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Abstract

ATRX is a SWI/SNF-like chromatin remodeling protein mutated in several X-
linked mental retardation syndromes. In addition to severe mental retardation, a-
thalassemia and urogenital abnormalities, several vision defects are present in patients,
although these have been greatly under reported. Upon closer examination, visual defects
were noted in 23% of patients, with optic atrophy, pale disc and refractive erfors being
the most commonly reported abnormalities. We report here that Atrx is abundantly
expressed in the neuroprogenitor pool during retinal differentiation as well as in all cell
types of the mature retina with the exception of rod photoreceptors. To further investigate
the impact of ATRX ablation on vision, we used a conditional gene-targeting approach to
generate transgenic mice in which inactivation of Afrx occurs under the control of the
retina specific element of murine Pax6. Our results show that inactivation of Atrx results
in a ~25-30% reduction in amacrine and horizontal interneurons. The loss of amacrine
and horizontal cells resulted from increased cell death in a period which corresponds with
a change in Atrx nuclear localization and retinal synaptogenesis in these cell types.
Furthermore, our work illustrates that Af#x inactivation is associated with attenuated b-
wave amplitude as measured by ERG analysis. Based on these findings it seems that
ATRXmay play a critical role in the mediation of retinal synaptogenesis and that

increased cell loss may contribute to the visual defect observed in ATR-Xpatients.
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1.0 Introduction

1.1 An overview of chromatin

The genetic code of each single eukaryotic cell is contained within DNA molecules
that, collectively, span over two meters in length and are compacted within a nucleus to
one hundred thousandth times smaller dimensions than the DNA itself. Such a great feat
is accomplished by mechanisms which involve a hierarchical scheme of folding with an
equal mass of proteins, thereby forming the nucleoprotein complex known as chromatin
(1, 2). Since its identification in 1882 by Walther Flemming, chromatin has emerged to
be much more than a simple building block for chromosomes and over the last century,

much has been learnt about its structure and function.

1.12 Basic Chromatin structure

The expression “beads on a string”, was long ago coined to describe the primary
repeating subunit of chromatin, the nucleosome. This basic unit consists of the wrapping
of 146-147bp of DNA onto histone octamers in ~1.7 helical turns. Long arrays of
nucleosomes are then connected by linker DNA of variable length which is bound by
histone H1 to facilitate higher order compaction (Figure 1) (3). As the fundamental
component of the nucleosome, the four proteips which make up the histone core, histone
H2A, H2B, H3 and H4 have been well studied. The histone proteins are relativély small

varying from 102-135 amino acids in length and, not surprisingly, represent some of the



most conserved proteins amongst eukaryotes. The histone core itself is comprised of an
histone octamer which consists of histone tetramer of H3-H4 flanked by two dimers of
the H2A and H2B histones (3-5). The globular structure of the histone core arises from
the protein-protein interactions between the different histones. The two H3-H4 pairs
interact through a 4-helix bundle formed by H3 dimers to define the H3-H4 tetramer.
Each H2A-H2B pair can then interact with the tetramer through a second set of
homologous 4-helix bundles between H2B and H4 histone folds (6). The histone fold
domains created by these interactions is directly responsible for the wrapping of the DNA
around the histone octamer as each histone fold pair can associate with ~30 bp of DNA
by binding to the phosphodiester backbone (6).

This linear string of nucleosomes is further condensed to form the structure often
referred to as the 30-nm fiber. Formation of this more condensed structure is believed to
involve histone H1, which serves to pull the nucleosomes together, as well the histone
tails which may help attach one nucleosome to another thereby allowing for their
condensation (7). As the 30-nm fiber, the typical human chromosome would still be 0.1
cm in length and span the nucleus more than 100 times. Therefore, a higher order of
folding is required. Although the process by which the 30-nm fiber condenses to form the
chromosomes is poorly understood, it is known to involve the formation of loops as
depicted in Figure 1 (7).

Albeit a complex structure, the nature of chromatin does not allow it to remain
static for very long. During such processes as cell cycle progression and cellular

differentiation, the chromatin state must undergo a number of architectural changes,



Figure 1: Schematic diagram illustrating the compaction of DNA into a
chromosome structure

146-147bp of double strand DNA wraps around histone octamers in ~1.7 helical turns to
form the beads on a string structure. Long arrays of nucleosomes are connected by linker
DNA of variable length which is bound by histone H1 to facilitate higher order
compaction. The linear string of nucleosomes is further condensed to form the 30-nm
chromatin fiber.The chromatin fiber then forms a series of loops in order to condense into
the well known chromatin structure. Figure modified from Alberts and al 2002 (7).
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which are often referred to as epigenetic changes, as they can alter the gene expression
profile without changing the DNA sequence. These conformational changes in the
chromatin structure are modulated by two distinct mechanisms. The first is by covalent
modification of histones, while the second involves the direct introduction of
conformational changes in chromatin by ATP-dependent chromatin remodeling

complexes.

1.2 Covalent histone modifications

While the histone core itself forms a globular structure, the N-terminal tail of
histones that flank the core domain are relatively flexible and unstructured. These N-
terminal tails which extend out from the face of the nucleosome and through the DNA
grooves into the area surrounding the nucleosome, contain a striking number of sites
which are susceptible to post-translational modifications (6, 8). To date, eight different
types of modifications at 60 distinct residues on the histone tails have been described (9,
10). These post-translational modifications include acetylation, methylation,
phosphorylation, ubiquitination, sumoylation, ADP-ribosylation, deimination and proline
isomerization and play an important role in regulating basic cellular functions such as
transcription, repair, DNA condensation and replication. As summarized in Table 1, the
nature, as well as the position of the modified residues is crucial in order to regulate the
specificity of these processes.

Histone modifications function by two discrete mechanisms. The first is to disrupt

the contacts between histone and DNA or between distinct nucleosomes in order to



Table 1: Overview of the different histone tail modifications

Identified histone modifications and their respective associated function are listed above.
Figure modified from Kouzarides, T. 2007. Chromatin modification and their function.
Cell 128:693-705. (9)



Chromatin Modifications Residuss Modified Functions Regulated

Acstylaton K-ac , Transcription, Repalr, Replication, Condensation
Methylation (lysines) K-me1 K-me2 K-me3 Transctiption, Repair

Methylation {arginines) R-matl R-me2a R-me2s Transcription

Phosphorylation S-ph T-ph Transcription, Repair, Condansation
Ubiguityla¥ion K-ub Transcription, Repalr

Sumoylation ‘ K-au Transcription

ADP ribosyiation E-ar Transcription

Deimination A>Cit Transcription

Profine lsomerization P-cis > P-trans Transcription




loosen the chromatin. An example of such a process is the acetylation of lysine residues
of histone tails. This modification has long been believed to be one of the key
modifications in the unraveling of chromatin, as it can neutralize the basic charge of
lysine residues. Most recently this proof of principle was illustrated in an in vitro system.
In 2006, Shogren-Knaak, M., et al. demonstrated that acetylation of Histone 4 on lysine
16 (H4K16) had a negative effect on the formation of the 30-nanometer fiber and the
generation of higher chromatin structure (11).

The second mechanism by which histone modifications operate is by promoting
or occluding the recruitment of non-histone proteins. Based on their functional domains,
proteins can be recruited to the modified histone sites. For example histone methylation is
recognized by the chromo-like domains of the Royal family and some PHD domains
(12). Moreover, acetylated histone residues are recognized by bromo domains while
phosphorylation is recognized by 14-3-3 family members (9). Proteins that are recruited
by their structural domains can subsequently recruit enzymes which can further modify
the histone tails. A good example of such a phenomenon is the methylation of H3K27
which is bound by the chromodomain of the polycomb protein PC2, thereby promoting
the recruitment of additional interacting proteins including one associated with ubiquitin
ligase activity specific for histone H2A (13, 14). Proteins recruited to modified histone
residues can also serve as an anchor to recruit larger protein complexes. Case in point is
the recruitment of BPTF, a component of fhe NURF remodeling complex, via its PHD

domain that interacts with H3K4 trimethylation sites (15). Large complexes such as the



NURF complex can serve to further modify the chromatin structure through ATP-

dependent chromatin remodeling mechanisms.

1.3 ATP-dependent chromatin remodeling proteins

While the affinity of the DNA for the histones is primarily modulated by the post-
translational modification of histones tails, it is the role of ATP-dependent chromatin
remodeling complexes to non-covalently reposition histones along the chromatin to
generate nucleosome free or dense regions consequently modulating the access to DNA
(16). In addition, recent studies have shown that ATP-dependent remodellers can also
remove or exchange histone dimers between nucleosomes in order to further regulate
chromatin structure and subsequently gene expression (17, 18).

All chromatin remodeling complexes identified to date contain a core sucrose
non-fermenting 2 (SNF2) related ATP hydrolyzing region, which shares considerable
sequence homology with the large helicase superfamily 2 (SF2) and includes known
DNA and RNA helicases such as DNA traﬂslocase and the bacterial helicase RecG (19,
20). The diverse nature of the core ATP hydrolyzing regions of these chromatin
remodeling complexes has led to their classification based on similarities extending
beyond their helicase domain. Such classification resulted in the identification of seven
subfamilies, the three most prominent being the SNF2, CHD and ISWI (21). A summary
of the most characterized human ATPase-dependent chromatin-remodeling complexes

and their respective cellular functions are listed in Table 2



Table 2: 1dentified human ATP-dependent chromatin-remodeling complexes and
their respective cellular functions

Human ATP dependent chromatin complexes are listed above based on the subfamily of
their core ATP hydrolyzing region. If known, the respective function of each complex is
also listed. Only the most common subfamilies are listed above. Reviewers are refered to
Havas, K. and al for information on the other subfamilies which include ATRX (12).
Figure modified from Wang,G et al 2007 (22).



Family and Remodsling-complax subunits Complax functions

complaxes

SWI/SNF family

BAF BRM or BRG1, SNF5/INI1, BAF155, BAF170, BAF250, BAFS3,  Tumor suppressor, cell-cycle progression, DNA
p-actin, BAFG0a, BAFS? raplication, davalopmant, diffarantiation,

PBAF BRG1, SNF5/INI1, BAF155, BAF170, BAF180, BAFS3, B-actin,  elongation, signaling, splicing, DNA-damage rapair
BAF&0a

BRM BRM, SNF5/INI1, BAF155, BAF170, BAF260, BAFS3, BAF60a

BRG1-complax | BRG1, SNFS/INI1, BAF165, BAF170, BAF250, BAFS3, BAFS0z
BRG1-complax || BRG1, SNF5/INI1, BAF155, BAF170, BAF250, BAFS3

EBAFz BRG1, SNF5/INI1, BAF155, BAF170, BAF250a, BAFS3, f-actin,
BAF60a, ENL, EBAF70, ERAF100, EBAF140

EBAFb BRG1, SNFS/INI1, BAF165, BAF170, BAF250b, BAF53, B-actin,
BAFB0Ob, ENL, EBAF70, EBAF100, EBAF140

1SWI family

ACRWCRF SNF2H, WCRF180/ACF1

CHRAC SNF2H, ACF1, CHRAC17, CHRAC15

RSF SNF2H, pazs

WICH SNF2H, WSTF

SNF2H/Cohasin  SNF2H, Mi-2, Rad21, HDAC1, HDAC2, MTA1, MTA2, SA1/3A2,
RbAp46, RbAp4B, MBD2, MBD3, SMC1, SMC3

NURF SNF2L, BFTF, RoAp46, RbApdB

NURD/Mi-2/CHD family

NuRDYMi- Mi2-2/CHD3 or Mi2-R/CHD4 or CHD1-2 or CHDS, HDAC!,

2/CHD HDAC2, RbAp46, RbApd8, MTAT or MTA2 or MTA3, MBD2 or
MBD3

INOBO family

INOBD hINGBO, Tip49a, Tip49b, BAF53a, Arp5, Arp8, hias2, hless,

Amida, NFRKB, MCRS1, FLJ9DB52, FLJ20309

TRRAPTIpB0  P400, Tip49a, Tipddb, BAF53a, actin, GAS41, DMAP, YL-1,
Bra8, TRRAF, Tip60, MRG15, MRGX, FLJ11730, MRGBP, EPCY,
ING3

SRCAP SRCAP, Tipd9a, Tipd0b, BAF53a, Arpb, GAS41, DAMP1, YL-1,
ZnF-HIT

X-chromosoma regulation, cohasion, embryonic
davalopmant and diffarentiation, transcriptional
activation and rapression, DNA replication, DNA
rapair rasponsa

Tumaor supprassor, transcriptions| rapression and
silancing, transcriptional activation, pluripotancy
of ambryonic stam call

&bbrevistions: ACF, ATP-utifizing chromatin-essembly and remadeling fector; BAF, BRG%-associated factar; CHRAC, chromatin-sceessibdity factor; EBAF, |
sartner of MLL in mixad-ineage leukernia)-essociated BAF-containing complex; ENL, eleven-nineteen leukemis gene; MBO, methyl-CpG-binding domain ¢
wolybromo and BRG1-associated factor; RSF, remodeling and spacing factar; SA1, stromal antigen 1; SMCY, structural maintenance of chromasomes 14; WIC!

hromatin remadaling; WSTF, Wiliams syndrome transcription factar,



1.3.1 The SWI2/SNF 2 family

The distinctive element of the SWI2/SNF2 family is the presence of a C-terminal
bromodomain (12, 21). SWI/SNF chromatin remodeling complexes are capable of sliding
histone octamers as well as distorting the path of DNA within the nucleosome without
nucleosome relocation (23, 24). These complexes have been implicated in a variety of
cellular processes. To this effect, the SWI/SNF complex in yeast has been shown to be
involved in the cell cycle dependent transcriptional activation and repression of gene
expression (25). Furthermore, in Drosophila, the Swi2/Snf2 protein Brm has been shown
to be required for RNA polymerase II association with chromatin, implicating that Brm is
required for transcription (26, 27). In humans, the SNF2 family member BRG1 has been
shown to collaborate with Rb in the regulation of E2F1, as well as in the regulation of
cell cycle progression (28, 29). Recent studies have further highlighted the importance of
BRG/BRM SNF2 ATPases in the mediation of cell cycle exit and p53 mediated apoptosis
(30). In addition to their important role in the mediation of cell cycle control, SWI/SNF
complexes have also been shown to associate with C/EBP beta and the heat shock protein
hsp 70, as well as being important regulators 6f steroid hormone receptors in humans (31-

33).

1.3.2 The chromodomain/helicase/DNA binding domain family

The chromodomain/helicase/DNA binding domain (CHD) family of chromatin
remodelers was first described in the early 1990°s and now encompasses nine family

members (CHD 1-9) which can be found in a broad range of eukaryotic organisms



including mice and humans (34, 35). The CHD family is characterized by the presence of
three fundamental structural domains: an N-terminal chromodomain, an ATPase/helicase
domain, which bears resemblance with the SWI2/SNF2 ATPase, and a C-terminal DNA
binding region which shows preferential binding to A-T rich regions. In addition to the
three main functional domains, CHD family members also contain a PHD zinc finger
domain and/or a SANT domain (35).

Like other chromatin remodeling proteins, the CHD family plays both an active
and repressive role in the regulation of gene expression. For example, CHD1 and CHD2
are thought to be involved in the activation of transcription and elongation. In support of
this, work in yeast have shown that CHD1 can associate with both Pafl and Rdfl which
are known regulators of polymerase II and transcription elongation respectively (36).
Moreover, using the yeast two-hybrid system it was shown that CHD1 can interact with
both the transcriptional repressor NCor and the histone modifying enzyme HDACI1 (37).
In addition to HDAC, the CHD family of proteins was also shown to associate with large
protein complexes such as NURD. Within such complexes, the CHD proteins regulate the
expression of the developmentally important HOX genes in Drosophila and the DNA
repair protein ATR in humans, thus highlighting the biological relevance of these

proteins (12, 38, 39).

1.3.3 Imitation Switch (ISWI) family

First identified in Drosophila, the Imitation Switch (ISWI) family is comprised of

two homologs ISW1 and ISW2 in yeast and SNF2L and SNF2H in mammals. These
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proteins are characterized by the presence of an ATPase domain homologous to the one
found in Drosophila as well as a SANT domain (12, 40). The redundancy of ISWI in
yeast and mammals has made it a difficult task to study the function of these proteins.
Nevertheless, the ISWI family seems to play a crucial role in development, as disturbance
of the ISWI gene in Drosophila resulted in late larval or early pupal lethality possibly due
to aberrant chromosome structure (41, 42). In the case of mammalian ISWI homologs,
loss of SNF2H in mice results in early embryonic lethality at the peri-implantation stage
(43). While recent work in our laboratory has shown that loss of the other mammalian
ISWI homolog, SNF2L, does not affect viability, these mouse mutants exhibit abnormal
cell number suggesting that the protein is important in the regulation of cell cycle exit
and differentiation (DJP, unpublished data). In support of the hypothesis that SNF2L
regulates CNS development, SNF2L has been found within the human nucleosome-
remodeling factor (NURF) complex which regulates the homeodomain protein Engrailed
a critical mediator of neuronal development of the mid-hindbrain (44). In addition to
playing a critical role in CNS development and maturation, ISWI proteins have also been
implicated in the maintenance of chromatin structure during DNA replication via their
interaction with the William’s syndrome transcription factor (45, 46).

Chromatin remodeling proteins play important and diverse biological functions. It
therefore comes as no surprise that mutation which leads to altered function of histone
modifiers or ATP dependent chromatin remodeling complexes, has a severe impact on

development and are the cause of numerous human diseases.
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1.4 Chromatin remodeling and disease

In recent years, the identification of many disease causing genes have revealed the
importance of chromatin structure both in the development and the pathogenesis of
human diseases. Indeed, both histone modifying enzymes and ATP-dependent
nucleosome remodeling complexes have been implicated in human diseases such as

cancer, immune disorders, autism and a broad spectrum of mental retardation disorders.

1.4.1 Relationship between chromatin structure and cancer

Covalent histone modifications are a central process in the regulation of gene
expression. Therefore, it seems inevitable that alterations in this process are associated
with human diseases such as cancer. Proof in principle, the global loss of H4K16
acetylation and H4K20 trimethylation have been linked to breast and liver cancer
respectively (47-49). Moreover, a chromosome translocation which implicates the histone
acetylases MOZ and MORF is a common feature of acute myeloid leukemia,
myelodysplastic syndromes and uterine leiomyomata (50). Translocations of MOZ and
MOREF that result in the production of fusion proteins such as the CREB binding protein
(CBP)-MOZ and CBP-MOREF result in aberrant histone acetylation and abnormal gene
expression (50). Data obtained from transgenic animals also supports the role of covalent
histone modifications in cancer development. Transgenic mice which lack Suv3%h, a
methyltransferase important for H3K9 methylation, are prone to B-cell lymphoma and

the development of other cancers (51). Further emphasizing the biological importance of
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the preservation of chromatin structure, genetic screens have identified mutations in
proteins involved in ATP-dependent remodeling complexes in human cancers and
diseases (52). Case in point, mutations in three different SWI/SNF ATPases: BRM,
BRG1 and SMARCBI1 have been identified in tumor cell lines (53). In addition,
inactivating mutations in the SWI/SNF ATPase SNF5 has been associated with the
production of rhabdoid tumors (54-56). These tumors, which arise primarily in the kidney
and the brain, are an extremely aggressive and lethal example of inherited childhood

cancer (57, 58).

1.4.2 Role of chromatin modifying complexes in inherited human diseases

In addition to cancer development, aberrant modification of histones has also been
linked to inherited human diseases such as Rubinstein-Taybi syndrome, a congenital
malformation syndrome characterized by mental retardation, short stature and facial
abnormalities (59). The disease is the result of mutations in the CREB binding protein, a
histone acetyltransferase (52, 60). Rett syndrome is another example of human disease
caused by abnormal modification of chromatin. Mutations in the MECP2 gene, which
encodes a methyl-CpG-binding protein, have been found as the underlying cause of Rett
syndrome and have also been linked to autism (61). It is believed that MeCP2 serves as
an anchor for histone deacetylase activity thereby inducing transcriptional silencing (62).
Consistent with this hypothesis, histone H4 was found to be hyperacetylated in Rett
syndrome patients (63).

Histone modifications such as acetylation are reversible. Therefore,

pharmacological intervention for the treatments of disorders such as Rubinstein-Taybi
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syndrome is an intense area of investigation. To this effect, histone deacetylase inhibitors
such as sodium butyrate and Trichostatin A, have already been tested using an in vitro
system and a mouse model of Rubinstein-Taybi syndrome both with positive outcomes
(60, 64). As histone deacetylase inhibitors have already been used in clinical trials against
acute promyelocytic leukemia with an optimistic clinical outlook, in the future, these
drugs might provide some therapeutic benefit for Rubinstein-Taybi syndrome patients
(65).

ATP dependent chromatin remodeling complexes have also been linked to
inherited diseases. Examples of this include COFS (cerebro-oculo-facio-skeletal) and
Cockayne syndrome, which are both caused by mutations in the excision repair cross-
complementing rodent repair deficiency, complementation group 6 (ERCC6) protein, a
SWI/SNF related ATPase. COFS and Cockayne syndrome are characterized by
neurological degeneration and dysmorphic features, as well as UV sensitivity in the case
of Cockayne syndrome. This phenotype is believed to arise from the impaired function of
ERCC6 in transcription-coupled DNA repair (52, 66). Mutations in another SWI/SNF
related ATPase, SMARCALI, have also been linked to Schimke immuno-osseous
dysplasia. However, the link between the T-cell immunodeficiency and bone marrow
failure observed in these patients and SMARCAL1 function remains to be elucidated
(67).

Aberrant chromatin remodeling activity has also been linked to a broad spectrum
of mental retardation syndromes which embraces a wide range of developmental defects.
Of these, the previously mentioned Rubinstein-Taybi and Rett syndrome are good

examples.
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1.4.3 X-linked mental retardation

Mental retardation is one of the most common human disorders affecting 2-3% of
the population. Mental retardation is defined by the American Association on Mental
Retardation as a disability characterized by an IQ <70 and significant limitations both in
intellectual functioning and in adaptive behavior as expressed in conceptual and social
skills (68).

The X chromosome is an area particularly rich in mutations causing mental
retardation, which can partly explain the increased prevalence of this disease in males and
is often referred to as X-linked mental retardation (XLMR) (69). To date, more MR
causing mutations have been identified on the X-chromosome than on any other
chromosome, although this is postulated to be due in part to the hemizygous state of these
genes in males which allows for disease manifestation, and easier target gene
identification (68). Of the numerous mental retardation genes identified on the X
chromosome, a number of them have been postulated to be epigenetic regulators.
Probably the most characterized of these XLMR related genes is the FMR! gene. When
mutated, the FMRI gene gives rise to Fragile X syndrome, a disorder that accounts for
approximately 20 % of all diagnosed cases of XLMR (70). Altered histone methylation
and acetylation pattern at the FMRI1 locus in patients have been reported and suggest a
role for epigenetics in the pathogenesis of this disease (69).

BFLS syndrome, which is caused by mutations in the plant homeodomain (PHD)-
like finger (PHF6) gene located at Xq26.2, and JARID1C-related XLMR which arises
due to mutations in the histone H3K4 demethylase SMCX/JARIDIC, are both additional

examples of epigenetic regulators involved in mental retardation disorders (71-73). Other
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less characterized genes which also give rise to XLMR include the PHF8 gene, which is
associated with the presence of cleft lip/cleft palate in addition to mental retardation (74).

One of the most studied forms of XLMR caused by mutations within an ATP
dependent chromatin remodeling protein, is the alpha-thalassemia X-linked mental
retardation syndrome (ATR-X). This disease and a number of other inherited mental
retardation disorders such as Juberg-Marsidi syndrome, Carpenter—Waziri syndrome,
Sutherland-Haan syndrome and Smith-Fineman—-Myers syndrome have been linked to

mutations within the ATRX gene, which lies at Xq13.3 (75, 76).

1.5 X-linked alpha thalassemia mental retardation (ATR-X) syndrome

ATR-X syndrome (ATR-X, MIM# 300032) is a rare disease with a prevalence
believed to be less than 1-9/1,000,000 in the general population. To date, approximately
200 cases have been positively identified (77). As ATRX is encoded within the X-
chromosome, the disease affects almost exclusively males, as female carriers show
preferential inactivation of the mutated X chromosome and are generally unaffected. One
incidence of ATR-X syndrome in a female patient has recently been reported althought in
this case, skewed X-inactivation which lead to ATR-X syndrome was attributed to in
vitro fertilization (78). ATR-X syndrome is characterized by severe mental retardation
and global developmental delay. Alpha-thalassemia and skeletal abnormalities are present
in 90% of patients, while microencephaly and some degree of genital abnormalities have
been described in over 75% of the cases (77). Short stature, seizures, cardiac defects, as

well as renal and urological abnormalities, have also been described in a small percentage
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of ATR-X patients. However, it is the distinctive facial traits (;f these patients that are the
most readily recognized. As shown in Figure 2, ATR-X patients display facial
dysmorphia characterized by epicanthic folds, mid-face hypoplasia, a flat nasal bridge
and a small triangular upturned nose, as well as a tented upper lip, a full everted lower lip
and a protruding tongue. In addition to the classical presentation which includes severe
- mental retardation and facial dysmorphia, it is postulated that ATR-X patients also suffer
from subtle sensory defects, such as visual system abnormalities. To date, a few clinical
reviews have briefly stated the presence of visual problems in ATRX patients albeit little
follow up of these original diagnosis has been reported (77, 79). As vision deficiency
would only mildly impact overall quality of life of these patients, it is therefore very

likely that such defects are often overlooked and therefore underreported.

1.6 Aetiology of the ATR-X syndrome

As previously stated, mutations within the ATRX gene, which lies at Xq13.3, have
been identified as the underlying cause of several inherited mental retardation disorders
including the ATR-X syndrome. The ATRX gene spans 36 exons and 300kb of genomic
DNA. It encodes for two alternatively spliced transcripts which generate a full length 280
kD protein and a shorter 180 kD isoform that contains the first 11 exons (Figure 3) (80).
Although the exact function of ATRX remains unclear, some information may be gained
by comparing its homology to proteins whose function is already known. To this effect,
the full length ATRX protein contains an ADD domain (an atypical PHD domain

common to ATRX, DNMT3a and DNMT3b) and a C-terminal SNF2 ATPase/helicase
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Figure 2: Child presenting with facial features characteristic of ATR-X syndrome

patients

Eight years old ATR-X patient presenting with the characteristic facial features of ATR-
X syndrome. Note the 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 (77).
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domain that shares considerable homology with the yeast protein RADS54 (81). Mutations
linked with ATR-X syndrome are mostly single base pair missense mutations, 25% of
which are located within the ATPase/helicase domain while another 60% can be found in
the PHD zinc finger motif, thus highlighting the importance of these two highly
conserved functional domains. Moreover, mutations within either domain give rise to
similar clinical manifestations, thereby suggesting that these mutations result in a loss of
function. Although a genotype/phenotype correlation has yet to be identified, it appears
that some level of full length protein is required for survival, as low levels of the full

length protein can be detected by Western blots in patients (82, 83).

1.7 ATRX function and localization

The homology of ATRX with other chromatin remodeling proteins, as well as the
relationship between mutations in the ATRX gene and inherited and acquired alpha-
thalassemia suggests that it may play a role in gene regulation via chromatin-based
epigenetic mechanisms, although this premise remains to be confirmed (75, 84). Protein
studies have revealed that the protein is abundantly expressed in the nucleus in a punctate
speckled pattern. In human cells, the full length protein was found to interact with Daxx,
a transcriptional co-activator and regulator of apoptosis, as well as a component of the
promyelocytic leukemia protein (PML) nuclear bodies (85, 86). This ATRX-Daxx
complex was found to mediate ATPase and chromatin remodeling activities in vitro on

reconstituted nucleosomes supporting the idea that this is a chromatin remodeling
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Figure 3: Schematic of the ATRX gene and the resulting protein products

A) Diagram of the ATRX gene. The whit boxes represent the 35 exons (excluding the
spliced exon 7), while the thin vertical lines represent introns (not to scale). The 3’and 5’
untranslated region (UTR) are shown flanking the open reading frame. In the upper part
of the diagram, previously identified ATR-X causing mutations are identified while
acquired somatic mutations in 47RX that causes alpha thalassemia myelodysplastic
syndrome (ATMDS) are identified below. ATRX encodes two protein products ATRX
(280 kDa) and ATRXt (180 kDa) which are illustrated in (B). The full length protein
contains an ADD domain, a C-terminal SNF2 helicase domain as well as a P box (P) and
a glutamine-rich region (Q). The truncated 180 kDa isoform only contains the ADD
domain. Figure modified from Gibbons, RJ, 2008 (87).
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complex. Patient mutations, located within the ATPase/helicase domain, were found to
attenuate this activity as well as alter subnuclear localization of ATRX away from PML-
NBs, supporting the hypothesis that patient mutations give rise to functional hypomorphs
(88, 89).

In addition to its localization to PML-NBs, both ATRX isoforms were found in
mouse cells and to a lesser extent in human cells, to localize with pericentromeric
heterochromatin. It is postulated that this association is mediated by the polycomb group
protein enhancer of zeste 2 (EZH2) or heterochromatin protein 1 a (HP1 a), as both these
proteins were shown to physically interact with ATRX (90, 91). The physical interaction
between HP1 a and the N-terminal PHD domain of ATRX at heterochromatin has been
further validated in mammalian cells (92, 93). Recent studies have further demonstrated
that at least in mouse cells, recruitment of ATRX at heterochromatic foci also requires
the interaction of MeCP2, a protein involved in the pathogenesis of another form of X-
linked mental retardation,‘ namely Rett syndrome (62, 94). This study illustrated that
common Rett syndrome mutations R133C and A140V in the MeCP2 gene impair ATRX
recruitment at pericentromeric heterochromatin. Thus, it seems that at least in brain, the
interaction between these proteins is crucial for appropriate ATRX localization (94).

In addition to PML ‘and pericentromeric heterochromatin, ATRX was also found to
associate at metaphase with the short arm of human acrocentric chromosomes, a region
rich in ribosomal DNA repeats (92). The association of ATRX with these highly
repetitive DNA repeats may offer a potential explanation as to the clinical variability
between patients with identical mutations. Furthermore, ATR-X patients were found to

have altered methylation patterns at these rDNA repeats, as well as at Y-specific repeats
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(DYZ2) and the TelBam3.4 family of repeats, suggesting, ATRX may play a role in the

modulation of chromatin structure by altering DNA methylation patterns at these repeats.

1.8 Role of ATRX in cell cycle regulation

A role for ATRX in cell cycle progression has been suggested by several lines of
investigation. Changes in ATRX phosphorylation at the onset of meiosis I and II have
been reported in mouse oocytes. In this regard, ablation of ATRX by RNAIi had no effect
on the progression of meiosis but did induce the misalignment of chromosomes at
meiosis II (95). Furthermore, cell cycle dependent changes in the ATRX phosphorylation
and nuclear localization have also been reported. In human cells, ATRX serine residues
were found to be hyperphosphorylated at the onset of mitosis while the protein remained
hypophosphorylated during interphase. Phosphorylation of ATRX was also associated
with a change in subnuclear localization from the nuclear matrix to heterochromatin
(93). Further emphasizing the importance of ATRX in cell cycle progression, ATRX was
found to be required in vitro for the maintenance of a normal mitotic program (96). Upon
ATRX knockdown, an increase in prometaphase to metaphase transition was observed in
cultured HeLa cells (96). In addition, this study illustrated that upon ATRX ablation cells
exhibited a deficiency in sister chromatid cohesion and congression at the metaphase
plates albeit normal spindle checkpoint activation as determined by the expression of
spindle checkpoint protein Bubl and BubR1 (96). Yet other studies suggest ATRX has a
role during S-phase, as it localizes with heterochromatin, Daxx and PML at this time

(86). Taken together these results suggest that ATRX not only plays a role in the
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mediation of chromatin structure but also in chromatin dynamics and cohesion. The
biological complexity of these processes may help explain why mutations within the
ATRX gene can lead to developmental abnormalities in humans. To gain a better
understanding of the developmental role of ATRX, one can benefit from the use of
animal models. This approach provides valuable insight as to protein function within a

biologically relevant context.

1.9 ATR-X animal models

Transgenic mouse models offer an important tool in the understanding of disease
pathogenesis. While recent in vitro reports have described a role for ATRX in the
maintenance of chromatin structure and cell cycle progression, transgenic animal models
have illustrated the early requirement for Atrx during embryogenesis and CNS
development. During mouse development, Atrx expression is detected at E7.0 which
suggests that the protein plays an important developmental role (81). This notion is
further supported by the early embryonic lethality of mice lacking the full length protein
(97). Global deletion of the full length Atrx isoform in mice resulted in embryonic
lethality before E9.5 due to the abnormal differentiation of one of the first terminally
differentiated lineages, the extraembryonic trophoblast (97). Embryonic lethality in mice
was surprising as ATR-X patients live well into their 30’s and 40’s (77). This
discrepancy was attributed to the complete ablation of the full length protein in mice,
while some residual level (10-30%) of full length protein has been detected in all

characterized ATR-X human pedigrees (75, 97).
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As ATRX dosage appears to be crucial for normal development, insights into the
biological function of ATRX may also be gained from overexpression studies.
Transgenic mice which overexpressed the human Atrx protein were generated to further
study the role of this protein during development (98). The resulting animals exhibited a
range of neurodevelopmental abnormalities, including abnormal growth and organization
of the neuroepithelial layer as well as disorganization of the ventricular zone.
Furthermore thése mice suffered from a high incidence of prenatal and perinatal lethality.
The surviving transgenic animals exhibited craniofacial defects, epileptic seizures and
compulsive behaviors which were reminiscent of the abnormalities observed in ATR-X
patients (98).

A further understanding of the role of ATRX during neurodevelopment was
brought about by recent advances in molecular biology. Over the last decade, the
evolution of the Cre-loxP recombination system has revolutionized the way transgenic
animal models are made. This technique allows for the generation of transgenic animals
in which a gene of interest can be temporally and spatially deleted due to the use of
specific Cre drivers and the insertion of targeted /oxP sites. Thus, this method allows for
tissue or organ specific ablation (99). Using this approach, conditional Atrx knockout
mice were generated. In this instance, Cre recombinase expression was controlled by the
Forkhead box Gl and Nestin promoters, consequently confining Cre recombinase
expression and full length Atrx ablation to either the forebrain or CNS neuroprogenitors,
respectively (100). These animals were smaller in size and exhibited early post-natal
lethality. Closer examination of these animals revealed widespread hypocellularity in the

forebrain, cortex and hippocampus, albeit with normal proliferation of neuroprogenitors.
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The o‘bserved reduction in cell number was attributed to an increase in neuronal apoptosis
during early differentiation (100).

Based on the lessons learned both from in vitro models and transgenic animals, it
is clear that ATRX plays a critical role in central nervous system (CNS) development,
although its mode of action remains to be determined. An interesting system which may
help provide insight as to the exact requirements of ATRX in CNS maturation is the

retina, one of the best characterized CNS tissues.

1.10 The retina as a model of central nervous system development
1.10.1 Embryonic mouse eye development

Eye formation occurs early during vertebrate development at about 22 days post-
fertilization in humans and 7 days following fertilization in mice (101). Three types of
embryonic tissue will come together to form the structures of the mature eye: the retinal
and pigmented epithelium will arise from the neural tube, the mesoderm of the head
region will produce the components of the cornea, sclera and uvea, and the surface

ectoderm will give rise to the corneal epithelium and the lens (102).

Eye development begins with the formation of the eye fields from a population of
cells originating from the anterior neural plate in the presumptive forebrain (102). As
depicted in Figure 4, the eye fields begin to invaginate on either side of the forebrain to
form the optic vesicles and optic pits (101). The optic vesicles expand laterally into the

mesoderm of the head and develop a stalk-like connection to the main portion of the
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rudimentary central nervous system which will eventually give rise to the optic nerve
(102). As the optic vesicles gradually expand towards the surface ectoderm, contact
between the neural ectoderm of the optic vesicle and the surface ectoderm will occur by
E9 to E10. Contact between the surface ectoderm and the optic vesicles will induce the
thickening of the two layers in contact (103). The neuroectodermal thickening is destined
to become the neuroretina, while the thickening of the surface ectoderm will induce the
formation of the lens placode (103). Once the formation of the lens placode has begun,
formation of a cup-shaped structure is initiated by the simultaneous invagination of the
lens placode and the optic vesicle. The invaginating lens placode forms the lens vesicle
that pinches off the surface ectoderm while invagination of the optic vesicle, which
remains connected to the forebrain via the optic stalk, forms the bilayered optic cup. The
inner half of the optic cup will form the neuroretina while the outer half is destined to
become the retinal pigmented epithelium (RPE) (102). At E11, the optic stalk which
connects the vesicle to the neural tube remains open and thus allows for the inclusion of a
small amount of angiogenic tissue from the mesenchyme which will form the hyaloid
artery and vein and, later on the central artery of the retina (103). By E13, folds in the
surface ectoderm will initiate lid formation and the cornea begins to differentiate (103).
The iris and cilliary body originate from the distal tip of the neuroretina where the
pigmented epithelium and neuroretina meet and develop late in embryonic development

and continue to mature in the postnatal period (102).
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Figure 4: Schematic overview of vertebrate eye development.

In panels A—D, presumptive or differentiated eye tissues are color-coded in the following
manner: blue, lens/cornea; green, neural retina; yellow, retinal pigmented epithelium
(RPE); purple, optic stalk. (4) Formation of the optic vesicle is initiated by an
evagination (indicated by arrow) of the presumptive forebrain region resulting in the
formation of the optic pit (OP). The optic vesicle region is divided into dorso-distal
region (green), which contains the presumptive neural retina (PNR) and RPE (not
shown), and the proximo-ventral region, which gives rise to the presumptive ventral optic
stalk (POS); PLE, presumptive lens ectoderm; M, mesenchyme; VF, ventral forebrain;
PCM, prechordal mesoderm. (B) Continued growth of the optic vesicle culminates with a
period of close contact between the lens placode (LP) and the presumptive neural retina
(NR) during which important inductive signals likely exchange: RPE, presumptive retinal
pigmented epithelium; VOS, ventral optic stalk; DOS, dorsal optic stalk. (C) Invagination
of the optic vesicle results in formation of the lens vesicle (L'V) and neural retina (NR)
and establishes the overall structure of the eye. The point at which the neural retina and
RPE meet gives rise to components of the ciliary body and iris (C/T). (D) Mature eye: C,
cornea; LE, lens epithelium; LF, lens fiber cells; I, iris; CB, ciliary body; GCL, ganglion
cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; ON, optic nerve. Figure
modified from Chow R,L. et al 2001 (102).
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1.10.2 The neuroretina

The neuroretina is the part of the eye which is fesponsible for the processing and
transmission of light-induced neuronal activity to the brain. Its accessibility and the well
understood nature of its cellular makeup also make the retina an ideal system to
investigate CNS development. The onset of differentiation in the retina occurs in the
central optic cup close to the optic nerve head and progresses towards the periphery in a
wave like fashion, until the mature retina, which consists of six types of neurons and one
type of glia is formed (104). In vertebrates, this process occurs in a highly conserved
histogenic order. More specifically, as depicted in Figure 5a, during murine development,
the process occurs during a period of three weeks starting around E11. All of the seven
retinal cell types arise from a common progenitor pool with ganglion cells being the first
generated cell type (105). The production of ganglion cells is followed by overlapping
phases of cell type generation with horizontal cells and cone photoreceptors being first

generated, followed by amacrine, rod photoreceptors, bipolar cells and Miiller glia (101).

The mechanism by which each of these cell fates are acquired in adequate
numbers from multipotent progenitors is quite complex and involves combinational
expression of a number of homeodomain and basic-helix-loop-helix (bHLH) transcription
factors (106). In addition, cell extrinsic cues such as those mediated by growth factors,

morphogens and Notch signaling can control the timing of cell cycle exit, proliferation
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Figure 5: Birth order of retinal cell types in the rodent and wiring diagram of the
adult retina.

A) Horizontal bars represent the window during which that cell type is generated in the
developing retina with respect to days of mouse development (bottom bar). B) Schematic
diagram illustrating the major cell types and how they are interconnected. The outer layer
contains the rod (R) and cone (C) photoreceptors, which make connections to the
horizontal (H) and bipolar cells (RB and CB) in the outer plexiform layer (OPL). Also
located in the inner nuclear layer are the amacrine cells (A and AIl) which like bipolar
cells make connections in the inner plexiform layer with ganglion cells (G).
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and therefore contribute to the relative proportion of each cell type, without however,
influencing progenitors to temporally give rise to inappropriate cell types (107). Thus
retinal cell fate determination is a complex interplay of cell intrinsic and extrinsic

regulators (108).

1.10.3 The visual pathway

As shown in Figure 5b, the mature vertebrate retina is a highly organized laminar
structure which consists of three cellular layers. The outer nuclear layer (ONL) is
composed of the cell bodies from rod and cone photoreceptors. The inner nuclear layer
(INL) contains amacrine and horizontal interneurons as well as bipolar cells and Miiller
glia. Finally, the ganglion cell layer (GCL) consists of ganglion cells and displaced
amacrine cells. Two synaptic layers, the outer and inner plexiform layer (OPL and IPL),

separate these three rows of cell bodies.

Visual perception of light is first mediated by the retina, and is subsequently
conducted to the brain by a set of distinct spatio-temporal pathways which stems from the
different cellular and synaptic components of the retina (109). The fundamental feature
of this system is that some cells are depolarized by light (ON cells) while others are
hyperpolarized by light (OFF cells). Separation of the ON and OFF pathways starts as
soon as a visual stimulus is detected by the rod and cone photoreceptors. In vertebrates,
light stimulation results in the hyperpolarization of the membrane potentials of rod and

cone photoreceptors which results in decreased glutamate secretion from these cells.
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Rod photoreceptors signals are transmitted to the rod-driven bipolar cells, which
synapse with AIl amacrine cells and depolarize these cells in response to light. The latter
then depolarizes the cone-driven OFF bipolar cells and OFF RGC by releasing glycine,

an inhibitory neurotransmitter (110, 111).

On the other hand, in response to light, cone photoreceptors activate mGIluR6
receptors within ON cone bipolar cells hyperpolarizing these cells. In addition,
continuous release of glutamate by cone photoreceptors will depolarize the OFF bipolar
cells (109). In the IPL, the ON bipolar cells synapse with the ON‘RGCS in sublamina b
while OFF bipolars terminate within sublamina a to synapse with OFF RGCs. This RGC
stratification in the IPL, maintains the separation of the ON/OFF pathways. Nevertheless,
a small subset of ON-OFF RGCs do ramify in both sublamina (112). RGC subsequently
transmit these signals through the optic nerve to the lateral geniculate nucleus (LGN) and

visual cortex.

The two types of retinal interneurons, the amacrine and horizontal cells play a
similar inhibitory role within the visual pathway. Amacrine cells with their extensive
dendritic trees can inhibit the surrounding signals while horizontal cells by virtue of
being connected laterally to numerous bipolar and rod/cone cells, can suppress the
generation of information along some pathways and routes, while not affecting others
that are adjacent to them. This selective suppression of signal transmission increases is
often referred to as lateral inhibition and enables acuity of vision, movement detection

and contrast enhancement (103).
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1.11 Rationale and Specific Aims

Over the last sixty years, epigenetic modification of chromatin has emerged as an
important regulator of cellular processes such as proliferation and differentiation. The
important roles played by epigenetic regulators have made them prime targets for genes
involved in the pathogenesis of human disease. An example of this includes the ATR-X
syndrome, a severe form of mental retardation which arises due to mutations in the ATRX
gene, which encodes for an ATP dependent chromatin remodeling protein.

While in vivo studies have shown the early requirement for ATRX during
embryogenesis as well as its importance for neuronal differentiation and proper brain
development, in vitro studies have postulated a role in cell cycle progression and survival
during differentiation. The early lethality of previously generated Atrx knockout animals
is a major obstacle in characterizing the post-natal effects of Atrx ablation on CNS
development. Therefore, as it stems from CNS origin and is a highly accessible tissue
whose cellular makeup is well understood and conserved amongst vertebrates, the retina
is an ideal system to investigate the mechanisms by which Atrx may regulate CNS
development. Based on previous in vivo and in vitro study, we hypothesize that the
chromatin remodeling protein Atrx is required for the terminal differentiation and
subsequent neuronal survival within the mammalian retina.

In addition, given the severity of the various developmental abnormalities
described in ATR-X patients, it is likely that subtle sensory defects, such as impaired
vision, have been overlooked in this population. Therefore based on the obvious

requirement for ATRX in CNS development we further hypothesize that visual defects
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are present in ATR-X patients in a much larger scale then previously reported. To
address these following hypotheses three specific aims have been addressed.
-Aim 1: To determine the spatial and temporal expression of Atrx in the retina
-Aim 2: To characterize the effect of Atrx ablation on retinal development
-Aim 3: To determine the impact of Atrx inactivation in the retina on visual
function in our animal model and draw parallels to the phenotypes

observed in ATR-X patients.

2.0 Material and Methods

2.1 Transgenic mouse lines

The a-Cre transgenic mice which express Cre under control of the Pax6 promoter
were obtained from Dr. P. Gruss (Max-Planck-Institute of Biophysical Chemistry,
Department of Molecular Cell Biology, Gottingen, Germany) and maintained on an
FVBN béckground (113). Atrx"™™™* mice which harbor loxP sites flanking exon 18 of
the Atrx gene were maintained on a C57B1/6 background (100). To generate a-cre;Atrx™
animals, «-Cre transgenic mice were bred with Atrx" mice.

DNA was isolated from tail tissue by incubating a small tail fragment in 75 pl
alkaline lysis buffer (25 mM NaOH, 0.2 mM EDTA) for 30 minutes at 95°C. Following
the incubation, samples were cooled and neutralized with 75 pl of neutralization solution
(40 mM Tris —HCI) (114). Tail DNA was genotyped using standard PCR conditions.

Genotyping for the a-Cre transgene was done by PCR using the following primers, as
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previously described: a-Cre 5’-ATG CTT CTG TCC GTT TGC CG -3’ and 5’-GGG
CGT AGA CAT CTG GGT AG -3* (113). Sex of embryos and young pups was also
determined via PCR using the fbllowing primer combination: SRY 5’-TTG TCT AGA
GAG CAT GGA GGG CCA TGT CAA -3’ and 5’CCA CTC CTC TGT GAC ACT TTA
GCC CTC CGA -3’ and Fapbl 5°TGG ACA GGA CTG GAC CTC TGC TTT CCT
AGA -3’ and 5’CTAG AGC TTT GCC ACA TCA CAG GTC ATT CAG -3°. PCR
conditions were as follows: An initial denaturation step at 96°C for 2 minutes followed
by 35 cycles of: 95°C for 20 seconds, 57°C for 20 seconds, 72°C for 40 seconds. A final
elongation at 72°C for 5 minutes ensued. Results were visualized after electrophoresis on
a 1.5% agarose (Sigma) gel in TAE buffer (40 mM Tris acetate and 1 mM EDTA)
containing 0.5 pg/mL ethidium bromide.

SNF2L KO animals were obtained by crossing SNF2L f{/f mice to the
ubiquitously expressing Gata- I Cre transgenic line on a CD-1 background which was
kindly provided by Dr. S. Orkin (Howard Hughes Medical Institute, Chevy Chase MD,
USA). Mice heterozygous for the floxed exon 6 Sny2! allele (Snf21™) (DJP unpublished)
were bred to males heterozygous for Gata-1 Cre™ to generate the Ex6DEL line (Sanl'/ X

or Suf2I™).

2.2 Tissue preparation

For timed mating purposes, the day of vaginal plug detection was counted as
embryonic day 0.5 (E0.5). At scheduled times, animals were anesthetized by CO, and
sacrificed by cervical dislocation. Uteri were removed from pregnant females and

embryos were freed from their embryonic sac and placental structures. The head was
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removed from the embryos and nasal structures were removed to allow fixative to
penetrate. After birth, eyes and 'optic nerve were enucleated from animals. A hole in the
cornea was made and the lens was scratched to allow for proper fixation of tissue. Lens
structure was completely removed in animals older than P10 again to optimize the
fixation conditions. |

Whole heads from embryos and dissected eyes plus optic nerves from animals
younger than P7 were fixed in 4% paraformaldehyde (PFA) overnight in 0.1M phosphate
buffered saline (PBS) (0.14 M NaCl, 2.5 mM KCl, 0.2M Na,HPO4 and 0.2M KH,HPO,
at pH 7.4). Older animals were transcardially perfused with 4% PFA prior to eyes being
enucleated and overnight incubation. Following three 10 minute PBS washes, samples
were cryoprotected overnight in a 30% sucrose/PBS solution. Tissues were embedded in
1:1 mix of 30% sucrose and OCT (Tissue-Tek, Japan) and frozen on liquid nitrogen.

For preparation of retinal whole mounts, following cardiac perfusion of animals
the eyes were enucleated and a hole was made in the cornea to allow for the removal of
the RPE sclera and cornea. Retinas were fixed for 2 hours in 4% PFA and washed with
PBS for 1 hour. PBS was changed every 10 minutes. Whole mount staining procedures
are indicated below.

All experiments were approved by the University of Ottawa's Animal Care ethics

committee adhering to the guidelines of the Canadian Council on Animal Care.

2.3 Birthdating experiments
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For birthdating experiments, cells in S phase were labeled in vivo by injecting
time-mated females with two intraperitoneal injections 2 hours apart of BrdU at a
concentration of 0.1 mg/g body weight resuspended in DMEM (Gibco). Pups were

harvested on the day of birth and BrdU positive cells were detected by

immunohistochemistry (see below).

2.4 Immunohistochemistry and in situ hybridization

Embedded tissues were sectioned on a Leica 1850 cryostat at 12 um. Sections were
transferred onto Superfrost Plus coated slides (Fisher Scientific, USA), air dried for 2-6
hours at room temperature and stored with dessicant at -20°C. For more reliable
comparisons wild-type and mutant tissues were processed on the same slide.

For immunofluorescence studies, cryosections were dehydrated in 70% ethanol for S
minutes and re-hydrated in PBS using three 10 minute washes. Cryosections were
blocked in 20% bovine calf serum (Sigma)/0.03% Triton-X 100 in PBS for 1 hour and
incubated overnight at 4°C in a humidified box with the following primary antibodies
diluted in blocking solution: goat polyclonal anti-Brn3b (1/100, Santa Cruz
Biotechnology), sheep polyclonal anti-CHX10 (1/2000, gift from Dr. Rod Bremner,
University of Toronto), rabbit polyclonals anti-ATRX (1/100, Santa Cruz Biotechnology)
anti-calretinin (1/2000, Swant); anti-cone arrestin (1/500; gift from Dr. Xuemei Zhu and
Cheryl Craft from the Mary D. Allen Laboratory) anti-CRALBP (1/2000, gift from Dr.
Gregory Garwin University of Washington), anti-PKC (1/100, BD Pharmingen), anti-

tyrosine-hydroxylase (1/500, Chemicon International) anti-Prox1 (1/3000, Chemicon
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Intemational) and the mouse monoclonals anti-B630 (1/3; Developmental Studies
Hybridoma Bank ), anti-Pax6 (1/3; Developmental Studies Hybridoma Bank ) anti-BrdU
(1/100,BD Bioscience), anti-Ki67 (1/200, BD Pharmingen), anti-calbindin (1/500,
SIGMA), anti-rthodopsin (1/3;), anti-syntaxin (1/1000, Sigma), anti-GFP (1/500,
Molecular Probes), anti-glutamine synthetase (1/500, BD Bioscience). The rabbit
polyclonal anti-ChAT (1/500, Chemicon International) was incubated for 24 hours at
room temperature. Prior to the incubation in blocking solution the following antibodies
required antigen retrieval: the goat polyclonal anti-Brn3b, the rabbit polyclonal anti-PKC,
-ChAT, -tyrosine hydroxylase and -BrdU as well as the mouse monoclonal Ki67.
Antigen refrieval consisted of a 10 minute microwave treatment in a 1X sodium citrate
solution (0.01 M citric acid, 0.025 M NaOH) pH 6.0 followed by two 10 minute PBS
wash. In addition to antigen retrieval visualization of BrdU required a 15 minute
treatment in 2N HCL at 37°C followed by a 10 minute permeabilization step in 0.1M Tris
pH 8.8 + 0.01% Tween 20. Antibodies were visualized with the following secondary
antibodies diluted in TBLS (0.05 M Tris-HCI pH 7.4, 0.15 M NaCl, 10 g/ L BSA, 9 g/L
L-Lysine, 2 g/l Sodium Azide) Alexa 594 Red-conjugated donkey anti-rabbit-IgG
(1/1000, Molecular Probes) Alexa 594 Red-conjugated donkey anti-mouse-IgG (1/1000,
Molecular Probes), Alexa 488 Green-conjugated donkey anti-mouse-IgG (1/1000,
Molecular Probes), Alexa 588 Red conjugated donkey anti-goat-IgG. Cell nuclei were
counterstained with DAPI for 5 minutes (10 pg/mL). Sections were mounted with DAKO
fluorescence protector.

For Brn3b immunoreactivity, some sections were processed using 3,3'-diaminobenzidine

(DAB) as a substrate as previously described (115). Briefly sections were fixed and
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processed for antigen retrieval as described. Slides were then treated with 0.3% H202,
for 10 minutes, washed for 10 minutes in PBS and blocked in 20% sheep serum in 0.5%
Triton X-100 before overnight incubation with primary Brm3b antibody (1/100, Santa
Cruz Biotechnology). Following three 10 minute PBS washes, slides were incubated with
biotinylated anti-goat antibody (1:200 Amersham Bioscience). Following three more 10
minute PBS washes, antibody detection was performed using DAB as a substrate.
Conjugated antibodies were detected with ~the Vectorstain ABC Elite
avidin/biotin/peroxidase kit as per manufacturer’s instruction (Vector Laboratories,
Burlingame, California). In brief, slides were incubated in ABC solution for 40 minutes
and washed with PBS three times. Colour was developed in DAB/PBS (27 mL PBS, 3
mL of 3% H202, 0.5 mL 2.5% DAB) for 5 minutes. Slides were run under tap water for
10 minutes and mounted with coverslips using a 1:1 mixture of PBS and 30% glycerol.

For flat mount staining, retinas were blocked in 20% bovine calf serum (Sigma)/0.03%
Triton-X 100 in PBS overnight at 4°C and incubated again at 4°C for 24 hours with the
anti-tyrosine-hydroxylase (1/500, Chemicon International) primary antibody. Following
10 PBS washes of 10 minutes each, retinas were incubated with the Alexa 594 Red-
conjugated donkey anti-rabbit-IgG (1/1000, Molecular Probes) secondary antibody
diluted in TBLS for 2 hours. Following 10-15 PBS washes of 10 minutes each, nuclei
were counterstained with DAPI for 5 minutes (10 pg/mL). Retinas were flattened onto
Superfrost Plus coated slides (Fisher Scientific, USA) and mounted with DAKO

fluorescence protector.
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Sections and whole mounts were analyzed on a Zeiss Axioplan microscope and digital
images were captured using an AxioVision 6.05 (Zeiss) camera and processed with
Adobe® Photoshop.

In situ hybridization was performed as previously described. (116) Briefly DIG-
labelled RNA probes were diluted 1/1000 in hybridization buffer (50% formamide, 10%
dextran sulfate, 1 mg/mL yeast RNA, 1xDenhardt’s and 1x salt) and denatured for 10
minutes at 70°C. Probes were allowed to hybridize overnight at 65°C in a humidified
box. The slides were then washed twice for 30 minutes with wash buffer solution (50%
formamide 1x SSC, 0.1% Tween-20) at 65°C. Slides were then washed three times for 20
minutes at room temperature with MABT (100 mM maleic acid, 150 mM NaCl, pH 7.5,
0.1% Tween-20). Sections were blocked for two hours with blocking solution which
consisted of 20% sheep serum (Sigma) and 2% blocking solution (Boehringer
Mannheim) in MABT. Alkaline-phosphatase-conjugated Fab fragments of sheep anti-
DIG diluted 1/1000 in blocking solution were then allowed to hybridize at 4°C overnight
in a humidified box. The following day, slides were washed four times for 20 minutes in
MABT at room temperature followed by two 10 minute washes in pre-staining buffer
(100 mM NaCl, 50 mM MgCl2, 100 mM Tris pH 9.5 and 0.1%-Tween 20). Color
reaction was allowed to develop for 2-24 hours in staining buffer which consisted of 100
mM NaCl, 50 mM MgCI2, 100 mM Tris pH 9.5 and 0.1%-Tween 20ml 4.5 pl/mL 4-
Nitro blue tetrazolium chloride (Roche) and 3.5 pl /mL 5-bromo-4chloro-3indolyl-
phosphate (Roche). Slides were rinsed in PBS before being mounted using a 1:1 mixture

of PBS and 30% glycerol.
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Sections were analyzed on a Zeiss Axioplan microscope and digital images were captured

using an AxioVision 2.05 (Zeiss) camera and processed with Adobe® Photoshop.

2.5 TUNEL assay

Terminal uridine deoxynucleotidyl transferase dUTP nick end labeling TUNEL
assay was performed using the In Situ Cell Death Detection Kit (Roche Diagnostics)
according to the manufacturer’s instructions. In summary, sections were hydrated in PBS
for 30 minutes and incubated in permeabilisation solution (0.01% Triton-X, 0.1% Sodium
citrate (Sigma)) at room temperature. Slides were washed for 10 minutes with PBS and
incubated in a mixture of 10 pl of enzyme solution and 90 pl labeling solution for 1 hour
at 37°C. After three 10 minute PBS washes, cell nuclei were counterstained with DAPI

for 5 minutes (10 pg/mL). Sections were mounted with DAKO fluorescence protector.

2.6 Q-RT-PCR analysis

Total RNA was isolated from two different retinas harvested from the same
animal using Trizol reagent (Invitrogen) followed by RNase free DNAse I (Sigma) to
remove DNA contamination. Using 1-2ug of total RNA first strand cDNA was
synthesized using random primers and a reverse transcription cocktail containing 5x first
strand buffer, 100 mM DTT, 25 mM dNTPs and Superscript II RT (Invitrogen). Q-RT
PCR was performed using a Stratagene Mx 3000 with Absolute SYBR Green Q-PCR
Master Mix (Abgene) under the following conditions: 10 minutes at 95°C followed by 40

cycles of 30 seconds at 95°C, 30 seconds at 59°C and 30 seconds at 72 °C. A final
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elongation step of 1 minute at 95°C, 30 seconds at 55°C and 30 seconds at 95°C ensued.
The primers used for Q-RT-PCR are indicated in Appendix A. Using the standard curve
corresponding threshold method of quantification, PCR product formation was monitored
in real time (Mx4000 multiplex quantitative PCR system; Stratagene) and the threshold
cycles were determined using the Mx4000 software. All data was normalized to GAPDH
and 18S RNA expres’sion levels. Threshold cycle variance in seven biological replicates

was tested for significance using a two-sample Student’s f-test with equal variance.
2.7 Electroretinography

Electoretinograms were generated using the ESPION system (Diagnosys LLC,
Littleton, MA) as previously described (117). Briefly, prior to ERG analysis, mice which
had been dark-adapted overnight were anaesthetized under safe light conditions using
intraperitoneal injection of avertin. Eyes were dilated with administration of 1%
tropicamide and 2.5% phenylephrine hydrochloride drops (Alcon Canada). Silver wire
loop electrodes were placed on both corneas with a drop of 0.3% hypromellose (Novartis)
to maintain corneal hydration. A gold minidisc reference electrode was placed on the
tongue and a ground needle electrode was placed subcutaneously in the tail. The animal's
head was positioned under the center of the Ganzfeld dome. Single flash stimuli (4 ms
duration) were presented at eleven increasing intensities ranging from 0.001 cd.s/m” to 25
cd.s/m’. Five ERG traces were obtained and averaged for each luminance step.
Differences during ERG analyses were determined on at least 11 different animals of
each genotype. Each eye was considered as a biological replicate and differences were

determined using ANOVA analysis.
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3.0 Results

3.1 Characterization of Atrx expression in the retina
3.1.2 Temporal and spatial expression of Atrx in the developing and adult retina
Based on the widespread expression of Atrx in the CNS, we suspected that Atrx
was abundantly expressed within the retina. To identify the Atrx-expressing cells in the
developing mouse retina we stained embryonic and perinatal cryosections with a
polyclonal ATRX antibody which recognizes the full length protein. As illustrated in
Figure 6A-C, Atrx was found to be abundantly expressed in progenitor cells throughout
the retina at E13.5 as shown by co-localization of Atrx and the cell cycle marker Ki67. In
E15.5 embryos, the developing retina is divided into two discrete zones: the outer
neuroblast layer which contains actively dividing cells and the retinal ganglion cell layer
(GCL) where newly post-mitotic cells reside. Similarly, two discrete populations of Atrx
positive cells could be distinguished. At this stage, Atrx is expressed at low levels in
progenitors in the outer region of the neuroblast layer (Fig. 6D-F) and at higher levels in
cells located in the inner region of the neuroblast layer and in the ganglion cell layer
(arrow in Fig. 6 F). This second population is post-mitotic as they do not co-localize with
Ki67 (Fig 6 F). At PO, Atrx expression persists in progenitor cells at low levels as
indicated by Ki67 colocalization with Atrx+ cells in the outer region of the neuroblast
layer (Fig 6 G-I). Again, a strong Atrx signal is detected in post-mitotic cells in the

developing inner region of the neuroblast layer and in the GCL.
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Figure 6: Temporal expression of Atrx in the retina.

Retinal sections from the indicated embryonic stages were double-labeled with an anti-
ATRX antibody (red) and an antibody against the proliferation marker Ki67 (green). (A-
C) At E13.5, Atrx expression corresponds almost exclusively to that of progenitors. Inset
in (C) is a higher magnification view of AtrxKi67+ cells. (D-F) at E15.5 Atrx continues
to be expressed in cycling progenitors while a sub-population of Atrx+ cells which have
exited the cells cycle (Ki67-) is evident in the inner retina and is indicated with an arrow
in F. Inset in (F) is a higher magnification view of double Atrx+Ki67+ cells in the
ONBL. Atrx+Ki67- cells which are post-mitotic are evident in the inner half of the
ONBL and the GCL and are indicated with the arrow. (G-I) at PO Atrx continues to be
expressed in cycling progenitors, particularly in the peripheral retina, which corresponds
to the least differentiated region at this stage of development. The post-mitotic pool of
ATRX+cells is located in the GCL and the developing inner nuclear layer. Inset in (I)
shows a higher magnification of double ATRX+Ki67+ progenitor cells and
ATRX+Ki67- post-mitotic cells. Boxes in C, F and I are representative of the areas where
the magnified inset was taken.
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Figure 7: Atrx localization in the adult retina.

(A) Transverse cryosections of adult (6-8 weeks) retina immunostained for Atrx(red) and
DAPI to reveal nuclei (blue). Note that ATRX+ cells are located in the retinal ganglion
cell layer (RGC) and the inner nuclear layer (INL). At this exposure Atrx staining is not
discernable in the outer nuclear layer (ONL). (B-E) Adult retina sections double-labeled
for Atrx(red) and cell type specific markers for (B) Miiller glia (glutamine synthetase,
GS), (C) bipolar cells (Chx10), (D) horizontal and amacrine cells (calbindin), (E)
amacrine cells (syntaxin). Inset in (E) shows a higher magnification view of Atrx and
syntaxin expression. (F) Double-labeled sections for (green) and RGC (Brm3b) in red.
(G) A longer exposure of an adult (6-8 weeks) retina, reveals Atrx staining in the apical
region of the ONL where cone photoreceptors are located. (H) Immunostaining for Atrx
in the NRL-/- retina confirms the Atrx expression in cone photoreceptors in the ONL.
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Elevated Atrx expression in differentiated cells and lower protein levels in the progenitor
pool is consistent with previously published observations in the mouse cortex and
hippocampus (100).

Immunohistochemistry for Atrx on retinal sections from late postnatal stages and
in the adult retina, revealed that high levels of Atrx are found in the inner nuclear layer
(INL) and ganglion cell layer, while fainter Atrx staining is also present in the apical
region of the outer nuclear layer (Figure 7A and G) . To identify ATRX-expressing cells
in the adult retina we performed double-labeling IHC using an ATRX antibody and
retinal cell type specific antibodies: glutamine synthetase (Miiller glia), CHX 10 (bipolar
cells), syntaxin (amacrine cells), calbindin (horizontal cells) and Brn3b (ganglion cells).
We obseved that Atrx is expressed in all cell types of the INL (Miiller, amacrine, bipolar
and horizontal) as well as in ganglion cells and displaced amacrine cells in the GCL
(Figure 7B-E). A weak and infrequent perinuclear Atrx signal was detected in the apical
region of the outer nuclear layer (ONL) in a distribution pattern reminiscent of cone
photoreceptors (Figure 7G). In the ONL of the mature retina, rods greatly outnumber
cone photoreceptors, the latter accounting only for 3% of the cellular makeup of the
ONL. To confirm that these Atrx immunopositive cells in the ONL were indeed cone
photoreceptors, we immunostained sections of a cone-dominant retina harvested from
NRL” mice (118). In these mice, ablation of NRL results in a cone-only retina due to the
generation of cones at the expense of rod photoreceptors (118). As shown in Figure 7H,
all of the cells in the ONL of NRL™ retinas exhibit perinuclear Atrx staining thus
confirming the expression of Atrx in cone photoreceptors. Based on our

immunolocalization study we can conclude that Atrx is expressed in progenitor cells
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throughout retinal development. Moreover, beginning at E15.5 higher intensity of Atrx
staining was detected in post-mitotic cells than in progenitor cells. In the mature retina
Atrx expression persists in all differentiated cell types with the exception of rod

photoreceptors.

3.2 Generation and characterization of conditional Atrx knockout mice

3.2.1 Conditional deletion of Atrx results in retinal dysplasia.

To study the biological function of Atrx during retinal development the use of a
conditional gene inactivation system is required, as complete Atrx inactivation results in
early embryonic lethality (97). Therefore, we used a Cre-recombination system to target
Atrx inactivation to the retina. Atrx floxed mice were bred to mice expressing Cre under
the control of a regulatory element of the murine Pax6 promoter (a-Cre) (113). This a-
Cre mouse line has been used on numerous occasions to target gene inactivation (119-
123). This o-Cre mouse line is characterized by significant Cre expression in the mid-
peripheral and peripheral retina, while in the central retina Cre expression is minimal
(113).

Crossing of the o-Cre mice with Atrx floxed mice generated a-cre;ATRXY
animals which should inactivate for Atrx around E10.5 in the peripheral retina (113). For
simplicity, these animals will be referred to subsequently as Atrx KO throughout the text.
Pax6aCre mice express GFP and Cre from a bicistronic mRNA which allowed us to use

GFP staining as a surrogate marker to monitor Cre expression and inactivation
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Figure 8: Atrx expression in the retinas of Atrx KO mice.

Conditional inactivation of Afrx in the retina was achieved by crossing aCre mice with
floxed Atrx mice to generate aCre; ATRXfy animals (Atrx KO). aCre activity is restricted
to the peripheral regions of the retina and the GFP reporter in the aCre transgenic
construct is used to monitor the location of Cre-expressing cells. Horizontal sections of
the peripheral (A-R) or central (S-X) retinas from wildtype and Atrx KO retinas at the
indicated ages were stained with DAPI (blue) or with antibodies specific for Atrx (red)
and GFP (green). (A-F) Note the absence of ATRX+ cells in the neuroblast layer of the
Atrx KO retina at E13.5 (bracket in D). ATRX+ cells are present in the ciliary margin
(most distal region of the eyecup, arrow in D) in the Atrx KO mice. (G-L) P7 and (M-R)
adult retinas exhibit Atrx staining in sporadic cells in the peripheral retina of the Atrx KO
mice that does not co-localize with GFP staining in the INL and GCL (higher
magnification inset in L). The residual Atrx staining is an indication that some cells in
the peripheral retina of the aCre mice escape recombination. (S-X) Atrx expression is
abundant in the central retina due to poor aCre activity in this region.
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of the full length Atrx protein via IHC. At all time points observed, E13.5, P7 and adults
GFP expression in the peripheral retina was correlated with the absence of Atrx protein
(Figure 8). Consistent with previous reports, we did note however, that the peripheral
retinas of Atrx KO mice contained sporadic ATRX+ cells, indicating that some cells
escape Cre recombination in this model (Figure 8, arrow in P) (113). Moreover, abundant
Atrx expression could be found in the central retina supporting previous reports of low a-
Cre activity in the central retina in this transgenic mouse line (113, 120). Indeed, our
results illustrate that there is almost complete ablation of Atrx in the peripheral retina of
hemizygous male progeny.

To characterize the impact of Atrx ablation on retinal development we performed
immunohistochemical studies on the retinas of adult (6-8 weeks) Atrx KO mice. Upon
initial observation, the gross morphology and organization of Atrx KO retinas did not
differ from their wildtype counterparts (Figure 9 A). As shown in Figure 9
immunohistochemical analysis with a panel of cell type specific markers revealed no
obvious deficiencies in the morphology and number of rod (B630+) and cone (cone-
arrestint) photoreceptors, RGCs (Brn3b+), rod bipolar cells (PKCa) and Miiller glia
(CRALBP+) (Figure 9B-J). However, we did observe striking differences in the
expression of the horizontal cell marker calbindin (compare arrows in Fig 9 K and O), the
pan-amacrine marker syntaxin and the width of the IPL, where amacrine, bipolar and
RGC processes are located (Fig 9 P). Cell counting confirmed a 37% reduction in
horizontal cells (calbindin+) and a 25% reduction in amacrine cells in the INL (Pax6+) in

the peripheral retina of Atrx KO mice. To determine if the reduction in Pax6 and
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Figure 9: Characterization of the cell type specific marker expression in Atrx KO
retinas.

Retinal sections from adult (6-8week) mice were immunostained for retinal cell-specific
markers (red) and DAPI (blue) to reveal nuclei. (A and E) DAPI staining revealed no
gross lamination or morphological defects in Atrx KO retinas. Rod (B630) and cone
photoreceptors (cone-arrestin), RGC (Bm3b), rod bipolar (PKC) and Miiller glia
(CRALBP) appeared to be unaffected in the Atrx KO mice (B-D and F-J, M, N),
compared with wildtype littermates. However there is a reduction in calbindin+
horizontal cells located at the border of the outer plexiform layer (arrow in K compared
to arrow in O) and in syntaxin+ cells (L and P) in the inner nuclear layer (inset in L as
compared to inset in P) and the width of the inner plexiform layer indicated by syntaxin
staining (L vs P).
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syntaxin immunoreactivity in Atrx KO retinas was due to the aberrant differentiation, a
cell fate change of amacrine cells or the absence of these cells, we quantified cell
numbers in the three layers of the adult Atrx KO and wildtype retina. As shown in Figure
10A and 10B, we observed a ~15% and 25% reduction in the number of cell bodies
residing in the GCL and INL of Atrx KO animals, respectively. The reduction in the INL
was attributed to the loss of amacrine cells as indicated by Pax6 staining and horizontal
cells identified by calbindin immunoreactivity (Figure 10C). The other neuronal INL
subtype, bipolar cells, was not significantly altered in Atrx KO retinas (Figure 10C). In
addition, no compensating changes in the ONL including in cone photoreceptors was
detected (Figure 10A-C). Moreover, the reduction in the GCL was not attributed to a
reduction in the number of ganglion cells as equal numbers of Brn3b+ cells were present
in both Atrx KO and wildtype littermates (Figurel0C). Taken together these results
suggest that Atrx may play a potential role in the development or survival of amacrine
and horizontal cells.

To further examine whether the amacrine cell phenotype observed in Atrx KO
retinas was due to the selective loss of a specific amacrine subtype or a uniform loss of
the amacrine cell class, we again performed an immunohistochemical analysis of adult
retinas using subtype specific markers. Morphological studies of the mammalian retina
have identified close to 30 distinct subtypes of amacrine cells, all of which are present in
defined ratios and with discrete roles in the processing of information through the INL
(124). As a result of their extreme heterogeneity, to date only a handful of molecular

markers for distinct amacrine subtypes have been identified. A list of some of these
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Figure 10: Decreased cell numbers in the INL and GCL of Atrx KO retina is due to
the absence of amacrine and horizontal cells

A) The number of DAPI positive nuclei in 700pm” found in the three retinal layers were
quantified in transverse sections of the retinas from adult Atrx KO and wildtype
littermates. Atrx KO animals exhibit a reduction of approximately 25% and 17% in the
number of cell bodies in the INL and GCL respectively, but there is no significant
reduction in cell number in the ONL. B) Graphical representation of the number of DAPI
positive nuclei in the three retinal layers. C) Quantification of marker+ cells in Atrx KO
and wildtype adult retinas per 700pm2. There is no reduction in the number of RGC
(Brn3b), cone photoreceptors (cone arrestin) and bipolar cells (Chx10). There is a ~37%
reduction in the number of cabindin+ horizontal cells in the outer plexiform layer and a
~25% reduction in the number of Pax6+ cells in the inner nuclear layer in the Atrx KO
compared with wildtype littermates (*p<0.01;**p <0.05 n>3,Student T-TEST).
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markers is appended in Appendix B. Immunohistochemical analysis revealed a reduction in
all amacrine subtype specific markers tested in Atrx KO retinas. As illustrated in Figure 11,
Glytl, Calretinin, ChAT, Prox1 and TH staining was reduced in the retinas of Atrx KO
animals. Cell scoring confirmed a significant reduction in the number of Glyt1+, Calretinin+
and Prox1+ amacrine cells in the Atrx KO compared with the control (Figure 11 M). The
number of ChAT+ and TH+ cells in retinal sections was not significantly different between
wildtype and Atrx KO, however, the expression of these markers in amacrine cell processes
was abnormal and reduced (Figurell H and K, I and L).

As TH+ cell processes were drastically less intense in our Atrx KO we took a closer
look at these processes using retinal flat mount staining. One of the peculiar characteristic of
adult dopaminergic innervation, which can be observed in whole mounts, is its organization
into pericellular baskets surrounding the somata of glycernergic and AIl amacrine neurons
(125). As illustrated in Figure 12 these pericellular varicosities were significantly reduced in
Atrx KO mice, thereby illustrating the disturbance of the dopaminergic network.

To confirm that our phenotype was indeed due to reduced Atrx expression we
analyzed the expression of these same markers by IHC in the central retina where Atrx
expression is abundant. Similar calretinin, ChAT, Prox1 and TH staining was observed in
both ATRK KO and wildtype retina (Figure 13). The specificity of amacrine and horizontal
cell loss to the absence of the chromatin remodeling protein Atrx was further examined by
looking at another chromatin remodeling protein conditional knockout. Deletion of SNF2L,
one of the two mammalian ISWI homologs, revealed no gross changes in any horizontal and

amacrine cells markers as determined by immunohistochemistry (Figure 14).
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Figure 11: Impact of Atrx inactivation on amacrine cell subtypes.

A-L) A panel of amacrine subtype specific makers was used to characterize the amacrine
cell phenotype in the Atrx KO retina. The following changes were noted in the Atrx KO
retinas, compared with wildtype littermates. Syntaxin staining is reduced in the inner
plexiform and inner nuclear layers (A vs D). Glycinergic amacrine cells were reduced in
number (B vs E). Prox 1 staining identifies horizontal, bipolar and amacrine cells.
Prox1+ amacrine cells are located in the inner region of the INL and are reduced in the
Atrx KO retina (C vs F, see arrow heads). Calretinin+ tracks in the inner plexiform layer
are disorganized and the number of calretinin+ cells is reduced in the INL and GCL (G vs
J). ChAT+ tracks in the inner plexiform layer are disorganized (H vs K) and TH+ tracks
are discontinuous (I vs L). M) Pax6+, GlyT1+, Prox1+ and Calretinint cell bodies in the
INL and GCL are reduced in number. In summary we find a reduction in amacrine and
horizontal cells. The amacrine cell phenotype affects at least three subclasses:
cholinergic (ChAT+), AIl (Prox1+) and domapinergic (TH). Quantification of marker+
cells in Atrx KO and wildtype retinas (*p<0.05; n>3 Student T-TEST)
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Figure 12: Dopaminergic network in wildtype and Atrx KO retinas

Flat mount retinal preparation reveals a reduced density of TH+ cell bodies in Atrx KO
retinas as compared to wildtype littermates (A vs C). Higher magnification reveals the
presence of an altered dopaminergic network in Atrx KO as shown by the near absence of
pericellular varicosities in flat mount preparations (D vs B).
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Figure 13: The amacrine and horizontal cell phenotype is diminished in the central
retina where Atrx expression is abundant.

Immunohistochemical analysis of the central region did not reveal a reduction in
calbindin+ horizontal cells and syntaxin+ cells amacrine cells or in the width of the inner
plexiform layer, revealed here by syntaxin staining (A vs F and B vs G). IHC for
horizontal and amacrine markers in wildtype and Atrx KO retinas did not reveal any
gross abnormalities in the morphology or number of these cells: Calretinin+ tracks in the
inner plexiform layer retain a similar organization in Atrx KO and wildtype (C and H)
Prox 1+ amacrine cells are located in the inner region of the INL (arrows in D and I) are
present in similar numbers in the central retina in both wildtype and Atrx KO retinas.
TH+ tracks (E and J), which are irregular in the periphery, become continuous in the
central retina of Atrx KO.
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Figure 14: Cell type specific characterization of SNF2L KO retinas.

Retinal sections from adult (6-8 weeks) mice were immunostained for retinal cell-specific
markers (red) and DAPI (blue) to reveal nuclei. DAPI staining revealed no gross
lamination or lamination defects in SNF2L KO retinas. Cone photoreceptors (cone-
arrestint), RGC (Brn3b+), rod bipolar (CHX10+) and Miiller glia (GFAP+) reactivity
was comparable in both SNF2L KO mice, and wildtype littermates (A-F and I, L).
Furthermore, unlike Atrx KO animals, no changes in horizontal (calbindin) or amacrine
cells (syntaxin) immunoreactivity was observed in SNF2L KO, suggesting that not all
mammalian chromatin remodeling proteins are essential for the proper development of
amacrine and horizontal cells.
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Thus, our data suggests that Atrx inactivation specifically results in a significant

reduction in horizontal cells and in multiple subtypes of amacrine neurons.

3.3 Characterization of amacrine cell embryonic development in
conditional Atrx knockout |

3.3.1 Embryonic gene expression profile is unaltered in Atrx KO

ATRX is a chromatin remodeling protein thought to regulate the transcription of
specific target genes, thus we reasoned that it might regulate genes necessary for the
proper development of amacrine and horizontal cells. We therefore examined the
expression pattern of basic helix loop helix (bPHLH) and homeodomain (HD)
transcription factors necessary for the generation of these cell types. To this effect,
previous studies have shown that the bHLH factor Pax6 is required for retinal progenitor
multipotency as upon its inactivation, retinal progenitors become restricted to the
amacrine cell fate (113). Furthermore, the winged-helix-loop-helix transcription factor
Foxn4 has been shown to play a critical role in the specification of horizontal and
amacrine cell fate as ablation of this factor in the retina results in the complete absence of
horizontal and amacrine cells due to the mysregulation of the bHLH factors NeuroDI,
Math 3 and Prox 1 (126-128). Moreover, recent studies have illustrated that the bHLH
factor Ptfla acts downstream of Foxn 4 to control amacrine and horizontal cell
development by regulating other terminal differentiation factors such as the horizontal
cell specific factor Lim-1 (129, 130).

In the mouse retina horizontal cells become postmitotic between E11 and E16

while the generation of amacrine cells spans a period of two weeks beginning at E11 and
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Figure 15: RNA in situ hybridization analysis of gene expression in the developing
retina of Atrx KO mice.

RNA in situ hybridization for bHLH and homeodomain transcription factors implicated
in amacrine and horizontal cell development in the retinas of Atrx KO and wildtype
littermates at E13.5, E15.5 and P0. Altered expression of Foxn4, Math3 and Prox] was
noted at E15.5 and PO in the Atrx KO retina. Pax6 expression was unaltered as was the
expression of Math5 an important regulator of ganglion cell fate.
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ending at postnatal day 3 (P3) (131). We therefore examined via RNA in situ
hybridization analysis, the expression of transcription factors important for amacrine and
horizontal cell fate between E13.5 and P0. As illustrated in Figure 15, at E13.5 RNA in
situ hybridization analysis revealed no changes in the expression of the bHLH genes
Math 3 and Math5 or in the HD gene Pax6 and Prox! and the winged helix loop helix
transcription Foxn4. The expression of the bHLH genes Math5 as well as the HD gene
Pax6 remained similar in both wildtype and Atrx KO retinas at E15.5 and at birth.
However, on two separate occasions, notably differential gene expression levels starting
at E15.5 was observed in mutant retinas for some of these factors. A decrease in Math3
and Prox! expression was observed at E15.5 and persisted until birth while Foxn4
appeared to be increased in the retinas of conditional KO at the same time points (Figure
15). To confirm these changes we carried out real time RT-PCR analysis on the retinas of
E17.5 animals. Albeit a greater than 2-fold decrease in Atrx expression in Atrx KO
retinas, no changes in expression of key regulators of amacrine and horizontal cell fate
was observed (Figure 16). As illustrated in Figure 16, Chx 10, Foxn 4, NeuroD1, Math3,
Pax6, Prox1, Ptfla and the terminal horizontal differentiation marker Liml were

expressed at similar levels in both wildtype and Atrx KO retinas.

3.3.2 Loss of Atrx has no impact on embryonic amacrine cell birth

Although we were unable to quantify changes in the embryonic gene expression
profile of Atrx KO retinas, it remained a possibility that the phenotype observed in Atrx

KO animals reflected a failure to generate amacrine neurons. Therefore, we
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Figure 16: Genes involved in the specification of amacrine and horizontal cells are
expressed normally in Atrx KO

Quantitative RT-PCR analysis on RNA isolated from whole retina at E17.5 for the
indicated genes. The results are presented as the expression of each gene relative to
wildtype levels £ s.e.m. All levels were standardized to GAPDH and 18S expression.
Note that Atrx expression is significantly decreased by 2.3-fold in Atrx KO retinas. No
other significant changes in key regulators of amacrine and horizontal cell fate such as
Foxn 4, NeuroDI, Neuro D4, Pax6, Proxl, Ptfla and Liml was observed. ChxI10
expression served as an internal control and was also unaltered in ATRX KO retinas.
(*p<0.008; n=7 Student T-TEST)
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performed BrdU birthdating experiments to address whether the reduction in amacrine
cell number resulted from impaired embryonic development.

Pregnant females were injected with two doses of BrdU, at a two hour interval, to
label cells in S-phase at three embryonic stages (E13.5, E15.5 and E17.5) and pups were
harvested at birth. Retinas were stained with anti-BrdU antibodies and cells with intense
BrdU labeling were scored as birthdated on the day of BrdU injection. The number of
intensely labeled cells located in the inner half of the INBL (amacrine cells) or the GCL
(displaced amacrine cells and RGC) were quantified. As shown in Figure 17, similar
numbers of BrdU positive cells were found in both the INBL and GCL of wildtype and
Atrx KO retinas. Thus it appears that Atrx is not required during embryonic development
for the generation of amacrine cells and RGCs but may have an important role later on

during differentiation.

3.4 Postnatal amacrine and horizontal cell survival is compromised in
Atrx KO retinas

As the generation of amacrine cells at embryonic stages was unaltered in our
mutant animals, this prompted us to look at the status of amacrine cells at different stages
in the post-natal retina. The number of Pax6 positive amacrine cells was not significantly
different at P7 and P10 in both wildtype and mutant retinas (Figure 18 C). By P14, the
number of amacrine cells was reduced, albeit not significantly. However, by P17 there
was a significant reduction in amacrine cell number in the KO retina. Loss of amacrine
cells was not progressive after P17, as the reduction in amacrine cell number was

equivalent in the adult KO retina. Amacrine cell loss was not associated with an increase
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Figure 17: Amacrine cell reduction in Atrx KO retinas is not secondary to impaired
generation of this cell type.

Pregnant females were injected with BrdU at E13.5, E15.5 or E17.5. Pups were harvested
at PO and immunostained with anti-BrdU antibodies. Cells with intense BrdU staining
were considered to have exited the cell cycle on the day that they incorporated the label
and were scored as “born”. The number of heavily labeled cells in the (A) GCL and (B)
inner neuroblast layer (INBL) from animals receiving a 2 hour pulse of BrdU on the
indicated days was scored. The cells located in the lower half of the INBL are amacrine
cells, cells in the GCL layer could be amacrine or RGC cells. No significant difference in
the number of birthdated cells in the GCL or INBL was observed in the retinas of Atrx
KO compared with wildtype littermates.

62



A)

B)

100

70

s of BrdU® cells in the INBL / 700um?

 EWt OATRXK

E13.5

E15.5 E17.5

~ mWt OATRXKO

60 - |

E13.5

E15.5 E17.5



Figure 18: Loss of horizontal cells occurs before P7 while gradual loss of amacrine
cells occurs between P10 and P17 in Atrx KO retinas

A) Calbindin immunoreactive horizontal cells were reduced as early as P7 in Atrx KO
retinas. B) In wildtype animals, the timing of horizontal cell death coincides with a
change in Atrx subnuclear localization in horizontal cells from heterochromatin to
homogenous nuclear as shown by calbindin-Atrx colocalization. C) The number of Pax6
positive cells in the INL of wildtype or Atrx KO was quantified at the indicated times. A
small but non-significant reduction in the number of Pax6+ cells was observed in Atrx
KO retinas at P14. A significant reduction in the number of Pax6+ cells was observed by
P17 and in adult retinas. D) Immunohistochemistry for Atrx shows that in wildtype mice,
the period of amacrine cell loss also coincides with a change in Atrx nuclear localization
in amacrine cells. E) No significant increase in TUNEL positive nuclei in the INL was
detected at P10, P14 or P17 in Atrx KO retinal section counterstained with DAPI.
(*p<0.01;**p <0.05 n>3 Student T-TEST)
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in TUNEL staining in retinal sections of KO retina (Figure 18 E and data not shown).
Interestingly, the loss of amacrine cells coincides with a change in Atrx subnuclear
localization. At P7, Atrx staining in the inner half of the INL and GCL gives rise to a
nuclear speckle staining which colocalizes with regions of intense DAPI staining, a
pattern consistent with the heterochromatin colocalization of Atrx previously reported in
murine cells (92). This nuclear speckle staining pattern gradually changes to a
homogenous Atrx nuclear staining pattern by P17 (Figure 18 D). This change in Atrx
nuclear localization does not reflect a change in the status of pericentromeric
heterochromatin as intense DAPI staining persists in all cells of the INL in the murine
retina.

Horizontal cells are also decreased by ~37% in Atrx KO animals. For this cell
type we observed a decreased number of calbindint+ horizontal cells by P7 in our mutant
retinas. As illustrated in Figure 18 A, the decline in the number of horizontal cells did not
significantly progress after P7 as a similar reduction in calbindin positive horizontal cells
was found in both P7 and adult retina (33% vs 37%). Similar to amacrine cells,
subnuclear localization of Atrx is altered in horizontal cells around P7 when presumably
these cells are lost. Taken together our results illustrate that disruption of Atrx
expression in the retina results in the gradual loss of amacrine cells in the post-natal
retina between P10 and P17 and correlates with a switch in Atrx staining pattern.

Furthermore, loss of Atrx impairs horizontal cell generation or survival prior to P7.
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3.5 Characterization of visual system phenotype of Atrx KO mice and
ATR-X patients ‘

3.5.1 ATRX KO mice have impaired visual function

To investigate if the amacrine and horizontal cell phenotype in Atrx KO animals
resulted in impaired retinal function, we performed electroretinograms (ERGs) on dark-
adapted adult wildtype and Atrx KO animals. ERGs measure the electrical response of
the various components of retina to photic stimulation. These tests are normally divided
into a hyperpolarizing a-wave and a depolarizing b-wave that assays photoreceptor and
inner layer function respectively. ERG recordings revealed comparable a-wave amplitude
in both Atrx KO and wildtype littermates (Figure 19A). Latency times were also
unaffected in Atrx KO (Figure 19B). However, there was a 30-35% reduction in b-wave
amplitude in Atrx KO at the five highest light intensities tested (Figure .19C). As the b-
wave is indicative of INL function, it is likely that the amacrine and horizontal cell

phenotype exhibited by Atrx KO contributes to the attenuated ERG reading observed.

3.5.2 ATR-X patients exhibit a variety of visual defects

To determine if the observation noted in our animal model was relevant to the
clinical manifestation of ATR-X syndrome, we surveyed the clinical findings of ATR-X
patients to determine if the severe phenotype exhibited by these patients may have

overshadowed subtle sensory defects, such as impaired vision.
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Figure 19: Impaired retinal function in Atrx KO animals

ERGs were recorded from 6-8 weeks old wildtype and Atrx KO littermates under dark-
adapted (scotopic) conditions. Average amplitude + standard error of the mean for the a-
wave (A), the latency time (B) and the b-wave amplitude (C) at the 7th to 11th steps are
graphed. A 30-35% decrease in b-wave amplitude was observed in Atrx KO animals
(*p<0.0004; n=22, ANOVA analysis)
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After surveying the clinical findings of 202 patients, which are currently or had
previously been under the care of a physician, we observed that in 23% (47 out of the
202) patients, visual anomaly had been previously annotated. These are summarized in
Table 3. Strabismus, myopia, pale disc and optic nerve atrophy or hypoplasia were the
most common visual deficiency observed amongst ATR-X patients. Two ERG recordings
from two distinct ATR-X patients were obtained. The first which had been performed on
an infant had high background noise and was deemed un-interpretable. The other ERG
recording we obtained had been performed many years ago on a now deceased patient.
This patient had been diagnosed with strabismus and optic nerve atrophy. ERG recording
had a reduced response characterized by a delay in peak latency. Nevertheless, in most
instances there appeared to be no follow up to the original diagnosis. This may reflect the
minimal significance of the eye defect as compared to their other symptoms. Moreover,
this also suggests that visual defects may be significantly under-reported in ATR-X
patients. Nonetheless, the clinical data suggests a role for ATRX in the developing visual

system and therefore warrants further study.

4.0 Discussion

In recent years, advances in genetics have allowed for the rapid identification of
many disease causing genes. These studies have brought to light the involvement of
many epigenetic regulators in the development and pathogenesis of human disorders. Of
particular interest have been the mediators of chromatin structure which are located on

the X chromosome. Studies to date have illustrated that a number of these genes are
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Table 3: Prevalence of visual anomaly in ATR-X patients
Noted is the prevalence of different visual phenotypes annotated in 47 ATR-X patients. A
total of 47 patients of a total of 202 surveyed were found to have clinical annotation of

visual system anomaly.
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Phenotype % of ATR-X patien‘ts
affected (N=47)

Strabismus 34%
Myopia 26%
Pale disc 19%
Optic atrophy or hypoplasia 15%
Squint {convergent and divergent) 15%
Nystagmus 11%
Coloboma 4%
Blindness 4%
Astigmatism 4%




implicated in severe developmental and cognitive delay. Exarhples of these include,
MECP2, PHF6 and ATRX which lead to Rett Syndrome, BFLS, and ATR-X syndrome
respectively.

Although the causative gene for many diseases have been identified, the
functional role of the encoded protein often remains ambiguous at best. In this regard,
ATRX is a prime example. The undefined role of proteins such as ATRX is a major
obstacle in the development of effective treatment options. In the present study, we
sought to better comprehend the biological function of ATRX to gain a better
understanding of the molecular basis for the phenotype observed in patients.

Its chromatin remodeling activity as well as the early requirement for Atrx during
embryogenesis has led us to propose that it may be involved in the modulation of genes
that are critical for the maturation of the central nervous system. As studies of the CNS
can pose quite an obstacle due to its overwhelming complexity, we utilized the retina as
our model. The use of the retina as a model of CNS development is quite advantageous as
tissues are easily accessible and neuronal cell genesis in this system is well defined and
highly conserved. In addition, the use of the retina enabled us to explore the possible

visual system deficit in ATR-X patients, which to date, has been mostly disregarded.

4.1 Atrx is widely expressed in the developing and mature retina

Consistent with previous observations in the developing cortex, Atrx expression
was found to be ubiquitous in all retinal progenitors as of E13.5. Atrx expression within

the neuroprogenitor pool persisted throughout retinal development (Figure 6) (100). As
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previously reported in murine cells, within retinal progenitors Atrx expression was
nuclear and coincided with heterochromatin as identified by regions of intense DAPI
staining (92, 100). Again, similar to what has been observed during murine cortical
development, upon retinal differentiation more intense Atrx staining was detected in post-
mitotic cells, as compared to the progenitor population. This may reflect higher levels of
protein in differentiated retinal cells (Figure 6 D-I) (100). In the mature retina Atrx
expression was maintained in all cell types with the exception of rod photoreceptors
(Figure 7A-F). Albeit still nuclear, Atrx expression in ganglion, amacrine, horizontal,
bipolar and Miiller cells was diffuse and no longer coincided with DAPI bright spots and
heterochromatic regions. However, in cone photoreceptors, Atrx staining was found to be
- weak and perinuclear (Figure 7 G and H).

The change in Atrx expression patterns from pericentromeric heterochromatin to a
diffuse nuclear staining pattern may indicate a shift in the set of target genes modulated
by Atrx during retinal development. In support of this, disease causing mutations have
been shown to alter the nuclear localization of ATRX away from PML nuclear bodies
where it is normally found, thus suggesting that proper Atrx localization is essential for
proper CNS development (89). As Atrx expression is absent from rod photoreceptors and
is perinuclear in cone photoreceptors this seems to suggest that mature photoreceptors do

not require the chromatin remodeling activity of Atrx for their maintenance and survival.

4.2 Ablation of Atrx results in retina dysplasia
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As we found Atrx to be abundantly expressed in the retina, we determined it
would be an appropriate model to study the impact of Atrx ablation on CNS
development. To gain a better understanding of the molecular basis for the clinical
phenotype observed in ATR-X patients and to further elucidate the function of Atrx in
neuronal development, we generated a murine model in which Atrx inactivation is
confined to the peripheral retina. At the age of maturity, these o-cre;Atrx™ (Atrx KO)
mice exhibited retinal dysplasia characterized by a reduction in the thickness of the INL
and IPL (Figure 9). Thinning of the INL was attributed to a reduction in cell number;
more specifically a reduction in horizontal and amacrine interneurons while the observed
reduction in the IPL was credited to the loss of amacrine cell processes which form
synapses with ganglion cells in this region (Figure 9 K and L vs O and P, Figure 10 A
and B). With the exception of horizontal cells and amacrine cells which were reduced by
37% and 25%, respectively; immunohistochemical analysis revealed that no other retinal
neuronal cell types including ganglion, bipolar and cone photoreceptor cells were altered
in Atrx KO retinas (Figure 10 C). The phenotype observed was specific to the regions of
Atrx ablation, as an attenuated mutant phenotype was observed in the central retina where
Atrx expression was abundant (Figure 13). In addition, a similar phenotype was not
observed in mice which did not express SNF2L, a chromatin remodeling protein of the
ISWI family, thus indicating the specificity of our phenotype to a loss of Atrx (Figure
14).

Morphological studies of the mammalian retina have identified close to 30
distinct subtypes of amacrine cells (124). Most of these amacrine subtypes were found to

be positive either for the neurotransmitter gamma-aminobutyric acid (GABA) or glycine
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(GLY). Together these two neurotransmitters account for about 70% of the amacrine
cells, with GABA+ and GLY+ accounting for 40% and 30% respectively (132).
Interestingly, all amacrine subtypes which were analyzed were found to be reduced
(Figure 11 A-M). The glycinergic amacrine cell population was globally reduced by 25%
as indicated by the decrease in glycine transporter 1 immunoreactivity. The most
characterized glycinergic amacrine subtype, AIl amacrine cells, was also reduced by 43
% as indicated by Prox! staining. Calretinin, another marker which can be used to
identify AIl amacrine cells was also significantly reduced. Starburst amacrine cells are
one of the most characterized GABAergic amacrine subtype and are identified by ChAT
immunoreactivity (133). Although we could not conclusively demonstrate a reduction in
ChAT+ cell number in retinal sections, ChAT immunoreactivity was obviously altered in
Atrx KO retinas. ChAT staining usually reveals two outer tracks in the IPL which
corresponds to starburst amacrine processes which synapse in both the OFF and ON
sublamina (109, 123). This pattern was significantly disturbed in Atrx KO mice and
ChAT+ processes appeared drastically disorganized (Figure 11 H vs K). Thus our data
suggests that Atrx is an epigenetic regulator essential for the specification of all amacrine
and horizontal cells in the mouse retina.

A18 amacrine cells are a glycinergic amacrine subtype which can be identified by
tyrosine hydroxylase immunoreactivity. A reduction in TH+ positive cell bodies could
not be identified in retinal sections due to the low density of this cell type in the murine
retina (450/retina) (134). Nevertheless, the amacrine dopaminergic network was
obviously disturbed in Atrx KO mice as shown by the reduction in the density of TH

positive cell bodies and varicosities in flat mount preparation (Figure 12). A similar
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alteration of the dopaminergic system has been observed in mice deficient for the
neurotrophins brain-derived neurotrophic factor (BDNF) and neurotrophin- 4 (NT-4)
(133, 135, 136). Interestingly, a known ATRX interacting protein MeCP2 has been
recognized as an important transcriptional regulator of BDNF expression (137, 138). As
in the case of MeCP2 deficient mice and Rett syndrome, it is plausible that diminished
neurotrophin expression may contribute to the phenotype observed in Atrx KO mice
(139, 140).

As shown in retinal sections, changes in the lamina-specific distribution of
calretinin and ChAT immunoreactive processes in the IPL were also evident in Atrx KO
retinas (Figure 11 H vs K). Such changes cannot be explained by misregulation of BDNF
or other neurotrophins as these two markers are unaffected in BDNF or NT-4 knockout
animals or by injection of neurotrophins (135, 136). Other molecules, such as cell
adhesion molecules are also known to impact the dendritic morphology within the CNS
including proper retinal lamination of amacrine and horizontal cell processes (141, 142).
More specifically, loss of N-cadherin, a member of the cadherin adhesion molecule
family, has been shown to be essential to mediate neurite outgrowth and targeting of
amacrine cells in zebrafish. Similarly, in the chick retina, N-cadherin mediates dendn'ticb
outgrowth of horizontal cells as well as proper dendritic targeting onto photoreceptor
synapses (142, 143). In support of the idea that Atrx is involved in mediating the
expression of one of the cadherin family members, the N-terminal domain of Dnmt3b
which shares considerable homology to Atrx has been shown to negatively regulate T-
Cadherin by suppressing the T-cadherin promoter (144). Consequently, T-Cadherin was

found to impede NGF-induced neurite outgrowth in PC12 cells (144).
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Recent studies have also shown that molecules such as DSCAM, DSCAM- likel
and Sidekick are required for proper targeting of neurite arborization of different
amacrine subtypes (145, 146). Because our amacrine phenotype targets all amacrine
subtypes tested, and targeting of different amacrine and horizontal cell stratification is
mediated by different molecules, it is possible that the chromatin remodeling activity of
Atrx is required at all of these distinct target genes.

Whether the apparent altered dendritic morphology in Atrx KO retinas is the
result of abnormal cell number or is the result of inappropriate synaptic connections due

to misexpression of one or more Atrx target genes remains to be determined.

4.3 Normal embryonic amacrine cell development in Atrx KO

We have shown previously that loss of Atrx in the forebrain and cortex results in
widespread hypocellularity due to increased apoptosis during the first wave of
differentiation (100). In contrast to the forebrain knockout, our birthdating analysis
reveals that amacrine cell generation is normal in a-cre;Atrx”” animals and that early
retinal lamination is unaffected by early cell death (Figure 17 A and B). Our birthdating
experiment also suggests that Atrx KO animals exhibit no defects in their
neuroprogenitor pool as amacrine cells are born in appropriate numbers. Our data also
contradicts a recent report which suggests that Atrx is required for cell cycle progression,
more specifically for chromosome dynamics during mitosis (96). This suggests that Atrx

may have cell type specific functions.

74



In support of the idea that chromatin remodeling associated with progenitor
competence towards an amacrine and horizontal cell fate does not require Atrx, the
expression of bBHLH and HD transcription factors required for amacrine and horizontal
specification such as, Foxn 4, NeuroD, Math3, Pax6, Proxl, Ptfla were unaffected in
our model as determined by qRT-PCR (Figure 16). Although there is some discrepancy
between our in situ hybridization analysis and our qRT-PCR data, the increased
sensitivity and the number of biological replicates used in our qRT-PCR analysis, makes
a strong argument for the results obtained via this method. Thus, our data confirms that in
the retina, in contrast to the forebrain and cortex, Atrx is not required for cell fate

determination but may be required for differentiated cell function and plasticity.

4.4 Thinning of the INL and IPL in Atrx KO is due to the postnatal loss
of amacrine cells

As amacrine and horizontal cell embryonic development appeared normal in Atrx
KO mice we looked at the post-natal status of these cells. Consistent with normal
amacrine cell genesis, the number of Pax6+ cells was similar at P7 and P10 in Atrx KO
and wildtype littermates (Figure 18 C). However by P14, a small but non significant
decrease in Pax6+ cells was observed in Atrx KO. By P17, a significant decrease in
Pax6+ cells was evident in Atrx KO retinas. The decrease in Pax6+ cells was not
accompanied by an increase in TUNEL positive nuclei in the INL (Figure 18 E). A
possible explanation for such an observation is that amacrine loss occurs over several
days and therefore the frequency of cell death may be too low to detect using this method

as retinal sections only offer a snapshot of the whole retina.
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Although our gene expression analysis suggests that horizontal cell development
is normal in Atrx KO mice we were unable to confirm by immunohistochemistry if
horizontal cells were properly generated in our model. As horizontal cells comprise less
than 3% of the cells in the INL, we were unable to perform birthdating to conclusively
determine if this cell type was generated in appropriate numbers (133). The mature
horizontal cell marker calbindin was not distinguishable before P7, a timepoint where
horizontal cells are already reduced by ~38% in Atrx KO mice (Figure 18 A). The LIM
class homeodomain transcription factor Liml is expressed in postmitotic, differentiating,
and mature retinal horizontal cells (147). Liml is thought to act cell autonomously to
direct differentiating horizontal cells to the appropriate laminar position in the developing
retina (147-149). Other groups have illustrated that Lim-1 expression can be detected by
immunohistochemistry as early as E18.5 in the mouse retina (147, 149). However, in our
hands numerous attempts with two different previously published and commercially
available antibodies were unsuccessful.

Therefore we attributed the retinal dysplasia observed in Atrx KO animals to the
gradual loss of amacrine cells in the postnatal period betweén P10 and P17. In addition,
the Liml expression profile at E17.5 as determined by qRT-PCR suggests that horizontal
cell development is normal in Atrx KO retinas. However, we were unable to conclude
when these cells were lost as they were already absent at P7, the earliest time point we
were able to positively identify horizontal cells by immunohistochemistry. As cell death
occurs much later in our model, in a post-mitotic cell population compared to the
forebrain KO, this suggests that Atrx plays different roles within distinct cell types of the

CNS.
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Loss of horizontal and amacrine cells correlated with a change in Atrx subnuclear
localization from pericentromeric heterochromatin to heterogeneous nuclear staining thus
suggesting a shift in Atrx chromatin activity (Figure 18 B and D). Interestingly, the
period of amacrine cell loss coincides with eye opening and retinal synaptic remodeling,
which could be indicative that Atrx is important for chromatin reorganization in response
to external stimuli as well as neurite extension and survival during synaptogenesis (131,
150).

Light stimulation has been shown to be required for the final maturation of
ganglion and starburst of amacrine cells. While a strong link between activity-induced
remodeling of ganglion cell dendrites and BDNF/TrkB receptors has been postulated, the
underlying cause of the light-dependent changes on the spacing of the ChAT tracks in the
IPL and the positioning of the cell bodies in the INL and GCL remains unknown (151-
153). As loss of amacrine cells coincides with eye opening and a change in Atrx nuclear
localization, it is possible that Atrx may be important for the epigenetic regulation of the
genome during light induced synaptic remodeling.

Although the above mentioned mechanisms can explain the pan-amacrine cell
death observed in Atrx KO mice, why the loss of amacrine cells is limited to 25% in
regions of Atrx ablation is unknown. This phenotype is similar to the one observed when
Atrx was deleted in the forebrain (100). Although there is a substantial increase in cell
death, this only translates to a 20-30% reduction in cell number in the cortical plate.
Previous unpublished work in our laboratory has shown that cell death in the absence of
ATRX, occurs in a p53 dependent manner (DJP, unpublished). p53 is a tumor suppressor

protein and an important transcriptional regulator of a number of signaling pathways
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which play a role in cellular responses to various stress signals (154). Previous studies
have shown that a certain threshold must be crossed in order to activate p53 dependent
cellular apoptosis (155, 156). Thus, through epigenetic regulation of apoptotic pathways

such as p53, Atrx may contribute to the balance between cellular apoptosis and survival.

4.5 Atrx ablation results in impaired visual function

Amacrine and horizontal cells are reduced by 25% and 37%, respectively in our
Atrx KO model. This reduction, albeit restricted to the periphery, was sufficient to induce
changes in ERG recording analyses on dark adapted animals. These results were
somewhat surprising, as ERGs record the response from the whole retina (103). Our
analysis revealed a significant decrease in INL function as measured by b-wave
amplitude. Consistent with normal photoreceptor number and structure, the a-wave
amplitude, was unaffected in our Atrx KO animals, as were the latency times.

While the a-wave is associated with photoreceptor response, the b-wave is
associated with the combined activity of the depolarizing bipolar cells and bipolar
dependent K+ currents affecting Miiller cells (103). The reduction in b-wave amplitude
thus suggests that the communication between photoreceptors and bipolar cells is
defective although our immunohistochemical analysis did not provide any anatomical
evidence to support this. The ERG component that is usually attributed to the interaction
of amacrine cells with bipolar and ganglion cells is the oscillatory potentials (OP).
Despite the reduction in amacrine cells in Atrx KO animals, OPs were clearly present in
Atrx KO ERGs. Although the oscillatory potentials were not directly quantified, no gross

delay or reduction was observed in Atrx KO animals although this may be due to the
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subtlety of the phenotype which is confined to the peripheral retina in these animals.
Attenuated ERG recordings in Atrx KO animals supports the notion that these animals
exhibit altered retinal circuitry due in part to the loss of horizontal and amacrine cells.
Loss of amacrine interneurons is commonly observed in diabetic patients and
diabetic animal models, such as the streptozotocin injected rat model and the Ins2/k
mouse (157, 158). Although a number of other retinal defects are present at various
degrees, a reduction in b-wave amplitude and decreased OP amplitude has been reported
in both animal models and diabetic patients suggesting that interneuron defects can
indeed alter the b-wave response (159, 160).
| Since Atrx is ubiquitously expressed in the INL it is possible that it impacts other
cell types as well as amacrine and horizontal cells. Bipolar cells were expressed in
normal numbers in Atrx KO mice as assayed by Chx10 staining. Furthermore, the rod
bipolar marker PKC, and the Miiller cell marker CRALBP also appeared normal in Atrx
KO mice although absolute cell numbers were not quantified (132). However, normal
number of Chx10 staining may not necessarily reflect normal bipolar function. For
example, deletion of V’'SX1 in mice results in normal Chx10 staining albeit a disruption in
cone bipolar cell differentiation and a decrease in b-wave amplitude (161). In light of
this, two other mechanisms may also contribute to the observed decrease in b-wave
amplitude. Perhaps Atrx is required for the expression of proteins essential for synaptic
transmission such as the inwardly rectifying K1 channel Kir4.1 on Miiller glia cells or

that synaptic dysfunction exists in Atrx KO animals beyond what has been observed

(103, 162).
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4.6 Visual system anomalies are present in ATR-X patients

Sensory organ phenotypes are often overlooked or mostly attributed to impaired
cortex function in patients with severe mental retardation (163-168). The mosaic deletion
of Atrx in our mouse model may therefore offer an interesting comparison to the retinal
phenotype observed in ATR-X patients, as patient mutations have been shown to give
rise to functional hypomorphs (89).

Here we present the first comprehensive report describing the prevalence of visual
system anomalies in ATR-X patients. A review of the clinical information confirmed that
23% of ATR-X patients (N=202) presented with an ocular phenotype, although this
number is probably still an underestimation due to the subtlety of such defects and the
severity of their other clinical features. Under reporting of visual system anomaly has
also been postulated in other rare mental retardation disorders such as Cri du Chat and
Mowat-Wilson syndrome (163, 168).

Although the analysis of our animal model does not reveal a precise visual
pathway phenotype, it does not recapitulate the phenotype observed in ATR-X patients.
This may be partly due to the widespread loss of ATRX in all CNS tissues in patients,
while in our mouse model; Atrx inactivation is restricted to the peripheral retina. Loss of
interneurons is not a phenotype unique to our model. This phenotype is a common feature
observed in animal models of diabetes and electrophysiologic studies in diabetic patients
suggest alterations in the neural retina which result in a loss of contrast sensitivity (169).
As ATR-X patients are unable to communicate, such a phenotype could only truly be

assayed by electrical measurement of visual function. Overview of the clinical data
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revealed that ERG analysis assessment had been performed on two patients although little

could be concluded from these analyses.

4.7 Futurevdirections

The present study brings into evidence the important biological role of Atrx as a
key mediator of interneuron survival in the mammalian retina. In contrast to what has
been previously published in other CNS tissues, Atrx was not required for early neuronal
cell survival, but rather for interneuron survival in the postnatal period at a time in which
the retina is prone to light induced synaptic remodeling. The molecular basis by which
interneuron survival is compromised in Atrx KO retinas remains to be determined and
therefore the first step in the understanding of this phenotype would be the identification
of specific target genes which may be susceptible to the chromatin remodeling activity of
Atrx. Microarray profiling experiments on retinal tissue derived from the peripheral
retina may help refine the search for Atrx target genes. Candidate genes identified by this
method would need to be prioritized on the basis of their pre-existing roles in synaptic
remodeling or cellular survival as well as further validated by techniques such as qRT-
PCR. Moreover, because amacrine cell loss coincides with eye opening, chromatin
remodeling by Atrx at these target genes may be in part regulated by light activation.
Dark rearing of animals may therefore provide valuable insight into the possible causes
of the amacrine and horizontal cell loss in Atrx KO animals. Dark rearing of Atrx KO
mice would enable us to determine whether Atrx ablation is associated with degenerative

changes in interneurons induced by light-mediated visual activity.
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ERG analysis revealed impaired visual transmission in Atrx KO mice. A closer
look at synaptic connectivity in both the IPL and OPL may reveal valuable insight as to
the nature of the visual pathway dysfunction in Atrx KO retinas. A number of synaptic
markers can be visualized by THC and may help us identify the underlying cause of the
reduced b-wave amplitude in Atrx KO mice. In addition, abnormalities in synapse
formation may also be examined at higher resolution by transmission electron
microscopy.

An overview of the clinical data revealed a number of visual phenotype
abnormalities in ATR-X patients. Additional consideration and reporting of ocular
dysfunction in ATR-X patients is required in order to determine the frequency of this
phenotype. If retinal dysfunction is found to be a hallmark of the ATR-X syndrome, ERG
analysis, like in the case of diabetic retinopathy, may prove to be a useful non-invasive

diagnostic tool for identifying ATR-X syndrome patients.

4.8 Conclusion

In conclusion, this is the first report which links with ATR-X syndrome with
visual system anomalies. Our experiments enabled us to conclude that ATR-X is an
important epigenetic regulator of amacrine and horizontal cell homeostasis in the
mammalian retina. Perturbation of amacrine and horizontal cells may be partly
responsible for the reduction in b-wave amplitude observed in Atrx KO mice and loss of
these cell types likely contributes to the vision phenotype observed in ATR-X patients.

In light of our findings, we speculate that investigation of an ocular phenotype by ERG
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analysis may offer an interesting diagnostic tool for the ATR-X syndrome and other

forms of severe mental retardation and thus warrants further investigation.
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Appendix 1: Sequence of primers used for gRT-PCR

Gene Primer sequence

185§ 5- CGG CTA CCA CAT CCA AGG -3°
5'-CTG GAA TTA CCG CGG CT -3

GAPDH | 5-TGA AGG GGT CGT TGA TGG -3’
5"-AAA ATG GTG AAG GTC GGT GT -3’

ATRX 5"-TGC ATT CTT GCC CAC TGT ATGG -3’
5’-CGT GCT GAA ATC CAG TTT GTC ACAC -3’

CHX 10 | 5-CGG CTT TAA ACC AGA CCAAG -3
5'-GGG CGT AGA CAT CTG GGT AG -3’

FOXN 4 | 5-GCACAA GTGGAA ACG AAA GGA -3
5°-CGG GCG GTC TGA GAT GAG -3’

Liml 5-TTATCT CCG GAT TCC CAA GATC -3
5 LCTGAGA CGTTGGCACTTTCAGA -¥

Neuro D1 | 5-GAA CAC GAG GCA GAC AAG AAAGA -3
5*-CTC CCC CGT TTC TCA GAG AGT -3’

Neuro D4 | -GAGTCA AGG CCAATGCTAGAG AA -3
5°-CCT AAG ATT ATC CAA GGC ATCATT C-3°

Paxé 5".GGC TAT TTT GCT TAC AAC TTC TGG -3’
5'-GTG CTG GAC AAT GAA AACGTAT -3’;
Pifla 5"-GCA CTC TCT TTC CTG GAC TGA -3’

5°-TCC ACA CTT TAGC TGT ACG GA -3°

96



Appendix 2: Markers of Amacrine cell subtypes

|Mnrker Amacrine cell subtype
Calbindin ATl some overlap with calretinin

Calretinin ATl small to medium-field diffuse amacrine and large-field stratified A19; Starburst
ChAT Starburst

Syntaxin Pan-amacrine

Pax6 Pan-amactine (also stains horizontal and ganglion cells)
Prox] ATI (also stains horizontal and bipolar cells)

TH Dopaminergic

97



Appendix 3: Contribution from Collaborators

Collaborators are listed in alphabetical order of their surname

Stuart G. Coupland: Associate Professor of Ophthalmology, University of Ottawa Eye
Institute. Dr. Coupland was instrumental in setting up the ERG protocol in order to
examine the oscillatory potential in ATRX KO mice. He also analyzed and interpreted
the patient ERG data as described in section 3.5.2.

Richard J. Gibbons: Scientist, Medical Research Council Molecular Haematology Unit,
Weatherall Institute of Molecular Medicine, John Radcliffe Hospital, Oxford, United
Kingdom. Dr. Gibbons provided the clinical data described in 3.5.2. More specifically, he
provided us with a list of ATR-X patients who had visual problems previously annotated
by a physician in their files. He also provided access to clinical notes and ERG results
for interpretation.

Chantal Mazerolle: Research Technician, Dr. Valerie Wallace’s lab, Vision Program,
Ottawa Health Research Institute. Ms. Mazerolle performed the initial characterization of
ATRX KO animals (Figure 9 panels D, H, I, J, K and O) and performed some of the in
situ hybridization experiments on PO animals as described in section 3.3.1.

YaPing Wang: Research Associate, Valerie Wallace’s lab, Regenerative Medicine
Program, Ottawa Health Research Institute. Dr. Wang assisted with the execution of the

ERG analysis on adult wildtype and ATRX KO mice as described in section 3.5.1.
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