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Abstract

The overall goal of my work has been to gain a better understanding of
Axenfeld-Rieger Syndrome (ARS), a human autosomal dominantly inherited mal-
development of the anterior segment of the eye that is associated with glaucoma.
By studying rare genetic causes of this complex disease we are gaining insight
into the initial steps that ultimately lead to blindness. To achieve the goal of better
understanding ARS, my research project had two parts.

In the first part, I performed a retrospective clinical study in which I analyzed
the glaucoma-related clinical presentation of ARS patients with FOXCI and
PITX2 defects. This study showed a good genotype-phenotype correlation which
may be important for the physician in dealing with ARS patients. Patients with
FOXCI mutations had the mildest prognosis in glaucoma development, while
patients with PITX2 defects and patients with FOXCI duplication had a more
severe prognosis in glaucoma development than patients with FOXCI mutations.
I tried to determine the best treatment for glaucoma in these patients.
Unfortunately, in this study, current medical therapies did not successfully lower
intraocular pressure or prevent progression of glaucoma in ARS patients with
FOXC1 or PITX2 alterations. This clinical study also provided useful diagnostic
criteria to identify the gene responsible for ARS.

The second part of the project was to study the gene regulatory pathways of
the PITX2 gene, mutations of which cause ARS. PITX2 is a transcription factor
that regulates the expression of genes in the eye. The discovery of direct

downstream targets of PITX2 is necessary for understanding the genetic



mechanisms underlying complex, highly regulated processes such as development
and underlying heritable human disorders. To find direct target genes of PITX2, I
have used a recently developed method: the hormone receptor (HR)-inducible
expression system for transcription factors coupled microarray analysis. The
results obtained using this method have involved PITX2 in control of cellular
stress. Recent investigations have suggested significant roles for cellular stress in
glaucoma pathology. Understanding the control of these key aspects of cell
function will have profound implications for understanding and treating the

glaucoma that is the most clinically serious consequence of mutations of PITX2.
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Chapter one: Introduction

This chapter contains some arguments presented in:

Strungaru MH, Dinu I, Walter MA. Genotype-Phenotype correlations in
Axenfeld-Rieger MalformationAxenfeld-Rieger  and glaucoma patients with
FOXCI1 and PITX2 mutations. Investigative Ophthalmology & Visual Science.

2007 [1]



Glaucoma

Epidemiology

The modern concept of glaucoma dates back to the mid-19" century when
glaucoma was recognized as a distinct group of ocular disorders. However,
glaucoma has been documented since the times of Hippocrates (460-377 BC),
Celsus (1* century AD), and Galen (130-201 AD) [2, 3]. In Hippocrates’s writing,
it appears as ‘“glaucosis”, but this term was applied to a larger group of blinding
conditions. The association between the elevated intraocular pressure and
glaucoma is found in 10" century Arabian writings [2].

Glaucoma is the second leading cause of blindness throughout the world, after
cataract and it is followed by age-related macular degeneration. In 2004, the
World Health Organization reported that 37 million people worldwide were blind
in 2002, from which 82% of people were 50 years or older. Glaucoma accounts
for 12.3% of global blindness (behind cataracts at 47.8% of global blindness) [2,
4, 5]. There are several reasons why glaucoma is now the second leading cause of
blindness. One important reason is the population growing older. It was reported
that the world population aged 50 and older has increased by 30% since 1990 [5].
Another reason is the decreasing rate of trachoma. In 1995, trachoma was
documented the second leading cause of blindness worthwide, before glaucoma.
In 2002, trachoma has decreased significantly as a cause of blindness, and is now
in seventh position (trachoma accounts for 3.6% of global blindness) due to the
Global Elimination of Trachoma Project and a better access to health care and

information.



Glaucoma is defined by the American Optometric Association (AOA) as “a
group of ocular diseases with various causes that ultimately is associated with a
progressive optic neuropathy leading to vision function loss” [4]. Glaucomatous
optic neuropathy is associated with a progressive loss of the visual fields, which
can lead to total, irreversible blindness if the condition is not diagnosed and

treated properly.

Overview of Aqueous Humor

The diagnosis and the management of glaucoma deal primarily with the
consequences of elevated intraocular pressure [2, 4]. Therefore, it is important to
be familiar with the physiological factors that control intraocular pressure (IOP)
and the dynamics of aqueous humor. In simple terms, IOP is a function of the rate
at which aqueous humor is produced in the eye (inflow) and the rate at which it
leaves the eye (outflow). When inflow is the same as outflow, a steady-state exists
and the pressure remains constant. When there is an imbalance, the result is either
hypotony or more often glaucoma. The two main structures important to aqueous
humor dynamics are the ciliary body, the site of aqueous humor production, and
the limbal region, which includes the trabecular meshwork, the principal site of
aqueous humor outflow [2, 4] (Figure 1). Aqueous humor appears to be formed
from plasma within the capillary network of the ciliary processes. The various
constituents of aqueous humor traverse the three tissue layers of the ciliary
processes (the capillary wall, stroma and epithelia) to reach the posterior chamber

by a combination of three mechanisms: ultrafiltration, secretion and diffusion [2,



4]. Ultrafiltration is the passive movement of substances regulated by the osmotic
and hydrostatic pressure gradients, while diffusion is the passive movement of
substances regulated by the concentration gradient; both mechanisms contribute
to a very small portion of the aqueous humor formation. The active secretion of
ions by the nonpigmented layer of ciliary epithelium accounts for 80% to 90% of
the total aqueous humor formation [2, 4]. Sodium transport appears to be the
principal mechanism for water movement. In this way, aqueous humor enters the
posterior chamber, between the iris and lens, flows through the pupil into the
anterior chamber angle and leaves the eye via structures in the anterior chamber
angle, primarily through the trabecular meshwork and Schlemm’s canal [6, 7].
Aqueous humor passes from Schlemm’s canal into the blood system in the

episcleral veins (Figure 1-1).

Risk factors

The characteristic optic neuropathy which is the common denominator of the
glaucoma group of disorders derives from various risk factors including increased
intraocular pressure (IOP). Although elevated IOP is clearly the most frequent
causative risk factor for the atrophy of the optic nerve, it is not the only factor.
Other risk factors which contribute to glaucoma development are age, race, family
history, corneal thickness, refractive error (such as myopic eye), previous ocular
trauma, topical steroid use on eyes and systemic diseases such as hypertension

and ischemic heart disease [4, 8, 9].



Figure 1-1. Normal aqueous humor outflow and iridocorneal angle structure

(A) Most aqueous humor flow is through the trabecular meshwork (large arrow)
and a small fraction is through uveoscleral routes (small arrow). Each pathway is
drained by the eye's venous circulation. Taken from [10].

(B) Histological sections of the peripheral part of the anterior chamber taken
from: http://education.vetmed.vt.edu/curriculum/vm8054/EYE/AQUEOUS.HTM.
(C) A three-dimensional representation of the trabecular meshwork taken from:

http://education.vetmed.vt.edu/curriculum/vm8054/EYE/AQUEOUS.HTM.
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Classification and Genetics

There are several systems by which glaucoma may be classified. The most
common are based on efiology, that is, the underlying disorder that leads to an
alteration in aqueous humor dynamics, and mechanism, that is, the alteration of
the anterior chamber angle which leads to an elevated IOP. Based on the etiology,
the glaucomas have been classified into the primary and secondary glaucomas.
The primary glaucomas are typically bilateral and probably have a genetic basis.
In contrast, the secondary glaucomas have predisposing ocular or systemic events,
may be unilateral or bilateral, and some may have a genetic basis, whereas others
are acquired. However, this classification is becoming increasingly inadequate, as
modern knowledge of the mechanism underlying the pathophysiology of the
glaucomas is expanding. Based on the mechanism, the glaucomas can be divided
into three groups: open-angle glaucoma, angle-closure glaucoma and congenital
glaucoma. Open-angle glaucoma (OAG) and angle-closure glaucoma (ACG) are
defined based on the angular width of the anterior chamber as assessed with
goniolens, narrowing of the angle resulting in ACG. Currently, the classification
of glaucoma is based on the way patients present to the physicians, or phenotypes.
However, now that a number of genes have been identified, the hope of being able
to reclassify these disorders based on genetic causes, or genotypes is being
realized. The field of genetics is becoming more important in understanding
molecular mechanisms and pathways. Since 1842 when a heritable form of
primary open angle glaucoma (POAG) was described for the first time (Benedict)

[11], a number of genetic loci have been reported and a smaller number of genes



have been identified. Glaucoma may be inherited as an autosomal-dominant,
autosomal-recessive or as a complex multifactorial trait. Genetic loci associated
with different forms of glaucoma have different chromosomal locations as shown
in Table 1-1. These loci have been group into three categories: GLC1, GLC2 and
GLC3, which correspond to primary open angle glaucoma (POAG), primary
closed angle glaucoma (PCAG) and congenital glaucoma, respectively. For each

locus identified, it is given an alphabetical letter after the GLC prefix.

Primary open angle glaucoma (POAG)

POAG occurs most frequently, accounting for more than 50% of all forms of
the disease and affecting approximately 2% of the world's population over 40
years old. POAG does not usually have a typical mendelian inheritance. POAG is
a complex disorder resulting from the interactions of multiple genetic factors with
the environment. According to age of onset, POAG is divided into juvenile-onset
POAG (JOAG) and adult-onset POAG. POAG is genetically heterogeneous,
which links to at least 20 genetic loci [12-23] (Table 1-1). There are currently 11
chromosomal loci assigned with GLC nomenclature (GLCIA to GLCIK), from
which only 3 of them (GLCI4, GLC1J and GLCIK) contribute to JOAG, while
the others contribute to adult-onset POAG [12, 13]. Three loci, discussed below,
have been characterized so far: GLCIA (myocilin, MYOC) [14], GLCIE

(optineurin, OPTN) [15] and GLCI1G (WD repeat domain 36, WDR36) [16].



GLCIA (myocilin, MYOC)

The first gene identified in 1997 for open-angle glaucoma was the myocilin
gene (MYOC) or formally called trabecular meshwork inducible glucocorticoid
response (TIGR) [17] localized on chromosome 1q24. It is expressed in the
trabecular meshwork (TM), the ciliary body and the retina; however it is also
expressed in many extraocular tissues, suggesting that it may not have an eye-
specific function [18, 19]. Approximately 3-5% of patients with adult-onset
POAG and 20% with early-onset POAG have defects in MYOC gene [20, 21].
MYOC mutations in European and American populations have a prevalence of
approximately 4% in adult onset POAG and over 10% in JOAG [21, 22], whereas
the prevalence of MYOC mutations is 1.1%—1.8% in Chinese POAG patients [23].
To date more than 70 disease-associated mutations in MYOC have been identified
[19, 24], with the GIn368STOP being the most common known glaucoma causing
mutation worldwide [21]. Other common MYOC mutations are Thr377Met [21]
and Pro370Leu, the last one causing severe juvenile-onset POAG [25]. Some
mutations are more common in early-onset POAG, while others are associated
with adult-onset disease. It has been suggested that glaucoma is more severe in
patients with mutations in both MYOC and CYPIBI genes [26]. Most of MYOC
mutations are found in the third exon of the gene which encodes the olfactomedin
domain, this domain participating in extracellular processes [21]. The role of the
normal protein in the outflow pathway is not well known. The normal protein is
detected in extracellular matrix being secreted from the cell; however it seems

that myocilin is not needed for the normal aqueous humor outflow [27-30].



Mutant myocilin appears to be misfolded and aggregated into the cell, suggesting
that disease-causing mutants may be toxic to the trabecular meshwork cells or
may prevent the secretion of other proteins that are important for the normal

function of the outflow pathway [30].

GLCIE (optineurin, OPTN)

The second POAG gene identified was the optineurin (OPTN), “optic
neuropathy-inducing” gene at the GLCIE locus [31], located on the short ARS of
chromosome 10. OPTN may have important roles in exocytosis, Golgi ribbon
formation and tumor necrosis factor-o (TNF-a)) apoptotic pathways [32, 33]. It is
believed that optineurin protects the optic nerve against apoptosis mediated
through TNF-a and mutation of this protein decreases the threshold for retinal
ganglion cells apoptosis in patients with glaucoma. Mutations in OPTN were
originally reported to account for approximately 16.7% of familial POAG from
normal tension glaucoma (NTG), and 12% of sporadic patients with POAG [31].
However, two studies in Caucasians [34, 35] and one study in Japanese [36]
reported no OPTN causative mutations in POAG patients. The most common
OPTN disease-causing variant is Glu50Lys [31]; individuals with this mutation

develop aggressive NTG with a lower age of onset.
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Table 1-1. Reported genetic loci for Glaucoma

Locus Chromosomal Gene Condition Inheritance References
name location identified Pattern
GLCIA 1g21—q31 MYOC Early and adult-onset Early-onset; [12]
POAG AD  Adult-
onset;
complex
GLCIB 2cen—q13 - Adult-onset POAG AD [37]
GLCIC 3q21-q24 - Adult-onset POAG AD [38]
GLCID 8923 - Adult-onset POAG AD [39]
GLCIE 10p15-pl4 OPTN Adult-onset POAG; AD [40]
low-tension
glaucoma
GLCIF 7q35—q36 - Adult-onset POAG AD [41]
GLCIG 5q22.1 WDR36 Adult-onset POAG AD, [16]
complex
GLCIH 2p16.3—pl5 -
GLCII 15q11—ql3 - Adult-onset POAG Complex [42]
GLClJ 9q22 - Early-onset POAG AD [13]
GLCIK 20p12 - Early-onset POAG AD [13]
GLC34 2p21 CYPIBI Congenital glaucoma AR [43]
GLC3B 1p36 - Congenital glaucoma AR [44]
GLC3C 14q924.2-q24.3 LTBP? Congenital glaucoma AR [45, 46]
Pending 14ql11 - Adult-onset POAG Complex [47]
- 4925 PITX2 Axenfeld-Rieger AD [48]
Syndrome
- 6p25 Foxci Axenfeld-Rieger AD [49]
Syndrome
- 13q14 - Axenfeld-Rieger AD [50]
Syndrome
- 16q24 - Axenfeld-Rieger AD [51]
Syndrome
7q35-q36 GPDS1 Pigment  dispersion AD
syndrome
11pl13 PAX6 Aniridia AD
9q34 LMXIB Glaucoma associated AD
with nail-patella
syndrome
I1p NNOI Nanophthalmos AD
11q12 VMD?2 Nanophthalmos AD
11923 MFRP Nanophthalmos AR

AD- Autosomal Dominant

AR- Autosomal Recessive
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GLCIG (WD repeat domain 36, WDR36)

The most recently identified gene for POAG is WDR36, mapping to the 5q22
locus [16]. The prevalence of WDR36 variations was found between 1.6% and
17% of patients with POAG [16, 52]. However, the involvement of WDR36 as a
causative gene in glaucoma is disputed, since some studies of families with
POAG mapped to the same region on chromosome 5, but have failed to identify
genetic variants in WDR36 [53-55]. WDR36 is a gene with 23 exons, which
encodes a 951 amino acid protein, and is expressed in lens, iris, sclera, ciliary
muscles, ciliary body, trabecular meshwork, retina and optic nerve. WDR36 is
involved in ribosomal RNA and interacts with p53 stress response pathway [56].
A recent work in yeast showed that the human- derived sequence variants in
UTP21, the yeast homologue of WDR36, presented an affected phenotype only in
the presence of stress-inducible S77/ (Stress-inducible protein 1) mutated
background [57]. The authors of this paper suggested that variations in WDR36
predispose to glaucoma; patients with WDR36 variations develop glaucoma only
in certain genetic context such as mutations of S7// or due to WDR36-

environment interactions [57].

Primary closed angle glaucoma (POAG)

Primary closed angle glaucoma is much less common than POAG and no

genetic component has been discovered yet.
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Primary congenital glaucoma (PCG)

Numerous developmental disorders associated with anomalies of the anterior
chamber angle can lead to elevated IOP. The initial event is in most cases a
genetic defect, although some may be acquired from an intrauterine insult. PCG is
the most severe form of glaucoma, the age of onset being before the age of three.
The anatomical defect is in trabecular meshwork, trabeculodysgenesis, and causes
increased IOP, corneal edema, photophobia, excessive tearing, and enlargement
of the cornea and opacity of the cornea. Three loci have been mapped for primary

congenital glaucoma (PCG): GLC3A, GLC3B and GLC3C (Table 1-1).

GLC3A (cytochrome P4501B1, CYPIBI)

CYPI1BI1 is believed to play a role in the secretion of aqueous humor and in
the development and regulation of outflow facility of the trabecular meshwork
[58]. Mutations in this gene increased IOP by interference with normal function
of the trabecular meshwork. Mutations in CYPIBI were found in 48% of French
PCG patients [59] but only 20% of Japanese patients [60]. The Human Gene

Mutation reported more than 100 mutations in CYPIB].

GLC3C (latent transforming growth factor beta binding protein 2, LTBP2)

The gene associated with GLC3C, LTBP2, has been recently identified [45,
46]. The latent TGF-beta binding protein 2 encoded by LTBP2 is localized to the
extracellular matrix proteins at the ciliary process [45]. LTBP2 contains multiple

epidermal growth factor (EGF)-like domains and transforming growth factor beta
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binding domains. The amino terminal of LTBP2 binds fibulin 5, while the
carboxyl terminal of LTBP2 binds fibrillin 1. Mutations in fibrillin 1 causes
Marfan syndrome characterized by skeletal, cardiovascular and ocular defects
(ectopic lenses and glaucoma) [61]. The function of LTBP2 is not known,
however it is believed that mutations in this gene affect the elasticity of the ciliary
body and trabecular meshwork resulting in increased resistance of aqueous fluid

outflow causing glaucoma.

Secondary glaucoma and LOXLI1 (lysyl oxidase like 1)

Most of secondary glaucomas are diagnosed when a potential etiology such as
ocular disease, orbital disease or corticosteroid usage could be identified. One of
the most common causes of secondary glaucoma is exfoliation syndrome. The
name of exfoliation syndrome comes from the abnormal accumulation of
exfoliative material in the anterior segment of the eye. The deposits of exfoliative
material can cause obstruction of aqueous flow and damage to the trabecular
meshwork leading to glaucoma. The prognosis of glaucoma caused by exfoliation
syndrome is worse than that of POAG due to higher IOP and greater resistance to
medical and surgical treatment. Worldwide, exfoliation syndrome accounts for
10-20% of glaucoma [62], being common in individuals over 60 years of age. A
recent genome wide study [63] identified LOXLI to be associated with exfoliation
syndrome. LOXL1 encodes for a protein with catalytic properties. LOXL1 binds
and catalyzes tropoelastine and fibulin 5. Alterations in LOXLI may affect the

catalytic activity and the interaction with tropoelastine and fibulin 5, resulting in
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accumulation of elastin fibers in the anterior segment of the eye, increased

resistance in aqueous flow and glaucoma.

The Axenfeld—Rieger malformation, discussed below, is one of several
congenital maldevelopments of the anterior segment of the eye that are associated

with glaucoma.

Clinical presentation of Axenfeld-Rieger Syndrome (ARS)

Axenfeld—Rieger malformation (ARS) is a rare autosomal dominant disorder
that affects anterior eye structures derived from the periocular mesenchyme [64,
65]. In 1920 [66], Axenfeld reported a patient with a white line in the posterior
portion of the cornea to which iris tissue was adherent and he named this
“posterior embryotoxon of the cornea”. In 1934, Rieger [67] described two
patients that had similar manifestations adding marked iris stroma and congenital
pupillary abnormalities. In 1935, Rieger called this condition as ‘“dysgenesis
mesodermalis corneae et iridis”. The similarity of anterior segment angle defects
described by Axenfeld and Rieger had led to the suggestion that these diseases are
part of the same group of disorders. In the past, Axenfeld-Rieger disorders were
divided into four groups: Axenfeld anomaly (AA), Axenfeld Syndrome (AS),
Rieger anomaly (RA) and Rieger Syndrome (RS). Initially, Axenfeld anomaly
was diagnosed when a patient presented with posterior embryotoxon and
peripheral anterior adhesions, while Axenfeld syndrome was diagnosed when the

patient presented systemic defects in addition to Axenfeld anomaly. Rieger
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anomaly was diagnosed when a patient presented with posterior embryotoxon,
peripheral anterior adhesions, iris hypoplasia, corectopia and polycoria, while
Rieger syndrome was diagnosed when the patient presented systemic defects in
addition to Rieger anomaly. Patients with ARS may present with ocular features
(Figure 1-2) which can occur with or without non-ocular features (Figure 1-3).
Because ocular and systemic defects overlap among the four groups of disorders
and the four groups of disorders are caused by mutations of the same genes, in
2000, the Axenfeld-Rieger group of disorders was recognized as one entity as

Axenfeld-Rieger Syndrome (ARS) [68].

Ocular features of ARS

The diagnosis of ARS refers to a heterogeneous constellation of dominantly
inherited ocular findings, including anomalies of the anterior chamber angle and
aqueous drainage structures. The eyes of an affected individual can appear with a
variety of defects (Figure 1-2). Schwalbe’s line (the termination of Descemet’s
membrane, a basement membrane of the trabecular meshwork) is prominently
visible in slit-lamp examination as a white or yellowish ring lining the iris of the
eye. This feature is called posterior embryotoxon (PE) and up to 15% of the
normal population may have milder forms [69]. The angle tissue in the affected
patients is abnormal and can include iridocorneal adhesions (peripheral anterior
synechiae-PAS). The iris can be hypoplastic (iris hypoplasia-IH) and often
disrupted such as corectopia (eccentric pupil) or polycoria (iris tears). Some

patients may present with iridogoniodysgenesis (IGD) which is iris hypoplasia
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and goniodysgenesis with excess tissue in the angle and anomalous angle
vascularity. The corneal endothelium and Descemet’s membrane may also be
absent in affected eyes. The corneal stroma is sometimes centrally opaque perhaps
due to edema associated with the permeability of the endothelial barrier. The
changes in eye morphogenesis in ARS are highly penetrant and my study
described in Chapter 2 showed that ARS is associated with an approximately 75%
risk of developing glaucoma in patients with FOXCI and PITX2 defects [70].
Glaucoma, which can lead to blindness, is the most important consequence of
ARS [71, 72]. Glaucoma in ARS patients can develop in infancy, but more
usually in adolescence or early adulthood. In rare cases, glaucoma has been
observed after middle age. As a result, patients with ARS remain at risk for

developing glaucoma throughout their lives.
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Figure 1-2. Ocular characteristics of patients with Axenfeld-Rieger
Syndrome [70]. Adapted from [1].

(A) Left eye of a patient with FOXCI duplication shows marked iris stroma
hypoplasia with exposure of the sphincter muscle.

(B) Right eye of a patient with FOXCI mutation shows marked iris stroma
hypoplasia with exposure of the sphincter muscle (generously provided by Dr.
Elise Héon).

(C) Left eye of a patient with P/7X2 mutation shows displaced pupil, iris atrophy,

polycoria, prominent and displaced Schwalbe’s line (posterior embryotoxon).
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Systemic features of ARS

ARS patients may also present with systemic malformations seen with
incomplete penetrance and variable expressivity. Non-ocular features typically
include facial, dental and umbilical defects. ARS patients may have a flat midface
due to maxillary hypoplasia. Dental abnormalities usually include fewer
(hypodontia) or smaller (microdontia) teeth than normal with a complete lack of
teeth (anodontia) being the most serious dental manifestation. The umbilical
feature is often failure of the involution of the periumbilical skin. In severe cases,
patients are dead at birth from gastrointestinal (GI) defects such as omphalocele
and failure of the abdominal wall to close. In rare cases, ARS patients may also
have pituitary defects such as empty sella syndrome and growth hormone
deficiencies resulting in growth retardation (GR). Hypertelorism, sensory hearing
loss and congenital heart defects (atrial and ventricular cardiac septal defects,

outflow tract abnormalities) are other systemic manifestations of ARS.

Genetic etiology of ARS

ARS is genetically heterogeneous. Genetic linkage analysis has revealed five
loci associated with ARS: the pituitary homeobox 2 gene (P/7X2) located at 4925,
the forkhead box C1 gene (FOXCI, formally called FKHL?7) located at 6p25 and
two unidentified genes at 13q14 and 16q24 [48-50, 73-76]. ARS due to deletion
of the paired-box transcription factor PAX6 has been reported in a single case [76,
77]. For 60% of patients with ARS, the causative mutation is unknown [76, 78]

(Mirzayans F, Walter MA, unpublished observations).
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Figure 1-3. Systemic malformations found in patients with Axenfeld-Rieger
Syndrome

(A) (B) Small, misshapen and absent teeth in an ARS patient, as previously
published in [79, 80].

(C) (D) Excessive periumbilical skin, as previously published in [79, 80].

(E) Maxilla poorly developed with flattened midface in an ARS patient, as

previously published in [80].
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Forkhead box C1 gene (FOXCI)
FOXCI structure

In 1994, Pierrou et al. [81] reported the cloning of seven human forkhead
orthologues from a craniofacial cDNA library, one of them being FREAC-3 (now
called FOXCI). In 1998 [49, 74], FOXCI was shown to cause anterior segment
dysgenesis. All members of the Forkhead gene family have a conserved, 110-
residue forkhead domain that it is responsible for DNA binding, localization to
the nucleus and protein-protein interaction [82]. FOX proteins are key regulators
of diverse cellular functions including the development of many organ systems,
energy homeostasis and oncogenesis [83-85]. FOXCI gene of 1.6 kb long
contains one exon and encodes a protein of 553 amino acids. Transactivation
function requires two activation domains and the activity of these domains are
attenuated by a central domain (215-366), the inhibitory domain [86]. The
inhibitory domain also appears to be a target for inhibitory phosphorylation by
protein kinases such as p44/42 ERK, implying that FOXC1 may be susceptible to

regulation via mitogen-potein kinase (MAP kinase) pathways [86, 87].

Disease- causing defects of FOXCI

The most common defects of the FOXC1 locus which produce AR phenotypes
are point mutations, however segmental and telomeric chromosome
rearrangements involving 6p25 are also present [88-90]. The intragenic mutations
of FOXCI include 23 missense mutations, six nonsense mutations and 17

deletion/ insertions/ duplication. All the missense mutations, except one, are
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within FHD and were shown to affect in variable degree the nuclear localization,
DNA- binding and transactivation function of the protein [49, 74, 75, 88, 91-99].
Chromosomal rearrangements involving FOXC1 mutations and producing a
spectrum of anterior segment disorder phenotypes are balanced translocation [74],
interstitial or telomeric deletions and interstitial duplications of the 6p25 [89, 92].
These findings taken together suggest both lower and upper thresholds for the
appropriate level of FOXCI activity in vivo [88, 90]. However, amounts of
FOXC1 activity do not correlate with the severity of the anterior segment

dysgenesis.

Foxcl mice phenotype
Heterozygous and homozygous null mutants mice of Foxc/ were generated

either from a targeted allele (FoxcI™ and Foxcl”™ respectively) or the

ch/+ ch/ch
1 1

spontaneous mutation congenital hydrocephalus (Foxc and Foxc
respectively). The heterozygote Foxcl mice have anterior segment abnormalities
similar to those observed in patients; however the IOP was not elevated [100].
These mice presented with failure of the formation of the anterior eye segment,
iris hypoplasia, thickening of the corneal epithelium, absence of corneal
endothelium and open eyelids. The homozygous Foxc/ mice die pre- and

perinatally with cardiovascular, ocular, severe skeletal defects and hemorrhagic

hydrocephalus [101].
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FOXCI target genes

In the past years, several different target genes directly regulated by FOXCl1
have been identified. 7BX1, a T-box transcription factor, was the first direct in
vivo target of FOXCI1 to be described [102]. FGF19, fibroblast growth factor 19,
was also shown to be a direct target of FOXCI1 [103]. FGF19 is secreted into the
aqueous humour where it signals through FGFR4 tyrosine kinase, to alter MAPK
phosphorylation in the cornea. Recently it has been reported that FOXCI1
regulates the expression of FOXO1A4 [104]. FOXOI1A4 is an important protein in
cellular stress response and apoptotic pathways implicating FOXC1 in oxidative
stress. FOXC1 also activates the DLL4 and HYE2 genes in VEGF- Notch
signaling pathway in arterial and venous endothelial cells [105]. FOXC1 has been
suggested to regulate expression of the homeobox genes MSX2 and ALX4 by
mediating BMP signalling [106]. Other genes (BMP2K, DACH, FVT-1, SIX-1,
PGE-2 receptor, BMP7, SMAD?2, TGF-BI, and WNT6) have been shown to be

potential targets genes for FOXC1 [107].

Pituitary homeobox 2 gene (PITX2)
PITX2 structure and isoforms

The PITX2 transcription factor was identified for the first time as an ARS
causing gene in 1996 [48]. PITX2 has six alternatively spliced exons which
produce four mRNA transcripts (PITX2A-D), however a translation product of
PITX2D has never been found [48, 79, 108-111] (Figure 1-4). All four human

isoforms share the same C-terminus, whereas they are different at the N-terminus
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[112, 113]. The PITX2A-C proteins contain a conserved 60 amino acid
homeodomain of the paired-bicoid class that it is responsible for DNA binding,
PITX2 localization to the nucleus and protein-protein interaction [82]. PITX2A
(271 amino acids) has a short N-terminus preceding the homeodomain, whereas
PITX2B (317 amino acids) and PITX2C (324 amino acids) have large, different
N-termini. PITX2D has a truncated, non-functional homeodomain [111]. The
second conserved region of PITX2 is OAR containing fifteen amino acids [114,
115]. The OAR domain was first identified as a conserved region between the
paired-like activators Orthopedia, Aristaless, and Rax. This domain is found near
the extreme C-terminus of homeoproteins. PITX2 A is the best studied isoform
and recent experiments showed that PITX2A has two activation domains and two
inhibitory domains [116]. The first activation domain is located between amino
acid 1 and 38 and it is specific to the PITX2A isoform. The second activation
domain is at the C- terminus, at residues 160-232 of PITX2A. The inhibitory
domains are located at residues 99-159 and 233-271 respectively. The second
inhibitory domain contains the OAR. Isoforms A, B, and C are widely expressed
in craniofacial and other tissue such as the pituitary and heart. Isoforms A—C have
been shown to transactivate different target gene promoters in vitro, to varying
degrees, suggesting that they have diverged functions [110, 111]. The D isoform
neither activates promoters nor binds DNA; instead, it has been proposed to serve

as a negative regulator of transactivating activity of the other isoforms [111].
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Disease- causing defects of PITX2

The most common defects of the PITX2 locus which produce AR phenotypes
are point mutations; however chromosome rearrangements involving 4q25 have
also been described. The chromosome rearrangements found in ARS patients are
in the forms of interstitial deletions, microscopic and submicroscopic deletions
and translocations involving 4925 [117-122]. Duplication of a distal region of 492
(including 4g25) has been found in one patient with hypoplastic left heart [123]
indicating that an increased PITX2 copy number may also be the cause of AR.
Forty one intragenic mutations of P/TX2 have been described to date, which
include eighteen missense mutations, four nonsense mutations, five splice-site
mutations and fourteen deletions/ duplications [48, 73, 76, 118, 124-129]. Fifteen
missense mutations out of eighteen are within the homeodomain. Most of the
intragenic mutations are loss-of-function mutations resulting in decreased or no
DNA binding, decreased or no transactivation and unstable protein. One PITX2
mutation, Lys88Glu, has a dominant negative effect on the wild-type protein [127,
130]. A single hypermorphic allele of PITX2 (V45L in the homeodomain) has
been identified in ARS, suggesting an upper limit for PITX2 activity in normal
ocular development [127]. As a result, tight control of PITX2 expression is
required for normal development of the eye as either too much or too little activity
of this transcription factor results in anterior segment defects and glaucoma. A
correlation between the dosage of normal PITX2 protein and the severity of the
phenotype has also been noted, as a dominant-negative mutation in PITX2 was

shown to result in a more severe ocular developmental phenotype [125, 131].
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PITX2 mutations may also cause other anomalies such as Peters anomaly and ring

dermoid of the cornea [132, 133].

Pitx2 mice phenotype

During mouse embryogenesis, Pitx2 is expressed in the tissues and organs
affected by ARS such as eye, face and dentition [134]. In the eye, PITX2 is
expressed in the structures of the anterior segment, sclera, ocular vasculature and
extraocular muscles [135]. In some studies, heterozygote (Pifx2"") mice do not
show any obvious phenotype [136], in other studies, these mice presented with
eye defects, tooth and abdominal wall defects [108, 137]. Homozygous null
mutant (Pitx2”") mice die early during embryogenesis due to heart defects [108,
136, 137]. Besides the heart defects, these mice presented with eye, tooth,

pulmonary, abdominal wall, pituitary, mandibular and maxillary defects.
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Figure 1-4. Isoforms of PITX2. Top: The four characterized protein isoforms of
PITX2 and their transcripts are schematically represented. The protein structure
of PITX2 shows the homeodomain and OAR domain. The exons that code for the
respective proteins are shown below each isoform. Checkered and stippled boxes
denote the differences in the N-terminal region of the isoforms. Bottom: Genomic
organization of the PITX2 gene; intron sizes are shown on the top, and exon sizes
are at the bottom. PITX2C and PITX2D RNA is transcribed using an internal
promoter shown as a striped box flanking exon 4.

The figure is based on [78, 79, 111].
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The eye defects include agenesis of the corneal endothelium and stroma, loss
of extraocular muscles, and optic nerve abnormalities. When Pitx2 is
overexpressed in mouse corneal mesenchyme, the eye phenotype is similar to
ARS and consists in corneal opacification, corneal hyperthrophy, irido-corneal

adhesions and retinal degeneration [138].

PITX? target genes

Several different downstream transcriptional target genes have been shown or
suggested for PITX2 in different organs, based on a variety of biochemical and
genetic experiments (Table 1-2). The most recent gene to be identified as a direct
target gene in mouse eye through chromatin immunoprecipitation was Dkk2
[139]. Dkk2 encodes an extracellular antagonist of Wnt/ B-catenin signaling and
the activation of this gene by Pitx2 is an important event during eye development.
In the pituitary, Pitx2 upregulates transcription of the prolactin gene, whereas in
the heart, transcription of the atrial natriuretic factor (ANF/NPPA) is upregulated
by Pitx2 [140]. Another two PITX2 downstream target genes that seem to have
relevance to ARS are the transcription factor distal-less homeobox 2 (DLX2)
expressed in the tooth and the pro-collagen lysyl hydroxylase (PLODZ2) expressed
in the eye. Dysregulation of DLX2 may explain the tooth phenotypes of ARS
patients, and dysregulation of PLOD may explain some of the ocular ARS
phenotypes. Data from human mutations in PITX2 and their effect on patient’s

teeth match the corresponding response of DLX2 reporter genes in cell culture
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[141]. Corneal overexpression of PITX2A is accompanied by a mild

downregulation of PLOD2 [127].

PITX2 and FOXCI in the same pathway

The PITX2 transcription factor is part of a large network of gene regulation,
which is only partially characterized at present. The recent discovery that PITX2
and FOXCI1 directly interact to negatively regulate FOXCI1 activity [64] provides
evidence that at least some portion of the regulatory pathway in the eye of these
two genes must be in common. The results of Berry et al study suggest that in
cells expressing both FOXCI1 and PITX2 proteins, PITX2 target genes are
expressed, whereas FOXCI1 target genes are inhibited by FOXCI-PITX2
complexes (Figure 1-5). When there are PITX2 loss of function mutations, PITX2
target genes expression is reduced, while FOXC1 target genes are inappropriately
activated.

The investigation of the downstream and upstream of PITX2 gene pathways is
necessary for understanding the development of the eye and also the normal
function of the adult eye. Altered regulation of these pathways may have
significant impact on the development and progression of glaucoma which is the

most important clinical consequence of PITX2 defects.
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Table 1-2. Proposed PITX2 target genes

Gene Name Cell type/ References
organ

ANFINPPA  Atrial natriuretic factor Heart [110]
BMP4 Bone morphogenetic protein 4 Tooth [142]
CcYcD? Cyclin D2 Pituitary, heart ~ [143]
DLX?2 Distal-less homeobox 2 Tooth [141]
Dikk2 Dickkopf homolog 2 Eye [139]
FGF8 Fibroblast growth factor 8 Tooth [137, 142]
HESXI Homeobox gene expressed in ESCs Pituitary [108]
LHX3 Lim-domain homeobox gene 3 Pituitary [79]

PRL Prolactin Pituitary [144]
PROPI Prophet of PIT1 Pituitary [108, 137]
PLODI Pro-collagen lysyl hydroxylase Eye [145]
TRIO Triple functional domain HelLa cells [146]

Abbreviations: ESC, embryonic stem cell; PIT1, pituitary-specific transcription

factor 1
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Figure 1-5. A link between PITX2 and FOXC1 pathways. Top: PITX2 target
genes are activated by FOXC1-PITX2 complex, whereas FOXC1 target genes are
repressed by the same complex. Bottom: Mutations of PITX2 result in no
expression of PITX2 target genes and activation of FOXCI target genes. Figure

adapted from [64].
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Chapter two:

Genotype-Phenotype correlation in ARS and glaucoma patients with FOXC1

and PITX2 mutations
This chapter contains arguments and text presented in:
Strungaru MH, Dinu I, Walter MA. Genotype-Phenotype correlations in

Axenfeld-Rieger Malformation and glaucoma patients with FOXC1 and PITX2

mutations. Investigative Ophthalmology & Visual Science. 2007 [1]
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Introduction

Axenfeld Rieger Syndrome (ARS) has been studied in detail from both
clinical and genetical points of view in the past few years. Several clinical studies
have been published [95, 129, 147-149] describing one or two families affected
with ARS. For example, Shields et a/ in 1985 [147] presented a family of twelve
individuals affected with ARS. This study suggested a 50% glaucoma incidence
in affected patients with ARS. However, studies including a large cohort of
patients affected with ARS have not been perfomed until now. This chapter
describes the results of a retrospective study on the largest cohort of patients with
ARS up to date. We included in this study 126 patients diagnosed with ARS in
whom our laboratory has previously identified disease-causing genetic defects in
either FOXCI or PITX2. The goals of this study were to gain a better
understanding of the ARS-associated glaucoma and insight into the best glaucoma
treatment for ARS patients. FOXCI and PITX2 mutations and PITX2 deletions
found in affected patients who participated in this study (Table 2-1) were
previously analyzed in our laboratory for their effects on the structure and
function of these two transcription factors. In this study, the absolute number of
probands and/or different families with ARS was too small for interfamilial
comparison of clinical presentation and precluded comparisons between
phenotypic parameters and the biochemical analysis of mutations, therefore the

absolute number of patients was used in this study.
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Table 2-1. Probands/families included in the study and their defects.

Probands Affected Defect References
individuals
FOXCI Mutation Family 1 7 S82T [49, 92, 97]
FOXCI Mutation Family 2 12 Q23Stop [98]
FOXCI Mutation Family 3 2 A363C *
FOXCI Mutation Family 4 2 L130F [150]
FOXC1 Mutation Family 5 2 L86F [33]
FOXC1 Mutation Family 6 3 Al10bp [49]
FOXCI Mutation Family 7 2 187TM [49, 92]
FOXC1 Mutation Patient 1 1 P297S *
FOXCI Mutation Patient 2 1 L86F [33]
FOXCI Mutation Patient 3 1 G165R [93]
FOXC1 Mutation Patient 4 1 R169P [93]
FOXCI Duplication  Family 8 46 Gene Duplication  [89, 90, 151]
FOXCI Duplication  Family 9 11 Gene Duplication  [89, 90]
PITX2 Mutation Family 10 12 R69H [130, 151]
PITX2 Mutation Family 11 12 AC416FS [76]
PITX2 Mutation Patient 5 1 Intron 2, G—T [76]
PITX2 Mutation Patient 6 1 AGI114FS [76]
PITX?2 Deletion Family 12 6 Gene Deletion®  [76]
PITX2 Deletion Family 13 2 Gene Deletion”  [76]
PITX? Deletion Patient7 1 Gene Deletion®  [76]
" Unpublished data
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Methods

This study adhered to the tenets of the Declaration of Helsinki and was
approved by the University of Alberta Ethics Board. Informed consent was

obtained from each subject.

Patients

I included in the retrospective study 126 patients diagnosed with ARS and
collected complete clincal data from 55 patients, incomplete clinical data from 45
patients, and 26 patients were lost to followup or did not wish to participate in our
study (Table 2-2). PITX2 mutations, PITX2 deletion and FOXCI mutations were
identified previously by Mr. Matthew Lines and Mrs. Kathy Kozlowski, graduate
students in Dr. Walter’s laboratory, by polymerase chain reaction (PCR) sequence
analysis. Microsatellite markers were used to map 4q25 microdeletions at a contig
scale. Fluorescence in situ hybridization (FISH) was used to identify the FOXCI
duplications and was performed in the laboratory of Dr. Rosemary Ekong,

University College London, London, UK.

Clinical data

Clinical data was collected through the examination of patient records and
through clinical questionnaires. The patient records were examined for local
patients. For ophthalmologists outside of Edmonton, Alberta, I sent a
questionnaire to physicians who referred the patients to us. I obtained information

regarding: the incidence of glaucoma among ARS patients, the age of diagnosis
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with ARS and with glaucoma, the distribution of ARS/glaucoma in females and
males, which ocular/non-ocular malformations were present, if the ARS-
associated glaucoma was present in one eye (unilateral disease) or in both eyes
(bilateral disease), which glaucoma treatment(s) was used, and if the treatment

was successful in managing the ARS-associated glaucoma.

Statistical Analysis

Statistical analyses was performed by Dr. Irina Dinu (Department of Public
Health Sciences, University of Alberta). Clinical data were tabulated and
compared using statistical analyses. Both eyes were statistically analysed for
ophthalmological tests. If no significant difference was found between the two
eyes, then the left eye (OS) was chosen for further statistical analysis. Frequencies
and cross-tabulations were constructed for categorical variables. For both
univariate and bivariate analyses, various tests were used, including asymptotic
and exact versions to protect against small counts. The Pearson Chi-square test or
Z-test assessed the difference in proportions for the univariate analysis. Two-
sided p-values were reported for tests with two-sided hypotheses, and one sided p-
values were reported for tests with one-sided hypotheses. Several situations were
identified for the bivariate analysis. The Pearson Chi-square test was used to
check for a significant relationship between the two variables when both variables
were nominal (Chi-square test with corresponding number of degrees of
freedom). When one of the variables was nominal, the response was ordinal, and

the measurements were done on the same patient (for example, visual acuity
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measured for OD and OS of the same patient), the Marginal Homogeneity test
was used to assess the difference in responses between the nominal categories.
The McNemar test was used to assess the difference in responses between the
nominal categories when one of the variables was nominal, the response was
binary, and the measurements were done on the same patient (for example, IOP
measured for OD and OS of the same patient). The Jonckheere-Terpstra (JT)
trend test was used to assess whether there was a monotonic relationship between
the two variables when both variables were ordinal. The Generalized Linear
Mixed Models and procedure GLIMMIX were used to account for correlations in
binary outcomes when patients were coming from the same family. It was not
necessary to make adjustments for multiple comparisons because the same
patients were not used for two comparisons. Statistical Analysis System and

Statistical Package for the Social Sciences were used to run statistical analyses.
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Results

Subjects Demographics

Our laboratory has identified FOXCI and PITX2 alterations in 20 different
probands, representing a total of 126 patients with ARS (table 2-2). From these
patients, 91 patients were found to have FOXCI defects (13 different probands),
while 35 have PITX2 defects (7 different probands). From 91 patients with
FOXCI defects, 57, representing 2 families, have FOXCI gene duplication and
34, representing 7 families and 4 isolated cases, have FOXCI mutations. From 35
patients with PITX2 defects, 26, representing 2 families and 2 isolated cases, have
PITX2 mutations and 9, representing 2 families and 1 isolated case, have PITX2
gene deletion. There was no significant difference in gender among patients with

ARS (p-value > 0.32; 48% females, 52% males).

Clinical features of ARS patients: Ocular and Systemic malformations
Patients with FOXCI duplication, FOXCI mutations, PITX2 deletion and
PITX2 mutations were tested for differences in clinical presentation. Patients who
participated in this study were usually diagnosed with ARS in childhood (0-15
years, p-value < 0.01). The ocular malformations found in ARS patients are
presented in Table 2-3. Notably, patients with FOXCI mutations are more likely
to have iris hypoplasia, corectopia, peripheral anterior synechiae (PAS) and
posterior embryotoxon (PE) than patients with FOXC1 duplication, while patients
with FOXC1 duplication are more likely to have iridogoniodysgenesis (IGD) than

patients with FOXCI mutations. Patients with PITX2 deletion are more likely to
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have PE than patients with P/TX2 mutations. Patients with PI7TX2 defects
(mutations and deletion) are more likely to have corectopia than patients with
FOXCI1 defects (mutations and duplication). Overall, patients with FOXCI
duplications are more likely to have iridogoniodysgenesis (IGD) than patients
with PITX2 defects, while patients with P/7X2 defects are more likely to have iris
hypoplasia (IH), corectopia, peripheral anterior synechiae (PAS) and posterior
embryotoxon (PE).. No other statistically significant differences in ocular clinical
presentation were found. For all ARS patients, irrespective of the type of defect,
the disease affects both eyes in all cases (p-value <0.05). The small number of
patients with polycoria or “other” ocular malformations (microcornea,
macrocornea, dyscoria) for any category of defect precluded statistical analysis
for differences in frequencies between the different categories.

The systemic malformations found in ARS patients are presented in Table 2-4.
Patients with FOXC/ mutations are more likely to have systemic malformations
than patients with FOXCI duplication (p-value <0.0001). Patients with PITX?2
defects are more likely to have systemic malformations than patients with FOXCI
defects (p-value =0.006). Patients with PITX2 defects are more likely to have
systemic malformations of the teeth, umbilicus, and facies than patients with
FOXC1 defects (p-value <0.04). No other statistically significant differences in
non-ocular clinical presentation were found. There were too few patients with
heart malformations and hearing loss with PI7X2 mutations and PITX2 deletion to

allow for statistical testing.
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Clinical features of ARS patients: Glaucoma

The incidence of glaucoma in ARS patients who participated in this study was
100% (29/29) for patients with duplications of FOXCI, 74% (17/23) for patients
with mutations of PITX2 and 75% (71/95) for all patients with ARS. Patients with
FOXC1 duplication are more likely to have an increased incidence of glaucoma
than patients with FOXCI mutations (p-value < 0.01). Patients with FOXCI
duplication also are more likely to have an increased incidence of glaucoma than
patients with PITX2 defects (p-value < 0.01). With respect to the age when
glaucoma was diagnosed, patients with ARS are more likely to develop glaucoma
in adolescence or early adulthood (under 30 years old, p-value < 0.01). However,
for patients with FOXC1 duplication, glaucoma is more likely to develop at early
age, in childhood (0-15 years, p-value < 0.01). Patients with FOXC! duplication
are more likely to develop glaucoma at an earlier age than patients with PITX2
defects (p-value = 0.01). No other statistically significant differences in the group
of age were found.

Factors known to be associated with glaucoma development in the general
population were examined, including family history, hypertension, ischemic heart
disease, myopic eye, previous ocular trauma and topical steroid use on eyes.
Regarding the risk factors, patients with FOXCI defects, either mutations or
duplication, patients with PI7X2 mutations, total patients with PITX2 defects and
all patients with ARS are more likely to have family history of glaucoma than not
to have family history (p-values = 0.00). Due to the small number of patients with

PITX2 deletion included in this study, family history was not found to be a risk
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factor for these patients (p-value = 0.70). Patients with FOXCI defects are more
likely to have family history than patients with PITX2 defects (p-value = 0.02).
For the rest of the risk factors (hypertension, ischemic heart disease, myopic eye,
previous ocular trauma and topical steroid use on eyes), patients with ARS and
glaucoma are more likely to have at least one risk factor than not to have one (p-

value = 0.01).

Ophthalmologic examination of ARS patients with glaucoma

Complete ophthalmic examination information, including visual acuity with
refraction, slit-lamp biomicroscopy, applanation tonometry, gonioscopy, dilated
fundus examination, and photography, when appropriate, was requested for each
patient. Visual acuity (VA) was reported with the best correction in place. VA
values were classified in 3 groups: good (20/20-20/40), fair (20/40-20/100) and
poor (< 20/200, counting fingers, hand motion, light perception or no light
perception). VA results of each group of genetic defects are displayed in figure 2-
1. Among patients with glaucoma, patients with FOXCI mutations have
significantly lower visual acuity and are more likely to have lost vision due to
glaucoma than those with FOXCI duplication (p-value < 0.02). Among patients
with glaucoma, patients with PITX2 defects are more likely to have fair or poor

vision and bilateral vision loss than those with FOXC1 defects (p-value < 0.03).
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Figure 2-1. Visual acuity results. Percentage of left eyes of ARS patients (A)
and ARS patients with glaucoma (B) with good (20/20-20/40), fair (20/40-
20/100) or poor (< 20/200, counting fingers, hand motion, light perception or no
light perception) visual acuity (VA) for each type of defect. There were too few
patients in the PI7X2 deletion group to apply any statistical tests. *Statistically

significant difference, p-value< 0.05.
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Visual acuity in glaucoma patients with P/7X2 mutations, in all patients with
PITX2 and in all ARS patients is significantly lower than visual acuity in patients
without glaucoma (p-value < 0.03). No other statistically significant differences in
visual acuity were found.

The diagnosis of glaucoma was based on the observation of at least two of the
following criteria: glaucomatous optic disc damage, glaucomatous visual field
defects, or high intraocular pressure (> 22 mmHg). Intraocular pressure (IOP)
data in this study were collected before applying any treatment. IOP was
measured for each eye and scored as either low (< 22mmHg) or high (> 22mmHg)
pressure. IOP results of each group of genetic defects are displayed in Figure 2-2.
The range of IOP in patients with FOXC/ defects is 15-68 mmHg and in patients
with PITX2 defects is 14-58 mmHg. Patients with FOXCI duplication, total
FOXCI1, PITX2 mutations and all ARS patients are more likely to have an
elevated IOP (> 22 mmHg) than to have a low IOP (< 2ImmHg, figure 2-2). For
both eyes, for all categories of patients, independent of the type of defect, elevated
IOP (> 22 mmHg) is significantly associated with glaucoma ( p-value < 0.05).
However, there is significant difference in IOP between OS and OD in patients
with glaucoma (p-value = 0.031). This difference of IOP in patients with
glaucoma might be due to differences in the central corneal thickness between the

two eyes.
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Figure 2-2. Intraocular pressure measurements. Percentage of left eyes of
ARS patients with low intraocular pressure (IOP< 21mmHg) and elevated
intraocular pressure (IOP > 22mmHg)) for each type of gene defect. There were
too few patients in the P/TX2 deletion group to apply any statistical tests.

*Statistically significant difference, p-value< 0.05
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Figure 2-3. Cup/Disc ratio of ARS patients with glaucoma (red) and ARS
patients without glaucoma (green). The mean of the Cup/Disc ratio
measurements in ARS patients was statistically higher than the mean of the
Cup/Disc ratio measurements in the general population (dotted lines). The means
and 95% confidence intervals (solid lines) are displayed for each data set. There
were too few patients in the PITX2 deletion group to apply any statistical tests.

*Statistically significant difference, p-value< 0.05.

54



Cup/Disc Ratio

1.1

0.9

0.7

0.5

0.3

0.0

Cup/Disc Ratio

A A
A
A
A
A
A A
A A
A A
_____________ A Al
A A
A
I I |
Total FOXC1 Total PITX2
A
-
A A
o _| A
o
A A
~
S T A A
A
A A
T}
S T A A A
A A
o 1 Ao 7 A m oo o e A
o
A A A o
- A A
o
o I I I I

FOXC1Mutation FOXC1Duplication PITX2Mutation PITX2Deletion

55



Cup/Disc ratio (CDR) measurements are displayed in figure 2-3 in reference
to each group of genetic defect. Abnormalities of the optic disc are defined as
excavation with the vertical CDR of 0.5 or more and asymmetric disc excavation
with a difference in vertical CDR of more than 0.2 between the two eyes. The
mean of the vertical CDR measurements in patients with FOXCI mutations,
FOXCI1 duplication, total FOXCI defects, PITX2 mutations and total PITX2 is
statistically higher than the mean of the vertical CDR measurements in the general
population (p-value < 0.05). However these patients do not have a difference in
CDR of more than 0.2 between the two eyes (p-value < 0.04). Unfortunately,
corneal thickness and visual fields parameters were obtained from too few

patients and no statistical test was applied for this information.

Treatment

The only proven method of treatment for glaucoma is reducing the intraocular
pressure. There are two ways to lower intraocular pressure: medication and
surgical treatment. Medical treatment consists of the use of topical ocular
hypotensive drugs, including the following classes of medications: beta-blockers,
alpha-2 agonists, carbonic anhydrase inhibitors, prostaglandins, miotics and
combination medication. Surgical treatment is an invasive procedure including
conventional surgery and laser. Conventional surgery is an incisional procedure
such as: trabeculotomy, trabeculectomy with or without adjunctive antifibrosis
therapy, glaucoma drainage surgery, or cyclodestructive procedures. Laser

surgeries used to treat glaucoma include: laser trabeculoplasty, laser peripheral
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iridotomy, laser peripheral iridoplasty and laser cyclophotocoagulation.
Congenital glaucoma is primarily a disease requiring surgery, with medical
management serving as a temporary measure before surgery or as postoperative
adjunctive treatment. Treatment data are displayed in figure 2-4. More than half
of total ARS patients received both medical and surgical treatments (57%, 29/51),
while 24 % (12/51) patients received only medication, 12% (6/51) patients
received only surgical treatment, and 8% (4/51) patients received no treatment.
The patients who did not receive treatment were either blind or were being
monitored (patients with glaucomatous visual fields defects, but low IOP).
Patients with FOXCI mutations, total FOXCI, and all ARS patients received
medication as first treatment (p-value <0.04). Results of treatment were assessed
based on the success in reducing IOP and maintaining a good visual acuity.
Results were “not successful” when IOP increased after treatment (> 22mmHg) or
when IOP was < 21mmHg, but with poor VA. Results were “successful” when
IOP lowered after treatment (IOP < 21mmHg) and “stable” when IOP was
maintained at the same level, without any increase in values. Glaucoma in only
18% of ARS patients responded to medical or surgical (used solely or in
combination) treatment. Treatment was not successful in 59% (23/39), successful
in 18% (7/39) and stable in 23% (9/39) of the ARS patients who participated in
our study. However, no significant differences in the results of treatment were
found in patients with either FOXC1 or PITX2 defects, independently of the type
of defect (p-value > 0.06). For ophthalmologic tests and treatment categories of

data, there were too few patients in the PITX2 deletion group to apply any
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statistical tests, or to compare the PITX2 deletion patients with PI7X2 mutations

patients.
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Figure 2-4. Treatment received by patients with ARS. A. Patients with FOXCI
mutations, FOXCI duplication and Total FOXCI defects were statistically more
likely to have both medical and surgical treatments than not (p-value <0.05). B.
Patients with P/7X2 mutations were more likely to have multiple surgeries than
have one surgery (p-value < 0.05), while patients with FOXC! duplication were
statistically more likely to not have multiple surgeries than to have them (p-value
<0.05). Patients with PITX2 defects were more likely to have multiple surgeries
than patients with FOXC1 defects (p-value < 0.05). C. No statistically significant
differences in the results of treatment were found in patients with either FOXC/

or PITX2 defects (p-value > 0.06). *-statistically significant
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Discussion

In the present study we conducted a retrospective examination of the
glaucoma-related clinical presentation of individuals with PITX2 or FOXCI
mutations. The investigation included the largest cohort of ARS patients ever
investigated. We found that ARS-associated glaucoma is a bilateral disease,
equally prevalent in males and females. 75% of total patients with ARS who
participated in this study developed glaucoma. This finding is not consistent with
previous reports that suggested glaucoma develops in approximately 50% of
patients with ARS. This discrepancy could be due to the larger number of patients
in our study, the fact that we only included ARS patients with known defects of
PITX2 or FOXCI, or a consequence of the high proportion of patients with
FOXC1 duplication in comparison with the proportion of patients with other types
of genetic defects included in this study. However, as in the previous reports,
glaucoma in these patients develops in adolescence or early adulthood. As
discovered in other glaucoma studies, at least one risk factor (any of family
history, myopia, hypertension, heart disease, trauma or optical steroids) was found
statistically to be associated with the development of glaucoma in ARS patients.
In our study, glaucoma in only 18% of patients with either PITX2 or FOXCI
genetic defects responded to medical or surgical (used solely or in combination)
treatment and more than half of total ARS patients received both treatments.
These findings suggest that current medical therapies do not successfully lower
intraocular pressure or prevent progression of glaucoma in ARS patients with

FOXC1 or PITX2 alterations, and that neither medication nor surgery appears to

61



be effective. However, failure to respond to the surgical treatment might be due to
surgical complications such as early fibrosis after trabeculectomy or the presence

of modifier genes.

Genotype-Phenotype correlations

Patients with duplication of FOXC] typically have IGD malformations and an
increased incidence of elevated IOP and of glaucoma (usually childhood-onset)
than patients with FOXCI mutations. In contrast, patients with mutations of
FOXCI1 present with iris hypoplasia, corectopia, peripheral anterior synechiae and
posterior embryotoxon. Thus, patients with FOXCI mutations appear to have a
more diverse clinical presentation than patients with FOXCI duplication. The
incidence of elevated IOP and glaucoma is lower and glaucoma develops later in
life in patients with FOXCI mutations than in patients with FOXCI duplication.
Therefore, on the basis of significant differences of glaucoma incidence and age
of onset of glaucoma, we suggest that patients with FOXCI duplication have a
more severe prognosis for glaucoma development than patients with FOXCI
mutations (figure 2-5). Interestingly, patients with non-ocular findings appear
likely to have FOXCI mutations rather than FOXC/ duplication. This suggests
that the eye is particularly sensitive to duplication of FOXCI. Due to the small
number of patients with PITX2 deletion, we could not statistically compare
patients with PITX2 mutations and PI7X2 deletion. Patients with PITX2 defects
typically have corectopia, visual acuity in patients with PI7X2 defects is worse

than that in patients with FOXC1I defects. Patients with PITX2 defects are more
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likely to have bilateral vision loss due to glaucoma than patients with FOXCI
defects. However, no patient with FOXCI defects has polycoria; visual acuity in
patients with FOXCI defects is better, and they are more likely to have unilateral
vision loss, than patients with PITX2 defects. The absence of polycoria in patients
with FOXCI defects is consistent with results reported in previous studies.
Patients with PITX2 defects required multiple surgeries to achieve the same
results of treatment as patients with FOXCI defects receiving single/ fewer
surgeries. Therefore, glaucoma in patients with PITX2 defects is more difficult to
treat than that in patients with FOXC! defects. Patients with non-ocular findings
are more likely to have PITX2 defects rather than FOXC1 defects. Taken together,
on the basis of significant differences in visual acuity, treatment outcome of
glaucoma, these results suggest that patients with P/TX2 defects have a more
severe prognosis for glaucoma development than patients with FOXC1 defects
(figure 2-5). Taking into consideration the recent finding that PITX2 inhibits
FOXCI activity [64], our model predicts that PITX2 defects might result in both
an inability to activate PITX2 targets and a gain of function activation of FOXC/
targets. Therefore, the severity of the ocular phenotype in patients with PITX2
defects might be the simultaneous consequence of P/7X2 haploinsufficiency and
a gain-of-function of FOXCI. The potential limitations of our study are the
absence of sufficient information regarding visual fields and central coreneal
thickness to allow statistical testing and the large number of patients coming from
a small number of families. These limitations might have some impact on the

results presented in this chapter.
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Figure 2-5. Severity of prognosis of glaucoma. Patients with FOXCI mutations
have the mildest prognosis in glaucoma development, while patients with PITX?2
defects and patients with FOXCI duplication have more severe prognoses in
glaucoma development. Glaucoma progression was defined as advancing of the
disease with increasing intraocular pressure, cupping of the optic nerve head, and

visual acuity defects despite intensified medical treatment or surgery.
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Chapter three:

Isolation of the genes directly regulated by PITX2 in adult eye tissues using a

novel hormone-inducible transcription factor expression system
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Introduction

Mutations in two known genes cause Axenfeld- Rieger Malformation (ARS):
PITX2 located at 425 and FOXCI located at 6p25. Linkage analysis suggested
another two loci to be associated with ARS, 13ql4 and 16q24; however these
disease-causing genes have not been identified [50, 51]. About 60% of the
patients with ARS do not have defects of either PITX2 or FOXCI (Mirzayans F,
Walter MA, unpublished observations), leaving the potential for discovery of
more causative genes for ARS. PITX2 is expressed in the developing eye having
key roles for the anterior segment of the eye formation. For example, Pitx2
knockout mice present with severe ocular dysgenesis features including agenesis
of the cornea, abnormal blood vessels, a dysgenic optic nerve and coloboma. [65].
PITX2 also continues to be expressed in adult eye, and recent experiments have
shown that Pitx2 is important in the extraocular muscles of mice after birth [152].
Loss of Pitx2 postnatally affected extraocular muscles function making, them
more fatigable than wild type mice. These results suggest that genes regulated by
PITX2 in adult eye tissues are important for the normal function of the adult eye.
We hypothesize that altered regulation and expression of the target genes of
PITX2 have key roles in ARS- associated glaucoma.

The goal of the rest of my thesis is to determine and characterize the genes
directly regulated by PITX2. To discover direct target genes of PITX2, I have
adapted a hormone (HR) inducible expression system coupled with microarray
analysis for PITX2. In this system, the ligand-binding domain of the truncated

form of human progesterone hormone receptor (hPR-LBD or PRG) is fused with
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PITX2 resulting in the formation of a molecule that acts as a steroid hormone
receptor. In the absence of the hormone, the HR-transcription factor molecule
remains in an inactive form by being complexed with intracellular proteins such
as Heat Shock Protein 90 (HSP90). The cells are treated with cycloheximide, a
protein synthesis inhibitor, to prevent any other new protein from being form. By
adding the hormone, mifepristone, the hormone-inducible construct binds to the
ligand and adopts a transcriptionally active form. The RNA is isolated twelve
hours postinduction, and gene expression profiles are compared using microarray
analysis (Figure 3-1). The microarray-based approach is the most promising high-
throughput screening method designed to identify novel target genes. Several
technical platforms are available for microarray-based analysis of differential
gene expression. Among these, the GeneChip technology has gained interest due
to its extensive genetic content, high level of reproducibility and the fact that it is
supplied ready for use with no start-up time required. Thus, using a microarray
with the hormone-inducible expression system provides a powerful technique for
identification of target promoters.

As a proof of principle, Dr. Fred Berry has developed and tested a hormone-
inducible expression system for FOXCI transcription factor which was recently
published [104]. Because this method successfully worked for FOXCI, I
conducted similar analyses of the PITX2 transcription factor. This chapter
describes the results obtained using the hormone-inducible expression system
coupled with microarray analysis for PITX2. The genes selected for further

analyses had their expression significantly changed in multiple microarrays, were
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expressed in the eye tissues, and contained binding motifs of PITX2 in their
upstream regions. Furthermore, the genes were validated by an independent
method such as northern blot analysis or semi-quantitative reverse transcriptase

polymerase chain reaction (RT-PCR).
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Figure 3-1. Schematic diagram of the hormone inducible expression coupled
with microarray analysis used to identify PITX2 target genes. The hormone
responsive construct transfected into the cells encodes a protein which remains in
an inactive form while complexed with HSP 90. The cells are pretreated with
cycloheximide (CHX) and the hormone, mifepristone, is added to activate the
construct. Twelve hours post-induction, the RNA is extracted and gene expression

profiles are compared using microarray analysis.
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Methods

Where not explicitly stated, the composition of all reagents used in the

following procedures is found in Appendix A.

Hormone inducible constructs for PITX2
All constructs used in the procedures described in this chapter were expressed

in the vector pcDNA4HisMaxA (Invitrogen).

HR-PITX2 (FOXCIAFHD Y HD PRG)

PCR was used to amplify the homeobox domain (HD) of the wild type
PITX2A. The PCR reaction of a total volume of 25ul contained 50ng DNA,
2.5ul 10x ThermoPol New England Biolabs (NEB) buffer, 2.5ul 2mM dNTPs,
0.125ul BSA (20pg/ml), 0.2ul Tag (NEB), 10 picomoles of forward and reverse
primers (5’-GATCATGGGCCCCAAAGGCAGCGG-3° and 5’-
ATGATCCGGACCGGGC TCCCTCTTTCTCCATTTG-3’) and was cycled in a
thermocycler for 35 cycles, with 67°C annealing temperature. The PCR products
were size-separated on a 1% agarose gel and purified using a QIAgen Gel
Extraction kit. The HD fragment was cloned into pGEM T (Promega) vector using
the manufacturer’s protocol, and then subcloned in-frame into Apal- RsrIl sites of
pcDNAFOXCI1-PRG (provided by Dr. Fred Berry), which is lacking the forkhead
domain (FHD). The final construct was sequenced to ensure the integrity of the

construct.
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PITX2-PRGC

PITX2-PRGC was provided by Tim Footz. The progesterone binding domain
(PRG) was inserted between the homeodomain and the C terminus of PITX2. A
BstBI site was cloned in PITX2A wt pcDNAHisMax [130] between position 138
and 139 via site-directed mutagenesis. The PRG was PCR-cloned from
pSWITCH vector (Invtrogen) and then cloned in-frame into the BstBI site of

PITX2A wt.

Cell culture and transfection

Human Non-Pigmented Ciliary Epithelial (NPCE) cells were grown in
Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Burlington, ON)
supplemented with 10 % heat inactivated fetal calf serum (Gemini Bioproducts,
Calabasas, CA). Cells were transfected using Fugene6 transfection reagent
(Roche) according to the manufacturer's protocol twenty four hours after the cells
were plated. Fugeneb6 is a highly efficient transfection reagent being composed by
a mixture of lipids. For protein expression, 4ug of plasmid DNA and 12pl of
Fugene6 were used for a 100mm transfection plate. For luciferase assays, NPCE
cells were transfected in 24-well plates using 160ng of PITX2 hormone-inducible
construct or empty vector, 60ng of the pGL3- thymidine kinase (TK) promoter
reporter plasmid (see below), 20ng of the pCMV beta-galactosidase transfection
control plasmid and 3ul of Fugene6 transfection reagent. For RNA extraction,
NPCE cells were transfected in 60mm well plates using 2ug PITX2 hormone-

inducible construct or empty vector and 6ul of Fugene6 transfection reagent.
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pGL3-TK was produced by replacing the SV40 promoter fragment of pGL3-
SV40 vector [130] in HindIII and BglII sites with the TK promoter from pRL-TK

vector (Promega).

Protein expression

Protein extraction was performed forty-eight hours after transfection to allow
optimal expression of the recombinant proteins. The cells were washed three
times with phosphate buffered saline (PBS) at room temperature and were
collecting by scraping in Iml PBS. The next steps were performed at 4°C. A cell
pellet was obtained by centrifugation at 3000g for 10 minutes. The supernatant
was removed and the pellet was suspended in a lysis buffer containing protease
inhibitors (PMSF and PIC). Samples were vortexed briefly and incubated on ice
for 45 minutes. The lysates were centrifuged at 13 000g for 5 min at 4°C and
assayed for total protein concentration using the Bradford assay. Western-blot
analysis was performed using a mouse monoclonal anti-Xpress antibody

(Invitrogen) against the pcDNA His/Max4 vector encoded N-terminal Xpress tag.

Transactivation assays

NPCE cells were cultured in 24-well plates at a density of 4x10* cells/plate
twenty four hours prior to transfection. Cells were transfected with HR-PITX2,
PITX2- PRGC or empty expression vectors along with pGL3-TK and pCMV
beta-galactosidase. At 36 hours post transfection, the cells were treated with either

mifepristone (10 M) or 20% ethanol. Cells were harvested after forty eight hours
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of incubation and luciferase activity was monitored following the manufacturer’s
protocol (Promega). Transactivations were performed in triplicates and repeated

at least twice for confirmation.

Hormone-inducible expression system

NPCE cells were cultured in 60mm well plates at a density of 1x10° cells/well
24 hours prior to transfection. Cells were transfected with HR-PITX2, PITX2-
PRGC or empty expression vector. Once introduced into cells, these constructs
remained in inactive form by being complexed with heat shock protein 90 (HSP
90), which binds to the steroid receptor. Cells were treated with cycloheximide
(100pg/ml) 36 hours post-transfection to provide an enrichment of mRNA
expressed directly in response to the transcription factor activation. Mifepristone
(10® M) was added after one hour of the treatment with cycloheximide. In
response to administration of the hormone, the transcription factor binds to the
ligand and adopts a transcriptionally active form. RNA extraction was performed

12 hours post-induction.

RNA extraction

RNA extraction was performed twelve hours after induction by washing the
cells twice in phosphate buffered saline (PBS), collecting the cells by scraping and
lysing the cells in the presence of 1ml Trizol (Invitrogen). Lysates were
homogenized by pipetting the lysate several times. The lysate was incubated at

room temperature for 5 minutes. After addition of chloroform and vigorously
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shaking, the homogenate was incubated at room temperature (2 min) and was then
centrifuged (12000g, 15 min, 4°C). The upper aqueous phase was collected in a
separate tube and 0.5ml isopropyl alcohol was added. The solution was incubated
at room temperature for 10 minutes and then centrifuged (12000g, 10 min, 4°C).
The pellet was resuspended in 1 volume of 70% ethanol and the solution was
centrifuged (7500g, 5 min, 4°C). Finally, the RNA was resuspended with 50ul

RNase-free water.

Microarray analysis

RNA extractions were performed in triplicates and subjected to microarray
analysis. The Affymetrix Human Genome UI33A microarray chips were
hybridized at the Laval University, Quebec. Biotin-labeled cRNA was fragmented
according to Affymetrix protocols. The fragmented cRNA from each sample was
hybridized to individual Affymetrix U133 A gene array chips, the hybridized chips
were scanned, and a scaling factor was applied to each chip using the DNA-Chip
Analyzer (D-CHIP) software to normalize the mean raw fluorescence intensity for
each chip to an average base-line fluorescence level. D-CHIP is a statistical
software package used to calculate fold changes between the hormone constructs
and the control. Statistically significant differences (p < 0.05) in the average
normalized fluorescence intensity of each transcript between the hormone-
inducible constructs and the empty vector samples were determined. These

analyses were done with the gracious help of members of Dr. Vincent Raymond
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laboratory (Mr. Elie Deilhes did the microarray analysis and the data was

analyzed by Mr. Pascal Belleau, graduate students in Dr. Raymond laboratory).

Computer based in silico analyses

The in silico tissue expression profile of each gene was determined via an
electronic  search of Stanford University database (http://genome-
www3.stanford.edu/cgi-bin/source/sourceSearch). The search of PITX2 DNA
binding motives (TAATCC, GGATTA, GGCTTAG or CTAAGCC) [153-155] on
the upstream region of each gene was performed on Stanford University
(http://genome-wwwS5.stanford.edu/cgi-bin/source/sourceSearch) and EMBL -
EBI -Sanger Institute (http://www.ensembl.org/index.html) websites. The gene
functions were determined using GoSurfer software found on GoSurfer website

(http://bioinformatics.bioen.uiuc.edu/gosurfer/).

Northern blot analysis

RNA samples were extracted from NPCE cells as described above. 25ug of
RNA was denatured in formamide-based denaturing buffer and subjected to
electrophoresis through a 1% agarose-formaldehyde gel. RNA was then
transferred to positively charged nylon membrane and immobilized by UV
crosslinking. The probes were digested from cDNA clones (Open Biosystems,
Table 3-1), denatured (95°C sand bath, 5 min and on ice, 5 min) and then labeled
with **P using a Random Primers Labeling Kit (Invitrogen). ExpressHyb solution
(Clontech) was used for prehybridization (68°C for one hour) and hybridization

(68°C for overnight) prior to washing with 2x SSC, 0.1 % SDS (room temperature
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for 45 min) and 0.1 x SSC, 0.1% SDS (50°C for 45 min). Biomax film (Kodak,
Rochester, NY) was then exposed to the northern blots for a minimum of 16
hours. Beta-actin was used as a probe to control for RNA loading according to the

manufacturer’s recommendations (Clontech).

Semi-quantitative reverse transcription—polymerase chain reaction (RT-
PCR)

RNA samples were extracted from NPCE cells as described above. Total
RNA was used as a substrate for semi-quantitative reverse transcription—
polymerase chain reaction (RT-PCR). A standard 20ul reverse transcription recipe
contained the following components: 2pg total RNA, 500ng oligo d(T), 0.5mM
dNTPs, 1x First Strand Buffer, 0.01M DTT, 40U RNaseOUT, 200U reverse
transcriptase (Invitrogen). cDNA specific PCR primers were designed using
Integrated DNA Technologies website
(http://www.idtdna.com/Home/Home.aspx) or Primer3 Output Program on the
Whitehead Institute for Biomedical Research web page (http://www.
Genome.wi.mit.edu) and are shown in Table 3-2. Reactions were cycled in a
thermocycler for 28 cycles. PCR products were separated using agarose gel
electrophoresis and visualized with ethidium bromide. 200ng RNA corresponding
to each construct (empty vector, HR-PITX2 or PITX2-PRGC) were used in 25ul
PCR as negative controls. Beta-actin was used as “input” control according to the

manufacturer’s recommendations (Clontech).
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Results

Construction and validation of the hormone-inducible forms of PITX2

Two hormone-inducible constructs were built for PITX2. In one construct,
PITX2-PRGC, the ligand binding domain of the progesterone human receptor was
inserted 40 amino acids C-terminal to the homeobox of PITX2A (Figure 3-2). The
resulting construct encodes a protein of 546 amino acids with a predicted
molecular mass of 65.5kDa. In the second construct, HR-PITX2, FOXCI1-PRG
was used as a backbone. The inhibitory domain of FOXC1 was replaced with the
progesterone binding domain (PRG), and the forkhead domain (FHD) of FOXCI1
was replaced with the homeodomain (HD) of PITX2 (Figure 3-2). The resulting
construct encodes a protein of 588 amino acids with a predicted molecular
70.5kDa. In order to do the hormone inducible expression systems coupled to
microarray analysis, the hormone constructs of PITX2 needed to be expressed in
the cells and be able to activate transcription of a synthetic PITX2 reporter in the
presence of mifepristone. As shown in Figure 3-3, both constructs produced
proteins of the appropriate molecular weight in transfected NPCE cells and
transactivated the luciferase reporter gene 4-fold more than transfection with the
empty vector, after administration of mifepristone. However, in the absence of the
mifepristone, HR-PITX2 and PITX2-PRGC were unable to activate transcription

of the synthetic PITX2 reporter.
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Figure 3-2. Schematic representation of the two hormone-inducible
constructs of PITX2. Top: FOXCI and PITX2A wild type. FOXC1 and
PITX2A contain a forkhead domain (FHD) and a homeodomain (HD),
respectively, each responsible for DNA-binding. FOXCI1 has a transcriptional
inhibitory domain, regulated by phosphorylation. The OAR region of PITX2
mediates protein-protein interaction. Bottom: The progesterone-binding domain
(PRG) was either inserted between the HD and the C-terminus of PITX2 (PITX2-
PRGC) or replaced the inhibitory domain of FOXC1 (HR-PITX2). In the HR-

PITX2, the FHD of FOXC1 was replaced with the HD of PITX2.
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Figure 3-3. Top: The status of both hormone constructs of PITX2 in NPCE
cells. The two hormone-responsive constructs produced proteins of the
appropriate molecular weight in transfeted NPCE cells. Bottom: The two
hormone-responsive constructs for PITX2 transactivated luciferase gene promoter

after administration of mifepristone (* p<0.05).
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Hormone-inducible expression system and microarray results

Preliminary experiments in NPCE cells indicated that mifepristone induced
HR-PITX2 and PITX2-PRGC activation. The two hormone-inducible constructs
of PITX2 were then used in the hormone-inducible expression system as
described in the methods. For controls, cells were transfected with an empty
expression vector and treated in an identical manner with cycloheximide and
mifepristone. Total RNA samples collected from three independent experiments
were subjected to microarray analysis. Affymetrix U133 human chip containing
representations of more than 39,000 gene transcripts (45,038 probe sets) was used
in the study. The gene expression profile of NPCE cells transfected with the
hormone-inducible constructs of PITX2 was directly compared to that of NPCE
cells transfected with the empty vector. The genes differentially expressed at least
one fold and a half with a p- value lower than 0.05 were further analyzed.
Analysis of the 45,038 probe sets identified 448 genes differentially regulated in
response to HR-PITX2 and 97 genes differentially regulated in response to
PITX2-PRGC. Forty seven genes overlapped between the data sets for the two
hormone-inducible constructs of PITX2. Dr. Fred Berry, who developed and used
the hormone-inducible expression system for FOXCI, identified altered
expression of 2010 genes in the presence of induced FOXC1. Ten genes displayed
altered expression in the presence of all three hormone-inducible constructs:

FOXC1-PRG, HR-PITX2 and PITX2-PRGC respectively (Figure 3-4).
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Figure 3-4. Outline of the microarray results. Venn diagrams show the
overlapping data sets of microarray results between the three hormone inducible

constructs: FOXC1-PRG, HR-PITX2 and PITX2-PRGC.
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In summary, from 448 genes differentially regulated in response to HR-
PITX2, 391 genes were found to be upregulated and 57 genes were
downregulated in the presence of HR-PITX2 compared to the empty vector. From
97 genes differentially regulated in response to PITX2-PRGC, 77 genes were
found to be upregulated and 20 genes were downregulated in the presence of

PITX2-PRGC compared to the empty vector.

Validation of the putative PITX2 target genes

In the present study, the genes with altered expression in the presence of both
hormone-inducible constructs of PITX2 have been chosen for further analysis.
The genes with significantly altered expression in multiple microarray
experiments have been selected for validation. Six genes out of 47 were unknown
and were excluded from the study. The first step in the validation process was to
select genes that were expressed in eye tissues and that contain consensus PITX2
DNA binding sequences in the 5 upstream region of the gene. Forty one genes
that presented an altered response to both HR-PITX2 and PITX2-PRGC were
analyzed. In silico analysis revealed 33 genes out of 41 (80.5%) were expressed in
the eye tissues and 39 genes out of 41 (95.1%) had PITX2 binding sequences in
their upstream region. The ten genes that showed altered expression in the
presence of the three hormone-inducible constructs, FOXC1-PRG, HR-PITX2
and PITX2-PRGC, were excluded from this study as being part of a different
project in the Walter laboratory. The chromosomal locations, gene names, gene

symbols, Affymetrix identification, eye expression and the presence of PITX2
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DNA binding sites in the 5 upstream region of the forty seven genes are
summarized in Table 3-3.

In total, 15 were selected for the next step of validation. These genes were
expressed in the eye, had PITX2 DNA binding sites in the promoter region, and
had known cellular function. The functions of the 15 genes selected for further
analysis are presented in Table 3-4.

Among the 47 genes with altered expression in the presence of both hormone-
inducible constructs of PITX2, two genes (C200RF133 and PARPZ2) have the
chromosomal location within glaucoma loci (Table 1-1, Chapter 1). C200RF133
was not selected for further analysis because of unknown expression profile and
unknown cellular function.

The second step of the validation was to confirm the altered expression in
response to PITX2 induction by an independent method such as northern blot

analysis or semi-quantitative RT-PCR.

Northern analysis and semi-quantitative RT-PCR results

Northern blots analysis of the fifteen genes (COPG2, HDLBP, KLHLS3,
NUPI133, PROCR, PGSI, PARP2, PDP2, RIMS4, SLCI1343, TECTB, TLL2,
TIMM10, TMPRSS2 and ZNF652; Table 3-4) was performed to further confirm
the results of microarray analysis. The RNA levels of six genes (COPG2,
HDLBP, NUP133, PDP2, RIMS4 and TIMM10) were elevated in the presence of
HR-PITX2 and PITX2-PRGC compared with the empty vector (Figure 3-5).

Northern blot analysis of these six genes detected RNA transcripts of the expected
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size (Figure 3-5). Nine genes (KLHL3, PARP2, PROCR, PGSI, SLCI3A43,
TECTB, TLL2, TMPRSS2 and ZNF652) either did not display altered expression
or no bands were detected on the X-Ray film. Four genes (PROCR, PGSI,
SLC13A43 and ZNF652) (Figure 3-6) demonstrated upregulated expression in the
presence of PITX2, whereas five genes (KLHL3, PARP2, TECTB, TLL2 and
TMPRSS?2) did not show any altered expression in response to PITX2 induction
RT-PCR. In total, ten genes showed altered expression (Figure 3-7) in response to
PITX2 induction either by northern blot analysis or by semi-quantitative RT-PCR.
Northern blotting was used as the first step in validation because northern blot
analysis allows a direct comparison of the messenger RNA abundance between
samples on a single membrane. However, this technique is not sensitive enough to
detect low-level gene expression and not accurate enough to quantify the full
range of gene expression. Semi-quantitative RT-PCR was used for the nine genes
that were not validated by northern blot analysis. However, RT-PCR is not used
as a first step method because of its limitations. Several variables that influence
amplification, such as PCR cycling conditions, concentration of the reactives or
oligonucleotide composition, might affect the quality of RT-PCR. Moreover, due
to the sensitivity of RT-PCR, very small amounts of genomic DNA
contamination in an RNA preparation may serve as a template for amplification

and produce artefactual results.
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Table 3-4. The fifteen genes chosen for further analysis and their function.

Gene name

Coatomer protein complex, subunit
gamma 2

High density lipoprotein binding protein
(vigilin)

Kelch-like 3

Nucleoporin 133kDa

Poly (ADP-ribose) polymerase family,
member 2

Pyruvate dehydrogenase phosphatase
isoenzyme 2
Phosphatidylglycerophosphate synthase
1
Protein C receptor, endothelial (EPCR)
Regulating synaptic membrane
exocytosis 4

Solute carrier family 13 member 3
Tectorin beta
Translocase of inner mitochondrial
membrane 10 homolog

Tolloid-like 2

Transmembrane protease, serine 2

Zinc finger protein 652

COPG2

HDLBP

KLHL3

NUP133

PARP2

PDP2

PGS1

PROCR

RIMS4

SLCI3A3

TECTB

TIMM10

TLL2

TMPRSS2

ZNF652

Gene symbol Function

Transport-protein, retrograde Golgi to ER

RNA binding, nucleic acid binding,
lipid transport and metabolism
Protein binding

mRNA export from nucleus,
nucleocytoplasmic transport

DNA binding, DNA repair,
ribosyltransferase activity

Phosphatase activity, hydrolase activity,
catalytic activity, ion binding (Mg)

Catalytic activity, metabolism

Receptor activity, inflamatory

response, blood coagulation

Exocytosis activity, neurotransmitter
transporter

Transport-protein, retrograd Golgi to ER

Transporter activity, ion transporter

Protein transport

Proteolysis, ion binding (Ca, Zn)

Peptidase activity, hydrolase activity,
proteolysis, receptor activity
Nucleic acid binding, zinc ion binding
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Figure 3-5. Northern blot hybridization analysis of the putative PITX2 target
genes. Each lane contains approximately 25 pg of total RNA extracted from
NPCE cells transfected with empty vector, HR-PITX2 and PITX2-PRGC.
Transcript sizes for each gene are indicated in the figure. B-Actin was used as
control probe of the same blots.

Lane I: Empty vector, Lane 2: HR-PITX2 and Lane 3: PITX2-PRGC
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COPG2 1.7 Kb
HDLBP 4.4 Kb
NUP133 4.1 Kb
PDP2 3.8 Kb
2.4 Kb
RIMS4
TIMM10 0.68Kb
p-Actin

COPG2, Coatomer protein complex, subunit gamma 2
HDLBP, High density lipoprotein binding protein (vigilin)
NUP133, Nucleoporin 133kDa

PDP2, Pyruvate dehydrogenase phosphatase isoenzyme 2
RIMS4, Regulating synaptic membrane exocytosis 4
TIMM10, Translocase of inner mitochondrial membrane 10

homolog
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Figure 3-6. Reverse transcription analysis of putative PITX2 target genes.
PCR reactions were performed using 28 cycles and the products were separated
by size on an agarose gel. Total RNA was extracted form NPCE cells transfected
with empty vector, HR-PITX2 and PITX2-PRG and 2pg of total RNA was used
in a standard of 20ul reverse transcription reaction.

Lane I: H>O control. Lane 2: empty vector RNA. Lane 3: HR-PITX2 RNA. Lane
4: PITX2-PRGC RNA. Lane 5: empty vector RT-PCR. Lane 6: HR-PITX2 RT-
PCR. Lane 7: PITX2-PRGC RT-PCR.

B-Actin c-DNA primers were used in positive control reactions to verify the

integrity. Lanes 2-4 are used as negative controls
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PROCR

PGS1

SLC13A3

ZNF652

B-Actin

PROCR, Protein C receptor, endothelial (EPCR)
PGSI1, Phosphatidylglycerophosphate synthase 1
SLC13A3, Solute carrier family 13 member 3

ZNF652, Zinc finger protein 652
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Figure 3-7. Summary of the northern blot analysis and semi-quantitative
RT-PCR resluts. From fifteen putative PITX2 genes chosen for validation, ten
genes displayed altered expression (positive results) and five genes did not

display altered expression (negative results) in response to PITX2 induction.
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HR-PITX2 PITX2-PRGC

448 genes 97 genes

Negative: 5 genes

By Northern Blot and RT-PCR:

l KLHL3
o PARP2
Positive: 10 genes TECTR

TLL2
/ AN TMPRSS?
Northern Blot RT-PCR
6 genes 4 genes
COPG2 PROCR
HDLBP
PGS1
NUPI33
SLCI3A3
PDP2 ZNF652
RIMS4

TIMMI0
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Discussion

Identification of the target genes using hormone inducible expression system
In the current study, I used the hormone-inducible expression system method
to isolate candidate target genes of PITX2. The use of this method has several
advantages, one important advantage being identification of direct PITX2 target
genes through cycloheximide treatment. Using this method, secondary induction
events are eliminated as cycloheximide inhibits any new proteins from being
expressed. Prevention of new protein synthesis provides an enrichment of mRNA
expressed directly in response to PITX2 activation. In this way, only genes
directly regulated by PITX2 are identified. Another advantage is the use of the
hormone chimeras. Two inducible PITX2 proteins were built where the truncated
form of the progesterone receptor was inserted. The truncated form of the
progesterone receptor has advantages over other steroid hormone receptors such
as estrogen or glucocorticoid by no having biological effect in ocular tissues.
Furthermore, this receptor binds with very high affinity to the synthetic steroid
mifepristone. Mifepristone allows activation of genes through specific induction
of the PITX2 hormone constructs, but prevents activation of genes through
endogenous progesterone receptors. Another advantage is that gene-expression
profiles are compared by microarray analysis making hormone-inducible
expression system a powerful method used in identifying genes. Over the last
decade, microarray technology has become one of the most powerful approaches
for dissecting the regulatory mechanism and transcriptional networks that underlie

biological processes.
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To distinguish the changes in gene expression that occur in response to the
transcription factor activation versus the changes that occur from adding the
steroid hormone and cycloheximide, we compared the HR-PITX2 and PITX2-
PRGC RNA with RNA extracted from cells transfected with empty vector and
treated with cycloheximide and mifepristone. In this way, we know that the
changes in gene expression occurred in response to PITX2 and not in response to
the drug treatment.

However, like all sophisticated techniques, the hormone-inducible expression
system has some limitations. One limitation is that the fusion of the protein with
hormone binding domain could disrupt the function of the protein. To overcome
this limitation, I used two different hormone constructs of PITX2: HR-PITX2
built on FOXC1-PRG backbone and PITX2-PRGC built on PITX2 structure. The
overlapped data sets were chosen for further analysis. In total 47 genes were
identified to have altered expression in response to both PITX2 constructs, the
analysis of these 47 genes became the high priority of my project. The results
obtained by microarray analysis also suggest that the two constructs are not
entirely equivalent, and further work using validation experiments of more genes
would be required to determine if they are equivalent or not. Another
disadvantage of this method may be the isolations of false positives due to an
overexpression of protein by adding too much of the hormone which can lead to
different cascade gene activation. This limitation is mainly due to transient
transfection, and therefore, the choice of an appropriate cell line and an

appropriate control are necessary to overcome this difficulty. Human NPCE cells
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were chosen to be used in the hormone-inducible expression system, because
these cells express both FOXC1 and PITX2, which allows both general and tissue
specific targets of FOXC1 and PITX2 to be identified. Moreover, NPCE cells are
implicated in 80-90% of the aqueous humor production [4], as a consequence
these cells may have important roles in glaucoma pathology. I used an empty
vector as negative control to avoid harvesting nonspecific target genes. Cells were
transfected with the empty expression vector and treated with an identical regimes
of cycloheximide and mifepristone.

The hormone expression system coupled with microarray analysis was
successfully used in isolating PITX2 target genes in NPCE cells. 89% of the 498
gene identified in our array turned out to be upregulated in the presence of PITX2.
This outcome of this study suggests that a fairly extensive upregulation is the
main gene expression change associated with PITX2.

Fifteen genes were further selected for validation on the basis of their
expression in the eye, putative binding sites of PITX2 in the upstream region, and
their function. Ten genes out of fifteen showed altered expression (Figure 3-7)
either by northern blot or by semi-quantitative RT-PCR, suggesting that these ten
genes are true target genes regulated by PITX2 in the eye. Five genes that showed
altered expression in the presence of PITX2 in microarray analysis did not present
any altered expression in northern blot and RT-PCR experiments. These results
confirmed that microarray analysis may give false positive results and that an

independent method is needed to confirm the microarray results.
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The results presented in this chapter showed that the hormone-inducible
expression system was successfully used to identify PITX2 and FOXCI1 [104]
target genes. As a result we propose that this method can be used for any other

transcription factor to isolate genes.

FOXC1 and PITX2 involved in the same pathway

Overall the microarray analysis showed the expression of 2010 genes to be
altered by activation of FOXC1 and that of 498 genes altered by activation of
PITX2. Notably, thirty-one genes showed altered expression in the presence of
both FOXC1 and PITX2. The similar expression patterns of PITX2 and FOXCI
during development, the similar phenotypes caused by defects in PITX2 and
FOXC1 and the direct interaction between FOXC1 and PITX2 [64] demonstrated
that both genes have same common biological roles in eye development and
function. Results presented in this study provide further evidence that at least a
part of the gene pathway of these two proteins is common. It will be interesting to
see the effects of FOXC1-PITX2 interaction on genes that are both FOXCI1 and
PITX2 target genes. The analysis of the genes regulated by both proteins will
improve the understanding of the link between FOXC1 and PITX2 and of how

mutations of these two transcription factors cause the same disease.

Roles of genes regulated by PITX2
Gene ontology analysis [156] was performed to provide a broad view of the

probable physiological functions of the genes differentially regulated in response

104



to PITX2. As shown in Figure 3-8 and Table 3-5, some genes look promising as
their functions are relevant to the Axenfeld-Rieger Syndrome and glaucoma
pathology. Oxidative stress induces apoptosis in the anterior eye structures, and
also induces progressive loss of optic nerve axons and retinal ganglion cells
(RGCs), resulting in characteristic optic nerve atrophy, visual field defects and
elevated IOP in glaucoma patients [157, 158]. Genes regulated by PITX2
involved in response to stress and in regulation of apoptosis may have key roles in
glaucoma pathology. Our hypothesis is that changes in the expression of these
target genes, and therefore the activities of their proteins, are what impair the
resistence to cellular stress and apoptosis by increasing the sensitivity of the cells
to oxidative stress, leading to impaired anterior segment outflow in PITX2-
associated glaucoma.

Genes implicated in cell adhesion, cell-cell signaling or neurogenesis may be
involved in multiple developmental processes, including cell migration and axon
growth. Thus, the altered expression of these genes may explain both the ocular
and systemic AR phenotypes which result from disruption of migration and
differentiation processes specific to the neural crest (NC) lineage [64, 91]. Genes
implicated in cell proliferation may be also important into the ARS pathology. For
example, in the gain of function of PITX2, these genes may promote cell
proliferation, explaining for example the peripheral anterior synechiae (PAS),
ocular defect frequently found in ARS patients.

Genes involved in immune response might initiate or contribute to the

progression of glaucoma. The expression of inflammatory molecules in aged
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tissues is believed to result from the production of reactive oxygen species (ROS)
and free-radical chain reactions generated from lipid peroxidation [159]. The
generation of ROS, which may initiate or contribute to the progression of
glaucoma, is likely to occur in the NPCE and TM (trabecular meshwork), cells
constantly exposed to an oxidative environment [160, 161]. Indeed, decreased
antioxidant potential [162, 163], increased expression of oxidative stress markers
[163], as well as increased oxidative DNA damage [164] and peroxized lipids
[165] have been described in the TM of glaucoma patients.

Interestingly, the microarray analysis revealed that two genes, C200RF133
and PARP2, located within the glaucoma loci have altered expression in the
presence of both induced hormone constructs of PITX2. These results confirmed
furthermore the implication of PITX2 in glaucoma pathology. C200RF133 was
not selected for further analysis, because of its unknown expression profile and
unknown cellular function. Semi-quantitative RT-PCR or northern blotting failed
to confirm Poly (ADP-ribose) polymerase family, member 2 (PARP2) to be a true
target gene of PITX2.

In summary, I have identified for the first time target genes of PITX2 in
ocular tissues. This study did not reveal previously identified target genes of
PITX2 in other tissues such as heart, tooth or pituitary (Table 1-2), suggesting a
different role of PITX2 in the eye than other organs.

Knowledge of the identity of the PITX2-regulated genes described in this
chapter is a key step in understanding the gene-regulatory pathways in the eye.

Nevertheless, understanding these pathways has profound implications for
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treating the glaucoma, these target genes becoming candidates for therapies based

upon the processes in which they function.
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Figure 3-8. GoSurfer analysis of differentiately regulated genes by both
hormone constructs of PITX2. The genes with altered expression were analyzed

by GoSurfer according to biological process.
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Chapter four:

SLCI13A43 as a candidate gene of PITX2 regulation
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Introduction

A new hormone-inducible expression system was adapted to find PITX2
target genes. As presented in chapter three, this method was successfully used to
identify PITX2 target genes. Ten genes were validated as PITX2 target genes by
two independent assays, microarray analysis and northern blot or semi-
quantitative RT-PCR. One of the ten genes is Solute carrier family 13 (sodium-
dependent dicarboxylate transporter), member 3 (SLC13A43). SLC13A43 has been
selected for further analysis and its potential involvement in glaucoma pathology
is described below.

SLC13A43 is located on chromosome 20q12-13 and consists of 13 exons and
12 introns. It encodes a 602 amino acids transmembrane protein that acts as a
Na'/dicarboxylate cotransporter (NaDC3). It is predicted that NaDC3 has 11
transmembrane domains with the amino-terminus in the cell and the carboxyl-
terminus outside of the cell. NaDC3 transports with high affinity succinate,
dimethlsuccinate, a-ketoglutarate, oxaloacetate, malate and fumarate, all of them
being Krebs cycle intermediates [166, 167]. The transporter is Na'- dependent
with three sodium ions for each substrate molecule and is electrogenic with
inward currents of transferring one positive charge across the membrane [168,
169].

NaDC3 is expressed in the liver, kidney [170], brain [171], eye and optic
nerve [172, 173]. The location of NaDC3 in hepatocytes is at the sinusoidal
membrane. The role of NaDC3 in the liver is to provide the cells with Q-

ketoglutarate for glutamine synthesis. Glutamine synthesis is important for
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scavenging the ammonia from blood [170]. In the kidney, NaDC3 is located at the
basolateral cell membrane [174] in proximal tubules. One of its roles in the
kidney is to provide substrates for energy metabolism and gluconeogenesis. The
a-ketoglutarate outward gradient provided by NaDC3 has also a role in secretion
of toxins and drugs in the urine [175]. A postulated role of NaDC3 in the kidney
cells is to transport glutathione (GSH), a well-known antioxidant with the role of
preventing cellular damage under stress conditions [176].

In the brain, NaDC3 is only expressed in astrocytes and not in neurons of rat
cerebral cortex [177]. In situ hybridization of adult mouse eye showed that
NaDC3 mRNA is present in anterior and posterior segment of the eye. In anterior
part of the eye, NaDC3 mRNA is expressed in iris, ciliary body and lens [172]. In
the posterior segment of the eye, NaDC3 mRNA is expressed in different layers
of retina such as ganglion cell layer, cells of the inner nuclear layer, the inner
segments of the photoreceptors cells and retinal pigment epithelial cells; it is also
expressed in the optic nerve [172]. It was shown that NaDC3 transports N-acetyl-
L-aspartate (NAA) in rat cerebrocortical astrocytes [171, 172]. N-acetyl-L-
aspartate is one of the most abundant amino acids in the nervous system,
including the retina [178]. It is synthesized by neurons with the help of L-
aspartate-N-acetyl transferase, released into the extracellular space and uptaken by
glia cells through NaDC3 [172, 179]. In glia cells, NAA is hydrolyzed by
aspartoacylase II releasing acetyl groups [180]. Further, the acetyl groups are used
in the synthesis of lipids necessary for myelination. NAA has important functions

in neuronal survival. NAA is involved in myelination, cell-signaling during
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development, synthesis of neuromodulators such as N-acetyl-L-aspartlyglutamate
and in osmotic regulation being protective against osmotic stress [181-183].
Deficiency of aspartoacylase II causes Canavan disease, an autosomal recessive
disorder associated with optic neuropathy, mental retardation and brain
degeneration [184]. George et al/ [172] hypothesized that mutations in SLC/343
may produce similar effects as aspartoaclase II deficiency since NAA is required
to be transported by NaDC3 in glia cells in order to be hydrolyzed by
aspartoaclase II.

I selected SLC1343 for further analysis for several reasons. First, SLC1343
mRNA is expressed in the ciliary body, the site of aqueous humor production;
therefore the protein encoded by SLC/343 might have important functions in the
production of aqueous humor. Furthermore, the retinal expression of SLC1343
and its potential involvement in Canavan disease pathology, characterized by
optic neuropathy, provide us more evidence that SLC/343 might be important in
glaucoma pathology. Second, there is indirect evidence that NaDC3 is involved in
cellular stress pathway. Cellular stresses such as oxidative damage or mechanical
strain have been implicated in the pathology of glaucoma [185]. Glaucoma
incidence increases with age which might be explained by the prolonged exposure
to cellular stresses on the eye. Oxidative stress can compromise the function of
the anterior segment tissues implicated in the production and the drainage of the
aqueous humor leading to imbalance of aqueous humor dynamics and ultimately
to elevated intraocular pressure (IOP) [185]. Retinal ganglion cells (RGC) are

degenerated in glaucoma which could also be a consequence of the apoptosis
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induced by the oxidative damage. The involvement of SLC/343 in the cellular
stress pathways makes this gene a good candidate for involvement in glaucoma.
This chapter describes functional dissection of the SLC1343 upstream region,
direct binding of PITX2 to the upstream region of SLC13A43 and the involvement
of SLCI343 in cellular stress pathway. This analysis may have important
implications, not only for the regulation of SLCI343, but also for the role of

PITX2 in oxidative stress ocular regulation pathways.
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Methods

Where not explicitly stated, the composition of all reagents used in the

following procedures is found in Appendix A.

Computer based in silico analyses

The in silico tissue expression profile of SLCI1343 was determined via an
electronic search on Source Stanford University database (http://genome-
www3.stanford.edu/cgi-bin/source/sourceSearch). The PITX2 DNA binding motif
search on the upstream region of SLCI343 was performed using Possum
(http://zlab.bu.edu/~mfrith/possum/) and EMBL - EBI -Sanger Institute
(http://www.ensembl.org/index.html) websites. The conserved PITX2 DNA
binding motifs among species, the SLC/343 nucleotide sequence alignment and
SLCI343 upstream region sequence alignment were performed by on the
European Bioinformatics Institute website (http://www.ebi.ac.uk/clustalw/). The
human sequences were submitted to RepeatMasker
(http://www.repeatmasker.org) to exclude the sequence placed into the repeat

regions.

Percent identity plot (PIP)

The 20kb of genomic sequence from hChr20 and 13kb of genomic sequence
from mChr2 were extracted from the EMBL - EBI -Sanger Institute
(http://www.ensembl.org/index.html) website (hChr20:

GRCh37:20:45172668:45192728:1 and mChr2: NCBIM37:2: 165222505:
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165235868: 1). The human sequence was first submitted to RepeatMasker
(http://www.repeatmasker.org) to generate the annotation file needed for the
PIPMaker submission (http://pipmaker.bx.psu.edu/pipmaker). NCBI website was
used (http://www.ncbi.nlm.nih.gov/sites/entrez) to find the gene structures of

SLC13A43 and C200rf123.

Plasmids

N-terminal flagged hemagglutinin epitope (HA) PITX2 C wt was expressed in
pCI-HA and was courtesy provided by Tim Footz. pcDNA4-His-Max PITX2 A
mutant constructs, T30P, V45L and R52C and pCI-FGF19-V5 were also provided
by Tim Footz and have been previously described and published [116]. pcDNA4-
His-Max PITX2 C wt was produced by subcloning the insert from pCI-HA-
PITX2 C wt into the Xbal and EcoRI sites of pcDNA4-His-Max. pcDNA4-His-
Max PITX2 C mutants, T30P, V45L and R52C, were produced by subcloning the
insert from pcDNA4-His-Max PITX2 A mutants into the Xhol and Narl sites of
pcDNA4-His-Max PITX2 C wt. C-terminally flagged V5 epitope SLC13A3 wt
was expressed in pCl by first PCR amplifying from cDNA clone (Open
Biosystems MHS1011-7509920) using Platinum Pfx DNA poly kit (Invitrogen)
according to the manufacturer’s protocol. The primers were designed using the
Primer3 Input website (http://frodo.wi.mit.edu/primer3/) and are F: 5’-
GCTAGCATGGCGGCGCTGGCAGCAGC-3’ and R: 5’-
GGTAACCGAGGGTCCGAAATGTGTCAT. An 1865bp fragment was

subcloned first into pGEM-T vector (Promega), according to the manufacturer’s
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protocol, and then subcloned into Kpnl and Nhel sites of pCI-FGF19-V5. To
build SLCI13A43 promoter plasmids, different lengths of the 5’-UTR flanking
region of the human SLCI343 promoter were PCR -amplified from genomic
DNA. The primer pairs used for amplification are shown in Table 4-1. PCR
primers were designed using the Primer3 Input website. These promoter
constructs were designated p2BS-SLC13A3, plBS-SLCI3A3 and pOBS-
SLCI13A3, respectively. The SLC1343 promoter fragments were subcloned first
into pPGEM-T vector (Promega), and then subcloned into pGL3 vector (Promega).
The final constructs were sequenced to ensure their integrity. For pCI-SLC13A3-
V5 sequencing, another two internal primers were used to check its integrity (F-5’

GTGTGACGTGGTGAATTTCG-3’ and R-5’-CTGTTCGGCAAACTTGATGQG).

Cell culture and transfection

HTM (human trabecular meshwork) cells were cultured in Dulbecco's
modified Eagle's medium containing 10% fetal bovine serum. Cells were
transfected using Fugene6 transfection reagent (Roche) according to the
manufacturer's protocol. HTM cells were transfected in 24-well plates using
160ng of empty vector (pcDNAHisMax4) or PITX2 wt ((pcDNAHisMax4), 60ng
of the different pGL3-SLC13A3 promoter constructs, 20ng of the pCMV beta-

galactosidase transfection controls and 3l of Fugene6 transfection reagent.
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Transactivation assays

HTM cells were cultured in 24-well plates at a density of 4x 10* cells/plate
twenty four hours prior to transfection. Cells were transfected, harvested after
forty eight hours of incubation and luciferase activities were monitored following
the manufacturers’ protocols (Promega). Transfections were performed in

triplicate and repeated three times.

Immunoprecipitation

NPCE cells were transfected with pcDNA-PITX2 C wt. The cells were
harvested 48 hours after transfection and lysed in the RIPA lysis buffer (9.1mM
Na2HPO4, 1.7mM NaH2PO4, 150mM NaCl, 0.1% wt/vol SDS, 1% vol/vol
IGEPAL CA-630, 0.5% wt/vol Deoxycholic acid sodium salt, 0.1M PMSF and
Sigma Protease Inhibitor Cocktail). After determining protein concentrations via
the Bradford Assay, 300ug of protein extract was aliquoted to a microcentrifuge
tube and brought to ImL with RIPA-PI buffer. The blocked beads were prepared
by transferring 1ml of homogeneously resuspended protein G beads to a 1.5ml
tube and centrifuged at 4°C, at 3000rpm, for 5 min. The protein G beads were
washed with PBS three times and blocked with 1% BSA by incubating them at
4°C for one hour on a rotator. 75ul of blocked beads (25ul-worth of beads) were
added to the diluted lysates and incubated, on rotator, at 4°C, for one hour. The
blocked beads were resuspended in 1mL RIPA-PI to create a 33% solution. The
precleared cell lysates were centrifuged at 4°C, at 13000rpm, for 5 minutes and

the supernatant was carefully transferred to new pre-chilled 1.5ml tubes. The
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precleared cell lysates were incubated with 0.5-3pg anti-PITX2 antibody (Abnova
Mab) or 2ug anti-Xpress (Invitrogen) on rotator, at 4°C, overnight. Next day, the
blocked beads were centrifuged at 4°C, at 3000rpm, for 5 min and resuspended in
RIPA-PI buffer. 75uL of blocked beads (25uL-worth of beads) were again added
to the immunoprecipitated (IP) samples and incubated, on rotator, at 4°C, for one
hour and a half. The IP samples were centrifuge at 4°C, at 13000rpm, for 5
minutes and washed three times with Iml RIPA with PMSF and PIC, rotating at
4°C for 10 min. The [P samples were washed two more times with 1ml RIPA
with PMSF (only), rotating at 4°C for 10 min. After the final wash and spin, the
complexed beads were resuspended with 20ul 2x SDS-PAGE loading buffer and
denatured at 95°C sand bath for 5 min. Samples were then analyzed by
immunblot with anti-Xpress antibody (Invitrogen) 1:5000 and goat anti mouse as

secondary antibody 1:5000.

Immunofluorescence

NPCE cells were plated (1X10° cells) onto sterile coverslips in 6 well plates
and transfected with pcDNA-PITX2C wt. After 48h post transfection, the cells
were washed twice with PBS and fixed with 2% paraformaldehyde (buffered in
PBS pH 7.4), for 20 min at room temperature. The cells were then washed twice
for 5 min each with PBS-X and blocked with 5% BSA in PBS-X, for 15 min to
reduce nonspecific protein binding of antibodies. The cells were incubated in
primary antibody, anti-PITX2 monoclonal antibody (ABNOVA) or anti-Xpress

antibody (diluted 1:500 in 100ul of PBS-X containing 5% BSA), at room
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temperature. After one hour, cells were washed twice for 5 min each with PBS-X
and incubated with secondary antibody Cys 2 Donkey anti mouse (diluted 1:500
in 100ul of PBS-X containing 5% BSA), at room temperature. From this step, the
plates were covered with aluminum foil. After one hour, cells were washed twice
for 5 min each with PBS-X and incubated with DAPI (diluted 1:500 in 100ul of
PBS), for 5 min, at room temperature. Diamidino-2-phenylindole (DAPI) is a
DNA-specific dye that can pass through intact, living cell membranes. After two-
5 minutes final washes with PBS, the coverslips were mounted onto glass slides
with mounting medium (90% Glycerol, 10% PBS containing 1ug/ml p-
phenylenediamine) and sealed with nail polish. Slides were stored at -20°C in
dark or subjected to image analysis. The images were collected using Leica DMR

immunofluorescence microscopy.

Chromatin immunoprecipitation

Chromatin Immunoprecipitation (ChIP) was performed using Active Motif
ChIP-IT™ Express kit (catalog no: 53008) according to the protocol. Non-
pigmented ciliary epithelial cells (NPCE) were grown to 70-80% confluency,
(~6x107 cells). After 48 hours of growing, NPCE cells were crossed-linked with
fixation solution (1% formaldehyde final concentration added to the cell culture
medium) for 10 minutes at room temperature with gentle rocking. Formaldehyde
treatment is used to cross-link proteins to their target DNA by formation of bonds
between lysine -amino groups. The crosslink reaction was stopped by adding

glycine stop-fix solution (10X Glycine Buffer, 10XPBS and dH,O) to each plate,
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swirling to cover and then rocking at room temperature for 5 minutes. The glycine
stop-fix solution was poured off the plates and cells were washed twice with PBS.
Cell scraping solution (10XPBS, dH,O and 100mM PMSF) was added to each
plate; cells were scraped and pooled into 50ml tube. The pooled cells were
pelleted by centrifugation for 10 minutes at 2500rpm (720rcf) at 4°C. The pellet
was resuspended in 1ml ice-cold Lysis Buffer (supplemented with 5ul PIC and
Sul PMSF) and incubated on ice for 30 min. The cell lysates were subject to
homogenizing by 10 stokes of Dounce homogenizer and centrifuged at 5000rpm
(2400 RCF) for 10 min at 4°C to pellet the nuclei. The pellet was resuspended in
Iml Shearing Buffer (supplemented with 5ul PIC) and aliquoted in three tubes.
The lysate from each tube was sheared by sonication, six times- 15 seconds bursts
at setting 7 on a Sonic dismembrator 60 (Fisher Scientific). The sheared DNA
samples were centrifuged at 10000rpm in a 4°C microcentrifuge for 12 min. The
supernatants were transferred to fresh tubes, and 25ul was removed for checking
the DNA shearing efficiency and DNA concentration. The remaining lysate was
aliquoted into four tubes (220uL) and each tube used for four ChIP reactions. Ten
ul of lysate was transfected to a tube for “Input” DNA to use as controls in PCR
analysis. Twenty five microliter of dH20 was added to the 25ul of supernatant to
check DNA concentration. Distilled H20, 5SM NaCl and RNase A were added to
DNA sample to reverse cross-link reaction, and then the solution was incubated at
65°C, overnight. The next day, 24:1 chloroform: isoamyl alcohol was added to the
DNA sample and centrifuged for 5 min, 13000rpm. The supernatant was

transferred to a fresh tube, then 3M NaOAc pH 5.2 and 95% cold ethanol were
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added and left it at -20°C for one hour. The DNA sample was centrifuged at
13000rpm, for 10 min, at 4°C. The supernatant was carefully removed and
discarded. 70% cold ethanol was added to the pellet and spin at 13000rpm, for 5
min, at 4°C. The pellet was allowed to air-dry for 5 min, resuspended in dH20
and the DNA concentration was determined at 260nm (1.0A260=50pg/ml). The
ChIP reactions were set up by adding 25ul of Protein G Magnetic beads, 10ul of
ChIP buffer 1, 6.3ug of sheared chromatin, 1ul of PIC, 2ug of antibody (anti-
PITX2 Abnova Mab, Normal Rabbit IgG —Caltag laboratories and anti- acetylated
lysine 9 of Histone 3- Cell Signaling Technologies) and dH20 to 100ul reaction.
One ChIP reaction did not contain any antibody. The ChIP reactions were
incubated on a rolling shaker overnight, at 4°C. The next day, the tubes
containing the ChIP reactions were briefly centrifuged to collect the liquid from
inside of the cap and placed on a magnetic stand to pellet beads on the tube side.
The supernatant was carefully removed and discarded, while the beats were
washed once with ChIP Buffer 1 and twice with ChIP Buffer 2. After the final
wash, the beads were resuspended with 50ul Elution Buffer AM2 and incubated
for 15 min at room temperature on a rotator. Fifty pul of Reverse Cross Link
Buffer was added to elute the chromatin, and the tubes were immediately placed
in magnetic stand, allowing the beads to pellet to the sides of tubes. The
supernatant containing chromatin was quickly transferred to a fresh tube. To
“Input DNA”, 88ul ChIP Buffer 2 and 2ul 5M NaCl were added and all sample
reactions were incubated at 95°C for 15 min. The sample reactions were returned

to room temperature; 2ul Proteinase K was added and incubated at 37°C for 1
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hour. The sample reactions were returned to room temperature, 2l Proteinase K
Stop Solution was added and 5ul of DNA was used for PCR reactions. A 166bp
fragment in the SLCI/343 promoter containing PITX2 binding site B was
amplified with following primer set: 5’- TCCACTTTCAGGCTCAGAGG-3’ and
5’- GCAGCTGGCTTATCCTCTCC-3’. A 243bp fragment in the SLCI343
promoter containing PITX2 binding site A was amplified with following primer
set: 5’- AGTGCCTAACTTTCTCCAACG -3’ and 5’-

CGCTCCACACCTTCTTGG -3’

siRNA transfection

Transfection efficiency of siRNA in NPCE cells was determined by
immunocytochemistry and Block-IT Fluorescent Oligo (Invitrogen, cat no: 2013).
Cells were transfected with 10nM, 50nM, 100nM, 150nM and 200nM Block-IT
Fluorescent Oligo using Lipofectamine 2000 (Invitrogen, cat no: 11668-027)
according to the protocol. Lipofectamine 2000 has the highest transfection
efficiency, not interfering with siRNA. Human PITX2 specific siRNA was
purchased from Ambion (Target: 5’-GUACGAGUGGCAAGAGGUGtt-3’,
Sense:  5’-CAGCCUGAAAUAACUUGAACtt-3> and  Antisense:  5’-

GUUCAAGUUAUUCAGGCUGtt-3%), human SLCI3A3 specific siRNA was

purchased from ThermoScientific (Target: 5’-
NNGGAGGAAGAAUAAAUCUGA-3’, Sense: 5’-
GGAGGAAGAAUAAAUCUGAUU-3’ and Antisense: 5’-

UCAGAUUUAUUCUUCCUCCUU-3’) and non-targeting control siRNA was
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purchased from Ambion (AM4611). NPCE or HTM cells were cultured on six
well plate (5x10° cells/ well) or 100mm plate (1x10° cells), 24 hours prior to
transfection. 100nM of PITX2 specific siRNA, SLC13A3 specific siRNA or non-
targeting siRNA was diluted in 250ul of Opti-MEM I Reduced Serum Medium
(Invitrogen), incubated for 5 min at room temperature in a 15ml tube for
transfection of six well plate. In the same time, 5ul of Lipofectamine 2000 was
diluted in 250ul of Opti-MEM I Reduced Serum Medium incubated for 5 min at
room temperature in another tube. 100nM of PITX2 specific siRNA, SLC13A3
specific siRNA or non-targeting siRNA was diluted in 1.5ml of Opti-MEM I
Reduced Serum Medium (Invitrogen), incubated for 5 min at room temperature in
a 15ml tube for transfection of 100mm plate. At the same time, 30ul of
Lipofectamine 2000 was diluted in 1.5ml of Opti-MEM I Reduced Serum
Medium incubated for 5 min at room temperature in another tube. After 5 minutes
incubation, both tubes were mixed and incubated for 20 min at room temperature
to allow the siRNA: Lipofectamine 2000 complexes to form. After 20 min, the
siRNA: Lipofectamine 2000 mixture was added directly to the cells. NPCE cells
were transfected with pCI-HA-PITX2C wt or pCI-SLC13A3wt-V5 and Fugene6
transfection reagent (Roche, 1:3 DNA to Fugene6), 24 hours post transfection
with siRNA when the specificity of siRNA for PITX2 or SLC1343 was checked.
Cell lysate, membrane lysate or RNA was extracted 48 hours after the last

transfection and western blot or RT-PCR was performed.
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Whole cell protein extraction and expression

Whole cell protein extraction was performed forty eight hours after
transfection of NPCE cells with different concentrations of PITX2 specific siRNA
or non-targeting control siRNA and pCI-HA-PITX2C wt. Western blot analysis
was performed using a mouse monoclonal anti-PITX2 antibody (Abnova, 1:1000)
to detect exogenous PITX2C wt. HRP-conjugated goat anti-mouse (1:5000) was
used as secondary antibody. Anti phosphor-ERK 1/2 antibody (Phospho p44/ 42
Map Kinase, Cell Signaling, 1:1000), was used as a control with goat anti-rabbit
(1:5000) HRP-conjugated as secondary antibody. Protein extraction was
performed forty-eight hours after transfection of HTM cells with 100nM of
PITX2- specific siRNA or 100nM of non-targeting control siRNA. Western blot
analysis was performed using a mouse monoclonal anti-PITX2 antibody (Abnova,
1:1000) to detect endogenous PITX2C wt. HRP-conjugated secondary antibody,
goat anti-mouse (1:5000), was used. Labeling of Anti alpha- tubulin antibody,
(1:1000) was used as control with goat anti-rabbit (Abcam, 1:5000) HRP-
conjugated goat anti-mouse was used as secondary antibody. The protein

extraction protocol is described in Chapter 3.

Membrane protein extraction and expression

HTM cells cultured in 100mm plates (1x10° cells) were transfected with
100nM of SLC13A3 specific siRNA or 100nM of non-targeting control siRNA
and 4pg of pCI-SLC13A3wt-V5. Protein extraction was performed forty eight

hours after the recombinant protein transfection. The cells were washed twice
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with phosphate buffered saline (PBS) at room temperature. After removing the
last rinse, Sml ice-cold homogenization buffer with protease inhibitor (0.32M
sucrose, ImM EGTA, 0.1mM EDTA, 10mM HEPES, pH 7.5, 10ul 0.1M PMSF
and Sul PIC per mL) was added on each plate. The cells were harvested and
homogenized by 12 strokes of a Dounce homogenizer. A cell pellet was obtained
by centrifugation at 3000rpm (1440g) for 5 minutes. The supernatant was
collected and centrifuged at 30,000 rpm (66,700g) for 1h at 4°C (ultracentrifuge).
The pellet was resuspended in 80ul of nuclear lysis buffer for whole cell protein
extraction, following the whole lysis extraction protocol as described in Chapter
3. After one hour of ultracentrifugation, the supernatant was removed and the
pellet was resuspended in PBS with protease inhibitor (140mM NaCl, 3mM KClI,
6.5mM Na,HPO,, 1.5mM KH,PO4, pH 7.5, add 10ul 0.1M PMSF and 5ul PIC
per mL PBS). The lysates were assayed for total protein concentration using the
Bradford assay. Western blot analysis was performed using a rabbit anti-V5
antibody (Sigma-Aldrich, 1:5000) against the pCI vector encoded C-terminal V5-
tag. HRP-conjugated secondary antibody, goat anti-rabbit (1:5000), was used.
Alpha-transferin antibody was used as a control for membrane proteins (CD71,
Santa Cruiz, 1:5000) with goat anti-mouse HRP-conjugated (1:5000) as secondary

antibody.

RNA extraction
HTM cells were transfected with 100nM of PITX2 specific siRNA, 100nM of

SLC13A3 specific siRNA, 100nM of non-targeting control siRNA or
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pcDNAHisMaxC4-PITX2C wt. RNA extraction was performed 48 hours post-

transfection, as described in Chapter 3.

Semi-quantitative RT-PCR

RNA samples were extracted from HTM cells as described above. Total RNA
was used as a substrate for semi-quantitative reverse transcription—polymerase
chain reaction (RT-PCR). A standard 20ul reverse transcription recipe contained
the following components: 2ug total RNA, 500ng oligo d(T), 0.5mM dNTPs, 1x
First Strand Buffer, 0.01M DTT, 40U RNaseOUT, 200U reverse transcriptase
(Invitrogen). A 20ul reverse transcription reaction without reverse transcriptase
corresponding to each type of transfection (100nM of PITX2 specific siRNA,
100nM of SLCI13A3 specific siRNA, 100nM of non-targeting control siRNA or
pcDNA4-PITX2C wt) was used as negative control. Specific PCR primers to
check SLC13A3 expression are described in Chapter 3 and are shown in Table 3-
2. Reactions were cycled in a thermocycler for 28 cycles. PCR products were
separated using agarose gel electrophoresis and visualized with ethidium bromide.
Beta-actin was used as “input” control. [B-actin forward primer was 5’-
ATCATGTTTGAGACCTTCAACAC-3 and B-actin reverse primer was 5’-

TCTGCGCAAGTTAGGTTTTGTC-3".

Cell viability assay
This protocol is adapted from Alice L. Yu et al, 2008, IOVS [186]. HTM cells

were cultured on 6-well culture plates with coverslips (4x10° cells/ well). After 48
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hours of growing, the DMEM medium was replaced by fresh serum medium and
the cells are exposed to 200, 400, 600 or 800 uM hydrogen peroxide (H,0O,) for
one hour in order to determine the cytotoxic concentrations of hydrogen peroxide.
After exposure to H,O,, the cells were placed in serum medium H,0, free for 24
hours. In control cultures, the medium was changed at the same time points, but
no H,O, was added. After 24 hours of H,O, treatment, the cells were washed
twice with 2ml of PBS two times, gentle dispensing it along the sides of the walls.
After the second wash, the cells were incubated with 2.0 pg/ml propidium iodide
(Sigma Aldrich P4170) diluted in PBS (1:500, 0.2ul in 100ul PBS) and DAPI
(1:500 in 100pul PBS) for 15 minutes at 37°C. Propidium iodide was used to stain
DNA in dying cells. Propidium iodide is membrane impermeant being excluded
from viable cells. The cells were washed three times, for 5 min each. After the last
wash, the coverslips were mounted onto glass slides with 25ul of mounting
media. The slides were examined with florescence microscope immediately after

the last wash.
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Results

In silico analysis identified PITX2 binding sites on SLC13A43 promoter

In silico analysis of SLC13A43 showed SLC13A43 is highly expressed in the eye
and brain. In order to determine whether the first 3kbp upstream of the
untranslated region of exon 1 of the human SLC/343 gene contains PITX2
binding sites, the promoter sequence was first uploaded on RepeatMasker to
exclude the sequence placed into the repeat elements and then uploaded on the
Possum website. This in silico analysis revealed 12 putative PITX2 DNA binding
motifs. One of these binding motifs, which I named putative PITX2 binding site
A, is highly conserved in Pan troglodytes (chimpanzee), Macaca mulatta
(monkey) and Canis (dog) promoter region (Figure 4-1, Table 4-2). Another
binding motif, called putative PITX2 binding site B, is highly conserved in Pan
troglodytes (chimpanzees) and Macaca mulatta (monkeys) promoter region
(Figure 4-1).

The human sequence between SLC/343 and the nearest upstream neighboring
gene, C20orf123, was compared with the homologue mouse sequence and a
percent identity plot (PIP) was produced. Comparison of 20kbp of human
genomic sequence located on chromosome 20 to 13kb of the homologous region
in mouse on chromosome 2 showed no homologous sequence regions between
SLC13A43 and C200rf123 (Figure 4-2).

By comparing the human nucleotide sequence of SLC/343 promoter and
SLC13A43 gene to the corresponding sequences of the Pan troglodytes and Macaca

mulatta, the in silico search showed 82-98% identity of the 3000bp of SLC1343
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Figure 4-1. Putative PITX2 binding sites in the first 3kbp upstream region of
human SLC13A43 and other species. The PITX2 binding sites are represented by
red vertical lines. The length of each line represents log-likelihood ratio score, the
higher the score is, the longer the line is. The log-likelihood ratio score is
calculated by comparing every sequence fragment to the PITX2 binding motif.
The black circle (A) represents putative PITX2 binding site A and the blue circle
(B) represents putative PITX2 binding site B. The up (+) and down (-) lines

represent the strand of DNA.
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Table 4-2. PITX2 Bindings sites in different species upstream of SLC13A43

Species position strand sequence
Human 65-72 + tggattat
710 - 717 - ctaatcac
759 - 766 + cagattaa
1142 - 1149 - ttaacccg
1692 - 1699 - ataatcag
1771 - 1778 - gtaatcce
1920 - 1927 - gtaatcce
2121 -2128 - ctaatcac
2270 - 2277 + cagattat
2289 -2296 + ggtattaa
2669 - 2676 - ttaatcct
2954 - 2961 - ttaageeg
2954 - 2961 - ttaageeg
Chimpanzee 68 - 75 + tggattat
716 - 723 - ctaatcac
765 - 772 + cagattaa
1148 - 1155 - ttaacccg
1776 - 1783 - gtaatccc
1926 - 1933 - gtaatccc
2281 -2288 + cagattat
2300 - 2307 + ggtattaa
2680 - 2687 - ttaatcct
2973 -2980 - ttaagccg
Monkey 428 - 435 + cagattaa
811 - 818 + tggattac
1127 -1134 - ttaacccg
1758 - 1765 - gtgatccc
1894 - 1901 - gtaatcce
2245 - 2252 + cagattat
2264 - 2271 + ggtattaa
2642 -2649 - ttaatcct
2935-2942 - ttaagccg
Mouse 1139-1146 - ctaatgcc
1961 - 1968 + gggatcaa
2014 -2021 + tagattat
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Table 4-2. Continued

Species position strand sequence
2700 - 2707 - ttaaaccc
2817 -2824 - ttagtcce
Rat 1695 -1702 - ttgatcce
2423 - 2430 + tggattat
2815-2822 - caaatcce
Dog 662 - 669 + ggggttaa
770 - 777 + cagattat
782 - 789 + cagattaa
1984 - 1991 - ttactctc
2781 -2788 + gtgactaa
2950 - 2957 + ggctttaa
2954 - 2961 - ttaagccg
Zebrafish 60 - 67 - ttaatcag
422 - 429 - ttactcee
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Figure 4-2: Comparison of 20kbp of human genomic sequence (hChr 20) to
13kb of the homologous region in mouse (mChr2). The homology between the
two sequences is present only in exons. No homology is present in the upstream
region of SLC1343. The small horizontal lines or dots represent the matching
regions of homology between the two sequences. The position of lines or dots

represents the percentage of nucleotide identity.
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gene promoter, whereas the identity of the SLC1343 gene was 92-98% among the

three species.

PITX2 activates transcription from the SLC1343 promoter region

To determine the possible role of PITX2 in the transcription regulation of
SLC13A43, the transcriptional regulatory element of SLC1343 was investigated
using the luciferase reporter assay. By cloning different sizes of SLCI343
promoter into luciferase reporter vector, the activation of the SLC343 reporter by
PITX2 was monitored and thus the efficiency of different promoter regions could
be assessed. The longest construct of 566bp in length (-411/+155), p2BS-
SLC13A3, included the two PITX2 DNA binding motifs, A and B. The second
construct, p1BS-SLC13A3, contained one PITX2 DNA binding motive,
PITX2BS A, and was 326bp in length (-171/+155). The shortest construct of
106bp (+106), pOBS-SLC13A3, presented no PITX2 DNA binding motif (Figure
4-3). 1 monitored luciferase activity, after co-transfecting HTM cells with
pcDNA4-PITX2C wt and pGL3-SLC13A3 upstream region expression vectors.
Xpress-tagged PITX2 activated the expression from the p2BS-SLCI3A3
luciferase reporter (Figure 4-3). However, deletion of putative PITX2 binding site
B produced an enhanced in activation (Figure 4-3). The removal of the two sites,
A and B, completely abolished PITX2 activation of this reporter. Activation of the
p2BS-SLCI3A3 and pIBS-SLC13A3 luciferase reporter is diminished when
disease-causing R52C, V45L and T30P PITX2 alleles are transfected into cells. It

was previously showed that R52C and T30P PITX2 did not bind the DNA and
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produced a decreased activation [116, 130]; V45L presented a decreased binding
and an increased in activity on the synthetic target promoter suggesting that it is a
gain-of-function mutation in PITX2 [127]. The luciferase assays were performed

in triplicate, and each experiment was repeated three times with similar results.

PITX2 binds to SLC13A43 promoter through chromatin immunoprecipitation
(ChIP) assays

ChIP was performed to determine whether PITX2 is able to bind the promoter
region of SLCI3A3 in vivo. The specificity of the antibodies used for the
immunoprecipitation of PITX2 in ChIP experiments was tested before performing
ChIP, as these antibodies were not previously used for ChIP. Human corneal
endothelium (HCEC), HTM and NPCE cells were transfected with pCI-HA-
PITX2C wt and cell lysates were then analyzed by immunblotting with Abnova
PITX2 antibody to determine whether this antibody recognizes exogenous PITX2.
As shown in Figure 4-4 A, Abnova PITX2 antibody detected a band at the correct
molecular weight between 32.5 and 47.5 kDa. Cell lysates from HCEC, HTM and
NPCE cells were analyzed by immunbloting with the Abnova PITX2 antibody to
determine whether this antibody recognizes endogenous PITX2. As shown in
Figure 4-4 A, Abnova PITX2 antibody detected two bands between 32.5 and 47.5
kDa. NPCE cells were also transfected with pcDNA-PITX2C wt and
immunoprecipitation and immunofluorescence were performed. As shown in
Figure 4-4 B and C, Abnova PITX2 antibody is able to recognize and

immunoprecipitate exogenous PITX2.
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Figure 4-3. Effects of PITX2 on SLC1343 upstream elements in HTM cells.
Luciferase reporter plasmid containing different deletion constructs of SLC/343
promoter were co-transfected in HTM cells with empty vector, wild type PITX2
or three different ARS missense mutations (T30P, V45L, R52C- numbering
according to position within the homeodomain). Luciferase activity was

normalized relative to the activity of pGL3-basic.
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Figure 4-4: Mouse monoclonal PITX2 antibodies (Abnova Mab) are specific
to PITX2.

A. PITX2 antibodies recognize exogenous and endogenous PITX2 by
Western Blot. Left panel: Recognition of exogenous PITX2. HCEC, HTM and
NPCE cells were transfected with pCI-HA-PITX2C wt and PITX2C wt was
recognized by the Abnova PITX2 antibody. Right panel: Recognition of
endogenous PITX2. PITX2 in HCEC, HTM and NPCE cell lysates was
recognized by the Abnova PITX2 antibody.

B. PITX2 antibodies recognize exogenous PITX2 by immunoprecipitation.
NPCE cells were transfected with pcDNA-PITX2C wt and cell lysates were
immunoprecipitated with anti-Xress antibody or different concentrations of
Abnova PITX2 antibody. Samples were then analyzed by anti-Xpress antibody
(Invitrogen). The arrow indicates PITX2 band.

C. PITX2 antibodies recognize exogenous PITX2 by immunofluorescence.
NPCE cells were transfected with pcDNA-PITX2C wt and stained with Xpress
antibody and Abnova PITX2 antibody, respectively. The blue staining represents
DAPI corresponding to the nucleus and the red staining corresponds to Xpress-
PITX2.

HCEC- Human Corneal Endothelium Cells, HTM - Human Trabecular Meshwork

Cells, NPCE- Non-Pigmented Ciliary Epithelium Cells
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Figure 4-5: PITX2 binds to the SLCI3A3 upstream elements in vivo.
Chromatin immunoprecipitation (ChIP) revealed that chromatin was
immunoprecipitated by antibodies against PITX2 and H3-AcK9 (positive
controls). Experiments conducted without antibody added or with IgG antibody
did not immunoprecipitate chromatin (negative controls). PCR was performed to
amplify the immunoprecipitated DNA using primers designed to span (A) PITX2
binding site A and (B) PITX2 binding site B. Endogenous PITX2 binds to regions

containing either the ‘A’ or ‘B’ binding sites. gDNA is genomic DNA.
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After checking the PITX2 antibody for specificity, ChIP analysis was
performed and showed upstream DNA sequences of SLC1343 containing PITX2
binding site A and PITX2 binding site B being recovered with PITX2 and H3-
AcK9 antibodies (Figure 4-5). These data indicate that PITX2 occupies the

promoter regions of SLC13A43 on both PITX2 binding sites, in vivo.

SLC13A43 expression is affected by variation in PITX2 expression

siRNA suppression of PITX2 translation followed by semi-quantitative RT-
PCR was performed to determine whether reducing PITX2 expression affects
SLC13A43 expression. The specificity of the siRNA used for suppressing PITX2
was tested by western blot before looking at SLC/343 expression through RT-
PCR, as this siRNA was not previously used. As illustrated in Figure 4-6, human
PITX2 specific siRNA suppressed both exogenous and endogenous PITX2. HTM
cells were transfected with 100nM of PITX2 specific siRNA and 100nM of non-
targeting control siRNA. RNA extraction and RT-PCR were performed 48 hours
post-transfection. The RNA levels of SLCI343 were reduced when PITX2
expression is reduced (Figure 4-7).

HTM cells were transfected with PITX2 followed by semi-quantitative RT-
PCR was performed to determine whether overexpressing PITX2 affects
SLC13A43 expression. The RNA levels of SLC1343 were increased when PITX2

is overexpressed (Figure 4-7).
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Figure 4-6: Human PITX2 specific siRNA suppressed expression both
exogenous and endogenous PITX2.

A. siRNA suppressed expression of exogenous PITX2. Non-pigmented ciliary
epithelium (NPCE) cells were transfected with non-targeting siRNA (control) and
different concentrations of PITX2 specific siRNA. PITX2 was detected with HA
antibody (1:5000) and HRP-conjugated secondary antibody, goat anti-mouse
(1:5000). Labeling with anti phosphor ERK 1/ 2 antibody was used as loading
control.

B. siRNA suppressed expression of endogenous PITX2. Trabecular meshwork
(TM) cells were transfected with non-targeting siRNA and 100nM PITX2 specific
siRNA. PITX2 was detected with Abnova PITX2 antibody (1:1000). HRP-
conjugated goat anti-mouse (1:5000) was used as secondary antibody. Labeling

with alpha-tubulin antibody was used as loading control.
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Figure 4-7: SLCI3A3 expression is regulated by PITX2. TM cells were
transfected with 100nM of PITX2 specific siRNA, 100nM of non-targeting
control siRNA (ctr) or wild-type PITX2. RNA extraction and RT-PCR were
performed 48 hours post-transfection. PCR reactions were performed using 28
cycles and the products were separated by size on an agarose gel.

Lane 1: H,O control. Lane 2: RNA extracted from HTM cells. Lane 3: RNA
extracted from HTM cells transfected with pcDNA4-PITX2C wt. Lane 4: RNA
extracted from HTM cells transfected 100nM of non-targeting control siRNA.
Lane 5: RNA extracted from HTM cells transfected with 100nM of PITX2-
specific siRNA. Lane 6: HTM cells RT-PCR. Lane 7: RNA extracted from HTM
cells transfected with pcDNA4-PITX2C wt RT-PCR. Lane 8: HTM cells
transfected with 100nM of non-targeting control siRNA RT-PCR. Lane 9: HTM
cells transfected with 100nM of PITX2- specific siRNA RT-PCR. B-Actin c-DNA
primers were used in positive control reactions to verify the integrity. Lanes 2-4
are used as negative controls. The quantification of the bands in the experiment
reactions was performed using Image J program and compared to the
corresponding -Actin control reactions bands.

*Overexpression of PITX2 increased SLC13A43 expression

**Silencing PITX2 expression decreased SLC13A43 expression
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PITX2 and SLC13A43 are involved in stress response pathway

Cell viability assay was performed to examine whether PITX2 and SLC1343
are involved in stress response pathways and whether oxidative stress is able to
cause a stronger effect on cell viability when the expression of PITX2 or
SLC1343 is reduced. The cytotoxic concentrations of hydrogen peroxide were
first tested on HTM cells before testing the viability of cells when expression of
PITX2 or SLCI343 is reduced. HTM cells were treated with different H,O,
concentrations 200, 400, 600, and 800 uM H,O, for 1 hour. Nonviable cells were
detected by propidium iodide staining 24 hours after stress exposure. In this assay,
untreated control cells demonstrated almost no dead cells stained red by
propidium iodide. The number of nonviable cells when the HTM cells were
treated with 200 uM H,O, was not statistically different than the number of dead
cells without treatment. In contrast, exposure to 400, 600 and 800 uM H,0,
significantly increased the proportion of nonviable TM cells (Figure 4-8). In order
to observe a significant effect of H»O, on the cell viability, the next experiments
were conducted with 600uM H,0,. HTM cells were transfected with 100nM of
PITX2 specific siRNA or 100nM of non-targeting control siRNA 48 hours before
600uM H,0, exposure and cell viability assay was performed to determine
whether HTM cells are more susceptible to cell death when PITX2 expression is
reduced. As shown in Figure 4-9, the number of dead HTM cells is significantly
increased by at least four times when cells with reduced PITX2 expression are
exposed to H,O,. We tested the efficiency of 100nM of SLC13A43 specific siRNA

to suppress SLC13A43 expression by western blot and semi-quantitative RT-PCR
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before determining whether HTM cells are more susceptible to cell death when
SLC1343 expression is reduced. HTM cells were transfected with 100nM of
SLC13A3 specific siRNA or 100nM of non-targeting control siRNA and pClI-
SLC13A3wt-V5. Protein extraction was performed forty eight hours after the
recombinant protein transfection. HTM cells were transfected with 100nM of
SLC13A3 specific siRNA or 100nM of non-targeting control siRNA and 48 hours
post-transfection, RNA extraction and semi-quantitative RT-PCR were performed
to determine whether 100nM of SLC13A3 specific siRNA reduces SLC13A3
endogenously. As illustrated in Figure 4-10, the protein expressed by SLC/343
was successfully reduced by 84% (Figure 4-10 A) and the SLC1343 RNA levels
were reduced by 72% (Figure 4-10 B). HTM cells were transfected with 100nM
of SLC13A3 specific siRNA or 100nM of non-targeting control siRNA 48 hours
before 600uM H,0, exposure and cell viability assay was performed to determine
whether HTM cells are more susceptible to cell death when SLC/343 expression
is reduced. As shown in Figure 4-9 and Figure 4-10, the number of dead HTM
cells was significantly increased by at least 2-fold when cells with reduced

SLCI13A3 expression were exposed to H,O».
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Figure 4-8: The effect of 200, 400, 600, and 800 pM H,0O, treatments on HTM
cell viability. HTM cells were treated with different H,O, concentrations (200,
400, 600, and 800 uM H,0,) for one hour. Nonviable cells were detected by
propidium iodide staining 24 hours after stress exposure. Nonviable cells were
quantified by counting cells from at least six representative fields. Data presented

as a mean = SD of three sets of experiments (*P < 0.05).
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Figure 4-9: PITX2 and SLCI3A43 are involved in stress response in HTM
cells. HTM cells were transfected with 100nM of PITX2 specific siRNA, 100nM
of SLC13A3 specific siRNA or 100nM of non-targeting control siRNA 48 hours
before 600 uM H,0, exposure and cell viability assay was performed. Nonviable
cells were detected by propidium iodide staining 24 hours after stress exposure. A.
Representative fluorescence photomicrographs of HTM cells stained with
propidium iodide. B. Quantification of nonviable cells by counting cells from at
least six representative fields. Data presented as a mean = SD of three

experiments (*P < 0.05).
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Figure 4-10: The efficiency of human SLC13A3 specific siRNA.

A. siRNA suppressed the protein expressed by SLCI343 by western blot.
HTM cells were transfected with non-targeting siRNA and SLC13A3 specific
siRNA. HTM cells were then transfected with pCI-SLC13A3-V5, 24 hours post
transfection with siRNA. SLC13A3 was detected using anti-V5 antibody. Alpha-
transferin antibody was used as a loading control.

B. siRNA suppressed SLC13A3 RNA. HTM cells were transfected with non-
targeting siRNA and SLC13A3 specific siRNA. RNA was extracted 48 hours
after the transfection and RT-PCR was performed.

Lane 1: H,O control. Lane 2: RNA extracted from HTM cells. Lane 3: RNA
extracted from HTM cells transfected with 100nM of non-targeting control
siRNA. Lane 4: RNA extracted from HTM cells transfected with 100nM of
SLCI3A3 specific siRNA. Lane 5: HTM cells RT-PCR. Lane 6: HTM cells
transfected with 100nM of non-targeting control siRNA RT-PCR. Lane 7: HTM
cells transfected with 100nM of SLCI3A3 specific siRNA RT-PCR. B-Actin
primers were used in positive control reactions to verify the integrity of the cDNA
samples. Lanes 2-4 are used as negative controls. The bands were quantified using
Image J program and compared to the corresponding Alpha-transferin in western

blot or B-Actin control in RT-PCR.
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Discussion

SLCI3A3 as a direct target gene of PITX2

The data presented in the Chapter 3 and Chapter 4 indicate that SLC/343 gene
is a bona fide direct target gene of PITX2. SLC1343 was identified as a potential
PITX?2 target gene by microarray analysis and was upregulated as determined by
RT-PCR. The in silico analysis revealed that SLC1343 gene is highly conserved
among species and is expressed in the eye and brain. The proximal SLCI343
promoter is only conserved in primates such as chimpanzee or monkey, however
the promoter sequence is not well known for many species. The proximal human
SLC13A43 promoter contains several PITX2 putative binding sites. The luciferase
reporter assay showed that PITX2 specifically activated transcription from the
SLC13A43 promoter. Two of the PITX2 DNA binding sites found upstream of
SLC13A43 are conserved among chimpanzee and monkey, suggesting that these
DNA binding motifs might be functionally important. To test this hypothesis, I
made different deletion constructs of the SLC/343 promoter containing different
numbers of PITX2 binding sites. The upstream region of SLCI343 promoter
containing the first two PITX2 binding sites, A and B, showed a 20-fold greater
activity than the pGL3- basic activity. Deletion of the putative PITX2 binding
motif B increased the activity of SLC/343 promoter by three-fold compared to
the fragment containing both PITX2 binding sites, while deletion of both PITX2
binding motifs, A and B, decreased the activity of SLC/343 promoter by almost
100%, to the level of pGL3- basic activity. These results suggested that PITX2

binding site A might be important in the activation of the SLC/343 gene and the
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region surrounding PITX2 binding site B might contain negative regulatory
elements. Three missense mutations of PITX2 found in ARS patients, T30P,
V45L and R52C, resulted in significantly reduced expression from SLCI/343
promoter. ChIP analysis revealed that PITX2 did indeed bind to both PITX2
binding sites, A and B, in vivo. I observed a reduced expression of SLC1343
when PITX2 expression was reduced and an increased expression of SLC/343
when PITX2 expression was increased. The data presented here provide
compelling evidence that expression of SLC13A43 is directly regulated by PITX2

in vitro and in vivo.

The role of PITX2 and SLC13A43 in cellular stress pathway

The most important clinical consequence of ARS is glaucoma. ARS-glaucoma
typically develops in childhood or early adulthood, however, patients with ARS
may develop glaucoma at birth or after middle age. Patients with ARS remain at
risk of developing glaucoma throughout their lives. Generation of reactive oxygen
species (ROS) is increasingly recognized as an important cellular process
involved in numerous physiological and pathophysiological processes, including
glaucoma [185]. Reactive oxygen species (ROS) are partially reduced and highly
reactive metabolites of oxygen (O2) and include superoxide anion (O7),
hydrogen peroxide (H>O,) and hydroxyl radical (OH-) [187, 188]. ROS can be
formed intracellularly through products of normal aerobic metabolism and as
second messengers in various signal transduction pathways [185]. ROS can be

also derived by being taken directly by cells from the extracellular environment.
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During the past years, many experimental studies performed in vitro and in vivo,
either in animals or humans showed that local oxidative stress is a determining
factor in pathology of glaucoma. In vitro studies showed that HTM cells’
morphology is altered when they are exposed to hydrogen peroxide, cell adhesion
and integrity being compromised [189]. In vivo, aqueous humor drainage from the
anterior chamber of the calf eye is affected when HTM cells are perfused with
hydrogen peroxide [190]. Moreover, it has been shown in humans that HTM cells
from glaucoma patients presented more oxidative DNA damage than in
unaffected controls and this damage is significantly correlated with elevation of
IOP and visual field damage [164, 191]. I proposed that in patients with ARS and
PITX2 mutations, the defending mechanisms against the cellular stress may be
altered resulting in glaucoma. In the present chapter, this hypothesis was tested
and a reduction in PITX2 protein levels produced an increase in HTM cell death
when the cells were exposed to hydrogen peroxide. Moreover, a reduction in
SLC13A43 also produced an increase in HTM cell death when the cells were
exposed to hydrogen peroxide, however the cell viability was less affected
comparing with HTM cells with reduced PITX2. These results indicate for the
first time that PITX2 through SLC13A3 and other genes is involved in cellular

stress pathway.
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A proposed glaucoma mechanism in ARS patients and PITX2 mutations
involving SLC13A43

The defense mechanisms against oxidative stress in the eye involve ascorbic
acid and reduced glutathione (GSH). Ascorbic acid is present in high
concentrations in aqueous humor [192, 193], vitreous humor [194] and cornea
[195] and it is seen as one of the main substrate in ocular protection. One of the
main defense mechanisms of the human body, including the eye, against free
radicals is reduced glutathione (GSH). GSH is formed by three amino-acids (L-
cysteine, glycine and glutamic acid) and it is present in high concentrations in
aqueous humor [193] and HTM cells [190]. Furthermore, aqueous humor of
glaucoma patients presented with reduced of total antioxidant potential [163] and
a decreased of plasmatic GSH levels [162]. A postulated role of the protein
encoded by SLC1343, NaDC3, in the kidney cells is to transport gluthione (GSH).
This hypothesis is sustained by many evidences. Most of the cells have the
capacity to synthesize de novo GSH and this production is sufficient in a normal
redox state. However, when the cells are exposed to oxidative stress, the cells
have to transport GSH from the extracellular environment into the cells in order to
maintain an adequate concentration of GSH. The main source of GSH is the liver,
where GSH is produced and eliminated into the plasma [196]. GSH circulates
through the body and it is extracted by the kidney [197]. The site where GSH is
extracted is the renal proximal tubular cells being transported across the
basolateral plasma membrane (BLM) [198]. It was shown that the GSH transport

at the BLM requires at least two Na' ions with a net negative charge of -1 at
q g g
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physiological pH. The GSH transport is inhibited by dimethylsuccinate, y-
glutamyl amino acids and ophthalmic acid [176]. The exact carrier of GSH across
the renal BLM is still unidentified. There are two sodium-dicarboxylate
transporters in the kidneys: NaDC1 encoded by SLC1341 and NaDC3 encoded by
SLC1343; however NaDCl1 is present only in the brush border membranes [199],
not in the BLM. Therefore, NaDC3 has the correct subcellular localization and
functional properties to transport GSH. Ophthalmic acid is a GSH endogenous
derivative and represents an oxidative stress biomarker [200]. Ophthalmic acid is
glutamate-2-aminobutyrate-glycine, a tripeptide produced by the same enzymes
as GSH [201]. It was recently shown that ophthalmic acid concentration is
increased when GSH pool is depleted [200]. It is not known whether ophthalmic
acid is also transported from the extracellular environment into the cells or
whether ophthalmic acid is found in aqueous humor.

I suggest the following pathway as a part of a network serving important
functions in protection against the cytotoxic effects of ROS (Figure 4-12). PITX2
activates SLCI343 which encodes the membrane NaDC3 protein. NaDC3
transports GSH or ophthalmic acid from the aqueous humor into the HTM cells.
GSH protects the cells against the accumulation of ROS being a cofactor in
reduction of hydrogen peroxide to water. When the GSH pool is depleted, the
ophthalmic acid concentration is increased by production or possible
transportation. The protection of GSH and ophthalmic acid against ROS will
maintain a normal HTM cells function with normal drainage of aqueous humor

and normal [OP.
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In ARS patients with PITX2 defects, mutation of PITX2 will reduce SLC1343
expression and the transportation of GSH and possible ophthalmic acid into the
HTM cells will be affected. Low concentrations of GSH and ophthalmic acid will
decrease the defense against ROS accumulation. When ROS generation exceeds
the cell’s antioxidant capacity to prevent oxidative injury, they create a constant
threat to cells with cell dysfunction and cell death. Our data presented here
showed that reduction of PITX2 expression increased TM cells death. The cell
death will be increased over time resulting in the compromise aqueous humor
drainage, elevated IOP and glaucoma.

The study presented here shows a new function of PITX2 as a factor involved
in cellular stress pathway. It provides evidence that SLC1343 is a direct target

gene of PITX2 being also involved in cellular stress pathway.
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Figure 4-11. Schematic representation of the proposed mechanism.

A. In unaffected individuals. SLC/343 gene expression is induced by PITX2
activation. SLCI343 gene encodes the membrane NaDC3 protein which
transports GSH from the aqueous humor into the HTM cells. Glutathione
peroxidase reduces hydrogen peroxide to water using reduced glutathione as
cofactor. Reduced glutathione is transformed to oxidized glutathione (GSSH).
GSH protects the cells against the accumulation of ROS.

B. In ARS patients with PITX2 defects. Mutation of PITX2 will reduce
SLC13A43 expression and the transportation of GSH into the HTM cells will be

affected with hydrogen peroxide accumulation.
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Chapter five:

PDP?2 as a candidate gene of PITX2 regulation
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Introduction

PDP2 (Pyruvate dehydrogenase phosphatase) was identified as a potential
target gene of PITX2 by microarray analysis and northern blot. I have selected
PDP2 (Pyruvate dehydrogenase phosphatase) for further analysis for several
reasons. First, PDP2 is located on chromosome 16q22.1, near a previously
mapped ARS locus, and therefore is a good candidate for a gene causing disease.
Distal 16q is already a chromosomal region of interest to those working on ARS.
The first authors to make this link, Ferguson and Hicks, described in 1987 a
patient with a partial trisomy of 16q associated with Rieger’s syndrome [202].
Later, a deletion of 16q23.1-16q24.2 was found in a patient with bilateral
coloboma of the iris, short stature, moderate developmental delay, and minor
craniofacial anomalies [51]. Linkage analysis has also mapped a family with
inherited foveal hypoplasia and anterior segment dysgenesis to a locus on
16q23.2-24.2 [203].

Second, PDP2 activity is affected by chemical stresses such as starvation and
diabetes which decrease PDP2 activity. As discussed in Chapter four, cellular
stresses such as oxidative damage or mechanical strain have been implicated in
the pathology of glaucoma [185]. Glaucoma incidence increases with age which
reflects the effect of prolonged exposure of cellular stresses on the eye. Oxidative
stress can compromise the function of the anterior segment tissues implicated in
the production and the drainage of the aqueous humor leading to imbalance of
aqueous humor dynamics and ultimately to elevation of intraocular pressure (IOP)

[185]. Retinal ganglion cells (RGC) are degenerated in glaucoma which could
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also be a consequence of the apoptosis induced by the oxidative damage. The
involvement of PDP2 in the cellular stress pathways makes this gene a good
candidate for involvement in glaucoma.

Last, both PDP2 and PITX2 are known to be involved in embryonic
development and organogenesis pathways. PITX2 is expressed in the developing
eye and continues to be expressed in the adult eye. It is already known that PITX2
acts downstream in the TGF-B /Activin/Nodal pathway, being involved in
development of left-right (L-R) asymmetry [78]. Recently, Hong et al. [204]
showed in their paper published in 2006 that PDP proteins are involved in
dephosphorylation of SMAD proteins in the BMP/DPP pathway. Phosphorylation
of the SSXS motif of SMAD:s is critical in activating transforming growth factor 3
(TGF-B) and bone morphogenetic protein (BMP) pathways. The authors of the
above paper identified PDP as being required for dephosphorylation of Mothers
against Decapentaplegic (MAD), a Drosophila SMAD, which inhibits signal
transduction via Decapentaplegic (DPP). It was also shown that the mammalian
PDPs are important in dephosphorylation of BMP-activated SMADI1 but not
TGF-B-activated SMAD2 or SMAD3 [204]. Thus, PDPs specifically inactivate
SMADs in the BMP/DPP pathway.

This chapter describes functional analysis of the PDP2 as a direct target gene
of PITX2. This analysis may have important implications, not only for the

regulation of PDP2, but also for the role of PITX2 in ocular regulation pathways.
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Methods

Computer based in silico analyses

The in silico tissue expression profile of PDP2 was determined via an
electronic search on Source Stanford University database as described in Chapter
four. The PITX2 DNA binding motif (TAATCC, GGATTA, GGCTTAG or
CTAAGCC) search on the upstream region of PDP2 was performed on Source
Stanford University database and EMBL - EBI -Sanger Institute websites as
described in Chapter four. The conserved PITX2 DNA binding motifs among
species, the PDP2 nucleotide sequence alignment and PDP2 upstream region
sequence alignment were performed by on the European Bioinformatics Institute
website as described in Chapter four. The human sequences were submitted to
RepeatMasker to exclude the sequence placed into the repeat regions as described

in Chapter four.

Percent identity plot (PIP)

The 34kb of genomic sequence from hChrl6 and 46kb of genomic sequence
from mChr8 were extracted from the EMBL - EBI -Sanger Institute website
(hChrlé: GRCh37:16:66885789:66920140:1 and mChr8:
NCBIM37:8:107072569:107118924:1) as described in Chapter four. To find the
gene structures of PDP2 and CA7 (Carbonic anhydrase 7), NCBI website was

used as described in Chapter four.
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Plasmids

N-terminally flagged hemagglutinin epitope (HA) PITX2 C wt, pcDNA4-His-
Max PITX2 C wt and pcDNA4-His-Max PITX2C mutant constructs, T30P, V45L
and R52C, were described in Chapter four. Different lengths of the 5’-UTR
flanking region of the human PDP2 promoter were PCR -amplified from genomic
DNA. The primer pairs used for amplification are shown in Table 5-1. These
promoter constructs were designated p2BS-PDP2 (-2571/+151), pIBS-PDP2 (-
2159/+151) and pOBS-PDP2 (-1662/ +151), respectively. Xhol and Bg/II sites
were used for of all promoter fragments. The PDP2 promoter fragments were
subcloned first into pGEM-T vector (Promega), according to the manufacturer’s
protocol, and then subcloned into Xhol/ Bgl/ll sites of pGL3 vector (Promega).
The longest PDP2 promoter fragment (p2BS-PDP2) was generated by combining
two shorter fragments. One shorter fragment contains the first 1662bp (fragment
b) upstream of the PDP2 transcription site, and the other one contains the
sequence between 1443bp and 2571bp (fragment a) upstream of PDP2
transcription site. The two shorter fragments were PCR-amplified from genomic
DNA, and then subcloned into separate pGEM-T vectors. The two fragments
were ligated together at the HindlIll site and then subcloned into Xhol/ Bg/ll sites

of pGL3 vector. The final constructs were sequenced to ensure their integrity.

Cell culture and transfection
Cell culture and transfection were done as described in Chapter four. HTM

cells were transfected in 24-well plates using 160ng of empty vector or PITX2 wt,
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60ng of the different pGL3-PDP2 promoter constructs, 20ng of the pCMV beta-

galactosidase transfection controls and 3ul of Fugene6 transfection reagent.

Transactivation assays

HTM cells were cultured in 24-well plates at a density of 4x 10* cells/plate
twenty four hours prior to transfection. Cells were transfected, harvested after
forty eight hours of incubation and luciferase activities were monitored following
the manufacturers’ protocols (Promega). Transfections were performed in

triplicates and repeated three times.

Protein expression

Whole cell protein extraction was performed forty eight hours after
transfection of HTM cells with 100nM PITX2 specific siRNA or 100nM non-
targeting control siRNA to check siRNA efficiency. Western blot analysis was
performed using a mouse monoclonal anti-PITX2 antibody (Abnova, 1:1000) to
detect endogenous PITX2C wt. HRP-conjugated goat anti-mouse (1:5000) was
used as secondary antibody. Anti alpha-tubulin antibody (1:1000) was used as
loading control with goat anti-rabbit (Abcam, 1:5000) HRP-conjugated goat anti-
mouse as secondary antibody. The protein extraction protocol is described in

Chapter three.
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Chromatin immunoprecipitation

Chromatin Immunoprecipitation (ChIP) was performed using Active Motif
ChIP-IT™ Express kit (catalog no: 53008) according to the protocol and as
described in Chapter four. The primer pairs used for amplification spanning the
PITX2 binding sites are shown in Table 5-2. The primers were designed using the

Primer3 Input website (http://frodo.wi.mit.edu/primer3/).

siRNA transfection

HTM cells were cultured on six well plate (5x10° cells/ well) or 100mm plate
(1);106 cells), 24 hours prior to transfection and transfection protocol of siRNA
was described in Chapter four. Cell lysate or RNA was extracted 48 hours after

the last transfection and western blot or RT-PCR was performed.

RNA extraction
HTM cells were transfected with 100nM of PITX2 specific siRNA or 100nM
of non-targeting control siRNA. RNA extraction was performed 48 hours post-

transfection and it is described in Chapter four.

Semi-quantitative RT-PCR

RNA samples were extracted from HTM cells as described above. Total RNA
was used as a substrate for semi-quantitative reverse transcription—polymerase
chain reaction (RT-PCR) and RT-PCR protocol is as described in Chapter four. A

20ul reverse transcription reaction without reverse transcriptase corresponding to
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each type of transfection (100nM of PITX2 specific siRNA or 100nM of non-
targeting control siRNA) was used as negative control. Specific PCR primers to
check PDP2 expression are F: 5’-GCGGTTTGAGAGCAACC-3’ and R: 5’-
CCATAGCTCCCTCCATGTGC-3". Reactions were cycled in a thermocycler for
28 cycles. PCR products were separated using agarose gel electrophoresis and
visualized with ethidium bromide. Beta-actin was used as “input” control. B-actin
forward primer is 5’-ATCATGTTTGAGACCTTCAACAC-3 and B-actin reverse

primer is. 5’-TCTGCGCAAGTTAGGTTTTGTC-3".
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Results

In silico analysis identified PITX2 binding sites on PDP2 promoter

In silico analysis of PDP2 indicated that PDP2 is highly expressed in the eye
and brain. I did a manual search looking for putative PITX2 binding sites
(TAATCC/ GGATTA) in the first 3000bp upstream of the untranslated region of
exon 1 of the human PDP. The promoter sequence was first uploaded on
RepeatMasker to exclude the sequences placed into the repeat elements. The
manual search revealed two putative PITX2 DNA binding motifs, which I named
putative PITX2 binding site A and B. The manual search revealed that putative
PITX2 binding site A is conserved in Macaca mulatta (monkeys), while putative
PITX2 binding site B is conserved in Pan troglodytes (chimpanzee) and Macaca
mulatta (monkey) promoter region (Figure 5-1A). I did an electronic search
looking for putative PITX2 binding sites in the first 3000bp upstream of the
human PDP2 when Possum website and PITX2 binding sites matrix were
available. The electronic search revealed only putative PITX2 DNA binding site
A. The electronic search revealed that putative PITX2 binding site A is conserved
in Pan troglodytes (chimpanzee) and Macaca mulatta (monkey) promoter region
(Figure 5-1B). The PITX2 binding sites sequences are presented in Table 5-3.

The human sequence between PDP2 and the nearest upstream neighboring
gene, CA7 (Carbonic anhydrase 7), was compared with the homologue mouse
sequence and a percent identity plot (PIP) was generated. Comparison of 26kbp of
human genomic sequence located on chromosome 16 to 41kb of the homologous

region in mouse on chromosome 8 showed seven regions of homologous
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sequence between SLC1343 and CA7 (Figure 5-2). The sequence between PDP?2
and CA7 was first uploaded on RepeatMasker and then uploaded on the Possum
website to determine whether this sequence contains PITX2 DNA binding motifs
that are outside of repeat elements and are conserved in mouse. This in silico
analysis revealed two putative PITX2 DNA binding motifs conserved in mouse,
called putative PITX2 binding site C at 11kb upstream of PDP2 and D at 13kb

upstream of PDP2 (Figure 5-3 and Table 5-4).

PITX2 activates transcription from the PDP2 promoter region

The transcriptional regulatory element of PDP2 was investigated using the
luciferase reporter assay to determine the possible role of PITX2 in the
transcription regulation of PDP2. The activation of the PDP2 reporter by PITX2
was monitored by cloning different sizes of PDP2 promoter into luciferase
reporter vector. The longest construct of 2772bp in length (-2571/+151), p2BS-
PDP2, included the PITX2 DNA binding sites A and B. The second construct,
p1BS-PDP2, contained PITX2 DNA binding site A is 2310bp in length (-
2159/+151). The shortest construct of 1813bp in length (-1662/ +151),
pOBSPDP2, presented no PITX2 DNA binding motif (Figure 5-4). We monitored
luciferase activity, after co-transfecting HTM cells with pcDNA4-PITX2C wt and
pGL3-PDP2 upstream region expression vectors. Xpress-tagged PITX2 activated
the expression from the p2BS-PDP2 luciferase reporter (Figure 5-4). Deletion of
putative PITX2 binding site B produced less activation compared with PITX2

expression from the p2BS-PDP2 (Figure 5-4). The removal of the two sites, A and
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B, completely abolished PITX2 activation of this reporter. Activation of the
p2BS-PDP2 and p1BS-PDP2 luciferase reporter was diminished when disease-

causing R52C, V45L and T30P PITX2 alleles were transfected into cells.

PITX2 binds to PDP2 promoter through chromatin immunoprecipitation
(ChIP) assays

ChIP was performed to determine whether PITX2 is able to bind the promoter
region of PDP2 in vivo. ChIP analysis showed upstream DNA sequence of PDP2
containing PITX2 binding site C being recovered with PITX2 and H3-AcK9
antibodies (Figure 5-5). However, no binding was found at the PITX2 binding
sites A, B or D. These data indicate that PITX2 occupies in vivo the promoter

regions of PDP2 on conserved PITX2 binding site C.

PDP?2 expression is affected by variation in PITX2 expression

siRNA suppression of PITX2 followed by semi-quantitative RT-PCR was
performed to determine whether reducing PITX2 expression by silencing PITX2
affects PDP2 expression. Before looking at PDP2 expression through RT-PCR,
the efficiency of the PITX2 suppression by siRNA was tested by western blot. As
illustrated in Figure 5-6 A, human PITX2 specific siRNA suppressed endogenous
PITX2. HTM cells were transfected with 100nM of PITX2 specific siRNA and
100nM of non-targeting control siRNA. RNA extraction and RT-PCR were
performed 48 hours post-transfection. The RNA levels of PDP2 were reduced

when PITX2 expression is reduced (Figure 5-6 B). In order to determine whether

182



overexpressing PITX2 affects PDP2 expression, HTM cells were transfected with
of PITX2 and RT-PCR was performed. The RNA levels of PDP2 were increased

when PITX2 was overexpressed (Figure 5-6C).
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Figure 5-1. In silico analysis showed many putative PITX2 binding sites.

A. Putative PITX2 binding sites in the first 3kbp upstream region of human PDP2
and other species identified by a manual search.

B. Putative PITX2 binding sites in the first 3kbp upstream region of human PDP2
and other species identified by an electronic search.

The PITX2 binding sites are represented by red vertical lines. The black circle
represents putative PITX2 binding site A and the blue circle represents putative
PITX2 binding site B. For electronic search: The length of each line represents
log-likelihood ratio score, the higher the score is, the longer the line is. The log-
likelihood ratio score is calculated by comparing every sequence fragment to the

PITX2 binding motif.
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Table 5-3. PITX2 Bindings sites upstream of PDP2 in different species by
manual search

Species position strand sequence
Human 1687 - 1695 + gggattat
2529 -2535 - taatcc
Chimpanzee 777-783 - taatcc
862 - 868 + ggatta
1305-1311  + ggatta
Monkey 2191-2197 + taatcc

Table 5-4. PITX2 Bindings sites upstream of PDP2 in different species by
Possum search

Species position strand sequence
Human 1306 - 1313 + gggattat
Chimpanzee 517 - 524 - ttagtccc
1586 - 1593 + gtgattac
1629 - 1636 + gggattat
2072 -2079 + gggattac
2157 -2164 - gtaatcce
Monkey 1648 - 1655 + gggattat
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Figure 5-2: Comparison of 34kbp of human genomic sequence (hChr 16) to
46Kkb of the homologous region in mouse (mChr8). There are seven homology
sequence regions between the two sequences indicated by arrows. The small
horizontal lines or dots represent the matching regions of homology between the
two sequences. The position of lines or dots represents the percentage of

nucleotide identity.
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Figure 5-3. Putative PITX2 binding sites in the 26kbp upstream region of
human PDP2, between PDP2 and the neighboring gene, CA7 and comparison
with mouse homologue region. Red circle indicates putative PITX2 binding site
C and green circle indicates putative PITX2 binding site D. Putative PITX2
binding sites C and D are conserved in mouse and are outside of repeat elements.
The length of each line represents log-likelihood ratio score, the higher the score
is, the longer the line is. The log-likelihood ratio score is calculated by comparing

every sequence fragment to the PITX2 binding motif.
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Table 5-5. PITX2 Bindings sites upstream of PDP2 in human and mouse by

Possum search

Species position strand sequence

Human 21 - 28 - ttaagcac
636 - 643 + gggcttat
1780 - 1787 + tagattaa
12834 - 12841 - ttaatcag
15230 - 15237 + ctgattac
2157 -2164 - gtaatcce

Mouse 1162 -1169 + gtgattac
1201 - 1208 - ctaatccc
2982 - 2989 - ttactccg
3359 - 3366 + gggatgac
4816 - 4823 + gggaatag
6318 - 6325 + gagattaa
9510 -9517 - taaatccc
10489 - 10496 + gggattaa
10539 - 10546 + gggattaa
12111 -12118 - ttaattcc
15182 - 15189 + ctgattac
17910 - 17917 - ttaatctg
18820 - 18827 - ttaatcca
21854 - 21861 - ttaatccc
22390 - 22397 + gggatttc
22496 - 22503 + gggatcaa
25168 - 25175 - ttaattcc
27971 - 27978 + gggattca
27996 - 28003 - ttactccc
28041 - 28048 - ttaatccc
35173 - 35180 + gggactaa
38151 - 38158 - ttaatcga
38409 - 38416 - ctaatcct
38664 - 38671 + gggattaa
39211 -39218 + cagattat
39881 - 39888 + gggattta

41039 - 41046

gtaatctc
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Figure 5-4. Effects of PITX2 wild type on different deletion constructs of
PDP2 promoter in HTM cells. Luciferase reporter plasmid containing different
deletion constructs of PDP2 promoter (p2BS-PDP2, p1BS-PDP2 and pOBS-
PDP2) were co-transfected in HTM cells with empty vector (pcDNAHisMaxA),
PITX2C wild type, R52C, V45L or T30P PITX2 alleles. Luciferase activity was

normalized relative to the activity of pGL3-basic.

192



col

10309A fidw3z O IMOZXLId W dOSL O 1SPA B 225y @
ai1seg-¢19d 03 aAje|al AJIA1}OY aselapon]

000oct 00001 0008 0009 00 0v 00°0¢ 000
glseg
ani ~
Zdadsgod
E LGL+/2991-
[
— zdads4gld
T LGL+/6GL2

A

— _ Zdadsgezd
a1 LGL+/LLST

A g



Figure 5-5: PITX2 binds to the PDP2 promoter in vivo through PITX2
binding site C. Top: Schematic representation of the putative PITX2 binding
sites positions. Bottom: Chromatin immunoprecipitation was performed and PCR
was used to amplify the immunoprecipitated DNA using designed primers to span
(A) PITX2 binding site A, (B) PITX2 binding site B, (C) PITX2 binding site C,
(D) PITX2 binding site D. A, B and D showed chromatin was not
immunoprecipitated by antibodies against PITX2 and H3-AcK9, as well as no
antibody added or IgG antibody did not immunoprecipitate chromatin. C showed
chromatin was immunoprecipitated by antibodies against PITX2 and H3-AcK®9.

No antibody added or IgG antibody did not immunoprecipitate chromatin.
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Figure 5-6: PDP2 expression is regulated by PITX2.

A. PITX2 specific siRNA efficiently suppressed PITX2. Western blot was
performed 48 hours post-transfection with 100nM of PITX2 specific siRNA or
100nM of non-targeting control siRNA to check the efficiency of siRNA. PITX2
was recognized by a mouse monoclonal anti-PITX2 antibody. Anti alpha-tubulin
antibody as a loading control.

B. Reduced PITX2 expression affects PDP2 expression. RNA extraction and
RT-PCR were performed 48 hours post-transfection with 100nM of PITX2
specific siRNA or 100nM of non-targeting control siRNA. Lane 1: H,O control.
Lane 2: RNA extracted from HTM cells. Lane 3: RNA extracted from HTM cells
transfected 100nM of non-targeting control siRNA. Lane 4: RNA extracted from
HTM cells transfected with 100nM of PITX2 specific siRNA. Lane 5: HTM cells
RT-PCR. Lane 6: HTM cells transfected with 100nM of non-targeting control
siRNA RT-PCR. Lane 7: HTM cells transfected with 100nM of PITX2 specific
siRNA RT-PCR.

C. PITX2 overexpression affects PDP2 expression. RNA extraction and RT-
PCR were performed 48 hours post-transfection with pcDNA-PITX2C wt. Lane
1: H,O control. Lane 2: RNA extracted from HTM cells. Lane 3: RNA extracted
from HTM cells transfected with pcDNA-PITX2C wt. Lane 4: HTM cells RT-

PCR. Lane 5: HTM cells transfected with pcDNA-PITX2C wt RT-PCR.

B-Actin primers were used in positive control reactions to verify the integrity of

the cDNA samples.
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Discussion

PDP?2 as a target gene of PITX2

The data presented in Chapter 3 and Chapter 5 indicate that PDP2 gene is a
bona fide target gene of PITX2. PDP2 was identified as a potential PITX2 target
gene by microarray analysis and also upregulated expression by northern blot
analysis. The in silico analysis revealed that PDP2 gene is highly conserved
among species and it is expressed in the eye and brain. The first 3000bp upstream
of PDP2 is only conserved in the mammalian organisms such as chimpanzee or
monkey. However, the percent identity plot (PIP) which compared the 26kbp of
human genomic sequence to the 41kb of the homologous region in the mouse
between the PDP2 and the neighboring gene, CA7, showed seven homology
sequence regions between the two sequences. The in silico analysis results
suggests that the regions conserved between human and mice may have important
functions. The upstream region of human PDP2 contains putative binding sites
for several transcription factors, including PITX2. The luciferase reporter assay
showed that PITX2 activated expression from the PDP2 promoter, which
indicates that PITX2 binds to PDP2 promoter. Three missense mutations of
PITX2 found in ARS patients, T30P, V45L and R52C, resulted in significantly
reduced expression from PDP2 promoter. Two of PITX2 DNA binding sites
found in the first 3000bp upstream of PDP2 are conserved among chimpanzee
and monkey, suggesting that these DNA binding motifs may have important
functions. To test this hypothesis, I made different deletion constructs of PDP2

promoter containing different number of PITX2 binding sites. The longest
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fragment of PDP2 promoter containing PITX2 binding sites A and B showed an
increased in luciferase activity over the pGL3- basic activity. Deletion of the
PITX2 binding motif B decreased the activity of PDP2 promoter almost to the
level of the pGL3- basic activity, while deletion of the PITX2 binding motives A
and B abolished the PITX2 activity. These results suggested that the PITX2
binding site B might be functionally important in the activation of PDP2 gene.
However, ChIP analysis showed no binding of PITX2 at the PITX2 binding sites,
A and B. An explanation of the luciferase and ChIP results might be the indirect
effect of PITX2 on PDP2 in the first 3000bp upstream of PDP2. PITX2 might
form a molecular complex with other transcription factors and synergistically
activate PDP2 gene. In silico analysis of the 3000bp upstream of PDP2 showed
many cis-elements such as TATA, LSF, GATA, AP-1, WF-1 or TEF binding
motifs. Another explanation of no binding of PITX2 at the PITX2 binding sites A
or B is the sensitivity of ChIP to identify an interaction between PITX2 and PDP2
promoter. ChIP is a powerful method for studying interactions between
transcriptional factors and DNA in living cells. ChIP can determine whether a
transcription factor interacts with a candidate target gene. However negative
results do not necessarily mean that a given factor is not associated with the site.
The resolution of the ChIP procedure could be affected by the size of the
fragments that are created and the selective enrichment of a chromatin fraction
containing a specific protein. Looking at the 26kbp upstream sequence of PDP2,
in silico analysis showed two PITX2 binding sites, C at 11kbp and D at 13kbp,

being conserved between human and mice. /n silico analysis results indicated that
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these two PITX2 binding sites, C and D, might be functionally important. ChIP
analysis revealed binding of PITX2 at the PITX2 binding sites C. Further work on
the PITX2 binding sites C and D might include luciferase assay analysis.
Semi-quantitative RT-PCR was performed to determine whether variation in
PITX2 expression affects PDP2 expression. I observed a reduction in PDP2
expression when PITX2 expression was reduced and an increased expression of
PDP2 when PITX2 expression was increased. The data presented here provide
compelling evidence that expression of PDP2 is directly regulated by PITX2 in

vitro and in vivo.

A proposed transcriptional network of PITX2 involving PDP2

Pyruvate dehydrogenase phosphatase (PDP) is one of the mammalian
phosphatases localized within the mitochondrial matrix space. Mammalian tissues
contain two genetically and biochemically different forms of PDP: PDPI and
PDP2 [205]. Both are Mg2+-dependent enzyme; and PDPI1 is Ca*'-sensitive,
wheras PDP2 is insensitive to stimulation by Ca*"[205]. PDP1 has long been
recognized as an important regulator of the activity state of the pyruvate
dehydrogenase complex (PDC) [206, 207], however PDP2 was more recently
identified [205]. PDP1 is predominantly expressed in mitochondria from skeletal
muscle, whereas PDP2 is much more abundant in the liver mitochondria [205].
Both isoenzymes are expressed in mitochondria from adipocytes, but the level of
expression of PDP2 is considerably higher. The identity between PDP1 and PDP2

is approximately 55% within the sequences of the mature polypeptides. In several
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regions that are presumably functionally important, the identity reaches up to
90%. PDP2 is 530 amino acids long with the molecular mass of 59.6kDa [205]. In
contrast with PDP1, which has been extensively characterized [206, 207], the
exact structure of PDP2 protein is not currently known. PDPs function is to
regulate the pyruvate dehydrogenase complex (PDC).

The mitochondrial pyruvate dehydrogenase complex (PDC) catalyzes the
irreversible oxidative decarboxylation of pyruvate to acetyl-CoA and CO,,
coupled with the reduction of NAD" to NADH". This reaction links the utilization
of glycogen, glucose, and lactate with the citric acid cycle to meet the energy
needs of cells. PDC regulation is based on reversible phosphorylation, in which
two enzymes are implicated: PDPs and pyruvate dehydrogenase kinase (PDK)
[205, 208]. PDKs phosphorylate PDC which completely inhibits the enzymatic
activity of PDC [209, 210]. The complex can be reactivated by dephosphorylation
catalyzed by PDPs [211]. PDC is inactivated in many tissues during starvation and
diabetes to conserve three-carbon compounds for gluconeogenesis [212-215]. This
is achieved by an increase in PDC phosphorylation caused in part by increased
PDK activity and expression and in part by decreased activity and expression of
PDP [216]. Therefore, opposite changes in expression of specific PDK and PDP
isoenzymes contribute to hyperphosphorylation and inactivation of the PDC
during starvation and diabetes. Refeeding and insulin treatment effectively
reversed these effects of starvation and diabetes, respectively [216]. The effects of
different hormonal, nutritional and phARSacological conditions on PDP2 protein

and mRNA expressions implicate PDP2 in oxidative stress pathways.
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As discussed in Chapters three and four, generation of reactive oxygen species
(ROS) is recognized as an important cellular process involved in glaucoma [185].
Reactive oxygen species (ROS) can be formed intracellular through products of
normal aerobic metabolism and as second messengers in various signal
transduction pathways [185]. ROS can also be taken directly by cells from the
extracellular environment. Mitochondria constitute the greatest source of ROS,
since mitochondrial electron transport consumes approximately 85% of the O2
[185]. Aerobic energy metabolism is dependent on oxidative phosphorylation, a
process by which the oxidoreduction energy of mitochondrial electron transport is
converted to ATP [185]. Complex I (NADH:ubiquinone oxidoreductase) is
considered as one of the major sources of ROS within mitochondria [217]. ROS
are produced at low levels during normal physiological conditions, and controlled
production of ROS is essential.

I suggest the following model as a part of pathways serving important
functions in regulation of the production of ROS (Figure 5-7). PITX2 activates
PDP2 which encodes the mitochondrial PDP2 protein. PDP2 activates PDC by
dephosphorylation, and activated PDC reduces NAD" to NADH. Three potential
effects of mitochondrial NADH (reduced nicotinamide adenine dinucleotide)
could reduce superoxide and ROS accumulation [218]. First, the increase in
NADH might shift (semi)-oxidized FMN (flavin mononucleotide) to FMNH, and
thus suppress superoxide formation at the FMN group in complex I. This
mechanism of reduction accumulation of ROS has been reported previously in

neurons [219, 220]. Second, the NADH-induced activation of complexes I, III,
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and IV will increase electron transport through the electron transfer chain and
favor oxygen transition to water instead of superoxide formation. Third, the
generated NAD(P)H equivalents can serve as cofactors for enzymes involved in
ROS scavenging, such as glutathione-disulfide reductase and thioredoxin-disulfide
reductase.

Defects of PITX2 will generate impairment of the PDP2 activity, and thus
PDC will not be properly activated. The inhibition of the PDC activity will inhibit
the electron transfer chain at complex I and will generate the accumulation of
electrons. Once generated, ROS will accumulate and may further impair the
mitochondrial electron transport chain, resulting in a shutdown of mitochondrial
energy production. In addition to effects on the mitochondria, ROS can cause
severe damage to cellular proteins, lipids, and nucleic acids. When ROS
generation exceeds the cell’s antioxidant capacity to prevent oxidative injury, they
create a constant threat to cells which finally leads to human disease such as

glaucoma.
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Figure 5-7. Schematic representation of the ROS-suppressive action of PDP2
in mitochondria. PDP2 gene expression is induced by PITX2 activation.
Mitochondrial PDP2 protein activates PDC by dephosphorilation. PDC reduces
NAD" to NADH. Generation of NADH and NADPH increases potential of the
cell to eliminate ROS. Mitochondrial NADH and FADH2 re-oxidation increases
electron transport through ETC complexes I-IV and favor oxygen transition to
water (complex IV) instead of superoxide. NADH shifts complex I FMN from an
oxidized to the reduced state FMNH2, which lower the potential of the cell for

univalent oxygen reduction to superoxide.

Abbreviations:

PDP2- Pyruvate Dehydrogenase Phosphatase

PDC- Pyruvate Dehydrogenase Complex

PDK- Pyruvate Dehydrogenase Kinase

ETC- Electron Transport Chain

NAD'- Nicotinamide Adenine Dinucleotide , NADH- the reduced form of NAD",
NADPH- phosphate form of NADH

FMN, FMNH2- Flavin Mononucleotide and its reduced form

FAD, FADH2- Flavin Adenine Dinucleotide and its reduced form

TCA- Tricarboxylic Acid Cycle
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Chapter six:

Conclusions and Future Directions

231



In this thesis, I have presented my own work over the past five years. The
overall goal of my PhD project was to gain a better understanding of Axenfeld-
Rieger Malformation from both the clinical and genetic points of view. Toward
this goal, I have coordinated a clinical study in which I analyzed the glaucoma-
related clinical presentation of Axenfeld-Rieger patients to determine there are
any useful phenotype- genotype correlations and to see how different treatments
improve the state of the patients [1]. By comparing the treatments and outcomes, I
tried to determine the best glaucoma treatment for Axenfeld-Rieger patients. I
also identified potential target genes for PITX2. Knowledge of the identity of
PITX2-regulated genes is a key step in understanding how mutations of PITX2
lead to human disease. Changes in the expression of target genes, and of the
activities of their proteins, may contribute to the impairment of aqueous humor
outflow in PITX2-associated glaucoma. The following discussion is intended to
show how the new findings make contributions to an evolving understanding of

the clinical and molecular basis of ARS.

Genotype-Phenotype correlations

The retrospective study [1] presented here shows that ARS is a bilateral
anterior segment dysgenesis disease, without any gender predisposition. The
ocular manifestation of ARS is more severe in patients with PI7X2 defects than in
patients with FOXCI defects. Taking into consideration the recent finding that
PITX2 inhibits FOXCI activity [64], our model predicts that PITX2 defects might

result in both, an inability to activate P/7X2 targets and a gain of function
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activation of FOXCI targets. Therefore, the severity of the ocular phenotype in
patients with PITX2 defects might be the simultaneous consequence of PITX2
haploinsuficiency and a gain of function of FOXCI. Patients with non-ocular
findings are more likely to have PITX2 defects rather than FOXCI defects. Only
two patients with FOXCI duplication presented with systemic malformations,
suggesting that the eye is particularly more sensitive to duplication of FOXCI
than other organs. The incidence of glaucoma in this study was 75%, the highest
incidence has been reported for this disease so far. This study also showed that
patients with FOXCI mutations have the mildest prognosis in glaucoma
development, while patients with PITX2 defects and patients with FOXCI
duplication have a more severe prognosis in glaucoma development than patients
with FOXCI mutations. In my study, I found that current medical therapies do not
successfully lower intraocular pressure or prevent progression of glaucoma in
ARS patients with FOXCI or PITX2 alterations. Only 18% of patients who
participated in this study responded to medical or surgical (used solely or in
combination) treatment. This clinical study also provides useful diagnostic criteria
to identify the gene responsible for ARS. Patients presenting with polycoria and
systemic malformations are more likely to have PITX2 defects; patients with
iridogoniodysenesis (IGD) without systemic malformations are more likely to
have FOXCI duplication, and patients with peripheral anterior synechiae (PAS),
posterior embryotoxon (PE) and systemic malformations are more likely to have
FOXC1 mutations. On the basis of these findings, I suggested that patients with

PITX2 defects may benefit from more frequent periodic ophthalmologic
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examinations, closer monitoring of the disease and more aggressive treatment,

both medical and surgical, when glaucoma appears.

Investigation of PITX2 role in ocular disease

The goal of gaining a better understanding of clinical presentation of
Axenfeld- Rieger Malformation has been achieved by the retrospective study
presented in Chapter 2. However, how defects of genes such as PITX2 disrupt the
developing and mature eye leading to human disease still remains a mystery and
needs to be elucidated in order to develop a good treatment for ARS —glaucoma
patients which so far is lacking. ARS is a human autosomal- dominantly inherited
maldevelopment of the eye associated with glaucoma. PITX2 is expressed in the
developing eye where it plays key roles, but also continues to be expressed in
adult eye. This raises the question: what is the role of PITX2 in adult eye? In the
present thesis, I aimed to answer this question and toward this goal, I identified
some of the PITX2 target genes. Knowing the PITX2 target genes allows us to
make predictions of the direct consequences of defects of PITX2. As presented in
Chapter three, four and five, some of PITX2 target genes are involved in the
resistance to cellular stress. Disruption of the PITX2 and dysregulation of its
target genes would increase the eye sensitivity to the cellular stress. Increasing
evidence supports the involvement of oxidative stress as a common component of
glaucomatous tissues such as retinal ganglion cells (RGC) or trabecular meshwork

[185]. In ARS patients with PITX2 defects, the continuous disruption of PITX2
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target genes implicated in the resistance to cellular stress would generate in time
accumulation of ROS.

ROS can produce a wide range of cellular responses such as proliferation,
growth arrest, senescence, and cell death [185]. A determining factor in cellular
susceptibility to oxidative stress is the intrinsic antioxidant defense mechanism.
The levels of superoxide and catalase decline in aging eyes changing the balance
between the pro-oxidant and antioxidant factors [221]. The defense mechanisms
against free radicals in the eye involve ascorbic acid [222] and reduced
glutathione (GSH) [223], both of them being found in high concentrations in
aqueous humor. In normal redox conditions, the antioxidant system is sufficient to
reduce hydrogen peroxide and prevent the ROS accumulation and the ROS-
induced cellular damage. However, over time this balance is altered resulting in
accumulation of ROS and damage of TM cells. Defective genes involved in the
detoxification of oxidants may cause a predispotion for ROS accumulation and
tissue damage by shifting the pro-oxidant/antioxidant balance. This may explain
why patients with ARS and with PITX2 defects often develop glaucoma until
their early 20’s. As shown in Chapter four, PITX2 is involved in ocular cellular
stress pathway and might be involved through SLC/343 in GSH- related defense
mechanism.

The balance between the intracellular signaling pathways linked to cell
survival and the intracellular signaling pathways linked to cell death that are
activated by ROS is important in determing the magnitude of cellular damage

[224]. Cellular death may be induced by caspase activation or activation of the
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mitochondrial cell death pathway. Many studies showed that mitochondria are
involved in cellular death induced by different stimuli. For example, a study in a
rat glaucoma model showed that neuronal apoptosis was produced by
mitochondrial dysfunction [225, 226]. Another study revealed that RGC death
was associated with the loss of mitochondrial membrane potential and the release
of mitochondrial cell death mediators, including cytochrome ¢ and apoptosis-
inducing factor [185]. As shown in Chapter five, PITX2 might be involved
through PDP2 in mitochondrial cell death pathway related to cellular oxidative
stress.

ROS can induce the expression of diferent transcriptional factors, besides
causing a direct cytotoxic effect [185, 227]. ROS can also produce changes to
different proteins such as site-specific amino acid modifications, fragmentation of
the peptide chain, aggregation, altered electrical charge, increased susceptibility to
proteolysis, and function loss. The oxidative modifications of the proteins will
cause a reduction of the cell ability to cope with cellular stress and an
impairament of cellular homeostasis. Recognition and degradation of the modified
proteins could be possible, but oxidative stress may also inhibit proteasome
function preventing the removal of such proteins [185]. Inhibition of the
proteasome function and the aggregated proteins will cause a vicious cycle of
increased accumulation of oxidative proteins [228, 229]. Accumulation of the
protein aggregates leads to a loss in specific protein function, depletion of the

cellular redox balance, and ultimately cell death [230, 231].
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Perturbation of the cellular antioxidant defense mechanisms, caused by
genetic defects such as mutations found in ARS patients can lead to increased
accumulation of ROS with increased oxidative damage and decreased in the
number of cells such as trabecular meshwork cells. Decreased number of
trabecular meshwork cells has been associated with age and with primary open-
angle glaucoma [191, 227]. Moreover, the accumulation of oxidative damage in
the cellular component of the trabecular meshwork could directly affect the
regulation of the extracellular matrix structure and associated intraocular pressure,
leading to clinical onset of glaucoma. It is known that the trabecular meshwork
region is the main checkpoint controlling aqueous humor outflow and intraocular
pressure, alterations that are involved in the pathogenesis of glaucoma [227].

Once glaucoma has developed, elevated IOP and tissue hypoxia presented in
glaucomatous tissues can stimulate production of ROS. Experimental elevation of
IOP induces oxidative stress in the retina [232]. Acute IOP elevation [232], as
well as moderate and chronic elevation of IOP generate ROS. Another well
known stimulus leading to oxidative stress is hypoxia, cells responding to graded
hypoxia by increasing the generation of ROS. Many studies have shown that
hypoxia, ROS generation, and immune system are involved in persisitance of
stress conditions in the glaucomatous eyes even if the elevated IOP is effectively
lowered [185]. Nitric oxide is another well-known stress that could play an
important role in glaucomatous optic nerve damage. It has been reported the
presence of inducible nitric oxide synthase in the iris-ciliary body, retina and in

the glaucomatous optic nerve head of experimental rat models [233]. The
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continuing nature of the glaucomatous tissue stress appears to be important in
determining cell fate. The proposed mechanism of defects of PITX2 leading to
glaucoma is shown in Figure 6-1. This mechanism will require further validation

in the future.

Future prospective

Genotype-Phenotype correlations

The findings of the retrospective study are novel and provided new insights
into the clinical presentation and treatment of ARS-glaucoma. However as for any
retrospective study, this study had limitations. One important limitation of the
retrospective study was the absence of sufficient information regarding
ophthalmologic tests that can have an impact on the previous findings, especially
central corneal thickness (CCT). Another limitation of the retrospective study was
the large number of patients coming from a small number of families, which
could have influenced some of the results. To overcome these limitations and to
determine the insights obtained from the retrospective study might be used to
improve glaucoma treatment and management in ARS patients, a prospective
study of ARS-glaucoma patients was initiated in collaboration with Dr. Ordan
Lehmann. This large, multi-centered study involves patients all over the world,
including patients who already participated in the retrospective study and new
patients diagnosed with ARS (Table 6-1 and 6-2). Patient recruitment is done in
the USA, UK, Germany, Belgium, Ireland, Italy, Netherlands and New Zealand.

The patients recruited in this new prospective study will be followed clinically by
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their own ophthalmologist using standardized protocols every six months over
two years. In addition to clinical measures of CCT, intraocular pressure, etc.,
patients’ glaucoma progression will be measured and compared to glaucoma
treatments. At the end of the follow-up period, information will be gathered from
all clinical coordinators and the clinical data will be tabulated and compared
through statistical analyses. The comparisons of the underlying genetic defects
with glaucoma treatment outcomes in this clinical study will result in improved
glaucoma treatment for ARS patients. To date, patients from Edmonton are seen

regularly by Dr. Lehmann.

Investigation of PITX2 role in ocular disease
Hormone expression system coupled with microarray analysis

The hormone expression system coupled with microarray analysis was
successfully used in isolating PITX2 target genes. The results presented in this
thesis showed that the hormone inducible expression system developed for
FOXC1 and PITX2 can be successfully used for any other transcription factor to
isolate genes. Furthermore, FOXCI1-PRG backbone could be used for any other
transcription factor if the transactivation domain is known. The transactivation
domain of that particular transcription factor could be inserted in the FOXC1-
PRG backbone, followed by hormone inducible expression system coupled with
microarray analysis. In this way, the direct target genes of the transcription factor

in interest could be identified.
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SLC13A43 and PDP2

A detailed analysis of the PDP2 promoter region containing the two PITX2
binding sites C and D could be performed by luciferase assay. Since cellular
stresses have been implicated in the pathology of glaucoma, analyses of the
involvement of the PITX2-> PDP2 regulatory pathway in the ocular cellular stress
response could be tested by cell viability assay. The GSH transportation by
NaDC3 could be assessed in human trabecular meshwork cells expressing wild-
type PITX2 or when PITX2 is suppressed to determine PITX2 involvement into
antioxidative defense mechanism. While I have validated these target genes in
vitro, a in vivo analysis is needed to substanciate these genes as true genes for
PITX2. Using animal model, such as zebrafish or mouse, the expression and the
role in eye development of these gene could be indicated. The model proposed in
Chapter four, five and the present chapter could be tested in an animal model,
such as wild-type PITX2 and knock-out PITX2 mouse model. The ROS
production in trabecular meshwork tissue from wild-type PITX2 and knock-out
PITX2 mouse models could be measured and compared to determine the
involvement of PITX2 in ocular cellular stress pathway in vivo. Neverless, it will
be interesting to see if PDP2 and SLCI3A3 are causative gene disease for ARS

and/ or glaucoma.

Analysis of other genes regulated by PITX?2

Other PITX2 genes identified by microarray and northern blot or semi-

quantitative RT-PCR look promising as their functions have been shown to be

240



related to glaucoma pathology. For example, High Density Lipoprotein Binding
Protein/ vigilin (HDLBP) plays a role in recognition of extracellular molecules
such as apolipoproteins and has been shown to be colocalized in the cells with
apolipoprotein E, which is considered a high risk factor for glaucoma [234]. The
analysis of HDLBP was already started by our summer student, Ms Chi. She
investigated the upstream transcriptional regulatory regions of HDLBP using
luciferase reporter gene assays. Her results indicated that PITX2 significantly
activated transcription from reporter plasmids containing HDLBP upstream
elements, while mutated PITX2 significantly decreased transcription from
reporter plasmids containing HDLBP upstream elements.

C200RF133 has the chromosomal location within the glaucoma loci. While
C200RF133 was not selected for further analysis because of unknown expression
profile and unknown cellular function, it would be interesting to confirm
C200RF133 as a bona fide gene of PITX2 and to see if C200RF133 is a cause of
glaucoma.

Similar analysis to SLC1343 and PDP2 could be conducted on the other
PITX2 target genes giving insight in understanding of PITX2 role in ocular
regulatory pathway. Comparison of the genes regulated by PITX2 and FOXC1
will give insight into the pathology of ARS which results from mutations of either
PITX2 or FOXCI. Ultimately, understanding the involvement of PITX2 and
FOXCI in ARS and glaucoma will help in the development of better glaucoma

treatments.
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Postulated mechanism of pathogenesis of PITX2 leading to glaucoma

My postulated model of PITX2 role in glaucoma is shown in Figure 6-1 and
suggests that defects of PITX2 could generate disruption of genes implicated in
cellular stress producing accumulation of ROS. Accumulation of ROS induces
either cellular death by caspase and mitochondrial cell death pathway activation
or protein functional loss by modification of the structure and function. The
modified proteins can have impact on proteosome function leading to
amplification of the production of ROS. ROS may also have cytotoxic and
mutagenic impact on DNA. ROS released from stressed cells into the extracellular
environment may damage the extracellular matrix. The decreased number or cells
and the degradation of the extracellular matrix produce an elevated IOP leading to
clinical onset of the glaucoma. Elevated IOP cause a vicious cycle of

progressively worsening accumulation of ROS with progression of glaucoma.
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Figure 6-1. Postulated mechanism of pathogenesis of PITX2 leading to
glaucoma. On the left of the figure, the mechanism of pathogenesis is presented
at the cellular level, whereas on the right part of the figure, the mechanism is

presented at tissue level. The explanation of the figure is provided in the text.
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Appendix A: Composition of reagents used

Morpholinopropanesulfonic acid (10x MOPS)
0.22M MOPS
3.0M NaOAc
0.5M EDTA
Adjust the pH to 7.0 (with NaOH).

PBS (Phosphate-Buffered Saline)
9.1mM Na,POy4
1.7mM NaH2P04
150mM NaCl
Raise pH to 7.4 with SN NaOH

Tris-buffered saline, tween (TBST)
10mM Tris pH 7.5
0.9% NaCl ( 75mM )
0.05% Tween 20

Lysis Buffer A
IM HEPES, pH 7.9
IM MgCI2
IM KCl
IMDTT
0.1M PMSF

Lysis Buffer C
IM HEPES, pH 7.9
25% glycerol
5M Na(Cl
IM MgCI2
0.5M EDTA
IMDTT
0.1M PMSF
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