lines. One possibility is thather regulatory
regions can be involved in allele-specific expressof GTL2 Previous studies have
been identified that there are two additional Cpands (CpGl and CpG2) in a
cluster on human chromosome 1432, which are alerehtially methylated in
peripheral blood lymphocytes (Astuti et al., 20R&wakami et al., 2006; Wylie et al.,
2000). In this Chapter, however, all 10 CpG dinattles examined at th&TL2
CpG2, all CpG dinucleotides were fully methylated all informative cell lines,
indicating no association between DNA methylatidnttee GTL2 CpG2 and its
imprinting. DNA methylation atGTL2 CpG1l now needs to be examined. Another
possibility is that other epigenetic marks at ms® can be involved IIGTL2
imprinting in hESC lines. A recent study in micestsuggested that maternal specific
histone acetylation at thetl2 DMR is necessary for regulatir@tl2 imprinting (Carr

et al., 2007). This has not been reported in hutisanoes.

4.3.2.2 NDN DMR

A similar discrepancy was observed in tiBN DMR, with HUES15 and NOTT2
exhibiting unmethylated CpG dinucleotides that dmt correlate with monoallelic
expression oNDN (see section 3.2.16). This may be explained bywags. One is
that other epigenetic modifications can dird€@N imprinting in hESC lines. Previous
studies in the mouse and human have suggestediiffeatntial histone acetylation
and methylation marks on parental alleles are iwealin the allele-specific
expression oNDN (Forsberg et al., 2000; Fulmer-Smentek and Frar@@1; Lau et
al., 2004; Xin et al., 2003). Another explanatientlat other imprinting regulatory
regions can be involved in regulatiDndN imprinting in the human. Previously, two
ICRs (PWS ICR and AS ICR) have been indentified cvhtan direct the allele-
specific expression of their surrounding imprintgenes includingNDN, NDNL1J,
MKRN3 SNRPN UBE3AandATP10Cin the PWS/AS imprinting cluster on human
chromosome 15g11 (MacDonald and Wevrick, 1997¢IBiet et al., 1994; Tsai et al.,
1999). Alexandra Thurston (University of Nottinghanexamined the DNA
methylation status at the PWS ICR in hESC linese Tégion was differentially
methylated in aINDN informative cell lines (Alexandra Thurston Ph.2dis 2006).
Thus, this indicates that the PWS ICR can dirdeleakpecific expression ™DN in
hESC lines.
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4.3.2.3 IGF2 DMRO

Although biallelic expression diGF2 was detected in almost all hESC lines (see
section 3.2.8)IGF2 DMRO and DMR2 were differentially methylated. Tlglicates

no association between DNA methylatiodn@EF2 DMRs and itamprinting. Previous
studies have suggested that gain of methylatidheataternal allele of the¢19 DMR

is associated with biallelic expressionl@#2 in both human and mouse tissues (Pant
et al., 2004; Pant et al., 2003; Thorvaldsen ¢t1£198). Of 23 CpG dinucleotides
surrounding théd19 DMR, most CpG dinucleotides were differentiallytmgated in
hESC lines (Alexandra Thurston Ph.D. thesis 20063licating no association
between DNA methylation at tH819 DMR andIGF2 imprinting. A recent study in
mice has been suggested that paternal H3K27me3nawoH2A1l at theH19
promoter and paternal H3K9 acetylation and H3K4mk>&2 DMRs are associated
with the allele-specific expression @§f2 (Han et al., 2008; Li et al., 2008).
Furthermore, humanlGF2 can be imprinted in a promoter-specific manner,
independent of epigenetic modifications (Ekstromakt 1995; Vu and Hoffman,
1994). Thus, these potential factors can be ingbluebiallelic expression dfGF2 in
hESC lines.

4.3.3 In vitro culture induced DNA methylation changes

Recently, DNA methylation changes (gain or lossmathylation) at non-imprinted
loci have been reported in vitro long-term cultured hESC lines (Allegrucci et al.,
2007; Bibikova et al., 2006; Calvanese et al., 2008itra et al., 2005). Maitra et al.
(2005) has found that gain of methylation at thenmoter region of two tumour-
suppressor geneRASSFIlandPTPNG in BG01, BG02, BG03, hES2, hES3, H7, H9
and SA002 at later passages from 41 to 147, indgah vitro culture induced
hypermethylation. Allegrucci et al., (2007) and iBdva et al., (2006) have
demonstrated that DNA methylation changes can aslaiein hESC lines upoim
vitro prolonged culture, although most changes have hietected from them at
earlier passages from 23 t032. In this Chapter8 afprinting regulatory regions
examined, two regionsGTL2 DMR and PEG1 DMR) showed DNA methylation
changes inn vitro long-term cultured HES-2 (passages 56, 65 andk@tmmed) and
HESC-NL1 (passages 22 and 58 examiné&)L.2 DMR and PEG1 DMR were
differentially methylated in HESC-NL1 (p22) and H2Sp56). However, th&TL2
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DMR became hypermethylated in HESC-NL1 (p58) andSHE (p65 and p96).
Moreover, thePEG1DMR became hypomethylated in HES-2 (p65 and pO&)er 6
regions TP73 promoter,SLC22A18promoter,KvDMRY, IGF2 DMRQ GTL2 CpG2
and NESP55 DMR) showed no DNA methylation changes, indicatibiNA
methylation can be altered in a locus-specific neanmponin vitro culture. The
reasons why particular imprinted loci are moreess|prone to epigenetic disruptions
than others duringn vitro culture are not yet understood. Similar resultgehlaeen
detected inin vitro cultured mouse and monkey ESCs and preimplantaiage
embryos (Dean et al., 1998; Doherty et al., 2000p3a et al., 2001a; Mann et al.,
2004; Mitalipov et al., 2007), demonstrating tkaDMR1andSnrpnDMR are more
likely stable loci and thus appear insensitive tdADmethylation changes upan
vitro culture (Kerjean et al., 2003; Kobayashi et @002, Marques et al., 2004; Sato
et al., 2007). However, others includilgg2, H19, Gtl2 andPegl1DMRs appear to be
more variable and unstably in DNA methylation chesigKerjean et al., 2003;
Kobayashi et al., 2007; Marques et al., 2004; satl., 2007). Possibly, this may be
due to a regionalised stability associated with@bl&@blishment of imprints that was

previously described in section 3.3.1.

4.3.4 Further works needed

In this chapter, it was not examined whether o#pggenetic factors such as histone
methylation and acetylation can be associated \waltele-specific expression of
imprinted genes. This needs to be examined to exfila lack of detected association
between the allele-specific expression of some imga genes and DNA methylation
at their regulatory regions. DNA methylation alt&tions (especially, loss of
methylation) at several imprinted regulatory regiomere detected in some hESC
lines duringin vitro culture that may be overcame by overexpressiamahtenance

methyltransferasé, DNMTL1. This possibility needs to be examined.
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5 HUMAN EMBRYONIC STEM CELL LINES
OVEREXPRESSING DNA Methyltransferase 1 (DNMT1)

5.1 Introduction

DNA methylation changes at tumour suppressor genemgters, imprinting
regulatory regions and certain CpG islands haven heported inin vitro cultured
human embryonic stem cell (hESC) lines (Allegruetial., 2007; Bibikova et al.,
2006; Calvanese et al., 2008; Maitra et al., 2605gg-Gunn et al., 2005). Bibikova et
al., (2006) used a microarray-based assay of igalpreated DNA to compare the
DNA methylation status at different passages ointiépendently derived hESC lines.
Of 1,536 CpG loci investigated, ~ 30 CpG loci irdthg RASSF1(ras association
domain family Y1 EPO (Erythropoietin and PEG10 (paternally expressed gene)10
underwent loss of methylation uponvitro prolonged culture (Bibikova et al., 2006).
Moreover, Allegrucci et al., (2007) used a resimictlandmark genomic scanning
(RLGS) technique to compare the DNA methylatioriustat different passages of 6
hESC lines (NCL1, H7, HES-2, BGO1, NOTT1 and HUBSJf ~ 2,200 CpG loci
examined, ~ 30 CpG loci includingC3HAV1L SPRN and AFG3L1 became
demethylated or hypomethylated duringvitro culture (Allegrucci et al., 2007). Thus,
currentin vitro culture conditions for hESCs may lead to loss etfhylation at certain
CpG islands. The reasons for this are not knownobet possibility is that relatively
low expression of DNMT1 in hESCs fails to maint&iINA methylation at some CpG
islands (Emma Lucas Ph.D. thesis 2008). In thisp@taDNMT1 overexpression is
used to test this hypothesis.

The expression level of DNMT1 (DNA methyltransfexaly has been reported to be
associated with the degree of DNA methylation immmealian cells (Biniszkiewicz et

al., 2002; Chen et al., 2007; Feltus et al., 200&tori et al., 2004). For instance, loss
of methylation at repetitive sequences and imprqtiegulatory regions has been
detected in mESCs, mouse embryonic fibroblast (M&f} and human cancer cells,
when DNMTL1 is not or little expressed (Chen et 2D07; Hattori et al., 2004;

Jackson-Grusby et al., 2001; Lei et al., 1996;tlale 1992). On the other hand, gain
of methylation at pericentromeric regions, tumoupgessor gene promoters and
imprinting regulatory regions has been detectathii5Cs, human fibroblast cells and

cancer cells, when DNMT1 is overexpressed (Binszigcz et al., 2002; Etoh et al.,

160



2004; Feltus et al., 2003; Sawada et al., 2007tineret al., 1996). In hESC lines,
Emma Lucas (University of Nottingham) has used imafluorescence and real-time
PCR techniques to assess the relative expressieh ¢ DNMT1 associated with
global DNA methylation (5-methylcytosine) patterits a BJ fibroblast cell line
(derived from human foreskin), 2 hESC lines (HUE®d NOTT1) and a mESC line.
The expression of DNMT1 is readily detected in hinenan BJ fibroblast cell line and
MESC line, but not hESC lines (Emma Lucas Ph.Dsish2008). Furthermore, 5-
methylcytosine staining shows that hESC lines d®o dess methylated than the
human BJ fibroblast cell line (Emma Lucas Ph.D.sthe2008). Thus, relatively
undermethylation in hESCs could be due to the Igpression of DNMT1, although
de novomethyltransferases, DNMT3A and DNMT3B, are highkpressed in hESC
lines. Additionally, this may be one of reasons wgbyne CpG sties in hESCs become

demethylated durinm vitro culture.

Thus, this chapter aimed to determine 1) whetherawerexpression of exogenous
DNMT1 in hESCscan prevent region-specific loss of methylation upo vitro
prolonged culture and 2) whether an increase inetpgession level of DNMT1 in
hESCs can be associated with gain of methylatioimnptinting regulatory regions,

repetitive sequences, tumour-suppressor gene peosnand certain CpG islands.

5.1.1 DNMT1

DNMT1 is known as a maintenance methyltransferagei$ responsible for the stable
inheritance of DNA methylation patterns from thergrdal strand to the daughter
stand, when DNA is replicated during S phase (Bestal., 1988; Leonhardt et al.,
1992; Li et al.,, 1992). DNMT1 is ubiquitously expsed in proliferating cells and
localised in replication foci via proliferating tehuclear antigen (PCNA) and
ubiquitin-like, containing PHD and RING finger doma 1 (UHRF1; also known as
NP95 and ICBP90) (Bostick et al., 2007; Chuang.etl897; Leonhardt et al., 1992;
Sharif et al., 2007). So far, three DNMT1 isofordesived from three different sex-
specific promoters have been indentified in the seoand human; a somatic form
(DNMT1s), a pachytene spermatocyte-specific forrNKD'1lp) and an oocyte-

specific form (DNMT10) (Hayward et al., 2003; Mewtit et al., 1998). Their distinct

behaviours and roles have been previously descnibselction 1.2.3.1.1.

161



MouseDnmtlspans 56 kb of genomic DNA, is organised into 3@sxand encodes a
protein of 1,620 amino acids with a molecular mats$90 kDa (Bestor et al., 1988).
HumanDNMT1is similarly organised, except for the presencarofidditional intron
(Bestor, 2000; Cheng and Blumenthal, 2008). The OMNprotein is composed of
two domains, a regulatory N-terminal domain (~ 0,a@nino acids) and a catalytic C-
terminal domain (~ 550 amino acids) (see Figure).1¥Be N-terminal domain of
DNMT1 contains several domains including a proéterg cell nuclear antigen
(PCNA) binding domain (PBD), a nuclear localisatisignal (NLS), a DNA
replication foci targeting sequence (RFT or TS)kyateine-rich Zfi" binding motif
(ATRX), and a polybromo homology domain (PBHD) (Bes 2000; Cheng and
Blumenthal, 2008). The functions of these domaiasehbeen characterised by
various truncation mutation studies (Chuang etl&97; Kim et al., 2002; Leonhardt
et al., 1992; Margot et al., 2003; Schermellehlgt2907). For example, RFT and
NLS domains are responsible for targeting to siésnewly synthesised hemi-
methylated DNA in nuclei at S phase (Chuang et1&97; Leonhardt et al., 1992;
Rountree et al., 2000). Moreover, an ATRX domairegponsible for binding to DNA
sequences containing CpG dinucleotides (Cheng dadhdéhthal, 2008). The C-
terminal domain of DNMT1 contains six conserved ifsd, 1V, VI, VIII, IX and X).
These motifs are responsible for transferring meghyups (CH) from S-adenosyl-L-
methionine (AdoMet) to cytosines in CpG dinucleeidBestor et al., 1988; Lauster
et al., 1989; Posfai et al., 1989). The distintésamf each motif have been previously
described in section 1.2.3.4.1.

5.1.2 The loss- and gain-of-function of DNMT1 in mammalian cells

The studies of loss- and gain-of-function DPNMT1 in mammalian cells have
suggested that appropriaNMT1 expression is essential for normal embryonic
development and tissue-specific differentiationn{Bzkiewicz et al., 2002; Jackson et
al.,, 2004; Lei et al., 1996; Li et al., 1992; Li at, 2007). For example, the
inactivation of endogenoUdNMT1in mouse and human cells leads to the extensive
perturbation of embryonic development, cellularvgity telomere length and lineage-
specific differentiation that may be due to genomée demethylation at repetitive
sequences, imprinting regulatory regions and sldweric domains (Chen et al.,
2007; Gonzalo et al., 2006; Hattori et al., 20GEk$on-Grusby et al., 2001; Jackson
et al.,, 2004; Lei et al.,, 1996; Li et al., 1993; éi al., 1992). Furthermore, the
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overexpression of exogeno@NMTL1 leads to the embryonic lethality in mice and
growth retardation in human fibroblast cells thaaymbe due to genome-wide
hypermethylation at repetitive sequences, imprgntiegulatory regions and tumour-
suppressor gene promoters (Biniszkiewicz et aD22Feltus et al., 2003; Vertino et
al., 1996).

5.1.2.1 Loss-of-function of DNMT1

5.1.2.1.1 Mouse embryonic stem cells

The firstDnmt1""J1 ES cell line has been generated by homologaesnigination of
the N-terminal domain (thblad site 20bp upstream of the transcriptional stég)s
(Li et al., 1992). In addition, Lei et al., (19963s established tHenmt”J1 ES cell
line by homologous recombination of the C-termidaimain (the PC motif 4 and
ENV motif 6). Although bottDnmt1”" and DnmtfJ1 ES cell lines exhibit normal
ES cell morphology, growth rate and prolonged saiviin culture, reduced
maintenance DNMT activity, DNMT1 protein level aBemethylcytosine content are
detected (Jackson-Grusby et al., 2001; Jacksoh, &084; Lei et al., 1996; Li et al.,
1992). Moreover, genome-wide and gene-specific deytation have been detected
in bothDnmt1"" and DnmtF®J1 ES cell lines (Hattori et al., 2004; JacksonsByuet
al., 2001; Jackson et al., 2004; Lei et al., 1996et al., 1992). Specifically, the
multiple endogenous retrovirus (Mo-MuLV), pericentreric minor satellite repeat
(PMR150), long interspersed nuclear element-1 (LIN&nd intracisternal A particle
(IAP) are demethylated in both cell lines (Jack&msby et al., 2001; Jackson et al.,
2004; Lei et al., 1996; Li et al., 1992). Furthermoof 1300 CpG loci examined by
RLGS, an additional 236 spots were detected in Dment™® J1 ES cell line,
indicating demethylation (Hattori et al., 2004)n&liy, loss of methylation at tHé19
DMR and Igf2r (insulin-like growth factor 2 receptprDMR2 is detected in the
DnmtI™ J1 ES cell line (Li et al., 1993). This is assomiftwith the biallelic
expression oH19 and transcriptional silencing ¢§f2 (insulin-like growth factor
andlgf2r (Li et al., 1993).

Importantly,Dnmt°J1 ES cells show a reduced ability to differentiate embryoid
bodies (EBs) and specific lineages including hepaittic (erythroid and myeloid
colonies) and cardiac lineages, compared to hetgoos- and wide-type ES cells
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(Jackson et al.,, 2004). Furthermor®ct3/4 and Nanog transcripts (pluripotent
markers) are still detected in differentiat@hmtX® J1 ES cells and remain
unmethylated at their promoters (Jackson et al.0420Li et al., 2007).
Immunocytochemistry analysis has revealed thahwbfast-specific (PI-1 and Tpbp),
mesodermal (Brachyury3 hl-globin anda- globin) and endodermal (Hnf4a and
albumin) markers are abnormally expressed in difféatedDnmtI’® J1 ES cells
(Jackson et al., 2004). Finally, the injectionDofmtI™ and Dnmt£°J1 ES cells into
diploid and tetraploid blastocyst stage mouse eowrgsulted in embryonic lethality
during postimplantation development (Lei et al.9@9Li et al., 1992). Thu®H nmtlis
essential for maintaining DNA methylation in the mmaalian genome that requires

normal embryonic development and lineage-specifferéntiation.

5.1.2.1.2 Mouse embryonic fibroblasts

The Dnmt***™*MEF cell line has been generated by Cre/lox mediaetion of
the N-terminal domain (exon 3 to exon 6) (JacksousBy et al., 2001). This cell line
exhibits no endogenoudnmtl expression, as confirmed by Western blot. Extensiv
demethylation at the IAP, centromeric satellite amoloney murine leukemia virus
loci has been demonstrated by Southern blot (Jaetsasby et al., 2001).
Importantly, TUNEL assay has revealed that ~ 20%Damt'™"'* MEF cells
undergo apoptosis (Jackson-Grusby et al., 2001).red@r, oligonucleotide
microarray analysis has revealed that ~ 10% of geme abnormally expressed in
Dnmt¥* MEF cells, including DNA repair gened’dg Rad52 Mrella and
Poldl), indicating thatDnmtl is also involved in regulating genomic stability
(Jackson-Grusby et al., 2001; Mortusewicz et 805).

5.1.2.1.3 Human colon cancer cells

Two DNMTP#PO cel| lines (designated as 201 and 202) have beeergted by
Cre/lox mediated deletion of the catalytic domad@(and ENV motifs) in the human
colon cancer cell line, HCT116 (Chen et al., 2007 )addition, ondONMT1" cell line
has been established by homologous recombinatidineofegulatory domain (exon 3
to exon 5) in HCT116 (Rhee et al., 2002; Rhee .e2a00). 201 and 202 cells show
morphology changes (more enlarged and flattenedhglin vitro culture, compared

to heterozygous- and wide-type HCT116 cells (Cherlg 2007). However, the
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DNMT1" cell line shows no morphology changes (Rhee et2802; Rhee et al.,
2000). This discrepancy may be due to functionfi¢idinces in the different domains
deleted. Moreover, 201 and 202 cells undergo variputotic defects including
broken chromosomes and anaphase bridges and thejtlter at the metaphase or at
the metaphase-to-anaphase transition (Chen &087). This have not been reported
in DNMT1" cells

Interestingly, although significantly reduced maimance DNMT activity (~ 90%
reduced) and DNMT1 protein level (rarely or notes¢¢d) are observed in 201, 202
andDNMT1" cells, only ~ 20% of the 5-methylcytosine contisnteduced (Chen et
al., 2007; Rhee et al., 2002; Rhee et al., 200@thErmore, in these cells, the analysis
of specific genomic regions by Southern blot haseated that genome-wide
demethylation occurs at only classical Satelli@n® 3 sequences, but riSatellite
and Alu repeats (Chen et al., 2007; Rhee et ab22BRhee et al., 2000). In addition,
no methylation changes are detected in the numb€p& islands including/LH1,
CDKN2A p16N** and TIMP-3 promoters (Chen et al., 2007; Rhee et al., 2002eR
et al., 2000). There are three ways to explain Ecé&xtensive perturbation of DNA
methylation. Firstly, Egger et al., (2006) has desimted that a truncated DNMT1
protein is present in cells. This truncated DNMTtpin retains the catalytic domain
so that is able to methylate hemimethylated CpGiaevotides (Egger et al., 2006).
Secondly, Chen et al., (2007) has suggested the¢ @®mounts of DNMTL1 are still
present in cells that functionally work to maint@NA methylation. Finally, Rhee et
al., (2002) has suggested that DNMT3A and DNMT3Bipensate loss of DNMT1 to
maintain DNA methylation patterns BPNMT1I” cells. IndeedDNMT1andDNMT3B
DKO (double knockout) in HCT116 shows significantlyss of genomic DNA
methylation (~ 95%) afi-Satellite and Alu repeats (Rhee et al., 2002).addwer, the
promoter regions 016" *® (a prototypic INK4 proteij) TIMP-3 (tissue inhibitor of
metalloproteinase )3andIGF2 are completely demethylated in DKO cells (Rheal gt
2002).

5.1.2.2 Gain-of-function of DNMT1

5.1.2.2.1 Human lung fibroblasts
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8 human fetal lung fibroblast (IMR90/SV40) cell & overexpressinddNMT1
(HMT.S41, HMT.S36, HMT.L36, HMT.S33, HMT.L41, HMT71L HMT.19 and
HMT.1E1) have been established by chemical tratisfecf the pCMVneoBam
vector containing a full-lengtBNMT1 cDNA (Vertino et al., 1996). These cell lines
have both endogenous and exogenous DNMT1, as owdiby Western blot on a
6.5% sodium dodecyl sulphate-polyacrylamide gettedphoresis (SDS-PAGE) gel.
Interestingly, the expression levels of exogenoldMD1 between cell lines are
variable, although endogenous DNMT1 was equallyesged (Vertino et al., 1996).
Exogenous DNMT1 was relatively highly expressed HMT.17, HMT.19 and
HMT.1E1 than other cell lines (HMT.S41, HMT.S36, AIM36, HMT.S33 and
HMT.L41). This may to due to variations either g thumber of exogenolNMT1
copies integrates in the genome of each cell lim2)ovhere they integrate into the

genome.

By digesting DNA with methylation sensitive restiom enzymes (e.dNotl, Sadl and
Eagd), followed by Southern blot, hypermethylation ttmour suppressor gene
promoters and certain CpG islands has been detectddMT.17, HMT.19 and
HMT.1E1 (Feltus et al., 2003; Vertino et al., 1996f 12 tumour suppressor gene
promoters examined, 5 geneg&s{rogen receptor Alpha Globin E-cadherin
SomatostatirmndHIC-1) show gain of methylation at their promoters (Wevtet al.,
1996). Moreover, Feltus et al., (2003) has examitiex global DNA methylation
status in HMT.17, HMT.19 and HMT.1E1 cell lines BY.GS. Of 1749 CpG loci
examined, 373 spots (~ 21%) disappeared, indicatang of methylation (Feltus et al.,
2003). Thus, the overexpressionDfIMT1is associated with genome-wide and gene-
specific hypermethylation (ate novomethylation) in human fibroblast cells.

5.1.2.2.2 Mouse embryonic stem cells

A Mouse J1 ES cell line overexpressidgmtl (DnmtI”*8A¢

) has been generated by
chemical transfection of a 150 kb bacterial angfichromosome (BAC) containing
the Dnmtl gene (Biniszkiewicz et al., 2002). Increased Dnrptbtein level, 5-
methylcytosine content and maintenance Dnmt agtivare detected in the
DnmtI""BAC cells by Western blot, reverse-phase HPLC (higiepmance liquid
chromatography) and Dnmt activity assays (Biniszige et al., 2002). Furthermore,

hypermethylation at repetitive sequences (includmmgor centromeric repeats and
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retroviral 1AP elements) is detected in tBamtI’" ¢

cells by Southern blot
(Biniszkiewicz et al., 2002). Hypermethylation #&Pl in the DnmtI”*®*C cells is
correlated with transcriptional silencing of IAPf © imprinted geneslgf2r, Peg3
Grfl, Snrpn Igf2 and H19) and 3 non-imprinted genep2l, p1l6 and telomerasg

examined irDnmt1/*BAC

cells, hypermethylation is detected at Hit9 DMR that is
associated with biallelic expression lgf2 and transcriptional repression bf19
(Biniszkiewicz et al., 2002). Furthermore, the @tjen of DnmtI”*®C cells into
diploid and tetraploid blastocyst stage embryosiltesn embryonic lethality at 14.5
dpc. Thus, overexpression Dhmtlis associated with hypermethylation at imprinting
regulatory regions and repetitive sequences thatferes with normal embryonic

development.
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5.2 Results

5.2.1 Construction of plasmids

5.2.1.1 pCAG-hDNMT1-IRES-PAC

The pDsRed2-C1-hDNMT1 plasmid was produced duriryevious project in the
laboratory of Prof. Yong-Mahn Han (KAIST). This phaid contains a 5.2kb full-
length human DNMT1 cDNA,Discosoma sp Human codon-optimised Red
Fluorecent protein (DsRed2) coding sequences, aahuaytomegalovirus (CMV)
immediate early promoter and kanamycin/neomyciistast genes. To obtain 5.2 kb
DNMT1 cDNA, pDsRed2-C1-hDNMT1 was digested BgdRl (Figure 5-1). Two
bands, 5,262bpDNMT1 cDNA) and 4,686bp (pDsRed2-C1) were expected to be
digested byEcdRI (Figure 5-1 A). However, it was difficult to disminate between
two bands, because they are closely located orB¥hegel (Figure 5-1 B). Thus,
another enzymeRsil, was selected to digest the middle part of tisRed2 C1
(Figure 5-1 C). Then, three bands (5,262bp, 2,768iwp1,918bp) were identified on
the 8% gel, followingRsil and EcoR double digestion of pDsRed2 C1-hDNMT1
(Figure 5-1 D). A 5.2kb band was cut from the gl DNMT1 cDNA was purified.

The p336 (pCAG-eGFP-IRES-PAC) plasmid was providgdProf. Chris Denning
(University of Nottingham). Several transgenic agwhes with this plasmid have
been reported in hESCs and mESCs (Anderson éx(dl7; Liew et al., 2007; Ren et
al., 2006; Vallier et al., 2004b; Ying et al., 2@00Zaragosi et al., 2007). This plasmid
contains a enhanced green fluorescent protein (EGFRP chicken [3-
actin/cytomegalovirus (CMV) hybrid promoter (pCAG@n internal ribosome entry
site (IRES) and a puromycin resistant gene (Denatrg., 2006; Ying et al., 2003Db).
The p336 plasmid was digestedbgoR| (Figure 5-1 E and F). Three bands (6,383bp,
795bp and 117bp) were identified by gel electrophisr (Figure 5-1 F). A 6,383bp
band was cut from the gel. The linearised p336nmpidsvas purified from the gel.
Shrimp Alkaline Phosphatase (SAP) was used to tréatthe EcoRI digested p336

plasmid to prevent self-ligation by removing 5’ gpbates groups of boBcoR sites.

Ligation between 5.2 kb oDNMT1 cDNA (EcoR digested) and 6.3kb of p336
(EcoR digested and SAP treated) and transformation weréormed. Individual 20
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colonies were inoculated and cultured. From 20meky 20 plasmids were extracted
by Miniprep. Four restriction enzymeBdoR, Pcil, Xcnl and Sad) were selected to
confirm the correct insertion ANMT1 cDNA into p336 (Figure 5-2). 17 colonies
(EcoR), 9 colonies $ad), 9 colonies Pcil) and 14 colonies{cm) were identified to
be correctly inserted. Of those, two colonies (1@fd 11-5) were selected and
Midiprep was performed. Finally, two plasmids dedvfrom 10-1 and 11-5 colonies
were named as pCAG-hDNMT1-IRES-PAC #10-1 and pCABNT1-IRES-PAC
#11-5 for use within this Chapter.
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Figure 5-1. The construction of the pCAG-hDNMT1-IRE S-PAC plasmid

(part 1)

(A) The schematic diagram of pDsRed2-C1-DNMT1. TkaRI sites are shown in
red. (B) Gel electrophoresis of pDsRed2-C1-DNMTteratheEcarl digestion. (C)
The schematic diagram of pDsRed2-C1-DNMTL1. TkaRI sites are shown in red
and aRsill site is shown in blue. (D) Gel electrophoresisp@sRed2-C1-DNMT1
after theEcoR| andRsil double digestion. (E) The schematic diagram 88 Three
EcdoRI sites are shown in green (F) Gel electrophore$ip336 after theEcoRl
digestion. 0.8% agarose gels were used for geltrefdwresis. The 2-Log DNA
ladder (NEB) was used as a molecular maker. Raéstrienzymes used for the
digestion shown on the top of gel images. The nuidecsize of digested bands is
shown on the left of gel images. The schematic rdiag were generated by
pDRAWS32 (A, C and E).
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Figure 5-2. The construction of the pCAG-hDNMT1-IRE S-PAC plasmid

(part 2)

(A) The schematic diagram of tviecoR| sites in pPCAG-DNMT1-IRES-PAC. (B) Gel
electrophoresis of pCAG-DNMT1-IRES-PAC after thedRl digestion. (C) The

schematic diagram of twdad sites in pCAG-DNMT1-IRES-PAC. (D) Gel
electrophoresis of pCAG-DNMT1-IRES-PAC after tl&ad digestion. (E) The

schematic diagram of fouPcil sites in pCAG-DNMTI1-IRES-PAC. (F) Gel
electrophoresis of pCAG-DNMT1-IRES-PAC after tiil digestion. (G) The

schematic diagram of thre¥cnl sites in pCAG-DNMT1-IRES-PAC. (H) Gel

electrophoresis of pCAG-DNMT1-IRES-PAC after thenl digestion. 0.8% agarose
gels were used for gel electrophoresis. The 2-LbbADadder (NEB) was used as a
molecular maker. Colonies were numbered as showth@rop of gel images. Red
coloured numbers indicate the correct insertiorDdMT1 cDNA into p336. The

schematic diagrams were generated by pDRAW32 (A& &hd G).

5.2.1.2 pCAG-DsRed2-C1-hDNMT1-IRES-PAC

The pDsRed2-C1-hDNMT1 plasmid was digested &g (Figure 5-3 A and B) and
Klenow was filled in theSal site to make a blunt end. This blunt end willalig into

the Pmd site of p388. Subsequentlypgd digestion was performed irgal
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digested/Klenow-filled pDsRed2-C1-hDNMT1 to obtaidsRed2DNMT1 cDNA.

Following gel electrophoresis, two bands, 5,983bp &,965bp were identified
(Figure 5-3 B). A 5,983bp band was cut from theagel DsRedZDNMT1 cDNA was

purified.

The p388 (p336+linker) plasmid was also provided Bgof. Chris Denning
(University of Nottingham). p388 was double digestdgth Pmd andAgd (Figure 5-
3 C and D). Two bands, 6469 bp and 21bp, were iftahtoy gel electrophoresis
(Figure 5-3 D). A 6469bp band was cut from the @&k linearised p388 plasmid was

purified from the gel.

Ligation between 5.9 kb DsRedNMT1 (Sal digested-Klenow filledAgd digested)
and 6.4 kb p388RAmd and Agd digested) and transformation were performed. From
12 colonies were inoculated and cultured, 12 pldsmere extracted by Mini prep.
Three restriction enzyme8#&nH|, Sad and EcoRI) were selected and use to digest
the 12 plasmids to confirm the correct insertiorDeRed2DNMT1 cDNA into p388
(Figure 5-4). 9 colonies were identified to be eotly inserted. Of those, two colonies
(#7 and #12) were selected and cultured, and Megipvas performed. Finally, two
plasmids were derived from (#7 and #12) and namguCAG-DsRed2 C1-hDNMT1-
IRES-PAC #7 and pCAG-DsRed2 C1-hDNMT1-IRES-PAC #42use within this
Chapter.
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Figure 5-3. The construction of the pCAG-DsRed2-C1- hDNMT1-IRES-

PAC plasmid (part 1)

(A) The schematic diagram of pDsRed2-C1-DNMAfd and Sal sites are shown.
(B) Gel electrophoresis of pDsRed2-C1-DNMT1 aftexrAgd andSal digestion. (C)
The schematic diagram of p38&gd and Pmd sites are shown. (D) Gel
electrophoresis of p388after tihgyd and Pmd double digestion. 0.8% agarose gels
were used for gel electrophoresis. The 2-Log DNdd& was used as a molecular
maker. Restriction enzymes used for the digestimws on the top of gel images.
The molecular size of digested bands is shown en lé¢ft of gel images. The
schematic diagrams were generated by pDRAW32 (AGnd
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PCAG-DsRed2-hDNMT1-IRES
12436 bp
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Figure 5-4. The construction of the pCAG-DsRed2-C1- hDNMT1-IRES-

PAC plasmid (part 2)

(A) The schematic diagram of foBanHI sites in pCAG-DsRed2-DNMT1-IRES-
PAC. (B) Gel electrophoresis of pPCAG-DsRed2-DNMRES-PAC after th@&anH|
digestion. (C) The schematic diagram of th&sat sites in pCAG-DsRed2-DNMT1-
IRES-PAC. (D) Gel electrophoresis of pCAG-DsRed2NDNL-IRES-PAC after the
Sad digestion. (E) The schematic diagram of fdtozoR| sites in pCAG-DsRed2-
DNMT1-IRES-PAC. (F) Gel electrophoresis of pCAG-2sR-DNMT1-IRES-PAC
after theEcadR| digestion. 0.8% agarose gels were used forlgetrephoresis. The 2-
Log DNA ladder (NEB) was used as a molecular maketonies were numbered as
shown on the top of gel images. Red coloured nusnipglicate the correct insertion
of DsRedDNMT1 cDNA into p388. The schematic diagrams were geedrdy
pDRAW32 (A, C and E).

5.2.2 Transient transfection

To examine whether reconstructed plasmids funclipneorked into human
embryonic stem cells (hESCs), circular p336, p388AG-DsRed2-C1-hDNMT1-
IRES-PAC #7 and pCAG-hDNMT1-IRES-PAC #10-1 plasmidsre transiently
transfected in HUES7 (passage 22) using GeneJaif8tratagene). After 48 hours,

the expression of exogenous eGFP and DsRed2 wasnuie¢d by fluorescence
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microscope (Figure 5-5). In cells transfected b@G3reen signals were detected in
both the cytoplasm and nucleus (see an enlargede)mdurthermore, in cells
transfected by pCAG-DsRed2-C1-hDNMT1-IRES-PAC #d signals were detected
in the nucleus only (see an enlarged image), bec#ius N-terminal domain of
DNMT1 contained a nuclear localisation signal (Nld®main (Bestor, 2000; Cheng
and Blumenthal, 2008). Cells transfected by othasmids showed no green and red

signals, indicating that these plasmids did notaiorfluorescence genes (Figure 5-5).

p366 p388 pCAG-DNMT1 #10-1 pCAG-DsRed-DNMT1 #7 No plasmid

- Y - - i - - = ha=ta
& s s = = e =
W el - < E 7 >
Az I e e >

Figure 5-5. Immunofluorescence analysis in transien tly transfected

HUES7 p22

Circular p336, p388, pCAG-DsRed2-C1-hDNMT1-IRES-PAE and pCAG-
hDNMT1-IRES-PAC #10-1 plasmids were transientiynsfected in HUES7 (p22) by
GeneJammer. Green signals were detected in cafisfécted by p336. Red signals
were detected in cells transfected by pCAG-DsRetliDNMT1-IRES-PAC #7. No
fluorescence signals were detected in cells tratedleby p388, pCAG-hDNMT1-
IRES-PAC #10-1 and no plasmid. Top panels showhtiedd images. Middle panels
show eGFP filter images. Bottom panels show DsRi&eé2 images.

5.2.3 Stable transfection

5.2.3.1 Preparation of plasmids

Plasmids were linearised yhd andPvu restriction enzymes. AAhd enzyme was
used for linearisating p336 and p388 plasmids.P¥i enzyme was used for
linearisating pCAG-DNMT1-IRES-PAC #10-1 and pCAGHZxI2-C1-DNMT1-
IRES-PAC #7 plasmids (Figure 5-6). Linearised pliasnwere purified by phenol-

chloroform extraction.
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pCAG-DsRed2- DNMT1-IRES-PAC #7

+p|PCAG-DNMT1-IRES-PAC #10-1

vul

Figure 5-6. Linearisation of plasmids for stable tr ~ ansfection

An Ahd enzyme was used for linearising p336 and p388mids. APvU enzyme
was used for linearising pCAG-hDNMT1-IRES-PAC #1@1id pCAG-DsRed2-C1-
hDNMT1-IRES-PAC #7. Restriction enzymes used arasipids are shown on the
top of a gel image. A 0.8% agarose gel was useddbelectrophoresis. The 2-Log
DNA ladder (NEB) was used as a molecular maker.

5.2.3.2 Electroporation and puromycin selection

Electroporation methods for establishing stablexgiected hESC lines have been
optimised by Prof. Chris Denning and Dr. David Arsbm (University of
Nottingham). Electroporation was performed witk 10° HUES7 (p22) cells and 50
plg of each linearised plasmid using previously med setting of 600 V/30 us
(Anderson et al., 2007; Denning et al., 2006). A hours, these cells were subject
to puromycin selection. Puromycin resistant colsr@ppeared after 10 days in culture
(Figure 5-7). Interestingly, although 58 coloniesrg/found in dishes containing cells
transfected by p336 and p388, only 27 colonies viarad in dishes containing cells
transfected by pCAG-hDNMT1-IRES-PAC #10-1 and pCB&Red2-C1-hDNMT1-
IRES-PAC #7. Furthermore, the size of colonies waparable between control
plasmids transfected and plasmids contaiMT1 cDNA transfected. Colonies of
p336 and p388 were relatively bigger than those@AG-hDNMT1-IRES-PAC #10-

1 and pCAG-DsRed2-C1-hDNMT1-IRES-PAC #7 (Figure)53hese colonies were
handpicked by pipette, transferred into one wekl a2-well plate, and expanded until
they were confluent in one well of a 6-well plakgnally, 14 of p366 cell lines, 17 of

p388 cell lines, 8 of hESOD1 ({man enbryonic $em cell lines_wverexpressing
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DNMT1) cell lines (derived from pCAG-hDNMT1-IRES-PAC #1) and 11 of
hESOrD1 (luman _enbryonic $em cells_oerexpressing Ds&I-DNMT1) cell lines
(derived from pCAG-DsRed2-C1-hDNMT1-IRES-PAC #7)revestablished after ~ 4
weeks of puromycin selection (Table 5-1). Once lie#ls were established, they were
named and numbered; p336 (p336 #1, -#3, -#4, #6,-#9, -#12, -#13, -#14, -#15, -
#16, -#17, -#19, -#23), p388 (p388 #1, -#2,--#3, #5, -#7, -#8, -#9, -#10, -#11, -
#12, -#13, -#14, -#15, -#16, -#18, -#23), pPCAG-DNMRES-PAC #10-1 (hESOD1
#1, -#2, -#3, -#4, -#5, -#6, -#7, -#9), pCAG-DSR&PDNMT1-IRES-PAC #7
(hESOrD1 #1, -#2, -#3, -#5, -#6, -#8, -#9, -#1Q1##12, -#13).

p338 #10

hESOD1 #1 . : ‘| hEsoD1#3 : hESOD1 #9

hESOrD1 #1 : hESOrD1 #3

Figure 5-7. The formation of puromycin resistant co lonies

Linearised plasmids were transfected into HUES72)d2/ electoroporation. Cells
were subject to puromycin selection. After 10 d&,colonies (p336), 31 colonies
(p388), 13 colonies (pCAG-DNMT1-IRES-PAC #10-1) el (0CAG-DsRed2-C1-

DNMT1-IRES-PAC #7) colonies were found. The sizgp886 #1, p336 #3, p336 #9,
p388 #8, p388 #9 and p388 #10 colonies are relgtbigger than that of hESOD #1,
hESOD #3, hESOD #9, hESOrD #1, hESOrD #2 and hESfrEolonies. All images

were captured in brightfield microscopy.
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Table 5-1. The number of puromycin resistant coloni  es and established
cell lines

Plasmid No. of colonies No. of colonies No. of C(_ell lines
found picked established
p336 27 23 14
pCAG-DNMT1-IRES-PAC #10-1 13 13 8
p388 31 23 17
pCAG-DsRed2-c1-DNMT1-IRES-PAC#7 14 14 11
Without plasmid® 0 0 0

@ Transfection was performed without the plasmid. iBmpuromycin selection, all
cells died so that no cell lines were established.

5.2.3.3 Characterisation of cell lines overexpressi ng DNMT1

To indentify cell lines having both endogenous ardgenous DNMT1 expression,
Western blot was performed on the 6% SDS-PAGE geglufte 5-8). Then, the blot
was probed with a polyclonal DNMT1 antibody (NERjsed against the N-terminal
region. Consistent with previous reports (Chenl.e2807; Esteve et al., 2005; Esteve
et al., 2006; Kim et al., 2002; Pradhan and Kim)20one DNMT1 specific band of
190kDa was detected in all cell lines (Figure 5®)e expression level of DNMT1
protein was variable between cell lines, althoaghubulin as a loading control was
similarly expressed. Moreover, Ponceau S stainimgved that equal amounts of
proteins were loaded in each lane. DNMT1 is higbkpressed in hESOD1 #1,
hESOD1 #3, hESOD1 #4, hESOD1 #5, hESOD1 #6, hES@Q1hESOrD1 #3,
hESOrD1 #5 and hESOrD1 #8 in comparison to comietllines, p366 #1, p366 #9,
p388 #8, p388 #9, p388 #10, p388 #12, transfectmtrol (TC) and HUES7 (p25).
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hESQOD1 #
Transfection Control
P388 #8
hESOrD1 #1
hESOrD1 #2

: hESOrD1 #3
hESOrD1 #
HUEST p25
P388 #10
P388 #12
hESCOrD1 #10
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hESOrD1 #12
hESOrD1 #13
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Figure 5-8. Western blot analysis of established ce |l lines on the 6%
SDS-PAGE gel

30 pg protein extracts from each cell line wera&mhonto each lane of the 6% SDS-
PAGE gel, electroblotted into the nitrocellulosemiigane, and probed with DNMT1
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anda-Tubulin antibodies. The cell lines examined arevah on the top of gel images.
Molecular masses are shown on the left of a gejem@a Tubulin blot and Ponceau S
staining were used as loading controls.

Although cell lines overexpressing DNMT1 were idiéedl on the 6% SDS-PAGE gel
(Figure 5-8), this failed to discriminate betweemegenous and exogenous DNMT1
expression. Thus, Western blot was performed od%h&DS-PAGE gel (Figure 5-9).
However, this also failed to discriminate betweemdagenous and exogenous
DNMT1 expression. Similar to the 6% SDS-PAGE gele ®NMTL1 specific band
was detected around 190kDa on the 4% SDS-PAGE ggure 5-9 A). The
expression levels of DNMT1 were quantified by theédaA image analyser and
normalised to expression levels @fTubulin (Figure 5-9 B). Over 3 fold increased
DNMTL1 expression was detected in hESOD1 #3 (3@)f¢IESOD1 #4 (3.7 fold) and
hESOD1 #9 (3.5 fold), against control cell line83p #1, p336 #9, p388 #8 and p388
#9). In addition, hESOD1 #1 (2.4 fold), hESOD1 2%(fold) and hESOD1 #6 (2.0
fold) showed over 2 fold increased DNMT1 expressammpared to control cell lines.
hESOD1 #7 had a similar expression level to contall lines. Following Western
blot analysis, 4 control cell lines (p366#1, p336#388 #8, p388 #9) and 4 hESOD1
cell lines (hESOD1 #1, hESOD1 #3, hESOD1 #4 andQiEB#9) were selected for

further studies.
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hESOD1 #2
hESODA #7
hESOD1 #9

kDa

| Pass#

| p3sR
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Figure 5-9. Western blot analysis of established ce |l lines on the 4%
SDS-PAGE gel

(A) Total 30 pg protein extracts from each celelwere loaded onto each lane of the
4% SDS-PAGE gel, electroblotted into the nitrodelle membrane, and probed with
DNMTL1 anda-Tubulin antibodies. The cell lines studied arevehmn the top of a
gel image. Molecular masses are shown on the ieftgel imagea-Tubulin blot and
Ponceau S staining were used as loading contrBls.The expression level of
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DNMT1 was quantified by the Aida image analyser andmalised by the expression
level of a-Tubulin.

5.2.3.4 Maintenance DNMT activity assay

In mammalian cells, the increased expression of Dllidrotein has been reported to
be associated with increased maintenance DNMT igc{Biniszkiewicz et al., 2002;
Vertino et al., 1996). Thus, the vitro maintenance DNMT activity assay was
performed, as previously described by Butler et(2D06). This assay was performed
by Dr. Jeong-Heon Lee and Prof. David G. Skalnikdidna University). Nuclear
extracts were extracted from each cell line, intetbavith PH]SAM (S-adenosyl-L-
methionine) and oligonucleotides as substratesu(Ei¢-10 C) and loaded into each
lane of a 10.5% native PAGE gel. The gel was dreghosed to the X-ray film and
developed (Figure 5-10 A). The maintenance DNMvdis were illustrated by the
bands coreesponding hemi-methylated oligonuclot{&é&gure 5-10 A). The intensty
of bands was quantifed by the Aida image analyB&gu(e 5-10 B). Over 2 fold
increased maintenance DNMT activities were detetiedESOD1 #3, hESOD1 #4
and hESOD1 #9, against control cell lines (p336#336#9, p388#8 and p388#9)
(Figure 5-10 B). Moreover, over 1.5 fold increagedintenance DNMT activities
were detected in hESOD1 #2, hESOD1 #5, hESOD1 #6hg650D1 #7. Thus,
exogenously express&@NMT1in hESC lines functionally worked as a maintenance

methyltransferase.
A B
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3'-CTAGCGGCTACGCGCTTAGCGCTAGCTACGETAS' Reverse oligo
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hESQD
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hESQD
hESQD
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Figure 5-10. In vitro maintenance DNMT activity assay in established cel |
lines

(A) Maintenance DNMT activity assay was performedioe 10.5% native PAGE gel.
In vitro DNMT activity was measured by the incorporationnodéthyl groups (Ch
from [°H]SAM (Sadenosyl-L-methionine) into double-strand oligdeotides used
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as substrates (C). (B) The activity level of eaeh kine was quantified by the Aida
image analyser.

5.2.4 Stem cell characteristics

5.2.4.1 Morphology

Brightfield microscopy analysis was performed ircdl lines to identify potential

morphology changes induced by exogen@l$MT1 expression. This revealed no
morphological changes in cell lines, although exages DNMT1 was expressed in
hESODL1 cell lines (Figure 5-11).

p336 #1

hESOD4 #1 - | nESODI B -

hESOD1#4 . | hEsoDiwe -

Figure 5-11. The morphology analysis of established cell lines

All cell lines were examined at passage 30. Allgescaptured under the microscopy
of the brightfield filter showed no morphology clgais of hESODL lines, compared to
control lines (p366#1, p336#9, p388 #8 and p388 #9)
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5.2.4.2 OCT4, NANOG and SSEA4 expression

Immunostaining and Western blot for pluripotencyrkeas were performed to
identify whether hESOD1 cell lines (p30 and p45)reveamaintained in an
undifferentiated state. Immunostaining revealedt @&€T3/4 and NANOG were
expressed in the nucleus of all cell lines (Figbw#2 A). Furthermore, SSEA4 was
expressed in the surface of all cell lines (Figbfg2 A). By Western blot, similar
expression levels of OCT3/4 and NANOG were deteateall cell lines at passages
30 and 45 (Figure 5-12 B and C). Thus, the oversgion of exogenous DNMT1 did
not interfere with the maintenance of an undifféisdad state of hESCs.
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Figure 5-12. OCT3/4, NANOG and SSEA4 expression in  established cell

lines

(A) Immunostaining of OCT3/4, NANOG and SEEA4 witspective antibodies (see
section 2.2). The nucleus is visualised by DAPuéblstaining. (B) Western analysis
of cell lines at passages 30 and (C) p45. Westltnwas performed on 4% ~ 8%

SDS-PAGE gels. Total 30 pug protein extracts froroheeell line were loaded onto

each lane of the gel, electroblotted into the ntlulose membrane, and probed with
respective antibodies (see section 22T.ubulin blots were used as loading controls.
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5.2.4.3 Population double time and cell cycle

The population doubling (PD) time was measurednduii2 days (4 passages) in
culture to identify whether hESOD1 cell lines haamtmal growth rates. The number
of cells was counted by the hemocytometer. PD timese calculated using the
formula: log (the number of subcultures establistdthe each passage)/log2
(assuming 100% cell survival at each passage)dAlki et al., 2007; Denning et al.,
2006) (Figure 5-13). In control cell lines, TC, 16381, p336 #9, p388 #8 and p399 #9,
PD times were 59.2h, 60.2h, 61.3h, 60h and 61e8pectively. However, PD times
of hESOD1 cell lines, hESOD1 #1, hESOD1 #3, hES@®land hESOD1 #9 were
70.5h, 64.8h, 68.5h and 71.7h, respectively. Tthese are ~ 10h differences between
control cell lines and hESODL1 cell lines (p<0.08yicating that hESOD1 cell lines
are slow growing, compared to control cell lines.

[

5
—TC

p336 #1
— p336#0
—rCT

p388 #9
2. . —hESOD1 #1
hESOD1 #3
14 ——hESOD1 #4

Accumulative population doubling
w

——hESOD1 #8

Days in culture

Figure 5-13. The population doubling (PD) time of e  stablished cell lines

The number of cells was calculated by hemocytondkieng 12 days. PD times were
calculated using the log scale. The statisticalysigawas performed by Post Hoc,
Mann-Whitney and Kruskal-Wallis tests that showeeré are significant differences
between control cell lines and hESOD1 cell linesd(05) (see appendix 2).

Cell cycle analysis was performed by flow cytometofiowing PI (propidium iodide)
staining. Data were analysed by WinMDI and Cylchprdgrammes (see section
2.3.23). Control cell lines (HUES7 p22, p336 #13¢R9, p388 #8 and p388 #9)
showed similar proportions of G1, S and G2-M pheais (Figure 5-14 A and B).
However, the proportion of S phase cells signifisamlecreased in hESOD1 #1,
hESOD1 #4 and hESOD1 #9, compared to control iceds|(p<0.05). Moreover, the
proportion of G2-M phase cells significantly incsed in hESOD1 #1, hESOD1 #4

and hESOD1 #9 (p<0.05), compared to control ce#di Interestingly, hESOD1 #3
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showed similar proportions of G1, S and G2-M ceflgontrol cell lines (Figure 5-14

A HUEST p22 TC p336 #1 p336 #9 p388 #8
& G1:18.82% + 153 G1:19.20% + 0.66 & G1:15.92% +0.09 & G1:19.08% + 1.70 # G1:17.14% = 1.05
S 45.98% £ 0.97 514247% £ 2.01 $144.66% = 1.72 $142.98% = 140 542.38% £ 1.12
G2-M: 35.18% * 0.56 G2-M: 38.22% + 1.35 G2-M: 3841% + 1.81 G2-M: 37.94% + 0.30 G2-M: 40.48% £ 0.07
p388 #9 hESOD1 # hESOD1 #3 hESOD1 # hESOD1 #8
3 G1:19.56% + 316 & G1:14.35% £ 1.33 & G1:20.35% £ 042 2 G115.80% £ 0.21 & G1:13.88% = 1.57
S 45 11% + 0.03 S:34.28% + 3.53 S:44.33% + 123 S:37.39% £ 052 S:40.11% £ 0.59
G2-M: 3533% + 313 G2-M: 51.26% + 4 .86 G2-M: 35.31% + 1686 G2-M: 46.81% + 0.31 G2-M: 46.01% + 2.16
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(A) The total cell population was examined by flowometry. Data were analysed by
WinMDI and Cylchred programmes and (B) the bar theas generated based on the
data. Statistical analysis was performed by Post, Hbann-Whitney and Kruskal-
Wallis tests that showed there are significantedéhces between control cell lines
and hESOD1 cell lineP0.05).

5.2.5 DNA methylation

5.2.5.1 DNA methylation at 14 imprinting regulatory regions

DNA methylation at 14 imprinting regulatory regiomss analysed in hESODL1 cell
lines (passages 30 and 45) by combined bisulpbggiction analysis (COBRA). In
Chapter 4, overall DNA methylation levels at 14 rmped regulatory regions were
characterised in 22 hESC cell lines, when impriftez are informative. PCR was
performed with bisulphite modified genomic DNA. P@roducts were digested by
appropriate restriction enzymes (Figure 5-15 andi6p- Of 14 imprinted loci

examined, none showed DNA methylation changes th hb&SOD1 and control cell

185



lines. In detail, the promoter region afP73 SLC22A18 and CDK1NC was
unmethylated in both control (HUES7 p22, p336 #336#9, p388 #8 and p388 #9)
and hESODL1 cell lines (hESOD1 #1, hESOD1 #3, hES@Blnd hESOD1 #9).
IGF2R DMR2 was methylated in all cell lines. Of other @Ifprinting regulatory
regions PEG1Q PEG], KvDMR], IGF2, H19, GLT2 SNRPN PEG3 NESP55and
GNAS1XLas DMRs) examined, all showed differential methylation both parental
alleles in all cell lines, except for th&l9 CTCF6ACIl site.
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Figure 5-15. DNA methylation at 14 imprinting regul  atory regions in

established cell lines (p30)

The COBRA analysis was performed with appropriagstriction enzymes to
determine methylation-dependent sequence diffeeemc®CR products of bisulphite
modified genomic DNA. 14 imprinted genes studiguprapriate restriction enzymes
and the number of restriction enzyme sites are showthe left side of gel images.
The name of each cell line is shown on the tohefgel image. 3% agarose gels were
used for gel electrophoresis,® was used as a negative control for PCR. The 50 bp
DNA Ladder (NEB) was used for a molecular makerindicates digested and D
indicates undigested.
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Figure 5-16. DNA methylation at 14 imprinting regul  atory regioné in
established cell lines (p45)

The COBRA

analysis was performed with appropria¢striction enzymes to

determine methylation-dependent sequence diffeeemc®CR products of bisulphite
modified genomic DNA. 14 imprinted genes studigghrapriate restriction enzymes
and the number of restriction enzyme sites are shonvthe left side of gel images.
The name of each cell line is shown on the tohefgel image. 3% agarose gels were
used for gel electrophoresis,® was used as a negative control for PCR. The 50 bp
DNA Ladder (NEB) was used for a molecular makerindicates digested and D
indicates undigested.
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5.2.5.2 DNA methylation at 9 tumour-suppressor gene promoters

The overexpression of endogen®@$MT1is associated with hypermethylation at the
promoter regions of tumour-suppressor genes in hucaacers (Etoh et al., 2004;
Peng et al., 2006; Sawada et al., 2007). Furthermimuman fibroblast cell lines
overexpressing exogenoDNMT1 show hypermethylation at the promoter regions of
5 tumour-suppressor genes (Vertino et al., 1996JusT DNA methylation at 9
previously reported tumour-suppressor gene promotas analysed in hESOD1 and
control cell lines by methylation-specific PCR (MSHhese genes were selected,
since they are functionally known to be important fnetastasis, angiogenesis,
apoptosis, cell cycle and DNA repair (Akiyama et 2003; Dong et al., 2001; Evron
et al., 2001; Herman et al., 1996; Imura et alQ&@®ochbauer-Muller et al., 2001).
Furthermore, some of genes (e.g. GATA4 and GATA®) aitically involved in
embryonic development and differentiation of hEQ8kiyama et al., 2003; Ohm et
al., 2007). These gene promoters are previouslyshim be unmethylated in the
hESC line (WAO1 also know as H1), whereas HCT11bilets hypermethylation
(Ohm et al., 2007). Thus, HCT116 was used for drobfor methylation. In addition,
in vitro methylated HUES7 p21 and human liver DNA by 8st methylase were

used as controls for positive methylation.

Of 10 gene promoters examined, most promoters wengethylated in HUES7 p21,
except forpl6 andTIMP-3 promoters (Figure 5-17). However, 6 promot&€&€RND],
ESR1 MGMT, GATA4 HIC-1 and p16 promoters) were methylated in HCT116.
Interestingly, gain of methylation a¥iIGMT, HIC-1 and GATAS promoters was
detected in differentiated HUES7 (EBs d27), althoather promoters showed similar
methylation patterns between undifferentiated affigéréntiated cells (Figure 5-17).
In in vitro methylated HUES7 p21 and human liver DNA, eithestglation or
predominate methylation was detected at all proraoEigure 5-17). Inin vitro
methylated HUES7 p21 DNATIMP-3, CCND1, ESR1 GATAS promoters were
completely methylated, where®&DH1, DAPK1, MGMT, HIC-1, GATA4 and p16
promoters were predominantly methylated.irinvitro methylated human live DNA,
the CCND1 promoter was completely methylated and other ptersowere
predominantly methylated. Based on these obsenstldNA methylation patterns at
10 gene promoters were analysed in hESOD1 ceb lategpassage 30 (Figure 5-17).
Gain of methylation at th&MP-3 promoter was detected in all hESODL1 cell lines.
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Moreover, gain of methylation MGMT was detected in hESOD1#1.
promoters showed no methylation changes in hESG@Dlires.

HUES7 p21 Sssl methylated
Liver DNA Sssl methylated

HUES7 p21
HCT116
EBs d27
p336 #1
p336 #9
398 #8
p308 #9
hESOD1 #
hESODA1 #

o)

However, other

hESQOD1 #4
hESQOD1 #0

100bp DNA ladder

CDH1
TiViP-3
DAPK-1
CCND1
ESR1
MGMT
Hic-1
GATAS
GATA4
p16

o _F
M U MUMUMUMUT M UMUMUMUMUMUMUMUMU

Figure 5-17. MSP DNA methylation analysis at 10 tum  our-suppressor

gene promoters in established cell lines (p30)

Genes studied are shown on the left of each p@ad#llines studied as shown on the
top of the panel. M indicates amplified PCR produetcognising methylated CpGs. U
indicates amplified PCR products recognising uniylatad CpGs. HUES7 p21 was
used as a control for unmethylation. HCT1ik6yvitro methylated HUES7 p21 and
human liver DNA were used as controls for methglatiHbO used as a negative
control for PCR. The 100bp DNA Ladder (NEB) wasdias a molecular maker.

It has been reported that DNA methylation changesi@mulate in human fibroblast

cell lines overexpressinpNMTL1 during in vitro prolonged culture (Vertino et al.,

1996). Thus, the DNA methylation status at 10 turrsuppressor gene promoter was

analysed in hESODL1 cell lines at passage 45 (Figur@). Gain of methylation at the
TIMP-3 promoter was still retained in all hESOD1 linesA%p Also, gain of
methylation atMGMT promoter persisted durinigp vitro culture of hESOD1 #1.

Interestingly, gain of methylation &#APK-1was detected in hESOD1 #9 p45 (Figure

5-18). Furthermore, gain of methylation at thREGMT promoter was detected in
hESOD1 #3 p45, hESOD1 #9 p45 and p388#8 p45. NS, methylation changes

accumulated at some promoters dutimgitro culture.
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336 #9
p398 #8
398 #9
hESOD1 #1
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hESOD1 #4
hESOD1 #

Q
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100bp DNA ladder

CDH1

TivipP-3

DAPK-1

CCND1

ESR1
MGMT

HiC-1

GATAS

GATA4

p16

Figure 5-18. MSP DNA methylation analysis at 10 tum  our-suppressor

gene promoters in established cell lines (p45)

Genes studied are shown on the left of each p@a#llines studied as shown on the
top of the panel. M indicates amplified PCR produetcognising methylated CpGs. U
indicates amplified PCR products recognising uniylatad CpGs. HUES7 p21 was
used as a control for unmethylatidn. vitro methylated HUES7 p21 was used as a
control for methylation. bD used as a negative control for PCR. The 100bp DNA
Ladder (NEB) is used as a molecular maker.

5.2.5.2.1 Association between DNA methylation and g  ene expression

Hypermethylation at promoter regions of tumour seppor genes can be associated
with transcriptional silencing of the genes (EstelR007; Feinberg, 2007). Thus, RT-
PCR was performed to identify association between gf methylation aMGMT and
TIMP-3 promoters and transcriptional repression of theegd IPM-3 was expressed
in HUES7 p22, HCT116 and EBs d27 in a similar letredt was associated with
unmethylation at its promoter (Figure 5-17 and $-GATA4andGATA5were highly
expressed in EBs (compared to HUES7 p22 and HCTtti)was also associated
with unmethylation at their promoters (Figure 5dd 5-19). However, even if the
GATAS promoter was unmethylated in HCT116, its expressi@s not detected,
indicating no association between DNA methylatibtha region examined and gene
expression. Furthermore, no association was deteotdGMT and HIC-1 genes.
MGMT was expressed in HUES7 p22, HCT116 and EBs d2¥ 9milar level that
was not associated with predominant methylatioitsgiromoter in HCT116 and EBs
d27 (Figure 5-17 and 5-1HlIC-1 is expressed in HUES7 p22, HCT116 and EBs d27

that was not associated with predominant methyiagioits promoter in HCT116 and
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EBs d27. In a similar scenario, no associationsveatected in hESOD1 cell lines.
Although gain of methylation aMGMT and TIMP-3 promoters in hESODL1 cell lines,

their expression levels were similar to control ieés (Figure 5-17 and 5-19).

p30

-l
B
i

100bp DNA ladder
100bp DNA ladder
100bp DNA ladder

HUES? p22
HCT116
EBs d27
p336 #1
p336 #9
p388 %8
p38s #9
hESOD1 #1
hESOD1 #3
hESOD1 #4
hESOD1 #0
p336 #1
p336 #9
p3ss #8
p38s #9
hESOD1 #1
hESOD1 #3
hESOD1 #4
hESOD1 #0

D D D
I I I

Figure 5-19. The RT-PCR analysis of 5 tumour-suppre  ssor genes in
established cell lines

PCR amplification was performed with cDNA of celhds. 2% agarose gels were
used for gel electrophoresis. The 100bp DNA ladtiB) was used as a molecular
maker. Cell lines studied are shown on the tofhefganel. Genes studied are shown
on the left of panels. ¥ was used as a negative control for PCR. RT- atd&no
reverse transcription reaction.

5.2.5.3 DNA methylation at repetitive sequences

DNA methylation analysis was performed for LINEJgt8lite 2 and Satellite 3 by
Southern blot. DNA was digested with eitidsp which cut at the sequence CCGG
or Hpall which dose not cut when the cytosine is metledaf_ei et al., 1996; Rhee et
al., 2002; Rhee et al., 2000). Southern blot amalys/ealed that DNA methylation
did not vary between control and hESOD1 cell lijiegure 5-20). In all cell lines
examined, larger DNA fragments were detectedipall digests compared t¥ispl
digests at LINE1, Satellite 2 and Satellite 3, aading that these regions were heavily
methylated in all cell lines. Interestingly, smathgments at LINE1, Satellite 2 and
Satellite 3 were detected kipall digests of EBs day 27, indicating that thesdarg
were less methylated in differentiated hESCs (Fdu20).
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Figure 5-20. The methylation analysis at LINE1, Sat ellite 2 and Satellite 3

in established cell lines

Gel electrophoresis followed by ethidium bromidairshg, (B) LINE1 blot, (C)
Satellite 2 blot and (D) Satellite 3 blot. The madtion status was determined by
digesting DNA with Msp (M) and Hpall (H). Digested DNA fragments were
separated by gel electrophoresis, transferred mtwcellulose membranes, and
hybridised with®?P-labeled DNA probes. Cell lines studied and retm enzymes
are shown on the top of images. The 2-Log DNA ladd¢EB) was used as a
molecular maker.

5.2.5.4 DNA methylation at ~ 2,200 CpG islands

RLGS analysis was performed by Jayson Bispham @sity of Nottingham). All
procedures were described in a previous repore@hlicci et al., 2007). Of ~ 2,200
CpG loci examined, 6 loci showed DNA methylationaebges (2 loci were
hypermethylated and 4 loci were demethylated) i88%3 p46, against HUES7 p22
(Table 5-2). However, only 1 or 2 loci showed DNAetimylation changes (1 locus
was hypermethylated and | locus was demethylated)hESOD1#1 p45 and
hESOD1#4 p45, against HUES7 p22.

Table 5-2. The methylation analysis at ~ 2,200 CpG islands

p388#9 p45 hESOD#1 p45 hESOD#4 p45
Loci Methylation Gene Loci Methylation Gene Loci Methylation Gene
name name name
2CA | Hypermethylated - 2E14 | Hypermethylated | TM7SF2 | 3D18 | Demethylated | SNIP
2D1 Demethylated - 3D18 Demethylated SNIP

2EJ Demethylated

2FC Demethylated

2G41 | Hypermethylated

Mouse
3E57 Demethylated AK047384
cDNA
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5.3 Discussion

Recent studies have reported that some CpG islaidfsn imprinted and non-
imprinted loci in hESCs undergo loss of DNA mettigla duringin vitro long-term
culture (Allegrucci et al., 2007; Bibikova et &006). A potential reason for loss of
methylation may be due to relatively low expresdmvrel of endogenous DNMTL1 in
hESCs (Emma Lucas and Lorraine Young unpublishafthough other potential
factors (e.g. non-physiological culture conditiarglin vitro environmental factors)
might be involved in this (Allegrucci et al., 2004llegrucci et al., 2007; Steele et al.,
2005). Thus, the aim of this Chapter was to deteenwhether increasing DNMT1
expression and its functional activity could premMess of methylation from spreading
in the genome of hESCs during vitro prolonged culture. In order to test this
hypothesis, hESC lines overexpressildNMT1 cDNA (hESOD1 lines) were
established.

5.3.1 The establishment of hESC lines overexpressin g DNMT1

To establish cell lines stably expressing a spetiinsgene, the optimal choice of the
promoter and backbone plasmid (or expression dajsetcritically required (Liew et
al., 2007; Smith et al., 2008). Previous studiesehdemonstrated that the generation
of long-term stably transfected mammalian ESC lisadifficult due to transcriptional
silencing of transgene promoters mediated by DNAthgiation-dependent or -
independent mechanisms (Liew et al., 2007; Renl.et2@06; Smith et al., 2008;
Vallier et al., 2004a; Ying et al., 2003b). For eyde, enhanced green fluorescent
protein (eGFP) expression mediated by the cytonoegak (CMV) immediate early
promoter (pCMV) becomes silenced during the germradf stably transfected hESC
lines (Liew et al., 2007). Furthermore, eGFP exgmsderived by other mammalian
promoters including pUbiC (human UbiquitinC), pRZBOSA26) and pCAGG
(chicken [B-actin/rabbit B-globin gene hybrid promoter) in hESC and human
embryonal carcinoma (EC) lines is substantiallyt theringin vitro culture (Liew et
al., 2007). DNA methylation-dependent promoterrgilag of exogenously expressed
retroviral vectors has been reported in mESCs, m&6 cells and hESCs (Jahner et
al., 1982; Kameda et al., 2006; Stewart et al. 298
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However, hESC lines stably expressing eGFP have lseecessfully established
using the pCAG-eGFP-IRES-PAC plasmid containing &icken [3-
actin/cytomegalovirus (CMV) hybrid promoter (pGA@hked to a polyma virus
mutant enhancer (PyF101), an internal ribosome aite (IRES) and a puromycin N-
acetyltranferease (PAC) resistant gene (Dennimady ,€2006; Liew et al., 2007; Vallier
et al., 2004b). Liew et al., (2007) has pointedtbat PyF101 acts as an enhancer that
is essential for maintaining stable transgene esgwa in hESC lines. Thus, in this
Chapter, the pCAG-eGFP-IRES-PAC plasmid was saleatea vehicle to carry 5.2
kb of a full-lengthDNMT1 cDNA into the genome of HUES7. pCAG-hDNMT1-
IRES-PAC and pCAG-DsRed2-C1-hDNMT1-IRES-PAC plassnidere generated
and transfected into HUES7. Following puromycin esgébn, 9 cell lines
overexpressing exogenoDNMT1 (hESOD1 lines) were indentified by Western blot,
indicating that an exogenously expres&dMT1 cDNA was stably integrated into
the genome of HUES?7, transcribed and translatedeMer, these cell lines showed
increased maintenance DNMT activities as measurearo with a hemimethylated
oligonucleotide as substrate, indicating that thendlated protein targeted to
hemimethylated CpG dinucleotides in nuclei and fiomally worked as a
maintenance methyltransferase. Furthermore, Wedtdrh analysis revealed that
hESOD1 cell lines were propagated with exogenBMMT1 expression during
further 30 passages, indicating that no transomati silencing of pCAG promoter.
Thus, the pCAG-eGFP-IRES-PAC plasmid was suitablettie generation of hESC

lines stably expressing a specific transgene.

In MESCs and human fibroblast cells, previouslyi, lzees overexpressing exogenous
DNMT1 have been established, showing both increased DINp®tein levels and
DNMT activities (Biniszkiewicz et al., 2002; Vertinet al., 1996). Interestingly,
human fetal lung fibroblast (IMR90/SV40) cell lineserexpressin@NMT1 (HMT
lines) show ~ 50 fold increased DNMT1 protein leaetl DNMT activity (Vertino et
al., 1996). However, the mESC line overexpresddmgntl (DnmtI”*®° ) shows
only ~ 4 fold increased Dnmtl protein level and.5 fld increased Dnmt activity
(Biniszkiewicz et al., 2002). In this Chapter, damito a mouse study, hESOD1 cell
lines produced ~ 3.5 fold increased amounts of DMIMfotein and they had ~ 2.5
fold increase in maintenance DNMT activity. The ergng mechanisms of

differences in DNMTL1 protein levels and enzymatativaties between embryonic

195



stem cells and fibroblast cells are not known. Hesve it can be suggested that
embryonic stem cells have a more limited abilitexpress a transgene than fibroblast
cells. This could be associated with developmesttade- or tissue-specific chromatin
condensation (Bernstein et al., 2005; Bibikovalgt2908; Frigola et al., 2006; Ohm
et al., 2007).

Two plasmids were generated in this Chapter. 1) pGAG-hDNMT1-IRES-PAC
plasmid contains a 5.2 kb full-length cDNA of hum@aNMT1 which is inserted into
EcoR restriction sites in the place of eGFP of p33&d &) the pCAG-DsRed2-C1-
hDNMT1-IRES-PAC plasmid contains a 5.9kb DsRed2jwgated DNMT1 cDNA
which is inserted int®®md and Agd restriction sites of p388. Interestingly, cells
transiently transfected by pCAG-DsRed2-C1-hDNMTESRPAC had DsRed2
signals detected in nuclei using fluorescence mawpy. However, following the
puromycin selection for ~ 4 weeks, establishedlgeds (hESOrD1 cell lines) showed
no DsRed?2 signals, although exogenDMMT1was still expressed, as determined by
Western blot. In the pCAG-DsRed2-C1-hDNMT1-IRES-PAflasmid, DsRed2
coding sequences lie downstream of pCAG promoteérugstream of DNMT1 cDNA
(see Figure 5-3 and 5-4). Thus, it was expectetl ibth DsRed2 and exogenous
DNMT1 were simultaneously expressed in nuclei. lie tpCAG promoter is
transcriptionally silenced by either DNA methylatidependent or -independent
mechanism, neither protein can be produced. HowenenESOrD cell lines, only
exogenou®NMT1 expression was detected, implying that other n@sha may be
involved in the transcriptional silencing of DsRedhus, hESOrD cell lines were

excluded from further studies.

5.3.2 Stem cell characteristics and proliferation

The inactivation or overexpression bhmtl in mESCs did not interfere with the
maintenance of an undifferentiated state of this ¢Biniszkiewicz et al., 2002; Chen
et al., 2003; Jackson et al., 2004; Li et al., 3066r example, transcription factors
such a©ct3/4andNanogwere stably expressed bnmtldeficient mESCsEnmt1”"
and Dnmtf’© J1 ES cells) and mESCs overexpresdmgmtl (DnmtI"*®A€ ) and
remained unmethylated at their promoters (Biniszide et al.,, 2002; Chen et al.,
2003; Jackson et al., 2004; Li et al., 2007). Muezp they have no morphology
changes and can lye vitro propagated as wild-type ESCs. In this chapter, tévies
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blot and immunostaining analyses revealed that abexpression patterns of OCT3/4,
NANOG and SSEA4 upoin vitro culture (up to 30 passages). Furthermore, no
phenotypic changes were detected in hESOD1 cel§lishowing prominent nucleoli
and a high ratio of nucleus to cytoplasm, as exguecthus, consistent with a previous
finding in mESCs (Biniszkiewicz et al., 2002), erogusly expresseDNMT1 in
hESCs did not interfere with stem cell charactessand their phenotypic changes

uponin vitro culture.

It has been reported th&@mnmtl is critically involved in cellular differentiatiorof
MESCs (Biniszkiewicz et al., 2002; Jackson et241Q4; Li et al., 2007). The deletion
of Dnmtlin mESCs leads to the failure of the formationeafbryoid bodies (EBS)
and differentiation into hematopoietic and cardilmeages (Jackson et al., 2004).
Oct3/4andNanogwere still expressed in differentiatBshmt1’°J1 ES cells, and they
were unmethylated at their promoters (Li et al.020 In addition, differentiation-
specific (trophoblast, mesodermal and endodermafirkenrs were abnormally
expressed in differentiateBnmt1®® J1 ES cells (Jackson et al., 2004). Moreover,
embryonic lethality has been reported as a conseguef overexpression of
exogenousDnmtl in mESCs (Biniszkiewicz et al., 2002). This indes that
appropriateDNMT1 expression is essential lineage-specific diffeation of MESCs
(Biniszkiewicz et al., 2002; Jackson et al., 20Ddet al., 2007). In this Chapter, all
studies were performed with undifferentiated hES@BIL lines. Now, differentiation
studies are required to examine whetb&MT1 dosage plays an important role for

tissue-specific differentiation in hESCs.

Even with no detectable morphology changes and ynir stem cell characteristics,
growth rates were affected in hESODL1 cell linesS®P1 cell lines took longer to
expandin vitro, compared to control cell lines. Control cell bn@ok for ~ 3 days to
be confluent into T25 flasks, whereas hESOD1 ¢eé#d took for ~ 3.5 to 4 days.
Thus, in this Chapter, population doubling (PD)dimas analysed between cell lines
over 12 days in culture. Consistent with previoaparts (Allegrucci et al., 2007;
Cowan et al., 2004; Denning et al., 2006), the iri2 of HUES7 p22 and control cell
lines was ~ 60 h. However, the PD time of hESODLlices was ~ 70 h so that there
are ~ 10 h differences between control and hESQi¥Ek.| Similar results have been

reported in human fibroblast cell lines overexprsgdDNMT1 (HMT cell lines)
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(Vertino et al., 1996). The PD time of control datles (NEO cell lines) were ~ 28 h,
whereas that of HMT cell lines were ~ 40 h (Vertetoal., 1996). One possibility to
explain prolonged PD times in hESOD1 and HMT ceate$ is that exogenous
DNMT1 cDNA may integrate into some loci related to dalllgrowth and cell cycle
that interferes with normal gene expression withiese loci. This, in turn, may lead
to the perturbation of normal cell cycle and cebleration. Indeed, flow cytometry
analysis of DNA content, in this Chapter, revedteat hESOD1 cells showed ~ 20%
increased proportion of cells in G2-M phases, caegbdo control cell lines, and ~
8% decreased proportion of cells in S phase, stiggethat prolonged PD times in
hESODL1 cell lines may be associated with impairgt aycle. The alteration of cell
cycle has been reported to be associated with lihermal expression of cell cycle
related genes such as Cyclin B1, Cyclin E and PQNwliferating cell nuclear
antigen) (Chen et al.,, 2007). Thus, it is now remlito determine how cell cycle
regulators are expressed in hESOD1 cell lines.

5.3.3 DNA methylation changes

The inactivation and overexpression@fimtlin mESCs lead to the perturbation of
DNA methylation patterns at imprinting regulatoggions that is associated with loss
of imprinting of their relative genes (Biniszkiewiet al., 2002; Jackson-Grusby et al.,
2001; Li et al., 1993). Thus, in this Chapter, thBIA methylation status at 14
imprinting regulatory regions was analysed in hESOgell lines by combined
bisulphite restriction analysis (COBRA). Inconsigtewith a previous study
(Biniszkiewicz et al., 2002), of 14 regions exanginaone showed DNA methylation
changes in hESODL1 cell lines. There are three plessiays to explain this. One is
that ~ 3 fold increased expression of exogenDOWMT1 and ~ 2 fold increased
maintenance DNMT activity could not be enough tauece DNA methylation
changes at imprinting regulatory regions. Secorstbly established imprints during
gametogenesis and embryogenesis may not be subeepti DNA methylation
changes caused by overexpression of exogeBDNMET1 (Murrell, 2006; Reik and
Walter, 2001; Surani, 2001). Thirdly, methylatiamsitive biding factors (e.g. CTCF,
YY1, MBDs), which tightly bind to either the unmgthted or methylated allele of
imprinting regulatory regions (Donohoe et al., 20Bitzpatrick et al., 2007; Hark et
al., 2000; Kim et al., 2006; Schoenherr et al.,30@nay inhibit exogenous DNMT1

from accessing into imprinting regulatory regions.
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Vertino et al.,, (1996) and Feltus et al., (2003)véhademonstrated that the
overexpression of exogenol\MT1 in human fibroblast cells is associated with
tumour progression though transcriptional silen@hgome tumour-suppressor genes
guided by hypermethylation at their promoters. Moex, the overexpression of
endogenou®NMTL1 is frequently found in human cancers includingtg@scervix
and pancreatic cancers (Etoh et al., 2004; Peal, &006; Sawada et al., 2007). This
is associated with transcriptional silencing of sammour-suppressor genes mediated
by hyperemthylation at their promoters (Etoh et2004; Peng et al., 2006; Sawada et
al., 2007). Thus, in this Chapter, DNA methylatetnl0 previously reported tumour-
suppressor gene promoters was analysed by metmdspiecific PCR (MSP).
Consistent with a previous study (Vertino et ab9@), gain of methylation was
detected at three gene promotef$MP-3, MGMT and DAPK-1) in hESODL1 cell
lines, but others showed no DNA methylation chanpgebcating locus-specific DNA
methylation changes caused by overexpression ofjemausDNMTL Moreover,
DNA methylation changes accumulatedBMT and DAPK-1 promoters duringn
vitro culture from p30 to p45, suggesting that overesgice ofDNMT1in hESCs can

promote time-dependent accumulation of DNA metlhytaait some gene promoters.

Interestingly, RT-PCR analysis revealed thd¥1P-3 andMGMT genes in hESOD1
were similarly expressed to control cell lines,hailigh their promoters were
methylated, indicating no association DNA methgatiand their gene expression.
There are two possibilities to explain this. Onéhet DNA methylation alone induced
by exogenou®NMT1 is not sufficient to mediate transcriptional sderg of TSGs.
Other factors or co-repressors may be requiredhisr Indeed, previous reports have
suggested that both histone H3 methylated Lys2 Kgd3 and Lys9 (H3K9) need to
be co-operated with DNA hypermethylation to medisnscriptional silencing of
TSGs (Calvanese et al., 2008; Ohm et al., 2007pti#er possibility is that DNA
methylation has not been expanded into transcripticegulatory regions ofIMP-3,
MGMT and DAPK1 genes. Thus, this allows their expression in hES@8&II lines.
Indeed, the MSP analysis employed in this thesisvalto examine about 100 bp (few
CpG dinucleotides) of TSG promoters (Table 2-6)erEfore, more upstream or
downstream regions need to be examined to idethigypossibility.
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The overexpression @nmtlin mESC gives rise to genome-wide hypermethylation
at minor centromeric repeats, endogenous C-typewviais repeats (pMO), minor and
major satellite repeats and IAP elements, as cuoefir by Southern blot
(Biniszkiewicz et al., 2002; Chen et al., 2003).ushin this Chapter, the DNA
methylation status at LINE1, Satellite 2 and Sa&lB was analysed. Southern blot
analysis revealed that three regions showed napkmt DNA methylation changes in
both control and hESODL1 cell lines. All cell linegluding control cell lines were
hypermethylated at these repetitive sequences.uBecan the human genome, ~ 80%
CpG dinucleotides are normally hypermethylated earet al., 2001; Venter et al.,
2001), it was difficult to discriminate DNA methyian changes by Southern blot.
Thus, more sensitive approaches such as bisulpdifgencing and Hairpin-bisulphite
PCR are required to determine DNA methylation clegnigp a genome-wide level.
Alternatively, the RLGS technique and epigenomaisaging might be useful to

determine this.

In this Chapter, the restriction landmark genomensing (RLGS) technique was
performed to examine an overview of DNA methylatahranges between control and
hESODL1 cell lines upom vitro culture. Of ~2,200 CpG loci examined, 6 CpG loci
were identified to be hypermethylated or demetlegan p388#9 p45 (compared to
HUES7 p22), indicatingn vitro culture induced DNA methylation changes over 23
passages. This was consistent with previous finohiigeSCs (Allegrucci et al., 2007).
However, only 2 loci appeared to be hypermethylaiedlemethylated in hESOD1
cell lines p45 (against HUES7 p22), indicating tloakerexpression of exogenous
DNMTL1 in hESCs resulted in increased epigenetic stgbiibwever, only one cell
line (HUES?7), which is previously characterise&epigenetically stable relative to
other cell lines, as described in Chapter 3 andnd, Allegrucci et al., (2007), was

employed and more studies are required for conaysioof.

5.3.4 Further works needed

In this Chapter, all studies were performed witlitfarentiated control and hESOD1
cell lines. Thus,in vitro differentiation studies are required to examinavhbe
DNMT1dosage is involved in tissue-specific differemtiatof hESCs. The karyotype
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analysis was not performed in this Chapter. Thass required to identify karyotypic
stability of LESOD21 upoim vitro culture.
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6 SUMMARY AND DISCUSSION

6.1 Imprinting instability in Human embryonic stem cell lines

This thesis has demonstrated that human embrydam sell (hESC) lines have
altered imprinted gene expression that can be restilay aberrant DNA methylation
at their imprinting regulatory regions (Chapter ri&dda4). Preliminary studies of 10
imprinted genes in 1 to 6 informative cell lines (otal 9 individually established cell
lines examined) have suggested that hESC linesep®sa substantial degree of
imprinting stability in both the differentiated anahdifferentiated state (Mitalipov,
2006; Plaia et al., 2006; Rugg-Gunn et al., 200% 8t al., 2006). In this thesis,
however, imprinting instability can be readily dgtdl by increasing the number of
cell lines and imprinted genes analysed (Chapte©8P2 potential imprinted genes
examined in 1 to 12 informative cell lines (in a2 hESC lines examined), 9 genes
(PEG1Q PEG], MESTIT]1 IGF2, H19, GTL2 NESP55 PHLDA2 and ATP10Q
showed variable allele-specific expression betweelh lines, but other 12 genes
(KCNQ1OT1NDN, NDNL1, SNRPNIPW, PEG3 KCNQZL CDKN1C TP73 IGF2R
WT1 and SLC22A18 showed consistent allele-specific expression HE@ lines,
indicating that genomic imprinting can be disrupteda gene-specific manner. This
was consistent with a recent report of 10 imprirgedes in 3 to 24 informative cell
lines (total 49 individually established cell linegzamined), 6 genesGF2, PEG],
H19, NESP55 GTL2 and SLC22A18 showed imprinting disruptions and variations
between cell lines (Adewumi et al.,, 2007). Furtherep in this thesis, DNA
methylation was examined at 12 potential imprintragulatory regions to indentify
an association between the variability observethterline allele-specific expression
status and DNA methylation (Chapter 4). The alkgecific expression of 8 imprinted
genes (P73 PEG1Q PEG1 isoform1 SLC22118 CDKN1C KCNQ10OT1 KCNQ1
and NESP5% was associated with DNA methylation patterns ate@ions TP73
promoter,PEG10DMR, PEG1 DMR, SLC22A18promoter,KvDMR1 and NESP55
DMR). However, DNA methylation patterns B8F2, GLT2 and NDN DMRs were
not associated with the allele-specific expresgibtheir corresponding genes. This
indicates that DNA methylation does not regulate #tlele-specific expression of

some imprinted genes.
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6.2 How imprinting is variable and unstable in hESC lines?

Currently, the underlying mechanism how genomicrintmpg can be disrupted in
hESC lines is not clear. However, there are at l@as possible ways to explain this,
based on a larger number of studies in various @rspecies. (1) Genomic imprinting
in hESC lines can be disrupted duertawitro culture conditions. (2) Imprinting errors

in hESC lines can be originated from donor embfgadlised and cultureth vitro.

6.2.1 Imprinting errors caused by in vitro culture conditions

Once hESC lines are derived from human blasto¢ggesembryos, they need toibe
vitro propagated in medium to obtain sufficient cellsffeezing, characterising, and
further expanding (reviewed by Allegrucci and Yourd907; Fenno et al., 2008;
Hoffman and Carpenter, 2005; Laslett et al., 2088metimes, they need to be long-
term cultured in medium for the purpose of scientiésearch. According to previous
studies observed in preimplantation stage mouseyaspmESCs and monkey ESCs,
detrimental effects on the stability of imprintimgused byin vitro culture medium
containing fetal bovine serum (FBS) and insuffitiamino acids have been reported
(Dean et al., 1998; Fell et al., 1997; Fujimotoakt 2006; Humpherys et al., 2001;
Mitalipov et al., 2007). For instance, imprintechgeexpression and DNA methylation
appear to be variable and unstable upon derivaimh subsequent propagation of
mouse and monkey ESC lines, as a consequencetofecahedium containing fetal
bovine serum (FBS) (Dean et al., 1998; Feil et #97; Fujimoto et al., 2006;
Mitalipov et al., 2007). Moreover, the lack of miethine and other amino acids
supplements supplied in culture medium causesedltienprinted gene expression and
DNA methylation in preimplantation stage mouse erabr(Doherty et al., 2000;
Mann et al., 2004; Rinaudo and Schultz, 2004). &esdences implicates that hESC
lines can have imprinting instability, when theyg &ultured in media containing non-
physiological levels of amino acids and FBS (ousereplacement, KSR) (reviewed
by Allegrucci et al., 2005).

Currently, hESC lines are cultured in media comtgrl5 ~ 20% of FBS or 5 ~ 20%
of KSR (reviewed by Allegrucci et al.,, 2005). Moveo, current media, DMEM
(Dulbecco’s modified Eagle medium), KO-DMEM and DMHE-12, for culturing

hESC lines contain non-physiological levels of amatids and vitamins (Allegrucci
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et al., 2005; Steele et al., 2005). Specificalhgese media contain 500 ~ 1500 fold
physiological concentration of methionine/folate cley components (including
methionine, folate, vitamin §& B, selenium, betaine and polyamines) (Allegrucci et
al.,, 2005; Steele et al., 2005). Thus, these commpmsnmay influence DNA
methylation alterations of hESC lines culturedtifAllegrucci et al., 2005; Steele et
al., 2005). Previously, Alexandra Thurston (Uniwgrof Nottingham) and Cinzia
Allegrucci (University of Nottingham) have examindde effect of methyl cycle
components on the DNA methylation status at imprgntregulatory regions in
HUES7 and BGO1. They are cultured up to 5 pass@g@® days) in either medium
containing supra-physiological levels of methioriokate cycle components (named
as HMG) or custom-made KO-DMEM medium containingygblogical levels of
these components (named as PMG). Interestinglyt @& dinucleotides within the
PEG3 DMR retained basic methylation levels and few Cg@ucleotides became
hypomethylated in cell lines cultured in PMG, whesesome CpG dinucleotides
within the region became hypermethylated in cekd cultured in HMG, (Alexandra
Thurston Ph.D. thesis 2006). This indicates thaprayphysiological levels of
methionine/folate cycle components in culture meadl to hypermethylation at some
CpG dinucleotides within imprinting regulatory regs (Allegrucci et al., 2007;
Steele et al., 2005). In this thesis, gain of mietityn was detected at tli&TL2 DMR

in both HES-2 and HESC-NL1 cell lines cultured op~t 40 passages in the HMG
medium. In addition, hypermethylation at certainGpslands, tumour-suppressor
gene promoters and one imprinted locd&94 DMR) has been reproted in additional
21 hESC lines (including H1, HES-3 and Shef-1) el in DMEM based media
across a range of studies (Allegrucci et al., 2@lBikova et al., 2006; Calvanese et
al., 2008; Maitra et al., 2005; Rugg-Gunn et a00%®). Thus, the current culture
system is not able to maintain normal DNA methyglatpatterns in the genome of
hESCs. Thus, optimal culture systems need to belojeed possibly to reflect the

vivo environment of blastocyst cells.

6.2.2 Imprinting errors inherited from donor embryo S.

hESC lines, derived from the inner cell masses @Cbf human embryos fertilised
and culturedn vitro up to the blastocyst stage, can have imprintimgreroriginated
from the donor embryos (Allegrucci et al., 2004nietier and Feil, 2007; Rugg-

Gunn et al., 2007). According to previous studiegprinting can be disrupted in
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oocytes and preimplantation stage embryos, wheistass reproductive technology
(ART) procedures (including superovulation,vitro maturation,in vitro culture,in
vitro fertilisation) are applied (Doherty et al., 20@@yrtier et al., 2008; Kerjean et al.,
2003; Khosla et al., 2001a; Li et al.,, 2005b; Magtnal., 2004; Sato et al., 2007;
Young et al., 2001). For example, preimplantatiage mouse embryos fertilised and
culturedin vitro result in biallelic expression of imprinted gemaediated by loss of
methylation at their imprinting regulatory regionghereasn vivo derived embryos
show monoallelic expression of imprinted genes aiedi by monoallelic methylation
at their imprinting regulatory regions (Dohertyadt 2000; Khosla et al., 2001a; Li et
al., 2005b; Mann et al., 2004). Moreover, human amslise oocytes show that
aberrant DNA methylation patterns at some imprgntiagulatory regions have been
detected, as a consequence of superovulation éFe@ittial., 2008; Sato et al., 2007).
These studies have suggested that ART proceduneaccelerate oocyte and embryo
growth that may interfere with establishment andntemance of imprints during
oogenesis and embryogenesis (reviewed by Horsthemtd udwig, 2005; Lucifero
et al., 2004a; Maher, 2005). In this manner, humacytes and embryos can have
epigenetic errors at imprinted loci, when they superovulated, ania vitro fertilised
and cultured (Allegrucci et al.,, 2004). Subsequenthese errors could be stably
inherited in hESC lines during the progression @fivéition and propagation. To test
this possibility, the comparative analysis of alspecific expression of imprinted
genes and DNA methylation at imprinting regulatoegions is required betweemn
vitro andin vivo derived human blastocyst stage embryos that mdynited by the

availability of embryos due to practical and ethisaues.

Other factors (e.g. embryo quality and cryopreseraarelated to donor embryos can
be suggested to be involved in epigenetic errorgnatinted loci in hESC lines.

Currently, most hESC lines have been derived frapemumerary, low-grade fresh
and/or frozen blastocyst stage embryos donated iinéertile couples who underwent

IVF treatment (reviewed by Allegrucci and Young,0Z0 Hoffman and Carpenter,

2005). In fact, almost all cell lines used in tthesis are generated from low-grade
fresh and/or frozen embryos. Specifically, Reulfimbfal., (2002) has used 4 of low-
grade (3CC to 5CB classified by Gardner et al.0@Pand frozen blastocyst stage
embryos to establish HES-1 and HES-2 cell linestddwer, Cowan et al., (2004) has
used 344 of frozen low-grade (3AA to 4CB) blastacstage embryos to derive 17
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HUES-cell lines. The BGOL1 cell line is derived fraanfresh 3CC blastocyst stage
embryo (Mitalipova et al., 2003). So far, a direstidence has not been reported
whether the embryo quality and cryopreservation rae likely susceptible to
epigenetic alterations at imprinted loci, than higlality and fresh embryos. However,
studies observed in mouse sperm and mESCs dentenisted epigenetic alterations
can occur at both imprinted and non-imprinted loes a consequence of
cryopreservation and its related chemical, dimletbylfoxide (DMSO; an
amphipathic molecule) (Fernandez-Gonzalez et #&0Q82 Ilwatani et al., 2006).
Moreover, a recent study in mice has demonstrdigidaged oocytes in the ovary are
more likely associated with loss of methylationmprinting regulatory regions, than
young oocytes (Liang et al., 2008). Thus, the dqualf oocytes and embryos and
cryopreservation procedures could be one of fadctoggve a rise to epigenetic errors

at imprinted loci in donor embryos that can be rited into hESC lines.

During derivation of hESC lines, possibly they caoquire epigenetic errors at
imprinted loci, because of the procedures usednduderivation that may be
physically and chemically detrimental to the domonbryos (Solter and Knowles,
1975). In addition, the procedures are also pregeoHn medium containing either
KSR or FBS (Cowan et al., 2004; Inzunza et al.,%20ditalipova et al., 2003;
Reubinoff et al., 2000; Richards et al., 2002; Sinab al., 2005), that may be also
involved in epigenetic errors at imprinted loci.rHostance, in order to derive 17
HUES-lines, 97 inner cell masses (ICMs) were isulafrom 344 blastocyst stage
embryos in medium containing 8 ~ 10% KSR, 8 ~ 10&6pate, 5% FBS, LIF and
bFGF (Cowan et al., 2004). Reubinoff et al., (20083 used medium containing 20%
FBS and LIF for isolating 4 ICMs from 4 blastocgsage embryos to establish HES-1
and HES-2 cell lines. VAL-1 and VAL-2 cell linesvebeen established from 14
ICMs isolated from 16 blastocyst stage embryos @dioom containing 20% KSR and
bFGF (Simon et al., 2005). Furthermore, to remoweazpellucidae (ZP) and to
isolate ICMs from blastocyst stage embryos, Reubiebal. (2000), Richards et al.
(2002), Mitalipova et al. (2003) and Inzunza et (@005) have used pronase and
immunosurgery and Cowan et al. (2004) has useddBgcacid and immunosurgery.
Currently, a direct evidence has not been reposteether these procedures and their
related chemicals (including antibodies) can capsgenetic errors at imprinted loci
in human embryos. However, mouse studies have demated that ZP-free mouse

206



embryos removed by pronase show a significant temtuin DNA methylation (5-
methylcytosine) level, compared to mechanical teadl&P-free embryos (Ribas et al.,
2006). Moreover, the methylation analysis of immaurgically isolated mouse ICMs
shows the loss of methylation at imprinting regoigtregions (Mann et al., 2004).
Thus, these factors may be also associated witfeeetic errors at imprinted loci in
donor embryos that may be inherited into hESC lines

6.3 Is it important to have epigenetic stability in hESC lines?

Most imprinted genes are expressed in a dosagexdepe manner (reviewed by
Constancia et al., 2004; Ferguson-Smith and SuP&il; Reik and Walter, 2001).
Thus, loss or gain of stable imprinting, resultingiallelic expression or monoallelic
expression, changes the dosage of corresponding gexducts and their relevant
enzymatic activities that may interfere with thepesssion of their downstream or
upstream genes in mammalian cells (reviewed byleeg) 2007; Jaenisch and Bird,
2003; Rugg-Gunn et al., 2007). Eventually, this mapd to abnormal cell
proliferation and differentiation, and various dises including cancers and congenital
disorders (e.g. BWS, PWS and AS) during mammalieveldpment (reviewed by
Jelinic and Shaw, 2007; Murrell, 2006; RobertsolQ0%). For example,
overexpression of certain imprinted genes in MES@sults in myogenic
differentiation (Prelle et al., 2000). Moreoverappropriate expression of imprinted
genes in preimplantation mouse embryos and mES@&esgphenotypic abnormalities
(including polyhydramnios and interstitial bleedingembryonic lethality and
tumourigenesis in their derived foetuses (Dean.e1898; Fernandez-Gonzalez et al.,
2004; Khosla et al., 2001a; Mann et al., 2004; @kanal., 1999). In this thesis, the
analysis of allele-specific expression revealed $hgenesREG1Q PEG], MESTIT]
IGF2, H19, GTL2 NESP55 PHLDA2 and ATP10Q appeared to be unstable or
variable between cell lines (Table 3-3 and 3-4)pdmtantly, these genes are
previously identified to have an important roleeimbryonic development, congenital
disorders, tumorigensis and lineage-specific ddifidation (Table 1-3 and section
1.3.5). Although developmental consequences ofealtémprinted gene expression
and DNA methylation in hESC lines were not examimedhis thesis, it can be
suggested that some cell lines having imprintingorer may readily be more
spontaneously differentiated or tumorigenic, whegytarein vitro long-term cultured
or transplanted. Thus, 12 cell lines (HUES1, HUESRIES5, HUES6, HUES7,
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HUES9, HUES15, HUES16, HESC-NL1, HES-2, NOTT1 an®TN2), which

exhibit imprinting errors at more than one locusd@ter 3 and 4), might be excluded
for human therapeutic applications. Alternativdtpwever, these cell lines can be a
model for understanding mechanisms of certain hudiaeases and a material for

pharmaceutical screening.

Currently, over 400 hESC lines are presumed to Haeen established over 20
countries (reviewed by Allegrucci and Young, 20B6&nno et al., 2008; Hoffman and
Carpenter, 2005). Under appropriate conditionsy tban have the potential to
differentiate into all cell types of the human baiiyat may use for treating a wide
range of human diseases (reviewed by Pera, 200dm3dn and Odorico, 2000;
Unger et al., 2008). However, before they are aersd to use for human therapeutic
purpose, genetically, karyotypically and epigeralycunstable cell lines should be
excluded. In order to screen this, established hEE®S need to be fully characterised
using previously reported 6 criteria, including ESpecific markers (e.g. SSEA-3
and SSEA-4), transcription factors (e.g. OCT3/4 aNANOG), karyotyping,
telomerase activity, teratoma formation andvitro differentiation into three germ
layers (endoderm, mesoderm and ectoderm) (revidwed\llegrucci and Young,
2007; Hoffman and Carpenter, 2005; Laslett et 2003). This may allow to
determine which hESC lines have proliferative, jplotency, differentiative capacities
and karyotypic stability. In addition, genetic a#tons and variations need to be
identified by analysing in nuclear DNA copy numbesd mitochondrial DNA
sequences (Maitra et al., 2005; Wu et al., 2008lfy, it is very important to know
the occurrence of epigenetic instability in hES@4$ uporin vitro culture. This can
be determined by additional 6 criteria; (1) vanas and alterations in allele-specific
expression of imprinted genes, (2) aberrant DNAhylation at imprinting regulatory
regions, (3) aberrant DNA methylation and transmiml silencing of tumour-
suppressor genes, (4) altered DNA methylation gietidve sequences, (5)
perturbation of X-chromosome inactivation and (Bgrad expression of epigenetic
regulators (e.gDNMTs G9A and HDAC9 (Adewumi et al., 2007; Bibikova et al.,
2006; Calvanese et al., 2008; Maitra et al., 2605gg-Gunn et al., 2005; Shen et al.,
2008).
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hESC lines and their derivatives are limited by preblem of immune rejection
(reviewed by Allegrucci and Young, 2007; Hoffmarda@arpenter, 2005; Unger et al.,
2008). The rejection can be inhibited or preveritgdnmunosuppressive medications
(Chidgey et al., 2008). However, these medicatars have serious side effects and
are so expensive (Chidgey et al., 2008). Thus,ntgcepatient-specific pluripotent
stem cell lines have been established using vamepogramming approaches (e.g.
parthenogenesis and cell fusion) in the human (@oetaal., 2005; Revazova et al.,
2007) that may avoid the problem of immuno rejectidlowever, there are at least
three limitations to utilise these cell lines a®rdpeutic materials; (1) the low
efficiency of reprogramming somatic cells, (2) ahasomal duplication (tetraploid)
and (3) epigenetic instability at imprinted lociUidpherys et al., 2001; Lee et al.,
2002) that are not acceptable for safe human tlantgpion. Very recently, moreover,
induced pluripotent stem (iPS) cell lines have bdenved from somatic cells (e.g.
lung and dermal fibroblasts) by viral introductioftranscriptional factors including
OCT3/4and SOX2with eitherNANOGandLIN28 (Yu et al., 2007), oc-MYC and
KLF4 (Park et al., 2008; Takahashi et al., 2007). Haxethese cell lines also have
several limitations; (1) the low efficiency, (2)etlintegration of viral transgenes and
(3) the use of oncogenes (e@MYQ. Furthermore, it has not been defined yet
whether iPS cell lines epigenetically stable upowitro derivation and propagation.

Thus, this is urgently required.

6.4 Can epigenetic stability be repaired by overexp  ression of
exogenous DNMT1?

In addition to the imprinting instability uncoveredthis thesis, previous works in our
laboratory (Allegrucci et al.,, 2007; Emmas Lucasl alexandra Thurston Ph.D.
theses) and this thesis (Chapter 4) have shownemgig instability in various
genomic regions. To test whether this was due stuffitient expression of the
maintenance methyltransferase, DNMT1, overexprassias used to examine
whether epigenetic stability can be repaired atriming regulatory regions, tumour-
suppressor gene promoters, repetitive sequenceseatath CpG islands (Chapter 5).

Previously, DNA methylation changes (particularbsd of methylation) at certain
CpG loci related to developmental genes, cancataelgenes, ribosomal DNA and

cell cycle regulators are readily detectedhivitro cultured hESC lines (Allegrucci et
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al., 2007; Bibikova et al., 2006). Some of thesangfes accumulate over extended
culture, but most of them are already detectedadl gpassages (Allegrucci et al.,
2007; Bibikova et al., 2006; Calvanese et al., 2008is indicates that even short
period inin vitro culture is sufficient to cause DNA methylationsatme CpG loci in
hESC lines. Currently, the underlying mechanismstfes are not clear, but one
possibility is that relatively low expression of dagenousDNMT1 in hESCs
(compared to mMESCs and human BJ fibroblast cellay mail to maintain DNA
methylation patterns at some CpG islands duinngtro culture (Emmas Lucas Ph.D.
thesis 2008), althouglde novo methyltransferasedpNMT3A and DNMT3B are
highly expressed (Adewumi et al., 2007; Sperged.e003 and Emmas Lucas Ph.D.
thesis 2008). Thus, in this thesis, 8 hESODLn{an _enbryonic $em cells
overexpressing BMT1) cell lines were generated by utilising a transgepproach,

in order to test this possibility (Chapter 5).

The restriction landmark genome scanning (RLGShriepie was performed to
examine an overview of DNA methylation changes leetwcontrol (only endogenous
DNMT1 expressed) and hESODL1 cell lines (both endoge and exogenous DNMT1
expressed) upoin vitro culture. Of ~2,200 CpG loci examined, 6 CpG lo@rav
identified to be hypermethylated or demethylateg388#9 p45 (against HUES7 p22),
indicating in vitro culture induced DNA methylation changes over 23spges.
However, only 2 loci appeared to be hypermethylaiedlemethylated in hESOD1
cell lines p45 (against HUES7 p22). These evidemudisate that overexpression of
exogenouPdDNMT1 in hESCs results in increased epigenetic stabilityfortunately,
however, of other imprinting regulatory regionsmtwur-suppressor gene promoters
and repetitive sequences examined by combined phigel restriction analysis
(COBRA), methylation-specific PCR (MSP) and Southdslot, no supporting
evidences of this were detected. Moreover, only oelk line (HUES7), which is
previously known to be epigenetically stable uporvitro culture, was employed in
Chapter 5 that is too limited to be able to conelthls (Allegrucci et al., 2007). Thus,
more cell lines are needed to be examined for csna proof. HUESS5, HUES15 and
BGO1, which are characterised to be epigeneticaistable upoin vitro culture (see
Chapter 3, 4 and Allegrucci et al., 2007), may he lhest cell lines to follow up this
possibility and conclusion.
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6.5 Hypermethylation caused by overexpression of DN  MT1

Previously, HMT cell lines have been generated uman lung fibroblast cells by
overexpressingDNMT1 cDNA (Vertino et al., 1996). In HMT cell lines,
hypermethylation caused by overexpression of exmge®NMTL is defined by
Southern blot and RLGS analyses (Feltus et al.320@rtino et al., 1996). Of 12
tumour-suppressor gene (TSG) promoters examine®&dikiern blot, 5 TSGHR,
HIC-1, a-globin CDH1 andSomatostatinpromoters are hypermethylatedds novo
methylated in HMT cell lines (Vertino et al., 1996)oreover, of 1,749 CpG islands
examined by RLGS, 373 CpG islands (21%) are idedtifo be hypermethylated or
de novomethylated in HMT cell lines (Feltus et al., 200B) the thesis, however, of
14 imprinting regulatory regions examined by COBRAgne showed DNA
methylation changes in hESOD1 cell lines (Figurgs5and 5-16). Moreover, of 10
TSG promoters examined by MSP (Figure 5-17 and)5-48ly 3 TSG TIMP-3,
MGMT and DAPK-1) promoters were identified to be hypermethylatedde novo
methylated) in hESOD1 cell lines. Finally, of ~ @OCpG islands examined by
RLGS, only 1 locusTM7SF3 was identified to be hypermethylated in hESODIL ce
lines. These evidences indicate most CpG loci emachin hESOD1 cell lines are
resistant to hypermethylation ole novomethylation caused by overexpression of
exogenou®NMTL The underlying mechanism is not clear, but onesiimlity is that
relatively low expression of exogenoD®NMTL1 in hESOD1 cell lines, compared to
HMT cell lines. Indeed, hESOD1 cell lines showedw#3.5-fold increased DNMT1
expression and its activity (Figure 5-9), whereddTHcell lines showed over 50-fold
increased DNMT1 expression and its activity (Vestiet al., 1996). This was
consistent with a previous study of 6 imprintinggukatory regions and 3 non-

imprinted loci examined in thénmtI’" A

cell line (mouse J1 ES cell line
overexpressinddnmtl), exhibiting about 4-fold increased Dnmtl protéenwel and

over 2.5-fold increased Dnmt activity, only one nmnped locus is identified to be
hypermethylated (Biniszkiewicz et al., 2002). Altetively, HUES7 is epigenetically
stable so that it may be not susceptible to DNAhylation alterations caused by
overexpression of exogenolNMTL This possibility can also be confirmed by

examining other cell lines (e.g. HUES5, HUES15 B@D1).

The overexpression of endogendDBIMT1 is frequently found in various cancers

associated with transcriptional silencing of son®&G§ (e.gE-cadherin MGMT and
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pl6) mediated by hypermethylation at their promoté&®l et al., 2004; Peng et al.,
2006; Sawada et al., 2007). Moreover, overexprassio exogenousDNMT1 in
human fibroblast cells is also associated withgcaptional silencing of some TGSs
(e.g.E-cadherin HIC-1 andEstrogen receptgmediated by hypermethylation at their
corresponding promoters (Vertino et al., 1996)this thesis, of 10 TSG promoters
examined, almost all (except f@l6) were unmethylated in HUES7. This was
consistent with a previous report of 29 TSG promsoexamined in H1 cell line, all
were unmethylated (Ohm et al.,, 2007). However, wkgngenousDNMT1 was
expressed in HUES7, particular three gefféMP-3, MGMT andDAPK1) promoters
became hypermethylated de novomethylated. Previously, these genes promoters
are shown to be hypermethylated in various canekdines and tumours (including
brain, breast, colon, gastric and liver) (Ohm et 2007). Moreover, these genes are
known to be associated with metastasis, invasiogiogenesis, apoptosis and DNA
repair in tumours (Akiyama et al., 2003; Dong et 2001; Evron et al., 2001; Herman
et al., 1996; Imura et al., 2006; Zochbauer-Muéemal., 2001). Thus, hESOD1 cell
lines could be a model for understanding mechanishtsimour progression and a

material for discovering and developing an antieesnmedicine.
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8 Appendix 1

8.1 Buffers and media

8.1.1 General molecular works

8.1.1.1 10x TBE

Reagent Volume | Supplier |Catalogue number
Tris Base 108g Fisher BPE152-5
Boric Acid 55¢g Sigma B1934
Ethylenediaminetetraacetic Acid (EDTA) 9.3g Sigma E5134

The volume was made up to 1 litre with distilledteva The solution was autoclaved

and stored at room temperature.

8.1.1.2 LB medium

Reagent

Volume

Supplier

Catalogue number

LB Broth Power

12.50¢g

Fisher

BPE1426-500

The volume was made up to 500 ml with distilledevafhe solution was autoclaved

and stored at room temperature.

8.1.1.3 LB Agar

Reagent Volume Supplier |Catalogue number
LB Broth Power 12.50g Fisher BPE1426-500
Agar 7.509g Fisher BPE1423-500

The volume was made up to 500 ml with distilledevafhe solution was autoclaved

and stored at room temperature.

8.1.1.4 10% SDS

Reagent

Volume

Supplier

Catalogue number

Lauryl Sulfate (SDS)

10g

Sigma

L4390

The volume was made up to 100 ml with distilledevafhe solution was autoclaved

and stored at room temperature.

8.1.1.5 5 M NaCl

Reagent

Volume

Supplier

Catalogue number

Sodium Chloride

29.22 g

Fisher

BPE 358-1

The volume was made up to 100 ml with distilledevafhe solution was autoclaved

and stored at room temperature.

8.1.1.6 0.5 M EDTA (pH 8.0)

Reagent Volume | Supplier |Catalogue number
EDTA 186.1g Fluka 3677
Sodium Hydroxide ~ 20g Fisher S/4920/60

EDTA was dissolved in 800 ml of distilled water an@ pH was adjusted to pH 8.0
with ~ 20g of NaOH (or with ~ 50 ml of 10N NaOH)hé&n, the volume was made up
to 1 litre with distilled water. The solution wasitaclaved and stored at room
temperature.
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8.1.1.7 1M Tris-HCI (pH 8.0)

Reagent Volume | Supplier |Catalogue number
Tris base 24.2g Fisher BPE152-5
Hydrochloric acid ~9ml Fisher H/1200/PB17

Tris base was dissolved in 180 ml of distilled wated the pH was adjusted to pH 8.0

with ~ 9 ml of HCI. Then, the volume was made u@®@® ml with distilled water.
The solution was autoclaved and stored at room eeatyre.

8.1.1.8 3M NaOH

Reagent

Volume

Supplier

Catalogue number

Sodium Hydroxide

12 g

Fisher

BPE359-500

The volume was made up to 100 ml with distilledevafhe solution was autoclaved

and stored at room temperature.

8.1.1.9 5x Gel loading solution

Reagent Volume Supplier | Catalogue number
Gel Loading Solution - Sigma G2526
The solution was stored at room temperature.
8.1.1.10 DNA Ladder
Reagent Volume Supplier | Catalogue number
2-Log DNA Ladder N3200S
1 kb DNA Ladder i NEB N3232S
100 bp DNA Ladder N3231S
50 bp DNA Ladder N3236S

1 pl of DNA Ladder was mixed with 1 pl of 5x Gehlting solution (see 2.4.1.9) and
3 ul of RNase/DNase free water (see 2.4.1.20),umed as a molecular markers on

the Agarose gel.

8.1.1.11 1MDTT
Reagent Volume Supplier | Catalogue number
DL-Dithiothreitol 154 ¢ Sigma D0632

The volume was made up to 10 ml with distilled watéhe solution was filter-
sterilised using a 10 ml syringe and a 0.2 um rami§ilter. 500 pl aliquots were

stored at —20 °C.

8.1.1.12 3M NaOAc (pH 5.5)
Reagent Volume Supplier | Catalogue number
3 M Sodium Acetate - Ambion 9740
This solution was stored at room temperature.
8.1.1.13 Phenol/chloroform/isoamyl alcohol
Reagent Volume Supplier | Catalogue number
Phenol:Chloroform:Isoamyl Alcohol - Sigma P2069

Phenol/Chloroform/Isoamyl Alcohol was stored aC4 °

8.1.1.14

| Reagent

2,000x Kanamycin

| Volume |Supp|ier |Cata|ogue number
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| Kanamycin

19

Sigma

K4000

The volume was made up to 10 ml with distilled wafehe solution was filter-
sterilised using a 10 ml syringe and a 0.2 um ramifilter. 500 ul aliquots were

stored at —20 °C.

8.1.1.15 1,000x Ampicillin
Reagent Volume Supplier | Catalogue number
Ampicillin 500 mg Sigma A0166

The volume was made up to 10 ml with distilled wafEhe solution was filter-
sterilised using a 10 ml syringe and a 0.2 um ramifilter. 500 ul aliquots were

stored at —20 °C.

8.1.1.16 Ethanol
Reagent Volume Supplier | Catalogue number
Ethanol - Fisher E/0650DF/17
The solution was stored at room temperature.
8.1.1.17 Methanol
Reagent Volume Supplier | Catalogue number
Methanol - Fisher M/4056/17
The solution was stored at room temperature.
8.1.1.18 Isopropanol
Reagent Volume Supplier | Catalogue number
Propan-2-ol - Fisher P/7507/PB17
The solution was stored at room temperature.
8.1.1.19 B-Mercaptoethanol
Reagent Volume Supplier | Catalogue number
B-Mercaptoethanol - Sigma M3148
The solution was stored at room temperature.
8.1.1.20 RNase/DNase free water
Reagent Volume Supplier | Catalogue number
Water - Sigma W4502
Water was stored at room temperature.
8.1.1.21 PBS
Reagent Volume Supplier | Catalogue number
PBS - Invitrogen 14190
PBS was stored at room temperature.
8.1.1.22 Lysis buffer (genomic DNA)
Reagent Volume | Supplier |Cata|ogue number
1M Tris-HCI (pH 8.0) 100 pl | See 2.4.1.7
5M NaCl 20 pl See 2.4.1.5
500mM EDTA 200 ul | See 2.4.1.6
10% SDS 500yl | See2.4.1.4

The volume was made up to 10 ml with distiled wateroteinase K (Roche:
3115879001) was added into solution to give a fiwaicentration of 50 pg-hl
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8.1.2 Western blotting works

8.1.2.1 10x Protein electrophoresis buffer

Reagent Volume Supplier |Catalogue number
Tris Base 30g Fisher BPE152-5
Glycine 144g Fisher BPE381-1

The volume was made up to 1 litre with distilledteva The solution was autoclaved

and stored at room temperature.

8.1.2.2 10x Protein transfer buffer

Reagent Volume | Supplier |Catalogue number
Tris Base 37.8g Fisher BPE152-5
Glycine 180g Fisher BPE381-1

The volume was made up to 1 litre with distilledteva The solution was autoclaved

and stored at room temperature.

8.1.2.3 10x TBS

Reagent Volume | Supplier |Catalogue number
Tris Base 12.11g Fisher BPE152-5
Sodium Chloride 87.66 g Fisher BPE 358-1

The volume was made up to 1 litre with distilledteva The solution was autoclaved

and stored at room temperature.

8.1.2.4 TBST
Reagent Volume | Supplier |Cata|ogue number
10X TBS 100 mi See 2.4.2.3
Tween 20 1ml Sigma | P9416
The volume was made up to 1 litre with distillecteva
8.1.2.5 Blocking buffer (5% Skim milk)
Reagent Volume | Supplier |Catalogue number
Skim Milk Powder 5¢g Marvel -
10X TBS 10ml | See2.4.2.3

The volume was made up to 100 ml with distilledevafhe solution was stored at 4

°C.

8.1.2.6 1M Tris-HCI (pH 6.8)

Reagent Volume | Supplier |Catalogue nhumber
Tris base 24.2¢g Fisher BPE152-5
Hydrochloric acid (HCI) ~16 ml Fisher H/1200/PB17

Tris base was dissolved in 180 ml of distilled wated the pH was adjusted to pH 6.8
with HCI. Then, the volume was made up to 200 nthwiistilled water. The solution
was autoclaved and stored at room temperature.

8.1.2.7 1.5M Tris-HCI (pH 8.8)

Reagent Volume | Supplier |Catalogue number
Tris base 36.3 ¢ Fisher BPE152-5
Hydrochloric acid ~8ml Fisher H/1200/PB17
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Tris base was dissolved in 180 ml of distilled wated the pH was adjusted to pH 8.8
with ~ 8ml of HCI. Then, the volume was made u® ml with distilled water. The
solution was autoclaved and stored at room temyerat

8.1.2.8 Coomassie blue gel stain solution

Reagent Volume | Supplier |Catalogue number
Coomassie Blue R-250 19 Sigma B0149
Methanol 450ml | See 2.4.1.17

Glacial Acetic Acid 100ml Fisher | A/0400/PB17

The volume was made up to 1 litre with distilledteva The solution was stored at
room temperature.

8.1.2.9 Coomassie blue gel destain solution

Reagent Volume | Supplier |Cata|ogue number
Methanol 100ml | See2.4.1.17
Glacial Acetic Acid 100ml Fisher | A/0400/PB17

The volume was made up to 1 litre with distilledteva The solution was stored at
room temperature.

8.1.2.10 50% Glycerol

Reagent Volume | Supplier |Catalogue nhumber
Glycerol 50 ml Sigma G5516
The volume was made up to 100 ml with distilled evafrhe solution was stored at
room temperature.

8.1.2.11 1% Bromophenole blue

Reagent Volume | Supplier |Catalogue number

Bromophenole Blue 100 mg Sigma B8026
The volume was made up to 10 ml with distilled wafehe solution was filter-
sterilised using a 10 ml syringe and a 0.2 um ramilter and stored at —20 °C.

8.1.2.12 10% APS

Reagent Volume | Supplier |Catalogue number
Amonium Persulfate (APS) 0.5¢g Fisher BPE179-25
The volume was made up to 5 ml with distilled watéhe solution was filter-
sterilised using a 10 ml syringe and a 0.2 um rami§ilter. 500 pl aliquots were
placed into eppendorf tubes and stored at —20 °C.

8.1.2.13 5% NP40

Reagent Volume | Supplier |Catalogue number
Igepal CA-630 5 ml Sigma 13021

The volume was made up to 100 ml with distilled evafThe solution was filter-
sterilised using a 50 ml syringe and a 0.2 um ramisilter and stored at room
temperature.

8.1.2.14 RIPA buffer

Reagent Volume | Supplier |Cata|0gue number
1M Tris-HCI (pH 8.0) 25ml | See 2.4.1.7
5M NaCl 4.2ml | See2.4.15
500mM EDTA 100ul | See 2.4.1.6
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| 59 NP40

2ml

| See 2.4.2.13

The volume was made up to 50 ml with distilled waldne solution was stored at 4°C.

8.1.2.15 Protein loading buffer
Reagent Volume | Supplier |Cata|ogue number
1M Tris (pH 6.8) 600ul See 2.4.2.6
50% Glycerol 5ml See 2.4.2.10
10% SDS 2ml See24.14
B-Mercaptoethanol 500ul See 2.4.1.19
1% Bromophenole Blue (BPB) Iml See 2.4.2.11

The volume was made up to 10 ml with distilled wafEhe solution was filter-
sterilised using a 10 ml syringe and a 0.2 um ramifilter. 500 ul aliquots were

stored at —20 °C.

8.1.2.16 Protein maker
Reagent Volume | Supplier |Catalogue number
Prestained Protein Marker, Broad Rindge - NEB P7708S
18 pl aliquots were stored at -20 °C.
8.1.2.17 Bradford solution
Reagent Volume | Supplier |Catalogue number
Protein assay - Bio-Rad 500-0006
The solution was stored at 4 °C.
8.1.2.18 Ponceau S solution
Reagent Volume | Supplier |Catalogue number
Ponceau S 200 mg Sigma P3504
Glacial Acetic Acid 10 ml Fisher A/0400/PB17

The volume was made up to 200 ml with distilled evafThe solution was filter-

sterilised using a 50 ml syringe and a 0.2 um ramislter. The solution was stored at

room temperature.
8.1.3 Immunostaining works

8.1.3.1 2% Blocking solution

Reagent

Volume

Supplier

Catalogue number

BSA

29

Sigma

A2153

The volume was made up to 100 ml PBS. The solwtias filter-sterilised using a 50
ml syringe and a 0.2 um minisart filter and stoaed20 °C.

8.1.3.2 0.2% Triton x-100

Reagent

Volume

Supplier

Catalogue number

Triton X-100

200yl

Sigma

T8787

The volume was made up to 100 ml with PBS (sed. 2%). The solution was filter-

sterilised using a 50 ml syringe and a 0.2 um ramislter. The solution was stored at

room temperature.

8.1.3.3 0.2% Tween20

Reagent

Volume

Supplier

Catalogue number

Tween20

200yl

Sigma

P9416
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The volume was made up to 100 ml with PBS (sed. 2%). The solution was filter-
sterilised using a 50 ml syringe and a 0.2 um ramislter. The solution was stored at
room temperature.

8.1.3.4 4 M HCI
Reagent Volume Supplier |Catalogue number
Hydrochloric acid 10 ml Fisher H/1200/PB17
Distilled water 30 ml -

The solution was stored at room temperature.

8.1.3.5 Mounting solution

Reagent Volume | Supplier [Catalogue number
VECTASHIELD® Mounting Medium with DAPI - Vector H-1200
The solution was stored at 4 °C.

8.1.3.6 Hypotonic solution

Reagent Volume | Supplier |Catalogue number
Potassium Chloride 200 mg BDH 101985M
Sodium Citrate 200 mg Fisher BPE 327-500

Potassium chloride and Sodium citrate were resgaygtidissolved in each 50 ml of
distilled water. Two solutions were mixed togetteegive a final volume of 100 ml.

8.1.3.7 Fixative solution

Reagent Volume | Supplier |Catalogue number
Methanol 15 ml Fisher M/4056/17
Glacial Acetic Acid 5ml Fisher A/0400/PB17

Two solutions were mixed together in a ratio of. 1:3

8.1.3.8 4% PFA

Reagent Volume | Supplier [Catalogue number
Paraformaldehyde 4 Sigma P6148
The volume was made up to 100 ml with PBS. Thetswlwas incubated at 60°C for
2 h with shaking. 5 ml aliquots were stored at €0°

8.1.4 Southern blotting works

8.1.4.1 20x SSC

Reagent Volume Supplier |Catalogue number
Sodium Chloride 175.3 Fisher BPE 358-1
Sodium Citrate 88.2 Fisher BPE 327-500

Sodium Chloride and Sodium Citrate were dissolve800 ml of distilled water and
the pH was adjusted up to pH 7.0 with HCI. Thee, tblume was made up to 1 liter
with distilled water. The solution was autoclaved stored at room temperature.

8.1.4.2 2x SSC
Reagent Volume | Supplier |Catalogue number
20x SSC 100 ml | See 2.4.4.1
Distilled water 900 ml -

The solution was autoclaved and stored at room éeatpre.
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8.1.4.3 10% PVP

Reagent

Volume

Supplier

Catalogue number

Polyvinylpyrrolidone

S5g

Sigma

P5288

The volume was made up to 50 ml with distilled waléhe solution stored at room

temperature.

8.1.4.4 10% Ficoll

Reagent Volume Supplier |Catalogue number
. GE
Ficoll 59 Healthcare 17-0300-10

The volume was made up to 50 ml with distilled wafghe solution was stored at

room temperature.

8.1.4.5 10% BSA

Reagent

Volume

Supplier

Catalogue number

BSA

59

Sigma

A2153

The volume was made up to 50 ml with distilled watEhe solution was filter-
sterilised using a 50 ml syringe and a 0.2 um ramiflter and stored at —20 °C.

8.1.4.6 1mg-ml™* Heparin

Reagent

Volume

Supplier

Catalogue number

Heparin

100 mg

Fluka

51550

The volume was made up to 100 ml with distilled evafThe solution was filter-
sterilised using a 50 ml syringe and a 0.2 um ramilter and stored at —20 °C.

8.1.4.7 2mg-ml* ssDNA

Reagent

Volume

Supplier

Catalogue number

Salmon sperm DNA

19

Sigma

D1626

The volume was made up to 500 ml with distilledeva®he solution was stored at —

20 °C.

8.1.4.8 Pre-hybridisation solution for LINE-1

Reagent Volume | Supplier |Cata|ogue number
20X SSC 75ml | See2.4.4.1
0.5M EDTA 1ml See 2.4.1.6
10% PVP 1ml See 2.4.4.3
10% Ficoll 1ml See 2.4.4.4
10% BSA 1ml See 2.4.4.5
10% SDS 0.5ml | See2.4.1.4
1 mg/ml Heparin 0.5ml | See 2.4.4.6
2 mg/ml ssDNA 1mil See 2.4.4.7

The volume was made up to 50 ml with distilled wate

8.1.4.9 Hybridisation solution for LINE-1

Reagent Volume | Supplier |Catalogue number
20X SSC 3.75ml | See2.44.1
0.5M EDTA 0.5ml | See2.4.1.6
10% PVP 0.5ml | See 2.4.4.3
10% Ficoll 0.5ml | See24.4.4
10% BSA 0.5ml | See2.4.4.5
10% SDS 0.25ml | See2.4.14
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1 mg/ml Heparin 0.25ml | See 2.4.4.6
2 mg/ml ssDNA 0.5ml | See2.4.4.7
Dextran Sulfate 2.25¢g Sigma | D8906

The volume was made up to 25 ml with distilled wate

8.1.4.10 0.4 M NaOH
Reagent Volume | Supplier | Catalogue nhumber
Sodium Hydroxide 16 g Fisher BPE359-500

The volume was made up to 1 liter with distilledteva The solution was autoclaved

and stored at room temperature.

8.1.4.11 2x SSC/0.1% SDS
Reagent Volume Supplier |Cata|ogue number
20xSSC 100ml | See2.4.4.1
10% SDS 10 ml See24.14

The solution was autoclaved and stored at room eeatyre.

8.1.4.12 0.1x SSC/0.1% SDS
Reagent Volume Supplier |Catalogue number
20xSSC 5ml See2.4.4.1
10% SDS 10ml | See24.1.4

The solution was autoclaved and stored at room eeatyre.

8.1.4.13 20x SSPE
Reagent Volume Supplier | Catalogue number
Sodium Chloride 175.3 g Fisher BPE 358-1
Sodium Phosphate Monobasic 27649 Sigma 58282
EDTA 949 Fluka 3677

Sodium Chloride, Sodium Phosphate Monobasic andAD&re dissolved in 800 ml
of distilled water and the pH was adjusted to pHwith NaOH (~ 27 ml/litre of 10 N
NaOH). Then, the volume was made up to 1 liter wiitilled water. The solution
was autoclaved and stored at room temperature.

8.1.4.14 5x SSPE
Reagent Volume Supplier |Cata|ogue number
20x SSPE 250 ml | See 2.4.4.13

The solution was autoclaved and stored at room eeatyre.

8.1.4.15 50x Denhardt’s solution
Reagent Volume | Supplier |Catalogue number
Polyvinylpyrrolidone 10g Sigma P5288
. GE
Ficoll 10g Healthcare 17-0300-10
BSA 10g Fluka 3677

The volume was made up to 100 ml with distilled evaiThe solution was stored at
room temperature.

8.1.4.16 Hybridisation solution for oligonucleotide probe
Reagent Volume | Supplier |Cata|ogue number
20x SSPE 125 ml | See 2.4.4.13
50x Denhardt's solution 10ml | See 2.4.4.15
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10% SDS

0.5 ml

See 2.4.1.4

2 mg/ml ssDNA

1ml

See 2.4.4.7

The volume was made up to 50 ml with distilled wate

8.1.5 Cell culture works

8.1.5.1 MEFs medium

Reagent Volume Supplier |Catalogue number
Dulbecco's Modifed Eagle Media (DMEM) 500ml Invitrogen 21969-035
Fetal Bovine Serum (FBS) 50ml Invitrogen 10106-169
100X MEM Non-Essential Amino Acids (NEAA) 5mi Invitrogen 11140-050
200mM L-Glutamine 5mi Invitrogen 25030-149

FBS, NEAA and L-Glutamine were added and mixed tlogiein a universal tube. The
mixture was added into DMEM by filter-sterilisatiasing a 50 ml syringe and a 0.2
pm minisart filter (Sartorius: SM16532K).

8.1.5.2 Mitomycin C

Reagent Volume Supplier | Catalogue number
Mitomycin C (MMC) 2mg Sigma M4287

2 mg of Mitomycin C was dissolved in 200 ml of MEfRedium (see 2.4.5.1) to give
a final concentration of 10 pg-thiThe solution was filter-sterilised using a 50 ml
syringe and a 0.2 pum minisart filter. 5 ml aliquasre stored at —20 °C.

8.1.5.3 BG-K medium

Reagent Volume | Supplier |Catalogue number
DMEM-12 500ml Invitrogen 11320-058
Knockout Serum Replacement (KSR) 90ml Invitrogen 10828-028
100X NEAA 6ml Invitrogen 11140-035
200mM Glutamax-I supplement 6mi Invitrogen 25030-024
1M B-Mercaptoethanol 60ul Sigma M7522

4 ug/ml Fibroblast Growth Factor (FGF) 600ul Sigma F0291

KSR, NEAA, Glutamax and 1M-Mercaptoethanol were added and mixed together in
a container. The mixture was added into DMEM-12filigr-sterilisation using a 50
ml syringe and a 0.2 pm minisart filter (Sartori®v16532K). To make 1 M-
Mercaptoethanol, 1 ml of 14.3 BMercaptoethanol was mixed with 13.3 ml of water
(Sigma: W3500). The solution was filter-sterilisgging a 50 ml syringe and a 0.2 um
minisart filter and stored at 4°C. To make 4 pug-b#GF, 1 mg bFGF was dissolved
in 246.80 ml of PBS. 3.25 ml of 7.5% BSA was add#d the bFGF solution. Then,
the solution was filter-sterilised using a 0.20 fiiter (Sartorius: 17597K). 2 ml
aliquots were stored at -80 °C.

8.1.5.4 Matrigel

Reagent Volume Supplier  (Catalogue number
Matrigel Basement Membrane Matrix - . B.D 354234
Biosciences

The Matrigel was thawed on ice in the fridge oveghti 0.5 ml aliquots were placed
into chilled tubes by a chilled 5 ml pipette. Imnagdly, aliquots were stored at —80
°C.

8.1.5.5 Trypsin EDTA
| Reagent

|VOIume | Supplier |Catalogue number |
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| 0.05% Trypsin EDTA | 100ml | Invitrogen | 25300-054 |
Trypsin EDTA was thawed in the fridge overnight.d@rcompletely thawed, 20 ml
aliquots were placed into universal tubes. Theyevatored at —20 °C.

8.1.5.6 Cryopreservation medium

Reagent Volume Supplier |Catalogue number
Hyclone ES FBS 4 ml Perbio SH30070.03
DMSO 1ml Sigma D5879

4 parts of Hyclone FBS and 1 part of DMSO were mik@gether. The solution was
filter-sterilised using a 10 ml syringe and a Or2 minisart filter and stored at 4°C.

8.1.5.7 0.1% Gelatine solution

Reagent Volume | Supplier Catalogue number
Gelatin 500mg Sigma G9391
Gelatin was dissolved in 500 ml of distilled wat&éhe solution was autoclaved and
stored at room temperature.

8.1.5.8 KaryoMax

Reagent Volume | Supplier |Catalogue number
Karyo MAX® Colcemide® - Invitrogen 15212-046
This solution was stored at 4°C.

8.1.5.9 GeneJammer ® transfection reagent

Reagent Volume | Supplier [Catalogue number
GeneJammer® transfection reagent - Stratagene 204132
The reagent was stored at 4°C.
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9 Appendix 2

List of Suppliers Details

Company Website
Abcam, Plc. http://www.abcam.com
Alpha Laboratories (UK) http://www.alphalabs.co.uk
Amaxa AG http://www.amaxa.com

Ambion, Inc. C/O Applied Biosystems

http://www.ambion.com

Applied Biosystems

http://www.appliedbiosystems.com

Axygen Scientific, Inc.

http://www.axygen.com

Beckman Coulter (UK), Ltd.

http://www.beckmancoulter.co.uk

BDH, C/O VWR International (UK), Ltd.

http://uk.vwr.com

Cambio (UK), Ltd.

http://www.cambio.co.uk

Charles River Laboratories, Inc.

http://www.criver.com

Chemicon Europe, Ltd.

http://www.chemicon.com

Clontech-Takara Bio Europe

http://www.clontech.com

Eppendorf (UK), Ltd.

http://www.eppendorf.co.uk

Fermentas

http://www.fermentas.com

Fisher Scientific (UK), Ltd.

http://www.fisher.co.uk

GE Healthcare

http://www.gehealthcare.com

Grant Instruments (UK), Ltd.

http://www.grant.co.uk

Hyclone

http://www.hyclone.com

Improvision

http://www.improvision.com

Invitrogen, Ltd.

http://www.invitrogen.com

Jackson Immunoresearch Laboratories, Inc.

http://www.jacksonimmuno.com

Leica Microsystems

http://www.leicamicrosystems.com

Menzel-Glaser

http://www.menzel.de

Merck Chemicals (UK), Ltd.

http://www.merckbiosciences.co.uk

NanoDrop Technologies

http://www.nanodrop.com

New England Biolabs (UK), Ltd.

http://www.neb.uk.com

Nikon Ltd. http://www.europe-nikon.com
Nalge Nunc International http://www.nuncbrand.com
Qiagen, Ltd. http://www.giagen.com

Raytek Scientific (UK), Ltd.

http://www.raytek.co.uk

Roche Diagnostics Ltd.

http://www.rocheuk.com

Sartorius (UK), Ltd.

http://www.sartorius.co.uk

Santa Cruz Biotechnology, Inc.

http://www.scbt.com

Scientific Laboratory Supplies, Ltd.

http://www.scientificlabs.eu

Sigma-Genosys/ Sigma-Aldrich Ltd.

http://www.sigmaaldrich.com

SPSS (UK), Ltd.

http://www.ssps.com/uk

Vector Laboratories, Ltd.

http://www.vectorlabs.com
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10 Appendix 3

Post Hoc Tests

Multiple Comparisons

(I) Group (J) Group Dif’f\g?::ce Std. Error Sig. 95% Confidence Interval
L(()IV\fgr Upper Lower Upper Lower
Bound Bound Bound Bound Bound
Tukey HSD | TC p336 #1 .08135 .07742 .969 -.2249 .3876
p336 #9 .16691 .07742 .495 -.1394 4732
p388 #8 .09063 .07742 .945 -.2157 .3969
p388 #9 .13804 .07742 .692 -.1683 4443
hESOD1 #1 .76784(%) .07742 .000 4616 1.0741
hESDO1 #3 42107(%) .07742 .007 .1148 7274
hESOD1 #4 .65802(*) .07742 .000 .3517 .9643
hESOD1 #9 .78141(%) .07742 .000 4751 1.0877
p336 #1 TC -.08135 .07742 .969 -.3876 .2249
p336 #9 .08557 .07742 .959 -.2207 .3919
p388 #8 .00928 .07742 1.000 -.2970 .3156
p388 #9 .05669 .07742 .997 -.2496 .3630
hESOD1 #1 .68649(*) .07742 .000 .3802 .9928
hESDO1 #3 .33972(%) .07742 .028 .0334 .6460
hESOD1 #4 .57667(%) .07742 .001 .2704 .8830
hESOD1 #9 .70007(*) .07742 .000 .3938 1.0064
p336 #9 TC -.16691 .07742 .495 -.4732 .1394
p336 #1 -.08557 .07742 .959 -.3919 .2207
p388 #8 -.07629 .07742 .978 -.3826 .2300
p388 #9 -.02888 .07742 1.000 -.3352 2774
hESOD1 #1 .60092(*) .07742 .001 .2946 .9072
hESDO1 #3 .25415 .07742 125 -.0521 .5604
hESOD1 #4 .49110(%) .07742 .002 .1848 7974
hESOD1 #9 .61450(*) .07742 .000 .3082 .9208
p388 #8 TC -.09063 .07742 .945 -.3969 .2157
p336 #1 -.00928 .07742 1.000 -.3156 .2970
p336 #9 .07629 .07742 .978 -.2300 .3826
p388 #9 .04741 .07742 .999 -.2589 .3537
hESOD1 #1 .67721(%) .07742 .000 .3709 .9835
hESDO1 #3 .33044(*) .07742 .033 .0242 .6367
hESOD1 #4 .56739(*) .07742 .001 .2611 .8737
hESOD1 #9 .69079(*) .07742 .000 .3845 9971
p388 #9 TC -.13804 .07742 .692 -.4443 .1683
p336 #1 -.05669 .07742 .997 -.3630 .2496
p336 #9 .02888 .07742 1.000 -2774 .3352
p388 #8 -.04741 .07742 .999 -.3537 .2589
hESOD1 #1 .62980(*) .07742 .000 .3235 .9361
hESDO1 #3 .28303 .07742 .075 -.0233 .5893
hESOD1 #4 .51998(*) .07742 .002 .2137 .8263
hESOD1 #9 .64338(*) .07742 .000 .3371 .9497
hESOD1 #1 | TC -.76784(*) .07742 .000 -1.0741 -.4616
p336 #1 -.68649(*) .07742 .000 -.9928 -.3802
p336 #9 -.60092(*) .07742 .001 -.9072 -.2946
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p388 #8 -.67721(*%) .07742 .000 -.9835 -.3709

p388 #9 -.62980(*) .07742 .000 -.9361 -.3235

hESDO1 #3 -.34677(*) .07742 .025 -.6531 -.0405

hESOD1 #4 -.10982 .07742 .866 -.4161 .1965

hESOD1 #9 .01358 .07742 1.000 -.2927 .3199

hESDO1 #3 | TC -.42107(*%) .07742 .007 - 7274 -.1148
p336 #1 -.33972(*%) .07742 .028 -.6460 -.0334

p336 #9 -.25415 .07742 125 -.5604 .0521

p388 #8 -.33044(*) .07742 .033 -.6367 -.0242

p388 #9 -.28303 .07742 .075 -.5893 .0233

hESOD1 #1 .34677(*) .07742 .025 .0405 .6531

hESOD1 #4 .23695 .07742 167 -.0693 .5432

hESOD1 #9 .36034(*) .07742 .020 .0541 .6666

hESOD1#4 | TC -.65802(*) .07742 .000 -.9643 -.3517
p336 #1 -.57667(*) .07742 .001 -.8830 -.2704

p336 #9 -.49110(*) .07742 .002 - 7974 -.1848

p388 #8 -.56739(*) .07742 .001 -.8737 -.2611

p388 #9 -.51998(*) .07742 .002 -.8263 -.2137

hESOD1 #1 .10982 .07742 .866 -.1965 4161

hESDO1 #3 -.23695 .07742 167 -.5432 .0693

hESOD1 #9 12339 .07742 .788 -.1829 4297

hESOD1#9 | TC -.78141(*) .07742 .000 -1.0877 -.4751
p336 #1 -.70007(*) .07742 .000 -1.0064 -.3938

p336 #9 -.61450(*) .07742 .000 -.9208 -.3082

p388 #8 -.69079(*) .07742 .000 -.9971 -.3845

p388 #9 -.64338(*) .07742 .000 -.9497 -.3371

hESOD1 #1 -.01358 .07742 1.000 -.3199 .2927

hESDO1 #3 -.36034(*) .07742 .020 -.6666 -.0541

hESOD1 #4 -.12339 .07742 .788 -.4297 .1829

Bonferroni TC p336 #1 .08135 .07742 1.000 -.2708 4335
p336 #9 .16691 .07742 1.000 -.1852 5191

p388 #8 .09063 .07742 1.000 -.2615 4428

p388 #9 .13804 .07742 1.000 -.2141 4902

hESOD1 #1 .76784(*) .07742 .000 4157 1.1200

hESDO1 #3 42107(%) .07742 .015 .0689 7732

hESOD1 #4 .65802(*) .07742 .000 .3059 1.0102

hESOD1 #9 .78141(%) .07742 .000 4293 1.1336

p336 #1 TC -.08135 .07742 1.000 -.4335 .2708
p336 #9 .08557 .07742 1.000 -.2666 A377

p388 #8 .00928 .07742 1.000 -.3429 .3614

p388 #9 .05669 .07742 1.000 -.2955 .4088

hESOD1 #1 .68649(*) .07742 .000 .3343 1.0386

hESDO1 #3 .33972 .07742 .063 -.0124 .6919

hESOD1 #4 .57667(*) .07742 .001 .2245 .9288

hESOD1 #9 .70007(*) .07742 .000 .3479 1.0522

p336 #9 TC -.16691 .07742 1.000 -.5191 .1852
p336 #1 -.08557 .07742 1.000 -4377 .2666

p388 #8 -.07629 .07742 1.000 -.4284 .2759

p388 #9 -.02888 .07742 1.000 -.3810 .3233

hESOD1 #1 .60092(*) .07742 .001 .2488 .9531

hESDO1 #3 .25415 .07742 .342 -.0980 .6063

hESOD1 #4 .49110(%) .07742 .005 .1389 .8433
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hESOD1 #9 .61450(*) .07742 .001 .2623 .9667
p388 #8 TC -.09063 .07742 1.000 -.4428 .2615
p336 #1 -.00928 .07742 1.000 -.3614 .3429
p336 #9 .07629 .07742 1.000 -.2759 4284
p388 #9 .04741 .07742 1.000 -.3047 .3996
hESOD1 #1 .67721(%) .07742 .000 .3251 1.0294
hESDO1 #3 .33044 .07742 .075 -.0217 .6826
hESOD1 #4 .56739(*) .07742 .002 .2152 .9195
hESOD1 #9 .69079(*) .07742 .000 .3386 1.0429
p388 #9 TC -.13804 .07742 1.000 -.4902 .2141
p336 #1 -.05669 .07742 1.000 -.4088 .2955
p336 #9 .02888 .07742 1.000 -.3233 .3810
p388 #8 -.04741 .07742 1.000 -.3996 .3047
hESOD1 #1 .62980(*) .07742 .001 .2776 .9820
hESDO1 #3 .28303 .07742 .190 -.0691 .6352
hESOD1 #4 .51998(*) .07742 .003 .1678 .8721
hESOD1 #9 .64338(*) .07742 .001 .2912 .9955
hESOD1 #1 | TC - 76784(*) .07742 .000 -1.1200 -.4157
p336 #1 -.68649(*) .07742 .000 -1.0386 -.3343
p336 #9 -.60092(*) .07742 .001 -.9531 -.2488
p388 #8 -.67721(%) .07742 .000 -1.0294 -.3251
p388 #9 -.62980(*) .07742 .001 -.9820 -.2776
hESDO1 #3 -.34677 .07742 .055 -.6989 .0054
hESOD1 #4 -.10982 .07742 1.000 -.4620 .2423
hESOD1 #9 .01358 .07742 1.000 -.3386 .3657
hESDO1 #3 | TC -.42107(*) .07742 .015 -7732 -.0689
p336 #1 -.33972 .07742 .063 -.6919 .0124
p336 #9 -.25415 .07742 .342 -.6063 .0980
p388 #8 -.33044 .07742 .075 -.6826 .0217
p388 #9 -.28303 .07742 .190 -.6352 .0691
hESOD1 #1 .34677 .07742 .055 -.0054 .6989
hESOD1 #4 .23695 .07742 .488 -.1152 .5891
hESOD1 #9 .36034(*) .07742 .043 .0082 7125
hESOD1 #4 | TC -.65802(*) .07742 .000 -1.0102 -.3059
p336 #1 -.57667(*) .07742 .001 -.9288 -.2245
p336 #9 -.49110(*) .07742 .005 -.8433 -.1389
p388 #8 -.56739(*) .07742 .002 -.9195 -.2152
p388 #9 -.51998(*) .07742 .003 -.8721 -.1678
hESOD1 #1 .10982 .07742 1.000 -.2423 4620
hESDO1 #3 -.23695 .07742 .488 -.5891 .1152
hESOD1 #9 .12339 .07742 1.000 -.2288 4756
hESOD1 #9 | TC -.78141(*%) .07742 .000 -1.1336 -.4293
p336 #1 -.70007(*) .07742 .000 -1.0522 -.3479
p336 #9 -.61450(*) .07742 .001 -.9667 -.2623
p388 #8 -.69079(*) .07742 .000 -1.0429 -.3386
p388 #9 -.64338(*) .07742 .001 -.9955 -.2912
hESOD1 #1 -.01358 .07742 1.000 -.3657 .3386
hESDO1 #3 -.36034(*) .07742 .043 -.7125 -.0082
hESOD1 #4 -.12339 .07742 1.000 -.4756 .2288

* The mean difference is significant at the .0zele

Homogeneous Subsets
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Group N Subset for alpha = .05
1 2 3 4 1
hESOD1 #9 2 4.0804
hESOD1 #1 2 4.0940
hESOD1 #4 2 4.2038 4.2038
hESDO1 #3 2 4.4408 4.4408
Tukey p336 #9 2 4.6949 4.6949
HSD(a) p388 #9 2 47238 4.7238
p388 #8 2 47712
p336 #1 2 4.7805
TC 2 4.8618
Sig. .788 .167 .075 495
hESOD1 #9 2 4.0804
hESOD1 #1 2 4.0940
hESOD1 #4 2 4.2038 4.2038
hESDO1 #3 2 4.4408
Tukey B(a) | p336 #9 2 4.6949
p388 #9 2 4.7238
p388 #38 2 4.7712
p336 #1 2 4.7805
TC 2 4.8618
Means for groups in homogeneous subsets are déesplay
a Uses Harmonic Mean Sample Size = 2.000.
Means Plots
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Kruskal-Wallis Test
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Ranks

Group N Mean Rank
TC 2 17.50
p336 #1 2 14.50
p336 #9 2 10.50
p388 #8 2 13.50
Growth p388 #9 2 11.50
hESOD1 #1 2 2.50
hESDO1 #3 2 7.50
hESOD1 #4 2 5.00
hESOD1 #9 2 3.00
Total 18
Test Statistics(a,b)
Growth
Chi-Square 15.825
df 8
Asymp. Sig. .045
a Kruskal Wallis Test
b Grouping Variable: Group
Mann-Whitney Test
Ranks
Group N Mean Rank Sum of Ranks
Growth 1.00 2 1.50 3.00
2.00 8 6.50 52.00
Total 10
Test Statistics(b)
Growth
Mann-Whitney U .000
Wilcoxon W 3.000
z -2.089
Asymp. Sig. (2-tailed) .037
Exact Sig. [2*(1-tailed Sig.)] .044(a)
Exact Sig. (2-tailed) .044
Exact Sig. (1-tailed) .022
Point Probability .022

a Not corrected for ties.
b Grouping Variable: Group
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