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Abstract

ATR-X syndrome (OMIM# 30032) is a form of mental retardation that arises from
mutations in the ATRX gene in humans. Affected individuals often exhibit severe mental
retardation, unique facial dysmorphy, psychomotor impairments and urogential
abnormalities. ATRX itself is a SWI/SNF-like chromatin remodeling protein whose role
in development is not yet fully understood. To study the role of ATRX in the brain, a
conditional forebrain knockout model is used. Reduced forebrain size, impaired
development/disorganization of the cortex and enhanced apoptosis of cortical progenitors

null

upon differentiation are observed in this Atrx™" model. In this study, we show that the
conditional knockout of Atrx in the murine cortex results in the increased activation of
Parp-1, most strikingly during early corticogenesis. An increase in DNA damage, as
determined by higher levels of YH2AX, is also present during this time. This is
consistent with the well-characterized role of Parp-1 activation in response to DNA
damage. Furthermore, we demonstrate that there is a severe loss of layer V Er81+

null

neurons in the Atrx™" cortex. Loss of Er81+ neurons is associated with impaired motor

skills, which is a common feature of ATR-X patients.
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1.0 Introduction

1.1 Chromatin overview and basic structure

Although the eukafyotic nucleué is less than ten micrometres in diameter, it is
able to store all the genetic information required for the survival of the cell.  This is no
small feat, and in order to physically fit approximately two metres of DNA into each
nucleus, it is incorporated into the dynamic structure of chromatin. At its most basic
level, chromatin is composed of the nucleosome. Each nucleosome consists of one
hundred and forty seven base pairs of DNA wrapped 1.7 times around a histone octamer,
containing two each of histones H2A, H2B, H3 and H4. Nucleosomes are connected by
linker DNA to which histone H1 binds. These DNA-protein complexe;s are then further

condensed and compacted until the DNA is in the form of the chromosome (Figure 1).
1.2 Chromatin modifications

Chromatin is a dynamic structure, and it can alternate between an open and
repressed conformation. The repressed state is referred to as heterochromatin and this
prohibits access to the DNA. In its more open conformation it is referred to as
euchromatin, and it is in this state that the DNA is accessible (Grewal and Jia, 2007).
Therefore it is obvious that in addition to the physical accommodation of DNA that
chromatin facilitates, its dynamic structure also provides a means to physically control
the access of DNA-binding factors and enzymes to the DNA. In this capacity, chromatin
acts as a guardian of DNA in order to ensure proper cellular function. In order to

facilitate access when necessary (i.e. for transcriptional and repair machinery), chromatin
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Figure 1: Schematic of the hierarchial packaging of DNA into chromatin.

(a) Each nucleosome consists of one 147 base pairs of double stranded DNA wrapped
histone ocatmers to form the ‘beads on a string’ conformation. Black rectangle is
highlighting a single nucleosome. (b) This structure is condensed into the 30 nm
chromatin fiber, which is further condensed and compacted until forming the mitotic
chromosome. Figure modified from Alberts et al., 2004.



needs to be able to be remodeled—transformed between open and closed conformations.
There are three main mechanisms by which to alter chromatin structure: DNA
methylation, histone modifications, and ATP-dependent chromatin remodeling (Geiman

and Robertson, 2002).
1.2.1 DNA methylation

In mammalian cells, DNA methylation occurs predominantly at CpG islands.
Methylation is typically catalyzed by the DNA methyltransferase (DNMT) family of
enzymes and results in gene silencing (Geiman and Robertson, 2002; Okano et al., 1998).
Additionally, methyl-CpG-binding (MECP) proteins are involved in chromatin
remodeling as they bind to modified DNA and recruit chromatin remodeling proteins or
regulatory complexes (Meehan et al., 1989). Interestingly, the amount of DNA
methylation in humans is higher in the brain than in many other tissues including the
liver, spleen, lungs and heart (Ehrlich et al., 1982). DNA methylation is clearly a
fundamental process for brain development, as verified by conditional knockout studies
of the DNMTI gene from neuroblasts. ‘Mice lacking Dnmtl do not produce the
appropriate methylation patterns of neuronal precursors that are crucial to healthy brain

development (Fan et al., 2001).
1.2.2 Covalent Histone Modifications

In addition to the stability that histones ensure for the structure of chromatin, they
also have a crucial role in the chromatin remodeling process. The N-terminus of each
histone juts out of the nucleosome and is commonly referred to as the histone tail. Like

DNA methylation, modifications of histone tails provide epigenetic marks for a pafticular

3



chromatin conformation. Specific amino acid residues of histone tails can be modified by
a variety of post-translational modifications including methylation, acetylation,
phosphorylation, sumoylation, ubiquitination, and ADP-ribosylation. Various
>modiﬁcations (or combina"(ions,. theréof) determine gene ac‘AciviFty.i Some common
modifications and their effect on chromatin structure are listed in Table 1. These
alterations have the capacity to rework chromatin structure in two distinct ways. Firstly,
modifications will change the electrostatic charge of the protein and can thus result in
either the compaction or relaxation of chromatin structure. Secondly, certain tail
modifications promote the recruitment of non-histone proteins to chromatin (lizuka and

Smith, 2003).

Particularly well-studied are the effects of methylation, acetylation, and
phosphorylation. While the methylation of DNA results in a repressive phenotype, the
structural outcome of histone methylation is dependent on both the amino acid residue
that is targeted and the number of methyl groups that are added (Santos-Rosa et al.,
2002). For example, dimethylation of H3K9 is associated with condensed chromatin
whereas dimethylation of H3K4 is associated with open chromatin (reviewed by Sharma
et al., 2005). The family of proteins that regulate the methylation of histones are known
as histone methyl-transferases (HMTs), and specific family members are often required
for a specific modification (ex: ASH1 is involved in the modification of H3K4, resulting
in active chromatin [Nastase Byrd and Shearn, 2003]). Methylated histone tails regulate
several impoﬁant processes required for proper development including transcription,

transcriptional memory, genomic imprinting, and X-inactivation (reviewed in Peters and

Schubeler, 2005).



Table 1: Overview of covalent histone tail modifications
Table modified from Kouzarides, T. 2007.

Chromatin Residues Modified Functions Regulated
Modifications

Acetylation K-ac Transcription, Repair, Replication,
Condensation

Methylation (lysines) K-me1 K-me2 K-me3 Transcription, Repair

Methylation (arginines) R-me1 R-me2a R-me2s | Transcription

Phosphorylation S-ph T-ph Transcription, Repair, Condensation

Ubiquitylation K-ub Transcription, Repair

Sumoylation K-su Transcription

ADP ribosylation E-ar Transcription

Deimination R > Cit Transcription

Proline Isomerization P-cis > P-trans Transcription




Acetylation status of lysine residues is regulated by histone acetyl transferases
(HATSs) and histone deacetylases (HDACs). Acetylation decreases the interaction of the
positively charged tails with the negatively charged DNA and thus results in relaxation of |
the nucleoSoméé and an open chromatin structure. HDACS catalyze the removal of acetyl
groups and allow nucleosomes to pack together more tightly to form a condensed form of
chromatin (reviewed by Hsieh and Gage, 2005). Another interesting covalent
modification is histone phosphorylation. In particular, this modification has an important
role in chromatin remodeling following DNA damage. H2AX, a histone variant that
comprises between 2-25% of the H2A pool, is rapidly phosphorylated at Ser137 in
response to DNA damage. This modification is thought to result in an open chromatin
state in addition to acting as a signal to recruit DNA repair proteins to the site of damage

(Rogakou et al., 1998; Fernandez-Capetillo et al., 2004).
1.2.3 ATP-dependent chromatin remodeling

Unlike DNA methylation and histone modifications, ATP-dependent chromatin
remodeling requires energy derived from ATP hydrolysis to physically disrupt
nucleosomes to grant access to the DNA. The histone octamers can slide along the DNA,
transfer from one strand of DNA to another, or exit the DNA completely (Johnson et al.,
2005). Several categories of ATP-dependent chromatin remodelers have been identified,
but the two best characterized families are Switch/Sucrose non-fermenting (SWI/SNF)

and Imitation Switch (ISWI).

The SWI/SNF family of chromatin remodelers was first discovered in yeast, but

this family is very highly conserved across species. SWI/SNF complexes are quite large



and contain between 8 and 15 subunits (Lall, 2007). A distinguishing feature of this class
of proteins is the presence of a bromodomain, required for protein—protein interactions
_a_nd for the recognition of acetylated lysines (Haynes et al., 1992; Winston and David
Allis, .1 999). The bromod‘omain,‘as well as certain transcription factors, is thought to be
necessary for the initial recruitment of SWI/SNF complexes to nucleosomal DNA.
Human cells contain multiple SWI/SNF-like chromatin remodeling complexes that
contain the ATPase catalytic subunits brahma (BRM) or brahma-related gene 1 (BRG1)
at their core. These complexes play an important role in mammalian development, as
was first evidenced when the ablation of Brgl was found to be embryonic lethal
(Bultman et al., 2000). Disruption of Brgl function upsets cell-cycle regulation and
differentiation (Lessard et al., 2007). More specifically, a recent study shows that Brgl
binds target genes important for pluripotency and differentiation (Lessard et al., 2007).
RNA interference (RNAi) experiments show that decreased Brgl results in the
downregulation of genes related to pluripotency and an upregulation of genes involved in
differentiation (Kidder et al., 2009). This suggests that Brgl has a role in progenitor
maintenance and is consistent with previous findings indicating that the deletion of Brgl
from a particular comiolex in a neural stem cell population results in a reduction of the
stem cell pool (Lessard et al., 2007). In terms of chromatin remodeling activity,
SWI/SNF complexes are ﬁnique from ISWI complexes in the remodeled products they
are capable of generating. SWI/SNF complexes can produce nucleosomes with stable
DNA loops, they can exchange H2A/H2B dimers between nucleosomes, and they can

transfer whole nucleosomes to a new strand of DNA (Narlikar et al., 2002).

ISWI is a diverse family of ATPases that was originally identified in Drosophila,



where null mutations were found to be lethal (Deuring et al., 2000). i has since been
identified in many other species including humans. ISWI complexes generally contain
between 2-4 subunits, making them consid_erably smaller than SWI/SNF complexes
(Johnson et al., 2005). Also, in lieu of a bromodofnain, ISWI contains C-teﬁninal SANT
and SLIDE domains responsible for DNA and nucleosome tail binding (Aasland et al.,
1996; Corona and Tamkun, 2004). ISWI is a component of several chromatin
remodeling complexes including nucleosome-remodeling factor (NURF), chromatin
assembly complex (CHRAC) and ATP-dependent chromatin assembly and remodeling
factor (ACF). There are 2 mammalian homologs, SNF2L and SNF2H, and these show
tissue-specific expression patterns. In mice, Snf2h is ubiquitously expressed and its
global deletion results in embryonic lethality (Lazzaro et al., 2001; Stopka and Skoultchi,
2003). Alternately, mouse Snf2l is restricted to the brain and gonadal tissue, suggesting a
role for Snf2L in neuronal pathways (Lazzaro et al., 2001; Barak et al., 2004). This idea
is supported by the fact that Snf2L. is known to be a member of the Nurf complex which
regulates the expression of Engrailed—a gene implicated in brain development (Barak et
al., 2003). Additionally, Snf2I also forms a chromatin remodeling complex with Cecr2, a
protein required for neurulation (Banting et al., 2005). More recent work in our lab ha.s
shown that Snf2L™" mice are viable but have larger brains resulting from
hypercellularity, suggesting a role for the protein in cell cycle regulation (Picketts,
unpublished). Human SNF2L is known to differ from the mouse homolog in that human
SNF2L is ubiquitously expressed. However, its regulation is instead controlled by tissue-
specific alternatively spliced isoforms (Barak et al., 2004). The expression of the active

form SNF2L is limited to the brain and skeletal muscle, and so the importance of SNF2L



as a regulator of brain development in humans is still likely. The seeming importance of
ISWI in development is consistent with previous studies performed in Drosophila, where
null mutations were found to affgct_cell viability, cause changes in c}_{romatin structure,
and affecf gene expression during devc;.lopmeht (Deﬁring et al.,, 2000). Regarding
chromatin remodeling activity, a common property of ISWI complexes is their ability to
regulate spacing of intact nucleosomes, something SWI/SNF members are not capable of.
Since ISWI and SWI/SNF have different chromatin remodeling capabilities, it is likely

that their roles in the cell are also distinct (Narlikar et al., 2002).
1.3 Chromatin remodeling and disease

Chromatin remodeling is clearly important for the life of a cell, as it is necessary
for the organization of the genome to ultimately help to control gene transcription,
replication, recombination and repair. In view of the fact that chromatin remodeling is
fundamental for healthy cellular function, it is no surprise that disruption of chromatin
remodeling proteins leads to various human diseases. A list of chromatin remodeling

proteins and the diseases associated with their mutations is shown in Table 2.

Since SWI/SNF complexes have been implicated in cell-cycle regulation, it stands
to reason that deficiencies or misexpression of some of these chromatin remodelers result
in cancer. Altered expression of the proteins BRG1, BRM, and SWI/SNF-related,
matrix-associated, actin-dependent regulator of chromatin, subfamily B, member 1
(SMARCBI) has been identified in a variety of tumor cell lines (Betz et al., 2002; Huang
et al., 2003). While the aforementioned proteins all exhibit ATP-dependent mechanisms

of activity, cancer can also result from misregulation of other types of chromatin



Table 2. A summary of epigenetic regulators and the associated human diseases
resulting from their deficiency. Table modified from Higgs et al., 2007.

Nonhistone chromatin Example Disease
protein
DNA methyltransferases DNMT1, DNMT3A, ICF Syndrome (DNMT3B)
DNMT3B
Methyl-binding proteins MBD1-4, MeCP2 Kaiso | Rett Syndrome (MeCP2)
Histone acetyltransferases CBP, p300 Rubenstein-Taybi Syndrome (CBP,
p300)
Histone methyltransferases Suv39H1/2, EzH2 Sotos Syndrome (NSD1)

Histone kinase

RSK2

Coffin-Lowry Syndrome (RSK2)

Histone demethylases

LSD1, JHDM1

Chromatin remodeling proteins

BRG, BRM, CHD1-9,
ATRX

Schimke Immunosseous Dysplasia
(SMARCAL1)

Cockayne Syndrome (ERCC6)
ATRX Syndrome (ATRX)
CHARGE Syndrome (CHD7)

Histone binding

Hp1ta,B,y

Polycomb group proteins

Pc,Suz12
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remodelers. Mutations in certain proteins with HAT activity including cAMP-response
element binding protein (CREB) binding protein (CBP), E1A binding protein 300
(EP300), and ZNF220 also cause cancer (Gayther et al., 2000; Kung et al., 2000; Sugita

et al., 2000).

Cancer is not the only aberrant phenotype resulting from improper chromatin
remodeling. Mutations in the SWI/SNF related, matrix associated, actin dependent
regulator of chromatin, subfamily a-like 1 (SMARCAL1) protein results in Schimke
immuno-osseus dysplasia. Individuals with this disease have a weakened immune system
due to a shortage of T-cells as well as kidney problems and bone-marrow failure
(Boerkoel et al.,, 2002). Furthermore, a role for chromatin remodeling has been
elucidated in noncoding repeat expansion diseases such as Fragile X syndrome, wherein

the repeats are able to induce heterochromatin formation (Kumari and Usdin, 2009).

Finally, a common result of misfunctioning chromatin remodeling proteins is
some degree of mental retardation, often accompanying other physical ailments.
Mutations in excision repair cross-complementing rodent repair deficiency,
complementation group 6 (ERCC6), a SWI/SNF related ATPase involved in DNA repair,
results in both cerebro-oculo-facio-skeletal (COFS) syndrome and Cockayne syndrome
(type B) (Huang et al., 2003; Van Hoffen et al., 1993). Also, in addition to the cancer
stated earlier, CBP mutations can result in Rubinstein Taybi syndrome, a type of mental
retardation accompanied by facial anomaliés, broad digits and short stature (Murata et al.,
2001). Another example is found in females who are heterozygous for mutated MeCP2,
a protein involved in DNA methylation, who have a severe form of mental retardation

known as Rett syndrome (Amir et al., 1999; Sung Jae Lee et al., 2001).

11



1.4 X-Linked Mental Retardation

Mental retardation is a serious condition that has been estimated to affect between
1-3% of thﬂﬂé#Westem population (Leonard and Wen, 2002). Tt is clinically defined by the i

Journal of Medical Genetics as follows:

“[For an individual to be considered mentally retarded] there must be significant
sub-average general intellectual functioning accompanied by limitations in
adaptive functioning in at least two of the following skill areas: communication,
self care, home living, social/interpersonal skills, use of community resources,
self-direction, functional academic skills, work, leisure, health, and safety
(criterion B). The onset must also 6ccur before 18 years of age (criterion C)

(Raymond, 2006).”

Since the early 20™ century, it has been noted that a higher proportion of mental
retardation cases are found in males as compared to females. This is due to the fact that
mutations of more than 80 different genes found on the X chromosome result in some
form of mental retardation (Chiurazzi et al., 2008). To date, over 200 types of X-linked
mental retardation disorders have been described (Lisik and Sieron, 2008). The
distribution of the genes causing X-linked mental retardation are shown in Figure 2, but

of particular interest to this project is the ATRX gene, cause of the ATR-X syndrome.
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Figure 2: Distribution of genes along the X chromosome known to be associated
with X-linked mental retardation.

The position of the 82 known XLMR genes on the X chromosome. Genes in black are
known to cause syndromes, genes in grey with an asterisk are nonspecific mental
retardation genes and genes in grey with a + sign are involved in neuromuscular
disorders. Figure taken from Chiurazzi, P. et al, 2007.
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1.5 ATRX

»1.5.1 Clinical features of the ATR-X Syndrome

Alpha thalassemia mental -retardation, X-linked (ATR-X) syndrome (OMIM
#30032) is a type of X-linked mental retardation that results from mutations in the ATRX
gene. It is very rare and its preve;lence has been estimated at < 1-9/1 000 000 (Gibbons,
2006). As of 2008, over 200 individuals were confirmed to have ATR-X syndrome, and
it resulted from any of the 113 identified mutations (Gibbons et al., 2008). Additionally,
ATR-X syndrome in 2 patients resulted from a partial intragenic duplication of A7RX that
resulted in loss of function of the protein (Thienpont et al., 2007). ATR-X syndrome can
be identified clinically by a multitude of common physical manifestations. In 90% of
cases there is a unique facial dysmorphy which includes wide-set eyes, a broad upturned
nose, a tented upper lip and an everted lower lip (Figure 3) (Gibbons, 2006).
Additionally, 80% of individuals have some form of urogenital abnormalities ranging
from mild problems such as undescended testes to the most severely affected individuals
who exhibit male pseudohermaphrodism (Gibbons, 2006; Ion et al., 1996; McPherson et
al., 1995). Importantly, 90% of individuals also have some degree of alpha thalassaemia,
which is a type of anemia whereby the alpha portion of hemoglobin is not properly
produced. Instead, excess beta chains are produced and form tetramers known as
Hemoglobin H (HbH) inclusions. Alpha thalassemia can be diagnosed by incubating
venous blood with 1% cresyl blue in isotonic solution and then searching for HbH
inclusions by microscopy (Gibbons, 2006). However, it is important to note that HbH

inclusions only appear after alpha globin is reduced by at least 50%, so less severe cases
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Figure 3: Two unrelated children presenting with common dysmorphic facial
features associated with ATR-X syndrome

Two ATRX patients presenting with the characteristic facial features including upswept
frontal hair line, hypertelorism, epicanthic folds, flat nasal bridge, small triangular
upturned nose, tented upper lip, everted lower lip and hypotonic facies. Figure modified
from Gibbons, RJ, 2006.
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of alpha thalaessemia cannot be diagnosed by this process. Other common effects of
ATR-X syndrome include microcephaly in 75% of patients, skeletal abnormalities in
- 90% of patients, and a variety of other features including psychomotor impairment, short

stature, seizures, cardiac defects, and kidney problems (Gibboné, 2006).

While there has not yet been a comprehensive behavioural study completed for
patients with ATR-X syndrome, certain mannerisms have been noted by doctors and
caregivers. Firstly, individuals with ATR-X syndrome have been described by their
parents or caregivers as being generally content. However, there are reports of largely
fluctuating emotions between, for example, excitement and depression. It is likely that
some of the sudden onset periods of negative outbursts are associated with pain from the
symptoms of ATR-X syndrome. There is a wide spectrum of other behavioural
phenotypes that have been observed in affected individuals including autistic-like
behaviour, self-injury, restlessness, or obsessive behaviour (Gibbons, 2006; Wada et al.,

1998).

Since ATR-X syndrome is X-linked, carrier females do not exhibit observable
effects of the syndrome. Screens show that carriers exhibit skewed X inactivation so as
to preferentially inactivate the X chromosome containing mutations in 47RX (Wada et
al., 2005). Although carriers are not obviously affected intellectually, 25% show signs of
subtle alpha thalassemia (Gibbons, 2006). Interestingly, a single case of a female
affected with ATR-X syndrome was identified, but analysis showed a complete skewing
of the inactivated X towards the chromosome containing the non-mutated 47RX gene

(Badens et al., 2006).
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In addition to the constitutional mutations of ATRX that result in ATR-X
syndrome, acquired mutations of ATRX at a later stage of life are found in individuals
W,ith alpha thalassemia mye_]odySplastic syndrome (ATMDS). ATMDS is a preleukem'ic.
condition that occurs mainly iﬁ older men. In general, the alpha thalassemia exhibited in
ATMDS patients is much more severe than ATRX patients. For example, a boy with
ATR-X syndrome had only 0.1% HbH, while a man whose ATMDS was caused by the
exact same mutation had 50% HbH (Gibbons et al., 2008). The reason for this large

difference is unknown.
1.5.2 Molecular genetics of the ATR-X syndrome

The ATRX gene is located on the X chromosome at Xq13. It contains 35 exons
whose transcription and translation results in the synthesis of a 280 kDa protein (Figure
4). At its N-terminal region, ATRX contains an ATRX-DNMT3-DNMT3L (ADD)
domain, which is a plant homeo domain (PHD) -like zinc finger with an additional C2-C2
motif. This domain is so far known to be unique to the ATRX, DNMT3 and DNMT3L
genes. PHD zinc fingers have been traditionally found in many chromatin-associated
proteins and often facilitate protein-protein interactions (reviewed in Bienz, 2006).
Interestingly, mutations in the PHD of several proteins are associated with a variety of
human pathologies including immunological disorders, cancer, and mental retardation
(Baker et al., 2008). At its C-terminal end, ATRX contains seven helicase motifs and an
ATPase domain of the SNF2 family. It is this domain that is the catalytic powerhouse of
the protein, and the SNF2 domain is suggestive of ATRX having chromatin remodeling
activity. However, the definitive cellular role of ATRX is likely complex and is not yet

fully understood. In addition to the full-length ATRX protein, a truncated form of ATRX
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Figure 4: Schematic of the ATRX gene
Diagram of the ATRX gene. Alternative splicing produces two possible ATRX proteins.
The 280 kDa full-length protein contains an N-terminal ADD domain and a C-terminal
SNF2 helicase domain. The truncated 180 kDa isoform only contains the ADD domain.
Figure modified from Gibbons, RJ, 2008.



(ATRXt) results from the transcription of only the first 11 exons. ATRXt contains the
ADD domain but not the ATPase domain. Mutations that affect both ATRX and ATRXt
are not more severe than ATRX alone, likely due to the fact that ATRXt is lacking the

enzymatic abilities of the ATPase domain (Garrick et al., 2004).

From a molecular perspective, ATR-X syndrome arises from mutations in the
ATRX gene. While it is known that most mutations leading to the ATR-X syndrome are
missense mutations, for a long time there were no obvious genotype:phenotype
correlations. However, a 2008 study confirmed that 50% of mutations are clustered in
the ADD domain and affected individuals with mutations in this area show severe
psychomotor impairment (Badens et al., 2006; Gibbons et al;, 2008). Furthermore,
mutations in the region of the gene that is C-terminal to the helicase domain have been

associated with severely impaired urogenital development (Gibbons et al., 2008).
1.5.3 Localization and function of ATRX protein

While the exact function of ATRX remains unknown, the 280 kDa protein has
been shown to have not only an important role in many cellular processes, but its function
can be dependent on its localization. Early studies of the protein showed that ATRX
localizes to pericentromeric heterochromatin during mitosis and interphase via its PHD
zinc fingers and its association with heterochromatin protein 1 (HP1) (McDowell et al.,
1999; Bérubé et al., 2000). This is easily detectable by immunofluorescent staining as
ATRX co-stains with DAPI bright spots. AdditionaHy, ATRX has been shown to interact
with the methyl-CpG-binding protein MeCP2. This interaction has been confirmed both

in vitro and in vivo and it has been shown to be disrupted in in vitro models of Rett
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syndrome (Nan et al., 2007). Furthermore, ATRX localization is misplaced from
heterochromatin in the Mecp2™" brain. This mislocalization is not a result of a
breakdown in heterochromatin integrity as DAPI staining ‘re_rpained intact. Since
mufafions in both of these proteins are known to contribute to mental retardation, it is
possible that the maintenance of the interaction is necessary for normal brain function

(Nan et al., 2007).

In 2003, progress was made in the ATRX field §vhen Xue et al. were able to
isolate ATRX in its protein complex, a previously unattainable feat. It was found that
ATRX associates in complex with the transcription cofactor death domain-associated
protein (Daxx), and that this complex localizes to promyelocytic leukemia (PML) nuclear
bodies. ATRX is recruited to PML bodies by Daxx, which it binds to via amino acids
1189-1326 (Tang et al., 2004). Additional study of the ATRX/Daxx complex further
supported the idea that ATRX had chromatin remodeling capabilities, as the complex
showed common chromatin remodeling tendencies including triple-helix displacement
activity and the ability to alter ﬁucleosome DNase I digestion patterns; both activities

dependent on ATP (Xue et al., 2003).

In addition to the likelihood that ATRX is an ATP-dependent chromatin
remodeling protein, several sfudies suggest that ATRX also plays a role in gene
expression by regulating certain methylation patterns. For example, a study of metaphase
preparations showed that ATRX consistently binds to the short arms of acrocentric
chromosémes—an area of the genome that contains a high proportion of ribosomal DNA
(rDNA) (McDowell et al., 1999). In individuals with the ATR-X syndrome, while the

localization of ATRX to this area remains intact, rDNA is found to be hypomethylated as
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comﬁared to unaffected individuals (Gibbons et al., 2000). Further methylation
abnormalities were found in both a repeating element of the Y chromosorﬁe and
subtelomeric repeats. This effect of ATRX on methylation can like__ly be attributed toA-the
homology of its ADD domain with the DNMT3 family of methyltransferases. Trhese}
classic chromatin remodeling properties of DNA mefhylation suggest a likely mechanism
of ATRX involvement in gene silencing (Gibbons et al., 2000). Further evidence for this
functional property of ATRX was supplied in 2009, when a study implicated ATRX in
the process of X chromosome inactivation. Using embryonic fibroblasts and primary
ovarian granulosa cell lines, FISH experiments showed that ATRX preferentially gathers
on the inactive X chromosome (Xi) in female somatic cells. Its association with Xi is
stable, and the persistence of its localization through mitosis and differentiation ére-
suggestive of a role for ATRX in the maintenance of the inactivated X chromosome.
ATRX is not believed to be necessary for the initiation of X chromosome inactivation

(Baumann and De La Fuente, 2009).

In addition to its general implication in epigenetic gene regulation, several studies
have implicated ATRX in the regulation of the cell cycle. Firstly, the localization of
ATRX is altered based on the stage of the cell cycle. In vitro studies using Hela cells
showed that ATRX associates with the core nuclear matrix—a protein-RNA structure
within the cell’s nucleus. This association occurs at interphase, at a point in the cell cycle
when ATRX is hypophosphorylated. However, upon initiation of mitosis, ATRX
localizétion shifts from the nuclear matrix to condensed chromatin. This shift occurs in
conjunction with the phosphorylation of ATRX (principally at serine residues) and its

association with HP1o, (Bérubé et al., 2000). In addition to proper localization, proper
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function of ATRX is also necessary for an operational cell cycle. Throughout meiosis of
mammalian oocytes, functional ATRX in conjunction with standard meiotic epigenetic
modifications is necessary for proper‘chromosomal alignment at the metaphase plate
during metaphase II (De La Fuente et al., 2004). A more receﬁt study also implicates
ATRX in proper chromosome alignment, as cultured human cells and neuroprogenitors
lacking ATRX were shown to experience a slower transition from prometaphase to
metaphase. This prolonged cell division process manifested as impaired chromosome
congression at the metaphase plate and reduced cohesion between sister chromatids, as

evidenced by increased distance between their kinetochores (Ritchie et al., 2008).

While the above findings mostly focus on the role of ATRX in the brain and the
cell cycle, ATRX has also been shown to play a role in sex differentiation. This is
consistent with the fact that urogenital abnormalities are associated with the ATR-X
syndrome resulting from mutations in the human gene. While its exact role in sex
differentiation is unclear, the underdeveloped genitalia and testicular dysgenesis that has
been observed in some patients suggests that ATRX is required early during sex

- differentiation (Tang et al., 2004).
1.6 Mouse Models of the ATR-X syndrome

In order to better study the human ATR-X syndrome, an important step in the
progression of research was the development of a mouse model. Initially, A#frx was
inactivated at the 8- to 16-cell stage of development. It was determined that embryos
lacking Atrx were able to normally implant and gastrulate but eventually died around

E9.5 due to malformation of the embryonic trophoblast. This study showed the necessity
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of Atrx for the proper development of the murine trophoblast and that a global deletion of

Atrx was thus embryonic lethal (Garrick et al., 2006).

Inb‘2002, Bérubé et al. develo.pedA a transgenic mouse that oVerepressés ATRX.:
At embryonic stages, transgenic mice exhibited neural tube defects, neuroepithelial
defects, retarded growth, and misorganization of the ventricular zone. While there was a
high incidence of embryonic lethality, those embryos that did survive until birth had high
incidences of seizures, craniofacial abnormalities, and perinatal death. In summary, mice
that overexpress a human ATRX protein show neurodevelopmental abnormalities,

suggesting that ATRX is necessary for proper brain development (Bérubé et al., 2002).

In light of what was learned from the transgenic model, the next step was to
develop a conditional forebrain knockout of ATRX. A cre/lox system was employed to
conditionally knock out Exon 18 of Airx, resulting in the ablation of the full-length
ATRX protein. ATRXt is still produced. While knockout embryos do survive until birth,
they are smaller than their wildtype littermates and die within the first few days
postnatally due to dehydration (Figure 5). Additional phenotypic effects include a
reduction in forebrain size resulting from widespread hypocellularity of the cortex and
hippocampus. The dentate gyrus is also lacking. A combination of neuronal birthdating
experiments and TUNEL staining at a variety of embryonic time points showed that this
loss of cortical mass in knockout embryos was due to increased apoptosis rather than
defective proliferation (Bérubé et al., 2005). More recently, it has been shown that the
observed apoptosis is occurring via the intrinsic pathway (Picketts, unpublished) and is

mediated by the tumor suppressor protein, p53 (Seah et al., 2008).
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Figure 5: Conditional forebrain knockout of Atrx gene

(A) Matings between Atrx"

oxfx females and Foxgl-cre”” males employs the use of a

cre/lox system to excise Exon 18, resulting in 25% of offspring lacking Atrx in the
forebrain. (B) Western blot confirms the loss of the full length ATRX protein. ATRXt
remains. (C) Postnatal Atrx™” mice are smaller than their wildtype littermates. Arrow is
highlighting the lack of milk in the belly of the Atrx™" pup. (D) Forebrain size is reduced
in the Atrx™" mice. (E) Cortical hypocellularity was demonstrated in Atrx™" forebrains
and was attributed to a 12-fold increase in apoptotic cells at E11.5. Figure modified from

Bérubé et al, 2005.
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1.7 Development of the mouse neocortex

To understand the role of ATRX in neuronal development, it is first essential to
‘garner a basieAunrderstanding of corticogenesis. The brain is divided into three maiﬁ
areas: The forebrain, the midbrain, and the hindbrain. The forebrain, which is of most
interest to this project, contains the hippocampus and the cortex. The neocortex is the
most recently evolved part of the cortex and it is comprised of six layers (Figure 6).
Mouse neocortical development occurs from E11.5 to E18.5, with layers developing in a
very specific manner. At E11.5, the cortex consists predominantly of progenitor cells
situated in a layer known as the ventricular zone (VZ). The first wave of post-mitotic
neurons migrates radially to form the preplate (PP). At E12.5-13.5, the PP is split by a
second wave of neurons migrating away from the VZ. These neurons form the cortical
plate, sandwiched in between what is then known as the superficial marginal zone and the
subplate (SP). Between E14.5 and E18.5, neurons continue to depart the VZ in waves
and fnigrate outwardly to continue to thicken the cortical plate (CP). The layers form in
an inside-out manner, with the later-born neurons continuing to migrate past earlier born
neurons before settling closer to the skull. Once the CP is fully formed with six layers,
the SP degrades. Each layer can be characterized by certain molecular markers
expressed, and the neurons of various layers have certain distinct functions (Gupta et al.,

2002).
1.8 Poly(ADP-ribose) Polymerase-1

Much of the work presented in this thesis explores the role of PARP-1 activation

in the cortex of mice lacking Atrx. As such, here we present information of this protein.
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Figure 6: Development of the mouse neocortex

(A) The location of the neocortex in the central nervous system. A lateral view of an
E16.5 mouse brain (left). The red dashed line indicates the plane of section from which a
coronal section (right) has been taken, which shows the location of the neocortex. (B) A
schematic of cortical development occurring between E11.5 and EI18.5, eventually
forming the 6-layered adult neocortex. PP: preplate; VZ: ventricular zone; IZ:
intermediate zone; SP: subplate; CP: cortical plate; MZ: marginal zone; PS: pial
surface. Figure modified from Gupta et al. 2002.
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The poly(ADP-ribOse) polymerase (PARP) family of enzymes was first discovered in
1963 (Chambon et al., 1963). PARP-1 is the most abundant and most well-characterized
member of the PARP family, with each »nucleus containing between 1 and 2 million
copies of the enzyme. PARP-1 is a 113 kDa nuclear enzyme that catalyzes tﬁe
posttranslational modification of poly(ADP-ribosyl)ation (PARylation) (Figure 7).
PARP-1 uses the coenzyme nicotinamide adenine dinucleotide (NAD+) as a substrate to
transfer ADP-ribose units to acceptor proteins while releasing nicotinamide as a by-
product. PAR chains can extend up to 200 unité in length and additionally, can branch
off to further extend the modification. The other side of PARP metabolism involves
poly(ADP-ribose) glycohydrolase (PARG) which cleaves PAR into single ADP-ribose

units (D'Amours et al., 1999).

The PARP-1 gene contains 3 domains: The N-terminal DNA-binding domain
(DBD), the central automodification domain (AMD), and the C-terminal catalytic
domain. The DBD contains two zinc fingers that bind to altered structures in DNA (i.e.
breaks) as well as two helix-turn-helix motifs that mediate strong interaction with DNA.
The AMD is the site that is poly(ADP-ribosyl)ated, and it also contains a BRCT domain
that allows for certain protein-protein interactions. The c_:atalyfic domain catalyzes the
initiation, elongation, and branching of PAR polymers, and it also contains the “PARP

signature” found in all PARP family members (Figure 8) (Kraus and Lis, 2003).

While PARP-1 is known to have a role in many cellular processes including
chromatin remodeling, DNA replication, transcription, apoptosis, and inflammatory
response, its most well-characterized role is in DNA damage and repair. When DNA is

damaged, PARP-1 is recruited to the site of the break. This activates its enzymatic
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PARP-1

Figure 7: PARP-1 metabolism

(A) PARP-1 is recruited to breaks in DNA; (B) PARP-1 binds to the break and
automodifies by adding units of poly(ADP-ribose) to its automodification domain; (C)
DNA repair proteins are recruited to the site of damage; (D) automodified PARP-1 is
released from the repairing DNA; (E) PARG breaks up long chains of poly(ADP-ribose),
resulting in naked PARP-1 and mono ADP-ribose units in the cell.
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Figure 8: PARP-1 gene

The PARP-1 gene contains 3 domains: The N-terminal DNA-binding domain (DBD), the
central automodification domain (AMD), and the C-terminal catalytic domain. The DBD
contains 2 zinc fingers. The AMD contains a nuclear localization signal (NLS) and a
BRCT interaction site. The catalytic domain contains an active site, responsible for the
protein’s activity.
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activity and it begins to automodify with the addition of PAR units. This PAR extension
acts as a signal to recruit DNA repair proteins to the site of the break. PARP-1 is
. therefore vital in the normal initiation of the DNA damage response. This claim was
further supported by the gener;tion of a Parp-1 knockout (KO) @ouse, as it‘ exhiBits
impaired DNA damage repair (Wang et al.,, 1995; Ménissier-de Murcia et al., 1997,

Masutani et al., 1999).
1.8.1 PARP-1 and chromatin

As mentioned above, PARP-1 plays a role in the regulation of chromatin
structure. Depending on the physiological environment, PARylation will cause either the
compaction or decompaction of chromatin (Tulin et al., 2002; Tulin and Spradling, 2003;
Tulin et al., 2003). Studies have also shown that both automodified and non-modified
PARP-1 associates with histones. In vitro, PARP-1 associates with H2A and H2B, while
a PARP-1 association with H1 in Drosophila causes the protein’s release from chromatin

(Kim et al., 2004).

Additionally, PAR modifications can act as docking stations for chromatin
modifiers. For example, DNMT1 binds to the automodification of PARP-1, is
subsequently PARylated as well, and its own methyltransferase activity is then inhibited
((Reale et al., 2005)Quénet et al., 2009).  Moreover, some DNA repair proteins
containing zinc fingers have been found to bind PARylated proteins via these domains,
comparable to the way that bromodomains recdgnize acetylation (Ahel et al., 2008).
Although the ATRX protein contains PHD zinc fingers, no interaction between ATRX

and PARP-1 has been elucidated as of yet.
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PARP-1 also has a role in dictating the general chromatin environment of the
nucleus—i.e. heterochromatin versus euchromatin. In 2007, Nusinow et al. showed that
upon association with the histone variant macroH2A1.2, PARP-1 activity is arrested and
this contributes to the silencing of the inactivated X chromo'some (Nusinow et al., 2007).
PARP-1 and other PARP family members are also known to associate with several
centromeric proteins and together these interactions maintain pericentromeric

heterochromatin (Saxena et al., 2002a; Saxena et al., 2002b).
1.8.2 PARP-1 in neuronal death pathways

Since PARP-1 is involved in so many cellular processes, it is no surprise that it is
implicated in cell death pathways. However, its role is multi-faceted. For example,
during caspase-mediated apoptosis, PARP-1 is cleaved by caspase-3 into a 24 kDa and an
89 kDa fragment (Kaufmann et al., 1993). The remaining fragments are non-functional.
It is hypothesized that this cleavage occurs to assure that apoptosis is not hindered by
attempts to repair DNA breaks. If cleavage does not occur, excessive breaks could lead
to the depletion of cellular stores of NAD+. The oxido-reduction capacity of NAD+ is
vital in the generation of ATP, the cell’s major source of energy. Therefore depletion of
NAD+ can lead to cessation of energy-dependent cell function and thus eventually

necrotic death (Shiao Li Oei and Ziegler, 2000; Chiarugi, 2002).

Interestingly, PARP-1 has also more recently been shown to have a central role in
caspase-independent apoptosis. PARP-1 activates in response to genotoxic stress, and its
automodification leads to the translocation of apoptosis inducing factor (AIF) from the

mitochondria to the nucleus (Yu et al., 2002; Yu et al., 2003). This allows AIF to induce
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apoptosis without any reliance on the caspases. The exact mechanism by which
PARylation regulates AIF is unknown, but it is hypothesized that PARP-1

automodification somehow acts as a signal for the release of AIF.

PARP-1 also has a secondary role in neurotoxicity. The activation of N-methyl-
D-aspartate (NMDA) receptors can result in neuronal damage due to an influx of
intracellular calcium. This influx activates a variety of enzymes including proteases,
endohucleases, phospholipases, and nitric oxide synthase (NOS). The resulting
production of NO by NOS results in the formation of peroxynitrite, which is an anion that
can form free radicals and become a DNA damaging agent (Koh et al., 2005b; Koh et al.,
2005a). This damage eventually stimulates PARP-1 activity. This pathway of PARP-1
activation is known to occur in conditions of stroke, ischemia, and certain

neurodegenerative diseases including Parkinson’s disease.
1.9 Rationale and Research Objectives

In the last several decades, research has shown that epigenetic control of gene
regulation is a huge factor in human health and disease. Particularly interesting is the
idea that epigenetic regulation of chromatin dynamics is key in maintaining a healthy
cell. If this control is compromised, the resulting misregulation of chromatin dynamics
can result in disease. The ATR-X syndrome, caused by mutations in the chromatin

remodeling gene ATRX, is one such example.

The conditional knockout of Atrx in the forebrain leads to obvious phenotypic
consequences including hypocellularity resulting from increased apoptosis of neuronal

precursors. Since ATRX is a known interaction partner of Daxx, a facilitator of extrinsic
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apoptosis, and a knockdown study of Daxx showed cleavage of PARP-1, PARP-1 was a
logical player to further examine. Surprisingly, initial examination of Parp-1 did not

show its cleavage in the Atrx™"

cortex, but was instead found in increased levels. This
finding, in addition to the fact that PARP-1 is known to be involved in neuronal death
pathways, led us to hypothesize that increased Parp-1 activity either enhances the cell

death observed in Atrx™"

mice or promotes the survival of neurons in this model.
To address this hypothesis, we focused on three specific aims:

1. Characterizing the expression of Parp-1 in corticogenesis;

2. Examining the in vivo expression patterns of Parp-1 in Atrx™ mice;

null

3. Determining the mechanism of Parp-1 involvement in Atrx™" phenotype.
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2.0 Materials and Methods

2.1 General Materials

All plasticware including cell culture dishes, 15 ml and 50 ml tubes, and
microcentrifuge tubes were obtained from Fisher Scientific (Ottawa, ON). Disposable
pipettes and gloves were obtained from VWR (Mississauga, ON), while micropipettes
were obtained from Gilson (Guelph, ON). Commonly used reagents including agarose,
EDTA, ethidium bromide, Glycine, KCI, KH,PO4, NaCl, Na,PO,4, NaCl, KCl, SDS,
TRIS, Tween-20 and Triton-X were obtained from Fisher Scientific (Ottawa, ON),
Sigma-Aldrich (Oakville, ON), and Invitrogen (Burlington, ON). Ethanol, methanol and
sterile HPLC water were obtained from Fisher Scientific (Ottawa, ON). The specific

supplier information for other materials used is listed throughout the methods section.
2.2 Mouse Neuroblastoma N1E11S5 cultures

NI1E115 cells were obtained at a low passage number and maintained in a growth
phase in 7-8 ml of proliferation media (10% FBS, 1% penicillin/streptomycin in DMEM)
in a 10 cm petri dish. All cultures were incubated at 37°C with 5% CO,. Cultures of at
least 80% viability (based on adherence) were either split into multiple dishes or used for
experimental purposes upon reaching 80% confluency. To induce differentiation,
proliferation media was aspirated and was replaced with 7-8 ml of differentiation media
(1% FBS, 1% penicillin/streptomycin, 1% DMSO in DMEM). To obtain cells for a
differentiation time course, 2 dishes of cells were harvested from each 24 hour time point

beginning at Day 0 (i.e. growth) and ending at Day 7 of differentiation. To obtain the cell
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pellets, differentiation media was aspirated and replaced with 3 ml of Trypsin for 5
minutes at 37°C. Cells were then sloughed off plates with 7 ml of sterile 1X phosphate
buffered saline (PBS) and centrifuged at 1 000 rpm in a table top Heraeus Instruments
Megafuge 1.0 for 5 minutes. 1X PBS/trypsin was then aspirated and the pelletrwas
washed once more in PBS. PBS was removed and the pellet was then stored at -80°C

until needed.

2.3 Animal Husbandry and Tissue Preparation

2.3.1 Generation of Atrx™” embryos

In order to attain the conditional forebrain ATRX knockout, two transgenic
parental lines were time-mated. Arx™1% females were crossed with Forkhead box G1
(Foxgl) cre™” males, both on a C57BL6 background. Females were housed in pairs and
were transferred to male’s individual cages overnight for timed matings before returning
to their home cages the next morning. The day of separation was considered to be
embryonic day 0.5 (E0.5). All mice were housed in cages with HEPA-filtered air and
allowed water and 18% Protein Rodent Diet pellets (Harlan Tekland Global Diets,

Madison WI) ad libum.
2.3.2 Collection of embryos from timed matings

Pregnant dams at gestational days E12.5-E18.5 were anaesthetized by carbon
dioxide and sacrificed by cervical dislocation. The uterus was then dissected out of the
abdominal cavity and embryos were removed. Embryos were then separated from their

embryonic sacs and placentas and placed in 1X Hanks’ Balanced Salt Solution (HBSS).
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2.3.3 Genotyping of embryos

A small piece of tissue from each individual embryo was obtained during
dissection and set aside in a labeled PCR tube. Sevénfy five pl of alkaline.r lysis buffer
(25 mM NaOH, 0.2 mM disodium EDTA, pH 12) was added and DNA was extracted by
30 minutes of incubation at 95°C. The reaction was then neutralized with 75 ul of
neutralization buffer (40 mM Tris-HCL, pH 7.0) (Truett ef al., 2000). To determine the
Cre status of each embryo, 1 pl of each sample was used for PCR amplification of Cre

recombinase using the following primers:
Cre-Forward: 5’-ATG CTT CTG TCC GTT TGC CG -3’

Cre-Reverse: 5°-GGG CGT AGA CAT CTG GGT AG -3’

To determine the sex of each embryo, 1 pl of each sample was used for PCR amplication
of Sry (sex-determining region Y) and the housekeeping gene FABPI (fatty acid binding

protein 1). The following primers were used:
SRY-Forward: 5°-TTG TCT AGA GAG CAT GGA GGG CCA TGT CAA -3’
SRY-Reverse: 5’CCA CTC CTC TGT GAC ACT TTA GCC CTC CGA -3’
FABP1-Forward: 5°TGG ACA GGA CTG GAC CTC TGC TTT CCT AGA -3’
FABPI1-Reverse: 5’CTAG AGC TTT GCC ACA TCA CAG GTC ATT CAG -3’

The PCR mix for each reaction contained 1 pl of DNA, 40.2 ul of HPLC water, 5
ul of 10X PCR buffer, 1.5 pl of 50 mM MgCl, 1 pl of 10 mM primer pool, 1 pl of 10
mM dNTPs, and 0.3 pl of Taq polymerase (Invitrogen, Burlington ON). The reaction
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conditions were as follows: 95°C for 20 sec,. 57°C for 20 sec, and 72°C for 40 sec for a
total of 35 cycles. Five pl of the PCR reactions were electrophoresed on a 1.5% agarose
gel in 1X TAE with 0.01 ul/ml ,Of ethidium bromide, and visualized under UVrlight.
Reactions that were positive for both Cre and Sry were considered to be Atrx knockouts

(AtI'Xnu”).
2.3.4 Tissue fixation and Sectioning

For embryos at embryonic day 13.5 (E13.5), whole embryo heads were removed
and fixed in 3 ml of 4% paraformaldehyde (PFA) in 0.1 M PBS (0.14 M Na(Cl, 2.5 mM
KCl, 0.2 M Na,HPO4 and 0.2 KH,HPO4 at pH7.4). At E17.5 and older, the skin and
skull were gently peeled back to expose the whole brain, which was then removed and
fixed in the same manner as outlined above. The following day, tissue was washed three
times in PBS and then sunk in 3 ml of 30% sucrose in PBS overnight for cryoprotection.
Tissue was then equilibrated in a 1:1 mixture of 30% sucrose and OCT (Tissue-Tek©,
Japan) for at least 1 hour before being embedded in this mixture and flash frozen on
liquid nitrogen. Tissue blocks were stored at -80°C until ready for sectioning (Section

2.5.1).

2.3.5 Obtaining Tissue for Protein

0 .-
"™ cortices,

Embryos were obtained as stated in Section 2.3.2. To isolate the Atrx
the skin and skull were peeled back and the cortices were pinched out using dissecting
forceps (Dumont, Electronic Switzerland). This was performed under the magnification

of a Leica MZ95 dissecting microscope. The cortices from each embryo were placed into

a distinct microcentrifuge tube, flash-frozen in liquid nitrogen for 5 seconds, and stored at
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-80°C until needed.

2.4 Protein time course

2.4.1 Protein Extraction

Cortices were lysed in 100-150 pl of RIPA buffer (1X PBS, 1% NP-40, 0.1%
SDS, 0.5% sodium deoxycholate, protease inhibitor CompleteMini EDTA-free in
ddH20). E12.5 and E13.5 cortices were homogenized by trituration, while all older
time points were homogenized for 30 seconds with the Tissue Tearor™ (Biospec
Products, Inc.) All samples were then incubated on ice for at least 30 minutes. Samples
were then centrifuged at 10 000 g for 10 minutes at 4°C. The supernatant was aliquoted
and stored at -80°C. Before experimental use, protein concentration was determined
using Bradford protein assay reagent (Bio-Rad, Mississauga, ON) and an Eppendorf

BioPhotometer (Bradford, 1976).
2.4.2 SDS-PAGE and Transfer

To separate proteins by molecular weight, extracted protein samples were
separated by sodium-dodecylsulfide polyacrylamide gel electrophoresis (SDS-PAGE).
Samples were prepared for loading by aliquoting an equal amount of protein for each
sample. The remaining volume was brought to a maximum of 40 ul with the addition of
4X NuPage® SDS Loading buffer (Invitrogen, Burlington, ON) and HPLC water.
Samples were then heated at 100°C for 6 minutes and spun down before loading into a

pre-cast gel (Invitrogen).
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When searching for proteins > 30 kDa, a 3-8% pre-cast gel was run with 1X
NuPAGE® Tris-Acetate SDS Running Buffer (Invitrogen, Burlington, ON) at 150 V for
1.5 hours or until the dye front reached the gel foot. Proteins were transferred toa PVDF
Immobilon-P Transfer Membrane (Millipore, Billerica, MA) overnight at 10 V using 1X
transfer buffer (50mM Tris base, 40mM Glycine, 10% SDS, 20% MeOH). When
searching for proteins < 30 kDa, a 4-12% pre-cast gel was run with MOPS buffer at 200
V for 1 hour or until the dye front reached the gel foot. Proteins were transferred for 50
minutes at 50 V on a stir plate to ensure even distribution of cold from the ice pack. 1X
transfer buffer (25 mM Tris, 192 mM glycine, and 0.025% SDS) was used. After
transfer, the gel was incubated with Coomassie blue (BioRad) for 20 minutes to ensure
complete transfer of proteins. Protocols were obtained from the 3rd edition of “Short

Protocols in Molecular Biology”, edited by Ausubel et al., 1995.
2.4.3 Immunoblots

Each membrane was incubated in blocking buffer (5% milk in TBS-T) for 1 hour.
Primary antibody was diluted to the appropriate concentration (see Table 3) in blocking
buffer and the membrane was incubated for either 2 hours at room temperature or
overnight at 4°C. The membrane was then washed five times for 5 minutes each in 1X
TBS-T and incubated in secondary antibody diluted in blocking buffer (see Table 3) for
45 minutes at room temperature. The membrane then received five more 5 minute
washes in 1X TBS-T followed by two 5 minute washes in 1X PBS. Proteins were
detected by enzymatic chemiluminescence using the Sigma-Alderich ECL kjt (GE
Healthcare, Buckinghamshire UK). In instances where membranes were probed

sequentially with multiple antibodies, the membrane was stripped for 30 minutes in a
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Table 3: A summary of antibodies used and their specific conditions.

Protein of Host animal Company Technique Dilution
Interest
Primary Antibodies
AlF Goat Santa Cruz WB 1: 500
Atrx (F39) Mouse homemade WB 1:3-1:6
Atrx (H300) Rabbit Santa Cruz IHC, ICC 1: 100
B-actin Mouse Sigma-Alderich WB 1: 10 000
y-H2AX Rabbit Cell Signalling WB, IHC 1: 2 000, 1: 200
Par Rabbit BD Pharmingen WB 1: 2 000
Par Mouse Trevigen IHC, ICC 1: 200
Parp-1 Mouse BD Pharmingen WB 1: 2000
p53 Mouse Cell Signalling WB 1: 2000
Reelin Mouse Cell Signalling IHC 1:1 000
Secondary Antibodies
- Sheep a mouse Sigma-Alderich wB 1: 2 500
- Goat a rabbit Sigma-Alderich WB 1: 4 000
- Rabbit a goat Sigma-Alderich WB 1: 5000
- Goat a rabbit-594 Invitrogen IHC, ICC 1: 10 000
- Donkey a mouse-488 Invitrogen IHC, ICC 1: 10 0G0

40




rotating incubator at 50°C in stripping buffer (100 mM B-mercaptoethanol, 2% SDS,
62.5mM Tris-HCI pH 6.7). Before probing with anothervantibody, the membrane was

washed briefly in TBS-T and blocked again for 1 hour.
2.4.4 Densitometry Analysis of Western Blot

In order to qﬁantify Parp-1 activity from Western blots, densitometry analysis was
performed using Image) software (National Institutes of Health, USA). Pixelation of
Western blot signal levels for Parp-1 and Par were measured in aribitrary units.
Background levels were subtracted and the Par values were normalized to output values

of Parp-1. These values were graphed with the use of Microsoft Excel.

2.5 Immunohistochemical Analysis of Tissue Sections

2.5.1 Sectioning of Tissue

Tissue blocks were allowed to equilibrate at -21°C in a Leica 1850 cryostat for 30
minutes. Excess OCT was cut from around tissue as desired and the block was mounted
to a cutting platform using OCT. Tissue was then serially sectioned in 10 pm increments
and mounted on Superfrost Plus coated slides (Fisher Scientific, USA). Atrx™" and
wildtype samples were both mounted on each slide to minimize possible experimental
error between genotypes during staining. Slides were allowed to dry at room temperature

for 2 hours before being stored at -20°C in a slide box with a teaspoon of desiccant.
2.5.2 Par Immunohistochemistry

The slide box was removed from -20°C and allowed to equilibrate at room
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temperature for 1 hour before opening and exposing slides. Slides were first fixed with
70% efhanol for 5 minutes and then rehydrated in 1X PBS for 5 miﬁutes. When probing
for Par,_ slides were incubated in 2N HCI for 20 minutes at 37°C. This was followed bya
10 minute wash in 0.1 M Tris (pH 8.8) + 0.1% Tween-20 and three 5 minute washes in
1X PBS washes. All tissue sections were then outlined with a hydrophobic marker
(Dako). An excess of blocking buffer (20% goat serum, 0.3% Triton-X in PBS) was
pipetted onto sections and incubated at room temperature in a humid chamber for 1 hour.
Block was drained from slides and the primary antibody was diluted in blocking buffer
and added overnight at 4°C in a humid chamber. Antibodies and concentrations are listed
in Table 3. The following day, slides received three 10 minute washes in 1X PBS and
were then incubated in secondary antibody (diluted into TBLS) for 1 hour at room
temperature in a darkened humid chamber. Slides were washed for 10 minutes in 1X
PBS and then incubated in the dark with DAPI for 4 minutes. Slides were washed three
times for 10 minutes each in 1X PBS and then mounted with DAKO fluorescence
protector: Sections were examined on a Zeiss Axioplan microscope and digital images

were captured using an AxioVision 6.05 (Zeiss) camera.

2.6 Primary Neurosphere Cultures

2.6.1 Generation of Neurospheres

A pregnant dam at gestational stage E12.5 was sacrificed and her embryos were
extracted as per Section 2.3.2. Embryo cortices were removed under the dissection
microscope and placed in pre-cooled microcentrifuge tubes on ice. Cortices were

triturated in 500 pl of proliferation media (Neurocult NSC proliferation supplements, 20
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~ ng/ml recombinant human EGF [Invitrogen], 0.5% antimycotic/antibiotic in Neurocult
NSC Basal Medium [StemCell Technologies]). Once the suspension was uniform, this
500 pl was added to 19.5 ml of proliferation media in a T75 flask. Cultures were

monitored for the next several days for the formation of spheres.
2.6.2 Neurosphere Differentiation

Coverslips were pretreated with 1 ml of 1X PDL and 15 pg/pl of laminin in
sterile PBS for 3 hours. Proliferating neurospheres were spun down at 800 rpm in a table
top Heraeus Instruments Megafuge 1.0 for 5 minﬁtes and the pellet was resuspended in
PBS for plating. A portion of neurospheres were allotted into wells or plates containing
differentiation media (Neurocult NSC Differentiation Supplements [StemCell
‘Technologies], 1% antibiotic/antimycotic Neurocult NSC Basal Medium [StemCell
Technologies]) and allowed to incubate at 37°C for the desired amount of time; either 1,

3, 5, or 7 days of differentiation.
2.6.3 Harvesting Neurospheres for Protein

Neurospheres from Days 0, 1, 3, 5, and 7 of differentiation were gently pipetted
from their 10 cm plates into falcon tubes, leaving a small amount of media in the dish.
Remaining cells were scraped and pooled into remaining media, which was then
transferred into the falcon tube. Cells were centrifuged at 800 rpm for 5 minutes and the
media was aspirated off the pellet. Cells were washed with 1X PBS, recentrifuged, the
1X PBS was removed and the pellet was then stored at -80°C or used for experimental

purposes. The protocol outlined in Section 2.4.1 was followed, with each cell pellet being
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lysed in 150 pl of RIPA buffer.
2.7 Nuclear protein fractionation

Cortices from E12.5 and E17.5 embryos were obtained as outlined in Section
2.3.5. Cortices were then lysed in 200 pl of lysis buffer A (10 mM HEPES pH 7.5, 10
mM NacCl, 1.5 mM MgCl,, 10% glycerol, 1 mM EDTA, 5 mM DTT, 1% NP-40) with
careful trituration. Samples were then briefly vortexed and centrifuged at 1 000 g for 5
minutes at room temperature. The supernatant containing the cytoplasmic protein
fraction was transferred to a new microcentrifuge tube and stored on ice. The nuclear
pellet was gently washed with lysis buffer A (excluding NP-40) and was vortexed and
centrifuged again. The supernatant was discarded and the nuclear pellet was resuspended
in 50 pl of nuclear lysis buffer (25 mM Tris-HCL pH 8.0, 500 mM NaCl, 1 mM EDTA,
10 mM pB-mercaptoethanol, 0.5% Triton-X). Samples were briefly vortexed and
centrifuged at 30 000 g for 30 minutes at 4°C. The supernatant containing the nuclear
protein was transferred to a new microcentrifuge tube and the pellet was discarded.

Protein concentrations were measured by Bradford assay.

2.7 Assessment of DNA damage

2.7.1 y-H2AX Western blots

null

To assess whether Atrx™" embryos had increased DNA damage in the cortex,
YH2AX levels were assessed by Western Blot in a cortical protein time course with
 Atrx™" and wildtype protein from ages E12.5, E15.5, and E17.5. As a positive control,
UV damage was induced on HEK293 cells at 80-100% confluency. Media was aspirated
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and replaced with 2-3 ml of PBS to keep cells hydrated, and the plate was left uncovered

under the Biosafety cabinet’s UV light for 1 minute (~114 J/m?). Medié was then’
- . replenished and the cells were allowed to recover for 2 ‘hour‘s at 379C. At this time,
media was aspirated and cells were trypsinized for 5 minutes before béing peileted at 1
200 rpm in a table top Heraeus Instruments Megafuge 1.0 for 5 minutes. As a negative
control, untreated HEK293 cells were used. All protein extractions were performed as

outlined in Section 2.4.1.
2.7.2 y-H2AX Immunohistochemistry

When staining for YH2AX, the immunohistochemistry (IHC) protocol outlined in
Section 2.5.2 was followed, however in lieu of an HCI treatment, E13.5 sections received
a 5 minute microwave treatment in a 1X sodium citrate antigen retrieval solution (0.01 M
citric acid, 0.025 M NaOH pH 6.0) on Power setting 5. Slides were washed twice for 5

minutes in 1X PBS and the rest of the protocol in Section 2.5.2 was followed.
2.9 Cortical Layer Molecular Marker Study

In order to determine if neurons from a particular cortical layer were dying in the
Atrx™" cortex, a molecular marker study of the cortical layers was performed. Wildtype
and Atrx™" brains from E18.5 embryos were sectioned as described in Section 2.5.1. The
layers were examined either by IHC or in situ hybfidization, and the markers used are

listed in Table 3.
2.9.1 Immunohistochemistry

When staining for the Layer I marker Reelin, IHC was performed as outlined in
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Section 2.5.2. However, no HCI treatment or antigen retrieval step was required. The

dilution used is listed in Table 3.
2.9.2 In situ hybridization

To study cortical layers II-VI, in situ hybridization was performed for the
following markers: SG10 (I, IIL, IV, V), Er81 (V), Otx1 (V), and Tbrl (VI). Protocol is
described by Jensen and Wallace (2007) and probe conditions are listed in Table 4.
Probes stored at -80°C were thawed quickly and diluted to 1:1 000 in hybridization buffer
(50% formamide, 10% dextran sulfate, 1 mg/mL yeast tRNA, 1x Denhardt’s and 1x
SSC). Diluted probes were then denatured at 70°C for 10 minutes, vortexed vigorously,
and 150 pl was pipetted onto the slide before covering with a coverslip. Slides were
placed in a humid chamber and incubated dvemight at 65°C in a dry oven. Post-
hybridization, slides were transferred to a glass slide rack and sections were incubated for
15 minutes on a rocking platform in Wash buffer (50% formamide 1X SSC, 0.1%
Tween-20) that had been pre-warmed to 65°C. Wash buffer was refreshed twice, each
after a 30 minute incubation. Slides were then incubated twice for 30 minutes in 1X
MABT (100 mM maleic acid, 150 mM NaCl, pH 7.5, 0.1% Tween-20) with rocking. At
this point, slides were outlined with a hydrophobic marker and transferred to a humid
chamber containing Whatmann paper saturated with PBS. Blocking soluﬁon (20% heat-
inactivated sheep serum, 2% blocking reagent in 1X MABT) was added to the sections
which were then allowed to incubate for 1 hour at room temperature. Once the block was
aspirated, 150 pl of anti-DIG antibody, diluted 1:1 500 in block, was pipetted onto the
sections and incubation proceeded overnight at 4°C. The following morning, slides were

transferred from the humid chamber to a glass slide rack. Slides were then washed five
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Table 4: A summary of the cortical layer markers used and their specific conditions.

Immunohistochemistry

Antibody Dilution Layer(s) marked
Reelin 1: 1000 I
In situ hybridization

Probe Dilution Layer(s) marked

SG10 1: 1000 0,1, 1V, vV
Er81 1: 1000 v
Otx1 1: 1000 v
Tbr1 1: 1 000 Vi
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~ times with 1X MABT for 20 minutes each‘vwith rocking. Coverslips fell away from slides
after the first wash. Sections were fhen equilibrated in Post-antibody Wash Bﬁffer (100 |
mM NaCl, 50 mM MgCl2, 1OQ mM Tris pH 9.5 and 0.1%-Tween 20) twice for 10
minutes each at room’temperatur(.: Qith rocking. To begin the colour reaction, slides were
placed in a glass coplin jar filled with 30 ml of Staining Buffer (100 mM NaCl, 50 mM
MgCl2, 100 mM Tris pH 9.5, 0.1%-Tween, 4.5 pl/mL 4-Nitro blue tetrazolium chloride
I[Roche], 3.5 ul /mL 5-bromo-4chloro-3indolyl-phosphate [Roche]). This reaction was
allowed to incubate in the dark at room temperature. After 2 hours, sections were
checked periodically under the microscope for the development of colour. Depending on
the probe, this reaction took between 2 hours and overnight. To stop the staining
reaction, slides were removed from Staining Buffer and washed three times for 5 minutes
each in 1X PBS before being mounted with a 1:1 mixture of glycerol: 1X PBS and
stored at 4°C. Sections were examined on a Zeiss Axioplan microscope and digital
images were taken using an AxioVision 6.05 (Zeiss) camera and processed using

Adobe® Photoshop.

2.10 Parp-1 Inhibitor Study

In order to determine if suppression of Parp-1 activation would have an effect on

the neuronal death observed in Afrx™"

mice, timed mated mice were injected with a Parp-
1 inhibitor. Mice were weighed on the day of injection, and the inhibitor PJ34
(Calbiochem) was diluted in sterile 1X PBS in order to prevent the elongation of any

Parp-1-induced PARylation. A variety of dosages was attempted via intraperiteneal

injection:
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e 1mgkgatEI05

e 1 mg/kgat E9.5

5 mg/kg at E9.5

1 mg/kg at E10.5 + 1 mg/kg at E12.5

Control mice received an injection of 1X PBS at the same time points as treated
mice. At E13.5, the pregnant dams were sacrificed and their cortices were dissected
(Section 2.3.5) and the protein was extracted (Section 2.4.1). Genotyping and Western

null

blot were performed to confirm Atrx™" status.
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3.0 Results

3.1 Characterization of Parp-1 during neurogenesis

A topic that is currently absent from the literature regarding this project is the general
characterization of Parp-1 throughout cortical development. Since both ATRX énd
PARP-1 are proteins that have roles in the life and death of neurons, their expression was

monitored both ir vitro and in vivo during neurogenesis.

3.1.1 Increased Parp-1 expression in vitro during growth and early

differentiation

Initial in vitro work involved screening for Parp-1 expression in differentiating
populations of N1E115 cells—a mouse néuroblastoma cell line. Protein was extracted
from N1E115 cells that had differentiated from Days 0-7. It was observed that Parp-1
expression was highest during growth (Figure 9). Parp-1 expression was also strongly
visible by Western blot at days 1, 2, and 3 of differentiation. Expression levels decreased

significantly from day 4, and after day 7 there was no Parp-1 visible.
3.1.2 Increased Parp-1 activity in vivo during early corticogenesis

In order to further our knowledge of the expression patterns of Parp-1 during
development, Parp-1 and Par expression levels were monitored in the cortex of wildtype
mice. Embryos of ages E12.5-P0 were dissected and genotyped, and brains were either
fixed and sectioned or the cortices were flash-frozen and used for protein. Western blot

showed that Parp-1 expression was mainly steady throughout development, although
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Figure 9: Parp-1 expression levels in differentiating mouse neuroblastoma cells
Western blot analysis was performed to monitor Parp-1 expression of protein isolated
from N1E115 cells at days 0-7 of differentiation. PB-actin was used as a loading control.
Increased Parp-1 expression levels were identified in growth and in early days of
differentiation. (N=3).
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levels seemed subtly lower towards the end of corticogenesis (Figure 10, third panel,

lanes labeled WT). Attempts to examine Parp-1 lévels by IHC were unsuccessful.

In order to gaﬁg'e Parp-1 activation, levels of Par were assessed. By Western blot
analysis, a striking increase in Parp-1 activation is seen at early stages of development
(Figure 10, second panel, WT lanes). Specifically, the largest amount of Parp-1 activity
is found at the earliest assessed points of development, and levels drop off at E17.5.
Analysis by IHC further confirmed this finding, and quantification of Par” cells show
46.8 % + 6.2% of cells to be positive for Parp-1 activity at E13.5, and these Par” .cells are

evenly distributed throughout the developing cortex (Figure 11, first panel).

null

3.2 Characterization of Parp-1 activity in the Atrx™  cortex

null

3.2.1 Increased Parp-1 activity in Atrx™ mice compared to wildtype

littermates

In order to inspect potential trends of Parp-1 expression in the Atrx™”

cortex,
timed matings were established between Atrx”" females and male mice (Atrx™; Foxgl
cre™) to obtain Atrx™” embryos at ages E12.5-P0. These embryos were dissected and

il embryos were either fixed and sectioned or their cortices were

genotyped, and Atrx
flash-frozen and used for protein extraction. This portion of the project was performed in
conjunction with Section 3.1.2, using the various genotypes of a litter. Western blot was
used to look at levels of both Parp-1 expression and Parp-1 activity (Figure 10). These
time course experiments show that levels of Parp-1 are not altered from wildtype levels in
the absence of Atrx, and interestingly, Parp-1 cleavage is not observed despite the

null

enhanced apoptosis that occurs in Atrx™" embryos. However, Parp-1 activity detected by
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Figure 10: Differentiation time course of wildtype and Atrx™ cortical protein

(A) Western blot analysis was performed to monitor levels of Parp-1 expression and
activation in protein isolated from both Atrx™" and wildtype cortices from ages E12.5-
P0.5. Atrx status was confirmed and B-actin was used as a loading control. Parp-1
expression levels decrease in both genotypes over the course of corticogenesis. Parp-1
activity, as measured by Par expression, is dramatically increased in the Atrx™" cortex
compared to wildtypes at early embryonic time points. Par levels also persist through
embryonic development in Atrx™” samples when levels are barely detectable in wildtype
littermates. (N=3). WT=wildyype; KO=Atrx"". (B) Densitometry analysis was performed
using Image J software in order to quantify Parp-1 activity. Pixelation of Western blot
signal levels for Parp-1 and Par were measured in aribitrary units. Background levels
were subtracted and the Par values were normalized to output values of Parp-1.
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Figure 11: Immunohistochemical analysis of Parp-1 activity in the E13.5 cortex
(A) Cortical tissue sections from E13.5 Atrx™" and wildtype embryos were stained with
antibodies against Par (green) and counter stained with DAPI (blue). This figure
demonstrates an increased number of Par positive cells in the Atrx™” cortex compared to
the wildtype cortex (magnification: 20X). (B) Analysis of the quantification of Par
positive cells showed there was a statistically significant increase in Parp-1 activity in the
E13.5 Atrx™ cortex versus wildtype (p< 0.05). Error bars represent SEM. (N A =3,
Nw=2, Student T-Test analysis).
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staining for Par is dramatically increased in the Atrx™"

cortex compared to wildtype
mice; most obviously at early embryonic time points. Increased Par expression levels
also persist through embryonic development in Atrx™" forebrains even when levels are .

barely detectable in wildtype littermates. This is further confirmed through densitometry

analysis (Figure 10b).
3.2.2 Parp-1 activity is increased in the E13.5 Atrx™” mouse cortex

Immunohistochemistry to examine Parp-1 activity was performed on E13.5
cortical sections, and Par’ cells were quantified (Figure 11). Upon quantification we
observed that 46.8 % + 6.2 % of the wildtype cortex contained Par’ cells, whereas 61.0 %
+ 2.7 % of the cells in the Atrx™” cortex were Par’. This was a statistically significant
change as determined by a two-tailed student’s t-Test (nw=2, nx,=3, + SD, p<0.05). By
E17.5, Par’ cells are almost completely absent when monitored by IHC, with only a very

™l cells (Figure 12). This is consistent

diffuse staining present in a small portion of Atrx
with what is observed by Western blot. Furthermore, there were many more Par’ (green)

cells lining the ventricle, suggesting that cells undergoing mitosis may be activating Parp-

1.
3.3 Characterization of Parp-1 expression in neurosphere populations

In order to better study the ATR-X syndrome, an in vitro model would be of great
benefit. In an attempt to solidify primary neurospheres as such a model, several wildtype
and Atrx™/ neurosphere lines were established and Parp-1 activity was characterized.
Western blot analysis shows high levels of Parp-1 activity during growth and early

differentiation, which is consistent with what is seen in cortical protein extracts.
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Figure 12: Immunohistochemical analysis of Parp-1 activity in the E17.5 cortex
Cortical tissue sections from E17.5 Atrx™" and wildtype embryos were stained with
antibodies against Par (green) and counter stained with DAPI (blue). This demonstrates
very little Par staining in both the Atrx™" cortex and wildtype cortex (magnification:
20X). Tissue sections were on the same slides as tissue from Figure 11, which thus acted
as a positive control (N=3).
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Quantification of immunocytochemistry (ICC) experiments reveals the largest amount of
Par' cells at Day 1 of differentiation, and by Day 7 there are no Par’ cells. However, in
contrast to the cortical experiments, we do not observe the persistence of Parp-1 activity

Il cultures throughout differentiation, and so neurospheres were not pursued

in Atrx
further as a model (Figure 13). The remaining experiments were thus performed with

cortical samples.

null

3.4 Investigation into the mechanism of Parp-1 involvement in Atrx

phenbtype

In an attempt to explore the mechanism of Parp-1 activation when Atrx is ablated
from the murine cortex, both fractionation experiments and the assessment of DNA

™I cortex has been shown to have a 12-

damage in the cortex were pursued. The Atrx
fold increase in apoptosis at E11.5 and a 4-fold increase at E13.5 (Bérubé et al., 2005).
However, previous caspase 3 fluorometric assays performed in our lab show that while

mll cortex as

there is a statistically significant increase in caspase 3 activity in the Atrx
compared to wildtypes, there is still not a huge amount of overall activation (E. Goodall,
unpublished). This suggests that caspase-dependent pathways may not be the only
apoptotic pathways contributing to the observed neuronal death, and warrants further

study into caspase-independent apoptosis. Similarly, the lack of Parp-1 cleavage

suggested that other apoptotic mechanisms may be active.

null

3.4.1 Investigation of caspase-independent apoptosis in the Atrx™ cortex

To determine if Parp-1 is activated as part of an apoptotic cascade, Apoptosis
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Figure 13: Parp-1 activation in differentiating neurosphere populations

(A) Par expression levels were monitored by Western blot in protein from differentiating
populations of neurospheres derived from Atrx™" and wildtype cortices. Higher levels of
Par expression are found during growth and early differentiation, but there is no
difference in Parp-1 activity between genotypes. (N=3). (B) Cell staining of neurospheres
at Day 1 of differentiation. Antibodies against Atrx (red) verified Atrx™” status of the
cultures. Antibodies were used against Par (green) and cells were counter stained with
DAPI (blue). This demonstrates that there is no obvious difference in Parp-1 activity in
neurospheres when Atrx is missing (magnification: 40X). (C) Analysis of the
quantification of Par positive cells showed there was no statistically significant difference
in Par positive cells in Atrx™ neurospheres versus wildtypes.
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Inducing Factor (AIF) needed to be examined. In response to the activation and
automodification 6f Pafp—l, AIF can translocate from the mitochondria to the nucleus td
induce a caspase—indeper_xﬁdentI form of apoptosis. (Yu et al., 2002). To investigate this
pathway, cellular fractionation and subsequent Western blot experiments were completed

null

- with wildtype and Atrx™" protein extracts from E13.5 and E.17.5 mice. Antibodies for
AIF show no translocation to the nucleus, indicating that it is not detectably involved in
the Atrx™” phenotype (Figure 14). Antibodies for p53 show that the protein remains

nuclear and at low levels, as is typical, and is not stabilized in the absence of Atrx

throughout our timecourse.
3.4.2 Investigation of DNA damage in the Atrx™” cortex

PARP-1 is best known as a cellular player in response to DNA damage, so we

null

investigated whether Parp-1 activation in the Atrx™ cortex was in response to DNA

null

damage. To determine if there is increased DNA damage in the Atrx™ cortex, levels of

the DNA damage marker phosphorylated H2AX (yH2AX) were monitored by Western

mll cortices

blot and IHC. Western blot analyses show increased levels of YH2AX in Atrx
compared to wildtype during early stages of corticogenesis (Figure 15a). YH2AX is
absent in both genotypes at more perinatal time points. The time points exhibiting
damage correspond to those where an increase in Parp-1 activity is seen. IHC for YH2AX
at E13.5 confirms this increase and also shows that the majority of cells incurring DNA
damage are located in the progenitor region of the cortex (Figure 15b). Upon
quantification we observed that 7.2 % + 5.5 % of the wildtype cortex contained YH2AX+ ,

cells, whereas 22.8 % + 3.3 % of the cells in the Atrx™” cortex were YH2AX+. This was

a statistically significant change as determined by a two-tailed student’s t-Test (n=3, + SD
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Figure 14: Fractionation of E13.5 Atrx™” and wildtype cortical protein

Protein fractionation and subsequent Western blot analysis was performed to monitor the
cellular location of AIF in protein isolated from both Atrx™" and wildtype cortices at
ages E13.5 and E17.5. Atrx status was confirmed. p53 levels are also steady and remain
nuclear. AIF expression is consistent and does the protein does not appear to translocate
from the cytoplasm to the nucleus to induce caspase-independent apoptosis. (N=3).
WT=wildtype; KO=Atrx™"
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Figure 15: Analysis of DNA damage in the E13.5 cortex

(A) YH2AX expression was monitored by Western blot and exhibits higher expression in
the Atrx™" cortex versus the wildtype cortex at E12.5 and E15.5. Expression is detected
in neither the Atrx™" or wildtype cortex at E17.5 or E18.5. Atrx status was confirmed by
Western blot (data not shown). Antibody specifications are listed in Table 3. (N=3). (B)
Cortical tissue sections from E13.5 Atrx™" and wildtype embryos were stained with
antibodies against yYH2AX (red) and counter stained with DAPI (blue). Atrx™ status was
verified by IHC. This demonstrates an increased number of YH2AX positive cells in the
Atrx™" cortex compared to the wildtype cortex (magnification: 20X). (C) Analysis of the
quantification of YH2AX positive cells showed there was a statistically significant
increase in YH2AX positive cells in the E13.5 Atrx™" cortex versus wildtype (p< 0.05).
Error bars represent SEM. (N=3, Student t-Test analysis). WT=wildtype; KO=Anx™";
+ve control = UV-treated HEK293 cells, -ve control = untreated HEK 293 cells.

61



p<0.05). This result suggests that in the absence of Atrx, the murine cortex is more prone

to DSBs.

3.5 Investigation of changes in cortical neuron number in the layers of

the Atrx™" cortex

Since the Atrx™” cortex has been shown to have both cell death and DNA damage
occurring early in corticogenesis, a molecular marker study was performed in E18.5
Atrx™" forebrains to determine if the cell loss was general or specific to one or more of
the six cortical layers. Both IHC and in situ studies were performed on E18.5 brain
sections, and the layer markers listed in Table 4 were examined in both rostral and caudal
coronal sections of the cortex. Rostral and caudal sections were chosen as the Atrx™"
phenotype is more severe in caudal regions of the cortex. All Atrx™ layers showed
normal expression patterns of the markers with the exception of Er81 (Figure 16).
Decreased expression of this particular transcription factor was found throughout the
cortex, but was most noticeable in the caudal region. This represents a reduction in a
subpopulation of layer 5 neurons. Additionally, layer 6 neurons remain present but
appear to be less ordered in the caudal region of the cortex, as evidenced by the marker
Tbrl. Layer 5 and layer 6 neurons are born between E11.5 and E14.5—a range
null

corresponding to a large portion of the neuronal death that is observed in the Atrx

cortex.

3.6 Parp-1 inhibitor study
To further understand the role of Parp-1 in the Atrx™” cortex, a Parp-1 inhibitor
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Figure 16: Molecular marker characterization of the Atrx™" and wildtype E18.5
cortex

RNA in situ hybridization for cortical layer markers (Reelin, Tbrl, Otx1, Er81, and
SG10) in both the E18.5 Atrx™” and wildtype cortex indicate a loss of Er8l /positive
neurons of layer V in both the rostral (A) and caudal (B) sections of the Atrx™" cortex.
Tbrl expression also appears to be less ordered in the caudal portion of the forebrain.
Loss of Er81+ neurons is associated with compromised neuronal connections resulting in
difficulty translating sensory stimuli into movement.
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mill cortex

study was initjated. It is unknown whether the DNA damage present in the Atrx
is due to an increase in exogenous DNA damaging agents, such as incr‘eased‘ oxidative
stress, or whether the damage observed is an accumulation_.,of endogenous AAd.amage
associated with normal differentiation. If the iatter is the case, it is possible that DSBs
cannot be repaired without functional Atrx. Since PARP-1 is involved in DNA repair, we

hoped to inhibit its activity in vivo and monitor the amount of cell death with the ablation

of both Atrx and Parp-1 activity.

Previous work in cell lines and mice has shown that PJ34 is a potent Parp-1
inhibitor. However, no studies have utilized this reagent on embryos via injection into
pregnant mice. Here, we tested different treatment regimens to determine if we could
reduce Parp-1 activity. Pregnant mice were injected with PJ34 at a dose of 1 mg/kg or 5
mg/kg at E9.5, 10.5 or both E10.5 and E12.5 prior to harvesting pups at E13.5. Figure 17
is a representative Western blot demonstrating that we were unable to sufficiently reduce
Parp-1 activity. While 5 mg/kg was 5-fold higher than the dosage necessary to acquire
~ Parp-1 inhibition in in vivo inflammation studies (Mabley et al., 2001), it remained
insufficient to inhibit Parp-1 activity when injected peritoneally into pregnant dams. The

ideal dosage regimen to achieve Parp-1 inhibition therefore remains to be elucidated.
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Figure 17: Parp-1 inhibitor study of E13.5 Atrx"" and wildtype cortical protein
Western blot analysis was performed to monitor levels of Parp-1 activity in both the
Atrx™" and wildtype E13.5 cortex after the Parp-1 inhibitor PJ34 were administered via
1.p. injection into a pregnant dam. Atrx and Par status were both verified and -actin was
used as a loading control. Parp-1 activity was not inhibited by any of the dosages tested.
10 pg of protein was loaded in each lane. Lanes are marked with a letter corresponding
to the treatment received by the dam that carried the embryo. A: no treatment, B: 4
mg/kg @ E10.5, C: 1 mg/kg @ E10.5 and E12.5. Other dosages tested were: D: 1 mg/kg
@E9.5, E: 5 mg/kg @ E9.5. (n4..~4, n4.4,=4; Np.s/=3, Ng4o=3: Ncw=1, Nepo=1;0p=3,
Np-ko=3; NE-w=2, NEo=1).
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4.0 Discussion

4.1 Parp-1 in cortical development

There is currently very little information available regarding the role of Parp-1 in
the cortex throughout development. Through Western blot and IHC time course
experiments, levels of Parp-1 and Par were monitored throughout embryonic
development to assess potential trends in Parp-1 expression and activity. Parp-1
expression appears to be slightly increased during earlier stages of corticogenesis, which
is consistent with the in vitro N1E115 and neurosphere differentiation time courses.
Additionally, monitoring of Par verified that there is increased Parp-1 activity during
early stages of murine cortical development, as evidenced by large smears visible by
Western blot, centering at slightly larger than 100 kDa. This is indicative of a large
amount of automodified Parp-1, which is the main target of its own enzymatic activity.
Parp-1 activity is barely visible from E15.5-P0.5 (Figure 10, wildtype lanes). Analysis of
Par staining on brain sections shows that at E13.5, 46.8 % + 6.2% of cells show obvious
Par staining (Figure 11, wildtype). This is consistent with Western blot, as E13.5 is an

embryonic time point that shows a large smear. By E17.5, no staining is visible.

Since Parp-1 is a protein that is involved in so many cellular processes, it is no
surprise that there should be such a large amount of activity during the development of
such a critical and complex part of the body. Parp-1 is involved in chromatin
remodeling, transcription, DNA replication, apoptosis, the inflammatory response, and
DNA damage and repair. Most of these processes involve its activation and most are part
of normal development. For example, chromatin remodeling is a putative process of
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embryonic development, a$~certain subsets of genes need to be activated at defined times
to prompt the differentiatioﬁ of a particular type of cell. The role of Parp- 17 in chromatin
remodeling has been reviewed in Section 1.8'1.' It is_thus fathomable that Pa;‘pfl
activation is occurring at early time points in corticogenesis when various neural
progenitors require the proper genetic cues to differentiate. PARP-1 is also associated
with DNA replication, as studies have shown that its enzymatic activity initiates DNA
synthesis in cell types including hepatocytes (Cesarone et al., 1990), fibroblasts (Stone
and Shall, 1975), and lymphocytes (Lehmann et al., 1974). It is entirely possible that
Parp-1 activity is also required for replication in cortical development, as there is

currently no evidence to the contrary.
4.2 Neurospheres

In order to more efficiently study many aspects of ATR-X syndrome, primary
neurosphere cultures were characterized with the hope of developing an in vitro model.
However, the characterization of Parp-1 activity did not recapitulate what was seen in

vivo (Figure 13).

Although neurospheres are a valuable in vitro tool in many situations (Shafey et
al., 2008; Hitoshi et al., 2002; Klein et al., 2005; Heins et al., 2002), the limitations of this
model are highlighted in a 2006 review discussing the physiological relevance of
neurospheres as a developmental model (Jensen and Parmar, 2006). Differences between
our in vivo results and the neurosphere cultures may result from the reduction of cell-to-
cell communication or the presence of certain components in the neurosphere media that

influences Parp-1 activity. Additionally, a general concern regarding the neurosphere
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system stems from the fact that neurospheres are a heterogeneous population ¢ontaining
cells that may be at different stages of differentiation, including true neural stem cells,
progenitor cells, and neurons and glia that have already exited the cell cycle (Jensen and
Parmar, 2006, Parmar et al., 2003; Suslov et al., 2002). In conclusion, the neurosphere
system is seemingly in a very fine balance, with any slight alteration haf/ing the potential
to tip the scales and result in a futile model for the study of neural development. It does
not appear that the model is useful in studying the role of Parp-1 in ATR-X syndrome.
However, an in vitro model is still desirable, and potentially promising models include

'siRNA knockdown of ATRX in neuronal cell lines and primary cortical neuron cultures.
4.3 Parp-1 in the Atrx™ cortex

With the knowledge of the baseline levels of cortical Parp-1 protein levels and
activation, the subsequent matter to explore was how Parp-1 was affected when Atrx was
ablated. When driving the expression of Cre recombinase under the control of the Foxgl

promoter, a conditional forebrain knockout of Atrx is generated in one quarter of the

fif

offspring of Atrx”" females mated with Foxglcre™ males. Through Western blot and

IHC time course experiments, levels of Parp-1 and Par were monitored throughout

null

embryonic development in the Atrx™ cortex. As with wildtype mice, Parp-1 expression

is increased during earlier stages of corticogenesis (Figure 10). There is no visible

mil cortex as compared to their wildtype

difference in Parp-1 expression in the Atrx
littermates, suggesting that the presence of functional Atrx is not necessary for normal

transcription or translation of Parp-1.

null

However, a large difference in Parp-1 activity was noted in the Atrx™" cortex
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(Figure 10). While the wildtype trend of increased activity occurring at early stages of
development was sustained when Atrx was lacking, the activity was largely amplified in
its absence. Additionally, Par expression persists through embryonic development in the
Atrx™" forebrain when it has already been attenuated in wildtypes. The increased Par
levels were not a result of Cre inclusion in these cells as Par levels were not increased in
female heterozygous mice (data not shown). Quantification of THC at E13.5 shows a
significant difference between genotypes, with approximately 14% more Par* cells in the
Atrx™" cortex compared to wildtype littermates (Figure 11). By E17.5, Par® cells are
almost completely absent when. monitored by IHC, with only a very diffuse staining
present in a small portion of cells (Figure 12). This is consistent with what is seen by
Western blot, as only a weak Par signal is detected. This implies that the weak signal
results from a small amount of activation in many cells rather than a small number of
cells exhibiting a large amount of activity. These experiments suggest that Parp-1
activity is increased in the absence of Atrx, and this increase could result either directly

or indirectly from the absence of Atrx.

With this finding in mind, the next logical step was to determine the cause of

mll cortex. In researching the cellular functions of

increased Parp-1 activity in the Atrx
Parp-1 in conjunction with what is already known about Atrx, it was decided that the two
most likely possibilities were: (1) Parp-1 has a role in the previously characterized

enhanced apoptotic death (Bérubé et al., 2005) ; or (2) Parp-1 is being activated as part of

cell survival cascade in response to DNA damage.

To address the first possibility, the role of Parp-1 in apoptosis needed to be

examined. Parp-1 is commonly involved in apoptosis in two capacities. Firstly, Parp-1 is
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cleaved by caspase 3 in caspase-dependent apoptosis to prevent its overactivation and the
ensuing depletion of the cell’s energy pools (Kauffmann et al., 1993; Casiano et al.
1996). Secondly, the activation and subsequent automodification of Parp-1 signals for
the translocation of Apoptosis Inducing Factor (AIF) from the mitochondria to the
nucleus to induce a caspase-independent form of apoptosis (reviewed by Yu et al., 2002).
Since cleavage of Parp-1 was not seen by Western blot (Figure 10) the status of AIF in
the Atrs™" cortex needed to be inspected. This was done by cellular fractionation and

null

subsequent Western blot experiments with wildtype and Atrx™ protein extracts.

Antibodies for AIF show no expression changes or translocation to the nucleus,

null

indicating that it is not detectably involved in the Atrx™" phenotype (Figure 13). This
lack of involvement of AIF suggests that the observed apoptosis is caspase-dependent,
which has since been confirmed by fluorometric caspase assays. Specifically, caspase 3
activity assays (measured in arbitrary fluorescent units [a.f.u.]) showed a significant

null

increase in E12.5 Atrx™" cortices as compared to E12.5 wildtype cortices (8.4 + 1.3 a.f.u.
versus 2.3 = 0.04 a.fu, p<0.01) (E. Goodall, unpublished). The nuclear protein p53
was also examined in this fractionation experiment, and its expression was constant

il cortical protein. This is somewhat

throughout development in both wildtype and Atrx
surprising because while p53 is normally rapidly degraded in the cell, upon activation it
is stabilized and accumulates in the nucleus (Jacobs et al., 2006). Since p53 has been
implicated in the apoptotic pathway in the Atrx™" cortex (Seah et al., 2008), stabilization
would be expected at the early stages of corticogenesis. It is possible that it is not being

activated in a large enough portion of cells to be detectable by Western blot at E13.5. A

better time point to look at might be E11.5, when it was shown that there is a larger fold
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increase in apoptosis (Bérubé et al., 2005). One unexpected result of this experiment
arose when Atrx was shown to be present in the cytoplasm of E17.5 samples. This has
been observed sporadically in some tissue staining but the reason for this finding is
unknown. Interestingly, Daxx is a protein that is also predominantly nuclear but has been
shown to translocate to the cytoplasm. The reason for this irregular movement is ,
controversial, though some studies indicate it occurs in response to certain combinations

of stress elements (Lindsay et al., 2009).

The second possibility addresses the fact that PARP-1 is best known as a cellular
player in response to DNA damage. In order to determine if there is increased DNA
damage in the Atrx™" cortex, phosphorylated H2AX (yYH2AX) was monitored. H2AX is
a variant of H2A that comprises between 2 and 25% of the H2A pool. In the vicinity of
double stranded breaks (DSBs), H2AX is rapidly phosphorylated at serine residue 139 by
ataxia telangiectasia/Rad3-related (ATR), forming distinct foci that can be viewed by
immunofluorescence (Rogakou et al., 1998). This makes YH2AX an excellent marker for
DSBs in mammalian cells. It is also important to note that YH2AX is not exclusively
present at DSBs, as ATR can also be activated in a cascade that recognizes single
stranded breaks (SSBs) that arise at stalled replication forks and after repair of bulky
DNA lesions (Chanoux et al.,, 2009; Pandita and Richardson, 2009; Paulsen and

Cimprich, 2007).

When yH2AX was investigated, Western blot analysis showed increased levels in
the Atrx™" cortex compared to wildtype during early stages of corticogenesis. YH2AX is

absent in both genotypes at more perinatal time points (Figure 15a). THC for yH2AX at
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E13.5 confirms this increase and also shows that the majority of YH2AX" cells are
located in the progenitor region of the cortex; again consistent with Par localization
(Figure 15b). Initial quantification shows an approximate 3-fold increase in cells with
YH2AX foci in the Atrx™ cortex as compared to wildtypes. In conclusion, since the time
points exhibiting YH2AX foci correspond to those where there is an increase in Parp-1
activity, and since the location of both the foci and Parp-1 activity is heightened in the
progenitor region of the cortex, these experiments provide strong evidence that Parp-1 is
activated in response to DNA damage. Additionally, since DNA damage is known to be
an initiator of p53-induced apoptosis, this finding fits in well with previously completed
macrophage studies in our lab that show a rescue of apoptosis in Atrx™/p53™/ cultures
(E. Goodall, unpublished) as well as a recently published study that comes to the same

conclusion in vivo (Seah et al., 2008).
4.4 ATRX and DNA damage and repair

While DNA is considered to be a fairly stable structure, it is actually quite
susceptible to damage. This damage can occur either by endogenous or exogenous
mechanisms. Even under normal physiologic conditions, nitrogenous bases can be either
lost or mutated, creating abasic sites (Kunkel, 1999). Further endogenous damage can
occur during replication or by DNA damaging agents that are intrinsically present in
cells. Exogenous DNA damage can occur from a variety of stimuli including ultraviolet
(UV) light, ionizing radiation, and genotoxic drugs (Altieri et al., 2008; Cann, K.L., and
Hicks, G.G., 2007; Hegde, M.L. et al., 2008). The cause of the excess damage in the

Atrx™" cortex is currently unknown.
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When a cell is exposed to DNA damage, it will ultimately do one of two things:
die, or repair itself. Although cell death by apoptosis has been shown to be occurring in
the Atrx™" forebrain, the caspase-dependent apoptotic phenotype is not overwhelming.
For instance, while caspase 3 assays performed in the lab show a significant increase in

I cortex as compared to wildtypes, the assay still did not show a

apoptosis in the Atrx
huge amount of overall activation compared to the positive control. Specifically, the
positive control yielded an activity reading that was more than 5-fold higher than the
Atrx™" samples (43.2 vs. 8.42), suggesting that the caspase activity detected is relatively
weak (E. Goodall, unpublished). Additionally, while PARP-1 is typically cleaved by
caspase 3 during apoptosis, we see no cleavage but rather its increased activation.

Together, these seeming conflicting results indicate that while apoptosis is increased in

the absence of Atrx, there is much more of this story to be elucidated.

In contemplating these results, it became necessary to consider the other possible
fate of a damaged cell; the intriguing possibility that Atrx might normally be a player in
DNA repair. Chromatin remodelers are commonly necessary to provide access of repair
proteins to the broken DNA, and roles for other ATP-dependent chromatin remodelers in
DNA repair have already been implicated in various repair pathways (reviewed by Osley
et al., 2007). In particular, one recent study using human embryonic kidney (HEK) 293T
cells implicates mammalian SWI/SNF chromatin remodeling complexes as having a role
in contributing to cell survival, as knockdown of the catalytic subunit BRG/ resulted in
cells that were highly susceptible to DNA-damage-induced apoptosis (Park et al. 2009).
In considering the findings of these studies alongside our personal observations of the

Atrx™" phenotype, it is entirely possible that ATRX functions in a chromatin remodeling
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complex that works to repair DSBs before the cell is committed to death.

There are 2 major pathways of DSB repair: Homologous recombination (HR) and non-
homologous end-joining (NHEJ). The main players of the HR pathway are shown in
Figure 18a. Repair of damage by HR is dependent on the stage of the cell cycle, as the

sister chromosome must be in the proximity of the break to provide a template for repair.

Because of the presence of this template, HR has more potential to be error-free
(Szostak et al., 1983). In contrast, NHEJ is an error prone form of repair that essentially
primes the broken ends of DNA and then forces them to reconnect with the aid of a ligase
enzyme. In recent years, it has been shown that there are actually two pathways that lead
to the repair of DSB by NHEJ (Figure 18b-c). The main pathway is termed D-NHEJ due
to its dependence on the presence of the protein DNA-PKcs. Other players include
Ku70/80, Ligase IV and XRCC4. In brief, Ku70/80 recognizes the broken DNA ends
and binds to them. It eventually recruits DNA-PKcs which binds the DNA, becomes
activated, and phosphorylates itself and other proteins. DNA-PKcs then releases from the
DNA and a Ligase IV-containing complex works to religate the broken ends with the
help of a DNA polymerase (reviewed in Kinner et al., 2008). When any portion of this
pathway is compromised, an alternate pathway, deemed the backup-NHEJ (B-NHEJ)
pathway, takes over the repair duties (Iliakis et al., 2004; Perrault et al., 2004). The B-
NHE]J pathway utilizes a repair complex that includes H1, PARP-1, and XRCC1. In this
pathway, PARP-1 serves to recognize and bind to breaks. Its automodification recruits a
complex containing Ligase III which works to mend the break. This discovery was quite
interesting, because while this particular complex was commonly known to be involved

in the repair of SSBs, it was not thought to participate in DSB repair in any capacity.
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Figure 18: Double strand break repair pathways

(A) Homologous recombination repair (HRR). MRN senses the DSB and activates ATM
which in turn phosphorylates H2AX. This initiates a signaling cascade that eventually
results in nucleases (including Mrell and CtIP) to process the DNA ends and generate
ssDNA overhangs. ssDNA is bound by RPA and is subsequently exchanged by Rad51
and Rad51 paralogs. This exchange is facilitated by Rad52, Rad54 and BRCA2. The
DNA containing Rad51 initiates strand inversion into an intact homologous DNA strand
that then forms a Holiday junction. The sequence around the break is copied by DNA
synthesis and the Holiday junction is resolved to result in repaired DNA. (B) DNA-PK-
dependent nonhomologous end joining (D-NHEJ). Ku70/80 recognizes the broken DNA
ends and binds to them. After processing by Tdpl or PNKP it recruits DNA-PKcs, which
then binds the DNA, activates, and phosphorylates itself and other proteins. DNA-PKcs
then releases from the DNA and a Ligase IV/ XRCC4/XLF complex works to religate the
broken ends with the help of a DNA polymerase. (C) Back up pathway of
nonhomologous end joining (B-NHEJ). The B-NHE] takes over when a component of the
D-NHEJ pathway is compromised. In this pathway, PARP-1 serves to recognize and
bind to DNA ends. Modification of PARP-1 recruits a complex containing Ligase III and
XRCCI1 which works to mend the break. Details of this pathway remain to be elucidated,
but its function is facilitated by the linker histone H1. Figure taken from Kinner et al.,
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However, research within the last five years regarding the B-NHEJ] system has proven
that this group of proteins is more active than was once believed. Mechanisms of DSB

repair repair are reviewed by Pardo et al., 2009.

In hypothesizing how Atrx might fit into these repair pathways, an area that is

null

particularly stimulating in relation to the Atrs™" phenotype is the two NHEJ pathways, as
PARP-1 activation has a prominent role in B-NHEJ. If the normal D-NHEJ path is
defective, the B-NHEJ pathway takes over to repair damage. While it is widely accepted
that chromatin remodeling is a necessary step in DNA repair, a specific chromatin
temodeling protein and/or protein complex has not been definitively linked to the NHEJ
pathways. Hypothetically, if Atrx were involved in the D-NHEJ pathway, it would stand
to reason that in its absence, PARP-1 and B-NHEJ would take over after a delay. This
theory would fit in with what is seen with the activity of Parp-1 in the cortex while also

null

explaining the early detectable damage, but remaining viability, of the Atrx™" embryos.

In an attempt to further study DNA repair in the Atrs™ cortex, we examined
some DNA repair proteins involved in these NHEJ pathways. Initial Western blots for
Ku and XRCC1 showed no difference in protein levels, neither between wildtype and
Atrx™" protein or even untreated and UV-treated HEK293 cells (data not shown). These
preliminary results suggest that all repair proteins tested are present but are otherwise
uninformative, since repair proteins most often simply move from one part of the nucleus
to the site of the break in response to damage, and typically do not show changes in vivo
by Western blot. To further explore this hypothesis, a variety of experiments could be
pursued. Immunoprecipitation experiments could be performed by pulling down Atrx

and looking for interactions with any of the D-NHEJ proteins, and vice versa. These
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experiments could be done following the induction of various types of DNA damage.
Also, Atrx and other players in the D-NHEJ pathway could be inhibited in an in vitro
environment and the resulting phenotypes could be compared after the induction of DNA
damage. Although inhibition of the other proteins would not be expected to produce an
identical phenotype to that of cells lacking Atrx, the activation of Parp-1 could be
monitored as well as the amount of death and general health and morphology of the cells

over a defined period of time.

Although definitive proof linking ATRX and DNA repair has not yet been found,
many other neurologic diseases result from the misregulation of DNA repair proteins.
These are listed in Table 5 (Brooks et al., 2008). Most interestingly, mutations‘in the D-
NHE]J protein Ligase IV result in the autosomal recessive disorder Ligase IV syndrome.
Affected individuals share several phenotypic traits with ATR-X patients, including
microcephaly, distinct facial features, growth retardation, and global developmental delay

(Chistiakov et al., 2009; O'Driscoll et al., 2001).
4.5 Inhibition of Parp-1 in the Atrx™" cortex

To further understand the role of Parp-1 in the Atrx™” cortex, a Parp-1 inhibitor
study was initiated. The inhibitor was injected into pregnant Atrx” female mice that had
been successfully time mated with a Foxglcre“ “male. The plan was to then assess death
by a caspase 3 assay. Parp-1 inhibition has previously been studied in vivo in the brain
using models of stroke, and these have shown that Parp-1 inhibition has a neuroprotective

effect (Kauppinen et al., 2009; Dawson, 2005). Parp-1 inhibition has had excellent
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Table 5: A summary of some neurologic diseases resulting from the misregulation of
DNA repair proteins. Table modified from Brooks et al., 2008.

Disease Genes Major CNS features

Neurodegenerative diseases

Xeroderma pigmentosum (XP) XPA,C,D,F | Primary neurodegeneration in brain, spinal

neurologic disease cord

Ataxia telangiectasia (AT) ATM Purkinje neuron degeneration, movement
disorders

AT-like disease MRE11 Clinically similar to late-onset AT neurologic
disease

Spinocerebellar ataxia with axonal | TDP1 Cerebellar atrophy

neuropathy (SCAN1)

Ataxia with oculomotor apraxia 1 APTX Cerebellar atrophy, axonal sensorimotor

(Aprataxin) | neuropathy

Ataxia with oculomotor apraxia 2 SETX Cerebellar atrophy, axonal sensorimotor
neuropathy

Ataxia with oculomotor apraxia 3 Unknown Cerebellar atrophy

Diseases of myelin and brain calcification

Cockayne syndrome (CS) CSA,B; De/dysmyelination, calcification,
XPB,D,G microcephaly
Cerebro-oculo-facio-skeletal XPD,G; De/dysmyelination, calcification,
(COFS) syndrome CSB, microcephaly
ERCC1
Aicardi-Goutiéres syndrome (AGS) | TREX1, De/dysmyelination, calcification,
RNASEH2 | microcephaly, elevated CSF IFN-a, CSF
lymphocytosis
Trichothiodystrophy (TTD) XPD, TTDA | De/dysmyelination, microcephaly, +
calcification
Microcephaly diseases
Nijmegen Breakage syndrome NBS1 Microcephaly, craniofacial abnormalities,
NBS) mental retardation
LIG4 syndrome LIG4 Microcephaly, craniofacial abnormalities,
mental retardation
Seckel syndrome ATR Microcephaly, craniofacial abnormalities,
mental retardation
Immunodeficiency with Cernunnos- | Microcephaly, craniofacial abnormalities,
microcephaly XLF mental retardation
Primary microcephaly 1 MCPH1/BR | Microcephaly, mental retardation
IT1
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results in studies where PJ34 was administered after the induction of stroke in rats, with
treated rats having suppressed ischemia, increased formation of new neurons, and fewer
deficits in spatial memory and learning compared to rats that did not receive PJ34
treatment (Kauppinen et al., 2009). Since Parp-1 activation is mostly associated with
excessive inflammation in stroke, its inhibition results in fairly immediate positive
effects. While Parp-1 inhibition has not previously been pursued in a developmental

"Il model was a very exciting direction to

model, the use of a Parp-1 inhibitor in the Atrx
pursue, as either increased or decreased neuronal death would be very informative in
solidifying the role of Parp-1 activation upon the ablation of Atrx.

Unfortunately, although four different dosages were administered, Western blots
assessing Parp-1 activity show that there is still increased activation (Figure 17). The
transient effects of the inhibitor and the fact that the onset of increased Parp-1 activation
is likely very early in development make it very difficult to optimize the correct dosage
regimen. Additionally, Parp-1 inhibitors have not been used in pregnant mice before, and
so the placenta is an extra obstacle in addition to the blood-brain barrier that the injected
inhibitor needs to overcome before reaching the brain. Because of these obstacles, it is

null

possible that to achieve‘ sustained Parp-1 inhibition in the Atrx™" cortex, a higher
concentration of the inhibitor needs to be injected very early in corticogenesis, with
frequent subsequent injections until the desired day of harvest.

While it appears that achieving the cessation of Parp-1 activity via the injection of
an inhibitor may be tedious, the goal of this experiment can theoretically still be met in

another way—the development of an Atrx/Parp-1 double knockout mouse. The Parp-1

knockout mouse is viable but has impaired DNA damage repair (Wang et al., 1995;
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Ménissier-de Murcia et al., 1997; Masutani et al., 1999). It is hypothesized that this
enduring viability results from other Parp family members compensating for the loss of
their most active member. If both Atrx and Parp-1 are ablated, it would be interesting to
see how cortical development is affected. We hypothesize that if Atrx plays a role in
DNA repair, the ablation of Parp-1 will result in increased cell death. The loss of Atrx
will already require the initiation of an altérnate system of repair, and by removing an

additional repair protein in Parp-1, we would predict that cell death would be enhanced.
4.6 Loss of Er81+ neurons

Since the Atrx™” cortex has both cell death and DNA damage occurring early in
corticogenesis, a molecular marker study was performed in E18.5 Atrx™" forebrains to
determine if a particular cortical layer abnormality was present. E18.5 was selected as a
time point in order to ensure that the cortical layers were in their proper relative positions.
An embryonic time point was chosen for harvesting the samples to prevent the perinatal
loss of pups that is common with this transgenic mouse line. Once the tissue was
processed, IHC and in situ hybridization studies were performed on coronal sections.
These experiments revealed that the only detectable layer abnormality in the Atrx™"
cortex was found in layer V, where a subpopulation of Er81-expressing neurons was
reduced. The presence of Otx1, a transcription factor present in the Er81" subpopulation

of layer V neurons, suggests that layer V neurons are not completely ablated but that the

deficit is specific to those expressing Er81.

null

The loss of Er81" neurons likely has a big impact on the Atrx™" phenotype. Er81

is a transcription factor of the ETS family and it marks a subpopulation of layer V
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pyramidal (excitatory) neurons (De Launoit et al., 1997; Xu et al., 2000; Yoneshimé et
al., 2006). Er81" neurons are born between ~E12.5-E15.5, and Er81 expression is found
in nearly all of the layer V neurons projecting to the spinal cord (SpC) or to the superior
colliculus (SC) (Yoneshima et al., 2006). The SC is a layered structure found in the
midbrain. The superficial layers of the SC receive direct visual input and the deeper, pre-
motor layers receive input from the superficial layers (i.e. visual stimuli) as well as
somatosensory and auditory sources. In brief, the superior colliculus is an area of
convergence for many types of sensory input and it is involved in organizing and
facilitating a motor response to these stimuli. It is well-characterized as having a role in

gaze movement (May, 2005).

As a result of the involvement of Er81" neurons in intricate brain connections,
Er81 mutant mice have severely affected motor coordination. This results from a failure
of afferent neurons to form proper projections (Arber et al., 2000). Additionally,
pacinian corpuscles’ do not form in the Er81 knockout mouse (Sedy et al., 2006), and
muscle spindles® either do not form completely or degenernate after birth (Arber et al.,
2000; Kucera et al., 2002). In summary, when Er81" neurons are not present, the
necessary neuronal connections to translate sensory stimuli into movement are severely

compromised.

Although perinatal lethality makes it difficult to assess in depth the motor

null

phenotype in the Atrx™" mice, it is possible that the loss of Er81" neurons is an indirect

! mechanoreceptors that sense deep pressure

2 sensory organs that sense muscle stretch
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cause of their early death. These pups are known to be unable to obtain milk from their
mothers, ultimately leading to their demise. It is possible that the loss of Er81* neurons
results in the inability for the Atrx™” forebrain to properly organize the necessary motor

response to suckle, eventually resulting in death of the pups by dehydration (Figure 5c).

Although there is no known human syndrome associated with Er81, there are
obvious similarities between the Er81 knockout mouse phenotype and that of the human
ATR-X syndrome. Individuals with the ATR-X syndrome exhibit psychomotor
retardation, with general hypotonia being common from early childhood. Motor
milestones including sitting and walking are most often delayed, with the most severely
affected individuals never being able to ambulate (Gibbons, 2006). Since Er81+ neurons
play such an important role in coordinating movement, an overall impairment in motor

skills would be expected in their absence.
4.7 Conclusion

In conclusion, this is the first report which links the ablation of Atrx with
increased DNA damage. This finding supports previous work that links the observed
apoptosis (Berube et al. 2005) with the p53 apoptotic pathway (Seah et al. 2008; Picketts

unpublished), which is known to be stimulated by breaks in DNA.

Using cortical protein time courses, we were able to demonstrate that Parp-1

activity is elevated during early corticogenesis and that this elevation is further amplified

mll cortical protein monitoring

in the absence of Atrx. Fractionation experiments of Atrx
the cellular location of AIF do not implicate a strong role for Parp-1 activation in a

caspase-independent apoptotic cascade, and instead this increase in Parp-1 activity is
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likely occurring in response to an increase in DNA damage during development. This
evidence suggests that the observed increase in Parp-1 activity is working to promote the

null

survival of neurons in the Atrx™" cortex.

Additionally, we found that there is a severe loss of layer V Er81+ cortical
neurons when Atrx is ablated. These neurons are strongly associated with the
coordination of movement, and so their loss could contribute to both the delayed motor

null

milestones of ATR-X patients and the inability of Atrx™" pups to suckle. This is the first
report that links the ablation of Atrx with a loss of Er81+ neurons, and in view of the
possible phenotypic implications, this finding warrants further study. It would be
interesting to establish whether Atrx is either directly or indirectly involved in the

differentiation of this particular type of neuron, or if these neurons are simply more

susceptible to DNA damage and p53-mediated apoptosis.
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