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ABSTRACT

GENOMIC IMPRINTING: ESTABLISHMENT, MAINTENANCE ANDSTABILITY
OF DNA METHYLATION IMPRINTS
Lara K. Abramowitz

Marisa S. Bartolomei

Genomic imprinting is an epigenetic phenomenonhicivgenes are
monoallelicaly expressed according to their pacérdrigin. Imprinted expression
entails marking parental chromosomes so that afgpparental allele is stably repressed
or expressed. Differential DNA methylation is ess#rior marking and regulating
imprinted genes and is often found at imprintingtcol regions (ICRs). These DNA
methylation imprints must be maintained througheary development despite genome-
wide epigenetic reprogramming to allow for stallleli@ expression in differentiated
tissues. Moreover, marking of the alleles mustiased in the germline so that
establishment of sex-specific marks can occur dugsmmetogenesis. These processes
are critical for normal imprinting, however, theepise mechanisms and factors involved
remain largely unknown. Of particular concern,iemvmental perturbations occurring
during times of epigenetic reprogramming have lreported to disrupt imprinting. In
this dissertation | investigate batis andtrans mechanisms by which DNA methylation
confers imprints and how environmental stressesd@apt imprinted regulation. |
show that decreased CpG content at the endogeatersm@iH19 ICR in mouse renders

the ICR unable to silence pateriHl9, indicating acis-regulatory role for CpG density



in imprinted regulation oA19. | also investigate the role that methyl-CpG-longd
domain (MBD) proteins, involved in DNA methylatialependent repression, have in
genomic imprinting. Through analysisMbdl andMbd2 mutant mice, | find that
individual MBD proteins are dispensable for normmaprinting. In a collaborative effort
to identify factors necessary for resetting of imfz in germ cells, we examine the
cooperative function of Ten-eleven-translocatiokTJ1 and TET2 in the erasure of
imprints, and show that both TET1 and TET2 are iregufor demethylation at imprinted
loci in the germline. Furthermore, as a collabweaéffort, we investigate possible
deregulation of imprints upon environmental stitéssugh analysis of spermatogonial
stem cells (SSCs) undergoing aging and cryopresenvaWe find that stressed SSCs
stably maintain methylation imprints and can pradsperm to be used in
intracytoplasmic sperm injection that result inmat offspring. These results provide
novel insights into mechanisms involved in nornmabrint establishment and

maintenance, as well as the stability of these mddspite environmental perturbations.

Vi
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CHAPTER ONE

Introduction

1.1 Genomic imprinting

In the mammalian genome, the vast majority of gemesither biallelically
expressed or repressed. However, there is a safaket of genes in which expression is
dependent on the parent-of-origin, these are knasvMmprinted genes (figure 1.1). In
the mouse there has been 150 imprinted genesegerifmprinted genes have high
conservation among mammals, and play essentiad molietal growth and development
as well as metabolism and behavior
(www.mousebook.org/catalog.php?catalog=imprinting)hereas many imprinted genes
are ubiquitously imprinted, some exhibit tissuecpeimprinted patterns, for example,

those imprinted in the placenta (figure 1.3- 1Epét and Moore, 2010).

Imprinted gene expression accounts for the fattttie two parental genomes are
not equal, as suggested by experiments conductételfyurani and Saltor laboratories
throughout the 1980’s. Pronuclear transfer expemiisiwere used to generate either a
diploid bimaternal (gynogenetic) or diploid bipatal (androgentic) conceptus. These
embryos failed to develop. The gynogenote develapestly embryonic tissues, but
failed to develop extra-embryonic tissues, whetkasandrogenote developed extra-
embryonic tissues and failed to develop embrydegues. These experiments

demonstrated the necessity of transcripts from patkental genomes for normal



Figure 1.1 Genomic Imprinting. Unlike the majority of genes in the mammal
genome whih are biallelically expressed repressed (purple boxes), imprin
expression is dependent upon the pi-of-origin (blue and red boxe€Expression i
indicated by arrowsParental origin of chromosomis indicatedo the right



development (McGrath and Solter, 1983; McGrath @altier, 1984; Surani and Barton,

1983; Surani et al., 1984).

In order for genes to be expressed based ongheent-of-origin, the cell must be
able to recognize the parental origin of each clwsome. Therefore, one critical
attribute of imprinted genes is that there is a&ptal-specific mark. There are several
key characteristics that this mark must exhib#ltow for stable parental-specific
expression. First, the mark must be able to imibeetranscription. The mark must also
be stable and heritable so that imprinting is naai&d throughout development. The
mark is likely to be established in the germlineewlthe maternal and paternal genomes
do not in occupy the same nucleus. Finally, thekmaust be erasable to allow for
resetting of the appropriate parental-specific maokbe inherited in the next generation
(Abramowitz and Bartolomei, 2012). DNA methylaticrthe only epigenetic
modification that fulfills all these criteria. Aoadingly, allele-specific DNA methylation

has been detected at all imprinted regions idewtifo date.

1.2 DNA methylation

DNA methylation in mammals occurs predominantlyh&t 5-position carbon on
cytosine residues (5mC) (figure 1.7) followed byagimes (though non-CpG methylation
has been described in embryonic stem (ES) cetlsiced pluripotent stem (iPS) cells and
oocytes (Lister et al., 2011; Tomizawa et al., 2D1This modification is generally
associated with a repressed chromatin state amtsilg of gene expression, as will be

discussed in section 1.6 (Bird and Wolffe, 1999).



Mammalian DNA methyltransferases fit into two gaiges, based on their
preferred substrate; tlie novo DNA methyltransferases, DNMT3a and DNMT3b, and
the maintenance methyltransferase, DNMT1. DNMTi3& RNMT3b methylate
previously unmethylated sequences, while DNMT1 esxisting methylation marks
onto the daughter strand during replication. AnuBRjuitin protein ligase, UHFR1 (also
known at NP95 in mouse), is an essential co-fantaraintenance methylation,
recruiting DNMT1 to hemimethylated sequences (Sledral., 2007). Thus, DNA
methylation is a stable and heritable mark. Addiilly, there are two non-canonical
family members, DNMT3L and DNMT2. Although catatglly inactive, DNMT3L
associates with DNMT3a and DNMT3b and stimulates thctivity (Suetake et al.,
2004). DNMT2 has been shown to methylate tRNA (@bkl., 2006) and is not likely to
be involved in DNA methylation as targeted delefiof&S cells had no effect on global

DNA methylation levels (Okano et al., 1998).

DNA methylation is essential for viability, as raideficient in DNA
methyltransferases die in early embryogenesist(al.e1992; Okano et al., 1999).
Importantly, when tested prior to death, these gowexhibit loss of imprinting at many
imprinted loci (Kaneda et al., 2004; Li et al., B99ndicating that DNA methylation is

not only found at imprinted loci but is criticalrfonprinted regulation.

1.3 Mechanisms of genomic imprinting

In the mammalian genome there are approximatelyirhp@inted genes which

are clustered throughout the genome. Generatiljyster is ~1MB in size, contains both
4



maternally and paternally expressed genes, atdeashon-coding RNA, and
differentially methylated regions (DMRs) (Bartolom2009). Genes within a cluster are
co-regulated by ais-acting regulatory element termed an imprintingtoaregion

(ICR). These ICRs have been identified geneticalhd when deleted in the mouse
cause loss of imprinting of the entire cluster (@&yn2003; Fitzpatrick et al., 2002; Lin et
al., 2003; Thorvaldsen et al., 1998; Wutz et &97 Yang et al., 1998). All identified
ICRs are also DMRs, in which allele-specific me#tign is acquired in the parental
germline (also termed primary or germline DMR)n& establishment of DNA
methylation at ICRs occurs at a time when the pateand maternal genomes are in
separate compartments (either oocyte or spermipwsfor parental specific marking of
imprinted genes. These DNA methylation marks laea tmaintained in the offspring by
DNMT1 (Li et al., 1993), despite genome-wide DNAhylation in the
preimplantation embryo (Reik et al., 2001). Adahially, differential DNA methylation
can also be established after fertilization inghstimplantation embryo, these regions
are known as secondary DMRs (Bartolomei, 2009)e Vdst majority of ICRs are
maternally methylated, with methylation at promstein contrast, only three paternally-
methylated ICRsH19, Rasgrfl,IG-DMR) have been identified each with intergenic
methylation (Ferguson-Smith, 2011). Various modi@smprinted gene regulation have
been described, with the best defined being thdater and long non-coding RNA

(IncRNA) models (Bartolomei, 2009).

1.3.1 Insulator model of imprinted regulation




The insulator model of imprinting has been bestudesd in regulation of the
H19/1gf2 locus, which is located on mouse chromosome 7hantan chromosome
11p15.5. This model of imprinted regulation is thest evolutionarily ancient (Smits et
al., 2008). Maternally expressetd9 is a IncRNA that encodes ~2.2kb transcript
(Bartolomei et al., 1991). Although the precisedtion ofH19 remains unclear, it
harbors a microRNA (miR-675) at its first exon (Mo et al., 2006). Recently, miR-
675 has been described to play a role in growtlpggsion (Keniry et al., 2012), which
supports the hypothesis thdi9 acts as a tumor suppressor (Hao et al., 1993;ivdazin
et al., 2008). Paternally expresdgt? encodes a fetal growth factonsulin like growth
factor 2 (DeChiara et al., 1990; DeChiara et al., 199t)printed expression at this locus
is regulated by twais-acting elements; (1) shared enhancers located stogam oH19
such as those that drive expression in endodetreajlfton et al., 1995) and mesodermal
(Kaffer et al., 2001) tissues, and (2) an ICR ledatetween the two genes, ~2-4kb
upstream of thél19 transcriptional start site (Thorvaldsen et al989 This element is
paternally methylated, with methylation establisdedng spermatogenesis and
maintained throughout development (figure 1.2) (Ba&¢ al., 2000; Tremblay et al.,

1997; Tremblay et al., 1995).

The insulator model at this locus has been workgdtoough a series of targeted
mutations in the mouse amvitro experiments. Maternal inheritance of a mutant
chromosome in which the ICR was deleted, resultdaallelic1gf2 expression and a
reduction in totaH19 expression. Conversely, when a paternal chromosaase

inherited in which the ICR was deletédl9 was biallelically expressed and totgi2
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Figure 1.2 Insulator model of imprinting at the mouwseH19/Igf2 locus. Imprinting
of maternally expresseH19 (red box) and paternally expresdgt? (blue box) is
regulated by a paternally methylated ICR (grey bwtporing 4 CTCF binding sitt
(green lines). The unmethylated maternal alletel®ICTCF (green hexagon) blocki
shared enhancers (black ov from accessinggf2. CTCF cannot bind the methylat
(CHg) ICR, allowing interaction olgf2 with the enhancermsn the paternal chromoso.
Expression is indicated by arrows. Parental orgfiohromosomes is indicated to |
right.



expression was reduced (Thorvaldsen et al., 1988tvaldsen et al., 2002).
Interestingly, when enhancers were inserted betweeiCR andgf2, 1gf2 became
biallelically expressed with no effect 6119 expression (Webber et al., 1998).
Subsequently, it was shown that CTCF, a proteihabts as an enhancer blocker at the
chickeng-globin locus (Bell et al., 1999), binds at the ICR in ethylation sensitive
manner (Bell and Felsenfeld, 2000; Hark et al.,2®Gffer et al., 2000; Kanduri et al.,
2000; Szabo et al., 2000). The unmethylated ICR aeanonstrated to function as an
insulatorin vitro (Bell and Felsenfeld, 2000; Hark et al., 2000;f&aét al., 2000;
Kanduri et al., 2000). Thus, the following mode imprinted regulation at thd19

locus has been proposed (Figure 1.2); CTCF birglsitimethylated maternal ICR,
establishing an insulator, and blocking shared ecdss from accessingf2 promoters.
CTCF is unable to bind to the methylated ICR, altayithe shared enhancers to interact
with Igf2 on the paternal allele. Furthermore, methylatibthe paternal ICR leads to
secondary methylation at th#9 promoter, silencing paterndll9 (Srivastava, 2002;
Thorvaldsen et al., 1998; Tremblay et al., 199Merefore, the insulator activity of the

ICR regulates matern&l19 and paterndigf2 expression.

Various mouse mutants have subsequently suppitrteale of the ICR as a
methylation sensitive insulator regulating improheectivity of the locus. When CTCF
was unable to bind the maternal ICR (either byttmteor mutations of CTCF binding
sites),lgf2 was biallelically expressed with reductionHif9 expression (Engel et al.,

2006; Pant et al., 2004; Schoenherr et al., 2088b& et al., 2004; Thorvaldsen et al.,



1998). Furthermore, paternal inheritance of a ntut@R that allowed binding of CTCF,

lead to biallelidH19 expression and a reductionlgf2 expression, (Engel et al., 2004).

Although theH19/1gf2 locus has been the only locus characterized tedpaated
by the insulator model, allelic CTCF binding hagtelescribed at other imprinted loci
(Fitzpatrick et al., 2007; Hikichi et al., 2003; Kehan et al., 2010; Lin et al., 2011;
Yoon et al., 2005). At thRasgrfl locus there is evidence suggesting insulator iagtiv
(Yoon et al., 2005), however, further investigatismecessary to determine if imprinting
at this locus is regulated in the same mannét1®égf2, which requires identification of

enhancers.

1.3.2 long non-coding RNA model of imprinted regulation

The majority of imprinted loci use the INcRNA moaélimprinted regulation
(Koerner et al., 2009; Santoro and Barlow, 2014f)these imprinted loci, a promoter for
a IncRNA is within the ICR. Transcription of thecRNA is necessary for the imprinted
regulation of the cluster icis. The best characterized loci that use the INCRNA
mechanism of imprinted expression arelgfér andKcngl imprinted clusters.

Imprinting at thdgf2r cluster is coordinated by the paternally expredseldNA Airn,
which contains a differentially methylated promateait acts as the ICR (Wutz et al.,
1997) Here, transcription oAirn repressefgf2r ubiquitously, andc22a2 andSc22a3
in the placenta. Thusgf2r is maternally expressed in all tissues whira is expressed,
andSc22a2 and9c22a3 are maternally expressed in the placenta. Alsbistocus are

biallelically expressed gen&rc22al andMasl, which are interspersed between the



imprinted geneslin addition to the ICR, a secondary DMR is foundhad cluster at the
paternally-methylatetgf2r promoter (Stoger et al., 1993). Interestingly entance of a
paternal allele carrying a truncat@n transcript resulted in loss of imprinting of the
entire cluster in embryonic and placental tissudgreas maternal truncation had no
effect (Sleutels et al., 2002). Thus, transcriptd the full length INcRNAAIrn is

required for proper imprinting of the locus (figute3). Recently, different mechanisms
for Airn mediated repression have been proposed for remulatti gf2r andSc22a3.
Analysis of a series diirn truncation mutant ES cells indicated that silegahl gf2r
required transcriptional overlap of thgg2r promoter. Thus, transcriptional interference,
rather than th@irn product is critical fotgf2r silencing (Latos et al., 2012). In contrast,
it has been proposed thatn interacts with thedc22a3 promoter and recruits the
histone methyltransferase G9a in placenta (Nagaab,008). Therefordirn

mediated repression could be acting through difften@echanisms to confer tissue-

specific imprinted expression.

Imprinting at theKcngl cluster exhibits many features similar to thahati gf2r
cluster. Imprinting is dependent upon a paternaigressed IncRNA<cnglotl, whose
promoter is an ICR exhibiting maternal-specific hygation (Smilinich et al., 1999).
Additionally, a secondary DMR is located at therpoder forCdknlc (Bhogal et al.,
2004). Expression dfcnglotl is necessary for maternal specific expression of
neighboring genes icis (Fitzpatrick et al., 2002; Mancini-Dinardo et &Q06).

Interestingly, onlyCdknlc is ubiquitously imprinted<cngl only exhibits imprinted

10
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Figure 1.3 IncRNA model of imprinting at the mousel gf2r locus. Imprinting is
coordinated by paternal expression ofIncRNA Airn (blue arrow). The promoter
Airnis located within the intron dgf2r, is maternally methylated (G} and acts as tF
ICR (gey box). Expression (Airn represses patern@f2r (red box)ubiquitously anc
paternaldc22a3 and9c22a2 (pink boxes)n the placenta. Also at this locus
biallelically expressed genes (purple bo» Expression is indicated by arro
Parental origin of chromosomis indicated to the right
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expression until ~E15.5 (Mancini-Dinardo et al.0@0Umlauf et al., 2004).
Additionally, several genes, such@sbpl5, Cd81, Tssc4, are imprinted exclusively in
the placenta (figure 1.4) (Green et al., 2007; Wihé al., 2004). Similar téirn,
paternal inheritance of a truncatédnglotl transcript resulted in a loss of imprinting of
the cluster (Mancini-Dinardo et al., 2006; Shirakt 2008), except fa€dknlc which
maintained proper imprinted expression in a subketbryonic tissues (Shin et al.,
2008). Details of the mechanism by whiKtnglotl acts to repress other genes in the

cluster remains to be elucidated.

1.4 Genomic imprinting and human disease

Imprinted genes play essential roles in prenatdlpostnatal growth and
development, as well as metabolism and behaviecaBse dosage of these genes is
tightly regulated, disease can result from chromwabnormalities, genetic or
epigenetic mutations. There are a number of hurnagenital diseases associated with
imprinted clusters (Thorvaldsen and Bartolomei, 20hcluding Prader-Willi Syndrome
(PWS), Angelman Syndrome (AS), Beckwith-Wiedemagndsome (BWS) and Silver-
Russell Syndrome (SRS). Additionally, loss of impng contributes to a variety of

malignancies (Girardot et al., 2012).

Failure to express genes within tB¢RPN imprinted domain, located in the
proximal arm of chromosome 15, results in PWS aBd Silencing of paternally
expressed genes within this domain causes PWSditiom characterized by infantile

hypotonia, early childhood obesity, short statsreall hands and feet, growth hormone

12
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Figure 1.4 IncRNA model of imprinting at the mouseKcngl locus. Imprinting at
this locus is regulated by paternal expressiomefincRNAKcnglotl (blue arrow).
TheKcnglotl promoter is contained within a matern-methylated (Cl;) ICR (grey
box). Expression dfcnglotl is necessary to paternally repress neighboringsger
cis, (red and pink boxes) with many genes imprintelg onthe placenta (pink boxes
Additionally, this locus harbors biallelically exggsed genes (pur|boxes).
Expression is indicated by arrows. Parental osigihchromosome are indicated to
right and gene names are either indicated withenbitx or between the chromosor
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deficiency, hypogonadism, mental deficiency andavedral problems (Butler, 2009).
Loss of function of the maternally expressed gdB&3A, which is involved in early
brain development, causes AS. AS is charactebyeskizures, mental retardation, jerky
arm movements, inappropriate laughter, lack of speamong other symptoms (Butler,
2009). The majority of patients with BWS have aiomal methylation at 11p15, which
harbors both thel19 andKCNQL1 clusters, resulting in the loss of maternal exqoesof
the cell cycle inhibitoCDKN1C or increased expression of the paternally expdesse
growth factodGF2 (Choufani et al., 2010). This disease is chareed by macrosomia,
macroglossia, prominent eyes with periorbital feis and creased ears (Butler, 2009).
Overexpression dDKNI1C or decreased expressionlGF2 cause SRS, characterized

by growth retardation (Shmela and Gicquel, 2013).

An increased risk of imprinting disorders has bdescribed in children
conceived by assisted reproductive technologiesT(ARcludingin vitro fertilization
and intracytoplasmic sperm injection (ICSI) (Owewl &egars, 2009). These procedures
involve endocrine stimulation of the ovary, emboydture, and transfer of
preimplantation embryos, which have all been shtmeause alteration of DNA
methylation and deregulation of imprinted genesiice (de Waal et al., 2012b; Doherty
et al., 2000; Fauque et al., 2007; Mann et al.42&vera et al., 2008; Sato et al., 2007).
Whereas studies suggest an increased prevaleimogmfting disorders (particularly
BWS and AS) (Owen and Segars, 2009) in childrecemed from ART, it is unclear if

this increased risk is due to ART procedures owitgerlying infertility of the parents.
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Additionally, these syndromes are rare makingfftalilt to pinpoint the underlying

contributing factors for these disorders.

1.5 Epigenetic reprogramming in mammalian developnia

Although DNA methylation patterns in somatic-drifatiated cells are generally
stable and heritable, there are two waves of gensitie DNA methylation
reprogramming that takes place in mammalian devedop. These DNA demethylation
and remethylation events occur in the germlinetaedoreimplantation embryo (figures
1.5-1.6) (Reik et al., 2001). Whereas it has heelhknown that thele novo DNMTs
are involved in resetting methylation marks (Abravite and Bartolomei, 2012), the
mechanisms of DNA demethylation and the enzymeslwed are just beginning to be
elucidated. DNA demethylation can occur in two s&il) replication dependent
(passive DNA demethylation) and (2) replicationapendent (active DNA
demethylation). Recently, the discovery of 5-hygroethylcytosine (5hmC) and the
enzymes that coordinate the conversion of 5mC tm&GhTen-eleven translocation (TET)
1,2,3 proteins, has given us new insights intontleehanism of DNA demethylation (Ito

et al., 2010; Kriaucionis and Heintz, 2009; Tamiiat al., 2009) (Figure 1.7).

It is important to note that many of the techniqussd to analyze DNA
methylation differ in the ability to distinguish tweeen 5mC and 5hmC. Bisulfite
sequencing, for example, cannot distinguish betviime@ and 5hmC. However,
antibodies specific to the different residues hawen raised and verified. Additionally,

there is ongoing effort to develop single baseltggm techniques for distinguishing
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between the two modifications, which include oxidatisulfite sequencing (0xBS-seq)

(Booth et al., 2012) and Tet-assisted bisulfiteuseging (TAB-seq) (Yu et al., 2012).

1.5.1 Erasure of DNA methylation in primordial germ cells

The resetting of methylation at imprinted loci imnpordial germ cells (PGCs) is
essential for sex-specific methylation patternba@anherited in the next generation.
First, somatic patterns of DNA methylation neethécfully erased so that subsequent

establishment of sex-specific marks can occur.

In mice PGCs are specified by external signals ftioenepiblast at E6.5 and arise
from a small population of about 40 cells at E7/3&itou, 2009). At E9.5 a small
population of about 200 cells start to migrate tigto the hindgut endoderm and reach the
genital ridges at ~E10.5 (Saitou, 2009). During thme, PGCs undergo widespread
epigenetic changes including, loss of histone mcatibns, loss of DNA methylation and
reactivation of the silent allele of imprinted ger{élajkova et al., 2008; Hajkova et al.,

2002; Szabo and Mann, 1995).

A number of recent studies suggests that denagtbglof PGCs occur in two
stages in the mouse; the first corresponding tartiggation phase at ~E8.5 and the
second with the gonadal stage at ~E10.5 (Guibeit,é2012; Hackett et al., 2013;
Kagiwada et al., 2013; Seisenberger et al., 20TB)s first round of DNA demethylation
is when the majority of sequences become demetuylatith ~30% of CpGs being
methylated in E9.5 PGCs reduced from ~71% of CpQGhytated in E6.5 epiblasts

(Seisenberger et al., 2012). Many studies sudbasthis bulk demethylation occurs in a
16



passive/replication dependent manner, that isDthA is replicated with a failure of
maintenance methylation by DNMT1. Despite the preseof DNMT1 (Hajkova et al.,
2002) in PGCs, loss of methylation follows the kic® of a replication dependent
mechanism (Hackett et al., 2013). In PGCs, UHFRdetected as being excluded from
the nucleus and no DNMT1 is detected at replicafoon(Kagiwada et al., 2013).
Furthermore, E9.5 PGCs have a high number of hethyladed CpG sites, suggesting a

loss of maintenance methylation (figure 1.5) (Sdiseger et al., 2012).

From E9.5 methylation levels drop gradually in ¢fomadal phase, to ~15% of
CpGs methylated in E11.5 PGCs and again to ~14% @noh E13.5 male and female
PGCs, respectively (Seisenberger et al., 2012)s Jé¢tond, gonadal phase is when
imprint erasure is completed (figure 1.5) (Haclettal., 2013; Hajkova et al., 2008;
Seisenberger et al., 2012). A recent study trsindjuished between 5mC and 5hmC
reported conversion of ICR 5mC to 5hmC in PGCgerbstingly, the timing of this
conversion differed for individual imprinted lockor example, in PGCs, ICRs at the
Kcngl andlgf2r clusters were enriched for 5hmC by E10.5, whilR$GtPeg3 and
Pegl10 loci were not enriched for 5hmC until day E11This conversion corresponds
with timing of whenTetl andlet2 expression peaks, at ~ E10.5-11.5 PGCs (with no
detectablelet3) (Hackett et al., 2013). How the 5hmC marks armaaved still requires
further investigation, though Hackett et al., 20fb8ind that the kinetics of 5hmC loss
followed a replication dependent modePay3 andPegl0. Additionally, various

components of the base excision repair pathway, (@@lBeaminase) and TDG (a
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Figure 1.5 Epigenetic reprogramming in primordial germ cells. There are tw«
rounds of DNA demethylation in PGCs; bulk DNA demgatior, which occurs in
migrating PGCswhich is likelypassive), and a second roundjonadal PGCs, whe
imprints (green line) are erased. IAPs are ableamtain methylation throughout PC

oocytes (red line).

development. Remethylation occurs in prospermatia (blue line) or in growing
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glycosylase), have been implicated in erasure ahyhegion in PGCs (figure 1.7)
(Cortellino et al., 2011; Popp et al., 2010). AdBficient E13.5 PGCs have subtle global
increases in methylation levels (Popp et al., 2@M@) E11 PGCs lacking TDG had high
levels of methylation at thigf2 promoter. However, these observations could be
explained by developmental delay in the mutant B@88 methods used in both studies
could not distinguish between 5mC and 5ShmC. Tloeegefurther analysis is necessary

to determine a definitive role of these BER compuisén reprogramming of PGCs.

Although the majority of the genome is demethylatePGCs there are a few
regions that escape erasure, for example, intesotA-particles (IAPs) (figure 1.5)
(Guibert et al., 2012; Hackett et al., 2013; Lahalg 2003; Seisenberger et al., 2012).
IAPs are evolutionarily the most recently acquineshsposon family in the mouse
genome, and thus potentially the most active (Qad.e2010). Methylation at IAPs may
be required to suppress this potentially activenelet. Interestingly, maintenance of
methylation at IAPs occurs even though UHFR1 isesged only at very low levels and
appears cytosolic, and DNMT1 is not detected dtaayon foci (Kagiwada et al., 2013).
Therefore, it is unclear if methylation maintenaat®APs in PGCs occurs using a novel
mechanism, or if current technologies are not s@esenough to detect these proteins

acting in PGCs.

1.5.2 Establishment of DNA methylation in the germline

In female PGCs low levels of DNA methylation per$diem E13.5 (Seisenberger

et al., 2012), witlde novo methylation occurring after birth in the growingoyte (Bao et
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al., 2000). Methylation of ICRs in growing oocyiesompleted by the time oocytes
arrest in metaphase Il (figure 1.5) (Lucifero, 2PDMales, in contrast, exhibit robud
novo methylation in E16.5 PGCs (figure 1.5) (Seisenbegg al., 2012) with methylation

at ICRs completed postnatally by the pachyteneestégneiosis (Davis et al., 2000).

Timing of methylation acquisition occurs in a loeggecific manner, witlsnrpn,
Igf2r andPeg3 gaining significant methylation in oocytes by Idyd postpartum (dpp),
andPegl gaining methylation later, at ~25 dpp (Luciferop2D Interestingly,
acquisition of methylation &@nrpn occurs asymmetrically, with the maternal allele
methylated earlier than the paternal (Lucifero,200Asymmetric acquisition of
methylation has also been observed atilh@ locus, with the paternal allele methylated
prior to the maternal (Davis et al., 2000). Thelservations suggest that an epigenetic
marking exists at these loci carrying somatic mgmadn the case dfi19, CTCF sites
have been implicated for somatic memory by cootdigaallele-specific histone
modifications that facilitate marking of the pamndrigin of each allele (Lee et al.,

2010).

As previously mentionedie novo methylation is deposited by DNMT3a,
DNMT3b and the co-factor DNMT3L. Studies of comutiial knockouts obnmt3a and
Dnmt3b in germ cells provide evidence that DNMT3a is iiegpifor de novo methylation
of all ICRs (both maternal and paternal) exceptlierpaternally-methylategasgrfl
ICR, which resembles repetitive DNA and requireshidNMT3a and DNMT3b
(Kaneda et al., 2004; Kato et al., 2007). A deieche establishment of methylation of

germline DMRs was also observed in mice deficiendINMT3L (Bourc'his and Bestor,
20



2004; Bourc'his et al., 2001). Oocytes deficiemtDNMT3L lack methylation at
maternal DMRs. Additionallypnmt3L null females exhibit a maternal lethal phenotype,
in which embryos are hypomethylated at all matdéyrakthylated ICRs but global
methylation is not reduced (Bourc'his et al., 200@NMT3L also plays a critical role in
establishment of paternal methylation imprints. éndas reports vary on the extent that
paternal ICRs are affected in DNMT3L deficient mgégm cells, ICRs ati19/1gf2,

Rasgrfl andGitl2 (IG-DMR) require DNMT3L for full methylation (Bourc'his and

Bestor, 2004; Kaneda et al., 2004; Kato et al.,720@ebster, 2005).

Although the DNA methylation machinery is now weéitablished, it remains to
be determined how this machinery is recruited ecdg CpGs. Interestingly, a link has
been found between histone methylation and DNA piation. DNMT3L has binding
affinity for nucleosomes containing unmethylatedkd3which is abolished with the
addition of methyl groups to this residue (Ooilet2007). These results suggest that
patterns of histone methylation could dictate patt@f DNA methylation, which could
then be stably inherited. Furthermore, oocyteslttk lysine demethylase 1B
(KDM1B), a H3K4 demethylase, are hypomethylated aumber of imprinted loci
(Ciccone et al., 2009), suggesting that an unmatbglH3K4 is necessary for DNA
methylation. Consistently, male germ cells assajdbe onset ale novo methylation
reveal high levels of H3K4me3 at the maternallymgkttedSnhrpn andKcngl ICRs but
absence of H3K4me3 at paternally-methylat#d® ICR and IG-DMR, suggesting that
H3K4me3 prevents maternally-methylated DMRs fromuiitng DNA methylation in

the male germline (Henckel et al., 2011). Intengdy, the association of DNA
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methylation with an unmethylated H3K4 and the prbom from DNA methylation with
methylation of H3K4 is not limited to imprinted obut is also observed genome-wide

(Meissner et al., 2008; Weber et al., 2007).

Even with the observation that DNA methylationuiegs a favorable histone
environment, it is still unclear if there are amgsence signatures that distinguish ICRs
from other CpG rich regions in the genome. Onésignature has been proposed to be
the spacing of CpGs at ICRs. Molecular modelinthefDNMT3a/DNMT3L complex
indicates an optimal periodicity of CpGs for mettidn at about 8-10 base pairs (Jia et
al., 2007). Interestingly, this periodicity wapoeted at 12 maternal ICRs (Jia et al.,
2007). However, recent studies were unable toctétes trend at ICRs in both oocytes
and sperm (Tomizawa et al., 2011) and were unaliietiect a difference in CpG spacing
between methylated and unmethylated CpG islandségtes and sperm (Smallwood et

al., 2011). Overall, the role of CpG spacing aggaature for ICRs remains unclear.

Many reports have uncovered a link between trgotsmn and methylation
establishment. For example, as described abov&)MDis critical for establishment of
methylation of many maternal ICRs (Ciccone et200Q9). Interestingly, the human
orthologue of KDM1B, LSD2, is associated with géoelies of actively transcribed
genes (Fang et al., 2010). Additionally, the PWudihain of DNMT3a binds
H3K36me3, a mark of transcriptional elongation, ethincreases the methyltransferase
activity of DNMT3ain vitro (Dhayalan et al., 2010)These observations suggest et

novo methylation is targeted to sites of active traipsion.
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In accordance, multiple imprinted loci have beeovamto require transcription
for establishment of DNA methylation, the firsttbese being th&naslocus (Chotalia
et al., 2009). This locus encodes multiple trapssrthe protein coding transcripgBnas,
Gnasx1 andNesp and the non-coding transcriptespas and1A. This region contains
two maternally methylated DMRs, one that encommatssGnasxl andNespas
promoters, which acts as the ICR, and anothercthagrs thelA promoter. A targeted
mutation in the mouse that truncated esp transcript, the furthest upstream transcript,
and caused hypomethylation (in varying degrees)l &MRs in mutant oocytes
(Chotalia et al., 2009), suggesting a defect inhylation establishment. Interestingly,
transcripts are also detected in growing oocytéseamaternally-methylated ICRs of the
Grb10, Igf2r, Impact, Kengl, Zacl andShrpn imprinted loci (Chotalia et al., 2009;

Mapendano et al., 2006).

The imprintedRasgrfl locus, which harbors a paternally-methylated 1@Ro
requires transcription for methylation establishin@®atanabe et al., 2011). In
spermatogonia of mice mutant for various protemthe piRNA pathway, including
MILI, MIWI2 and MITOPLD, theRasgrfl ICR, but not other paternally-methylated
DMRs, exhibited reduced methylation. Further asiglyevealed that a ncRNA (pit-
RNA) transcribed from thRasgrfl ICR was targeted by piRNAs, causing cleavage of
this RNA. The authors propose a model in whicgeting of piRNAs to pit-RNA is an
important step in sequence specific methylatioim@Rasgrfl locus (Watanabe et al.,

2011).
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Although paternal-specific methylation of tH49 ICR and IG-DMR does not
require the piRNA pathway (Watanabe et al., 20ttahscription is detected at both of
these ICRs specifically in male PGCs at the onkdéaovo methylation (Henckel et al.,
2011). Together, these studies provide evidenggesiing the requirement of
transcription at both maternally- and paternallymgtated ICRs. Nevertheless,
additional experiments are necessary to provedhbsadity of this transcription in

methylation establishment.

1.5.3 Reprogramming in the preimplantation embryo

Upon fertilization, two differentiated cell typestiwvdrastically different
methylation levels, ~90% methylation in sperm and%4fethylation in oocytes
(Kobayashi et al., 2012), unite to form a zygoide epigenetic signature of these
gametes must be erased in order to regain develttphtetipotency. However,
throughout this reprogramming, imprints must beseowed in order to maintain the

parental origin of each chromosome (figure 1.6).

After fertilization the maternal and paternal gemsmare in separate pronuclei
that undergo disparate mechanisms of epigenetiogeggmming. The maternal genome
is passively demethylated over subsequent cleadi@ggons with the exclusion of
DNMT1 from the nucleus (Howell et al., 2001; Mawtral., 2000). In contrast, the
paternal pronucleus loses 5mC before the firstdieition (Mayer et al., 2000; Oswald
et al., 2000), suggesting an active mechanism oA DBmethylation (figure 1.6).

Although a number of models for active DNA demetitigh have been proposed, there
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Developmental time

Figure 1.6 Epigenetic reprogramming in the reimplantation embryo. Genome-
wide DNA demethylation after fertilization occursthvdiffering dynamics for th
maternal and paternal genome. The maternal gemopassively demethylated (r
line) whereas the paternal genome is actively deyteted (blue line) by conversicto
5hmC. Throughout this reprogramming, imprints &kés maintain DNA methylatior
The majority of remethylation subsequently occinary after implantatiol
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is increasing evidence that supports the conveddi&@mC to 5hmC as a route to

demethylation.

Original studies indicating active DNA demethylatiof the paternal genome
used immunofluorescence with an antibody against Swhich detected a clear loss of
5mC signal (Mayer et al., 2000; Oswald et al., 90Q@ore recent studies reveal that
concomitant with the loss of 5mC signal there sdrang increase in signal for 5hmC and
the further oxidation products, 5-formylcytosinéd@band 5-carboxylcytosine (5caC)
(Gu et al., 2011; Inoue et al., 2011; Inoue andngh@011; Igbal et al., 2011; Wossidlo
et al., 2011). TET3 is the enzyme required foséhexidation reactionsTet3 is highly
expressed in preimplantation embryos and is endicmethe paternal pronucleus (Gu et
al., 2011; Wossidlo et al., 2011). Analysis of Zhiand 5mC by immunoflourecsense in
zygotes derived frorfiet3”” oocytes revealed no 5hmcC signals and retained Sigr@l
on paternal pronuclei. Loss of 5hmC, 5fC and 5fra@ the paternal genome occurs in
a passive manner with gradual dilution over cleavdigisions (Gu et al., 2011; Inoue et
al., 2011; Inoue and Zhang, 2011; Wossidlo e8i1,1). However, other pathways have
been implicated in demethylation of the paternahprcleus. For example, small
molecule inhibition of BER pathway proteins PARR&PE1 result in increased
methylation of the paternal genome (Hajkova et28l1,0). Whereas there is great
evidence for passive loss of 5hmC, 5fC, and 5ca@ifications of bulk DNA, other

mechanisms might be employed at individual logyfe 1.7).

Although the paternal and maternal genomes sharedplasm, the maternal

genome is not converted to 5hmC, and must be pgeatdéom this oxidation. The
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Figure 1.7 TET mediated oxidation of 5mC and models of DNAlemethylation.
Oxidation of 5mC to 5hmC and further derivative€ Bind 5caC are mediated by TE
1/2/3. Demethylation can occur either in a repiccadependent (passive) manner o
an enzymaticayl driven manner. The base excision repair (BER)yay and variou
enzymes involved (as indicated) have been implicatdONA demethylation.
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maternal factor STELLA (also known at DPP3a or PEi€ ¢ritical for protection of

both the maternal genome and paternally-methyll@i&s$ (as will be discussed)
(Nakamura et al., 2007; Nakamura et al., 2012)ELRA is recruited to these regions by
H3K9me2 and inhibits TET3 binding, thus preventmxgdation of 5mC (Nakamura et

al., 2012).

Despite genome-wide reprogramming, there are akglaments that maintain
DNA methylation in the early embryo; ICRs, IAPs,veall as some CpG island
promoters (figure 1.6) (Smallwood et al., 2011; threit al., 2012). DNA methylation is
retained at imprinted loci by a combination of bBlNMT1 and an oocyte-specific
isoform, DNMT1o0 (Cirio et al., 2008; Hirasawa et, &008; Howell et al., 2001), and

recruited by UHRFL1 (Sharif et al., 2007).

Severalrans-acting factors have been implicated in protect@®gs from
demethylation in a locus-specific manner. As nwred, STELLAIs implicated in
retention of methylation at maternally-methylat®dgl, Peg3 andPegl0) as well as
paternally-methylated ICR$1(19 andRasgrfl) (Nakamura et al., 2007), presumably by
protection of conversion to 5hmC (Nakamura et2112). MBD3, a member of the
repressive nucleosomes remodeling and deacetyWageY) complex, is required in the
preimplantation embryo for maintaining methylatgpecifically at théH419 locus (Reese
et al., 2007). Furthermore, ZFP57, a KRAB zingénprotein, is required for
maintenance of methylation at a number of imprinéed includingShrpn, Pegl, Peg3,
Peg5 andDIk1 (Li et al., 2008), most likely through its intetn with KAP1

(Quenneville et al., 2011).
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Not only does the methylated allele need to rataethylation at imprinted loci
during embryonic reprogramming, but the unmethyatiele must maintain its
hypomethylated status during subsequent remetbglatht theH19 ICR maintenance of
the hypomethylated maternal allele is accomplighedinding of CTCF. Embryos
containing a mutant maternal allele that cannad I8 CF gain methylation during
embryogenesis (Engel et al., 2006; Pant et al.3280abo et al., 2004). In accordance
with this model, mice with a mutant paternal allilat can bind CTCF, lose methylation

during embryogenesis (Engel et al., 2004).

1.6 Models for DNA methylation dependent repression

Generally, DNA methylation is a repressive epigenmark, though reports have
suggested an activating role at specific loci (Walg 2010; Yu et al., 2013). Two
models for DNA methylation dependent repressiorel@en described. The first being a
direct mechanism in which the presence of 5mC itdlinding of transcription factors
to DNA (figure 1.8). Many transcription factorsveabeen identified that cannot bind to
methylated DNA, such as E2f, CREB and, as descuibesde, CTCF (Bell and
Felsenfeld, 2000; Campanero et al., 2000; Hark e2@00; Iguchi-Ariga and Schaffner,
1989). Thus, expression would be silenced withi@utscription factor binding. The
second model is an indirect mechanism that invalgesisitment of proteins that bind
methylated DNA and associate with chromatin modifigigure 1.8). Two families of

proteins have been identified that fit into this@ed model, methyl-CpG-binding domain
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\ CH, MBD CH,
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Figure 1.8 Models of DNA methylation dependent repssior. Repression by DN/
methylation can occur either directly (A) by intibg binding of transcription facto
or indirectly (B) through binding of metr-CpG- birding domain (MBD) proteins thi
interact with transcriptional repressors and chitomraodifiers to coordinate
repressive chromatin environme
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(MBD) proteins and Kaiso proteins. These modedsnat mutually exclusive and can

work in concert (Klose and Bird, 2006).

In addition to these mechanisms, the DNMTs hawm lplicated in setting up a
repressive chromatin state upon the depositionathyfation marks. DNMT1 has been
shown to interact with chromatin modifiers and seniptional repressors, for example,
HDAC1/2, EZH2 and HP1 (Fuks et al., 2000; Robertsbal., 2000; Rountree et al.,
2000; Smallwood et al., 2007; Vire et al., 200Bxsociation with these proteins would
allow the establishment of a repressive chromatinrenment throughout cell divisions.
Furthermore, DNMT3b interacts with HDACs 1/2, HBLyv39h1 and the ATP

dependent chromatin remodeler hSNF2H (Geiman ,2@04).

1.6.1 MBD proteins and transcriptional repression

The MBD family of proteins includes 5 members; MECRIBD1, MBD2,
MBD3 and MBD4. The MBD was initially identified dse minimal domain of MECP2
necessary for binding methylated DNvitro (Nan et al., 1993). A subsequent
homology search led to the identification of MBIMBD2, MBD3 and MBD4
(Hendrich and Bird, 1998). With the exception dBBB, which contains amino acid
substitutions that prevent direct binding to meditgti DNA (Ohki et al., 1999), the MBD
family of proteins binds methylated DNA and intésawith transcriptional repressors

(figure 1.9) (Bogdanoviand Veenstra, 2009).

MECP2 was the first identified and is the most #ddVIBD family member.

Mutations in humatMECP2, an X-linked gene, cause the debilitating progkessi
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MECP2 {meD | [ TRD |

MBD1 [ J[eoc ] oo TRD
MBD2

MBD3

MBD4 MBD

Figure 1.9 Methyl-CpG-binding domain proteins. There are 5 MBD family proteir
in mammals, all of which can bind methylated DNAfFa methyl binding domai
(MBD, purple box), except MBD3 which has an amiealasubstitution (red star) th
does not allow direct binding to 5mC. MECP2, MB&id MBD2all have &
transcriptional repression domain (TRD, pink bex)jch interacts with c-repressors
and chromatin modifiers. MBD1 also contains Cxx@tifs (grey box) that allov
binding to unmethylated DNA. MBD4, with a glycoagke domain (green box),
involved in DNA repair.
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neurodevelopmental disorder Rett Syndrome (Amal.etL999). As with all X-linked
disorders, Rett Syndrome more severely affectssnbdading to death either prenatally
or within the first two years of life (Schule et,&008). Thus, the vast majority of Rett
patients are female. MECP2 associates with vagougpressor complexes such as
Sin3a, NCoR and c-Ski through interaction with titaascriptional repression domain
(TRD) (figure 1.9) (Jones et al., 1998; Kokuralet2001).In vitro experiments indicate
that targeting MECP2 to promoter DNA causes trapgonal repression (Jones et al.,

1998; Nan et al., 1998).

Mecp2 null mice have neurological defects resemblingéhof Rett Syndrome, as
well as reduced brain size and body weight (Chexl. e2001; Guy et al., 2001). There
has been much effort in the field to identify tasgef MECP2 as these genes could be
causal in Rett Syndrome, however, transcriptionafilpng of Mecp2 null brains indicate
few and subtle changes (Nuber et al., 2005; Tutal.,e2002). Although deregulation of
specific genes has not been identified, increagsdrie acetylation levels (Shahbazian et
al., 2002) and increased transcription of transplesalements (Skene et al., 2010) have
been detected in MECP2 deficient mouse brains.ef; MECP2 was shown to bind
5hmC in the mouse brain, though the implicationth@f binding has yet to be

determined (Mellen et al., 2012).

MECP2 has been detected as bound to the impriatét)Rafl-rsl, Ube3a, H19
andDIx5 invivo (Fournier et al., 2002; Gregory et al., 2001; Hergt al., 2005;
Kernohan et al., 2010; Samaco et al., 2005). Ma@ealeregulation oENAS, IGF2 and

UBES3A has been reported in Rett patient lymphocytespamstimortem brains (Ballestar
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et al., 2005; Makedonski et al., 2005; Samaco.e2@05). In accordance with these
observationsin vitro analysis implicated MECP2 in the regulatiorHif9 (Drewell et al.,
2002). Surprisingly, when allele-specific expressanalysis was performed hecp2”

adult mouse brain normal imprinting was detecteah{&co et al., 2005).

In addition to the MBD, MBD1 also contains a TRi3,well as CxxC domains
that allow binding to unmethylated DNA (figure 1(@hki et al., 1999). MBD1 has
been shown to interact with repressive chromatidifrezs such as Suv39h1-HP1 (Fujita
et al., 2003). The functional importance of MBDasxdemonstrated in HelLa cells,
where MBD1 was shown to interact with SETDB1 dunigglication. This complex is
recruited to chromatin by CAF1 to establish newespive H3K9 methyl marks after
replication, which was shown to be necessary foper silencing of the53BP2

promoter (Sarraf and Stancheva, 2004).

Studies of patients with autism have identifiedations atMBD1 as potentially
causative (Li et al., 2005; O'Donnell et al., 2018)milarly, Mbd1” phenotypes manifest
most prominently in the adult brain with deficitsadult neurogenesis and hippocampal
function, as well as autism like behaviors (Allarak, 2008; Zhao et al., 2003).

Analysis ofMbd1™ adult neural stem cells has uncovered a role fBBMin regulation

of a number of mMiIRNASs, which is likely methylatiomdependent as methylated CpGs
are not present in proximity to the miRNAs (Liuakt 2013; Liu et al., 2010). MBD1
has been described bound.iafl-rsl imprinted gene by ChIP analysis (Fournier et al.,

2002). However, imprinting analysis Mibd1 null mice has not been reported.
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MBD?2 also binds methylated CpGs and confers trgptsanal repression through
its TRD (figure 1.9) (Boeke et al., 2000; Ng et 4699). MBD2 is a component of the
NuRD complex. In accordance, repression estalalibyeMBD2 is sensitive to HDAC

inhibitors (Zhang et al., 1999).

Mbd2 null mice are viable and develop normally but halkaormal maternal
behaviors, decreased intestinal tumorigenesis amudired T-cell differentiation
(Hendrich, 2001; Hutchins et al., 2002; Sansom.e2@03). Analysis of thibd2 null
mouse has revealed MBD2 dependent repression @fisgenes. One such study
reported leaky expression of IL-4 in T-cells (Hutwhet al., 2002). Additionally,
deficiency of MBD2 on an APC (tumor suppressor) antibackground revealed elevated
levels of known Wnt targets (Phesse et al., 2008)é small intestine. However, it is
unknown if MBD2 deficiency alone would cause thggegulation. Analysis of male
Mbd2"" mice revealed proper repression of ¥ig gene (involved in X-chromosome
inactivation) (Hendrich, 2001), though analysisrafleMbd2™ fibroblasts revealed leaky
Xist expression (Barr et al., 2007). It is therefonelaar if this leaky expression was due
to cell culture conditions or loss of MBD2. Oftenest, MBD2 has been reported bound
to the imprinted genBeg3 in cyclophilin A knockdown P9 cells (Lu et al.,@%).

However, early studies of tiMbd2 null mice identified normal imprinting in adultdin,

heart and spleen (Hendrich, 2001).

Unlike the other MBD family members, MBD3 cannatdmethylated DNA
(figure 1.9) (Hendrich, 2001; Ohki et al., 199%).recent study has indicated binding of

MBD3 to 5hmC (Yildirim et al., 2011), however, otlgroups have been unable to
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confirm this binding (Hashimoto et al., 2012). MBE3 an essential member of the
NuRD complex (Saito and Ishikawa, 2002; Zhang €t1899), though it is likely that
MBD2 and MBD3 form mutually exclusive NURD complexg.e Guezennec et al.,

2006) with distinct binding profiles (Baubec et @013; Gunther et al., 2013).

MBD3 is essential for viability aglbd3-null embryos die at ~E8.5 (Hendrich,
2001). Furthermordylbd3” ES cells have a compromised ability to differertié€aji et
al., 2006; Kaji et al., 2007). Whereas MBD3 its#ides not bind methylated DNA, it has
been detected &t19 andU2af1-rs1 imprinted loci, which is likely indirect binding
(Fournier et al., 2002; Reese et al., 2007). Adily, as described above, MBD3 has
been implicated in maintaining DNA methylation la¢ H19 ICR throughout
embryogenesis as blastocysts depleted of MBD3rfeetylation at the ICR and

imprinted expression dfi19 (Reese et al., 2007).

MBD4, which binds methylated DNA but lacks a TR®a thymine glycosylase
(figure 1.9). MBD4 acts as a DNA repair proteirgegting sites of cytosine deamination
(Hendrich et al., 1999). In accordance with MB34aaDNA repair protein, mutations in
MBD4 have been found in cancers with microsateifistability (Riccio et al., 1999).
Moreover, mice deficient for MDB4 have increasetbsine to thymine transitions and

an increased rate of tumorigenesis (Millar et2002; Wong et al., 2002).

In this dissertation | have taken a two-fold appfoto understanding mechanisms
of imprinted regulation by (1) investigating theopesses of how DNA methylation
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marks and coordinates repression throughout namaaimalian development and (2)
studying how these processes could be disrupteshtayonmental perturbations. In
chapter 2, | focus on thHe19/Igf2 locus by defining a role for DNA methylation deysi

in ICR mediated repression. | find that a CpG-dega ICR is insufficient for paternal
H19 silencingin vivo. Chapter 3 focuses on the role of MBD1 and MBB#& ans-

factors mediating allele-specific repression atrimped loci. Here, | show that these
MBD proteins individually are dispensable for notnmaprinting at several loci. In
chapter 4, | describe work investigating factorimed in reprogramming imprints in
the germline. In collaboration with the laboratofyDr. Guo-Liang Xu at the Shanghai
Institutes for Biological Sciences, Chinese Acaderh$ciences, we identify a
cooperative role for TET1 and TETZ2 in erasure gbrimts in germ cells. In Chapter 5, |
worked in collaboration with Dr. Ralph Brinsterabloratory at the University of
Pennsylvania School of Veterinary Medicine, to stigate possible abnormalities in
DNA methylation at imprinted loci im vivo andin vitro aged spermatogonial stem cells,
and ICSI derived offspring from spermatogonial stetis frozen for ~14 years. We find
that extreme aging, cryopreservation or ICSI dagssignificantly disrupt methylation at
imprinted loci, suggesting that spermatogonial steits are resistant to these

environmental perturbations.

Overall, this dissertation provides important imggginto thecis andtrans acting
mechanisms involved in imprint establishment anthteaance. Understanding how
DNA methylation regulates imprinted repression ulither elucidate the etiology of

imprinting disorders as well as other diseaseseathby aberrant DNA methylation,
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including cancer. Moreover, as reproductive tebbgies advance, we are faced by new
challenges in human reproduction. Several ART moes have been linked to
disruption of imprinting. This work provides evidenthat methylation imprints are in
fact stable in spermatogonial stem cells that handergone aging and cryopreservation,

suggesting that these techniques can be valuabieesofor male infertility treatment.
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CHAPTER TWO

THE ROLE OF CpG CONTENT IN ICR-MEDIATED REPRESSIG-
PATERNAL H19

Imprinted expression d¢f19 andlgf2 in the mouse is dependent upon a
differentially methylated ICR (as described in desd.3.1) (Srivastava et al., 2000;
Thorvaldsen et al., 1998; Tremblay et al., 199%halysis of mutant mice has
highlighted the importance of differential methydait at the ICR in both maternéil9
expression and paterndll9 repression. Studies clearly show that the unnhatidy
maternal ICR binds CTCF, which is required for iasion, maintenance of
hypomethylation and activation of materkHl9 expression (Engel et al., 2006;
Schoenherr et al., 2002; Szabo et al., 2004). h@paternal allele, methylation at the
ICR spreads to thid19 promoter, repressing paterh#l9 expression (Srivastava et al.,
2000; Thorvaldsen et al., 1998; Tremblay et al97)9 Additionally,in vitro analysis
indicated that location of CpGs within CTCF sitbat(not outside of the CTCF sites) at
the ICR was critical for repression of a reporteng (Chen et al., 2008). While the ICR
has been well defined to regulate imprinted expoessf H19, our understanding of how

methylation at the ICR acts to repress patdrifl remains incomplete.

Previously generated mutations at the endogeH4A4CR have suggested the
presence ofis-acting elements necessary for pateHhH silencing. Aside from ICR
deletion, which resulted in loss of imprinting upooth maternal and paternal inheritance
(figure 2.1) (Srivastava et al., 2000; Thorvaldseal., 1998), there has been two mouse

mutants described in which loss of imprinting ocedrexclusively when the mutant
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Wildtype paternal
H19 locus

H19ADMD
(Thorvaldsen 1998)

H 19DI\/ID-9CG
(Engel 2004)

ngSiIK

(Drewell 2000)

H19ICR—AIVS
(Ideraabdulla and
Abramowitz 2011)

Figure 2.1 Mutant paternal ICRs and corresponding menotype:. Wild type
paternal ICR (top panel, white box) and publishattpal mutant ICRs (referenc
indicated) are drawn with corresponding phenotypepicted are methylated Cp!
(CHg), wild type CTCF binding sites (F-R4, as green rectangleb)19 (grey box),
mutant CTCF binding sites (red box), CTCF binding (greenlsyaleleted sequen:

CHEH; CH3CH3CHCH; CH3CH, CH,y CHyCH, CH

CH
| ICR H19
RI R2 R3 R4
CHEH; —>
CTCF CTCF >
CHEH; CH3CH,CH,CH; >
CH

H19

CHEH, CH, CH, CH,CH, CH, ——>
CH

H19

(black box). Expression is indicated with an ar

40




allele was paternally inherited. Upon paternal ritaace of a CpG-depleted ICR, in
which 9 CpGs within CTCF binding sites had beenatad H19°VP°®), the mutant
paternal allele was hypomethylated and patafifll expression was detected (figure
2.1). In mutant embryos, tothdf2 expression was decreased indicating the formation
an insulator, evidenced by a 40% decrease in $itee@ups (Engel et al., 2004).
Because CTCF was able to bind the mutant pate@Rili remains unclear if paternal
H19 expression was due to aberrant CTCF binding (tieguh hypomethylation and
formation of an insulator) or because the allelé thacreased CpG content. Additionally,
paternal inheritance of a mutant allele in whictf bathe ICR had been deleted
(including two CTCF binding sites and more tharf bithe CpGs119%'%), resulted in
paternaH19 expression, though the mutant allele remained imyethylated with normal
|gf2 expression (figure 2.1) (Drewell et al., 2000)gadn, it is unclear if patern&l19
expression was caused by deletion of CTCF sitesedsed size of the ICR or lowered

number of CpGs.

Together, these studies (Drewell et al., 2000;dErgal., 2004) implicate @s-
acting regulatory role for the ICR 19 repression, but it remains elusive whether
paternaH19 expression resulted from a decrease in CpG coateht ICR or
manipulations/deletion of CTCF sites (figure 2.1addressed this question through
analysis of a mouse mutant in which 8 CpGs withaICR but outside of CTCF sites
had been mutatedi(9'°*3"®) (figure 2.2). Paternal inheritance of this @le¢sulted in
paternaH19 expression, indicating that CpG density at the I€Rquired for silencing

H19. The target vector and targeting scheme was nlegigy Dr. Nora Engel. In
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Wildtype ICR II ICR .I

R1 R2 R3 R4

NR1 NR2 NR3NR4

crames (L1 e JHIL]

R1 R2 R3 R4

NR1 GTACCTCGTGGACTCGGACTC
CA

NR2 TGGTGATTTGCGCTTTCGTAT
GC  GC

NR3 ACACAGCCCGAGATCGTCAGT
cT cT

NR4 CCTTCACGATCGATCGGTTCA

T ©r 3

Figure 2.2 8nrCG mutant ICR. Point mutations were made to the endogenous
outside of CTCF binding sites (NR regior-4, red boxes). Mutated sequenc
indicated in red letteringWild type ICR sequence is written in black letterir
Depiction of wild typelCR is drawn for comparison. CTCF binding sites-R4) are
also indicated (green boxe

42



addition to Dr. Engel, Dr. Marisa Bartolomei, Doahne Thorvaldsen and Christopher
Krapp contributed to the target vector constructiad isolation of targeted alleles. |
performed all of the breeding and analysis as aHhll work forin vitro repressor
assays. The results were combined with analysasnobuse mutant in which the
sequence between CTCF sites 2 and 3 had beendi¢#d@“~"'V%) (Figure 2.1) and

published in Ideraabdullah and Abramowitz et all20

2.1 Generation of theH 19?8 jllele and experimental design

To determine the role of CpG content at the ICRI19 repression, mice carrying

a mutant allele at the endogenous lo¢da(“~*"C

) were generated by homologous
recombination in mouse ES cells. This mutant desed the number of CpGs at the ICR
by 8 (~16% depletion) without changing the sizehef iCR or disrupting CTCF binding

sites (figure 2.2-2.3A). Germline transmissiorilad targeted clones and Cre mediated

excision of theneo" cassette in the mouse were confirmed by soutHetr{flyure 2.3B).

Mutant mice were bred onto a C57BL/6 (B6) straid Aeterozygous mutants
were crossed with wild type B6(CAST7) (C7) mice,ievhcontained chromosome 7s
from theMus musculus castaneous (CAST) on a mostly B6 background (Mann, 2003).
Tissues from F1 heterozygous mutant progeny weayzed for imprinting defects as
compared to wild type littermates. Analysis wagqened for both paternal and

ICR-81rCG
9

maternal inheritance of the mutatht allele (figure 2.4).
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A B

EcoRV BamHI Stul Sacl Kpnl Hindlll Sacl EcoRV BamH| Stul
-13 -10.2 -7.0 -46 -3.7 -21 0802 +1.7+2.4

Endogenous locus | | IS &
— §

A B kb (i)

Targetlng vector: BamHI Stul Sacl Kpn| EcoRV Stul Sacl EcoRY  BamHI

ICR-8nrCGneo 12.8kb
DH19 - :._11.0kb

——9.5kb

& & & e nMutated CpGs

Targeted allele: (i) 5.8kb

EcoRV Stul Sacl  Kpnl EcoRV  Stul Sacl EcoRV Stul

ngﬁCR-BanGnea ——5.1kb
' L fovowce o }-Lifes]I
Neo excised targeted allele: 3.9kb
- —3.8kb
EcoRV Stul sacl  Kenl Sacl EcoRV Stul
H19!CR-8nrCG | I

| ‘DMD»mCG' H19

——3.0kb

Figure 2.3 Generation of theH19'“*®"C allele. (A) lllustration of the targetin
scheme at thel19 locus. Positions (in kb) are relativeH19 transcription start site
Southern probes (A, B and C) indicated by horizidimas below locus. Thwild type
endogenousil19 ICR (white rectangle) containing CTCF sites (whrtangles), the
H19'“R*8"CE muttion (white box, dashed lines indicate mutated Gjp&s),H19 exons
(gray boxes)neo’ cassette (dotted boyloxP sites (black arrowheads), 129/H19
DNA (thin line) and pBluescript 1l KS (thick lingre shown.B) Southerns to confirr
mice carrying orrectly targeted alleles using external prob- EcCoRV digest (i) anc
internal probe Czacl digest (ii)
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+/+(C7) +/8nrCG (B6) +/8nrCG (B6) +/+(C7)

' RV an QA 3N

F1 Hybrid F1 Hybrid
+/8nrCG +/ 8nrCG /+

Figure 2.4 Mating schemes to analyze effect H19'“*®"“® on imprinted H19

expression. Heterozygous mice carrying tH19'“*®"<¢ gjiele (red) on a B
background were mated wiwild type (black) C7 mice. F1 heterozygous prog:
carrying theH19'“?8"Cg|lele were analyzed for imprinting defects atH19/1gf2
locus as compared taild type littermates. Analysis was performed on mice tlidtee
paternally (A) or maternally (B) inherd theH19'®3"C gjlele.
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ICR-8nrCG
9

2.2 Aberrant H19 expression from the paternaH1 allele

To determine the effects of the 8nrCG mutatiomnoprinting at theH19/1gf2
locus, allele-specific expression of heterozygouwsamts that paternally inherited the
mutant allele was analyzed. Finst]9 allelic expression was assayed in neonatal tissue
by either an RNase protection assay in liver (Bg2i15A) or RT-PCR in tongue (figure
2.5B). Derepression of paterrtdl9 was detected in both tissues. This aberrant mater
H19 expression was detected as early as E6.5 in enxtbayenic tissues (figure 2.5C)

and E13.5 in embryonic tissues (figure 2.7).

Biallelic H19 expression in previously described mutants haal @srelated with
a decrease in size of the mutant mouse (Engel,&Qf14; Thorvaldsen et al., 1998).
Here, despite bialleliEl19 expression, no size difference was observed batwee
heterozygous mutants and wild type littermatesu¢@g2.6A). Additionally, no change in
total Igf2 was detected in neonatal livers of 8nrCG mutaospared to wild type
littermates (figure 2.6B), suggesting that the lokBnprinting phenotype is specific to
H19 and thalgf2 expression was not perturbed by the formatiomahaulator on the

mutant paternal allele.

9I CR-8nrCG

2.3 Aberrant H19 expression from the paternaH1 correlates with

developmental and tissue-specific expression of &tH 19

Aberrant paternal expression from t&9'“"*®"<C gjlele was not detectable at all
developmental time points and tissues w18 is normally expressed, for example,

E9.5 embryo (figure 2.5D). Analysis was therefpeeformed to assess whether
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Figure 2.5 Aberrant H19 expression from the paternaH19'“*8"CC gllele. (A)
Allele-specific expression (H19 was analyzed by an RNase protection assay on
from neonatal liver (A) or R-PCR on cDNA (B-D) from (Bheonatal tongt, (C) E6.5
conceptuses or (D) E9.5 embry(E), placentas (P) and yolk sacs (Y) from F1 hyl
heterozygous mutants (+/8nrCG)  wild type littermates (+): B6 and C7 controls a
indicated. The percefi19 expression derived from the paternal allelshown below

the panels.
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Figure 2.6 Mutants carrying a paternalH19'%*®"C gllele have normal weights
and I gf2 expression. (A) Graph representing weigl (orange bars)f heterozygou
(+/8nrCG) and wild typ littermates. Each graph represents a differetetrli{B) qR -
PCR analysis afgf2 (blue barsusing neonatal liver cDNA from heterozygc
(+/8nrCG) or wild typdittermates (+/+).1gf2 expression was normalizedRplp0 .
Number of samples analyzed (N) is indicated abbeegtaph. Error bars repres
standard deviations
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derepression of paternidll9 in the mutants followed the temporal and spatigrn of
total H19 expression H19 is first detected in E3.5 trophectoderm and isdetéctable in
the embryo proper until E8.5 (Poirier et al., 199l¢vels steadily increase and peak in
neonatal liver at about 3 days after birth wheveleremain high until about day 9 when

expression decreases to very low/basal levels pyR8after birth (Pachnis et al., 1988).

Allele-specificH19 expression was analyzed in the same tissue, tivenighout
development. Aberrant pateridl9 expression levels in the 8nrCG mutant livers were
highest in neonatal liver (figure 2.7), when tat#dlO expression is at its highest (Pachnis
et al., 1988). Derepression of pateridab in the mutants was moderate in E13.5 liver
and undetectable in liver from 4 week old mice (ffgg2.7), again corresponding with
total H19 levels (Pachnis et al., 1988). These data sudigaisaberrant paternal
expression detected from thid9'“?8"CC allele is under the same temporal regulation as
wild type H19 expression rather than a novel regulatory mechanreated by the

mutations.

In addition to analyzing derepressionHif9 throughout development, allele-
specificH19 expression in embryonic versus extraembryonicéssat the same time
point, E13.5, was examined (Figure 2.7). Patarifl expression was detected in yolk
sac, placenta and embryo, though derepression@f@dH19 was more variable in
extra-embryonic tissues than embryonic (Figure.2THese data confirm that the
aberrant paternal expression from HE9'“*®"C gllele correlates with the spatially

restricted expression patternt19.
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Figure 2.7 Aberrant paternal H19 expressionthroughout development in 8nrCG
mutants. Allele-specific RNase protection assay was performed oA Rdin tissues
and time points indicated. RNA was collected freither F1 hybrid mutants carrying
paternaH19'“*8"CC allele (+/8nrC() or wild type littermates (+/+) Control B6 and C
bandsare indicated. The percent paterH19 expression is showmnder the pans.
Assay for 4 week liver is shown at normal (24 haxposure and overexposure
hours) due to low levels of expression in tissue.
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2.4 The paternalH19 ?8"C jllele remains hypermethylated despite paternaH19
expression

Expression of patern&l19 is often indicative of a loss of methylation at the
paternal allele (Engel et al., 2004; Thorvaldseal €t1998). Therefore methylation at the
mutant paternal ICR in neonatal liver, the tissua/hich aberrant paternilll9
expression was at its highest, was assessed.figisdquencing throughout the ICR
indicated that the mutant ICR maintained its hypathylated status as compared to wild
type littermates (figure 2.8A). Hypermethylatidritze 8nrCG mutant ICR in neonatal
liver was confirmed using non-allelic high throughhpyrosequencing. Methylation
levels of the 8nrCG mutants were indistinguishditwen their wild type littermates
(figure 2.8B). In order to determine if methylatizvas properly established at the
H19'R8"CE gjlele, mature sperm was analyzed. Bisulfite eaging analysis revealed

that sperm from 8nrCG mutant mice properly establismethylation at the mutant ICR

(figure 2.8A).

It is possible that while the mutant ICR remainggddrmethylated, spreading of
methylation to théd19 promoter was disrupted, thus allowing aberrantnoaiH19
expression. | therefore assessed methylatioregtaternaH19 promoter proximal
region by bisulfite sequencing (figure 2.9A) and gromoter by methylation sensitive

restriction digestion and southern analysis (figu@B). Interestingly, no loss of

ICR-8nrCG
9

methylation was detected at tH& allele as compared to wild type littermates.

These data indicate an uncoupling of transcripgiott methylation, as aberramii9

gl CR-8nrCG

expression is detected from the mutédd allele despite maintaining full
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Figure 2.8 Hypermethylationthroughout the paternal 8nrCG mutant ICR. (A)
Schematic of thél19 ICR. CTCF sites (triangles, F-R4) at the ICR (horizontal gre
rectangle) are depicted. lllustrated below is tlethylation status of the mutant pater
H19'“R8"CE andwild type paterral alleles as determined by bisulfite mutagenesik
sequencing performed with neonatal liver and maspe¥m. Open and closed circ
denote unmethylated and methylated cytosines, casply, along a single horizont
strand of cloned DNA. Absent cles indicate undetermined sequence and asteriy
denote sequence mutated in the mutant allele. Slradeangles overlay cytosin
assayed in CTCF sitg8) Pyrosequencir wasperformed on bisulfite treated DN
from neonatal liver. Heterozygc 8nrCG mutants (+/8nrC®pen circle) were
compared to wild typéttermates (+/-, closed circlesas well as heterozygous 9
mutants (+/9CGopen triangle) known to have a hypomethylated paternal (Engel
et al., 2004).Each circle or triangle represents an individuahgia with the mea
indicated by a horizontal black kb
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Figure 2.9 Hypermethylation at the promoter regionof the paternal H19'€*8"¢¢

allele. (A) Schematic of thH19 promoter proximal region. lllustrated below is
methylation status of the muteH19'®*®"“® and wild typepaternal alleles &
determined by bisulfite mutagenesis and sequerpenigrmed with neonatal live
Open and closed circles denote unmethylated ankyfagtd cytosines, respective
along a single horizontal strand of cloned DNA. Afisdrclesindicate undetermine
sequenceShaded rectangles overlay cytosines assayeddh®per proximal regio
(B) Schematic of th&él19 region analyzed by methylation sensitrestriction diges
andSouthern blot. The position (in base pairs) reio the start of transcription
depicted above. lllustrated are: the endogeiH19 transcription unit and ICI
(rectangles)Hpall (H) restriction sites; the polymorphPwull (P) site denoted b
asterisks (**); and the probe used (bold line beH19 transcription unit- EcoRl (R)
to Sul (St). lllustrated below, parental alleles wereeafidintiated by digesting genon
DNA from neonatal liver wittPvull, Sul andHpall (+) or with onlyPvull andSul (-).
Genotypes of the sample and the presencor absence (-) dfipall (H) is markec
above the panels. The maternal (mat) CAST alleBe4kb and the paternal (pat) |
allele is 3.2kb.
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methylation at the remaining CpGs. Therefore, e@sing the number of CpGs at the
H19 ICR by 8 (~16% depletion) rendered it unable tdyftépress patern&l19

expression even though the ability to maintain rylation remained intact.

9ICR-8anG

2.5 Normal imprinting when the H1 allele was maternally inherited

The effects of the 8nrCG mutation on the mateatiale were also assessed.
Normal monoallelidgf2 expression was detected by RT-PCR (Figure 2.10A).

9|CR-8HI’CG a”ele

Additionally, bisulfite sequencing analysis indiedithat the matern&ll
was properly hypomethylated in neonatal liver anpgared to wild type littermates
(figure 2.10B). These data suggest that matentaritance of the mutant allele does not

disrupt imprinting at th&l19/1gf2 locus and that mutant phenotypes detected were

specific to the paternal allele.

2.6 Anin vitro repressor assay to assess contribution of methyian at the ICR on
repression of a reporter gene

Although paternaH19 expression from the mutaHitL9'“*°"<®

allele was clearly
detected, it remains unclear if there is a spe€pé density necessary at the ICR for full
repression oH19. In other words, is there a certain threshol@pGs necessary for full
repression or is repression additive, such thakethe of repression is dependent on the
amount of methylation? This question is difficidtassess at the endogenous locus as
methylation at th&i19 promoter could mask subtle effects of the ICR.difidnally,
multiple targeted mouse mutants would be costlthetefore set up an vitro system to

guantify repression from thHe19 ICR. This system would allow easy assessment of

various mutant ICR fragments in which differing amts of CpGs had been mutated.
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Figure 2.10 Imprinting analyses of the maternally mherited H19'“R8"<C gjlele. (A)
Allele specificlgf2 expression was analyzed by -PCR using neonatal liver cDN
from F1 hybrid mutants that inherited 1H19'%3"°C gllele (8nrCG/+) maternally
wild type littermates (+/+). B6 and C7 controls are indida{@®) Schemiic of theH19
ICR (above, not drawn to scale). CTCF sites (triesigR1-R4) at the ICR (horizont:
grey rectangle) are depicted. lllustrated belothésmethylation status of the mut:
maternaH19'%®" ¢ glleles anwild type maternal alleles as detmined by bisulfite
mutagenesis and sequencing performed with nednate DNA. Open and close
circles denote unmethylated and methylated cytesmspectively, along a sing
horizontal strand of cloned DNA. Absent circlesiagade undetermined seence and
asterisks (*) denote sequence mutated in the mateehe. Shaded rectangles over
cytosines assayed in CTCF sit
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To quantify repression from thé¢19 ICR, | set up a reporter system based on that
used in Chen et al., 2008. To measure methylamendent repression by tH&9 ICR,
a reporter plasmid that has been depleted of CpGpGvitro-neo-lacZ, Invivogen) was
used. Using a CpG-depleted reporter plasmid eddhet any repression measured was
due to methylation at the ICR and not from elsewlar the plasmid. This plasmid
contains: a mouse CMV enhancer and human elong&tador X driving expression of
LacZ, an SV40 promoter to drive expressiomad” and matrix attachment regions to
form barriers between independent expression dassetl of which have been mutated
such that there are no CpGs. Two different repgitesmids to measure repression by
theH19 ICR were constructed; (1) a 1.8kb ICR fragmenafgpng fromAatll to Xhol)
was cloned upstream of the CMV enhancer dritiagZ expression (CpGfreel) (Figure
2.11A) and (2) a 1.8kb ICR fragment (spanning fraati| to Xhol) replaced the CMV
enhancer (CpGfree3) (figure 2.12A)-Galactosidasg3(Gal) activity could then be
compared between methylated and unmethylated plasimiquantify repression by
methylation at the ICR. CpGfree3 is almost idaitto the reporter used in (Chen et al.,

2008) except they used aicol-BamHI ICR fragment.

| first used the CpGfreel reporter vector for mglgsis, as this construct is most
similar to the endogenou$l9 locus where enhancers are present to drive expness
The wild type (CpGfreel-wt) and 8nrCG (CpGfreel@a) ICR fragments were cloned
upstream of the CMV enhancer. These plasmids thereeither methylated or left
unmethylated using the CpG methyl&d&ssl. These constructs were transfected into

Hep3b or F9 cells. Hep3b cells highly expred® and have been used previously to
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Figure 2.11 CpGfreel repression ass. (A) Depiction of the CpGfreel report
plasmid with either a methylated (filled lollipops) unmethylated (open lollipops) IC
fragment (white bw) upstream of the CMV enhancer (green |, which drives Lacz
expression (blue arrow). Also on the plasmineo’ (brown arrow)which allows
selection for stable integration of the reportesphid. (E-C) Constructs containin
either wild type(CpGfree:-wt) or 8nrCG (CpGfreeBnrCG) fragments we
methylated (+me) or left unmethylated stably tranfected into Hep3b (B) or F9 ((
cells.p-Gal activity was measured and normalized to tatadgin coicentrations.
Number of biological replicas performed for each construct is indiceabove (N).
Error bars represent standard deviati
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identify elements regulating19 expression (Hark et al., 2000; Holmgren et alQ130

F9 cells do not expre$$19, and thus likely express repressors requiredHfc®

silencing. F9 cells were also used in Chen e28D8. Cells were stably transfected and
B-Gal activity was assessed after ~10-14 days ircsete Significant decreasesfrGal
activity were detected from the methylated plasmeisus the unmethylated plasmids
for both CpGfreel-wt and CpGfreel-8nrCG (P valus in both cell lines (figure 2.11
B-C). However, loss of repressionliacZ expression with the methylated CpGfree-
8nrCG versus the methylated CpGfreel-wt plasmidswed detected. This was
surprising, as the assay did not mimic what haa Iseerin vivo where paterndt19

was derepressed when the 8nrCG mutation was pHyanteerited (Ideraabdullah et al.,
2011). One possibility as to why derepression m@getected was that the strength of

the CMV enhancer would not allow detection of salethanges in repression.

Next, repression using the CpGfree3 reporter pldsmvhere the wild type or
8nrCG ICR fragments replaced the CMV enhancer, weatyzed. The human
elongation factor @ remained in place and still drove high leveld.a€Z expression.
Here, analysis was limited to F9 cells. Similathe studies using the CpGfreel
reporters, the CpGfree3 plasmids containing eithemwild type ICR fragment
(CpGfree3-wt) or the 8nrCG mutant ICR fragment (@p€&3-8nrCG) was methylated or
left unmethylated. These reporter plasmids weaablgtransfected into F9 cell$-Gal
activity was assessed ~10-14 days after selecigain, methylated CpGfree3-wt and
CpGfree3-8nrCG reporters had decregds&hl activity as compared to unmethylated

reporters (P value < .05) (figure 2.11B). HoweVelid not detect derepression of the
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methylated CpGfree3-8nrCG reporter as comparelde&pGfree3-wt (figure 2.11B).
Because this reporter plasmid was most similanab ised in Chen et al. 2008, analysis
of the 9CG mutant ICR fragment (CpGfree3-9CG) watuided. Using the same
reporter system, Chen et al., 2008 reported th@&Gpithin CTCF sites are necessary for
silencing the reporter gene. | therefore wantegephicate their findings using a mutant
ICR that mutated CpGs at CTCF sites. Again, | wrzable to detect any derepression of
LacZ expression with the methylated CpGfree3-9CG aspewed to CpGfree3-wt (figure
2.12C). Because | was unable to reproduce thdtsesyported in Chen et al., 2008 and
the methylated mutant ICR plasmids (CpGfree3-8ned@ CpGfree3-9CG) did not
mimic the derepression of endogenous patdiiflas described in mutant mice (Engel

et al., 2004, Ideraabdullah et al., 2011), | dettidet to proceed forward with this assay.
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Figure 2.12 CpGfree3 repression ass. (A) Depiction of the CpGfree3 report
plasmid with either a methylated (filled lollipops) unmethylated (open lollipops) IC
fragment (white box) upstream LacZ (blue arrow). Also on the plasmidneo’
(brown arrow)which allows selection for stable integration o tleporter plasmid.
C) Constructs containg either wild type (CpGfre«wt), 8nrCG (CpGfree-8nrCG) or
9CG (CpGfree®BCG) fragments we methylated (+me) or left unmethylated

stably transfected into F9 cell-Gal activity was measured and normalized to 1
protein concentrations. 3 biological replicatesaveerformed for each constr (N).
Error bars represent standard deviati
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CHAPTER THREE

THE ROLE OF METHYL-CPG-BINDING DOMAIN PROTEINS IN
IMPRINTED GENE REPRESSION

Although it is clear that differential DNA methylah is necessary for marking
parental alleles and regulating imprinted expregsrans-acting factors that are involved
in conferring allelic repression remain unknownethyl-CpG-binding domain (MBD)
proteins, which bind methylated DNA (Hendrich anddB1998) and recruit repressive
complexes (Bogdano¥iand Veenstra, 2009), are ideal candidates forgraéng allele-

specific DNA methylation at imprinted loci and sieng the proper allele.

Previous studies have been unable to define gopMBD proteins in genomic
imprinting. Allele-specific analysis of imprintegenes ifMbd2” adult mouse spleen,
heart and brain as well &ecp2”” adult mouse brain showed normal imprinting
(Hendrich, 2001; Samaco et al., 2005). Howevenymaprinted genes are involved in
fetal growth and development with undetectableayyvyow levels of expression in adult
tissues (Figure 3.1) (Pachnis et al., 1988; Poaiex., 1991). Thus, it is possible that
mechanisms for allele-specific repression may Heréint and more reliant on MBD
proteins in tissues where imprinted genes are thbespressed, as they are throughout
embryogenesis. | therefore hypothesized that MBidgims play a role in genomic

imprinting specifically in tissues where imprintgenes are robustly expressed.

In support of this hypothesis, MECP2, MBD1, MBD2laviBD3 have been

shown to bind to imprinted loci by ChIP analysisiFnier et al., 2002; Gregory et al.,
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2001; Kernohan et al., 2010; Lu et al., 2006; Rets#., 2007; Samaco et al., 2005).
Additionally, depletion of NURD complex (which camts MBD2) components, MBD3
(Reese et al., 2007) or MTA-2 (Ma et al., 2010)niouse blastocysts caused loss of
imprinting ofH19 (Ma et al., 2010; Reese et al., 2007) Beg3 (Ma et al., 2010).
Furthermore, deregulation GINAS, IGF2 andUBE3A has been reported in Rett
Syndrome patient lymphocytes and postmortem bi@aHlestar et al., 2005;

Makedonski et al., 2005; Samaco et al., 2005).

To test my hypothesis, | analyzed allele-specifipression of imprinted genes in
Mbd1” or Mbd2”" E9.5-10.5 embryos, placentas, yolk sacs, and maidorains.
Functional redundancy among the MBD proteins wasssed by employing cell culture
systems in which siRNA and shRNA constructs wesslue deplete trophoblast stem
(TS) cells or mouse embryonic fibroblasts (MEFsMiBD proteins. | have been unable
to uncover a role for single MBD proteins in genommprinting, however, these proteins

may be highly redundant.

3.1 Experimental design

To study the effects of loss of MBD1 or MBD2 on gamic imprinting | analyzed
previously published mouse mutants (Hendrich, 2@bko et al., 2003)In vivo studies
focused on MBD1 and MBD2 because these proteinkast characterized at imprinted
loci. The mutations were bred onto two strain backgds; B6 and C7. To ensure a
CAST chromosome 7 (C7), 14 MIT markers spanningrciosome 7 were assayed.

Heterozygous mutant mice on each strain (B6 ornv@fe crossed to generate F1 hybrids
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Figure 3.1 Expression o0H19 and 1 gf2 in tissues used in the MBD stud. qRT-PCR
was performed on cDNA derived from adult brain @ek), neonatal brain (da-4),
E9.510.5 embryo and placentaassay (AH19 (red bars) or (B)gf2 expression (blu
bars). Expression levels were normalized to tlergric mean oRplp0 andGapdh.
Threeindividual mice were used for each tis indicated Error bars represent stand.
deviations.
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for analysis. SNPs between the two strains of rallmeved assessment of allele-specific

expression of imprinted genes along chromosome &apét et al., 2010).

Because | was interested in defining a role fes&hproteins in genomic
imprinting, tissues that very highly express imfgthgenes; E9.5-10.5 embryos,
placentas, and yolk sacs (figure 3.2A, 3.3A) werangined. Additionally, analysis in
neonatal brain was included, as many imprinted g@ane expressed in this tissue and
MBD mutant phenotypes manifest most prominentlghbrain. Although expression
of Mbd1 andMbd2 is highest in adult brain in wild type mice, traripts are detectable
in all the tissues analyzed (figure 3.2B, 3.3B)BIM protein is also detectable in E9.5
embryo and placenta (figure 3.2C). Unfortunattigre are no available reliable

antibodies against MBD2 to measure protein.

3.2 Normal imprinting in Mbd1l mutant mice

MBD1 has been reported to bind at imprinted geResifnier et al., 2002),
however, imprinting analysis ®&fbdl mutant mice had not been reported. B6 or C7
femaleMbd1"” mice were mated with maMbd1*" mice of the opposite strain. Five
litters of F1 hybrid E9.5-10.5 embryos, placentad yolk sacs were collected for
imprinting analysis. | conducted allele-specifitc-RCR assays on paternally expressed
Srpn, Peg3, Kenglotl, andigf2, as well as maternally expressédl, Cdknlc, H19,
Kcngl in all tissues collected at this time point. Adshally, the maternally expressed
geneAscl2 was analyzed in the placenta, as this gene exlplait®nta-specific

expression. Normally, the level of RNA detectedhirthe repressed allele is less than
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Figure 3.2 Experimental design and expression (Mbd1l in wild type tissues.(A)
Breeding scheme and tissues of offspring collefdednalysis. Note that the feme
parent is written first inhecrosses. (B) qRT-PCR analysisMbdl using cDNA
prepared from wild typadult brains (4 weeks), neonatal brains (¢-4), E9.:-10.5
embryos and placentas. Expression was normala the geometric mean RplpO
andGapdh. Tissues fronthree individual mice were useftror bars represe!
standard deviations(C) Western blowith antibodies against MBD1 or GAH.
Protein lysatesvere prepared from E10.5 embryo and plac
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embryos and placentas. Expression was normalizthe geometric mei of Rplp0
andGapdh. Tissues fronthree individual mice were useftror bars represe!
standard deviations.

66



10% of total expression (though higher levels loamnletected in placenta). To control
for this, expression levels of mutants were conghémenild type littermates. Imprinting
was maintained in ¥bd1l” E9.5-10.5 tissues when compared tdvit®i1*" and12 wild
type littermates (table 3.1) (P value > .05 incaes). Because MBD1 was reported to
play a role in brain function, neonatal brain we®dested for loss of imprinting. Here,
analysis was performed on the same genes as thelB% litters except fdigf2 (not
imprinted in the brain)Xcngl (not expressed in this tissue) akati2 (not expressed in
this tissue). Allele-specific expression was asseésising cDNA from neonatal brains
from 4 litters containing Mbd1” and compared to Mbd1*"" and 9 wild type littermates.
Normal imprinting was detected in all neonatal brgamples (table 3.1) (P value > .05 in
all cases). | therefore conclude that MBD1 alanedt required for allele-specific

repression at imprinted loci.

3.3 Normal imprinting in Mbd2 mutant mice

Next, analysis was extendedNtihd2 mutant miceMbd2 null mice exhibit
phenotypes most similar to mice harboring a mutafioo the imprinted geneg3
(Hendrich, 2001; Lefebvre et al., 1998; Li et 4B99). Moreover, MBD2 has been
reported bound t®eg3 in cyclophilin A knockdown P9 cells (Lu et al.,@8). However,
early studies oMbd2 null mice identified normal imprinting in adultdin, heart and
spleen (Hendrich, 2001). Similar to thilbd1 mutant analysis, either B6 or ®bd2""
females were mated witlbd2"" males of the opposite strain. Again imprinting at

paternally expresseshrpn, Peg3, Kcnglotl, andigf2, as well as maternally expressed
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Table 3.1 Allelespecific expression analysis of imprinted genes Fil hybrid Mbd1
mutant samples

E9.5-10.5 Neonatal
Embryo Placenta Yolk Sac Brain

+/+ +/- -/- +/+ +/- -/- +/+ +/- -/- +/+ +/- -/-
Snrpn 0.0£0 | 0.0%0 0.0+0 0.0+0 0.0£0 0.0£0 | 0.0¢0 | 0.0%0 0.0+0 0.0+0 0.0+0 0.0+0
Peg3 0.0£0 | 0.0%0 0.0+0 0.0+0 0.0£0 0.0£0 | 0.0¢0 | 0.0%0 0.0+0 0.0+0 0.0+0 0.0+0
Ziml 0.0+0 | 0.0%0 0.0+0 0.0+0 0.0£0 0.0£0 | 0.0:0 | 0.0%0 0.0+0 0.0+0 0.0+0 0.0+0
Kenglotl 0.0£0 | 0.0%0 0.040 | 8.9+113 | 148420 [ 83%14.4 [ 0.0+0 | 0.0%0 0.0+0 0.0+0 0.0+0 0.0+0
Cdknle 0.0£0 | 0.7t1.0 | 22425 | 44458 | 73463 | 6467 [ 0040 | 0.020 1.0£2.0 | 8+2.4 0.0£0 0.0£0
H19 0.0£0 [ 0.0%0 0.040 | 6.4+11.6 | 4041 [ 1.6£20 [ 0.0+0 | 0.0%0 0.0+0 0.0+0 0.0+0 0.0+0
Igf2 0.0£0 | 0.0%0 0.0+0 0.0+0 0.0£0 0.0£0 | 0.0¢0 | 0.0£0 0.0+0 NI NI NI
Kengl 0.020 | 0.020 0.020 0.0£0 0.020 0.0£0 [ 0.0¢0 | 0.0£0 0.0£0 NE NE NE
Ascl2 NE NE NE 1.4+2.7 2.648.6 1.0£1.7 NE NE NE NE NE NE

Percent total expression from the normally reprdsdlele with standard deviations
indicatedfor each respective tissue anmotype. Maternally expressed genes
designatedn red. Paternally expressed genesdesignated in blue.

Mbd1** (+/+): N=12 for E9.-10.5 tissues and 9 for neonatal brain.

Mbd1*" (+/-): N=16 for E9.:-10.5 tissues and 7 for neonatal brain.

Mbd1” (-/-): N=4 for E9.:-10.5 tissues and 5 for neonatal brain.

NE not expressed in this tiss

NI not imprinted in this tissu
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Ziml, Cdknlc, H19, Kengl andAscl2 were assessed. Allele-specific RT-PCR analysis
performed on cDNA from E9.5-10.5 embryos, placeatas yolk sacs from 2 F1 hybrid
litters did not detect any loss of imprinting iretBMbd2” tissues as compared to 7
Mbd2"" and 2 wild type littermates (table 3.2) (P valu®5). Similarly, normal
imprinting was observed in neonatal brains coliédtem 3 litters with Mbd2” as
compared to 10bd2*" and 3 wild type littermates (table 3.2) (P valu®5). Because
previously published studies most implicated MBB2he regulation oPeg3

expression, analysis of tireg3 DMR in Mbd2 mutants was performed. High
throughput pyrosequencing on bisulfite mutagen2Bdh from neonatal brains indicated
that methylation levels of tHeeg3 DMR in Mbd2 null mutants were indistinguishable
from heterozygous and wild type littermates (~45%hylation) (figure 3.4). Therefore,

| conclude that MBD?2 is dispensable for allele-s$fi@cepression at imprinted loci.

3.4 Loss of MBD1 or MBD2 is not compensated by upgeilation of transcripts from
other MBD proteins

There are multiple MBD family proteins involvedDINA methylation dependent
repression. Thus, it is possible that the lackngrinting phenotypes in thdbdl1 and
Mbd2 mutant mice were due to compensation by the dfHad proteins. One way
compensation can occur is through transcriptiopa¢gulation of the other MBD
proteins in the mutants. To test this, | analyergression oMbd2 andMecp2 in Mbdl
mutant embryos by qRT-PCR, but was unable to detertased expression (figure
3.5A). Similarly,Mbd2 mutant embryos also did not upregulitecp2 or Mbd1 (figure

3.5B). However, these results do not rule outpibesibilities that the other MBD
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Table 3.2 Allelespecific expression analysis of imprinted genes Fil hybrid Mbd2
mutant samples

E9.5-10.5 Neonatal
Embryo Placenta Yolk Sac Brain

++ | - e +/+ +/- -/- 4| H- /- +/+ +/-
Snrpn 0.0 | 0.0£0 0.0£0 0.0 0.0£0 0.0£0 00 | 0.00 0.0£0 0.0£0 0.0£0 0.0£0
Peg3 0.0 | 0.0£0 0.0£0 0.0 0.0£0 0.0£0 00 | 0.020 0.0£0 0.0£0 0.0£0 0.0£0
Ziml 00 | 0.0£0 0.0£0 0.0 0.0£0 0.0£0 00 [ 0.020 0.0£0 0.0£0 0.0£0 0.0£0
Kenglotl 0.0 | 0.0£0 0.0£0 0.0 5.7£113 0.0£0 00 [ 0.020 0.0£0 0.0£0 0.0£0 0.0£0
Cdknlc 0.0 [ 0.0£0 0.0£0 144 8.0£3.5 13944 [ 00 [ 0.020 0.0£0 0.0£0 0.0£0 0.0£0
Hi9 0.0 [ 0.0£0 0.0£0 0.0 0.0£0 0.0£0 00 [ 0020 0.0£0 0.0£0 0.0£0 0.0£0
Igf2 0.0 [ 0020 0.0£0 6.8 3.546.4 65855 | 0.0 [ 0.020 0.0£0 NI NI NI
Kengl 0.0 [ 0.0£0 0.0£0 0.0 0.0£0 0.0£0 00 [ 0020 0.0£0 NE NE NE
Ascl2 NE NE NE 0.0 0.0£0 0.0£0 NE [ NE NE NE NE NE

Percent total expression from the normally reprsdlele with standard deviations
indicatedfor each respective tissue and genotype. Matgreajpressed genes ¢
designatedn red. Paternally expressed genesdesignated in blue.

Mbd2*"* (+/+): N=2 for E9.:-10.5 tissues and 3 for neonatal brain.

Mbd2*" (+/-): N=7 for E9.-10.5 tissues and 10 for neonatal brain.

Mbd2" (-/-): N=6 for E9.5%-10.5 tissues and 4 for neonatal brain.

NE not expressed in this tiss

NI not imprinted in this tissu
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Figure 3.4 Normal Methylation at thePeg3 DMR in Mbd2 mutants. Methylation
levels at thd®eg3 DMR were determined by pyrosequencing. Bisuligagenized
DNA from neonatal brain was analyzed from the ggpes indicated. Each circle or
triangle represents an individual sample with tleamindicated by a black horizontal

bar.
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Figure 3.5 Expression of other MBD family membersn Mbd1l and Mbd2 mutant
embryos.(A) Expression levels cMbd2 andMecp2 in Mbd1*"*, Mbd1*" andMbd1™
E9.510.5 embryos (purple bar Expression was normalized to the geometric me:
Rplp0 andGapdh. (B) Expression levels cMbdl andMecp2 in Mbd2"*, Mbd2*" and
Mbd2”" E9.510.5 embryos (blue bars). Expression was nornthtizRplp0 and
Gapdh. Number of individual samples analyzed is indicgfé}. Error bars represe!
standard deviations.
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proteins could be upregulated at the protein lemelhat they have redundant function

with overlapping binding sites, as has been regeaflorted (Baubec et al., 2013).

3.5 Assessing functional redundancy among the MBDrgteins

To assess compensation and redundancy between viB&ns | used cell
culture systems in which MBD proteins were depldéigdRNAi-based knockdown.
Experiments were performed using F1 hybrid MEFsB&dells. MEFs exhibit
imprinted expression of many genes and have also bged in similar RNAi based
experiments to identify factors involved in regidatof imprinting (Lin et al., 2011; Yao
et al., 2010). TS cells exhibit imprinted expreasbf many genes with total expression

of these genes being greater than in MEFs (Lin1201

3.5.1 Transient siIRNA depletion of MBD proteinsin MEFs and TScells

| first analyzed depletion of MBD proteins by tréerg SiRNA experiments.
siRNAs directed againstbdl (siMbd1), Mbd2 (siMbd2), Mbd3 (siMbd3) and a control
sequence that does not target any known transanipite mouse genome (siControl)
were transfected into MEFs or TS cells. 48 hottexr @nitial transfections another round
of transfections with the siRNAs was performed.ll$Oeere collected ~72 hours after
initial transfection for analysis. | was unsucdekat finding reliable antibodies against
MBD2 or MBD3, and therefore could only measure ls\a# depletion of transcripts by
gRT-PCR. Depletion of MBD1 was confirmed by westblot and ~89% depletion was
detected in these cells (figure 3.6A). qRT-PCRaatkd ~51% decrease in transcription
of Mbd2 (figure 3.6B), and ~63% decrease in transcriptioMid3 (figure 3.6C).
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Figure 3.6 Depletion of MBD1, MBD2 and MBD3 in MEFsor TS cells. (A)
Western blot to detect MBD1 in MEF lysates fromsélansfected witlsiControl or
MEF lysates from cells transfected wsiMbdl, siMbd2 andsiMbd3 Percer protein
levels as compared gContro cells is indicated below. (B-C) qRFER to analyze (t
Mbd2 (blue bars) or (CMbd3 (red bars) expression was performediContro
transfected and siMbdsiMbdZz and siMbd3 transfected cell§bd2 or Mbd3
expression was normalizedRplp0. Expression levels favlbd2 andMbd3 in the
triple transfectedells are graphed relative expression in siContralsError bars
represent standard deviationThreebiological replicates were used. (D) Western
to detect MBD1 in TS cell lysat from cells transfected with siContror lysates fron
TS cells transfected witsiMbdl RAD21 was used as a loading cont
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Table 3.3 Allelespecific expression analysis of imprinted genes il hybrid MEFS
transiently depleted of MBD1, MBD2, MBD3 or MBD1 MBD2 and MBD3

MEFS
WT siControl siMbd1 siMbd?2 siMbd3 siMbd1, siMbd2,
siMbd3
Snrpn 0.0£0 0.0£0 0.0 0.0 0.0 0.0£0
Peg3 0.020 0.0£0 0.0 0.0 0.0 0.0£0
Ziml 0.0£0 0.0£0 0.0 0.0 0.0 0.0x0
Kenglotl 0.0+0 0.0+0 0.0 0.0 0.0 0.0+0
Cdknlc 0.0£0 0.0+0 0.0 0.0 0.0 0.0+0
HI9 0.0£0 0.020 0.0 0.0 0.0 0.020
Igf2 0.0£0 0.0£0 0.0 0.0 0.0 0.0£0

Percent total expression from the noily repressed allele with standard deviatior
indicated for each siRNA experim. Maternally expressed genes designate in
red. Paternally expressed genesdesignated in blue.

WT N=3

siControl: N=3

siMbd1: N=1

siMbd2: N=1

siMbd3: N=1

siMbdl,siMbd2siMbd3:N=3
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Allele-specific expression analysis performedpaternally expresseshrpn, Peg3,
Kcnglotl, andigf2, as well as maternally expressédhl, Cdknlc andH19 indicated
normal imprinting at all loci (table 3.3). For dysis in TS cells only the siRNA towards
Mbd1 was tested because the MBD1 antibody was the raleible. Transfection
efficiency (as determined using a fluorescent RNAJS cells was only ~10% (data not

shown). Unsurprisingly, | was unable to depleteBn these cells (figure 3.6D).

3.5.2 Sable shRNA depletion of MBD proteinsin Mbd2” MEFs and TScells

Because | was interested in defining transcriptichanges that resulted from a
change in epigenetic landscape after depletionBDNdroteins (which could take longer
than a transient assay would allow), | pursuedistdépletion of these factors. Here,
efforts were focused on MECP2, MBD1 and MBD2 as¢hare the three MBD proteins
that both bind methylated DNA and repress transonp Therefore, these proteins are
most likely to exhibit redundant functions. ThBMNIA sequences againgibdl and
Mbd2, and a published sequence agaiietp2 (Zhou et al., 2006) were converted into
short hairpin sequences that were cloned into th&P1 lentiviral vector (Addgene).

F1 hybrid MEFs were prepared from F1 hydvidd2” embryos. This allowed
experiments to be performed in cells that had metfonal MBD2, and therefore no
MBD2 antibody was necessary. shRNAs targetingrdrobsequence (shControNibdl
(shMbd1),Mecp2 (shMecp2) oMbdl andMecp2 were stably expressed ibd2”
MEFs. Cells were collected at ~7 days and 2 passaitgr initial infection, for protein
and RNA analysis. On average, there was ~72% deplet MECP2 (figure 3.7A,C)

and ~84% depletion of MBDL1 (figure 3.7B,C) as detesd by western blot.
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Table 3.4 Allelespecific expressioranalysis of imprinted genes in F1 hybri
Mbd2”- MEFS depleted of MBD1, MECP2 or MBD1 and MECP:

MEEFS

WT Mbd2--; Mbd2--; Mbd2-/-; Mbd2-/-,

shControl shMbd1 shMecp?2 shMbdl,

shMecp2
Snrpn 0.020 0.0£0 0.020 0.0£0 0.0£0
Peg3 0.0£0 0.0£0 0.020 0.0£0 713
Ziml 0.020 2.6£23 2.042.1 0.8%1.4 2.422.1
Kenqlotl 0.0£0 0.0£0 0.0£0 0.0£0 0.0£0
Cdknlc 0.0£0 0.0£0 0.0£0 0.0£0 0.0£0
H19 0.0£0 0.0£0 0.0£0 0.0£0 0.0£0
Igf2 0.0+0 0.0+0 0.0£0 0.0+0 0.0+0

Percent total expression from the normally représdlele with standard deviations

shownfor MEFs expressing the indicated shR. Maternally expressed genes
designatedn red. Paternally expressed genesdesignated in blud=3 for al

experiments.
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Allele-specific expression analysis was perforraagaternally expresseirpn, Peg3,
Kcnglotl, andigf2, as well as maternally expressédhl, Cdknlc andH19. Loss of
imprinting was not detected in either tiiéd2” MEFs depleted of MBDIMbd2" MEFs
depleted of MECP2 dvibd2” MEFs depleted of both MBD1 and MECP?2 (table 3.4).
Because substantial amounts of MBD1 and MECP2 meedano conclusions on the
redundancy between these proteins can be madeeduded levels of MBD family

members did not disrupt imprinted expression.

Stable shRNA knockdown experiments were also pedrin TS cells. Again,
cells stably expressed an shRNA targeting a cos&rglience (shControlbd1l
(shMbd1),Mecp2 (shMecp2) or botiMbdl andMecp2. TS cells were collected at ~7
days, and 2 passages after initial infection falysis. | was unable to deplete MBD1 or
MECP2 in TS cells (figure 3.8) , which was consist®ith previous studies indicating
that shRNA knockdown has low efficiency in TS cé{Bolding and Mann, 2011).
Additionally, expression of TS cell pluripotency rkers (nEomes, Fgfr2, Esrrb) and a
marker of differentiated giant celldgcl2) were analyzed. | observed high levels of
expression of pluripotency markers (figure 3.9A)t im the samples which stably
expressed shRNAs, transcriptionAst|2 (figure 3.9B) was detected. Giant cells are
tetraploid (Tanaka et al., 1998) and may exhilffedent patterns of imprinted gene
expression. Although levels #&cl2 are low, expression indicated that a subset ¢f cel
were undergoing differentiation. Biallelic expressfrom even a few cells could make
analysis of imprinting difficult. Therefore | dimbt continue to pursue knockdown

experiments in TS cells.
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Figure 3.9 Expression of pluripotency and differentation markers in TS cells. (A)
RT-PCR to detect expression of TS cell pluripotencyk®is (as indicated below ge
in TS cells stably expressing shRNM (as indicated above gel). (B) RPCR to detec
expression oAscl2, a marker of differentiated giant cells in celigldy expressin
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3.5.3 Overexpression of the MBD in MEFs

Due to the limitations of knockdown studies, | disdl to assess the issue of
compensation using a different approach. The jdreganodel of repression by MBD
proteins suggests that the proteins bind to metyIBNA through the MBD and other
regions of the protein (particularly the TRD) irgtet with transcriptional repressors and
chromatin modifiers. Based on this model, overeggion of the MBD alone could
displace binding of endogenous MBD proteins and teaa loss of repression. | could
therefore overexpress the MBD in F1 hybrid MEFs andlyze allele-specific imprinted
expression. cDNA from wild type brain was useauaplify the MBD domain oMecp2,
as deletion studies have defined the boundaridsed/ECP2 MBD (Nan et al., 1993).
Primers were designed to include amino acid 76utjincamino acid 160 of MECP2.
The MBD was modified to include a C-terminal flaaggtand an N-terminal SV40 nuclear
localization signal. This modified MBD was thewméd into the retroviral pPBABE-puro
vector (0P BABE-MBD), which expresses the puromy@sistance gene and promotes

high levels of protein expression in mammalianscéMorgenstern and Land, 1990).

F1 hybrid MEFs were infected with either an emptgter (0BABE) or the
pBABE-MBD construct. Cells were collected ~7 dagd 4 passage after initial
infection for expression and protein analysis. @9arage, a 9.25 fold increaseMiecp2

MBD expression was detected from the cells expreg#BE-MBD (figure 3.10A).
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Table 3.5 Allelespecific expression analysis of imprinted genes il hybrid MEFS
which overexpress the MBD

MEFS
pBABE pBABE-MBD
Snrpn 0.0£0 0.0£0
Peg3 0.0£0 0.00
Ziml 0.0£0 0.010
Kcnglotl 0.0£0 0.0£0
Cdknlc 0.0£0 0.0£0
HI19 0.0£0 0.0x0
Igf2 0.0£0 0.0£0

Percent total expression from the normally reprsdlele with standard deviations
shownfor MEFs expressing the indicated shRNA. Mategnalpressd genes ar
designatedn red. Paternally expressed genesdesignated in blueN=3 for al
experiments.
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Translation of the MBD was confirmed by westernthising an antibody against the

flag-tag (figure 3.10B).

Allele-specific expression analysis was performegaternally expresseshrpn,
Peg3, Kcnglotl, andigf2, as well as maternally expresséchl, Cdknlc andH19 with
normal imprinting detected in all samples (tabk&)3.However, the level of
overexpression necessary to displace endogenous pi&Bins remains unknown and
the poor quality of antibodies against the MBD pia$ does not allow quantification of
the loss of binding. Therefore, it remains pogstbhat levels of overexpression in this

experiment were insufficient to displace endogend&® proteins from their targets.

3.6 Breeding to generatébd1”’ Mbd2” mice

Of most interest would be to genetically testristundancy between MBD1 and
MBD2 through analysis dflbd1”Mbd2” mice. Previous studies have assessed
redundancy between MECP2 and MBD2 through anabjfdidecp2”Mbd2”™ mice.
These double mutant mice had the same phenotypbe Mscp2”? mouse, suggesting
these two proteins are not redundant (Guy et @12 However, the possibility remains
that the strong phenotype of thkecp2 null mouse masked slightly different phenotypes
in theMecp2””Mbd2” mouse. Therefore analysisMbdl”Mbd2” would be most ideal
for uncovering functional redundancy, as khled1 null andMbd2 null phenotypes are
more subtle. Analysis of these double mutant readd uncover imprinting defects that
were not detected in single mutants.
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One complicating factor in generating Mlibd1”Mbd2” mouse mutant, is that
these two genes are located ~4 megabases apartuse clwromosome 18. The genetic
distance between these genes is ~5 centimorgansjngehere is ~1/20 chance of
recombination between the two genes during meiddigve been breedingbdl*”
Mbd2"" x Mbd1” (breeding is set up in both directions)bd2’ mothers do not nurture
their offspring (Hendrich, 2001), therefore, alltmngs were set up to get the
recombination on Mbd1 null background. AmMbd1”Mbd2*" recombinant mouse has
been obtained, and breeding is currently ongoingdeease the numbers of the double

mutant recombinants.
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CHAPTER FOUR

TET-MEDIATED ERASURE OF IMPRINTS IN THE MAMMALIAN
GERMLINE

DNA methylation at imprinted loci must be erasedhe germline to allow re-
setting of sex-specific marks for the next generatiUntil recently, the mechanism of
this demethylation remained unknown. With increaseukitivity of methylation analysis
and the discovery of 5hmC, however, these mechawsmbeginning to be elucidated.
Recent studies have indicated two waves of demagibylin PGCs; (1) the majority of
DNA is passively demethylated in migrating PGCsdiada et al., 2013; Seisenberger
et al., 2012) and (2) imprints, as well as otheusaces, are demethylated after the PGCs
reach the genital ridge (Hackett et al., 2013; Hegket al., 2010; Seisenberger et al.,
2012). Interestingly, enrichment of 5hmC has besteated in PGCs at imprinted loci at

the onset of demethylation (Hackett et al., 201&mndguchi et al., 2013).

Presence of 5hmC in PGCs indicates activity oflth& proteins. PGCs express
both Tetl andTet2 (Tetl at much higher levels), with no detectab&3 expression
(Hackett et al., 2013; Hajkova et al., 2010; Kagla&t al., 2013). Mice deficient in
TET1 or TET2 have been analyzed, with very subgfecs. Som@&etl null mice had a
small body size at birth aniétl null females had compromised fertility (Dawlatyadt
2011; Yamaguchi et al., 2012Jet2 null adult mice had an increased likelihood of
developing myeloid malignancies (Ko et al., 201ilet al., 2011; Moran-Crusio et al.,

2011; Quivoron et al., 2011). Because of the sytitenotypes of individudiet1” or
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Tet2” mutants, and the similar expression patterns éekitby these proteins, we
hypothesized that TET1 and TET2 have a cooperatieein DNA demethylation at

imprint loci in PGCs.

To test this hypothesis, we analyzed germ celtsiog deficient for TET1 and
TET2 (double knockout, DKO). We found that PGGsxkiag TET1 and TETZ2 retain
DNA methylation at some imprinted loci. Importantihis aberrant retention of DNA
methylation was also observed in mature male gasraetd fetuses from DKO females.
This study was done in collaboration with Dr. Guaslg Xu’s laboratory at the Institute
of Biochemistry and Cell Biology, Chinese Acadenfiysoiences in Shanghai China.
The mutant mice were targeted in Dr. Xu’s labonatddr. Xu's graduate student Bang-
An Wang performed all analyses in PGCs. | perfarmethylation analysis of DKO
sperm, kidney and embryos from DKO females. itportant to note that after
initiation of this project, an independent studlgming Tet1” Tet2” mice was published
(Dawlaty et al., 2013). A comparison of our workhathat in Dawlaty et al., 2013 can

be found in chapter 6.11.

4.1 TET1 and TET2 deficient PGCs lack 5hmC

To determine the role of TET-mediated DNA demettigiain PGCs, mutations
targetingTetl or Tet2 were made in the mouse. Double heterozygdetd { Tet2™")
male and female mice were mated to prodiet®/Tet2 DKO mice for analysis (figure
4.1A). The DKO mice had grossly normal prenatal postnatal growth and

development.
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Figure 4.1 Mating schemes for analysisf TET1/TET2 deficiency in imprint
erasure. (A-B) Tetl/Tet2 double heterozygous mice (purple) were mated tduare
DKO (red) or wild typgblack) offspring. (A) DKO anwild type embryos wer
collected at E11.5 or E13.5 and PGCs were isolateanalysis. (B) Adult maleborn
from double heterozygous parewere used for analysis of mature gametes
somatic tissues. (C) DKO females were matewild typemales and E16.5 dble
heterozygous embryos were collected for ana
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Because we were interested in understanding Stonersion and
demethylation at imprinted loci in PGCs, we exardiDdNA modifications in gonadal
PGCs as erasure of DNA methylation at imprintedegaa known to occur after PGCs
reach the genital ridge (Seisenberger et al., 200@nunostaining of genital ridge
sections detected presence of 5hmC in wild type$&E&11.5. In contrast, 5hmC was
barely detectable in E11.5 PGCs from DKO mice (#g#.2). Therefore, TET1 and

TET2 are required for conversion of 5mC to 5hm@GCs.

4.2 TET1 and TET?2 deficient PGCs retained DNA methkation at imprinted loci

We next assessed whether demethylation at imgriotg was impaired in PGCs
that lacked TET1 and TET2, and thus could not @@dmC to 5hmC. Again, double
heterozygousTetl" Tet2"") male and female mice were mated to prodietd/Tet2
DKO mice for analysis (figure 4.1A). Bisulfiteutagenesis and sequencing was
performed on DNA from male and female PGCs at E18l&6rmally, at this stage,
methylation at imprinted loci has been erased Eisrger et al., 2012). We analyzed a
paternally-methylated DMR{19, and a maternally-methylated DMRgst (also known
asPegl). Considerable amounts of methylation were detkat both DMRs in DKO
male and female E13.5 PGCs, whereas very littldwyegion was detected in wild type
PGCs (figure 4.3). These data indicated the requent of 5mC to 5hmC conversion for
imprint erasure as abnormal retention of DNA medtigh at imprinted loci was

observed in DKO E13.5 PGCs.
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Figure 4.2 Reduction of 5hmC in TET1/TET2 deficientPGCs. Immunofluorescenc
images of 5mC (green) and 5hmC (red) of cryosestad genital ridges from E11.
wild type (WT) andDKO littermates. DNA is stained with DAPI (blue). PG&®
outlined with dashed lines. Bar, 10 | (B) Quantification othe relative levels of 5m
and 5hmC from (A)Each dat point is based on the level of the 5Sm(5hmC signal
relative to the DAPStaining intensity of the sancell. Error bars indicatstandard
error. Figure courtesy of Dr. G-Liang Xu and Bang-An Wang.
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Figure 4.3 Retention of methylation at imprinted lai in TET1/TET2 deficient
E13.5 PGCsBisulfite mutagenesis and sequencing was performnedNA isolatec
from either wild type (WT)or DKO, male §) and female®) E13.5 PGCs. DMRs
paternally-methylate&i19 (designated in blue) and maternaitethylatecMest
(designated in redyere analyzed. Open and closed circles denote tinyrated anc
methylated cytosines, respectively, al a single horizontal strand of cloned D!
Figure courtesy of Dr. Gi-Liang Xu and Bang-An Wang.
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4.3 Abnormal methylation at imprinted loci in TET1/TET2 deficient sperm

It is possible that aberrant retention of DNA médiipn observed in DKO E13.5
PGCs could be erased later in gametogenesis. &veftihe analyzed methylation at
imprinted DMRs in mature sperm. The TET1/TET2 defit mice used for analysis
were conceived from mating double heterozygous sreatel femalesTetl™ Tet2* x
Tetl* Tet2*") (figure 4.1B). Wild type mice used for comparisavere not necessarily
littermates of the DKO mice, due to the difficutif/obtaining both genotypes in a single
litter (1/16 chance of getting each genotype).roBgquencing was performed on
bisulfite mutagenized DNA from mature sperm from@Mdr wild type males. We
analyzed the paternally-methylated9 ICR and IG-DMR Gtl2) and the maternally-
methylated DMRs a®rpn, Peg3, Mest, Kenglotl andGrbl0. Interestingly, we found
that the levels of methylation at these DMRs wernigegvariable, with significant
retention of DNA methylation detectedMest (P value < .05)Kcnglotl andGrb10 (P
value < .01) (figure 4.4). We therefore concludat (TET-mediated DNA demethylation
is locus specific, with some loci more suscepttblaberrant methylation patterns in the
absence of TET1 and TET2. Itis important to ribsg although conversion to 5hmC is
blocked in DKO germ cells, UHFRL1 levels are veny land DNMTL1 is not detectable at
replication foci in PGCs (Kagiwada et al., 2013)u§, passive DNA demethylation
could act as a back-up mechanism to demethylatanted loci in the absence of 5hmC
conversion. Passive demethylation could also @xpiee variability in methylation

levels and the locus-specificity of aberrant medhigh in DKO sperm.
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Figure 4.4 Retention of methylation at imprinted lai in TET1/TET2 deficient
mature sperm. Percent DNA methylatic at imprinted DMRs for wild type (W1
closed circles) anBKO (open circles) sperm DNA as determined by pyrosecjog!
Paternallymethylated DMRs are designated in blue and matg-methylated DMR:
are designated in reBach circle represents an inidual sample with the mean of ee
genotype indicated by a horizontal black bar. *P%; **P < .01
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Recent studies indicate that the majority of DNAtmy&ation, including
methylation at repetitive elements, is passive$y bis PGCs migrate to the genital ridge
(Kagiwada et al., 2013; Seisenberger et al., 20¥2¢. performed the LUminometric
Methylation Assay (LUMA) on adult testes to assgmsome-wide DNA methylation
levels in mature germ cells. This assay quantgesomic cutting of a methylation
sensitive restriction enzymeipall) and methylation insensitive restriction enzyme
(Mspl) with each normalized to cutting BEORI. The ratio of cuts between the two
enzymes gives levels of global DNA methylation (iaret al., 2006). LUMA analysis
performed on DNA from DKO adult testes indicatedmal levels of DNA methylation
at ~70% of CpGs methylated (figure 4.5). Our datgpsrts the model that passive DNA
demethylation is responsible for erasure of genanae- methylation as TET1 and TET2

were dispensable for normal genomic methylatiotepas.

Additionally, we assessed methylation at imprinPMRs in somatic tissues of
mice deficient for TET1 and TET2. Because we geteerthese mice froffetl" Tet2""
parents, the parental germline giving rise to DK@d both TET1 and TETZ2 proteins.
Additionally, TET3, the enzyme necessary for deryjlation of the paternal genome
after fertilization (Gu et al., 2011; Igbal et &Q11; Wossidlo et al., 2011), remained
unperturbed. We pyrosequenced bisulfite mutagdriX¢A from DKO and wild type
kidneys to assess DNA methylationHt9, Gtl2, Shrpn, Peg3, Kcnglotl andMest
DMRs (figure 4.6). We detected normal levels otmtation (~50%) at all imprinted

DMRs, indicating that TET1 and TETZ2 deficiency ppadnantly affects germ cells.
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Figure 4.5 Normal genomic methylation levels of aduTET1/TET2 deficient
testes. Methylation levels of adult (4 months of age)ieBNA were determined by
the LUminometric Methylation Assay (LUMA) for wiltype (WT, closed circle) and
DKO (open circle) males. Each circle representmdividual sample with the mean
methylation for each genotype indicated by a hatiabbar.
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Figure 4.6 Normal methylation levels at imprinted bci in kidneys of TET1/TET2
deficient mice. Percent DN/ methylation at imprinted DMRs for wild type (W
closed circles) anBKO (open circles) kidney DNA as determined by pyroseging
Paternallymethylated DMRs are designated in blue and matg-methylated DMR:
are designated in redeach circle repisents an individual sample with the meal
each genotype indicated by a horizontal blacl.
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4.4 Aberrant methylation in fetuses from TET1/TET2deficient females

While male reproduction was largely unaffectedlif 1/TET2 deficiency,
female DKO mice were subfertile with increased trexacy of pregnancy loss. To assess
methylation defects in offspring from DKO female& matedr et1’ Tet2” females with
wild type males (figure 4.1C). We were able toornar 2 late stage (~E16.5) embryos
from a pregnant DKO female. Pyrosequencing wafopaed on bisulfite treated DNA
from the 2 fetuses for analysis of methylatiomnapiinted loci. Interestingly, we
detected increased levels of DNA methylation sjeadily at paternally-methylated
DMRs, H19 andGtl2, with methylation levels of ~77% and 69%, respeti\(figure
4.7). This suggests that the DKO maternal germiias unable to properly erase
methylation at paternally-methylated loci. Thesenased imprints were then inherited
in offspring. Therefore, we conclude that TET-na@eld DNA demethylation is required
for erasure of methylation at some imprinted lodPiGCs, and without TET proteins
(TET1 and TETZ2) aberrant retention of methylatiaows in the germline that could be

inherited in the next generation.

98



e WT xWT Embryo

100+
c O DKO xWT Embryo
S 80
5 & e
>
£ 604 le) o
= [ J
5 o o O 50 e o —
= S __ e O
E o
< 20
0
9 & N % x N
Y D % & <
e & & ¢ ¥
o

Figure 4.7 Retention of methylation at paternall-methylated DMRs in offspring of
a TETL/TET2 deficient female. Percent DNAmethylation at imprinted DMF for
embryos from wild type(WT) females mated with WT malé¢slosed circles) an
embryos from a DKO femamatedwith a WT male (open circles) as determinec
pyrosequencingPaternall-methylated DMRs are designated in blue and matg-
methylated DMRs are designd in red. Females are listed first in cros Each circle
represents an individual sample with meanof each genotype indicated b
horizontal black bar.
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CHAPTER FIVE

STABILITY OF DNA METHYLATION IN SPERMATOGONIAL STEM
CELLS DESPITE ENVIRONMENTAL PERTURBATIONS

The reversibility of epigenetic marks makes thegepome particularly
susceptible to disruptions by environmental inflceesh(McCarrey, 2012). For example,
manipulations associated with ART procedures odauing times of epigenetic
reprogramming, and have been associated with atiédidA methylation (Eroglu and
Layman, 2012). Specifically, endocrine stimulatajrthe ovary, embryo culture, or
transfer of preimplantation embryos, have all b&lgown to cause alteration of DNA
methylation and deregulation of imprinted genesiice (de Waal et al., 2012b; Doherty

et al., 2000; Fauque et al., 2007; Mann et al.42&vera et al., 2008; Sato et al., 2007).

Recent advances in understanding male germline st#is) spermatogonial stem
cells (SSCs), have allowed development of techrsiquith great potential for male
infertility treatment. SSCs reside within a spieamhicroenvironment of the seminiferous
tubule called the niche, and serve as the foundaticpermatogenesis. SSCs can either
undergo self-renewal or differentiate into matysersn. These fate decisions are tightly
regulated by growth factors and extracellular sigisacreted by Sertoli cells within the
niche (Brinster, 2007). In 1994 Dr. Ralph Bringtescribed an SSC transplantation
assay in which he displayed the ability of cultuB®ICs to generate a colony of
spermatogenesis after transplantation to the séemwnis tubules of a recipient male

(Brinster and Avarbock, 1994). Additionally, adeas in cell culture techniques allow
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for long-termin vitro culture of SSCs (Kanatsu-Shinohara et al., 200hese
technologies allow preservation of the male gerejluwahich has utility in species
continuity and perpetuating valuable livestock.pémantly, there are great medical
applications of these technologies including prasgrthe germline of prepubertal boys

undergoing radiation or chemotherapy causing ittgrt

For application of these techniques in fertilitgatment, it will be necessary to
not only cryopreserve, culture and transplant S®Gsintracytoplasmic sperm injection
(ICSI) will likely be used to ensure fertilizati@nd obtain pregnancies. The ICSI
procedure itself involves many steps that coineith times of epigenetic
reprogramming, which could disrupt imprint estaieent and maintenance. First,
gonadotropin stimulation of the ovary is used ttaoblarge numbers of oocytes.
Oocytes are then cultured and injected with a sisgerm. Embryos are cultured until
blastocyst stage and transferred into a recipemife. All of these manipulations take
place during periods of epigenetic reprogramming) lzave been reported to cause
methylation and expression abnormalities in mia@\W¢hal et al., 2012b; Doherty et al.,
2000; Fauque et al., 2007; Mann et al., 2004; Rietral., 2008; Sato et al., 2007).
Knowing that a wide variety of environmental infliees could induce epigenetic
perturbations, we were interested in determinimgstiability of DNA methylation at
imprinted loci throughout long-term SSC cultur@nsplantation, cryopreservation and
ICSI. These studies were performed in collaboratiith Dr. Ralph Brinster’s laboratory
at the University of Pennsylvania School of VetarinMedicine. | worked with Dr.

Jonathan Schmidt to assess whethervo andin vitro aging was detrimental to SSC
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function. | performed methylation analysis on S&@d an ICSI-derived pup, with all
cell culture work, mouse work and gene expressiatyais performed by the Brinster
Laboratory and published in (Schmidt et al., 201\orked with Dr. Xin Wu and Dr.
Shaun Goodyear to characterize offspring derivecthf8SCs cryopreserved for more
than 14 years. For these studies | performed rtegtby analysis, with all cell culture
work, mouse work and genetic analysis performethbyBrinster Laboratory and
published in (Wu et al., 2012). Despite environtakperturbations we detected normal
methylation at ICRs, confirming the stability ofiggnetic modifications in cultured,

frozen or serially transplanted SSCs.

5.1 Analysis of aged SSCs

Currently, SSCs can be culturiedvitro indefinitely. Because of the potential
utilization of culture techniques to maintain hun&®Cs for fertility treatments, it is
imperative to characterize the stability of epigenmarks in SSCs after long-term
culture or extreme aging. We did this by analyZDMgA methylation profiles at
imprinted DMRs in bothn vivo aged SSCs (figure 5.1) anmvitro aged SSCs (figure

5.2).

5.1.1 Normal methylation detected in in vivo aged SSCs

To determine the effect of vivo aging on SSC function, SSC cultures were
initiated when the SSCs were 8, 300 or ~1500 daggief SSCs were isolated from 8
day old pups, or 10 month old adults for the 8 dggsing) or 300 days (aged) SSC
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Figure 5.1 Experimental design forin vivo aging analysis(A) SSCs were isolate
from 8 day old male pups (young) and cultured fbimionths (n=3). (B) SSCs we
isolated from 10 month old male mice (aged) antucedt! for 11 months (n=3). (¢
SSCs were isolated from the™ recipient of a serial transplantatiexperiment it
which SSCs were serially transplanted every 3 nwoimtto young testes. SSCs w
isolated from the final recipients at 10 monthgmaftansplantation (S-aged) anc
cultured for 16 months (n=:
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Figure 5.2 Experimental design forin vitro aging analysis.SSCs were isolated fro
8 day old male mice (young) and cultured for 5504 13 months (n=3 for al
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Figure 5.3 Experimental design for analysis of offwing derived from aged SSCs
transplantation and ICSI. SSCs were isolated from 10 month old male mice
cultured for 7 monthand subsequently transplanted ia recipient male. Sper
isolated from the recipient male 6 months aftengantation was used for ICS

Analysis was performed on the I(-derived offspring.
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experimental groups, respectively (n=3 for bothugs) (figure 5.1A-B). For the third
treatment group, SSCs were isolated from tH&r&@ipient of a serial transplantation

(ST) experiment in which SSCs were serially traasfd every 3 months into young

testes. SSCs were isolated and cultured fromitlaérecipients at 10 months after

transplantation to generate the 1500 days of agea(fed) group (n=3) (figure 5.1C).

To identify possible deficiencies of the aged staits we analyzed DNA
methylation at multiple imprinted DMRs. We focdsen theH19 ICR and IG-DMR
because these loci are methylated during spermragsge Using COmbined Bisulfite
Restriction Analysis (COBRA) we were able to detemrthe methylation status of these
regions. Bisulfite mutagenesis followed by PCR hilcption converts unmethylated
cytosines to thymines, while methylated cytosiregsain. This process creates
restriction sites that are unique to methylatedisages. Thus, with PCR amplification
of bisulfite treated DNA and subsequent digestidth westriction enzymes unique to the
methylated sequence, we were able to determinenétieylation status of these
paternally-methylated DMRs. In order to evaluaie ¢ffects of donor age on
methylation at thé119 ICR and IG-DMR, we compared young, ST-aged, amdi &&S5Cs
after 11, 16 and 11 months in culture, respectivélyp differences in methylation
patterns were observed between young, ST-agedgauddmnor cultures, with ~100%
methylation detected in all samples (figure 5.4&&M-9). Thereforen vivo aging of

SSCs did not disrupt methylation patterns at patgrmethylated DMRs.
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Figure 5.4 Maintenance of DNA methylatiorat paternally-methylated DMRs.
COBRA was performed on bisulfite mutagenized DNAalyze (A) theH19 ICR or
(B) IG-DMR and run out on a 1% agarose. Digested/ methylated fragments ¢
undigested/unmethylated fragments are indicatéderight of panel. Shown here ar
representative gels displaying one sample from eapkrimental grou Lane 1, adult
liver; lane 2,control dy O pup somec tissue; lane 3, ICSI-derivecy 0 pup fron
donor sperm from SSCs that was cultured for ‘nths prior taransplantation an
maintained in the recipient mouse for 6nthsbefore sperm isolation; lane 4, you
(Y) donor cultured for 5.5 nnths lane 5, young (Y) donor cultured for 11nths; lane
6, young (YY) donor cultured for 13 nths; lane 7, young (Ydonor cultured for 1.
months; lane 8, Saged (S-A) donor cultured for 16 month&ane 9, age (A) donor
cultured for 11 monthsModified from Schmidt et al., 201
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5.1.2 Normal methylation detected in in vitro aged SSCs

To determine the effect af vitro aging on SSCs, SSCs were isolated from 8 day
old mice and cultured for 5.5, 11 or 13 months (fsr3each group) (figure 5.2).
COBRA was performed to assess methylation aHt#ICR and IG-DMR in these
samples. No difference in methylation was obsearadng then vitro aged groups,
with ~100% methylation detected in all samples (#&gb.4 lanes 4-6). These data
confirmed a previous report indicating stabilityegigenetic modifications over long-

term culture of SSCs (Kanatsu-Shinohara et al.5200

5.1.3 Normal methylation in offspring derived from aged SSCs, transplantation and ICS

In vitro andin vivo aging did not appear to induce any methylatioecisfat the
H19 ICR or IG-DMR. However, because ICSI would likélg used in application of
these techniques, we wanted to assess whetheoithtgr@ation of SSC aging followed by
transplantation and ICSI would alter DNA methylatjgatterns in offspring. SSCs were
isolated from 10 month old mice and cultured fan@nths. After 7 months in culture the
SSCs were transplanted into a recipient male. rpes isolated from the recipient
male 6 months after transplantation and used f&i [€gure 5.3). Two offspring were
generated from this procedure. COBRA was perfortoethalyze methylation at the
H19 ICR and IG-DMR of an ICSI derived pup (figure S&ne 3) and a naturally sired
control pup (figure 5.4, lane 2). Methylationla¢H19 ICR and IG-DMR in the ICSI

derived pup was indistinguishable from control (fig 5.4, lanes 2-3). We therefore
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conclude that methylation at imprinted loci in SS@se stable throughout aging either

invivo, invitro or combined SSC aging, transplantation and ICSI.

5.1.4 Aged SSCs have decreased stem cell function

Whereas epigenetic analysis indicated normal matioyl at paternally-
methylated DMRs, stem cell deficiencies were obs@im the aged SSCs. Notably, the
ST-aged SSCs had a decreased proliferationnaté o, and than vitro aged SSCs had
compromised ability to colonize the seminiferousuie upon transplantation (Schmidt et
al., 2011). Microarray analysis ofvitro aged SSCs (cultured greater than 14 months)
identified a number of gene expression changedveddn SSC function. Long-term
cultured SSCs had decreased expression of genestampfor SSC self-renewal, such as
Bcl6b andLhx1, and increased expression of genes implicate& D differentiation,

Sra8 andKit (Schmidt et al., 2011). This suggests that aS@ ages, the decision to
differentiate or self-renew shifts from self-renéwayounger SSCs to differentiation in
aged SSCs. Therefore, SSCs will likely not be &blee cultured and maintain their

stemness indefinitely.

5.2 Analysis in mice derived from SSCs cryopreserdgor ~14 years

The findings that aged SSCs maintained expected Di#ylation levels at
imprinted DMRs provided preliminary evidence thHage techniques could be used for
medical applications. Nevertheless, of great imgrare for human infertility would be
the ability of SSCs to maintain proper epigenetadifications despite long-term
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cryopreservation. Chemotherapy or radiation treatncan result in infertility. Adult
males can produce sperm for cryopreservation, vasgueepubertal boys cannot.

Cryopreservation of testicular tissue from boys rabgw for future transplantation of
SSCs to re-establish fertility in adulthood (Brers2007). Therefore, we wanted to

characterize DNA methylation profiles from miceiged from cryopreserved SSCs.

5.2.1 Normal methylation profilesin mice derived from SSCs cryopreserved for ~14
years

Testis cells from mouse pups (aged 6-14 dayswvibed frozen for ~14 years,
were thawed and transplanted into recipient testesice in which endogenous
spermatogenesis had been destroyed by busulfaméea Sperm from these recipient
males were isolated and used for ICSI. A totd ptips were born from the ICSI
procedure that appeared grossly normal (Wu e2@1.2) (figure 5.5). To assess the
possibility that epigenetic defects occurred assalt of these procedures, we analyzed

DNA methylation in these pups.

LUMA was performed on genomic liver DNA (as desedbn chapter 4.3) to
assess genome-wide DNA methylation. Methylatiomele of 5 control livers (sired from
natural matings) and 4 ICSI derived livers wereeased. Genomic methylation levels in
the ICSI derived mice were indistinguishable froomtrol mice at ~72% CpGs
methylated (figure 5.6). Therefore, repetitivenedmts appeared to be properly

methylated in mice derived from ICSI using speronfrcryopreserved SSCs.

Next, we asked if imprinted DMRs have abnormal lewd methylation.

Previous studies have demonstrated that ICSI, Hawether environmental influences,
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Figure 5.5 Experimental design to analyze offspringlerived from SSCs
cryopreserved ~14 yeal. Testis cells from mouse pups (agedbeays) that wer
frozen for ~14 years, were thawed and transplamtiedrédpient testes of mice i
which endogenous spermatogenesis had been destr8pedm from these recipie
males were usefbr ICSI. A total of 5 pups were born from the IIGocedur.
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Figure 5.6 Normal genome-wide DNA methylation deteéed in offspring derived
from ICSI using sperm from cryopreserved SSCsMethylation levels of liver DNA
were determined by the LUminometric Methylation &g$LUMA) for naturally sired
mice (control, closed circles) and ICSI-derived enising sperm from cryopreserved
SSCs (ICSI, open circle). Each circle representa@inidual sample with the mean
methylation for each group indicated by a horizbbga.

112



can induce abnormal methylation and expressiompfinted genes (de Waal et al.,
2012a). We analyzed two paternally-methylated DMR® ICR and IG-DMR.
Pyrosequencing of bisulfite treated liver DNA inatied normal levels of methylation at
theH19 ICR in ICSI derived as compared to control micguife 5.7A). COBRA was
performed to analyze methylation at the IG-DMR.ndsthis assay, levels of methylation
detected in the ICSI mice were indistinguishabdgrfrcontrols (figure 5.7B). Therefore,
methylation at these paternally-methylated DMRs mamtained in SSCs after long-
term cryopreservation, and properly inherited i& tlext generation despite the use of

ICSI.

Additionally, we analyzed methylation at maternattgthylated DMRsShrpn
andPeg3. Pyrosequencing analysis of bisulfite treatedrl®NA did not uncover any
significant difference between methylation levdlsha Sarpn DMR in ICSI derived mice
and control mice (figure 5.8A). COBRA analysigioé Peg3 DMR also indicated
normal levels of methylation in the ICSI derivedceiwhen compared to control mice
(figure 5.8B). We therefore conclude that mice\at by ICSI using sperm from SSCs
cryopreserved for ~14 years had normal levels ohgiation both genome-wide and at
imprinted loci. These data confirms the prospécising these procedures to restore

fertility in males who had undergone gonadotoxéatment as boys.
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Figure 5.7 Normal methylation atpaternally-methylated DMRs in mice derived
from ICSI using sperm from cryopreserved SSC. (A) Pyrosequencing we
performed on bisulfite mutagenized liver A from naturally sired (controclosed
circles) mice and ICSHerivec mice using sperm from cryogserved SSC(ICSI, open
circles)to determine DNA methylation levels at tH19 ICR. Mean methylation fo
each experimental group is represented with a acizontal line Each circle
represents an individual sam| (B) COBRA was performed on bidii® mutagenizel
DNA to analyze methylation at the -DMR and run out on a 12% acrylamide.
Percent methylation as quantified by comparing batehsities of methylated
unmethylated fragments (indicated to the rightyiigten below panel.
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Figure 5.8 Normal methylation at maternally-methylated DMRs in mice derived
from ICSI using sperm from cryopreserved SSC. (A) Pyrosequencing we
performed on bisulfite mutageniz liver DNA from naturally sired (controclosed
circles) mice andnice derived fror ICSI using sperm from cryopresed SSCs (ICS
open circlesjo determine DNA methylation levels at tSarpn DMR. Mean
methylation for each experimental group is reented with a black horizontal lir
Each circle represents an individual san (B) COBRA was performed on bisulfi
mutagenized DNA to analyze methylation atPeg3 DMR and run out on a 12"
acrylamide gel Percent methylation as quantified by conrng band intensities «
methylated to unmethylated fragments (indicatetthéoright) is written below pan
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CHAPTER SIX
DISCUSSION AND FUTURE DIRECTIONS

Genomic imprinting is a complex epigenetic phenoomerequired for normal
mammalian development. Imprinted expression regumarking the parental origin of
the chromosome so that a specific parental akestably repressed or stably expressed.
DNA methylation is essential for marking and silegcamprinted genes. These DNA
methylation imprints and allele-specific expresgmatterns must be maintained
throughout early development and in differentiagethatic tissues. Additionally,
marking of the alleles must be reset in the gerenianallow for establishment of sex-
specific marks in the mature gamete, which wiltta@smitted to the next generation.
These processes are critical for normal imprintarg can be disrupted by environmental
stress. This dissertation focused on identifyinthlets andtrans mechanisms by which
DNA methylation confers imprints and how environastresses can disrupt imprinted
regulation. We have defined a novel regulatorg fol CpG content at thHd19 ICR in
silencing paternai19. We have also identified TET1 and TET2@s factors
involved in resetting imprints in the germline amave provided evidence that individual
MBD proteins are dispensable for normal imprintildoreover, we have demonstrated
that methylation imprints are in fact stable inrspatogonial stem cells that have
undergone aging and cryopreservation, suggestatghise techniques can be valuable

sources for male infertility treatment.
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6. 1 Non-promoter methylation in gene silencing

Whereas DNA methylation at th#19 ICR is established in sperm and maintained
in the zygote, methylation at the paterHab promoter region is not detected until
midgestation (Tremblay et al., 1997; Tremblay etE95). Intriguingly, mice that
paternally inherited an allele in which tH&9 ICR had been deleted did not gain
methylation at th&119 promoter region (Srivastava et al., 2000; Thorseaidet al.,

2006). It was proposed that the paternal ICR a&ts center for spreading of methylation
to the paternat19 promoter, indicating ais-regulatory role for the ICR in paternal
repression. This had been the prevailing modehéoy the ICR silences paterrtdl9 in

cis. Our data indicates a novel regulatory role folADmethylation at thé419 ICR in
repression oH19 directly. In mice that inherited a mutant patéadkele in which 8

CpGs within the ICR but outside of CTCF bindingsihad been deletdd19'“*8" ¢
allele, significant levels of paternidll9 expression were detected despite maintaining a
hypermethylated ICR and promoter (figures 2.5,29)- Therefore, we conclude that
while H19 promoter methylation is necessary for represstas clearly not sufficient.
This is particularly the case when totHl9 is expressed very highly. In these tissues,
the silentH19 allele is in an environment that is conducivexpression, with all the
proper transcriptional machinery actively transicigithe normally active allele.
Therefore, multiple levels of repression may beessary to ensure silencing. Our data
highlights the importance of non-promoter methgatas a means of repression when

promoter methylation alone is insufficient.
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One remaining question is how does methylatidhet19 ICR act from a
distance to silencd19? The repressive NURD complex has been implicated
regulation of paternafi19 repression. Depletion of NURD components MTA-2 or
MBD3 resulted in bialleli¢d19 expression in blastocysts (Ma et al., 2010; Reesé,
2007). ltis possible that DNA methylation at th# ICR recruits the NuURD complex,
resulting in a repressive chromatin environmentldb@ silencing. With depletion of
methylation at the ICR, there might be a decrea$¢uRD recruitment resulting in a
more permissive chromatin environment. Of note,D@Rlso is a NURD complex
component, although MBD2 and MBD3 form mutually lestve complexes (Baubec et
al., 2013; Gunther et al., 2013; Le Guezennec.e2@06). Because we did not detect
any loss of imprinting iMbd2 null mice, it is likely that MBD3-NuRD complexes
exclusively act aH19 in preimplantation embryos and cannot be compeddat by
MBD2-NuRD complexes. However, this hypothesisiiBalilt to confirm biochemically

due to the low amounts of material that can beectdld from preimplantation embryos.

6.2 CpG content mediates paternaH 19 repression

It can be argued that the mutations made to the BnCR disrupted a binding
site for a repressor or generated a binding sitaricactivator. We do not believe this to
be the case for three reasons. First, other timpresence of CTCF sites, the ICR is
poorly conserved among species (Frevel et al., 19&&inick et al., 1999). Secondly,
DNAse footprinting of the paternal methylatdd9 ICR had not detected any footprints

(Szabo et al., 2000). Lastly, there have beendilver mouse mutants reported to have
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similar phenotypes to tHg19'°*8"<C allele when paternally inherited; tht9'“?4'Vs
(Ideraabdullah et al., 2011) ahd9%' (Drewell et al., 2000) alleles. ThHgVS mutant
ICR has a deletion of the intervening sequence éatWCTCF sites 2 and 3, deleting 873
base pairs of the ICR (figure 2.1). The SilK mut&R deleted 1.2 kilobases of
sequence, overlapping with the distal half of G&I(figure 2.1). When paternally
inherited, both of these mutant ICRs maintainechyiation but paternat19 was
detected. The sequence deleted inth@™'* allele had been described as a silencer in
Drosophila when introduced as a transgene (Lyko et al., 198@jer it was found that
silencing inDrosophila was mediated by therosophila specific factor Su(Hw)
(Schoenfelder and Paro, 2004). These three disparutants with similar phenotypes
contain no sequence mutations common to all mutartte one common feature is that
they have lowered CpG content at the ICR. We thezegosit that decreased CpG
content, rather than disruption of a specific eletmesulted in patern&l19 expression

from the mutant alleles.

6.3 CpG content does not have a role in methylatiomaintenance

Studies at the endogenous locus in mice have itatidaat the ICR harbocss-
elements essential for maintaining paternal DNAhyletion. TheH19°MP9<C gjjele
(mutated 9 CpGs within CTCF sites, figure 2.1) mrdypacquired methylation in sperm,
but upon paternal inheritance, became hypomethd/@ueing embryogenesis. Loss of
methylation associated with the paterdHab®°“<¢ allele could have been the result of

either (1) CTCF aberrantly binding to CpG-depldbietting sites causing

119



hypomethylation of the entire allele, or (2) desexhCpG density rendered the ICR

unable to be recognized for maintenance. Becaaisenal inheritance of tHé19'“®

8CG allele maintained methylation we conclude that @p@Gtent at the ICR does not
coordinate methylation maintenance in the preinplkion embryo. Therefore, it is
likely that in mice with a patern&l19°M°°C allele, CTCF bound the mutant allele

resulting in hypomethylation.

6.4 Further elucidation of the mechanism for pateral repression ofH19

Here, we have shown significant levels of pateHhiE expression when the
number of CpGs at the ICR was decreased by 8 (~Eg$fetibn). What remains
unclear, is if there is a specific threshold of DN¥®thylation density necessary for
silencing, or if repression is additive, with inased repression correlated with increased
number of CpGs. Unfortunately, we were unablent@stigate this question using ian
vitro repressor assay described in chapter 2.6. Usis@$lsay we were unable to
reproduce derepression that was observed in ndce potential problem with the
repressor assay could be that at the endogenaouss tloere is interaction between the ICR
and theH19 promoter. A different promoter may not interadthwthe ICR in the same
manner. Therefore, it would be of interest to lelssh anin vitro repressor assay using
theH19 promoter. If insertion of mutant ICRs upstreanth&H19 promoter driving
reporter expression could recapitulate derepresgen in the mouse, this assay could be

used to better define how many CpGs are necesstrg #CR to maintain silencing.
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Furthermore, by performing this assay in varioustgpes we can determine tissue-

specificity for repression.

There are still remaining questions regarding ha® DNA methylation
represses expressiondis; (1) is DNA methylation at the ICR critical fortablishing
methylation at thé119 promoter and (2) is all DNA methylation equallyedfective in
repressing? Comparison of mice that have patgrirdierited theH19'“R8"CC or
H19°MP-9CC glleles indicates that CpGs within (but not ow$i@ TCF binding sites are
critical to prevent full activation of paterndll9. To address these questions one could
make a targeted mouse mutant in which all CpGsinvitie ICR but outside of CTCF
binding sites are mutated. Allele-specific expi@ssnalysis in mice that paternally
inherit the mutant allele would indicate whethertimyation exclusively at CTCF
binding sites (which should still inhibit CTCF bind) is sufficient to prevent full
activation of paternal19. Methylation analysis at the pateri#l9 promoter region
would indicate if the promoter gains methylatiorsjgiée the fact that the ICR is

hypomethylated. These experiments would furthénddCR-mediated paternal19

repression.

6.5H19 R8"CC jllele and implications for human disease

In addition to defining mechanisms of imprintedression, these studies
highlight the importance of studying subtle genpgcturbations for disease etiology.
Reports have identified epimutations at H9/1gf2 locus in SRS patients associated

with biallelic H19 expression (Bartholdi et al., 2009; Begemann.eRall0; Gicquel et
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al., 2005). The 8nrCG mutant, presented here, stigtfeat single base pair mutations
play key roles in deregulation of thi19/1gf2 locus. Although disease phenotypes were

g'CREMCE jllele is sensitized to

not identified in our analysis, it is possible thaeH1
secondary genetic/epigenetic mutations or expdsueavironmental factors that could
result in SRS-like features. Further studies tlatlzine mutant models or include

environmental perturbation may be necessary torgema mouse model of SRS.

We have shown how subtle changes in non-promotek Bidthylation could
disrupt gene-regulation. This finding is of pautar concern for studying human
cancers. The cancer epigenome is characterizgtbbgl hypomethylation and local
promoter hypermethylation (Baylin and Jones, 20R8search has predominantly
focused on hypermethylation at promoters of tunuppsessor genes and has resulted in
FDA approval of demethylating agents in the managgerof myelodysplasia and acute
mylogenous leukaemia (Azad et al., 2013). We snevn that hypomethylation in
regions flanking genes could play an essentialleggry role in gene expression. Non-
promoter hypomethylation could cause upregulatioonocogenes driving cancer
progression. It will therefore be important fotute studies to focus on the global
hypomethylation in cancers and analyze the poteifidarget effects that demethylating

agents used in treatments have on these regions.

6.6 Individual MBD proteins are dispensable for nomal imprinting in the mouse

Studies have clearly indicated a role for DNA médhgn in allele-specific

marking and repression of imprinted loci (Bourc&isl., 2001; Kaneda et al., 2004;
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Kato et al., 2007; Li et al., 1993; Weaver et2010). Howevertrans-acting factors
required for DNA methylation dependent repressemain unclear. Here, we
investigated the role that MBD family proteins, siieally MBD1 and MBD2, have in
allele-specific repression at imprinted loci. Sigingly, we find that mouse tissues that
highly express many imprinted genes (embryos, plase yolk sacs and neonatal brains)
retained proper imprinting without any functionaBM1 or MBD2 (tables 3.1-3.2). We
have therefore confirmed studies performed on dhsiies indicating that MBD2 is
dispensable for proper imprinting, and have showvrite first time that MBD1 also is

dispensable for imprinted repression.

There remains the possibility that the MBD protdiase redundant functions.
Initial phenotyping of théibdl” andMbd2” mutant mice revealed somewhat subtle, but
distinct phenotypes, suggesting that these protemslate discrete sets of genes.
Recent ChlIP-seq analysis in which tagged-MBD pnsteiere expressed in mouse ES
cells indicate that the MBD proteins that bind nydted DNA (MECP2, MBD1, MBD2
and MBD4) have overlapping enrichment profiles vatfongest interaction detected at
methylated, CpG-dense, and inactive regulatoryoreg{Baubec et al., 2013). Although
it is unclear if MBD proteins are involved in regtibn of imprinted repression, it is
likely that multiple MBD proteins bind and are albbecompensate for deficiency of a

single protein.

Our attempts to test redundancy using RNAi-basedtkiown have been unable
to show definitively whether these proteins havmpensatory functions. We have been

able to severely decrease overall levels of MBDA i CP2 inMbd2 null MEFs, but
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substantial amounts of protein still remained (fe8.7). Thus, it is unclear if remaining
protein was enough to confer proper allele-speo#pression, or if these proteins have
no role in imprinting. It is therefore of utmostportance to test genetically for
compensation. As described in chapter 3.6 wearemtly breeding to obtaikbd1™
Mbd2" mice. Analysis of these double mutant mice wowdddeal to uncover functional
redundancy, as thdbdl null andMbd2 null phenotypes are quite subtle. Once we have
obtained thévibd1”Mbd2” mutant (which requires recombination as described

chapter 3.6) we can easily breed for tripled1l” Mbd2” Mecp2” mutants.

6.7 MBD2 and MBD3 form functionally distinct NURD complexesin vivo

Intriguingly, the MBD protein that does not bind tmgated DNA, MBD3 (Ohki
1999), has been implicated in allele-specific repi@n atH19 (Reese et al., 2007).
MBD3 and MBD2 are the most similar of the MBD piiagewith 77% sequence
conservation outside of the MBD domain (Clouaird &tancheva, 2008) and both are
members of the NURD complex. Purification and gsialof NURD complexes indicates
that MBD2 and MBD3 are mutually exclusive composdiite Guezennec et al., 2006).
Recent ChlP-seq analysis reveals differential gexramde binding for MBD3- NuRD
and MBD2- NuRD complexes (Baubec et al., 2013; Gainét al., 2013), which would
suggest functional differences between the two dex@s. Whereas blastocysts depleted
of MBD3 exhibit biallelicH19 expression and loss of methylation at i ICR (Reese

et al., 2007)Mbd2 null mice do not display imprinting defects. Quork supports the
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idea that MBD2 and MBD3 containing NURD complexaséfunctional differences in

regulating gene expressiamvivo.

6.8 MBD proteins: gene-specific or global regulat® of repression

Questions still remain as to how these proteinstfanin vivo and why
phenotypes predominantly manifest in the brain @liengh expression is ubiquitous.
Overall, our data are in concert with othewivo studies that have been unable to define
specific genes regulated by individual MBD proteiiss opposed to earin vitro
studies in which overexpression of MBD proteinsselirepression of a methylated
reporter gene (Boeke et al., 2000; Jones et @8;19an et al., 1997; Nan et al., 1998;
Ng et al., 1999), studies of the null mice havedpieed a very small number of genes that
are regulated by MBD proteins (Hutchins et al.,200u et al., 2013; Liu et al., 2010;
Phesse et al., 2008). Again, if these proteindhatey redundant, changes in expression

would not be expected.

There has been great interest in defining gendéstbaegulated by MECP2 as
these could cause symptoms of Rett Syndrome anttveeutherapeutic targets.
Numerous studies have investigated changes in@gression itMecp2 null mouse
brains, however, few and subtle changes in geneesgion have been identified (Guy et
al., 2011). Interestingly, increased transcriptidmepetitive elements and increased
global levels of histone acetylation have beendeteinMecp2 null mouse brains,
suggesting that MECP2 might be playing a more dlodgulatory role to subtly fine-

tune expression (Guy et al., 2011; Shahbazian,2@02; Skene et al., 2010). Moreover,
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ChlIP-seq analysis indicated that MBD proteins mgdprofiles tract with DNA
methylation levels, supporting the idea that MBDtpms act globally rather than at

specific loci (Baubec et al., 2013).

It remains unknown as to why deficiencies of theseeins cause predominantly
brain-specific phenotypes despite being ubiquitpegpressed. One potential
mechanism is that DNMT1 (rather than the MBD pruggis the critical factor for setting
up repressive chromatin as it deposits DNA metiyadiuring replication. Like the
MBD proteins, DNMT1 has been shown to interact witinomatin modifiers and
transcriptional repressors, for example; HDAC1/@k@g-et al., 2000; Robertson et al.,
2000; Rountree et al., 2000), EZH2 (Vire et alQ&0and HP1 (Smallwood et al., 2007).
The MBD proteins could be playing a reinforceme¢ to maintain chromatin state
when cells are not replicating. It is possible ihanost tissues, where replication is
ongoing, MBD proteins are not critical, as DNMT Isidfficient for repression. However,
in the brain where neurons are post mitotic, MBDt@ins have a greater role in reading
DNA methylation marks and maintaining chromatirtesia the absence of replication. If
this is the case, it is not surprising that the instriking phenotypes manifest in the adult
brain and that global/subtle changes are deteatbéirthan regulation at specific genes,

including imprinted loci.

6.9 TET1 and TET2 mediate DNA demethylation at impinted loci in PGCs

Recent reports suggest that DNA demethylation idiated by 5mC oxidation to

5hmC in the zygote and PGCs (Gu et al., 2011; Haekal., 2013; Inoue and Zhang,
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2011; Igbal et al., 2011; Wossidlo et al., 2011méguchi et al., 2013). Our analysis in
the germline offetl” Tet2” mice indicates that, indeed, demethylation at ined loci
requires 5mC oxidation to 5hmC, which is mediatgd BT1 and TET2. The
mechanism by which demethylation occurs after comoe to 5ShmC and if this
mechanism is the same for all imprinted loci rermainclear. However, our analysis in
Tetl/Tet2 DKO sperm indicates a locus-specific sensitivitET1 and TET2

deficiency.

Various models for how DNA demethylation can ocafter conversion to 5hmC
have been proposed (figure 1.7). Components dBEf pathway, such as the
glycosylase, TDG, and deaminase, AID, have beelidatpd in erasure of methylation
in the germline. AID expression, however, in E23B5 PGCs is very low (Kagiwada et
al., 2013) and unlike TET deficiency, AID deficignio PGCs does not lead to profound
demethylation defects (Popp et al., 2010). TDGthenother hand, has relatively high
levels of expression in PGCs (Kagiwada et al., 2@h@ TDG deficient E13.5 PGCs
retained methylation at thgf2 promoter (Cortellino et al., 2011). Accordingly,TDG-
deficient ES cells, accumulation of 5fC and 5caCendetected, suggesting that TDG is
required for active demethylation of 5hmC (Shealgt2013). Another potential model
for demethylation is that 5hmC is passively demietiegl in a replication dependent
manner, which has been reported in PGCs for theimteol gene$eg3 andPegl0.
Moreover, bisulfite sequencing (which cannot digtilsh between 5mC and 5hmC)
analysis revealed th&t19, Nnat, Peg3, Shrpn, Kenglotl andPegl0 DMRs follow

slower or close to expected kinetics for purelyspasdemethylation in PGCs (Kagiwada
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et al., 2013). In studying PGCs deficient in TEard TET2, we impeded 5mC
conversion to 5hmC and detected retention of matioyl at imprinted loci, but cannot

conclude whether other enzymes might be necessanofmal DNA demethylation.

6.10 Locus—specific susceptibility to TET deficienc

Methylation analysis of TET1 and TET2 deficientispendicate that some
maternally-methylated DMRs were fully erased initiede germline, while others were
not (figure 4.4). Therefore, some loci are monesgere to loss of TET function. In
PGCs, timing of 5mC oxidation to 5hmC varies betwB&IRs. For example, 5hmC is
detected earlier fd{cnglotl andigf2r than it is forPeg3 andPegl10 (Hackett et al.,

2013). Interestingly, in our studids¢nglotl exhibited aberrant methylation in DKO
sperm whereaBeg3 did not. It is possible that the variability iming of 5hmC
conversion is indicative of different mechanism&wEsure used at these loci, some being

more dependent on TET function.

Many reports indicate that passive demethylatiaesponsible for bulk DNA
demethylation in PGCs, supported by the fact tHdFR1 is very lowly expressed and
DNMT1 is excluded from replication foci in thesdls€Kagiwada et al., 2013;
Seisenberger et al., 2012). Itis likely that pas®NA demethylation could occur at
imprinted loci in the absence of 5hmC conversigve propose this to be the case
because we do detect full erasure of methylati@oate imprinted DMRs in DKO
sperm. Moreover, at loci where we do detect ratardf methylation, levels are reduced

from the expected 50% (if no erasure occurredu(égt.4). Furthermore, levels of
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aberrant methylation were quite variable betweenpdas. We therefore hypothesize
that passive DNA demethylation can occur irrespeadf 5SmC oxidation, though at

some loci this mechanism is not sufficient for coetg erasure.

6.11 Comparison of two independenTetl’ Tet2” mutant mice

After initiation of our studies investigating thele of TET1 and TETZ2 in imprint
erasure, the Jaenisch laboratory published anajf/sis independeritetl” Tet2” mutant
(Dawlaty et al., 2013). Whereas we find normalelepment of mice deficient for TET1
and TET2 that were conceived from double heteroaggmarents, Dawlaty and
colleagues report that tAet1” Tet2” mice were detected at a 3-fold reduced frequency.
This perinatal lethality phenotype was only palyiglenetrant with some DKO mice
developing normally (Dawlaty et al., 2013). Seeghynthis is a major discrepancy, but
we did not have the number of litters necessadetect incomplete penetrance of
lethality of DKOmice. Because we set up double heterozygous miiceuf matings,
there was only a 1/16 chance of obtainirfitedl " Tet2” mouse. Mice were genotyped at
weaning, and whenBetl” Tet2” mouse was identified it looked grossly normal. For
this reason, we did not pursue potential peririathblity. Dawlaty and colleagues also
identified defects in midgestation embryos and oratfations in pups deficient in TET1
and TET2. However, these analyses were performétddars conceived from mating
Tetl" Tet2"" females withTetl” Tet2” males (Dawlaty et al., 2011). Therefore, these

abnormalities could have resulted from the commnadf having a TET1/TET2
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deficient father and a TET1/TET2 depleted motH&ecause we did not set up similar

crosses we cannot make a comparison with our moteet

Dawlaty et al. analyzed DNA methylation in one TENHATZ2 deficient sperm
sample, and similar to our results, reported ireedamethylation alest, normal
methylation aH19 andPeg3, and no changes in global methylation levels (figure
4.5). Likewise, we both find subfertility of DK@ifnales and increased levels of
methylation aH19 in progeny from these females. Dawlaty et alitamithlly detected
aberrant methylation at a number of imprinted logdirogeny of DKO males. We have

not done this analysis, although such studies larenpd in the future.

Overall, our studies are in agreement with thod®iglied by the Jaenisch
laboratory. However, direct comparison is somewdifficult as different matings were
typically used to obtaiffetl”’ Tet2” or a small sample size does not allow proper

statistical analysis.

6.12 Future directions for analysis of TET-mediatederasure of imprints

We have clearly shown that erasure of imprinthedermline was compromised
without functional TET1 and TET2. Furthermore, mbet methylation was heritable.
Nevertheless, numerous experiments are requirkdlyccharacterize the effects that loss
of TET1 and TETZ2 have on imprint erasure. Firstlyy analysis in DKO sperm
indicated that some DMRs properly erase methylafitirese DMRs need to be analyzed

in DKO E13.5 PGCs. Presence of methylation ateligRs in DKO E13.5 PGCs
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would indicate that there was a delay in erasuhereas absence of methylation would

indicate that erasure of these DMRs is indepenoieRET proteins.

Additionally, analysis needs to be performed faeméon of methylation in
mature oocytes. Because we do detect increasdy/latin at paternally-methylated
DMRs in offspring of DKO females, we expect thatges from TET1/TET2 deficient
females would similarly retain methylation. Todsend, we also need to analyze
methylation in progeny of DKO males. Based onsperm data, we expect to detect
high levels of methylation on specific maternallgtimylated loci, namelyyest, Grb10
andKcnglotl. Whereas our initial observations indicate thaTT/TET2 deficient males
are fertile and offspring appear normal, it is ploiesthat retention of methylation at
imprinted loci is associated with tissue-specifipression changes, which may exert
more subtle phenotypes such as growth defectshavimral abnormalities, as observed
with Grb10, Mest andPeg3 mutant mice (Garfield et al., 2011; Lefebvre et B998; Li

et al., 1999).

Moreover, although aberrant methylation in DKO mgeherited in progeny, it
is unknown if this results in expression abnormesit Allele-specific expression analysis
can be performed in progeny Bét1” Tet2”” females mated with wild type C7 males, or
vice-versa. This would allow us to determine dreased methylation detected in

progeny results in biallelic expression of the esponding genes.

Furthermore, we would like to ensure that comprechisrasure of imprints

detected in DKQ@nice were intrinsic to PGCs. That is, retentiooma&thylation was not
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due to overall abnormal development of PGCs or tdCkET1 and TETZ2 in the inner
cell mass as these embryos developed. In ord#o this, we have been breeding for

conditional germline-specific knockouts Bétl andTet2.

6.13 Stability of methylation imprints in spermatoonial stem cells

The reversibility of epigenetic marks make thentipalarly susceptible to
environmental influences that act to disrupt thgepome (McCarrey, 2012).
Specifically, manipulations associated with ART gadures, which occur during times of
epigenetic reprogramming, have been associatedabahrant DNA methylation (Eroglu
and Layman, 2012). We therefore wanted to assegste establishment and
maintenance of imprints could be disrupted in desysexperiencing environmental
perturbations. To this end, we analyzed imprintsgermatogonial stem cells (SSCs)
subject to varying environmental insults. Recehvaaces in understanding SSCs have
lead to a variety of techniques with great poteérdafertility treatment. SSCs can be
cultured indefinitely, transplanted into recipi@nice and colonize the seminiferous
tubule, and maintain stem cell function despiteZieg and thawing (Avarbock et al.,
1996; Brinster and Avarbock, 1994; Kanatsu-Shinaletral., 2005). These techniques
have great implications for treatment of male itiligy, including preserving the
germline of prepubertal boys undergoing radiatioolemotherapy causing infertility

(Brinster, 2007).

Our findings indicate that methylation at pateypatiethylated DMRs was stable

throughout extreme aging bathvivo andin vitro. Additionally, cryopreservation for
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~14 years and thawing of SSCs did not disrupt geaonethylation or methylation at
imprinted loci. Furthermore, aged or cryopreser8&Ls could be transplanted into a
donor mouse and produce sperm to be used for I@Flortantly, all mice born from
ICSI had normal methylation at all imprinted lossassed, regardless of stresses

undergone by the SSCs.

These results confirm the potential of using thtestniques for fertility treatment
in humans. As treatments for pediatric cancergavgy many survivors are left infertile
as a side-effect. Cryopreservation of testicutamue, prior to cancer therapies provides
an approach to preserve the patient’s germliner. r€ults here indicate that in mice,
fertility can be acquired by transplantation of S3kat had undergone a variety of
environmental stresses, and emphasizes the nastadpand improve these techniques

for human SSCs.

6.14 Decreased stem cell function in aged SSCs

Little is known about how aging influences SSC tiorg, although there is
evidence that fertility in male mice begins to deelat about 12 to 24 months of age
(Ryu et al., 2006). Whereasvivo andin vitro aged SSCs stably maintain DNA
methylation at the paternally-methylatdd9 ICR and IG-DMR (figure 5.4), stem cell
deficiencies were observed in the aged SSCs. &qmession analysis indicates that the
decision to differentiate or self-renew shifts frgeif-renewal in younger SSCs to
differentiation in aged SSCs. While methylatiomnaprinted loci has been identified as

being particularly sensitive to environmental ségss this study highlights the
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importance of also assessing more global gene ssiprechanges to fully understand
cellular deficiencies. Future research should $omu elucidating the underlying
mechanisms directing gene expression changesgyarty at the identified candidate
genes. One possibility is that there is a changdromatin compaction specifically at
these loci. Analysis of DNA methylation and histanodifications at these loci will give

greater insight into the mechanism of age relat®@ 8eficiencies.

6.15 ICSI and disruption of imprinting

The studies presented here were proof-of-prin@gperiments in which we
showed that normal offspring could be born frorheitaged or cryopreserved SSCs.
However, further examination is required to fullfidie the effects of these
environmental influences on imprinting. Whereasfiwd normal imprinting in mice born
from ICSI (figures 5.4, 5.6-5.8), numerous repantficate disruption of imprinting
associated with various procedures involved in I@®IWaal et al., 2012b; Doherty et
al., 2000; Fauque et al., 2007; Fauque et al., 20ROrtier et al., 2008; Mann et al.,
2004; Rivera et al., 2008; Sato et al., 2007).aBglyzing mice that had been born, we
might have biased our analysis towards assessiggroce that had normal imprinting.
Previous studies indicate that many more blastedisin post-implantation embryos
derived from ART displayed imprinting defects (Faacgt al., 2010a). This could
suggest that embryos with major epigenetic abnatieslcould not implant.
Additionally, the placenta has been reported tpdnticularly susceptible to disruption of

imprinting due to manipulations associated with Af&uque et al., 2010b; Fortier et al.,
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2008; Mann et al., 2004; Rivera et al., 2008). efElfore, to fully assess the effects of
long-term cryopreservation or aging of SSCs andagbent ICSI to obtain offspring, it
will be necessary to repeat analysis at ~E9.5, wisithe time when previous studies

have detected loss of imprinting in both embryamnd placental tissues.

Nonetheless, loss of methylation at imprinted DMIRd behavioral abnormalities
have been reported for adult mice born of ART pdoces (de Waal et al., 2012a; Ecker
et al., 2004; Fernandez-Gonzalez et al., 2004he €dudy reported loss of imprinting at
several genes in adult mice born of ICSI. Losmethylation was tissue-specific and
detected either in muscle or brain (de Waal etéll2a). Here, our analysis was limited
to liver, and thus we could have missed aberranihyleion marks by not analyzing a
wider range of tissues. Therefore, future reseanctuld include methylation analysis in
a variety of tissues in order to capture any tisspecific loss of imprinting. Additional
studies should also investigate more subtle defeath as behavioral abnormalities,
which have also been detected in adult mice borkRF (Ecker et al., 2004; Fernandez-

Gonzalez et al., 2004).

Our analysis of the pateman_ng-sanG

allele clearly demonstrated that biallelic
expression can be detected even though the ICRmsgpermethylated. Likewise,

examples of normal or only slightly affected medtin and abnormal expression have
been indicated in ART studies (Fauque et al., 200atket-Velker et al., 2010a; Market-

Velker et al., 2010b). It is therefore of interesexamine if expression changes occur

despite normal methylation patterns in our ICSlhdst mice.
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6.16 Conclusion

Overall, the data presented in this dissertati@vides novel insights into the
mechanisms by which DNA methylation confers im@inThis work has identifieds-
elements antrans-factors either necessary or dispensable for maamiee of allele-
specific repression in somatic cells and resetingprints in the germline. Our
analysis of a mutant paterrtdl9 ICR with lowered CpG density provides a novel
regulatory role for non-promoter CpG content inuleagng expression iais.
Furthermore, we have shown that individually MBDaMBD2, proteins involved in
DNA methylation dependent repression, are not reacggor allele-specific silencing at
imprinted loci. Therefore, the MBD proteins eithasrk redundantly in coordinating
silencing, or are not involved in imprinted repieas We have also described locus-
specific TET-mediated erasure of imprints in thengae. Although further research is
necessary to define the mechanism of demethylatese data provide evidence that
active DNA demethylation has a role in imprint déinyéation in PGCs. Lastly, our
investigation into possible deregulation of impsiapon environmental stress has proven
that imprints can be stably maintained in SSCsuinout extreme aging and
cryopreservation. Importantly, upon transplantatibese SSCs produce viable sperm
that can be used in ICSI to derive normal offspriifpese data confirms the potential
use of these techniques for germline preservatidre findings presented in this
dissertation highlight the multifaceted nature dd®methylation dynamics and
repression. Continued investigation to betterrdefmechanisms involved in normal

imprint regulation and identification of environmahperturbations that result in
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disruption of these processes will provide impadrtasights into the causes and

consequences of improper gene expression.
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CHAPTER SEVEN
MATERIALS AND METHODS

ICR-8nrCG
9

7.1 Targeting and mouse generation of thel 1 allele

129/SvJ genomic DNA fragment spanning Hi ICR [described in (Engel et
al., 2004)] was mutated at each of the four regiodgated below using the Quikchange
site-directed mutagenesis kit (Stratagene) : GTACGTGGACT[CG-XCA]GACTC,
TGGTGATTTG[CG->GC|CTTT[CG->GC]TAT, ACACAGCC[CG->CT]AGAT[CG-
>CT|]TCAGT, CCTTCA[CG-CT]AT[CG->CT]AT[CG->CT]|GTTCA (mutations
italicized). The targeting vector was generatedessribed previously (Engel et al.,
2004) using this mutated ICR in place of the DMD&@@wtation. Mutations of CpGs

were confirmed by sequencing.

Targeting vectors were linearized and electropdrate E14.1 ES cells (Kuhn
1991). G418-resistant positive clones were isolatatitargeting to the19/1gf2 locus
was confirmed by restriction digestion followeddnuthern hybridization (figure 2.3).
Correctly targeted ES cell clones were injected {D57BL/6J (B6) blastocysts and mice
were generated by the Transgenic & Chimeric MowszliEy at the University of
Pennsylvania. Chimeras were obtained and mate® toiBe. Germline transmission of
the targeted mutant alleles was confirmed in tleutagorogeny by DNA isolated from

tails and analyzed by Southern blot (figure 2.3).
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Theneo' cassette (flanked by loxP sites) was excisedémtbuse by mating
heterozygous mutant mice to mice expressing Cirambmase under the control of the
human cytomegalovirus promoter on a B6 genetic gpacknd (obtained from Dr.
Edward Morissey, University of Pennsylvaniago' excision was confirmed in the

progeny by Southern blot (figure 2.3).
7.2 Mice

All mouse studies adhered to procedures approvehdebinstitutional Animal

Care and Use Committee at the University of Penvasya.

8nrCG heterozygous mutant mice were maintained dyng to C57BL/6 (B6)
(The Jackson Laboratory). For imprinting analysisCG heterozygous mutant mice
were crossed with C57BL/6(CAST7) (C7). C7 micetaomaMus muscul us castaneus
(CAST; The Jackson Laboratory) chromosome 7s ofi bagkground. Matings were

carried out in both directions to obtain F1 hybfiolsanalysis.

Mice carrying a nulMbd1 mutation Mbd1*"; from the mutant mouse regional
resource centers) were mated either to B6 or CihBontenance. To generdiidl null
mice,Mbd1*" are mated wittMbd1*" of the same background (B6 or C7). For
imprinting analysisvibd1*" (B6) were mated witiMbd1*" (C7). Matings were carried

out in both directions to obtain F1 hybrids for lgsés.

Mice carrying a nulMbd2 mutation Mbd2*"; from Dr. Steven Reiner, University
of Pennsylvania) were mated either to B6 or Chiamtenance. To generatod2 null

mice,Mbd2*" are mated wittMbd2*" of the same background (B6 or C7). For
139



imprinting analysisvibd1*" (B6) were mated witMbd1*" (C7). Matings were carried

out in both directions to obtain F1 hybrids for lgsés.

To obtainMbd1”"Mbd2” double mutant mice, we crobtbd1™ Mbd2*" mice with

Mbd1” mice of the same background (either B6 or C7).

7.3 Genotyping

Genotyping is performed on DNA isolated from andgr. DNA is prepped by
incubating an ear clip in 100uL of solution A (25nNOH, .2mM EDTA) at 95°C for
one hour followed by addition of 100uL solution8(nM Tris). 2uL of DNA is used

for each genotyping PCR.

For each PCR reaction DNA was added to 1X GoTagnfega) and .25-.5uM
primer master mix. All PCR cycling conditions wargfollows: 2 min at 95°C; 36
cycles of 15 sec at 95°C, 15 sec at annealing teahpe (listed in table 7.1), 20 sec at

72°C.

Breeding to obtain nuMbdl or Mbd2 mutant alleles on a C7 background, the
following MIT markers were used; 7.305, 7.57, 71152 7.27, 7.211, 7.163, 7.148, 7.5

7.222,7.285, 7.207, 7.140, 7.362.
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Table 7.1 Genotyping PCRs
Mutant/region | Primer sequence (5'-3) Expected| Annealing notes
size (bp) | Temperature
(W)
CAST 7 MIT markers NA 55
8nrCG NR3F:GGGTCACCCAAATAGGGATT 221 58 Aval
NR3R:TGACCCATGAGTTTGCCATA will cut
mutant;
Balll
will cut
WT
8nrCG H19-2.3F: Mut:250 | 58
CAATGTTCATAAGGGTCATGGGGTG WT:200
H19-2.0R:
CGTAAGGTGTCACAAATGCCTGATCCC
Mbd1 XYZ59: Mut:500 | 55 1uL of
TCTTCTCAGACTGAGAAGGGTGA Wt: 300 10 uM
XYZ60: primer
CACTGAACATTGCCCAGAGCACA used for
XYZ:61 each
AAACGGCGGATTGACCGTAATGG
Mbd2 P61: ACG CTG GCC TAG TGC CGT GC | Mut:200 | 55 1L of
P62: TTGTGG TTGTGC TCAGTTC WT:600 10 uM
ENP1: TCC GCAAACTTC TATTTC TG primer
used for
each

7.4 DNA isolation

Tissues were incubated overnight at 55°C in 500flisis buffer (50mM Tris-

HCI (pH8), 100mM EDTA, .5% SDS, .5mg/ml proteind§e DNA was then isolated by

performing two phenol/chloroform extractions. DMAas dissolved in 50uL of 4.

Sperm were taken from the cauda epididymis andbaiead overnight at 55°C in

500ul sperm lysis buffer (10mM Tris-HCI (pH 7.5-80mM EDTA, 2%SDS) with 5uL

B-mercaptoethanol and 12uL proteinase K. DNA was ikolated by performing two

phenol/chloroform extractions. DNA was dissolved0uL of dHO.
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7.5 Methylation sensitive southern aH 19

10pg genomic DNA was digested wRlull andSul in combination wittHapl|
or Mspl to analyze the methylation at tHA9 promoter and structural gene. A 2.5-kb

EcoRI-Sul fragment was used as a probe (figure 2.9).

7.6 Bisulfite mutagenesis

For SSC aging studies, bisulfite mutagenesis of DINA& carried out in agarose

beads (Olek et al., 1996).

For 8nrCG mutant studies, bisulfite mutagenesis pesitormed using MOD50

Imprint DNA Modification Kit (Sigma-Aldrich) accoidg to manufacturer’s protocol.

For all other studies, bisulfite mutagenesis wasop@ed using EpiTect Bisulfite

Kit (Qiagen) following manufacturer’s protocols.

7.7 PCR amplification of bisulfite DNA for sequenang or COBRA

Nested PCR was performed on bisulfite treated DIS8ng of DNA was used for
the first round of PCR and 1pL of amplified DNA wased for second round PCR. For
PCR reaction PuReTaq Ready-to-go PCR beads (GEhdaed) were used with .3uM
primers in a final volume of 25uL. All primers aR€R conditions are listed in bisulfite
assays section. For COBRA, 5-10uL of second rdR@R product was cut with the

appropriate enzyme as listed in section 7.8.
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For sequencing, second round PCR products weegaep by gel
electrophoresis on a 1% agarose gel. The bané&x@sed and purified using the
QiaQuick Gel Extraction kit (Qiagen) according tamafacturer’s protocol and eluted in
30puL dHO. Purified PCR product was cloned using the TORRCkit (Invitrogen)
follow manufacturer’s protocol. A minimum of 10des from each sample were
sequenced by the University of Pennsylvania Seqagriacility. Sequencing results

were analyzed using MacVector.

7.8 Bisulfite assays

Region:H19 ICR Repeatl-2
Accession: U19619
Reference: (Tremblay et al., 1997)
First round:
Primer 1: BMsp2tl
Sequence (5’-3'): GAG TAT TTA GGA GGT ATA AGA ATT
Primer 2: BHhalt3
Sequence (5’-3): ATC AAA AAC TAA CAT AAACCCCT
Second round:
Primer 1: Bmsp2t2c
Sequence (5-3'): GTA AGG AGATTATGTTTATITTTG
Primer 2: BHhalt4ct
Sequence (5’-3'): CTA ACC TCATAAAAC CCATAACTA
Product size: 423 bp
For COBRA:Hinfl will cut a methylated sequence to produce 2002ibp
fragments.
PCR Conditions: denature 94 °C 2min; 35 cyclesewnfadure 94°C for 10 sec,
anneal 55°C 30 sec, extend 72°C 1 min
NOTE- decrease ramping speed to annealing tenfig@isec

Region:H19 ICR Repeat 3
Accession: U19619
Reference: (Davis et al., 2000)
First Round:
Primer 1: BHha5t2
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Sequence (5°-3): TTG TGA GTG GAA AGA TTAATT GTTGG
Primer 2: BHha5t3
Sequence (5’-3"): ATA CAC ACATCT TAG CAC CCC TAAAATCC
C
Second Round:
Primer 1: BHha5t
Sequence (5°-3): TAG AGA TAG TTAAAG TTAAGG TTIGTT TAT
G
Primer 2: BHha5t3
Sequence (5’-3"): ATA CAC ACA TCT TAG CAC CCC TAAAATCC
C
Product size: 333 bp
PCR Conditions: denature 94 °C 2min; 35 cyclesenfadure 94°C for 10 sec,
anneal 55°C 30 sec, extend 72°C 1 min
NOTE- decrease ramping speed to annealing tenfg@isec

Region:H19 ICR Repeat 4
Accession: U19619
Reference: (Thorvaldsen et al., 2002)
First Round:
Primer 1: BTV3-1
Sequence (5’-3"): GGT AAATTT ATG GGT TAT TTA AGG
Primer 2: BTV3-4
Sequence (5’-3"): CCC AAC CTC TAC TTT TAT AAC
Second Round:
Primer 1: BTV3-2
Sequence (5’-3"): AAT GTT TAT AAG GGT TAT GGG GTG
Primer 2: BTV3-3
Sequence (5’-3'): CCT AAATTC AAT AAA ACA TTA CAA
Product size: 425 bp
PCR Conditions: denature 94 °C 2min; 35 cyclesenfadure 94°C for 10 sec,
anneal 55°C 30 sec, extend 72°C 1 min
NOTE- decrease ramping speed to annealing tenfig@isec

Region:H19 Promoter Proximal
Accession: U19619
Reference: (Thorvaldsen et al., 2006)
First Round:
Primer 1: B12 (BH19-0.9f)
Sequence (5-3’): GTT GAG GAT TTG TTA AGG TGT TATGT
Primer 2: B14 (BH19-0.5r)
Sequence: AAT AAT AAC TAATTT AAACACTCC TCACC
Second Round:
Primer 1: B13 (BH19-0.8f)
Sequence (5°-3'): GAG TGG TTATGA TTG GTT AGT TTINIGA G
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Primer 2: B14 (BH19-0.5r)

Sequence: AAT AAT AAC TAATTT AAACAC TCC TCACC
Product size: 380 bp
PCR Conditions: denature 94 °C 2min; 35 cyclesenfadure 94°C for 10 sec,
anneal 55°C 30 sec, extend 72°C 1 min
NOTE- decrease ramping speed to annealing tenf@sec

Region:Shrpn DMR
Accession: AF081460
Reference: (Lucifero et al., 2002)
First round:
Primer 1: SnrpnA
Sequence: TAT GTAATATGA TAT AGT TTA GAAATT AG
Primer 2: SnrpnD
Sequence (5'-3'): AAT AAA CCC AAA TCT AAA ATA TTTTAA TC
Second round:
Primer 1: SnrpnB
Sequence (5-3'): AAT TTG TGT GAT GTT TGT AAT TATTG G
Primer 2: SnrpnC
Sequence (5’-3'): ATA AAA TAC ACT TTC ACT ACT AAMATC C
Product Size: 451
For COBRA:Hinfl will cut only methylated sequence at position2 26d 316.
PCR Conditions: 2 cycles; 94°C for 4 min, 55°C Zamin, 72°C for 2 min. 35
cycles; 94°C for 1 min, 55°C for 2 min, 72°C fonin

Region: IG-DMR

Accession: AJ320506.1

Reference: (Takada et al., 2002)

First round:
Primer 1: IGDMRF1
Sequence (5°-3'): TTAAGG TATTTT TTATTG ATA AAA BATGT
AGTTT
Primer 2: IGDMRR1
Sequence (5’-3"): CCT ACT CTATAA TAC CCT ATATAATA TAC
CAT AA

Second round:
Primer 1: IGDMR2FG
Sequence (5’-3’): TTA GGA GTT AAG GAA AAG AAA GAA AA
GTATAGT
Primer 2: IGDMR2RG
Sequence (5’-3’): TAT ACA CAA AAA TAT ATC TAT ATAACA CCA
TAC AA

Product Size: 483

For COBRA:Hinfl will cut methylated fragment at positions 62 &81.
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PCR Conditions: 5 cycles of denature 94°C for 1,ra0fC for 2 min, 72°C for 3
min; 30 cycles of denature 94°C for 30 sec, 509Cfmin, 72°C for 1.5 min

Region:Peg3 DMR
Accession: AF105262.1
Reference: (Ma et al., 2010)
First Round:
Primer 1: Peg3A-BL
Sequence (5°-3): TTT TGATAAGGAGGT GTT T
Primer 2: Peg3D-BL
Sequence (5’-3'): ACT CTAATATCC ACT ATAATAA
Second Round:
Primer 1: Peg3B-BL
Sequence (5-3’): AGT GTG GGT GTATTAGAT T
Primer 2: Peg3C-BL
Sequence (5’-3’): TAA CAA AAC TTC TAC ATC ATC
Product size: 446
For COBRA:EcoRV will cut methylated sequence to produce 114bp38itbp
fragments
PCR Conditions: denature 94 °C 2min; 35 cyclesenfadure 94°C for 10 sec,
anneal 55°C 30 sec, extend 72°C 1 min
NOTE- decrease ramping speed to annealing tenfy@sec

7.9 LUminometric Methylation Assay

500 ng of DNA was digested with 5 unitsMépl and 5 units oEcoRI or 5 units
of Hpall and 5 units oEcoRI in 20uL reactions. After a 4-hour incubation 15pf
Pyrosequencing annealing buffer (Qiagen) was atliledch sample. 30uL of each
sample was loaded into the Pyrosequencer and atalysng the PyroMark MD
(Qiagen) program with a nucleotide dispensatioreoad GTGTCACATGTGTG. The
ratio of theMspl/EcoRI peaks (corresponding to nucleotides 9/10) waspared to the
ratio theHpall/ EcoRI peaks (nucleotides 9/10) to determine genomemdthylation

levels.
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7.10 Pyrosequencing of bisulfite treated DNA

50-100 ng of bisulfite treated DNA was used for PCRe PyroMark PCR kit

(Qiagen) was used following the manufacturers mato a 25uL reaction. PCR

conditions were: 95°C for 15 min followed by 45 g of 95°C for 15 sec, 55°C for 30

sec and 72°C for 15 sec. Ferbl10 annealing temperature was 54°C. 5uL of the

biotinylated PCR product was used for each sequgrassay with the appropriate

sequencing primer (see chart). Pyrosequencingesdsrmed using PyroMark Q96MD

(Qiagen) system following the manufacturer’s protand the PyroMark Gold 96

reagents kit (Qiagen). Methylation was analyzedgif)iagen’s Pyro Q- CpG software.

See table 7.2 for primer sequences and number Gs@palyzed.

Table 7.2 Pyrosequencing assays

DMR Forward PCR Reverse Biotinylated PCR | Sequencing Number
analyzed Primer (5’-3’) Primer (5’-3") Primer (5’-3") of CpGs
Analyzed
H19 GGGTAGGATATA | CTCATAAAACCCATAA | TGTAAAGATT 6
TGTATTTTTTAGG | CTATAAAATCAT AGGGTTGT
TTG
IG-DMR GTGGTTTGTTATG | CCCTTCCCTCACTCCAA | GTTATGGATTG | 5
GGTAAGTTT AAATTAA GTGTTAAG
Shrpn GGTAGTTGTTTTT | ACTAAAATCCACAAAC | AAAAATGTGA | 7
TGGTAGGATAT CCAACTAACCT GTATGTGTAGT
TA
Peg3 GGTTTTTAAGGGT | CCCTATCACCTAAATAA | AATTGATAAG 6
AATTGATAAGG CATCCC GTTGTAGATT
Kcnglotl TTTTGTGTGATTT | CCTCAAAACCACCCCT | GTAAGTATTTA | 7
TATTTGGAGAGT | ACT AGGTTAGAAG
TAGA
Mest GGAGGTTTTATAT | ACCACCCAACTAACAC | GGTTTTATATA | 5
AAGTATTTGTTTT | TAAA AGTATTTGTTT
T TTT
Grb10 GTTGTTTATTATT | CTACAATAATCCAAAT GTTGTTTATTA | 4
TGGTTGAGAG AATAAACAACTCC TTTGGTTGAGA
G
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7.11 RNA extraction

RNA was isolated using Trizol Reagent (Invitrogéijowing manufacturer’s
protocol. RNA was dissolved in 50uL RNase free@HRNA was isolated from E6.5
conceptuses using the Absolutely RNA Microprep(Kgilent Technologies) according
to manufacturer’s protocol and eluted in 30uL Elati All RNA samples were stored at

-80°C.

7.12 Reverse transcription

800ng of RNA was DNAse treated using RQ1 DNaser{lega) following
manufacturer’s protocol. Half of the DNAse trealR¥dA was used for reverse
transcription with SSIII RT (Invitrogen) followinthe manufacturer’s protocol. The
remaining half of the DNAse treated RNA was useg@ative control and underwent the
same conditions except water was added instea8Ibf ST. cDNA was diluted to

~2ng/uL concentration.

7.13H19 allele-specific RNase protection assay

ForH19 RNase protection assay 5ug of RNA was used wélRtiRAIIl RNase
protection assay kit (Ambion) following manufactiseorotocol. The probe was
prepared from a 754 BpamHI-Sul genomic DNA fragment. RNase protection gels
were exposed to storage phosphor screens thatse@need on a Typhoon Trio variable

mode imager. Band intensities were quantifiedgiémageJ.
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7.14 Allele-Specific expression by RT-PCR and resttion digest

~2ng of cDNA was used for an RT-PCR reaction. Fahaeaction a master mix
was prepared with a final concentration of 1x Gofmgmega), .3uM primers (listed in
table 7.3) in a final volume of 15pL. PCR condisowvere as follows 2 min at 95°C; 30-
35 cycles of 15 sec at 95°C, 15 sec at annealmgeeature (listen in table 7.3), 20 sec at
72°C. Linear range for individual samples was aeiteed and was usually between 30-
35 cycles. 10uL of amplification product was cuthwvappropriate restriction enzyme
(listed in table 7.3). Restriction Digests wersalged on a 12% acrylamide gel and band

intensities were quantified using ImageJ.
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Table 7.3 Allele-specific RT-PCR assays for imprirgd genes on mouse chromoson|

7

Gene

Primers (5’-3")

Annealing
Temp (°C)

Product
Size
(BP)

Restriction
Enzyme

Digested
B allele
band
size (BP)

Digested
C allele
band
size (BP)

Ascl2

Mas1l: TGAGCATCCCACC
CCCCTA
Mas2:CCAAACATCAGCG
TCAGTATAG

58

474

Sfcl

474

266, 207

Cdknlc

P57-L:
GCCAATGCGAACGGTG
CG

P57-4:
TACACCTTGGGACCAG
CGTACTCC

60

364

Tagal

306, 58

257, 58
49

H19

HE2:TGATGGAGAGGAC
AGAAGGG

HE4. TTGATTCAGAACG
AGACGGAC

55

235

Cacsl

173, 62

2235

Igf2

Igf2-18:
ATCTGTGACCTCTTGAG
CAGG

Igf2-20:
GGGTTGTTTAGAGCCA
ATCAA

58

200

Milucl

180, 20

165, 20,
15

Kengl

Lqtl:CATCGGTGCCCGT
CTGAACACG
Lat3:TTGCTGGGTAGGA
AGAGCTCAG

60

189

BsmFlI

189

113,76

Kenglotl

LitAF:AATTGGGAACTTG
GGGTGGAGGC
LitlIR:GGCACACGGTAT
GAGAAAAGATTG

60

814

Stul

814

601, 213

Pg4:ATGCCCACTCCGTC
AGCG
Pg7:GCTCATCCTTGTGA
ACTTTG

60

487

Mnli

110, 377

487

Ziml

Zm1l:CTTCAAGCAGAGC
ACAAAGC
Zm3:GTGGCACACGAAA
GGTTTCTC

59

490

Faul

490

236, 254
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7.15 Allele-Specific Lightcycler assay

Allele-specific analysis oBnrpn expression was performed using the LightCycler
Real-Time PCR system (Roche). ~2ng of cDNA was t@isedach sample. Each
reaction had primers (Snl: 5-CTCCACCAGGAATTAGAGGC-Sn3: 5'-
GCAGTAAGAGGGGTCAAAAGC-3) at .6uM concentration, glves at a .3uM
concentration (SnMut: 5’-GAAGCATTGTAGGGGAAGAGAA-FB’; SnAnc: 5'-
RED40-GGCTGAGATTTATCAACTGTATCTTAGGGTC-P-3’), MgGlat 3.875mM
concentration, PuReTaq Ready-to-go PCR bead (GEhdaee) in a 20uL reaction. The
PCR conditions were as follows: denature 95°C 2 ammplification 45 cycles of 95°C 1
sec, 50°C 15 sec, 72°C 6 sec ; melt 95°C 1 minC35Mmin, 40°C 1 min, 45°C 1 min,
85°C 0 sec (.5°C/sec ramp); Cool 40°C 30 sec. ysmalas performed using

Lightcycler3 program.

7.16 Relative quantification of expression

Relative quantification of RNA levels was performesing the LightCycler Real
Time PCR System (Roche). ~2ng of cDNA was addedRaReTag Ready-to-go PCR
bead (GE Healthcare), .3uM primers (listed in tab#g, .38uL TagStart Antibody
(Clontech), 1x EvaGreen (Biotum, Inc.) and Mg(ilsted in table 7.4). All expression
was normalized to the geometric mearRplfp0O (acidic ribosomal phosphoprotein p0)

andGapdh (glyceral dehydes-3-phosphate dehydrogenase).
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Table 7.4 Real time PCR assays

Gene

Primer (5’-3")

Final Mg2+
Conc. (mM)

Annealing
Temp (°C)

H19

HE2: TGATGGAGAGGACAGAAGGG
HE4. TTGATTCAGAACGAGACGGAC

3

55

lgf2

Igf2F:CGCTTCGTTTGTCTGTTCG
Igf2R:GCAGCACTCTTCCACGATG

3

58

Mecp2

gMecp2F:
CAGGCAAAGCAGAAACATCA
gMecp2R:
GCAAGGTGGGGTCATCATAC

3

60

Mbd1

gqVBDL1F:
GAGCACAGAGAATCGCCTTC
gMBD1R:
CACACCCCACAGTCCTCTTT

60

Mbd2

Mbd269L.:
AACTGGAGGAGGCACTGATG
Mbd269R:
GGGGAAGGTCAGTCGAAAGT

60

Gapdh

GapdhF1:
ATCACTGCCACCCAGAACAC
GapdhR1:
ATCCACGACGGACACATTGG

60

Rplp0

Arbp0#72L:
TCCCACTTACTGAAAAGGTCAAG
Arpb0#72R:
TCCGACTCTTCCTTTGCTTC

4.5

58

7.17 Cloning CpGfreel and CpGfree3

were inserted upstream of the CMV enhancer in p@p&reo-lacZ (Invivogen) using

the QuikChange Il XL Site-Directed Muatgenesis (Stratagene) and the following

primer sequences: for cloning of Aatll- sense: 5'-

GTGAGCAAACAGCAGATTAAAAGGAAGACGTCTAGGTACCTTCCTGCAGGAS

TC-3'; antisense: 5'-

GACTCCTGCAGGAAGGTACCTAGACGTCTTCCTTTTATACTGCTGTTTGGTA

C-3'. For cloning ofxhol- sense: 5'-
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GTGAGCAAACAGCAGATTAAAAGGAAGACGTCTACTCGAGTTCCTGCAGGAS
TC-3’; antisense: 5'-
GACTCCTGCAGGAACTCGAGTAGACGTCTTCCTTTTAATCTGCTGTTTGGTA
C-3'. For cloning of CpGfree3, axhol (GAGCTC) restriction site was cloned at the 3’
end of the CMV enhancer in the CpGfreel vectorgiiie QuikChange 1l XL Site-
Directed Muatgenesis Kit (Stratagene) using theerisequences; sense: 5'-
TAAGGTCAATAGGGGTGCTCGAGACTAGTGGAGAAGAGCA-3’; antisese: 5'-

TGCTCTTCTCCACTAGTCTCGAGCACCCCTATTGACCTTA-3.

Targeting vectors for the 8nrCG and 9CG mutant |@Ree digested with
Hindlll to obtain a 2.2kb ICR fragment. Hindlll digest was also used to isolate the
wild type H19 ICR from 129/SvJ lambda library. These 2.2kb i€&yments were
cloned in pBluescriptll KS vector. The pBlueschitS vectors containing ICR
fragments were digested wiffatll andXhol. The 1.8kb fragments were cloned into the

CpGfreel and CpGfree3 vectors.

CpGfreel and CpGfree3 were then either left unniatég or were methylated
using the CpG Methyladd.Sssl (Zymoresearch) following manufacturer’s protocol.
Methylation was confirmed by restriction digestshathe methylation sensitive enzymes

Hpall andHhal.

7.181n vitro repressor assay in Hep3b cells

Hep3b cells were cultured in 10% FBS (Gemini), DMEMutamine (Gibco).

On day 0, 1x1DHep3b cells were seeded on a 10cm plate and itenlilba 37°C
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overnight. On day 1 these cells were transfectiéld 1y1g of either methylated or
unmethylated CpGfree plasmids (linearized by digaswith Nhel) using Lipofectamine
2000 (Invitrogen) following manufacturer’s protocoOn day 2, each transfected 6cm
plate was passaged 1:2 onto 10cm plates. Selegiib00ug/mL G418 was initiated

on day 3 and selected for ~10-14 days. After selecprotein lysates were collected and
B-gal activity was measured using the High SensptdGalactosidase Kit (Agilent
Technologies) following manufacturer’s protocolotdl protein concentration was
measured using the Coomassie Plus Protein AssageRe@ hermo Scientific) following

manufacturer’s protocol.

7.191n vitro repressor assay in F9 cells

F9 cells (obtained from Dr. Hua-Ying Fan, Univeysf Pennsylvania) were
cultures in 10% FBS (Gemini), DMEM+Glutamax (Gibaw) 1% gelatinized plates. On
day 0, .3x10 F9 cells were seeded on a 10cm plate and inculb&@ePC overnight. On
day 1 these cells were transfected with 1ug okeithethylated or unmethylated
CpGfree plasmids (linearized by digestion wilel) using Lipofectamine 2000
(Invitrogen) following manufacturer’s protocol. n@ay 2, each transfected 6cm plate
was passaged 1:6 onto 10cm plates. Selection3blipg/mL G418 was initiated on day
3 and selected for ~10-14 days. After selectiootgin lysates were collected apaal
activity was measured using the High Sensitiit§alactosidase Kit (Agilent

Technologies) following manufacturer’s protocolotdl protein concentration was
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measured using the Coomassie Plus Protein AssageRe@ hermo Scientific) following

manufacturer’s protocol.

7.20 Isolation of F1 hybrid mouse embryonic fibrolbdists

F1 hybrid MEFs were isolated from individual E12.%55 embryos generated
from crosses between wild type B6 females and ClésraMbd2"" (B6) females and
Mbd2"" (C7) males. The liver was removed from embryos for genotypiFige
remaining embryo was placed in a 6cm plate comtgi®BS (Gibco). Under the tissue
culture hood the embryo was places in 2.5 ml 0.19p3in-EDTA (Gibco) and minced.
After incubation at 37C for 30-45 min with occasionally agitation, thgested cells
and tissues were transferred into a T75 flask Wtiml MEF medium (10% FBS
(Gemini), DMEM +Glutamax (Gibco)). When the cellsdame confluent, MEFs were

split or frozen at Passage 2 (P2). For knockdowresments, P4-P6 MEFs were used.

7.21 siRNA knockdown in MEFs

3 siRNA sequences targetiMpdl, Mbd2 or Mbd3 (sequences listed in table 7.5)
were generated from Invitrogen (Invitrogen Steal®RNA) and diluted in ImL RNase-
free water according to manufacturer’s protocoll sequences were tested using the
following protocol and the sequences producingoist depletion (siMbd1#39,

siMbd2#42 and siMbd3#38) were used for analysis.

1.4x1d MEFs/well were plated onto a 12-well plate in 58S{Gemini),

DMEM+Glutamax (Gibco). These cells were transféatdile in suspension using
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lipofectamine 2000 (Invitrogen) and 2p L of indivadwsiMbds, all 3 siMbds or a negative
control siRNA which does not target any known segegInvitrogen), following
manufacturer’s protocol. Medium was changed &ftkeours and cells were cultured in
10%FBS (Gemini) in DMEM+Glutamax (Gibco). 48 hoafter initial transfection, a
second transfection was performed with each walsaged into a well on a 6-well plate.
The cells were transfected while in suspensiongukipofectamine 2000 (Invitrogen)
and 5ul of the appropriate siRNA. 48 hours afemosid transfection, 85% of the cells

were lysed for protein analysis with the remaintegs spun down for expression

analysis.
Table 7.5 siRNA sequences
Name Sequence
siMbd1#39 sense:GCACCUUAUGCCAUCCCAUUCCCAA
antisense:UUGGGAAUGGGAUGGCAUAAGGUGC
siMbd1#38 sense:GAUUGCGUCCAUAUCAGACCCAUCA
antisense:UGAUGGGUCUGAUAUGGACGCAAUC
siMbd1#37 sense:UGGAAACGCCGAGAGUCCUUUCGAA
antisense:UUCGAAAGGACUCUCGGCGUUUUCCA
siMbd2#42 sense:GGAAAUGCUGUUGACCUUAGCAGUU
antisense:AACUGCUAAGGUCAACAGCAUUUCC
siMbd2#41 sense:GCGAGUCCAACAAGUACGCAAGAAA
antisense:UUUCUUGCGUACUUGUUGGACUCGC
siMbd2#40 sense:CCCUGCUGUUUGGCUUAACACAUCU
antisense:AGAUGUGUUAAGCCAAACAGCAGGG
siMbd3#59 sense:GAGUGGGCCCUGGCUGUACAGAUGA
antisense:UCAUCUGUACAGCCAGGGCCCACUC
siMbd3#58 sense:CCUUUGACAUUGCAGAAGAACUGGU
antisense:ACCAGUUCUUCUGCAAUGUCAAAGG
siMbd3#38 sense:UCCGCACCGGAAAGAUGUUGAUGAA
antisense:UUCAUCAACAUCUUUCCGGUGCGGA
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7.22 Culturing trophoblast stem cells

TS cells (obtained from Dr. Michael Golding, TeXe&M University) were
cultured as described previously (Himeno et al0&0 Briefly, TS cells were cultured
on mitomycin-C treated MEFs in TS medium (RPMI 1§&ibco) supplemented with
20%FBS (HyClone), 2-mM L-glutamine (Gibco), 1ImM sad pyruvate (Gibco),
100mM 2-mercaptoethanol, 50U/mL penicillin, 50pg/stteptomycin) with 1X FGF4
and Heparin (F4H) (Sigma) added fresh. TS celtsatso be cultured in 70% MEF-
conditioned medium (CM) 30% TS medium 1.5X F4H. rilake the CM, mitomycin-C
treated MEFs were plated at a high density andicdtin TS medium without F4H for
at least 72 hours. The CM was harvested and cegédf at 1000 rpm for 20 min to
remove cellular debris. The supernatant was delteand passed through a 0.2 pm filter

and frozen at -20°C.

For culturing TS cells, medium was changed ev@ridurs, and fresh F4H was
added each time. To passage TS cells, cells weaett with 0.05% Trypsin-EDTA at 37
°C for 3 min and were split 1:5 to 1:20. To coll&é& cells without MEF contaminants,
cells were trypsinized and replated in 70% CM + FdH45 min. The supernatant was
transferred to a new plate for another 45 min. Bhygernatant contained predominantly

TS cells.

To ensure TS cells did not differentiated we anedyexpression of the
pluripotency geneEsrrb, mEomes, Fgfr2 (table 7.6) and a marker of differentiation,

Ascl2 (as described previously in table 7.3). ~2ng déDwas used for each RT-PCR
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reaction containing 1X GoTaqg (promega) and .3pNhefappropriate primer. The PCR
conditions for pluripotency markers were: 2 mir9&atC; 35 cycles of 15 sec at 95°C for

10 sec, 15 sec at 55°C, 20 sec at 72°C

Table 7.6 RT-PCR assays for pluripotency markers

Gene Primer Sequence (5’-3’)

Essb Esrrb-c286f: ACTCTGCATCCCGGACCCCC
Esrrb-c473r: GCGTGGGTGCTCAGGGCAAT

MEomes mEomes-F: GTGACAGAGGACGGTGTGGAGG
mEomes-R: AGAGGAGGCCGTTGGTCTGTGG

Fgfr2 Fofr2-F: GACAAGCCCACCAACTGCACC
Fofr2-R: CGTCCCCTGAAGAACAAGAGC

7.23 siRNA knockdown in TS cells

9.1x10 TS cells/well were plated into each well of a 18Hvplate in
70%CM+1.5XF4H. These cells were transfected wihilguspension using
lipofectamine 2000 (Invitrogen) and 2L of siMbd39#a negative control SIRNA
(Invitrogen), or a fluorescent RNA (Invitrogen) lflmlving manufacturer’s protocol.
Medium was changed after 4 hours and cells wetered in 70%CM+1.5XF4H. 48
hours after initial transfection, a second transbecwas performed with each well
passaged into a well on a 6-well plate. Cells viesfected while in suspension using
Lipofectamine 2000 (Invitrogen) and 5uL of the ayprate RNA. 24 hours after second
transfection, fluorescence was detected to detertnamsfection efficiencies. 48 hours
after second transfection 85% of the cells weredy®r protein analysis with the

remaining cells spun down for expression analysis.

7.24 Cloning shRNA into a lentiviral vector
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shRNAs againgd¥ibdl andMecp2 were cloned into the PLKO.1(Addgene)
lentivirus vector. siMbd1#39 sequence was useadrggetMbdl and the sequence used to
targetMecp2 was that used in (Zhou et al., 2006). For comvgriequences into an
shRNA and cloning into PLKO.1, oligos were ordefatbwing the scheme: forward
oligo: 5’CCGG-sense sequence-CTCGAG-antisense seqtET TTTG3' reverse oligo:
5’ AATTCAAAAA- sense sequence- CTCGAG-antisense seme. Therefore, the
following oligos were ordered to targebdl: Mbd1-39F:5'-
CCGGGCACCTTATGCCATCCCATTCCCAACGAATTGGGAATGGGATGGCAY
AGGTGCTTTTTG-3’; Mbd1-39R: 5'-
AATTCAAAAAGCACCTTATGCCATCCCATTCCCAACGAATTGGGAATGGGAT
GGCATAAGGTGC-3'. To targemMecp2 the following oligos were ordered: Mecp2F:5'-
CCGGGTCAGAAGACCAGGATCTCCGAAGAGATCCTGGTCTTCTGACTTTTG-
3’; Mecp2R:5'-
AATTCAAAAAGTCAGAAGACCAGGATCTCCGAAGAGATCCTGGTCTTCTGAC-

3.

Oligos were resuspended in ffHito a concentration of 20uM and annealed by
mixing 5uL forward oligo, 5L reverse oligo, 5uLXINEB buffer 2 and 35uL diD.
The reaction was incubated at 95°C for 4 min. fda&t block (containing the reaction)
was then placed at room temperature and alloweddbover 4 hours. The reaction was
purified using Qiagen’s QIAquik PCR purificationtkiThe annealed oligos were
phosphorylated using T4 PNK (New England Biolalodpfving manufacturer’s

protocol.
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For cloning annealed oligos into the pLKO.1 vectbe vector and annealed
oligos were digested witAgel andEcoRI. The digested fragment and vector were
ligated together and transformed using BHHemically competent cells (Invitrogen)

following manufacturer’s protocol.

DNA from individual clones was digested wieoRI andNcol to ensure
insertion of the shRNA sequence into the vectarsitize clones produce ~2kb and ~5kb
fragments, whereas an empty vector will produce ~&ib~7kb fragments. Positive
clones were sequenced with the PLKO.1 sequencingepl5’-

CAAGGCTGTTAGAGAGATAATTGG-3)).

To produce viral particles, ~70% confluent 15cmelait 293T cells (cultured in
10%FBS (Gemini), DMEM+Glutamax (Gibco)) was tramséel with 15ug pLKO.1
shRNA plasmid, 11.25ug psPAX2 packaging plasmiddgehe) and 3.75ug pMD2.G
envelope plasmid (Addgene) using Lipofectamine @@@trogen) following
manufacturer’s protocol. After overnight incubatiat 37°C the medium was replaced
with 25mL fresh DMEM+Glutamax (Gibco) +10%FBS (Gemi+1/100
penicillin/streptomycin (University of Pennsylvar@all Center) +1/100 non-essential

amino acids+ 1/100 sodium pyruvate (Gibco). Sugamntavas harvested 76 hours later.

For concentration of Lentivirus, supernatant whsried through a .45um filter
and spun for 1.5 hours at 28000 x g at 4°C. Thietpgas resuspended in 500uL of PBS
(Gibco) and left overnight at 4°C. The virus waquoted the following day and stored

at -80°C.
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To titrate the lentiviruses, 293T cells were inéettvith varying dilutions of virus
and treated with 1.5pg/mL puromycin. Numbers obleacells after 4-6 days of drug

selection were counted and the virus titer wereutated.

7.25 shRNA knockdown in MEFs

3.5x1¢ Mbd2” MEFs were plated into each well of a 6 well platel incubated
at 37°C overnight. Cells were infected with 30 M#Viruses containing shMecp2,
shMbd1, both or shControl in 8ug/mL polybrene (Aican Bioanalytical). 24 hours
after infection cells were passaged onto a 6 cite @ad puromycin treatment (at a
concentration of 1.2pg/mL) was initiated. 24 haats selection, cells were re-infected
with 30 MOI shMecp2 (only shMecp2 required 2 rounéisafection). 48 hours into
selection cells were passaged onto a 10cm platelays after selection cells were
collected with ~75% of cells lysed for protein arsidyand 25% of cells pelleted for RNA

analysis.

7.26 shRNA knockdown in TS cells

5.5x10 TS cells were plated into each well of a 6 weditel(cultured in
70%CM+1.5F4H) and incubated at 37°C overnight.|SCGeere infected with 30 MOI of
viruses containing shMbd2lor shControl in 8ug/mLypoéne (American Bioanalytical).
24 hours after infection cells were passaged ot@ra plate and puromycin treatment

(at a concentration of 1.75ug/mL) was initiate®. hdurs into selection cells were
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passaged onto a 10cm plate. ~7 days after selemltswere collected with 75% of

cells lysed for protein analysis and 25% of ceiigted for RNA analysis.

7.27 Western blot analysis

Cell pellets were lysed with TNE (100 mM Tris, pHti71% NP-40; 10 mM
EDTA) buffer with 1:100 Proteinase inhibitor codk{&igma) and 1 mM DTT.
Embryos and placentas were lysed in 5X RIPA budfed vortexed for 5 min. Total
protein concentration was measured using the CaaeBé&us Protein Assay Reagent
(Thermo Scientific) following manufacturer’s protc Lysates were mixed with 5X
loading buffer, denatured by heating at©@3or 10 min. 20ug of total protein was
fractionated on an 8% SDS-PAGE gel. The proteintnassferred to a nitrocellulose
membrane (BioRad), blocked in 5% milk in TBST (@®3ween-20 in 1X TBS) and
probed with primary antibodies (as listen in tablg) overnight and secondary antibodies
for one hour (HRP-conjugated anti-rabbit (1:2500tn), GE Healthcare). The blot
was visualized using chemiluminescence (ECL PIUS). Quantification was performed

using ImageJ.

Table 7.7 Antibodies used for western blot

Antibody raised Company Lot# Dilution Secondary
against

MBD1 Santa Cruz C161 1:200 Rabbit
MECP2 Dr. Zhaolan Zhou | 1:2000 Rabbit

University of
Pennsylvania

RAD21 Bethyl A300-080A-3 1:500 Rabbit
GAPDH Cell Signaling 8 1:1000 Rabbit
Flag-tag Sigma M2 1:1000 Mouse
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7.28 Cloning of MBD overexpression vector

Primers were designed to include amino acid 76utiincamino acid 160 of
MECP2, which deletion studies defined as the MBRr{l¢t al., 1993). Primers also
included sequences in order modify the MBD to congaC-terminal flag-tag and an N-
terminal SV40 nuclear localization signal. Oligdso included 8amHI restriction site
(GGATCC) to be included 5’ of the flag sequence arghll restriction site (GTCGAC)
to be included 3’ of the NLS sequence. Primeusages were as follows:
MBDBAMAAT76F:5'-
AAAAGGATCCATGGATTACAAGGATGACGACGATAAGCCTCGGCTTCCCC®a
AACAGCGG-3’; MBDAA163R: 5'-
AAAAGTCGACTCAAACCTTCCGTTTCTTTTTCGGGGGCTCCCTCTCCCAGRA
CCGTGA-3'. 2ng of cDNA derived from a wild type@tdmouse was added to a
reaction mix with 1X GoTaQ (promega), .3uM of thierers listed above in a 20ul final
reaction. PCR conditions were as follows 2 mi@%ftC; 35 cycles of 15 sec at 95°C, 15

sec at 55°C, 20 sec at 72°C.

Amplified fragments were run out on a 1% agaraseagd the band was excised
and purified using the QiaQuick Gel Extraction(Kdiagen) according to manufacturer’s
protocol and eluted in 30uL dB. Purified PCR product was cloned using the TOPO-

TA kit (Invitrogen) follow manufacturer’s protocol.

The Topo vector containing the MBD fragment arglristroviral pBabe-puro

expression vector (Morgenstern and Land, 1990gr{obtl from Dr. Xiaolu Yang,
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University of Pennsylvania) were digested wBdmHI andSall. The pbabe-puro vector
and MBD insert fragments were ligated and transéatim chemically competent Top
10F cells (Invitrogen) following manufacturer’'s poool. Positive clones were identified
by presence of the ~350bp fragment after digestitim BamHI andSall. One positive
clone was sequenced by the University of Pennsidv@aquencing Facility using
primers overlapping the MBD: (QMBDF: 5’-CCGGGGACCTE&TATGATG-3’;

gMBDR: 5-AGGAGGTGTCTCCCACCTTT-3)).

7.29 MBD overexpression in F1 hybrid MEES

To produce viral particles, 5ug of DNA (either f@aMBD or pBabe) was
transfected using Cagihto Pheonix-E cells (obtained from Dr. Xiaolu gtUniversity
of Pennsylvania) and cultured in 10%FBS (GeminM|EM+Glutamax (Gibco). The
transfected cells were incubated overnight at 3@ medium was replaced with 2 mLs
of fresh medium. The following day, the viral caiming medium was harvested and
spun down at 1,000 RPM for 5 minutes to collect egllular debris. 2mLs of fresh
medium was added to the transfected Pheonix-E. c&lI5x16 MEFS were resuspended
in the 2mLs of viral supernatant with 8ug/mL of ylmene (American Bioanalytical) and
500uL of fresh medium in a 6 well plate. The ngxy, the MEFS were passaged onto a
6cm plate and resuspended in new viral medium ttePheonix-E cells. 24 hours after
the second round of infection, cells were treatéd puromycin at a concentration of

1.2ug/mL. Puromycin concentration was increasely dntil it reached 2pug/mL. Cells
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were collected for analysis after ~7 days in sebecivith ~25% of cells used for RNA

analysis and ~75% used for protein analysis.

Overexpression of thdecp2 MBD was quantified using the the LightCycler
Real-Time PCR system (Roche). ~2ng of cDNA was atndl@dPuReTaq Ready-to-go
PCR bead (GE Healthcare), .3uM primers qMBDF, gMBited section 7.28), .38uL
TagStart Antibody (Clontech), 1x EvaGreen (Biotunt,) and 3uM MgGl PCR
conditions followed those outlined in section 7wliéh and annealing temperature of
58°C. All expression was normalized to the geornetréan oRplp0 (acidic ribosomal

phosphoprotein pO)

7.30 Statistical analysis

To calculate P-value for gene expression changegf-gal activity changes, a
two-tailed paired T-test was used. For analysiSNA methylation a P-value was
calculated using a chi-squared test comparing ibegption of mutant and wild type
samples showing abnormal methylation (sperm: matioyl levels > 15% for maternally
methylated DMRs and < 85% for paternally methyldddRs; somatic tissues:

methylation levels < 40% or > 60%). A P-value waasidered significant if <.05.
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