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Abstract

X-linked o-thalassaemia mental retardation (ATR-X) syndrome is characterized

by severe cognitive delay, broad developmental abnormalities and o-thalassaemia.
Disease-causing mutations in the 4A7RX gene give rise to a malfunctioning protein and
result in aberrant DNA methylation at specific repeat sequences. ATRX is a SNF2
chromatin remodeling protein that targets o-globin gene expression, but additional targets
remain largely elusive. Using a mouse model in which A#rx is conditionally deleted in the
developing forebrain, I show that DNA methylation at repeat sequences is comparable to
that found in ATR-X patients. I further describe the identification of specific imprinted
genes that are progressively regulated by Atrx throughout development. I show that

aberrant imprinted gene expression in the Afrx™"

brain is not correlated with changes in
DNA methylation at regulatory differentially methylated regions, but that Atrx co-
localizes with MeCP2 at the H19 ICR. Taken together, my findings establish for the first

time a link between ATRX and the control of neuronal imprinted gene expression.

Keywords: ATR-X syndrome, X-linked mental retardation, forebrain, ATRX, chromatin

remodeling, genomic imprinting, DNA methylation, H19, Igf2, MeCP2
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CHAPTER 1 - Introduction

1.1 The Significance of ATRX

Over a decade ago, mutations in the ATRX gene were identified in young males
with a rare syndrome known as X-linked a-thalassaemia mental retardation (ATR-X) (1).
Since that time, ATRX mutations have been implicated in a number of additional X-linked
mental retardation (XLMR) disorders (2-7), many of which share similarities with the
ATR-X syndrome. Using a mouse model system, null mutations in the murine Afrx gene
were found to be lethal early in embryonic development due to defective formation of the
extra-embryonic trophoblast (8). Furthermore, conditional deletion of Afrx in the mouse
forebrain led to the discovery that Atrx is critical for development of the murine cortex
and hippocampus (9). Despite the known requirement for ATRX in the developing
trophoblast and forebrain, the mechanisms by which ATRX functions and how this

relates to development remain elusive.

1.1.1 Early Discoveries

The discovery of a relationship between mental retardation and the blood disorder
a-thalassaemia was first described in three families of Northern European descent (10).
Initial cases involved patients who had deletions mapping to the a-globin locus on
chromosome band 16p13.3, with unexplained mild mental retardation (10-12). However,
the medical community was soon perplexed by the finding of new patients with severe
mental retardation in which no disease-causing mutations existed in the 16p chromosomal

region (13). After almost a decade, it was determined that patients could be classified as



having one of two distinct syndromes (13, 14). In the latter syndrome, where a-globin
mutations are not present, it was speculated that an unknown frans-acting factor that is
normally involved in a-globin regulation was mutated (13). Following the description of
six unrelated patients who were all cytogenetically male, it was postulated that the
mutated gene causing the non-deletion type of a-thalassaemia/mental retardation was X-
linked (15-17). Within one year, the non-deletion type of «-thalassaemia/mental
retardation was formally named X-linked a-thalassaemia mental retardation (ATR-X)
syndrome (18) and the disease-causing gene was preliminarily localized to the Xql2-

21.31 chromosomal region by X-inactivation and linkage analysis (19).

1.1.2 ATR-X and Related Mental Retardation Syndromes

X-linked a-thalassaemia mental retardation syndrome is characterized by severe
to profound cognitive delay (95% of cases) in association with characteristic diagnostic
features including facial anomalies (>90% of cases) and moderate levels of
a-thalassaemia (90% of cases) (20). A wide range of additional phenotypes are present
and include genital abnormalities, skeletal abnormalities, microcephaly, short stature,
seizures, heart problems and renal/urinary defects (20, 21). In addition, ATR-X patients
exhibit hypomethylation at ribosomal DNA (rDNA) arrays, while hypermethylation
occurs at repetitive sequences encompassing the Y-specific satellite DYZ2 and the
TelBam3.4 sub-telomeric repeat family (22). Epidemiological analysis indicates that the
prevalence of ATR-X syndrome in the global population is quite low, affecting

<1-9/1,000,000 individuals (20). Although a number of documented cases cited death at a



young age due to pneumonia or gastro-oesophageal reflux, it is not uncommon for
ATR-X patients to thrive well into adulthood (20).

Diagnosis of the ATR-X syndrome previously relied on the haematological
presence of o-thalassaemia as a defining characteristic of the disease, however, a number
of ATR-X families showing no signs of o-thalassaemia have since been identified (23,
24). It is now thought that a variety of mutations occurring throughout the ATRX gene
may have differential effects on a-globin expression (20). Past diagnoses relied on the
presence of excess PB-globin chains, more commonly referred to as HbH inclusions,

however these aggregates may not appear until there is 30-40% decrease in a-globin
synthesis (25). Therefore, although some ATR-X patients do not exhibit HbH inclusions
(2, 23, 24), it does not rule out the possibility that a-globin is downregulated.

Since the ATRX gene is found exclusively on the X chromosome (1), inherited
point mutations or partial duplications will affect male children. Until recently, no female
ATR-X patients had been identified due to extremely skewed patterns of X-inactivation
found in carrier females (19, 26). This extreme skewing, which is observed in other
XLMR disorders (27), is proposed to be caused by selection favouring cells that express
the wild-type ATRX allele (28). Recently, a carrier female patient was identified in which
skewed X-inactivation resulted in an unexpected silencing of the wild type ATRX allele
(29). Although this observation remains unexplained, the female patient did have a de
novo ATRX mutation and was the product of artificial reproductive technology (29),
which has been associated with increased instances of epigenetic disorders (30-32).

Mutations in the ATRX gene have been linked to a number of additional XLMR

disorders such as Juberg-Marsidi (2), X-linked mental retardation with spastic paraplegia



(3), Carpenter-Waziri (5), Holmes-Gang (4), Smith-Fineman-Myers (7) and Chudley-
Lowry (6) syndromes. Due to phenotypic overlap, ATR-X syndrome may be improperly
diagnosed as one of Coffin-Lowry, Angelman or Smith-Lemli-Opitz syndromes, however

mutational analysis should differentiate between these diseases (20).

1.1.3 ATRX and the Development of the Extra-Embryonic Trophoblast

Until recently, very little information was known regarding the role ATRX plays
during mammalian development. In order to address this question, a mouse model system
was engineered in which the major isoform of Atrx was deleted in mouse embryonic stem
(ES) cells and embryos (8). Using different vectors that remove exon 18 from the Atrx
gene in an ES cell culture system, homologous recombination resulted in failure to
recover target clones, suggesting that Atrx is likely important for normal ES cell growth
and expansion (8). After adopting a Cre-mediated conditional deletion strategy, clones
were obtained in which both Atrx transcript and protein were abolished, indicating that
deletion of exon 18 has a highly destabilizing effect on the Atrx transcript (8, 9).

To generate Amrx™"

embryos, a Cre-mediated recombination system was used
under control of the mouse GATA-Binding protein-1 (GATA-1) regulatory elements, and
resulted in active Cre recombinase (Cre) expression at the 16-cell morula stage (8, 33).

Zero recovery of Atrx™!

male mice at birth indicated that Atrx plays a role in embryonic
development, which was supported by the finding that embryonic lethality occurred
before 9.5 days postcoitus (dpc) (8). Prior to lethality, Atrx™" embryos were smaller in

size due to defects in cell proliferation (8). The most striking observation was the highly

disorganized appearance of the extra-embryonic tissue caused by defective formation of



the secondary giant cell compartment in the developing trophectoderm (8). It is now
proposed that the essential role Atrx plays in the developing mouse trophoblast may

explain the lack of null mutations identified in patients with ATR-X syndrome (8).

1.1.4 ATRX and Neuronal Development

Considering that the major diagnostic feature of ATR-X syndrome is severe
mental retardation (20, 21), it is not surprising that ATRX plays a role in neuronal
development. To address the function of ATRX in central nervous system development, a
mouse model was established whereby Cre-mediated conditional deletion of exon 18
from the Atrx gene occurs specifically in the forebrain (9). Recombination of the floxed
Atrx allele, which was the same strategy used for deletion of Atrx in ES cells, is outlined
in Figure 1.1. Under control of the Forkhead box GI (FoxGl) promoter, Cre expression
is confined to the forebrain commencing at embryonic day 8.5 (ES8.5) (34). All
Atrx™™91" males were smaller at birth and most did not survive past the first 48 hours
(9). Furthermore, a profound size reduction in the frontal cortex and hippocampus was
observed in combination with a replacement of the entire dentate gyrus by a small mass
of disorganized cells (9). Cortical hypocellularity was found to be caused by a drastic
increase in neuronal apoptosis during early corticogenesis, ultimately resulting in fewer
neurons migrating to the cortex and dentate gyrus (9). The results of this study

demonstrated that Atrx is critical for neuronal survival during corticogenesis, and this

may be a contributing factor to the severe mental retardation found in ATR-X patients.



Figure 1.1 Cre-LoxP mediated targeted deletion of Atrx exon 18. The upper line is the
wild type (4trx"") allele. The middle line is the floxed (4#7x") allele showing insertion

of LoxP Cre target sites with a neo marker. The bottom line is the recombined (4zrx?54°

null

or Atrx™") allele from which exon 18 and the neo cassette have been deleted.
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1.2 Cellular Functions of the ATRX Protein

Since the identification of disease-causing 47RX mutations, there has been a great
deal of research focused both on determining how the ATRX gene is regulated and
elucidating the complex functions of the ATRX protein throughout the cell cycle.
Important features of the 4ATRX gene and protein are outlined below, with subsequent
explanation of the known cellular functions of ATRX. Briefly, the ATRX protein has
been implicated in numerous cellular activities including, but not limited to, chromatin
remodelling and regulation of genomic stability, transcriptional control of a-globin gene
expression, and epigenetic regulation of DNA methylation. Although many important
discoveries have been made regarding ATRX function, numerous questions remain
unanswered such as determining what additional genes ATRX targets and how

transcriptional regulation is mediated.

1.2.1 The ATRX Gene

Following the description of ATR-X syndrome as a disease, linkage analysis was
used to localize the ATR-X locus to a proximal region encompassing the chromosomal
bands Xq12-q21.31 (19), with a minor refinement of the candidate region to Xq12-q21.1
within one year (35). Subsequent linkage analysis narrowed the chromosomal region to
Xql13.1-g21.1 (1), however deletion analysis demonstrated that missing genomic regions
in ATR-X patients corresponded to the previously described protein and c¢DNA
sequences encoded by X-linked nuclear protein (XNP) (36) or X-linked helicase 2 (XH2)
(37). This analysis precisely identified the location of ATRX at Xq13.3, between the gene

for Menkes disease (MNK) and the X-chromosome region DXS56 (37). The murine Atrx



homolog was shown to map to the homologous region between the Phosphoglycerate
kinase-1 (Pgkl) and X-inactivation specific transcript (Xist) genes (36).

The ATRX gene encompasses approximately 300kb of genomic DNA (38) and has
an intron-exon boundary that codes for 36 exons (38, 39). This gene encodes a primary
transcript of approximately 280 kDa and gives rise to a protein of 2492 amino acid
residues (39). The human gene codes at least two transcripts that are the result of
alternative splicing of exon 6 and these give rise to proteins of size 278 or 283 kDa (39).
Similar splicing of the mouse gene gives predicted proteins of size 274 or 279 kDa (40).
A second alternative splice site has been reported for the ATRX gene in exon 7 (38),
however it has been proposed that this is a rare human-specific transcript that introduces
a premature in-frame stop codon to the splice variant (40). Reported failure to splice
intron 34 results in partial truncation of the C-terminal region giving rise to a protein of
size 267 and 265 kDa in human and mouse, respectively (40). The functional significance
of the alternate splice variants has not been determined.

The primary ATRX transcript is translated into a novel member of the sucrose
non-fermenting 2 (SNF2) family of chromatin remodelling proteins (38), which are a
class of enzymes that use the energy of adenosine tri-phosphate (ATP) hydrolysis to
disrupt nucleosome stability and are often involved in transcriptional regulation (41). The
amino (N)-terminal encodes a nuclear localization signal and a zinc finger region
commonly referred to as the ADD (ATRX, DNMT3, DNMT3L) domain (42, 43), while
the carboxy (C)-terminal encodes the SNF2 helicase and ATPase domains (38, 44). A
truncated ATRX protein (ATRXt) has been identified in human HelLa, 293 and

lymphocyte cell lines (45, 46) as well as mouse embryonic fibroblasts (47). ATRXt is
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missing the entire C-terminal SNF2 domain due to a failure to splice intron 11 from the
primary transcript, however no functional significance has been established for this
protein isoform (47). ATRX contains several additional protein motifs, however
documented ATR-X mutations most commonly map to either the SNF2 or ADD

domains, indicating that both are functionally significant (21).

1.2.2 The ADD Domain

Following establishment of the full-length complementary DNA (cDNA)
sequence of ATRX (38), three zinc finger motifs were located in the five-prime region of
the gene (39). Analysis of the N-terminal protein region identified a cysteine-rich motif
(cys4-his-cys3) similar to a putative zinc-finger called the plant homeodomain (PHD)
(48). Accumulating evidence suggests that PHD fingers regulate gene expression by
interacting with the activating histone modification trimethylated lysine 4 on histone H3
(H3K4) (49). The ATRX protein is unique in that the PHD finger is flanked by an
additional C,-C; zinc finger motif, which is a feature shared only with the de novo DNA
methyltransferases DNMT3A, DNMT3B and DNMT3L (50). Taken together, the zinc
finger arrangement has been named the ATRX-DNMT3-DNMT3L (ADD) domain (42).

Recent nuclear magnetic resonance (NMR) structure determination of the ATRX
ADD domain has determined that three distinguishable regions including a GATA-like
zinc finger, an imperfect PHD-like zinc finger and a C-terminal helix pack together
through hydrophobic interactions to form the ADD domain (51). Due to sequence
similarity (52), it is likely that the DNMT3 ADD domains fold in a similar manner.

Known missense mutations in the ADD domain were originally proposed to disrupt zinc
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finger structure (50), and recent evidence shows that the majority of disease-causing
mutations affect buried residues in the hydrophobic core while a few affect exposed
surface residues (51). While buried mutations are proposed to affect the structural
integrity of the ADD domain, surface mutations may affect protein interaction sites (51).
To date, no studies have identified exact protein interaction residues and the
function of the ATRX ADD domain ultimately remains unresolved. However, a recent
study has shown that the ADD domain of DNMT3L recognizes unmethylated lysine 4 on
the amino tail of histone H3 and induces de novo DNA methylation by recruitment or
activation of DNMT3A2 (53). In addition, the ADD domains of DNMT3L and DNMT3A
have been implicated in the recruitment of repressive histone deacetlyases (HDAC) to
silent chromatin domains (54, 55). These studies suggest that the ATRX ADD domain is
involved in recruitment of DNA methyltransferases and/or recruitment of repressive

histone modifying enzymes.

1.2.3 The SWI2/SNF2 Chromatin Remodelling Domain

Initial characterization of the ATRX gene, originally called XH2 or XNP, described
a putative member of the helicase II superfamily that shared six conserved domains with
other helicases, most notably the switching-2 (SWI2)/SNF2 chromatin remodelling
protein  RAD54 (S. Cerevisiae homolog of Radiation sensitive gene 54) (37).
Comparative analysis then determined that ATRX is a unique member of the RAD54-like
grouping of the SNF2 superfamily of chromatin remodelling proteins with similar
catalytic ATPase domains and seven collinear helicase motifs (38, 40). Homologous

members of the ATRX subfamily have been predicted or identified in a variety of
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eukaryotic species such as the fruitfly Drosophila melanogaster (56). SNF2 family
members are involved in a broad range of cellular activities, including transcriptional
regulation, DNA repair and chromosome segregation (57), however a few RAD54-like
SNF2 proteins have been specifically implicated in mitotic repair and meiotic crossover
(58). A number of mutations in the C-terminal domain of ATRX result in truncation of
the protein and are often associated with urogenital abnormalities in ATR-X patients,

however no additional genotype-phenotype correlations have been observed (20).

1.2.4 Chromatin Remodelling and Regulation of Genomic Stability

The identification of a nuclear localization signal in the N-terminal of ATRX (38)
soon led to the discovery that ATRX is associated with the core nuclear matrix during
interphase (45, 46), which is a hub for actively transcribed genes. At the same time, the
N-terminal was also shown to contain sufficient information to mediate an interaction
with Heterochromatin protein la (HP1a), resulting in protein localization to pericentric
heterochromatin during all stages of the cell cycle (46). It was subsequently demonstrated
that ATRX is phosphorylated in a cell cycle dependant manner, leading to the hypothesis
that a dual role exists for ATRX in the cell: During mitosis ATRX is involved in
chromosome segregation and during interphase ATRX 1is associated with the nuclear
matrix where it regulates gene expression (45).

Upon mitotic entry the ATRX protein becomes phosphorylated predominantly at
serine residues, which is proposed to be necessary for release of ATRX from the nuclear
matrix and progression into mitosis (45). Targeted short interfering RNA (siRNA)

depletion of ATRX in immortal HeLa cells (cervical carcinoma line) results in a variety
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of mitotic abnormalities including misalignment at the mitotic plate, cohesion and
segregation defects (59). Furthermore, it has also been shown that ATRX is required for
meiotic chromosome alignment and spindle organization in murine oocytes (60). These
studies suggest that ATRX is required for both the maintenance of genomic stability and
the segregation of chromosomes during mitosis and meiosis.

Dephosphorylation of ATRX coincides with exit from mitosis (45). Throughout
the Gap 1 (G1) to early Synthesis (S) phases of the cell cycle, ATRX is localized both to
pericentric heterochromatin where it interacts with HP1a (46), as well as promyelocytic
leukaemia nuclear bodies (PML-NB) where it interacts with the Fas death domain
associated protein (DAXX) (61, 62). At the middle to late S-phase, a site-specific
phosphorylation event on ATRX is proposed to result in accumulation of DAXX at
condensed heterochromatin (61). Here it is hypothesized that the ATRX-DAXX complex
is involved in transcriptional repression via interaction with chromatin-associated
proteins such as histone deacetylases and core histones (61). In vitro studies have shown
that ATRX forms a chromatin remodelling complex with DAXX, thereby supporting a
role in transcriptional regulation. In particular, the ATP-dependant ATRX-DAXX
complex has translocase activity and is capable of disrupting the DNasel digestion of a
nucleosome (62), both of which are common in vitro activities for other members of the
SWI2/SNF2 family (63). This finding is clinically significant because the level of ATRX-
DAXX complex is decreased in a patient cell line for ATR-X syndrome (62).

At the Gap2 (G2) phase of the cell cycle ATRX is once again dephosphorylated
(45) and localizes both to pericentric heterochromatin (46) and the PML-NB (61, 62). At

this time, juxta-centromeric satellite DNA localizes with the PML-NB and a series of
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proteins layer around the satellite DNA in the order of HPla/HP1p - ATRX - DAXX -
PML (64). It is now proposed that the PML-NB is tethered to the nuclear matrix where its
function is to re-establish the condensed heterochromatic state on late-replicated satellite
DNA (64). Additional evidence suggests that the PML is also involved in the regulation
of chromatin loop formation at the major histocompatibility complex (MHC) class 1
genes (65). In particular, PML physically interacts with the matrix attachment region
(MAR) binding protein, special AT-rich binding protein 1 (SATBI1), in an effort to
organize the MHC into higher order chromatin loops with restricted expression profiles at
individual genes (65). Through the PML, ATRX may therefore be involved in regulation
of gene transcription via chromatin looping. Following the G2-phase, ATRX is once

again phosphorylated and restarts its functional program within the cell cycle.

1.2.5 Transcriptional Regulation of Gene Expression

Downregulation of a-globin expression in patients with ATR-X syndrome is an
additional indication that ATRX may be involved in the regulation of gene transcription.
ATR-X patients show changes in a-globin, but not B-globin expression (38), suggesting
that ATRX regulates specific genes depending on their chromatin environment. Studies
on the epigenetic status of a-globin in ATR-X patient cell lines show that cis-acting
regulatory sequences and patterns of DNA methylation are unchanged (13). However,

recent evidence indicated that in erythroid cells, distant regulatory elements come in close
proximity with the a-globin genes in a chromatin-looping mediated transcription factory

(66). Conversely, silenced a-globin genes in other cell types formed a different chromatin
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loop resulting in segregation from the transcription factory (66). The a-globin loop may
therefore target ATRX because it is in a different chromatin environment than 3-globin.
Additional lines of evidence support a role for ATRX in transcriptional
regulation. Although SNF2 chromatin remodelling proteins have been implicated in the
control of gene expression and DNA repair, studies on fibroblasts from ATR-X patients
show no defects in the DNA repair pathway (37), suggesting that ATRX is likely a
transcriptional regulator. A yeast two-hybrid screen later identified an interaction
between ATRX and the polycomb-group heterochromatin-associated protein Enhancer of
Zeste homolog-2 (EZH2) that is involved in chromatin repression (67). It was suggested
that ATRX interacts with EZH2 to counteract chromatin repression, ultimately

facilitating transcriptional activation at the a-globin locus (67).

1.2.6 Epigenetic Regulation of DNA Methylation

Concurrent with the discovery that ATRX localizes to heterochromatin, a striking
observation was made that during metaphase ATRX also localizes to the short arms of
acrocentric chromosomes where the rDNA arrays are located (46). This prompted
researchers to determine whether ATRX plays a role in transcriptional regulation via an
epigenetic effect on chromatin. In normal individuals, approximately 20% of rDNA
repeats are methylated, whereas patients with ATR-X syndrome show a substantial
reduction in DNA methylation at the transcribed 18S and 28S rDNA regions (22). Since
ATRX is also associated with heterochromatin, where a variety of repetitive elements
reside, a large panel of repeat sequences were screened for ATRX-dependant changes in

DNA methylation. Hypermethylation was found at the Y-specific satellite DYZ2, while
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subtle changes were observed at the TelBam3.4 repeat family (22). Other repeat families
such as the satellites and retroviral-like intracisternal A-particles (IAP) were unaffected in
ATR-X patients (22). In the Atrx™" ES cell model, hypomethylation was confirmed at
18S and 28S rDNA sequences, while no change was observed at major satellites, minor
satellites and IAP repeats (8).

Although it is not known how ATRX regulates DNA methylation at rDNA, a new
clue has emerged which sheds light on one possible mechanism of epigenetic control.
Recently, it was discovered that ATRX interacts with Methyl CpG-Binding Protein-2
(MeCP2) specifically at heterochromatin of mature neurons (68). MeCP2 binds
methylated CpG sites throughout the genome where it recruits corepressors such as
histone deacetylase-1 (HDAC1) (69-71). More importantly, MeCP2 activity is essential
for proper brain function, and females heterozygous for mutations in MeCP2 develop the
severe X-linked neurological disorder Rett Syndrome within the first two years of life
(72). It was determined that the N-terminal of ATRX is sufficient to target the protein to
heterochromatin in the absence of MeCP2 in both methylated and non-methylated cells,
however, MeCP2 specifically targets the C-terminal of ATRX only at methylated
heterochromatin of mature neurons (68). In the post-natal brain, loss of MeCP2 results in
a major decrease of ATRX at heterochromatin, despite both normal levels of ATRX
protein and normal targeting to heterochromatin in non-brain tissues where MeCP2 is less
abundant (68). It is now proposed that disruption of the ATRX-MeCP2 interaction alters
the normal epigenetic environment of neuronal heterochromatin and ultimately leads to

pathologic changes that contribute to mental retardation (68).
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1.3 Epigenetic Regulation of Genomic Imprinting

A few members of the SNF2 chromatin remodelling family play roles in the
transcriptional control of imprinted genes, wherein epigenetic marks such as DNA
methylation, histone acetylation and histone methylation have been touted as the major
modifications regulating changes in gene expression. Genomic imprinting is a heritable
process in which genes exhibit monoallelic expression from one of the parental alleles by
regulating the accessibility of chromatin via epigenetic chromatin modifications.
Examining changes in imprinted gene expression patterns can therefore be used as a tool

to determine whether a particular protein is involved in epigenetic transcriptional control.

1.3.1 Models of Genomic Imprinting

Over two decades ago it was shown that both parental genomes are required for
normal embryogenesis, indicating that there is a parent of origin effect on gene function
(73, 74). It was subsequently determined that specific chromosomal regions are hbt-spots
for this parental effect, wherein certain maternally and paternally derived loci showed
differential gene expression patterns (75). These unique chromosomal regions contain
clusters of imprinted genes that are differentially marked by a variety of epigenetic
modifications depending on whether the active allele is maternally or paternally inherited.
Two mechanisms have now been proposed to explain the regulation of imprinted loci:
Long range chromatin looping and chromatin spreading by non-coding RNAs.

The non-coding RNA gene HI9 and its reciprocal imprint Insulin-like growth
Jactor 2 (Igf2) are the most studied of the imprinted genes (Figure 1.2A). Just upstream of

the 719 promoter is an imprinting control region (ICR) thatis differentially methylated



Figure 1.2 Models of genomic imprinting. (A) Chromatin looping model of imprinting at
the H19 — Igf2 domain. The unmethylated maternal //9 ICR and /gf2 DMR1 form a
CTCF-mediated loop in which only H/9 is actively transcribed. The methylated paternal
HI19 ICR and Igf2 DMR2 form a chromatin loop involving MeCP2 in which only Igf2 is
actively transcribed. This model is based on results from neonatal liver and may not apply
to other tissues. (B) Non-coding RNA model of imprinting at the Kcng! domain.
Methylation (black dots) of the maternal Kcngl ICR prevents Kcnglotl transcription and
all other genes are transcribed. Lack of methylation (white dots) at the paternal Kcngl
ICR results in Kcnglot!l transcription and all genes centromeric to the ICR are silenced
by the Kcnglotl ncRNA (squiggly line). Genes that are telomeric to the ICR are silenced
by an unknown mechanism. Maternally expressed genes are shown in pink and paternally

expressed genes are shown in blue.
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(76). The unmethylated maternal ICR recruits the insulator CCCTC-binding factor
(CTCF), which in turn forms a chromatin loop via interaction with a downstream matrix
attachment region (MAR3) and the unmethylated /g2 DMR1 (Differentially methylated
region 1) (77). This results in the formation of a transcriptionally silent chromatin loop
surrounding the maternal /gf2 gene. Alternatively, CTCF does not bind to the methylated
paternal allele and an interaction between the methylated ICR and methylated Igf2 DMR2
(Differentially methylated region 2) occurs via undetermined protein factors (77). One
candidate protein is MeCP2, which has a known association with the ICR (78), but has
not been shown to interact with the /gf2 DMR2. Regardless, this chromatin environment
shuttles Igf2 to a transcriptionally active region, whereas H19 is no longer expressed.

The long-range chromatin looping model of imprinted gene regulation also takes
boundary elements into account. For example, two MARs at the paternal H19/Igf2 locus
associate with the nuclear matrix (79), while the maternal MAR3 site is in complex with
the ICR and CTCF (77). The nuclear matrix is therefore likely important for chromatin
organization. Nuclear matrix interactions with MAR regions may act as boundary
elements to prevent the spreading of chromatin modifications or to separate specific
chromatin loops or domains.

The second model of imprinted gene regulation involves chromatin spreading by
non-coding RNAs. While the majority of genes in an imprinted cluster are imprinted
protein-coding mRNA genes, at least one non-coding ncRNA is present in every
imprinted cluster identified thus far. Imprinted mRNAs and ncRNAs are always
reciprocally expressed, suggesting that ncRNAs may be involved in the repression of

mRNA genes in an imprinted cluster. Perhaps the best-defined locus showing non-coding
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RNA control is the large Potassium channel QI (Kcngl) domain (Figure 1.2B). Nine
imprinted mRNA genes are maternally expressed (80, 81), while the ncRNA Porassium
channel Q1 overlapping transcript-1 (Kcnglotl) is paternally expressed from a promoter
presiding within the Kcngl ICR (82). Maternal methylation of the Kcngl ICR ensures
that the ncRNA Kcnglotl is transcribed only from the paternal allele, after which it has
the potential to silence the paternal mRNA genes on the centromeric side of the locus by
overlapping with their coding regions in an antisense orientation (83). Genes on the
telomeric side of the locus are not coated by Kcnglotl, and their regulation is believed to
be via CTCF-dependant chromatin looping interactions.

Both mechanisms of imprinted gene regulation rely initially on differential CpG
methylation of an imprinting control center. Although allele-specific epigenetic marks are
the basic regulators of genomic imprinting, there is little understanding regarding the
relationship between primary and secondary establishment of DMR methylation,
implications for the various histone modifications, and how different epigenetic marks

are translated into tissue-specific patterns of genomic imprinting.

1.3.2 SNF2 Regulation of Genomic Imprinting

Besides ATRX, three additional members of the SWI2/SNF2 chromatin
remodelling superfamily have demonstrated involvement in the regulation of genomic
imprinting. In the flowering plant, Arabidopsis thaliana, mutations in the protein
DECREASE IN DNA METHYLATION-1 (DDM1) cause a 70% decrease in global
DNA methylation (84-86). Mutations in the imprinted MEDEA (MEA) locus result in

defective cell proliferation in the plant embryo and endosperm, however, concurrent
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DDMI1 mutations rescue the mea phenotype by reactivating paternally inherited MEA
alleles during seed development (87). Maintenance of the genomic imprint at the MEA
locus therefore requires the chromatin remodelling activity of the SNF2 protein DDM1.

Closely related in sequence and function to DDMI is the human and murine
SWI2/SNF2 protein Proliferation Associated SNF2-like Gene (PASG; also known as
LSH or lymphoid specific helicase). Depletion of PASG during embryonic development
results in global hypomethylation and re-expression of normally repressed genes such as
IAP repeats (88-90). Loss of murine PASG results in altered expression specifically of
the imprinted gene Cyclin dependant kinase inhibitor Ic (Cdknlc), whereas other
imprinted genes are unaffected (91). Reactivation of the paternal Cdknlc allele was
caused by loss of DNA methylation at the DMR in the Cdknlc promoter, where
chromatin immunoprecipitation (ChIP) analysis showed direct binding of PASG (91).
This research showed that the SNF2 chromatin remodelling protein PASG is not required
for the maintenance of CpG methylation at all imprinted loci, but rather PASG is required
at specific genomic imprints such as Cdknlc.

In humans, a third SNF2 protein called CHD8 (Chromo domain, SNF2 Helicase
domain, DNA binding domain) has been shown to interact with CTCF at the
unmethylated maternal /79 ICR (92). Using an RNA interference (RNAIi) strategy to
target CHDS8 depletion, insulator activity of the H79 ICR was significantly reduced and
resulted in activation of maternal IGF2 expression (92). Although methylation analysis at
non-imprinted CTCF target sites revealed hypermethylation of CpGs and hypoacetylation
of histone H3, the methylation status of the H/9 ICR did not change in the absence of

CHDB8 (92). Taken together, this research showed that the human SNF2 protein CHDS is
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involved in DNA methylation, however that function may be distinct from the role CHDS§

plays in the regulation of imprinting at the H/9 — Igf2 locus.

1.4 Hypothesis and Summary of Findings

To assess a potential role for ATRX in the epigenetic regulation of chromatin
structure, determining the effect of ATRX deletion at a variety of imprinted domains is
essential. I hypothesize that ATRX regulates imprinted gene expression in the
murine forebrain via the maintenance of epigenetic DNA methylation marks. This
hypothesis was addressed using the previously described mouse model system in which
Atrx is conditionally deleted from the cortex and hippocampus beginning at E8.5 (34).

In chapter 3.1, I compare forebrain DNA methylation patterns at rDNA, major
satellite, minor satellite and intracisternal A-particle (IAP) repeats to findings from ATR-

null

X patients and Atrx™ murine ES cells. I demonstrate that there is a change in DNA
methylation at 18S rDNA repeats, while DNA methylation patterns at major satellite,
minor satellite and IAP repeats are unchanged. These results indicate that the Asrx™"
forebrain model is comparable with ATR-X patients and the Armx™! ES cell model,
although not completely since 28S methylation seems unaffected.

Chapter 3.2 focuses on investigating the effect of Afrx nulligosity on imprinted
gene expression at post-natal day 0.5 (P0.5). I show that deletion of Afrx causes
upregulation of specific imprinted genes, including the micro-RNA HI9, Insulin-like
growth factor 2 (1gf2), Delta-like 1 (Dlkl), Solute carrier family member 38a4 (Slc38a4)

and Decorin (Dcn), while other imprinted genes are unchanged. I also show that the

partially imprinted gene Distal-less homeobox gene 5 (DIx5) is upregulated at P0.5. In
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chapter 3.3, I demonstrate that not all stages of development display aberrant gene
expression, whereby increased gene expression was only observed at post-natal time
points. This result suggests that there is a gradual effect on imprinted gene expression,
which supports a role for ATRX in the maintenance of epigenetic imprinting marks.

In chapters 3.4-3.5, I present results from DNA methylation analysis at the
regulatory differentially methylated regions (DMR) of the Gene-trap locus 2 (Gtl2) —
DIkl and the HI9 - Igf2 imprinted domains. With respect to the Gt#/2 — DIkl locus, I
show that there is a change in DNA methylation at the Gt/2 DMR, but this does not occur
for all Atrx-null forebrains analysed. Conversely, at the H/9 — Igf2 locus I demonstrate
that DNA methylation patterns are unchanged and do not correlate with changes in gene
transcription. These experiments demonstrate that ATRX plays a minor role in the
regulation of DNA methylation at the G#2 — DIkl imprinting domain, however the
transcriptional control of the Gt/2 — DIkl and HI9 — Igf2 imprinted loci is likely by an
alternate means of epigenetic modification.

In chapter 3.6, I present results from chromatin immunoprecipitation analysis of
Atrx and MeCP2 at the H19 ICR. I demonstrate that Atrx specifically targets the H19
ICR in the same location as MeCP2. This experiment strongly suggests that Atrx is
involved in regulation of H/9 — Igf2 imprinting and supports the observed upregulation
of HI9 and Igf2 from transcriptional profiling of the Atrx™" forebrain. Furthermore, this
is the first evidence that Atrx and MeCP2 co-localize at a target genomic site besides
pericentric heterochromatin in order to regulate gene expression in brain tissue.

The results presented in this thesis show that Atrx plays a role in DNA

methylation at rDNA repeats in the mouse forebrain, confirming that the Arx™" forebrain
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model is comparable to ATR-X patients and Arx™" ES cells. I have shown that Atrx
regulates gene transcription by targeting specific imprinted genes during post-natal stages
of development, which is the first evidence of a link between ATRX and the control of
imprinted gene expression. I also determined that upregulation of target imprinted genes
is not due to changes in DNA methylation at regulatory DMRs, making this report one of
few that demonstrate a change in imprinted gene expression without a change in DNA
methylation (92-94). In addition, I have identified the first known gene target site for
Atrx at the H19 ICR and provide evidence that Atrx and MeCP2 can co-localize at target
sites other than pericentric heterochromatin. Taken together, I have shown that Atrx is

essential for the proper genomic regulation of HI19, Igf2, DIkl, Slc38a4 and Dcn.
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CHAPTER 2 — Materials and Methods

2.1 Animal Husbandry and Genotyping

Conditional deletion of Atrx in the murine forebrain was achieved by crossing
Atrx'* females (129Sv background) with heterozygous Foxg/Cre knock-in males
(129Sv/FVBN mixed background) (9), as outlined in Figure 1.1. The Atrx'® line was
kindly provided by D. Higgs (Weatherall Institute of Molecular Medicine, John Radcliffe
Hospital, Oxford, United Kingdom). Foxgl/Cre males (34) were provided by R. Slack
(Ottawa Health Research Institute, Ottawa, Ontario, Canada) from a line originally
obtained from S. McConnell (Stanford University, Stanford, California, USA). Arrx™"
females were generated by recombinant cloning of a /oxP site into the middle of Atrx
intron 18, in addition to insertion of a neomycin (neo)-selectable marker flanked by /oxP
sites midway between Afrx exons 17 and 18 (9). The Foxgl promoter specifically targets
Cre expression to the forebrain beginning at the E8.5 stage of development (34), as
outlined in Figure 2.1. The genotype of control animals was A#x™ Cre and the

mill animals was Atrd™ Cre®

genotype of Afrx
Wild type mice with polymorphic alleles were generated by crossing Mus
musculus domesticus females (129Sv background) with Mus musculus castaneous males

null

(CAST). To generate polymorphic Atrx males, attempts were made to cross
heterozygous Atrx™" Cre' females with CAST males, however these crosses were

unsuccessful to date. CAST males were kindly provided by M. Mann (Child Health

Research Institute, London, Ontario, Canada).



Figure 2.1 Regions of the mouse brain used for experimental analyses. (A) Outline of the
cortical lobes encompassing the mouse forebrain. (B) Coronal view of the mouse brain.
Areas outlined in black and coloured in green encompass the forebrain and include the
cerebral cortex and hippocampus. Other areas coloured in blue, orange or peach comprise
the cerebral nuclei and regions of the interbrain such as the hypothalamus and thalamus,
which are areas where Atrx is not depleted. (C) Sagittal view of the mouse brain. Areas
outlined in black and coloured in green encompass the forebrain region used for
experimentation. The black triangular structure is the region containing the cortical
choroid plexus. The remaining green and blue area is the olfactory bulb and the cerebral
nuclei, and this region was excluded from experimentation. The orange and peach areas
comprise the interbrain, the pink area is the midbrain, the yellow and purple area is the
cerebellum and the remaining lighter orange and pink areas comprise the hindbrain.

Images were adapted from the Allen Brain Atlas available online at www.brain-map.org.


http://www.brain-map.org
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DNA from tail or ear biopsies was genotyped by PCR using primer sets for Cre
(Cre3b and Cre5b) and Atrx (17F, 18R and neo®) or Sry (SryF and SryR), as listed in
Table 2.1. For the developmental study at E13.5, midday of the day of vaginal plug
discovery was considered E0.5. For post-natal time-points, midday of the day of birth
was considered P0.5 and morning of the seventeenth day of life was considered P17. At
scheduled time-points, pregnant females were anesthetized by CO; and sacrificed by
cervical dislocation. Newborn animals were sacrificed by decapitation. P17 males were
anesthetized by CO, and sacrificed by cervical dislocation. All animal studies were
conducted in compliance with the regulations of The Animals for Research Act of the
province of Ontario, the guidelines of the Canadian Council on Animal Care and the
policies and procedures approved by the University of Western Ontario Council on

Animal Care.

2.2 Microarray

Forebrain tissue was collected at E13.5 and P0.5 from A#rx™" mice and control
littermates. Total RNA was extracted using an RNeasy Mini Kit (QIAGEN) according to
the manufacturer’s instructions. To obtain the 10 pg of RNA required for each microarray
chip, RNA from two E13.5 telencephelons was combined to achieve the required amount
for one sample. Three unique sample sets for both Amx™ and control littermates were
processed at the E13.5 timepoint, for a total of six microarray chips. At the P0.5 time-
point, one forebrain gave sufficient RNA for microarray analysis. Four 4™ and three
control littermates were processed at the P0.S time-point, of which two of the Amrx™"

samples were from the same litter and therefore normalized to the same control littermate



Table 2.1 List of oligonucleotides used in genotyping, Southern blot,

McrPCR, cloning, bisulfite mutagenesis and ChIP assays

Primers used to genotype progeny of Atrx x Bf1Cre* matings
17F: 5’-AGAACCGTTAGTTGCAGGTTCA-3’

18R: 5’>-TGAACCTGGGGACTTCTTTG-3’

NeoR: 5’-CCACCATGATATTCGGCAAG-3’

SryF: 5’-GCAGGTGGAAAAGCCTTACA-3’

SryR: 5’-AAGCTTTGCTGGTTTTTGGA-3’

Cre3b: 5’-TGACCAGAGTCATCCTTAGCG-3’

Cre5b: 5’-AATGCTTCTGTCCGTTTGCC-3’

Primers used to amplify cDNA by RT-PCR or quantitative RT-PCR
bactinF: 5’-ATGGAGAAGATCTGGCAC-3’
bactinR: 5’-CGTCACACTTCATGATGG-3’

HI9F: 5'-TGATGGAGAGGACAGAAGGG-3'
HI9R: 5" TTGATTCAGAACGAGACGGAC-3'
[gf2F: 5'-AGCGGCCTCCTTACCCAACTTCAG-3'
Igf2R: 5'-AAGGCCTGCTGAAGTAGAAGCCG-3'
DIkl 4/5 F: 5’-CACCTGGGTTCTCTGGAAAG-3’
DIkl 4/5 R: 5°-AGGGGTACAGCTGTTGGTTG-3’
Gtl2 2/3 F: 5>-TTGCTGTTGTGCTCAGGTTC-3’
Gtl2 2/3 R: 5’-ATCCTGGGGTCCTCAGTCTT-3’
Slc38a4F: 5’-TGCATGGTGTTTTTCGTCAG-3’
Sle38a4R: 5’-CTGTTCCCGATCCGTACTTC-3’
DenFl1: 5°-AGCTTCAACAGCATCACCGTT-3
DncR1: 5°-GCAGTCTGGCCAATGTTCCT-3’
Zim1F: 5’-AGTCAAGCATCCAAAGGC-3’
Zim1R: 5’-AGGCAAGGGAGTCTGTTTAG-3’
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RT-PCR,



Primers used to amplify rDNA probes for Southern blot analysis
RIB3F: 5°-AAGAAGACCCTGTTGAGCTTGACTC-3’

RIB3R: 5’-GCTTCACAATGATAGGAAGAGCCG-3’

RIB4F: 5°'-GACCAGAGCGAAAGCATTTGC-3’

RIB4R: 5’-GGACATCTAAGGGCATCACAGACC-3’

Primers used to amplify mutagenized DNA for bisulfite sequencing analysis
H19 ICR OF: 5’-GAGTATTTAGGAGGTATAAGAATT-3’

H19 ICR OR: 5’-ATCAAAAACTAACATAAACCCCT-3’

H19 ICR IF: 5°-GTAAGGAGATTATGTTTATTTTTGG-3’

H19 ICRIR: 5’-CCTCATTAATCCCATAACTAT-3’

Igf2 DMR1 OF: 5°-GGTTAGGTGAAGGTTTTGTGGGTAGTTATA-3’

Igf2 DMR1 OR: 5’-ATATTCCCCTTTCAAATTCCAATCTACATC-3’

Igf2 DMR1 IF: 5’-GGTGGTTTTTTAATGGATATTTTAAGGTGA-3’

Igf2 DMR1 IR: 5’-CCAACCTCTATCCCTAACTTTTCTAACCTC-3’

Igf2 DMR2 OF: 5’-AACTAAAATTATCTATCCTATAAAAC-3’

Igf2 DMR2 OR: 5’-TTGATGGTATTATATTGTAGAATTAT-3’

Igf2 DMR2 IF: 5’-TATCTATCCTATAAAACTTCCAAACAAACCTTCAAA-3
Igf2 DMR2 IR: 5’-AATTTGATTTATTGATGGTTGTTGGATATTTT-3’

Dlk1 DMR OF: 5’-GATTAGTGATTTATAATTTGTGTTTTGGTT-3’

Dlk1 DMR OR: 5’-AAACTCACCTAAATATACTAAAAACAAATA-3

Dlkl1 DMR IF: 5’-GAGATTAAGTAAGAGGTGGGAAAGGGT-3’

IG DMR OF: 5>-TTAAGGTATTTTTTATTGATAAAATAATGTAGTTT-3’
IG DMR OR: 5’-CCTACTCTATAATACCCTATATAATTATACCATAA-3
IG DMRIF: 5°-TTAGGAGTTAAGGAAAAGAAAGAAATAGTATAG-3
Gtl2 DMR OF: 5’-TGGTTTGGGGGTAGTTTTTTATTGTAG-3’

Gtl2 DMR OR: 5’-AAAAAATACAAATAAATTAATTAACAAATCACAAA-3’
Gtl2 DMRIF: ’-ATTTTTAAATGATGGTTGATGTGGGTTT-3’
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Primers used to amplify DNA for McrPCR methylation analysis
MajSatF: 5’>-GACGACTTGAAAAATGACGAAATC-5’
MajSatR: 5>-CATATTCCAGGTCCTTCAGTGTGC-3’
MinSatF: 5>-CATGGAAAATGATAAAAACC-3’
MinSatR: 5°-CATCTAATATGTTCTACAGTGTGG-3’
IAPgagF: 5’-AGCAGGTGAAGCCACTG-3’

IAPgagR: 5’-CTTGCCACACTTAGAGC-3’

28SF: 5’-CCTGTGAATTCTCTGAACTC-3

28SR: 5’-CCTAAACTGCTGACAGGGTG-3’

18SF: 5°-CGGTACAGTGAAACTGCGAAT-3’

18SR: 5’-GGATGCGTGCATTTATCAGA-3’

Primers used to amplify inserts from cloning vectors
M13F: 5’>-GTAAAACGACGGCCAG-3’

M13R: 5’-CAGGAAACAGCTATGAC-3’

pCCI1F: 5’-GGATGTGCTGCAAGGCGATTAAGTTGG-3’
pCCI1R: 5’-CTCGTATGTTGTGTGGAATTGTGAGC-3’

Primers used to amplify regions of the H19 ICR for ChIP
ICRAF: 5°’-CCTGGAGCCTGAGTTAAAACC-3°
ICRAR: 5’-AAGCCGACCTTGTTGATTTG-3°
ICRBF: 5>-TTTCTAGGCTGGTACCTCGTG-3’
ICRBR: 5°- ACCATGCTTAGTGGGGTCTG-3’
ICRCF: 5’-TGTGGTGATCATGGAATGTATTG-3’
ICRCR: 5’- CCACATGCACTGGTTTATGG-3’
ICRDF: 5>-AACCGCCAACAAGAAAGTCTGG-3’
ICRDR: 5’- GCTTCGGACATTGCTGTGGG-3’
ICREF: 5’-ATGGCAGGAGGGGCATAG-3’
ICRER:5’- CTGTCACCTTGTGGTGGTTG-3’
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sample. Collection and processing of E13.5 tissue was performed by Michael Levy, who
is a PhD student in the Bérub¢ laboratory.

Microarray services were performed by the London Regional Genomics Centre
Microarray Facility at the Robarts Research Institute. Qualitative assessment of RNA was
conducted using an Agilent Bioanalyzer 2100. RNA from each sample was analyzed on
an Affymetrix GeneChip Mouse Genome 430 2.0 Array and scanned with an Affymetrix
GeneChip Scanner 3000 7G. The Affymetrix GeneChip Mouse Genome 430 2.0 Array
detects 45,101 transcripts that represent approximately 34,000 genes.

Using Agilent GeneSpring software, gene expression profiles were subsequently
analyzed with the assistance of Michael Levy. Three steps for data normalization were
used. First, all values lower than 0.01 were set to 0.01. Second, each measurement was
divided by the 50" percentile of all measurements in the sample. Last, all control and
Atrx™" samples were normalized against the median of the control samples. Each
measurement for each gene was divided by the median of the gene’s measurements in the
corresponding control samples. To generate expression lists, samples were first filtered

using normalized data from Afrx™"

samples with values greater than or less than a factor
of 1.5 fold. Probes were then filtered with a t-test p-value of 0.05 using a cross-gene error

model. A secondary multiple testing correction was performed using the Benjamini and

Hochberg false discovery rate test.

2.3 Semi-Quantitative RT-PCR
Three micrograms of total RNA obtained from Atrx™" and littermate control

forebrains were reverse-transcribed into cDNA. The conditions for reverse transcription
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were as follows: RNA (3 pg) in DEPC-H,0O was mixed with random primers, heated for
ten minutes at 65°C and incubated on ice for two minutes. The 5X first strand buffer, 100
mM DTT, 25 mM dNTPs, Superscript Reverse Transcriptase, RNA guard and DEPC-
H,O were added and the reaction mixture was incubated for ten minutes at 30°C and then
forty-five minutes at 42°C. cDNA was stored at -20°C. Control reactions without reverse
transcriptase were prepared in parallel.

Reverse-transcribed cDNA was used for RT-PCR amplification with the primers
listed in Table 2.1. Conditions for amplification were as follows: 35 cycles of 95 °C for
30 seconds, 55 °C for 30 seconds, and 72 °C for 1 minute. Depending on the linear range
of amplification, after 25-33 cycles PCR reactions were paused and 15 pl. of PCR
product was resolved on a 1.2% agarose gel. PCR reactions were then resumed through to

35 cycles. Initial screening was performed on one Afrx™"

and litter-matched control pair.
For genes showing aberrant expression, changes were confirmed in two additional A#rx™"

and litter-matched control pairs.

2.4 Quantitative Real Time RT-PCR

Reverse-transcribed cDNA was used for quantitative real time PCR amplification
with the same primers used for semi-quantitative RT-PCR (Table 2.1). ¢cDNA was
amplified with iQ™ SYBR® Green mastermix (BioRad) using the standard curve Ct
method of quantification. Experiments were performed on a Chromo-4 thermocycler and
analyzed with Opticon Monitor 3 and GeneX (BioRad) software. Gene expression
analysis was repeated in triplicate for each sample. Conditions for amplification were as

follows: 25-35 cycles of 95 °C for 10 seconds, 55 °C for 20 seconds, 72 °C for 30



35

seconds, and a final melting curve generated in increments of 0.5 °C per plate read. In
some cases where primer-dimers were generated, experiments were repeated with the
addition of a pre-plate-read melt just below the melting temperature of the desired
amplicon. This approach ensured that primer-dimers were not quantified. Standard curves
were generated for each primer pair using three-fold serial dilutions of control cDNA.
Primer efficiency was calculated as E = [10°/1°°9 — 1] * 100%, where a desirable slope is
~3.32 and * > 0.990. All data was corrected against B-actin or Gapdh as an internal
control. To confirm amplification of the desired product, PCR amplicons were size-
separated on 1.2% agarose gel by electrophoresis. Quantitative RT-PCR was performed

null

on the four Amrx™" and control litter-matched pairs used for RNA microarray, with

subsequent analysis of seven additional pairs.

2.5 Methylation Sensitive Southern Blot

P0.5 forebrain tissue was collected and then digested with Proteinase K over a
period of approximately 24 hours. DNA was purified using the standard
phenol:chloroform extraction method. For the IAPgag and minor satellite analyses, DNA

null

from three Atrx™" and littermate control pairs was digested with the methylation-sensitive
restriction enzyme Hpall and its methylation insensitive isoschizomer Mspl. DNA for the
major satellite blot was digested with methylation-sensitive HpyCH41V. DNA for the
18S rDNA blot was digested with BamHI and methylation-sensitive Smal, while DNA
for the 28S rDNA blot was digested with EcoRI and methylation-sensitive Pvul. For each

restriction digest, reaction components were size-separated on a 1% agarose gel by

electrophoresis to ensure complete digestion of sample DNA. Following complete
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digestion, agarose gels were bathed in acid (0.25M HCI) to depurinate DNA fragments.
An alkali bath (88g NaCl, 20g NaOH, 1L dH,0) was then used to denature the double-
stranded DNA, which was followed by neutralization (60.5g Tris, 87.6g NaCl, 37.5 mL
HCI, 1L dH,0). For the major satellite, minor satellite and IAP blots, 1 pg of DNA was
transferred to Hybond-N membrane (Amersham) using a PosiBlot® 30-30 Pressure
Blotter (Stratagene) in 10X SSC buffer. For the rDNA blots, 5 ug of DNA was
transferred using the same approach. Following transfer, DNA was crosslinked to the

Hybond-N membrane using a Stratalinker® UV Crosslinker (Stratagene).

For IAP, major satellite and minor satellite blots, pIAP, pMR150 and pSAT
probes were obtained from F. Dick (Cancer Research Institute; University of Western
Ontario, London, Canada) and have been previously published (95). Primer sequences
used to amplify 18S and 28S probes are outlined in Table 2.1 and were obtained from R.
Gibbons (Weatherall Institute of Molecular Medicine; University of Oxford, Oxford,
United Kingdom) (8). All probes were labelled with RediVue [0**P]-dCTP (Amersham)
using the Prime-It II Random Primer Labelling Kit (Stratagene) according to the
manufacturer’s instructions. Labelled probes were purified on a Sephadex G50 spin
column and levels of [a**P] incorporation were measured using an LKB Wallac 1211
Rock Beta liquid scintillation counter. Membranes were pre-soaked in hybridization
buffer and then hybridized overnight with 2.0x10° cpm [o**P]-labelled probe per 1 mL of
hybridization buffer at 65 °C. Following hybridization, excess probe was washed from
the membrane using two low stringency washes (40mL 20X SSC, 2mL 20% SDS, 358

mL dH,0) and one high stringency wash (4mL 20X SSC, 2mL 20% SDS, 394mL dH,0)
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for 15 minutes each at 65 °C. Membranes were exposed to X-ray film (Kodak BioMAX)
at -80 °C and patterns of hybridization were visualized by autoradiography. Films were

developed in a Kodak M35A X-OMAT Processor.

2.6 McrPCR Methylation Analysis

Genomic DNA was digested with the restriction enzyme McrBC (New England
Biolabs), which only cleaves methylcytosine of the form (G/A)"C in the recognition
sequence 5’...Pu™C(Nsg30000)Pu™C...3". Quantitative real time PCR was used to
determine the relative levels of unmethylated DNA at [APgag, major satellite, minor
satellite and ribosomal DNA repeats, following a previously published protocol (95).
Conditions for amplification were as follows: 25-35 cycles of 95 °C for 10 seconds, 55
°C for 20 seconds, 72 °C for 30 seconds, and a final melting curve generated in
increments of 0.5 °C per plate read. Major satellite and minor satellite samples were
diluted 100-fold due to high copy number in the mouse genome (95). Standard curves
were generated for each pair using three-fold serial dilutions of control littermate cDNA.
Primer efficiency was calculated as E = [10"5°P9 _ 1] * 100%, where a desirable slope is
~3.32 and r* > 0.99. All data was corrected against equal input levels of internal control
undigested DNA. Samples with lower levels of methylation showed increased amounts of

PCR product.
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2.7 Bisulfite Mutagenesis

null

Genomic DNA isolated from the forebrain of two Afrx™" and littermate control
pairs was mutagenized with sodium bisulfite using an EpiTect Bisulfite Conversion Kit
(QIAGEN) according to the manufacturer’s instructions. Sodium bisulfite deaminates
unmethylated cytosine resulting in the conversion to uracil, which is further converted to
thymine in a PCR reaction. Methylated cytosines remain unconverted. PCR amplification
was carried out with primers specific for bisulfite-treated DNA as outlined in Table 2.1.
All DMRs were amplified by the nested or semi-nested PCR approach using previously
described conditions (96-99). In general, the initial PCR reactions used amplification
conditions as follows: 2-4 cycles of 94 °C for 1-4 minutes, 50-55 °C for 2 minutes, 68-72
°C for 2-3 minutes, followed by 25-35 cycles of 94 °C for 30 seconds — 1 minute, 50-55
°C for 1.5-2 minutes, 68-72 °C for 1-2 minutes, and a final hold at 68-72 °C for 2-6
minutes. The nested PCR reactions used amplification conditions equivalent to the
outside PCR with the omission of the initial 2-4 cycles. The resulting nested PCR
products were cut from agarose gel on an Alpha Innotec Ultra Violet Box and purified
using a QIAquick gel extraction kit (Qiagen) according to the manufacturer’s instruction.
All PCR products were ligated into the pCR2.1 vector using a TOPO-TA cloning kit
(Invitrogen) with the exception of the DIkI-Gtl2 IG DMR that was ligated into the pCCl1
vector using a Copy Control cloning kit (Epicentre Biotechnologies), both according to
the manufacturer’s instructions. Cloning vectors were transformed into chemically
competent E. coli bacteria TOP10 (TOPO clones) or TransforMax EPI300 (Copy Control
clones) and grown at 37 °C overnight. Colonies were picked by blue/white selection and

screened for positive inserts by PCR using either M13 or pCC1 primers (Table 2.1).
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Positive clones were sequenced at the Robarts Research Institute using an ABI GeneAmp
Thermocycler and an Applied Biosystems 3730 Analyzer. Clones were accepted at >295%
cytosine conversion. Non-converted cytosine residues and mismatched base pairs were

used to ensure that accepted clones originated from a unique template DNA.

2.8 Chromatin Immunoprecipitation

Three wild type forebrains at P18 were rinsed in cold 1X PBS, cut and
homogenized. Mashed tissue was diluted with DMEM and passed through a 70 um cell
strainer (Falcon) to ensure single cell suspension. An EZ-ChIP (Upstate) kit protocol was
followed according to the manufacturer’s instructions. Briefly, cells were crosslinked in
37% formaldehyde and lysed in SDS buffer supplemented with protease inhibitors. A
sonicator was used to shear DNA. Immunoprecipitation was performed using the
following antibodies: anti-Mecp2 (Upstate, 07-013), anti-ATRX (Fxnp5 was a gift
obtained from R. Gibbons) and anti-CTCF (Santa Cruz, sc-15914). Negative control
antibodies for rabbit IgG, sheep IgG and goat IgG were used alongside MeCP2, ATRX
and CTCF antibodies, respectively. Protein-DNA complexes underwent reverse
crosslinking by treatment with SM NaCl. Free DNA was purified using the standard
phenol:chloroform method. PCR was used to amplify regions spanning the H/9 ICR
using primers outlined in Table 2.1. Conditions for amplification were as follows: 95 °C
for 5 minutes followed by 30 cycles of 95 °C for 30 seconds, 53.5 °C for 30 seconds, and
72 °C for 30 seconds. A final extension was performed at 72 °C for 10 minutes. Note that
mouse husbandry and primer design was performed by D. Tremblay, while tissue

processing and ChIP were performed by Yan Jiang, who is a technician in the Bérubé lab.
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CHAPTER 3 — Results

3.1 Methylation of Repetitive DNA Elements in the Atrx"™" Murine Forebrain

Loss of ATRX in patient lymphocytes and Asx™" ES cells results in
hypomethylation of the 18S and 28S genes in the transcribed portion of the rDNA repeat
(8, 22). Hypermethylation of the Y-specific satellite DYZ2 and subtle changes at the
TelBam3.4 subtelomeric repeat families have also been reported in human lymphocytes
and peripheral blood tissue, while other regions including a variety of satellites, A/ and
LINE1 repeats were unchanged (22). In the mouse, analysis of major satellite, minor
satellite, IAP, Linel and SineB1 repeats revealed that methylation patterns were not
detectably altered in Atrx™" ES cells (8).

To determine if similar effects occur in the developing mouse brain, I used the
previously described model system in which A¢rx is conditionally deleted from the cortex
and hippocampus beginning at E8.5 (9). I assessed patterns of DNA methylation at the
18S and 28S rRNA genes by Southern blot analysis (Figure 3.1A). Digestion of DNA
with the restriction enzyme BamHI gives rise to a predicted fragment of size 4.8 kilobases
(kb) and contains the 18S CpG island. Subsequent digestion with the methylation-
sensitive restriction enzyme Smal cleaves unmethylated regions of the 4.8 kb fragment
into a variety of sizes ranging from only 16 to 1400 base pairs (bp). If the 4.8 kb fragment
is fully methylated at all CpG sites then Smal does not cleave and the full-length 4.8 kb
fragment will be observed by Southern blot. Since moderate levels of total methylation
have been detected at tDNA arrays in wild type mouse cells (95), it was expected that the

full length and cleaved 18S fragments could be observed by Southern blot analysis of



Figure 3.1 Southern blot analysis of DNA methylation at 18S and 28S rDNA repeats in
the Arrx™" mouse forebrain. (A) Restriction map of the transcribed portion of the rDNA
gene. The limit-digesting probes are BamHI (B) and EcoRI (E). The methylation
sensitive probes are Smal (S) and Pvul (P). Probe RIB4 is specific for the 18S gene and
probe RIB3 is specific for the 28S gene. (B) 18S rDNA methylation was analyzed by
double digestion of DNA from control or Afrx™" forebrain tissue with BamHI / Smal and
probed with RIB4. 28S rDNA methylation was analyzed by double digestion of DNA
from control or Atrx™" forebrain tissue with £coRI / Pvul and probed with RIB3. Arrows
indicate the fully methylated copies that were only cut by the limit-digesting enzyme; the

expected 18S band is 4.77 kb and the expected 28S band is 6.61 kb.
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Atrx™  and littermate control DNA. As shown in Figure 3.1B, the full length BamHI
fragment is strongly detected in lanes containing control DNA, however the signal is
drastically decreased in lanes containing Atrx™" DNA. This result indicated that loss of
Atrx in the mouse forebrain is associated with hypomethylation of the 18S rDNA repeats.

To assess DNA methylation at the 28S rDNA repeat, I digested DNA with the
restriction enzyme EcoRI. This gives rise to a predicted DNA fragment of 6.6 kb that
contains the 28S CpG island. Subsequent digestion with the methylation-sensitive
restriction enzyme Pvul only cleaves the EcoRI fragment once, resulting in a smaller
product of size 1.9 kb that can be detected by the 28S probe. As with the 18S experiment,
it was expected that Southern blot analysis should detect the full length and cleaved 28S
fragments. As shown in Figure 3.1B, the full length EcoRI fragment is equally detected in
lanes containing control and Asx™" DNA. 1t is suspected that the additional bands are
non-specific cross-hybridization of the 28S probe with other repeat sequences. Although
this result indicated that loss of Atrx in the mouse forebrain does not change the pattern of
methylation at the 28S rDNA repeat, it is still possible that DNA methylation patterns at
other CpG sites presiding in the 28S locus are affected.

Although the main cellular localization of ATRX 1is at pericentric
heterochromatin, where the major satellites are located, previous studies on Amrx™" ES
cells and ATR-X patient cell lines have reported no change in DNA methylation at this
family of repetitive elements (8, 22). To assess DNA methylation of major satellite
repeats in the Arrx™" forebrain, I digested DNA with the methylation-sensitive restriction
enzyme HpyCH4IV, which is an isoschizomer of the more commonly used Maell

enzyme. This digest was expected to yield a specific banding pattern in which changes in
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methylation are denoted as differences in the intensity of radioactive decay at individual
bands. For example, hypermethylated DNA would appear as darkened hybridization
signals at the larger molecular weights due to lack of HpyCH41V cleavage. Since there is
no methylation-insensitive isoschizomer of HpyCH41V, I was unable to perform a control
reaction showing complete sample digestion regardless of methylation status. As shown
in Figure 3.2A, there is no difference in the banding patterns upon comparison of lanes

null

containing control and A#rx™" DNA. This result indicated that loss of Afrx in the mouse
forebrain does not change the pattern of DNA methylation at major satellite repeats.
Levels of DNA methylation were also assessed at minor satellite and 1APgag
repeats. For both experiments, DNA was digested with the restriction enzyme Mspl and
its methylation-sensitive isoschizomer Hpall. In this case, it was expected that Mspl
would fully digest DNA samples, yielding a predicted banding pattern. Hpall on the other
hand would give multiple bands only if DNA was in the unmethylated state. As shown in
the first lane of the blots in Figure 3.2B-C, control DNA digested with Mspl gives the
same banding pattern expected from a Hpall digest if the DNA was entirely
unmethylated. Alternatively, the remaining lanes in Figure 3.2B-C show that all DNA
samples were heavily methylated and there were consequently no observed differences

between Amrx™"

and control forebrains in three different litter-matched pairs.

A positive control showing loss of methylation is often included in methylation-
sensitive Southern blot analyses. For example, digestion of DNA from ES cells deficient
for DNMT3A or DNMT3B is expected to result in a methylation-sensitive Hpall

digestion pattern very similar to the methylation-insensitive Mspl pattern. This is caused

by lack of establishment of the DNA methylation marks by the de novo DNMT3A or



Figure 3.2 Southern blot analysis of DNA methylation at major satellite, minor satellite

null

and IAP gag repeats in the Atrx™" mouse forebrain. (A) Major satellite methylation was
analyzed by digestion with HpyCH41V and probed with pMR150. (B) Minor satellite
methylation was analyzed by digestion with Hpall and probed with pSAT. Control DNA
was also digested with Mspl, which is the methylation insensitive isoschizomer of Hpall.
The control Mspl digest shows the predicted hypomethylated digestion pattern. (C) IAP
gag methylation was analyzed by digestion with Hpall and probed with pIAP. Control

DNA was digested with Mspl to show the hypomethylated digestion pattern.
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DNMT3B methyltransferases. Including this additional digest on a methylation-sensitive
Southern blot would act as a positive control both showing loss of methylation as well as
verifying that the assay worked. Since a DNMT-deficient cell line was not available at
the time of Southern blot analysis, I used the methylation-sensitive McrPCR approach to
verify Southern blot results at major satellite, minor satellite and IAPgag repeats.

Briefly, the McrPCR methylation analysis involved digestion of genomic DNA
with the restriction enzyme McrBC, which only cleaves (G/A)"C methyl-cytosines on
one or both strands. The McrBC recognition sequence is quite intricate, cleaving DNA
only in the pattern of 5°...Pu™C(N4g30000)Pu™C...3". Following digestion, quantitative
real time PCR was used to determine the relative levels of unmethylated DNA. Samples
with lower levels of methylation showed increased amounts of PCR product due to lack
of digestion by McrBC (Figure 3.3A) (95, 100, 101). At each repeat element, three
Atrx™" and littermate control pairs were compared and corrected against equal levels of
internal control undigested DNA. Figure 3.3 panels B and D show that McrPCR analysis
of major satellite and [APgag repeats verified the methylation-sensitive Southern blot
results in that the level of DNA methylation was not changed upon Afrx deletion. At
minor satellite repeats, however, one out of three pairs showed a 3.2-fold increase in
methylation, which does not agree with the Southern blot data (Figure 3.3C).

Attempts were made to verify tDNA methylation using the McrPCR approach,
however this technique is not sensitive enough to detect methylation changes at genes
with lower copy number. The IDNA genes have approximately 200 copies in the genome,
while IAP repeats code >100,000 copies, minor satellites code >50,000 copies and major

satellites code >200,000 copies (95). In addition, the total methylation of wild type mouse



Figure 3.3 McrPCR analysis of DNA methylation at major satellite, minor satellite and

null

IAP gag repeats in the Atrx™"" mouse forebrain. (A) Outline of the McrPCR technique.
Following digestion of genomic DNA with the restriction enzyme McrBC, only
methylated CpG sites will be cleaved. PCR amplification therefore only generates
products in regions with hypomethylated DNA sequences. Black circles represent
methylated CpG sites. (B) DNA methylation at major satellites, minor satellites and IAP
gag repeats was measured by the inverse ability of unmethylated DNA fragments to

amplify PCR products with primer sets specific to each repeat class. Samples were

normalized against equal input levels of internal control undigested DNA.
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ES cell rDNA is only moderate in comparison to satellite and IAP genes (95). If moderate
levels of methylation are present, and the region of PCR amplification is small (eg. 100-
300 bp), then the McrBC enzyme has limited recognition sites to cleave, ultimately
resulting in fewer cleavage products and a decreased ability to resolve differences in
overall methylation levels.

Taken together, establishing whether Afrx nulligosity in the mouse forebrain leads
to aberrant methylation of repetitive elements was important for determining how
comparable the Atrx™" forebrain model is with ATR-X patients and the Aox™ ES cell
model. Methylation-sensitive Southern blot and McrPCR analysis of major satellite,
minor satellite and IAPgag repeats revealed normal methylation levels in the Asmrx™"
forebrain, which corresponds with findings from ATR-X patients and Aorx™" ES cells (8,
22). More importantly, I established that loss of Afrx in the newborn mouse forebrain
induces hypomethylation of the 18S rDNA locus, suggesting that Atrx plays a role in the

epigenetic regulation of DNA methylation in ATR-X patients, Arrx™" ES cells and the

developing Afrx™" forebrain.

3.2 Transcriptional profiling reveals increased expression of specific imprinted
genes in the newborn Afrx™" forebrain

ATRX has been reported to have chromatin remodelling activity in an in vitro
system (62) and has been described as a transcriptional regulator based on reduced
expression of the a-globin gene often observed in patients with 4A7RX mutations (21,
102). Since no other target genes for ATRX have yet been reported, I wanted to

determine the transcriptional profile of the Amrx™" brain on a genome-wide scale.
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Initially, I screened a panel of imprinted genes using semi-quantitative RT-PCR analysis.
Gene expression levels were qualitatively assessed after 23-33 RT-PCR cycles via
ethidium bromide (EtBr) staining and agarose gel electrophoresis. As shown in Figure
3.4A, a subset of imprinted genes, including HI19, Igf2, Dilkl, Sic38a4 and Dcn were
identified as displaying aberrant expression. This observed upregulation was confirmed in
three Arrx™! animals that were compared to litter-matched control mice. Additional
imprinted genes, including Ziml, Igf2r, Cdknlc, Ipw, Gtl2, Snrpn and Ube3a were

null

unaffected by Afrx nulligosity in one Awrx™" animal (Figure 3.4B). To confirm that

null

unaltered genes show the same expression profile in multiple Az7x™" animals, the third
panel from the bottom in Figure 3.4A shows semi-quantitative RT-PCR analysis of the
unaffected gene Zim! in three of three animals. These results suggest that loss of Atrx in
the murine forebrain affects the expression of a limited subset of imprinted genes.

In a parallel study, I used RNA microarray technology to determine the outcome
of Atrx loss-of-function on global gene expression by comparing the transcriptional

null

profile of four newborn Arrx and litter-matched control forebrain samples.
Surprisingly, I found that very few genes exhibited changes in expression, indicating that
Atrx unlikely acts as a global transcriptional regulator. The Affymetrix GeneChip Mouse
Genome 430 2.0 array contained 45,101 sequences that represent approximately 34,000
genes. Only 51 transcripts were affected using a threshold of 2.0-fold change and a t-test

(p < 0.05) (Appendix I), and 307 transcripts displayed a threshold difference of 1.5-fold

or more using a t-test (p <0.05).



Figure 3.4 Semi-quantitative RT-PCR analyses of imprinted gene expression in the
Atrx™" mouse forebrain. (A) The imprinted genes H19, Igf2, DIkl, Slc38a4 and Dcn are
upregulated in three of three Arrx™ forebrains, while the internal control housekeeping
gene fS-actin is not changed. PCR amplifications were analyzed during the linear range of
amplification which occurred between 23-33 cycles depending on the gene. (B) Not all
genes are affected by Atrx nulligosity as shown by normal expression of Ziml, Igf2r,
Cdknic, Ipw, Snrpn and Ube3a. Reactions were also run using RT-negative samples to

show that primer pairs were specific to the desired cDNA transcript.
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Not surprisingly, 9 of the aberrantly expressed genes were related to neuronal
development and represented 17% of altered transcripts with a change of 2.0-fold or
more. In support of the abnormal bone development phenotype of ATR-X patients, 6 of
the aberrantly expressed genes were related to bone development and represented 12% of
altered transcripts with a change of 2.0-fold or more. Another highly represented group of
genes were the ion or solute carriers, of which 9 (17%) showed changes of 2.0-fold or
more. Finally, 5 imprinted genes were altered by 1.5-fold or more. Interestingly, the
transcript showing the second highest change in expression was Pigt, which is an 18S
rDNA probe. Upregulation of Pigt by 3.914-fold (p=0.00022) correlates with the
hypomethylation of 18S rDNA and suggests that Atrx is involved in epigenetic silencing
of tDNA. It is also possible that additional unnamed genes implicated in neuronal
development, bone development or DNA methylation will be identified in the future
since 13 of the altered transcripts (25%) showing 2-fold change or more were
uncharacterized IMAGE or RIKEN clones.

Table 3.1 outlines a comprehensive analysis of all imprinted genes on the
Affymetrix GeneChip Mouse Genome 430 2.0 array. Genes are separated based on
chromosomal location and position within respective imprinted domains. Asrx™" samples
are highlighted based on expression level, where purple represents upregulation >1.5 fold
(p<0.07), light blue represents minor upregulation between 1.2-1.5 fold (p<0.07), pink
represents minor downregulation between 1.2-1.5 fold (p<0.07) and olive green
represents upregulation or downregulation between 1.2-1.5 fold (p>0.1). From this

analysis itis apparent that a few domains, such as the imprinted chromosome 6 region
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and it is possible that Atrx is targeted to similar regulatory elements involved in the

transcription of these genes.

3.3 Loss of Afrx induces a progressive deregulation of imprinted genes

Under the control of the FoxGI forebrain-specific promoter, Cre-recombinase
does not conditionally delete A¢rx in the mouse cortex and hippocampus until E8.5 (34).
By this timepoint, imprinted methylation marks have been permanently established
throughout the genome (108). Therefore, it is conceivable that Atrx participates in the
maintenance or reading of imprinting marks, wherein A¢rx deletion gives rise to increased
gene expression at the H19, Igf2, DIkl, Slc38a4 and Dcn loci. To assess whether aberrant
expression of imprinted genes fluctuates throughout development, I investigated the
expression of these genes at different developmental time points, with inclusion of Zim!
as a control.

As outlined in Figure 3.8A, microarray analysis on three E13.5 Arrx™" and litter-
matched control telencephalon revealed that the expression of H19, Igf2, Dikl, Slc38a4
and Dcn was not altered in the absence of Atrx during a large portion of post-
implantation embryogenesis. The previously described P0.5 microarray showed that
deletion of Atrx at the newborn stage of development resulted in upregulation of HI9,
Igf2, Slc38a4 and Dcn. For both microarray analyses, all Anx™" samples were
normalized to litter-matched control samples, with the assumption that control samples
were displaying normal transcription patterns.

As shown in Figure 3.8B, microarray results were verified by quantitative

expression analysis using real time RT-PCR. I confirmed that expression is normal in



Figure 3.8 Developmental analysis of imprinted gene expression at E13.5, P0.5 and P17.
(A) Comparison of imprinted gene expression levels from RNA microarray of Arrx™"
mouse forebrain tissue at E13.5 and P0.5. (B) Quantitative real time RT-PCR analysis of
imprinted gene expression in the Arx™" mouse forebrain at E13.5, P0.5 and P17. At
E13.5 there is no change in imprinted gene expression in three of three Asrx™"
telencephalons. At postnatal timepoints, the imprinted genes H19, Igf2, DIkl and Slc38a4
are upregulated by at least 1.5-fold in up to eleven P0.5 and three P17 Atrx™" forebrains.

All genes were corrected against the internal control housekeeping genes S-actin and

gene expression analyses were repeated in triplicate for each sample. Standard error of

null

the mean is shown for the average expression level of Arrx™" samples at each gene for

cach developmental time point.
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lgf2 1.13 0.063 1.97 0.006

Slc38a4 1.19 0.158 1.68 0.070
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o)

>

(0}

-l

- ®WE135
o

= % PO.5
O ® P17
| .

o

X

Ll

o

2

©

)

H19

Igf2 Slc38a4 Dcn

Gtl2

Ziml  Atrx

67



68

null

three Atrx™" and litter-matched control pairs at E13.5, but is increased by birth. Overall
comparison of expression levels at E13.5 and P0.5 suggests that at some developmental
time-point between E13.5 and P0.5, Atrx is normally targeted to regulatory elements at
HI19, Igf2, Dikl, Slc38a4 and Dcn. In the Atrx™" forebrain, this targeting is interrupted
and maintenance of chromatin compaction is likely altered.

One in every ten Atrx™"

males survived beyond the newborn period, up to 27
post-natal days in one case (our unpublished results). This allowed extension of the
developmental analysis to the P17 time-point using forebrain tissue obtained from three
Atrx™" and litter-matched control pairs. Figure 3.8 shows that an approximately two-fold
increase in expression persisted in the P17 Atrx™ forebrain by quantitative real time RT-
PCR, except for Dcn which showed no change in expression. This may be related to the
varying results found at P0.5, and collection of more P17 tissue could still verify

null

upregulation of Dcn. Alternatively, it is possible that the few surviving Amx™" males
have unique neuronal environments, which could explain both variability in gene
expression at P0.5 and unchanged Dcn expression at P17. Ultimately, findings from the
analysis of Atrx-nulligosity on the developing forebrain demonstrate that there is an Atrx-
dependant effect on imprinted gene expression in the brain, with increased expression
appearing sometime between E13.5 and P0.5 and persisting through the post-natal stages
of brain development.

Restriction of upregulated imprinted gene expression to the post-natal stages of
development suggests that loss of Atrx alters some aspect of the primary imprint such as

DNA methylation, or secondary features of the imprint such as recruitment of regulatory

enzymes. Considering that ATRX is involved in the regulation of DNA methylation at
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rDNA repeats, it is possible that Atrx is targeted to methylated imprinted loci in order to
maintain chromatin repression. DNA methylation is the major epigenetic modification
known to regulate genomic imprinting at the Gt/2-Dlkl and H19-1gf2 loci. Methylation is
also believed to be important for Slc38a4 and Dcn regulation, although distinct regions of
differential methylation have not been identified (109, 110). Examining the status of
methylation marks at the well-defined regulatory DMRs of the G#/2-Dlkl and H19-Igf?
loci was therefore the first logical step in elucidating the mechanism by which ATRX

regulates imprinted gene expression.

3.4 Increased imprinted gene expression may correlate with abnormal DNA
methylation at the Gt/2-DlkI imprinted domain

G112 and DIkl are reciprocally imprinted neighbours located within a 1 Megabase
(Mb) imprinted domain on distal mouse chromosome 12 and human chromosome 14q32
(103-105). DIkl is one of three protein-coding genes in the imprinted domain (104),
while G#/2 is a non-coding RNA (111). Three DMRs have been identified at the Gr/2-
DIkl locus (Figure 3.9A), of which the germ-line derived intergenic DMR (IG-DMR)
located 13 kb upstream of Gt/2 represents the major control site for proper imprinting
specifically on the maternal chromosome (96). A second DMR, called the G2 DMR, is
located within the promoter and first exon of the Gt/2 gene (104). The third DIkI DMR is
located within the three-prime region of the DIk/ gene and has an undefined regulatory
function (105).

A non-allelic bisulfite mutagenesis approach was undertaken to analyze the Dik]

null

— G112 imprinted domain in two pairs of newborn Arrx™" and litter-matched control
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animals. Although allelic analysis would be ideal, this was not possible at the time of

null

experimentation due to the lack of Arrx™" males with polymorphic alleles. In order to

ox/wt

generate such mice, I have established a colony of heterozygous Ar. Cre” females
(129 Sv background) and attempted to cross with wild type Mus castaneous males
(CAST background) in hopes of obtaining Atr™ Cre' males with polymorphic 129Sv
and CAST alleles. Several months were spent establishing this colony, however matings
proved difficult because the heterozygous Atrx™" Cre” females do not express normal
levels of Atrx and consequently show phenotypic signs of mental retardation. As a result,
there were no successful matings.

Initial analysis of the IG-DMR determined that the 4.5 kb region is unmethylated
on the maternal allele and methylated on the paternal allele (96). Furthermore, the region
is methylated in sperm and unmethylated in unfertilized eggs, suggesting that the 1G-
DMR bears a germline imprint on the paternal allele (96). Deletion of the maternally
inherited IG-DMR causes bidirectional loss of imprinting at the Gt/2-DIkI locus, whereas
paternal deletion does not alter imprinted gene expression, thereby indicating that the 1G-
DMR only controls imprinted genes on the maternal chromosome (112).

Nested PCR primer pairs were used to specifically amplify the bisulfite-
mutagenized IG DMR within the DIkI-Gtl2 imprinted domain and sequencing of at least
twelve unique individual clones showing greater than 95% overall conversion enabled
identification of methylated CpG dinucleotides. Analysis of IG-DMR methylation is
outlined in Figure 3.9B-C and demonstrates that there may be allelic methylation bias

with no change in the pattern of methylation in the Arrx™" forebrain, although Control 2

displayed lower overall methylation (32%) in comparison to all other samples. This may



Figure 3.9 Bisulfite mutagenesis of the Dik/ — G#/2 IG DMR. (A) Schematic of the DIkl
— G112 imprinted domain. Black squares represent exons and white squares represent 3’
untranslated regions. Black semi-ovals represent methylated DMRs and white semi-ovals
represent unmethylated DMRs. The string with white circles represents the 34 CpG sites
analyzed within the IG DMR. (B) Twelve alleles from each sample were analysed and
individual alleles are represented as a string with 34 CpG circles. Black circles are
methylated and white circles are unmethylated. The total percent methylation for each
sample is indicated beside the sample name. (C) Analysis of total methylation levels at

individual CpG sites. Control samples are black and A#rx™" samples are grey.
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be reflective of increased contribution from the maternal unmethylated allele.
Conversely, it is possible that the Aox™" 2 sample is hypermethylated, which would
suggest that Atrx is involved in the regulation of DNA methylation at the IG DMR. In
order to resolve this question, allelic methylation analysis is required, and is dependant on

successful generation of Atrx™"

mice with polymorphic alleles.

Although the DIkl DMR has an undefined regulatory function, it is nevertheless a
region of differential methylation and should not be discounted. The small CpG island in
the fifth exon of DIkl was previously established as being unmethylated on the inactive
maternal allele and partially methylated on the active paternal allele (96). Tissue-specific
analysis of DIkl DMR methylation revealed that the paternal allele in the E18.5 brain is
more methylated than the maternal allele, however no obvious correlation between the
level of methylation and the level of expression was found (96). As shown in Figure
3.10B, current analysis of the DIk] DMR in the newborn forebrain showed that the region
is relatively unmethylated, and there is no obvious Atrx-dependant change in DNA

null

methylation in Afrx™" samples. Analysis of individual CpG sites confirmed that Atrx
deletion does not alter DNA methylation patterns at the D/k/ DMR (Figure 3.10C).

In contrast, the G2 DMR plays an important role in the regulation of imprinting
at the Gtl2-DIk] domain. As outlined in Figure 3.11A, the Gf/2 DMR is unmethylated on
the maternal allele and methylated on the paternal allele (111). Paternal inheritance of an
insertional mutation in the five-prime region of Gt/2 caused loss of GtI2 DMR
methylation on the paternal allele, and suggested methylation is involved in maintenance

of the paternal imprint (113). Reciprocal loss of DIk/ imprinting upon maternal

inheritance indicated that the unmethylated G#/2 DMR is important for imprinting of the



Figure 3.10 Bisulfite mutagenesis of the Dlkl DMR. (A) Schematic of the DIkl — Gtl2
imprinted domain. Black squares represent exons and white squares represent 3’
untranslated regions. Black semi-ovals represent methylated DMRs and white semi-ovals
represent unmethylated DMRs. The string with white circles represents the 24 CpG sites
analyzed within the DIk/ DMR. (B) Twelve alleles from each sample were analysed and
individual alleles are represented as a string with 24 CpG circles. Black circles are
methylated and white circles are unmethylated. The total percent methylation for each
sample is indicated beside the sample name. (C) Analysis of total methylation levels at

individual CpG sites. Control samples are black and Atrx™" samples are grey.
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maternal chromosome (113). While the exact role of the Gf/2 DMR remains undefined,
proper methylation of this site is still crucial for normal expression of both D/k! and Gt2.

As shown in Figure 3.11B, analysis of the Gt/2 DMR in the newborn forebrain

'

null

gave variable results. The first Ar#x™" animal showed no overall change in methylation as

well as no change at individual CpG sites, suggesting that Atrx does not regulate Dik]

mull animal

expression by an effect on the Gt/2 DMR. However, analysis of the second Atrx
showed strikingly different results. In this case, the Gt/2 DMR was grossly
hypomethylated, with consistent decreases of approximately 25% occurring at most
individual CpG sites (Figure 3.11C). Interestingly, Figure 3.11C highlights that the
pattern of methylation is very similar when comparing CpGs from control and Atrx™"
samples. Since the methylation pattern is similar, but the level of methylation is different,
this suggests that changes may be attributed to over-representation from the maternal
allele. As with the IG DMR, the possibility that Atrx is involved in maintenance of DNA
methylation at the G#/2 DMR can not be ruled out and allelic analysis is the only way to
resolve this question.

An effort was made to correlate transcriptional profiling with methylation analysis
of the Gt12-DikI imprinted domain. For the second Atrx™/ and control pair (marked as #2
in Figures 3.9-3.11), half of the forebrain was treated with sodium bisulfite while the
second half was processed for transcriptional analysis. Using real time RT-PCR, it was
found that DIkI was upregulated 3.5-fold while G#/2 was unchanged. Upon comparison
of methylation patterns to expression levels, no obvious mechanism emerged, therefore

allelic analysis must be performed in order to correlate changes in methylation at the

G112-Dlkl locus with the observed upregulation of DIk! in the Atrx™" forebrain.



Figure 3.11 Bisulfite mutagenesis of the Gt/2 DMR. (A) Schematic of the DIkl — G2
imprinted domain. Black squares represent exons and white squares represent 3’
untranslated regions. Black semi-ovals represent methylated DMRs and white semi-ovals
represent unmethylated DMRs. The string with white circles represents the 12 CpG sites
analyzed within the G#/2 DMR. (B) Twelve alleles from each sample were analysed and
individual alleles are represented as a string with 12 CpG circles. Black circles are
methylated and white circles are unmethylated. The total percent methylation for each
sample is indicated beside the sample name. (C) Analysis of total methylation levels at

individual CpG sites. Control samples are black and Azrx™" samples are grey.
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3.5 Increased imprinted gene expression does not correlate with abnormal DNA
methylation at the H19-Igf2 imprinted domain

Regulation of genomic imprinting at the H7/9-Igf2 locus has been characterized
with much greater detail in comparison to the Gt/2-Dikl locus. In most tissues,
differential methylation occurs at three specific regions throughout the H79-Igf2 locus,
including the H/9 imprinting control region (ICR), the Igf2 DMR1 and the /gf2 DMR2.
In addition, a placental-specific /gf2 DMRO is located upstream of the first /gf2 promoter
(76, 114-116). With the exception of the Igf2 DMRO, the three major regulatory DMRs
are paternally methylated. As previously described in Figure 1.3A, paternal methylation
of the HI19-Igf2 DMRs gives rise to a chromatin loop in which only Igf2 is actively
transcribed, while maternal loss of methylation results in CTCF-dependant chromatin
loop formation in which only H19 is actively transcribed (77, 117, 118). It is important to
note, however, that the chromatin looping model of H/9-Igf2 regulation has only been
demonstrated in the murine liver and that the regulation of this chromosomal region has
not been resolved in the mouse forebrain.

In the murine brain, /gf2 is readily expressed throughout mesenchymal structures
and the neural crest during embryonic development (119). Expression is restricted to the
choroid plexus and leptomeninges in the postnatal brain, with transient expression in the
granule cells of cerebellar parenchyma during the first week of postnatal development
(120). At the choroid plexus epithelium and leptomeninges, loss of imprinting and
biallelic expression of /gf2 has been reported (119, 121), with recent suggestions that in
non-imprinted tissue a brain-specific enhancer domain in the intergenic region supports

imprinting control distinct from differentially methylated domains (122, 123). The brain-
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specific enhancer functions independent of the previously identified mesoderm (124, 125)
and endoderm-specific enhancers (126). At the same time, H19 is not expressed in the
choroid plexus epithelium and is imprinted throughout the remainder of the choroid
plexus and leptomeninges (122, 127). Taken together, data from previous studies
indicated that regulation of H/79-Igf2 imprinting in the brain is complex and should not be
interpreted in the same context as other tissues. With this caveat in mind, I assessed the
effect of Atrx deletion in the mouse forebrain on HI19-Igf2 DMR methylation patterns
using the same bisulfite mutagenesis approach as outlined for the G#/2-DIkl analysis.

The HI19 ICR is the main control centre for methylation-dependant regulation of
the H19-Igf2 imprinted domain. On the unmethylated maternal allele, post-fertilization
binding of four CTCF proteins at the H/9 ICR acts as a protective shield against de novo
methylation of the maternal H/9 ICR and Igf2 DMRs (77, 128). The HI9 ICR also
contains regulatory sequences that repress H/9 transcription from the paternal allele
(129). The HI19 ICR therefore plays multiple roles in imprinting regulation, and
disruption of DNA methylation would likely influence gene expression. As shown in
Figure 3.12B, analysis of the H/9 ICR in the newborn mouse forebrain showed allelic
methylation bias, but there was no change in methylation patterns upon Atrx loss-of-
function. Further analysis of individual CpG sites confirmed that Atrx deletion in the
forebain does not alter DNA methylation patterns at the H/9 ICR (Figure 3.12C). From
analysis of the wild-type forebrain, it is also important to note that the presence of
approximately 50% methylated paternal alleles and 50% unmethylated maternal alleles
supports previous findings that H/9 is imprinted in regions of the mouse brain outside of

the choroid plexus epithelium (130).



Figure 3.12 Bisulfite mutagenesis of the H/9 ICR. (A) Schematic of the 7719 - Igf2
imprinted domain. Black squares represent exons. Black semi-ovals represent methylated
DMRs and white semi-ovals represent unmethylated DMRs. The string with white circles
represents the 16 CpG sites analyzed within the H79 ICR. (B) At least twelve alleles from
each sample were analysed and individual alleles are represented as a string with 16 CpG
circles. Black circles are methylated and white circles are unmethylated. The total percent
methylation for each sample is indicated beside the sample name. (C) Analysis of total

methylation levels at individual CpG sites. Control samples are black and 4frx™" samples

are grey.
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In the liver, regulation of DNA methylation at the /gf2 DMRI1 and Igf2 DMR2 is
dependant on CTCF insulation at the H/9 ICR. In general, when the HI/9 ICR is
unmethylated, CTCF will block de novo methylation of the Igf2 DMRs (77).
Alternatively, when the H19 ICR is methylated, CTCF can not bind and the /gf2 DMRs
are methylated (97). Since the unmethylated maternal /gf2 DMRI1 interacts with the
maternal H19 ICR, but the methylated paternal Igf2 DMR2 interacts with the paternal
HI19 ICR, it has been deduced that the function of the Igf2 DMRs is to loop the H19-Igf?
locus such that Igf2 is paternally transcribed and H19 is maternally transcribed (77). At
the same time, tissue-specific patterns showing only partial methylation have not been
accounted for (114).

Bisulfite analysis of the Igf2 DMR1 and DMR2 regions in the newborn forebrain

0.
" mice

revealed that these areas are largely unmethylated for both wild type and Atrx
(Figures 3.13B and 3.14B). As with the HI/9 ICR, methylation levels were calculated at
individual CpG sites (Figures 3.13C and 3.14C), however only a slight increase in
methylation was found at a few specific CpG sites for both DMRs. These differences are
mild and not striking enough to definitively correlate changes in methylation patterns
with the upregulation of H19 and Igf2 observed in the Atrx™ forebrain. Perhaps the more
relevant finding was that neither of the Igf2 DMRs showed differential methylation,
suggesting that /gf2 is not imprinted in the mouse forebrain.

Similar to the G#/2-DIkI analysis, I attempted to correlate transcriptional profiling
with methylation analysis of the HI9-Igf2 imprinted domain. Using the same Atrx™" and

control litter-matched pair as described previously, quantitative RT-PCR revealed that

HI9 was upregulated 12.5-fold while /gf2 was upregulated 13.6-fold, however Figure 3.6



Figure 3.13 Bisulfite mutagenesis of the /gf2 DMRI1. (A) Schematic of the HI19 - Igf2
imprinted domain. Black squares represent exons. Black semi-ovals represent methylated
DMRs and white semi-ovals represent unmethylated DMRs. The string with white circles
represents the 7 CpG sites analyzed within the Igf2 DMRI1. (B) Twelve alleles from each
sample were analysed and individual alleles are represented as a string with 7 CpG
circles. Black circles are methylated and white circles are unmethylated. The total percent
methylation for each sample is indicated beside the sample name. (C) Analysis of total
methylation levels at individual CpG sites. Control samples are black and A#rx™" samples

are grey.
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Figure 3.14 Bisulfite mutagenesis of the Igf2 DMR2. (A) Schematic of the /19 - Igf2
imprinted domain. Black squares represent exons. Black semi-ovals represent methylated
DMRs and white semi-ovals represent unmethylated DMRs. The string with white circles
represents the 16 CpG sites analyzed within the /gf2 DMR2. (B) Twelve alleles from
each sample were analysed and individual alleles are represented as a string with 16 CpG
circles. Black circles are methylated and white circles are unmethylated. The total percent
methylation for each sample is indicated beside the sample name. (C) Analysis of total

null

methylation levels at individual CpG sites. Control samples are black and Arx™" samples

are grey.
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shows that these values are extreme outliers in comparison to all other samples. Taken
together, DNA methylation patterns at the H19-Igf2 DMRs are not changed in the 4trx™"

forebrain and do not correlate with upregulation of H79 and /gf2 expression.

3.6 Atrx and MeCP2 colocalize at the H19 ICR

Recent evidence has demonstrated that imprinting at the H/9 — Igf2 locus is
regulated by a variety of epigenetic factors in addition to DNA methylation. Regulatory
enzymes such as CTCF are known to be required both for the establishment and
maintenance of imprinting at the H/9 — Igf2 domain (77, 128). Alternatively, enzymes
such as MeCP2 have demonstrated allele-specific interactions but functional significance
has not been fully established (78). Since deletion of Atrx in the mouse forebrain did not
alter DNA methylation patterns at the H19 — Igf2 domain, I reasoned that the regulatory
effect Atrx has on H/9 and Igf2 may be caused by interaction between Atrx and MeCP2
specifically at the paternally methylated H/9 ICR. Since MeCP2 is known to recruit
histone modifying enzymes such as HDACI1 (69, 70), disruption of the putative Atrx —
MeCP?2 interaction may affect acetylation of histone H3, rather than DNA methylation.

ChlIP analysis was employed to determine if Atrx localizes to the H/9 ICR. Since
no other gene-specific target sites have been identified for Atrx, known CTCF and
MeCP2 binding sites in the H79 ICR were used as a positive control to establish the ChIP
protocol. As shown in Figure 3.15A, four CTCF binding sites are present within the H/9
ICR, while one MeCP2 interaction site has been mapped. Since no previous reports have
shown successful ChIP analyses using Atrx antibodies, it was questioned whether

the Atrx antibody would react with non-specific regions of chromatin. When



Figure 3.15 ChIP analysis of CTCF, MeCP2 and Atrx across the H/9 ICR. (A) Schematic
of the H19 ICR showing known binding sites for CTCF (grey boxes) and MeCP2 (dotted
line D). Lettered lines indicate regions of PCR amplification. (B) Columns A — D show
that antibodies for MeCP2 and Atrx strongly co-immunoprecipitate in the center of the
HI9 ICR from wild type P18 mouse brain tissue (D region). CTCF binding is specific to
previously mapped binding sites. Column E shows that antibodies for MeCP2, Atrx and
CTCF do not immunopreciptate the region upstream of the H79 ICR from wild type P18
mouse brain tissue. Numbered lanes correspond to: (1) Input (2) Negative control
antibodies for rabbit IgG, sheep IgG and goat IgG used alongside MeCP2, ATRX and
CTCF antibodies, respectively (3) Wild type P18 mouse brain. (C) Control experiment
null

showing that the Atrx antibody does not immunoprecipitate the /79 ICR from Atrx

P18 mouse brain tissue. The KO lane corresponds to Arrx™" P18 mouse forebrain.
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comparing ChIP results in a control and Afrx™" brain, the Atrx antibody only showed
specificity for the control brain, proving that the Atrx antibody is specific (Figure 3.15C).
To further address this issue, primer pairs spanning the H/9 ICR and a region
approximately 8.5kb upstream of the H/9 ICR were designed (Figure 3.15A). As shown
in Figure 3.15B panel E, the Atrx, MeCP2 and CTCF antibodies do not successfully
immunoprecipitate DNA in the upstream region. Alternatively, Figure 3.15B panel D
shows the novel finding that Atrx and MeCP2 co-localize in the center region of the H/9
ICR. CTCF binding was specific to previously mapped regions. This result outlines the
first gene target site for Atrx and shows the novel finding that Atrx can co-localize with
MeCP2 at target sites distinct from pericentric heterochromatin. Ultimately, this result
suggests that Atrx is an epigenetic regulator of chromatin accessibility at the H19 ~ Igf2

imprinted domain.
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CHAPTER FOUR - Discussion and Conclusions

4.1 Summary of Thesis Findings
In this thesis, I first presented the analysis of DNA methylation at repetitive

: I
sequences in the Amrx™

forebrain demonstrating that 18S rDNA arrays are
hypomethylated, while major satellite, minor satellite and IAP gag repeats are
unchanged. Hypomethylation of 18S rDNA correlated with a 3.9-fold upregulation of
18S RNA expression in newborn Atrx™" forebrain compared to controls. These results
suggest that Atrx is targeted to rtDNA arrays where it is involved in epigenetic silencing
of transcription.

I then demonstrated that loss of Atrx in the forebrain results in upregulation of
HI19, Igf2, DIkl, Slc38a4, Dcn and DIx5 in the neonatal and P17 forebrain. I found that
aberrant imprinted gene regulation occurs sometime after E13.5 and before or at birth,
suggesting that Atrx is required to maintain repressive epigenetic marks only at later
stages of development. One exception was DI/x5, which showed downregulation at E13.5
and upregulation at P0.5 in the Arrx™" forebrain. This finding indicates that Atrx may be
involved in activation of DIx5 during embryonic development, and repression of DIx5
during postnatal development.

I have also demonstrated that deletion of Atrx in the mouse forebrain causes
hypomethylation of the Gt/2 DMR within the DI/k! — Gt12 imprinted domain. This change
only occurred in one of two Atrx™" forebrains and indicated that Atrx might be involved

in the regulation of DNA methylation at the DIk/ — G#/2 imprinted domain, however

allelic analysis will be required to definitively establish this link. Analysis of the H19 —
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Igf2 domain revealed that transcriptional upregulation of these genes does not correlate
with aberrant DNA methylation at the regulatory DMRs. Methylation analysis of control
forebrain revealed that only half of the alleles are methylated at the H/9 ICR, suggesting
that this genomic region is imprinted in the newborn forebrain. Conversely, minimal CpG
methylation was observed at the Igf2 DMRI1 and DMR2, suggesting that chromatin
conformation at the H19 — Igf2 domain is likely to be different in the brain in comparison
to other tissues such as the liver.

To determine whether Atrx acts directly or indirectly at the H/9 — Igf2 domain,
we performed ChIP analysis of mouse brain tissue and showed that Atrx co-localizes with
MeCP2 at the HI9 ICR, implicating Atrx as an epigenetic regulator of chromatin
accessibility at the H19 — Igf2 locus. Taken together, the results presented in this thesis
demonstrate a novel role for Atrx in the regulation of imprinted gene expression and
identify the H/9 ICR as the first genomic DNA target for the Atrx protein. This work
sheds light on the functional significance of Atrx and can be used as a foundation for the

future elucidation of the mechanism by which Atrx regulates gene expression.

4.2 Developmental Implications of Aberrantly Expressed Imprinted Genes

HI19, Igf2, DIkl, Slc38a4, Dcn and Dix5 all have complex tissue-specific
imprinting and expression patterns, and each gene serves a unique function in the cell.
The HI9 gene is transcribed into a non-coding RNA to which little functional
significance has been established. It has recently been demonstrated that a 23-nucleotide
primary microRNA is derived from the H19 transcript, and it was proposed that this

microRNA is involved in post-transcriptional downregulation of specific mRNAs during
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embryonic development (131). Conversely, Igf2 encodes a mitogenic hormone that is an
autocrine regulator of cell proliferation and is involved in mediation of growth hormones,
stimulation of insulin and embryonic growth (132). The DIkl gene encodes a
transmembrane protein that is a member of the Notch/Delta/Serrate family of signalling
molecules (133, 134) and plays a role in the differentiation of several tissues (135-137).
While the Slc38a4 gene encodes a System A amino acid transporter that shuttles
a-(methylamino)-isobutyric acid between cells (138), Dcn encodes a member of the
dermatan sulphate proteoglycan family that binds collagen and contributes to processes
such as matrix assembly, cell adhesion, migration and proliferation in a variety of
connective tissues (139). Finally, DIx5 encodes a distal-less homeobox protein that
regulates the production of y-aminobutyric acid (GABA) in GABAergic neurons (140).
Despite functional differences, there are two striking similarities between each of
these genes. First, altered expression of some imprinted genes in the brain has been
linked to different forms of autistic mental retardation and has led to the theory of the
imprinted brain (141). Second, all of the identified genes except DIx5 have been
implicated in the regulation of mouse placentation (142). As outlined below, these two
observations may be significant as they relate first to the profound mental retardation
observed in ATR-X patients and second to the placental defect observed in mice with

tissue-wide deletion of Atrx.

4.2.1 Conflict Theory and the Importance of Imprinted Genes in Placenta and Brain
In mammals, imprinted genes have a high tendency to be implicated in the

regulation of placental and foetal growth. The conflict theory of genomic imprinting is
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the most widely recognized evolutionary explanation for this phenomenon, and states that
imprinting is the result of conflict between the maternal and paternal genomes over the
allocation of maternal resources to the offspring (143-146). Whereas paternally expressed
genes are involved in extracting maternal resources for the benefit of individual offspring,
maternally expressed genes act by allocating resources equally among all offspring (146).
Ultimately, the battle of the parental genomes takes place between the placenta and
foetus, at the levels of supply and demand for maternal resources (146, 147).

Outside the placenta, the other major tissue where imprinted genes are expressed
is the brain (148). Conflict between the parental genomes can also be used to explain the
theory of the imprinted brain and autistic mental retardation. Here, conflict is manifested
by the transfer of resources via the behaviour of parents and offspring. Since the
mammalian father’s contribution to offspring comes from a single sperm and relies
heavily on how his genes contribute to development of the brain, then these genes are
expected to regulate self-interested behaviour at the expense of the mother and siblings
(141). Alternatively, the mother provides resources before and after birth and is
considerably more involved in rearing the offspring. Consequently, the mother has a
strategic influential advantage as the main nurturer and her genetic contribution will
favour development of brain structures that mediate cognitive activity related to the
survival and fitness of the whole family (141).

To validate the theory of the imprinted brain, a role for genomic imprinting was
clearly demonstrated in chimeric mouse brains, where it was found that cells expressing
only paternal genes contribute to the development of ‘systematic brain’ structures such as

the hypothalamus, amygdala and limbic system that mediate drives such as hunger, fear
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and aggression (149, 150). Alternatively, cells expressing only maternal genes contribute
to development of ‘empathic brain’ structures such as the neocortex and forebrain that
mediate learning, planning, language, social interactions and empathic emotions (149,
150). Therefore, the paternal brain is recognized as expressing genes that differentially
regulate growth, whereas the maternal brain expresses genes that differentially guide
development (141). In relation to autistic mental retardation, extreme paternal brains are
focused on systematic functions such as technical (eg. machines), natural (eg. biology)
and abstract systems (eg. mathematics), whereas extreme maternal brains are centered on
empathic functions such as social interactions, language skills and the ability to predict
thoughts and feelings (141). Autistic mental retardation is therefore proposed to be
caused by failure of the maternal brain that results in extreme favouring towards the

impulsive and compulsive desires of the paternal brain (141).

4.2.2 Expression and Role of Aberrantly Expressed Genes in the Brain

In the mouse brain, expression analysis of the Dcn gene is limited to the embryo
where it was shown that Dcn transcript is only present in the meninges and a region of the
floor plate of the fourth ventricle (139). In contrast, there is detected Dcn expression in
specific neuronal populations of the adult rat brain including Purkinje cells, stratum
moleculare cells, and neurons in the olfactory cortex and pons (151). DCN is also
expressed in the cerebral cortex and cerebellum of the human brain (152). Interestingly, it
has been reported that imprinting of the mouse Dcn gene is specific to the placenta and
all other tissues exhibit biallelic expression (110). Considering that imprinting was

analyzed on whole brain, this study may not be accurate because other imprinted genes
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show tissue-specific imprinting in localized regions of the brain (130). Regardless, Dcn
has been implicated in inhibition of neurite outgrowth (153) and over-expression may
result in cognitive abnormalities due to loss of axonal guidance and neuronal connections.

Expression and functional analyses of the imprinted gene Slc38a4 has not been
conducted in the brain and only limited analysis has been performed on D/k/. In the adult
brain, DIkl is expressed in monoaminergic nuclei of the SNc (substantia nigra pars
compacta) and the ventral tegmental area (VTA) (154). The role of DIkI in these regions
has only been explored with respect to the generation of dopaminergic neurons. It was
found that during embryonic development, the onset of DIk expression in midbrain
neurons correlates with the onset of the dopamine-synthesizing enzyme Tyrosine
hydroxylase, which indicated that D/k/ is important for dopaminergic neuron maturation
(155). According to the theory of the imprinted brain, increased expression of the
maternally imprinted gene DIkl should result in paternalization and hyperactivation of
the systematic brain. D/k] upregulation may therefore cause autistic abnormalities that
manifest due to altered maturation of dopaminergic neurons.

More effort has been directed towards determining the expression and imprinting
patterns of HI9 and Igf2 in the brain. During embryonic brain development, Igf2 is
readily expressed throughout mesenchymal structures and the neural crest (119), however
expression is restricted to the choroid plexus and leptomeninges in the postnatal brain,
with transient expression in the granule cells of cerebellar parenchyma during the first
week of postnatal development (120). Similarly, H19 shows limited expression restricted
to the choroid plexus stroma and leptomeninges. Interestingly, while Igf2 is biallelically

expressed in the epithelial layers of the choroid plexus, H19 is not expressed at all (130).
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The functional significance of this restricted expression pattern remains unclear, however
it has been proposed that epigenetic mutations of /gf2 will alter normal neurological or
behavioural patterns by favouring the development of a paternal brain (156).

In the mouse and human brain, the DIx genes play an important role in the
development and transmission of GABAergic neurons. In particular, cortical expression
of Dix5 regulates transcription of the glutamic acid decarboxylases that are responsible
for the production of GABA (140). Past reports show that DIx5 is approximately 2-fold
upregulated in the frontal cortex of MeCP2™ mice and this result has been used to help
explain the mechanism of Rett Syndrome (RTT) pathogenesis (106). RTT is an X-linked
mental retardation syndrome that is caused by mutations in the MECP2 gene and is
characterized by autistic-like behaviour, impaired language, seizures, changes of head
growth, loss of motor skills and repetitive hand wringing (157).

Since a cross-regulatory cascade has been shown for members of the Dix family
(140), it has been proposed that altered expression of DLX5 would affect the GABA
neurotransmission system by altering expression of other DLX genes (106). This proposal
is supported by microarray analysis of the Afrx™” P0.5 forebrain that identified the
GABA-related genes Cerruloplasmin (Cp), Prostaglandin D2 synthase (Ptgds), Cadherinl
(Cdhl) and Transient receptor potential cation channel member 4 (Trpc4) as showing
altered expression of at least 1.5-fold (Appendix I) (158-161). Therefore, loss of highly
regulated expression of DIx5 in the Atrx™" or MeCP2™" mouse forebrain likely affects
the development of GABAergic neurons and may be directly linked to the profound

mental retardation observed in ATR-X and RTT patients. More specifically, the autistic-
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like characteristics of ATR-X and RTT patients supports the theory of the imprinted brain
in that over-expression of DLX35 could disrupt maternal-brain development.

Problems with GABA neurotransmission have also been associated with the
neurodevelopmental imprinting disorder Angelman Syndrome (AS) (162). AS is caused
by chromosome 15 mutations in the maternally expressed ubiquitin protein ligase gene,
UBE3A (163). Dysregulated UBE3A expression decreases paternally favoured GABRB3
(GABA receptor beta-3) expression and alters GABA neurotransmission, ultimately
causing dysfunction of cortical and thalamo-cortical systems (162). UBE3A mutation also
disrupts Purkinje cell development in the cerebellum (164), which is a common
abnormality found in autistic patients (165). Interestingly, Angelman syndrome shares
phenotypic overlap with ATR-X syndrome in that patients show profound mental
retardation with absent speech, walking seizures, happy disposition and emotional lability
(20). This phenotypic overlap supports the presence of disrupted GABA
neurotransmission in the ATR-X brain as well as further implicates ATR-X syndrome as

an imprinted brain disorder.

4.2.3 Expression and Role of Aberrantly Expressed Genes in the Placenta

In comparison to the brain, significantly more research has been devoted to
resolving the function and necessity of imprinted genes in the placenta. For example, it is
known that human DCN negatively controls proliferation, migration and invasiveness of
extravillous trophoblast (EVT) cells (166). In particular, DCN binds transforming growth

factor (TGF)-beta (167), which is an inhibitor of EVTs (168-171). DCN and TGF-beta
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co-localize in the decidual extracellular matrix in an inactive state and are proposed to be
reactivated by proteolysis in order to prevent over-invasion of EVT cells (166).

It is important to note that in the human placenta the DCN gene is biallelically
expressed and there are no regions with allele-specific chromatin modifications (172). It
has been proposed that since most human pregnancies are singletons, there is no
competition for maternal resources and this causes relaxation of DCN imprinting in the
human placenta (172). Regardless, overexpression of Dcn in the mouse placenta could
result in inhibition of migration, proliferation and invasiveness of EVT cells. In embryos
where Atrx is globally deleted, lethality occurs at E9.5 due to failed formation and
function of the invasive secondary trophoblast giant cell layer (8) and this may be linked
to Dcn over-expression.

On a separate note, DIkl is not ubiquitously expressed throughout embryonic
development, but there are strong levels of expression in all layers of the placenta (173).
Consequently, uniparental disomy of paternal chromosome 12 (pUPD12), which causes
biallelic expression of DIkI, results in placentomegaly, whereas uniparental disomy of
maternal chromosome 12 (mUPD12) causes growth retardation (174). More specifically,
pUPD12 conceptuses exhibit thickening of the middle trophoblast layer in the labyrinth,
abnormal behaviour of glycogen cells in the junctional zone, and incomplete
transformation of the central maternal artery in the placenta (175). These results indicate
that the paternally expressed gene DIkl is required for placental growth and upregulation
of DIkl may result in placentomegaly.

H19 RNA is present at high levels in extra-embryonic tissues as early as E5.5

(176) and in the embryo starting at E6.5, however strict monoallelic expression does not



101

occur until approximately E10.5 (177). Igf2 is co-ordinately expressed in the same tissues
as H19 at very high levels throughout embryonic development and both show a drastic
expression decrease in all tissues after birth (178). Interestingly, the /gf2 gene codes four
promoters; PO is a placenta-specific promoter located just upstream of the placenta-
specific Igf2 DMRO, whereas P1-P3 are ubiquitously active promoters located in each of
the first three exons of the Igf2 gene (175). In the placenta, Igf2 is highly expressed in all
cell layers from promoters P1-P3, with the exception of the labyrinthine trophoblast
where Igf2 is only expressed from the PO promoter (175).

Although the H19 regulatory elements are required for /gf2 imprinting, H19 RNA
is not essential and transgenic mice lacking the H19 transcript are viable (179).
Alternatively, Igf2 is essential for embryonic development and silencing of the gene
results in embryonic lethality associated with placental stunting (180). Similar to the
paternally expressed gene DIkl, embryos over-expressing /gf2 exhibit placentomegaly
and foetal overgrowth (181). In addition, biallelic /GF2 expression in humans caused by
epimutations or microdeletions leads to foetal and placental overgrowth in utero and is
diagnosed as the imprinting disorder Beckwith-Wiedemann syndrome (182). Taken
together, these studies suggest that Igf2 overexpression favours paternalization of the
placenta in order to extract maternal nutrients and promote growth of the foetus.

Finally, Sic38a4 shows tissue-specific imprinting that is monoallelic in all
lineages except those of the liver and viscera (110). Interestingly, a link has been made
between Igf2 and Slc38a4 in the regulation between placental nutrient supply and foetal
demand. In placenta deficient of the Igf2 PO transcript, which is specific to the

labyrinthine trophoblast cells, foetal demand signals are proposed to stimulate placental
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growth and upregulate placental expression of the nutrient supply gene Slc38a4 (183). It
was postulated that crosstalk between the paternally expressed demand gene Igf2 in the
foetus, and the paternally expressed supply gene Slc38a4 in the placenta, support the
conflict theory in that the paternally inherited genes act in concert to extract maternal
resources and allocate maternal nutrients (183).

As mentioned previously, Arx™ embryos with global Atrx deletion die prior to
E9.5 due to highly disorganized extra-embryonic tissue caused by defective formation of
the secondary giant cell compartment in the developing trophectoderm (8). According to
the studies outlined above, it would be expected that upregulation of imprinted genes
such as DIkl, Igf2 and Slc38a4 should result in overgrowth of the placenta and foetus.
Since placental overgrowth is not observed when murine Atrx is globally deleted, it is
possible that ATRX either does not regulate imprinted genes in the placenta or that
ATRX differentially regulates imprinted gene expression during prenatal and postnatal

development.

4.3 Proposed Mechanism of H19 — Igf2 Regulation in the Mouse Forebrain

In order to determine a possible mechanism of ATRX regulation at imprinted
genes, research efforts were focused on the H79 — Igf2 imprinted domain because this is
the most widely studied locus throughout the imprinting literature. The main drawback to
this approach is that the imprinting status of H/9 and Igf2 has not been fully elucidated in
the mouse brain. During postnatal stages of development, there is restricted expression of
HI19 and Igf2 in the choroid plexus stroma and leptomeninges (130), whereas in the

choroid plexus epithelium /gf2 is biallelically expressed and H19 is not expressed (Figure



Figure 4.1 Choroid plexus structure. (A) The cortical choroid plexus is physically located
beside the hippocampus in the cerebral cortex. (B) Schematic diagram of the choroid
plexus ventrical outlining the location of epithelial and stromal tissue. The choroid plexus
produces cerebral spinal fluid that is secreted through junctions in the epithelial layers of

a highly vascular capillary bed.
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4.1) (130). As mentioned previously, the significance of tissue-specific H/9 — Igf2
imprinting has not been resolved, and it is therefore possible that a variety of inter-related

mechanisms could explain the regulation of H/9 and /gf2 by Atrx in the mouse forebrain.

4.3.1 Brain Specific Enhancers May Regulate H19 — Igf2 Transcription

It was originally proposed that the H19 — Igf2 imprinting variation between the
choroid plexus epithelium and stroma is caused by differential epigenetic markings that
are dependant on the embryonic lineage of the tissues (130); the epithelium is derived
from neural tube ependyma whereas the stroma is derived from the same mesenchymal
population that later forms the meninges (184). Interestingly, analysis of whole choroid
plexus revealed biallelic methylation of the Igf2 DMRs with concomitant monoallelic
methylation of the H/9 promoter, supporting the presence of differential epigenetic
markings (114).

It has also been shown that a centrally conserved domain (CCD) is involved in
regulation of Igf2 expression in both imprinted and non-imprinted brain tissues (130). It
is proposed that a mesodermal or neural tube-derived enhancer lies within the CCD and
drives expression of Igf2 independant of the H79 ICR (130). Considering that a specific
CCD enhancer regulating biallelic Igf2 expression exists in the choroid plexus (130), it is
also possible that an additional unique enhancer regulates Igf2, but not H/9 expression in
the forebrain. The concept of brain-specific enhancers is also supported by evidence from
the Gtl2 — DIkl imprinted domain. It was recently suggested that DlkI-specific enhancers
within the region 50 kb upstream from the DIkl transcription start site show distinct

activation of DIk in the brain (173). Alternatively, an unknown brain-specific enhancer
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located between the regions 3.5 kb upstream of D/k/ and 69 kb downstream of Gtl2
causes imprinted expression of G#/2 but not DIk] (185). In the brain, DIkl and Gt/2 are
therefore activated by separate gene-specific enhancers, which may also be the case for

H19 and Igf2.

4.3.2 Transcriptional Regulation by Chromatin Looping and MARs

In the murine liver, the paternally methylated H7/9 ICR interacts with the
methylated /gf2 DMR2 resulting in a chromatin loop where Igf2 is actively transcribed
but H19 is silenced (77). The hypomethylated maternal H/9 ICR interacts with the
MAR3 and the hypomethylated /gf2 DMR1 via CTCF to silence Igf2 and activate HI9
(77). Based on evidence from the liver it is likely that chromatin looping is also involved
in H19 — Igf2 regulation in the forebrain, however, chromatin looping status has not been
established thus far. In addition, the methylation status of the H/9 and /gf2 DMRs has not
been determined in brain structures exhibiting low levels of basal gene expression such as
the cortex and hippocampus. I have shown for the first time that the /g2 DMRs have
minimal levels of methylation in the mouse forebrain, which suggests that regulation of
expression at the H/9 — Igf2 domain is different than the liver and it is probable that a
unique chromatin looping environment is present. Since the HI/9 ICR showed a
monoallelic methylation pattern, it is possible that the unmethylated maternal H19 ICR is
able to form a chromatin loop with the unmethylated maternal Igf2 DMRI1, resulting in
Igf2 silencing and HI19 activation. Alternatively, the methylated paternal H/9 ICR is
unlikely capable of interacting with the unmethylated paternal Igf2 DMR2, resulting in

the formation of a unique chromatin loop or an open chromatin conformation.
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Current reports demonstrate that methylation of the paternal H/9 ICR promotes
DNMT access to the Igf2 DMRs and should result in methylation (97), which is not
observed in the forebrain. In order to prevent the spread of methylation to the paternal
Igf2 DMRs, then a paternal-specific barrier must be present. Since paternal-specific
matrix attachment regions (MAR) are present in the liver (79), it is possible that these are
also present in the brain, where they may act as boundary elements to prevent the
spreading of chromatin modifications or to separate specific chromatin loops or domains.
Conversely, loss of the H19 ICR causes spread of methylation on both the maternal and
paternal alleles (186). When the H/9 ICR is present, CTCF binding on the unmethylated
maternal allele prevents the spread of methylation specifically at the /gf2 DMRs on the
maternal allele, whereas the paternal DMRs become methylated (97). Since it is proposed
that the maternal loop is still present in the murine forebrain, then CTCF would prevent

the spread of methylation to the maternal /gf2 DMRs.

4.3.3 Atrx and MeCP2 May Repress the Paternal Allele

In addition to the requirement for unique boundary elements on the paternal allele,
it is also possible that regulatory protein factors are required at the H/9 ICR to promote
the formation of a heterochromatic state. Previous reports demonstrated that MeCP2
interacts with the methylated /79 ICR in the mouse liver (78) as well as the G#/2 DMR
in the mouse cerebellum (187). Examination of the functional significance of MeCP2 at
the /719 ICR has established that MeCP2 presence coincides with an increase in histone

H3 lysine 9 (H3K9) methylation and reinforces a repressive chromatin state (188).
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MeCP2 is also capable of recruiting the repressive enzyme HDAC] to a variety of
binding sites in the genome (69, 70), including the H19 — Igf2 domain (71).

As outlined previously, a recent report showed that Atrx and MeCP2 directly
interact at methylated pericentric heterochromatin of mature postnatal neurons through
their C-terminal and methyl-binding domains, respectively (68). Interestingly, during
embryonic development when MeCP2 is not expressed, Atrx is targeted to neuronal
pericentric heterochromatin via the N-terminal ADD domain. However, in the post-natal
brain, loss of MeCP2 results in a major decrease of ATRX at heterochromatin, despite
both normal levels of ATRX protein and normal targeting to heterochromatin in non-
brain tissues where MeCP2 is less abundant (68). In light of the developmental study of
imprinted gene expression showing postnatal upregulation of target genes in the Arx™"
forebrain, it is possible that Atrx and MeCP2 co-ordinately regulate H/9 and Igf2
expression specifically during postnatal stages of forebrain development.

I have now established the novel finding that Atrx colocalizes with MeCP2 at the
H19 ICR in the P18 murine brain. Not only is this the first demonstration of a specific
gene target site for Atrx, it is also the first evidence that Atrx and MeCP2 can interact at
locations distinct from pericentric heterochromatin. Seeing as MeCP2 binding at the /79
ICR is specific to the methylated allele, I propose that Atrx binding is specific to the
paternally methylated allele. Since the paternal Igf2 DMRs are unmethylated in the
forebrain, it is unlikely that the Igf2 DMR?2 interacts with H19 ICR, meaning that Atrx

and MeCP2 likely promote a heterochromatic state that silences both HI/9 and Igf2

expression on the paternal allele. In support of this hypothesis, H/9 shows 2-fold
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increased expression in MeCP2™" mouse fibroblasts (188) and IGF?2 is upregulated in
Rett syndrome lymphoblasts where MECP2 is mutated (189).

I further propose that Atrx and MeCP2 recruit repressive histone modifying
enzymes to the H/9 ICR in an effort to restrict enhancer access to the H/9 and /gf2
promoters. Since the DNMT3 enzymes have known interactions with HDAC]1 via the
ADD domain (54, 55), it is possible that the ATRX ADD domain also specifically
recruits HDACI1 to the H19 ICR. Furthermore, since DNMT3L is able to interact with
unmethylated lysine 4 of histone H3 via the ADD domain (53), this suggests that lysine 4
of histone H3 may be a docking site for the ATRX ADD domain. Ultimately, I propose
that deletion of Atrx or MeCP2 in the postnatal murine forebrain induces relaxation of the
heterochromatic state and results in expression of H19 and Igf2 specifically from the

paternal allele.

4.3.4 Atrx May Regulate Chromatin Looping of a-globin and DIx5
Several lines of evidence support a role for ATRX in the transcriptional control of

genes that are regulated by higher order chromatin looping. First, the majority of ATR-X
patients have a mild form of aenemia known as a-thalassaemia (20). This blood disorder
is caused by downregulation of the a-globin genes, resulting in aggregated B-globin
exclusion bodies. In erythroid cells, chromatin looping partitions the o-globin genes into
an active transcription factory (66). Alternatively, in non-erthyroid cells a different loop
is formed in which the a-globin genes are segregated from the transcriptional hub (66).

Although a target binding site has not been identified for ATRX within the o-globin
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locus, the presence of a-thalassaemia in patients suggests that ATRX may be involved in
chromatin looping of a-globin genes.

The second observation linking ATRX with chromatin looping is misregulation of
the DIx5 gene in the Atrx™" forebrain that [ presented in this thesis. In the mouse, Hiroke
et al demonstrated that DIxJ is upregulated in MeCP2-deficient brains resulting from loss
of silent chromatin looping (106). They further showed that DIx5 exhibits preferential
expression from the maternal allele, which suggested that DIx5 is partially imprinted in
the murine brain. Using ChIP and chromosome conformation capture (3C) techniqucs,
they demonstrated that MeCP2 mediates the formation of a repressive chromatin loop on
both parental alleles, and that MeCP2 ablation causes loss of silent chromatin from both
alleles that probably accounts for upregulation of DIx5. Since DIx5 is misregulated in the
Atrx™" brain, and Atrx is a binding partner with MeCP2, it is possible that Atrx works
with MeCP2 to promote repressive chromatin modifications at the DIx5 chromatin loop.
However, a recent publication refutes the findings reported by Hiroke er al. This report
suggests that DIx5 is biallelically expressed in the mouse brain and claims that MeCP2 is
unable to regulate Dix5 looping based on inconsistencies with transcriptional profiling of
the MeCP2™" brain (107). While the argument was logical, no effort was made to
experimentally reproduce the ChIP or 3C results, and the effect of MeCP2 on DIx5 needs

to be revisted in order to resolve the conflicting data.

4.3.5 Concise Model of Atrx Regulation of H19 and Igf2 in the Mouse Forebrain
Taken together, I propose that ATRX is targeted to genes that are regulated by

higher order chromatin looping. As outlined in Figure 4.2, methylation at regulatory
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domains such as the H/9 ICR recruits MeCP2 localization, which in turn recruits ATRX
via interaction between the MeCP2 methyl-binding domain and the ATRX C-terminal.
Similar to CTCF, ATRX and/or MeCP2 then act as interaction sites for methylated
boundary eclements such as matrix attachment regions and result in the formation
chromatin loops. ATRX also uses the ADD domain to dock onto unmethylated lysine 4
on histone H3. To establish the repressive heterochromatic state, ATRX and/or MeCP2
recruit histone modifying enzymes such as HDAC1 resulting in silencing of gene
transcription. Deletion of either ATRX or MeCP2 would therefore result in aberrant

activation of gene transcription due to relaxation of repressive epigenetic modifications.

4.4 Future Directions

Additional studies will be required in the future to fully elucidate the mechanism
of ATRX regulation of imprinted genes. It will be imperative to establish whether the
increased levels of imprinted transcripts originate from the maternal, paternal or both
alleles in the Afrx™" forebrain. It will also be interesting to determine if the identified

imprinted genes are misregulated in the Arrx™"

placenta. To strengthen the proposed
involvement of Atrx in chromatin looping, establishing the presence of Atrx at additional
MeCP?2 target sites such as the Gt/2 DMR and the DIx5 locus will be required.

In order to fully elucidate a mechanism of action at the A9 — Igf2 domain, it will
be important to determine whether Atrx binding is specific to the paternal allele. Future
research efforts should also be focused on determining if histone modifications or histone

modifying enzymes are altered at the H19 ICR in the Atrx™" brain. Specifically, ChIP can

be used to probe for loss of repressive histone modifications such as H3K9 methylation



Figure 4.2 Proposed mechanism of forebrain-specific Atrx-dependant regulation at the
paternal HI19 — Igf2 imprinted domain. H/9 ICR methylation (black circles) recruits
MeCP2, which in turn recruits Atrx. Docking of Atrx is facilitated by unmethylated
lysine 4 (white circles) on histone H3 (orange ovals). Atrx and/or MeCP2 recruit histone
modifying enzymes such as HDACI resulting in repression of gene transcription across

the H19 — Igf2 imprinted domain (dotted arrows).
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or gain of activating histone modifications such as H3 and H4 lysine acetylation. In light
of the preferential binding of the DNMT3L ADD domain to unmetylated lysine 4 of
histone H3, this would also be a good modification to examine. Alternatively, ChIP can
be used to probe for the presence or absence of repressive histone modifying enzymes
such as the histone deacetylase HDACI or the histone methyltransferase Suv39hl. This
experiment will determine whether the presence of Atrx induces a repressive
heterochromatic state by recruiting histone modifying enzymes to the H79 ICR.

Perhaps the most important future experiment will be to determine the chromatin
looping status of the HI9 — Igf2 locus in the mouse forebrain, which requires
establishment of the technically demanding 3C protocol (190). This technique is used to
detect physical interactions in both cis and trans between genes and regulatory elements.
It will first be necessary to determine the chromatin looping status of the H19 — Igf2
domain in the wild type forebrain, which would help to establish whether H19 and Ig/2
are imprinted in the mouse forebrain. Determining the effect of Atrx deletion on
chromatin looping is the ultimate goal for the future of this project and will hopefully
elucidate a mechanism for the regulation of H/9 and Igf2 by Atrx. This experiment may
also establish chromatin looping domains as sites of interest for identification of new

genes that are transcriptionally regulated by Atrx.

4.5 Conclusions
In summary, I have shown that rDNA repeats are hypomethylated upon Atrx
deficiency in the mouse forebrain. Atrx deletion also results in upregulation of H19, Igf2,

DIkl, Slc38a4, Dcn and DIx5 expression in the newborn forebrain. To elucidate the
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mechanisms underlying changes in imprinted gene expression at the H19 — Igf2 domain, I
examined the status of DNA methylation at regulatory DMRs, but found no correlation
between methylation and gene expression. However, I discovered that Atrx co-localizes
with MeCP2 at the H]9 ICR, therefore identifying the first direct gene target site for
Atrx. My findings suggest that Atrx acts in concert with MeCP2 to promote the formation
of a silent brain-specific chromatin loop. I propose that Atrx loss-of-function in the
mouse forebrain causes relaxation of the heterochromatic state and activation of /79 and
Igf2 transcription. Overall, examining the effect of Atrx deletion on imprinted genes has
identified a novel link between the neuronal developmental processes associated with

chromatin remodelling, imprinted gene expression and epigenetic modifications.
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APPENDIX 1
Fold Change  Common Name Full Name Broad Functional Category
4334 Tefl5 Transcription factor-like 5 Testes-specific transcription factor
3914 Pigt 18S RNA Ribosome
3.015 Fmod Fibromodulin Bone development
2922 Colecl2 Collectin sub-family member 12 Immune response
2.733 Clic6 Chloride intracellular channel 6 Ion transport in brain (chloride)
2.712 1500015010Rik RIKEN clone Clone from cerebellar tissue
2.705 Lepr Leptin receptor Glucose metabolism
2.575 Calml4 Calmodulin-like 4 Ion transport (calcium)
2.539 Ogn Osteoglycin Bone development
2.484 Cldnlt Claudin 11 Brain development (myelination)
2.451 Cth Complement component factor H Kidney development
2433 Otx2 Orthodentical homolog 2 Early patterning
2.42 Tdo2 Tryptophan 2,3-dioxygenase Tryptophan metabolism
2.391 Gjb6 Gap junction membrane channel protein beta 6 Ion transport
2.316 1500031B24Rik RIKEN clone Clone from cerebellar tissue
2307 Ankrd3 Ankyrin repeat domain 3 Serine-Threonine Kinase
2.305 Postn Periostin, osteoblast specific factor Bone development
2295 Agpl Aquaporin 1 Water transport
2274 150001 5010Rik RIKEN clone Clone from hippocampal tissue
2.253 H19 H19 Non-coding RNA
2.209 Collal Procollagen type ! alpha 1 Bone development
2.198 5730453H04Rik RIKEN clone Clone from whole E8 embryo
2.191 Col3al Procollagen type 3 alpha | Bone development
2.187 Cp Cerruloplasmin Ion transport in brain (Cu & Fe)
2.185 UIMBH3atah050U1  NIH clone Clone from mouse brain
2.165 Xtrp3sl X transporter protein 3 similar 1 gene Neurotransmitter
2.156 Trpm3 Transient receptor potential cation channel 3 Ion transport
2.095 Ptgds Prostaglandin D2 synthase (brain) Fatty acid biosynthesis in brain
2.087 Tbx18 T-box18 Early patterning
2.078 Colla2 Procollagen type 1 alpha 2 Bone development X
2.051 Folrl Folate receptor 1 Folic acid metabolism
2.043 Apod Apolipoprotein D Transport
2.04 Dcn Decorin Proteoglycan in connective tissue
2.034 Fi3a Coagulation factor X111 subunit a Coagulation
2.031 Cdhl Cadherin 1 Epithelial cell adhesion
2.012 Foxcl Corkhead box ¢l Transcription factor
0.495 1810009N02Rik Hypothetical Maf-like protein containing protein Clone from pancreatic tissue
0.482 Trpcd Transient receptor potential cation channel 4 lon transport in brain
0.481 2510022D24Rik RIKEN clone Clone from E13 embryonic liver
0.478 Cbin4 Cerebellin 4 precursor protein Brain development
0.475 Sponl Spondin 1, (f-spondin) extracellular matrix protein cell adhesion
0.459 3010033P07Rik Hypothetical pyruvate kinase M3 Pyruvate kinase
0.455 Mbp Myelin basic protein Brain development
0.453 Dsc3 Desmocollin 3 cell adhesion
0.446 2410026K 10Rik Glycine-rich containing protein homolog Clone from whole E18 embryo
0359 AIB38057 IMAGE clone Clone from kidney tissue
0.353 5656844 IMAGE clone Clone from pancreas tissue
0.34 4833408C14Rik RIKEN clone Clone from mammary tumour
0.3 354942 IMAGE clone Clone from embryonic tissue
0.253 Nr4a2 Nuclear receptor subfamily 4, group A, member 2 Brain development
0.14 Csf2ra Colony stimulating factor 2 receptor, alpha Interferon
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