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Glaucoma

Glaucoma is a leading cause of blindness throughout the world (Quigley
1996; Quigley and Vitale 1997; Foster and Johnson 2001). It affects both sexes
equally (Quigley 1996; Foster and Johnson 2001), but the age of onset and
progression differs between races (Quigley 1996; Racette et al. 2003). Glaucoma
therapy cost expenditures have been estimated at $1.56 billion per year (Tielsch
1993). Both the numbers of patients and health care costs in developed nations will
increase with their aging populations. This makes glaucoma a devastating disease to
both the patient and society.

Glaucoma is a disease of phenotypic and etiological variability. It is
clinically described as the gradual loss of visual field starting from the periphery due
to a characteristic damage of the optic nerve and retina causing an irreversible
blindness. The vision loss related to glaucoma is caused by the death of retinal
ganglion cells. Prognostic factors include age, race, and family (genetic) history and
an increased intra ocular pressure (IOP). An increase in IOP can lead to the cupping
of the optic nerve head associated with glaucoma. Elevated IOP is a common risk
factor of glaucoma.

In a normal eye, the aqueous humour is created by the ciliary body to clear
debris from the lens and provide the lens with nutrients. The aqueous humour flows
from the ciliary body and into the anterior chamber through the pupil (figure 1-1).
The aqueous humour is then drained through the trabecular meshwork (TM) located
at the vertex of the irideocorneal angle (figure 1-2a). The balance between creation
and drainage of aqueous humour is integral in maintaining a certain intraocular

pressure. If the aqueous humour cannot drain properly, the pressure can be inflated.

The Trabecular Meshwork
Playing a prominent role in the IOP homeostasis is the TM. The TM is the
primary drainage route of the aqueous humour. The aqueous humour flows through

the TM into the Schlemm’s canal (SC) to leave the eye (figure 1-2a). The uveal face
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of the TM appears porous with TM cells forming trabecular beams called trabeculae
(figure 1-2b). The areas between the cells get progressively smaller towards the SC.
There are no cures for glaucoma, as the visual field loss is irreversible, but
there are treatments that slow the vision loss and save remaining vision by alleviating
IOP. Surgeries for prevention of further glaucotomous vision loss involve creating
artificial aqueous humour drainage pathways to relieve IOP when the angle is blocked
(figure 1-1b). These surgeries, called trabeculoplasty and trabeculectomy,
demonstrate the crucial role of the TM in IOP maintenance and glaucoma
pathogenesis. Medications used to treat glaucoma decrease IOP by opening the
HTM, increasing aqueous outflow through secondary drainage routes or decreasing
aqueous humour production from the ciliary body. Again, the function of the TM is
to regulate aqueous humour outflow and decreased aqueous humour outflow can lead

to elevated IOP and glaucoma.

HTM gene expression

Aqueous humour drainage is an active process that requires secretory,
phagocytic, contractility and stress responsive properties of trabecular meshwork
cells. A regulation of gene expression is required to govern these properties (Borras
2003). Gene expression in the human trabecular meshwork (HTM) is extremely
diverse. Extensive genetic profiling of TM cDNA libraries has revealed a varied
expression profile with low levels of gene redundancy (Gonzalez et al. 2000; Wirtz et
al. 2002; Tomarev et al. 2003). Approximately 90% of transcripts are present at 0.1%
with no transcripts expressed at greater than 2% of the transcriptome (Borras 2003).
This diversity is representative of the multiple mechanisms the TM uses to regulate
aqueous humour outflow.

One of these outflow mechanisms places the extracellular matrix (ECM) of
the TM in an important role for regulating aqueous humour drainage. The size of the
gaps visible between the trabeculae of the TM (figure 1-1b) does not correspond to
the aqueous humour drainage rate calculations. Actual outflow is two orders of
magnitude lower than expected (Ethier et al. 1986). In fact, most of these holes are

filled with an extracellular matrix containing secreted proteins encoded and highly

-3
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expressed by trabecular meshwork cells (Acott et al. 1985; Gonzalez et al. 2000;
Gong et al. 2002; Wirtz et al. 2002; Tomarev et al. 2003). Changes in the ECM
distribution and contents is thought to affect and regulate aqueous humour outflow
rates (Alexander et al. 1991). Abnormal turnover or accumulation of ECM proteins is
related to outflow resistance and glaucoma (Borras 2003).

The TM therefore performs the important function of IOP maintenance via
different mechanisms. The diverse genes expressed in the TM are important for its
function. The HTM gene expression can be transcriptionally regulated by
transcription factors expressed in the HTM. Alterations in gene expression can lead

to decreased aqueous humour outflow, increased IOP, and glaucoma.

HTM cell culture

There are inherent difficulties in studying the HTM. The tissue is only
millimeters wide and is difficult to remove or isolate quickly (figure 1-1b).
Molecular biology studies are especially problematic due to the difficulty in obtaining
fresh human ocular tissue for RNA or protein experiments before molecular
degradation occurs.

TM studies have been accomplished by taking the small amount of HTM
tissue available and creating primary cell cultures or immortalized cell lines to be
used for further studies (Polansky et al. 1979). Morphological and growth
characteristics of HTM cells in culture make them distinguishable from cells of
neighboring, possibly contaminating, tissues. Performed properly, HTM cell culture
acts as a good model for studying normal and glaucomatous tissue in reproducible
experimental conditions (Polansky et al. 1984). HTM cell culture, therefore, can be
an appropriate and valuable tool for studying the HTM, aqueous humour outflow and

glaucoma pathogenesis.

Glaucoma Genetics
By identifying glaucoma early, vision loss can often be prevented. Because of
the genetic aspect of glaucoma, research in this field can help lead to early disease

detection through genetic testing and pre-symptomatic screening methods. When

-4 -
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glaucoma loci and genes are identified, more in-depth research into the understanding
of molecular mechanisms and pathogenesis can lead to better glaucoma treatments
and possibly cures. The genetics and molecular biology of glaucoma are complex,
not well understood, and are open for further discovery (Friedman and Walter 1999).

To date, there have been seven genetic loci identified for open angle glaucoma
(GLC1A-G) and three loci for congenital glaucoma (GLC3A-C) (table 1-1). Of these
loci, corresponding disease genes have been identified for three. Mutations in MYOC
at GLC1A, OPTN at GLCIE, CYP1B1 at GLC3A have been found (Stoilov et al.
1997; Stone et al. 1997; Rezaie et al. 2002). Summaries of candidate genes for the
other glaucoma loci are available (Gonzalez et al. 2000; Wentz-Hunter et al. 2002;
Borras 2003; Tomarev et al. 2003) Most glaucoma genes remain to be identified.

All of the known glaucoma genes (MYOC, OPTN, CYP1BI) are expressed in
the human trabecular meshwork (Tomarev et al. 2003). Mutations in these genes
could cause altered HTM function, leading to an increased IOP and glaucoma.

The knowledge base of glaucoma genetics is limited. The genetic variability
of glaucoma suggests the existence of multiple disease mechanisms, none of which

are currently well understood.

Axenfeld-Rieger Syndrome

Axenfeld-Rieger Syndrome (ARS) describes several overlapping glaucoma-
related phenotypes caused by multiple genetic loci (Alward 2000). ARS
encompasses the previously separate, but genotypically and phenotypically related
Axenfeld anomaly, Rieger anomaly, iridogoniodysgenesis anomaly, Axenfeld
syndrome, Rieger syndrome, iridogoniodysgenesis syndrome.

ARS is a rare congenital phenotype inherited in an autosomal dominant
fashion with high penetrance. ARS includes several ocular abnormalities that are
sometimes associated with dental and umbilical anomalies (figure 1-3) (Semina et al.
1996). ARS ocular abnormalities are anterior chamber defects that can include a
displaced Schwalbe’s line, corectopia, iris hypoplasia, and iris coloboma. The
cellular lineages of affected tissues in ARS are of a common neural crest origin that

includes the trabecular meshwork (Lines et al. 2002). The anterior angle dysgenesis

-5-
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can lead to an increased IOP and subsequently, glaucoma. Over half of ARS patients

will suffer from an early onset secondary glaucoma (Shields et al. 1985).

PITX2
Mutations in PITX2 cause ARS

ARS can be caused by mutations in the pituitary homeobox transcription
factor 2 (PITX2) gene at 4925-26. A wide range of different PITX2 mutations are
associated with ARS. These mutations vary from insertions, frameshift mutations,
missense mutations and nonsense mutations, as well as whole gene deletions (figure
1-4) (Lines et al. 2004). These mutations model haploinsufficiency, over-expression
and dominant negative mutation mechanisms and there is also range of ocular
phenotype severity. A putative genotype to phenotype correlation exists in which
lower wildtype PITX2 function results in more severe ocular phenotypes (Kozlowski
and Walter 2000). These mutations suggest multiple mechanisms of ARS
pathogenesis through PITX2 mutations.

Pitx2 expression in the eye is shown in ARS affected precursor tissues at day
E11.5 in mouse (Hjalt et al. 2000). Mice homozygous for Pitx2 mutations die at day
10 with severe cardiovascular malformations (Gage et al. 1999; Lin et al. 1999; Lu et
al. 1999). A small subset (10%) of heterozygous mice have iris malformation
phenotypes (Gage et al. 1999). The findings that mutations in human and mouse
PITX2 cause ocular defects demonstrate the importance of PITX2 in the developing
and adult eye.

PITX2 is a transcription factor

PITX2 is a bicoid-like, paired class, homeobox transcription factor (Semina et
al. 1996). PITX2 contains two known protein domains (figure 1-4). A homeodomain
exists near the N-terminal end and an OAR domain is located near the C-terminus.
The homeodomain is a structured, 60 amino acid, DNA binding domain. A lysine
residue at position 50 in the homeodomain specifies PITX2’s DNA binding site and
classifies PITX2 as a bicoid-like transcription factor (Hanes and Brent 1989). The
PITX2 homeodomain recognizes and binds the 5’-TAATCC-3’ sequence in DNA

-6-
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(Amendt et al. 1998). The OAR domain is a 15-20 AA region conserved in certain
transcription factors and is named for the initials of orthopedia, aristaless, and rax
(retina and anterior neural fold) transcription factors in which this domain was first

identified (Furukawa et al. 1997).

PITX2 can regulate gene expression in the TM

As a transcription factor, PITX2 is able to regulate the gene expression of
tissues in which PITX2 is expressed. Among other tissues, PITX2 is expressed in the
human fetal eye, (EST data, UniGene), the infant HTM (Wirtz et al. 2002) and the
adult HTM (Tomarev et al. 2003). PITX2 is highly expressed in the adult HTM
(Tomarev et al. 2003) suggesting PITX2 could have a role in maintenance of the TM
and drainage pathway in glaucoma pathogenesis. Expression of PITX2 in fetal, infant
and adult ocular tissues suggests both developmental and adult roles for PITX2. Asa
transcription factor in the trabecular meshwork, PITX2 can help regulate gene
expression necessary for TM function and therefore maintain IOP.

One way that PITX2 can affect TM function by gene regulation is through
cellular proliferation. Pitx2 is a component of the Wnt/Dvl/3-catenin pathway and
has a role in cellular proliferation (Kioussi et al. 2002). Pitx2 serves as a
transcriptional regulator in the G1 phase of the cell cycle. The DNA binding ability
of Pitx2 and the N-terminal domain of the Pitx2 protein are required for this cell cycle
effect. The authors propose that Pitx2 acts as a tissue-specific transcription factor in
the common Wnt/Dvl/B-catenin pathway to regulate the cell cycle.

Cellular proliferation is an important mechanism in the function of the TM. A
loss of trabecular beams due to depletion of TM cells has been associated with
glaucoma and it is postulated that this cellularity in the TM is important for proper
outflow maintenance (Alvarado et al. 1984; Polansky et al. 1984). Regulating
cellular proliferation through gene expression is one way PITX2 could affect TM

function and IOP management.
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PITX2 interacts with other proteins to regulate transcription

There is an important role for protein-protein interactions in homeodomain
protein activity. Interactions can allow the stimulation (Bach et al. 1997; Bradford et
al. 1997; Durocher et al. 1997; Tremblay et al. 1998) or inhibition (Stark and Johnson
1994; Hassan et al. 1997; Zhang et al. 1997, Tolkunova et al. 1998) of transcriptional
activity (figure 1-5). Interactions can also allow transcription factors to have alternate
functions as transcriptional activators or repressors dependent upon promoter context
and cellular conditions (Pinsonneault et al. 1997; Xu et al. 1998; Scully et al. 2000).

The homeodomain of PITX2 can bind DNA alone, but it does not have a
transactivation function (Amendt et al. 1999). This demonstrates that PITX2
transcriptional activation domains outside of the homeodomain. It is probable that
the transcriptional activation domains act through protein-protein interactions to
regulate transcription.

PITX2 can interact with other proteins and with itself (Amendt et al. 1999;
Saadi et al. 2003). PITX2-PITX2 homodimerization was originally thought to occur
through the homeodomain (Amendt et al. 1999), but a yeast two-hybrid study
demonstrated that PITX2 dimerization requires both the homeodomain and C-
terminal tail (Saadi et al. 2003). While PITX2 dimerization is DNA independent in
vitro, the PITX2 dimer is able to bind DNA and is more stable than the monomer on
DNA (Saadi et al. 2003). The exact dimerization model remains controversial
(Matthew Lines personal communication).

PITX2 also interacts with the pituitary specific transcription factor PIT-1
independent of DNA (Amendt et al. 1998). The interaction occurs through the C-
terminal region of PITX2 that includes the PITX2 OAR domain. The PITX2/PIT-1
interaction also affects the transactivational function of PITX2 by alleviating a PITX2
intramolecular auto-inhibititory interaction (Amendt et al. 1999). The PITX2/PIT-1
interaction is negated by some of the PITX2 ARS mutations (Saadi et al. 2003). PIT-
1 is only expressed in the pituitary gland, therefore, this specific interaction would
only occur in the pituitary. However, the PITX2/PIT-1interaction has been postulated
to be prototypic of transcriptional regulatory interactions that occur in other tissues

like the trabecular meshwork (Amendt et al. 1998).
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PITX2 interacts with HDACI1, TIP60, CBP/p300, CLIM, and 3-Catenin in a
temporally specific manner (Kioussi et al. 2002). These coactivators are recruited by
PITX2 to a promoter for transcriptional activation. Recently, PITX?2 has also been
shown to interact with FOXC1 (Matthew lines personal communication). FOXCI is
another ARS related gene that maps to 6p25 (Larsson et al. 1995; Mears et al. 1996;
Mears et al. 1998). It is a winged-forkhead transcription factor that has
transcriptional activation domains at both termini and an internal inhibitory domain
(Berry et al. 2002). Like PITX2, FOXCI1 is expressed in the developing eye and adult
trabecular meshwork (Mears et al. 1998; Kidson et al. 1999). The PITX2/FOXC1
interaction demonstrates that ARS related proteins physically interact with each other.
This interaction can have important affects on gene regulation in the trabecular
meshwork and aqueous humour outflow.

PITX2 is involved in several protein-protein interactions that can affect its
function. These interactions can help regulate important gene expression in the TM
and have a role in aqueous humour outflow and glaucoma pathogenesis. Further
identification of PITX2 interacting partners will continue to define PITX2’s

biological role and involvement in ARS.

Unidentified ARS genes

ARS is genetically heterogeneous (figure 1-6). It has been estimated that 60%
of ARS patients do not have PITX2 or FOXC1 mutations (Matthew Lines and
Michael Walter, personal communication). Therefore, other ARS related genes exist.
Aside from PITX2 and FOXC1, three other ARS loci have been identified. A locus
at 13q14 (OMIM *601499) has been identified and named RIEG2 (Phillips et al.
1996). Other ARS loci exist on chromosome 16 (Werner et al. 1997) and the X
chromosome (OMIM: 308500). Genes for these three loci have not been cloned.
Because ARS related proteins have been shown to interact with each other (Lines and
Walter, unpublished data), it is possible that ARS genes at these loci can be identified
by discovering protein interacting partners of PITX2 and FOXC1.
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Protein-Protein interactions

Many proteins in the cell interact with other proteins to function. Protein-
protein interactions are involved in cell structure, DNA replication, transcription
initiation, and many other processes. Specific protein-protein interactions can affect
protein stability, localization and function. Post-translational modifications of
proteins involve transient protein-protein interactions. As an example, protein
kinases and protein phosphatases interact with their substrate proteins to determine
their phosphorylation state and regulate their function. Protein-protein interactions
are also involved in recruiting and assembling transcription complexes to regulate
gene expression. By identifying a protein’s interacting partners, clues to that proteins
role in the cell can be uncovered. Identification of protein-protein interactions
involving glaucoma and ARS genes will allow further understanding of the cellular
roles of their encoded proteins. Identification of PITX2-protein interactions can aid

in understanding the role of PITX2 in the cell.

PITX2 interacting proteins can be identified with a two-hybrid method

Several different experimental methods are available to identify or confirm
PITX2 protein-protein interactions. These methods include co-immunoprecipitation,
protein affinity chromatography, and affinity blotting (Phizicky and Fields 1995).
One way to identify novel PITX2 interacting proteins is by screening a library using a
two-hybrid system (Fields and Song 1989; Chevray and Nathans 1992) . The yeast
two-hybrid (Y2H) system is an in vivo genetic system that detects protein-protein
interactions occurring within a living cell. Since the advent of the yeast two-hybrid
system, commercial versions have become available and thousands of protein-protein
interaction studies have used this method. More specifically, protein-protein
interactions relevant to ocular diseases have been identified using the yeast two
hybrid screens (Wentz-Hunter et al. 2002; Klenotic et al. 2004). The yeast two-hybrid
system has become an established method that can be used to test, identify, and
characterize protein-protein interactions.

The Y2H system takes advantage of the Saccharomyces cerevisiae

transcription factor, GAL4. GAL4 has modular DNA binding (DB) and
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transcriptional activation domains (AD) that can be physically separated. The coding
sequence of a protein of interest is fused in frame with the GAL4 -DB coding
sequence to create a fusion protein (figure 1-7). This fusion protein will bind the
GAL4 DNA target sequence upstream of a reporter gene and act as baif to trap
interacting proteins. The prey proteins to be trapped are encoded by the GAL4-AD
sequence fused in frame with a cDNA library. GAL4 function is reconstituted when
the DB and AD are brought together in close proximity by a bait/prey interaction and
the reporter gene is activated. Activation of the reporter gene allows the
identification of clones encoding interacting proteins.

There are certain considerations to be taken into account when designing a
two-hybrid screen. In order to increase the chances of identifying a biologically
relevant interaction, the bait protein should be tested against prey proteins that are
expressed in a common tissue. Because PITX2 is highly expressed in HTM cells, and
HTM gene expression is important in IOP regulation and glaucoma pathogenesis,
trabecular meshwork cells are an ideal starting material for a yeast two-hybrid library.

Bait proteins can also mimic an interaction phenotype if the bait has its own
transcriptional activation domain. In this case, the bait protein will activate reporter
gene expression in the absence of an interacting prey protein and produce false
positives. Because PITX2 is a transcription factor, a PITX2-DB bait protein may
self-activate. This problem can be addressed by assaying PITX2-DB transcriptional
self-activation and designing deletion constructs to remove PITX2 transcriptional
activation domains if necessary.

The cellular environment in yeast differs from that of an HTM cell. For
example, PITX2-DB and the prey proteins could be post-translationally modified
differently than in a human cell. Because the two-hybrid PITX2/prey interactions are
occurring within yeast, an identified interaction may not reflect an endogenous
mammalian situation. To address this problem, interactions identified by the yeast
two-hybrid system need to be re-assessed and verified within a mammalian system.
If the proper considerations are taken into account, a yeast two-hybrid cDNA library
screen is an established, reliable system that can be used for identification of PITX2

protein-protein interactions.
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Research project description

I hypothesize that PITX?2 interacts with other proteins to function. I further
hypothesize that by identifying PITX2 protein-protein interactions I can identify ARS
and glaucoma related candidate genes. These protein-protein interactions will be
identified through a yeast two-hybrid screen of an HTM c¢DNA library. Putative
protein-protein interactions will be confirmed in a mammalian system to model
biological protein folding and post-translational modifications. Validated PITX2
interacting partners will serve as candidate genes for glaucoma and developmental

ocular disorders like ARS.
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Table 1-1: Glaucoma loci and genes

Locus Location Gene References

GLC1A 1921-1923 MYOC (Sheffield et al. 1993)
(Stone et al. 1997)

GLCIB 2cen-q13 (Stoilova et al. 1996)

GLCIC 3q21-q24 (Wirtz et al. 1997)

GLCID 8q23 (Trifan et al. 1998)

GLCI1E 10p15-14 OPTN (Sarfarazi et al. 1998)
(Rezaie et al. 2002)

GLCIF 7q935-q36 (Wirtz et al. 1999)

GLCIG 5q15-5q22 (Samples et al. IOVS 2004,

ARVO E-Abstract 4622)

GLC3A 2p21 CYPIBI (Sarfarazi et al. 1995)
(Stoilov et al. 1997)

GLC3B 1p36.2-p36.1 (Akarsu et al. 1996)

GLC3C 149243 (Stoilov et al. IOV'S 2002;43:

ARVO E-Abstract 3015)
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Chapter Two: Materials and Methods
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1) Creation of a CytoTrap Y2H porcine cDNA library
Porcine tissue dissection and RNA isolation

Six pig eyes were collected from Olymel Pork Slaughterhouse and Cutting
Plant, Red Deer, less than one hour post mortem. The peri-ocular muscles were
removed and the anterior chamber was separated from the rest of the eye. The
anterior chamber tissues were placed in RNA/ater Tissue Collection: RNA
Stabilization Solution (Ambion, Inc.) and placed on ice until more fine-scale
dissection could be done. The anterior angle (including trabecular meshwork,
Schlemm’s canel and the ciliary body) was separated from the cornea and iris using a
dissection microscope. Five hundred milligrams of angle tissue were homogenized in
10 mL of TRIzol reagent (Invitrogen) and total RNA was extracted following the
manufacturer’s recommendations. The total RNA was subsequently enriched for

poly-A RNA using the Oilgotex mRNA purification system (QIAGEN).

Modified cDNA synthesis protocol

Five micrograms of poly-A enriched RNA was used for radiolabeled first and
second strand synthesis in the CytoTrap XR Library Construction kit (Stratagene).
The ¢cDNA termini were blunted and ligated with a modified EcoRI adapter (figure 2-
1). The EcoRI adapter was modified to include the sequence of a Gateway-
compatible atrB1 site (Invitrogen). To create the adapter, the forward and reverse
oligomers were mixed at a 1:1 molar ratio in water, heated to 95°C for one minute
and allowed to anneal slowly at room temperature overnight. Following the
cDNA/adapter ligation, the EcoRI ends where phosphorylated and the 3° EcoRI end

was removed by Xhol digestion.

Modification of CytoTrap prey vector

Mutagenesis (QuikChange Site-Directed Mutagenesis Kit Stratagene) was
used to incorporate an a#/B2 site into the pMyr prey vector (Stratagene) as per the
manufacturer’s recommendations. See figure 2-1 for mutagenic primer sequences.

Clone DNA was manually sequenced with the 5> Myr primer and using the **P-
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radiolabeled terminator ThermoSequenase Cycle Sequencing Kit (Amersham
Biosciences) to confirm the mutation. See table 2-1 for sequencing primer sequence.
The modified and sequenced region was sub-cloned back into a wild type vector

backbone to eliminate the possibility of secondary mutations.

Ligations and Transformations

Size fractionated cDNA samples were quantified on ethidium bromide plates,
and the cDNA was ligated into the modified pMyr vector as per CytoTrap manual.
Bacterial transformations were done using XL10-Gold Kan Ultracompetent cells

(Stratagene) with the recommended protocol and then plated appropriately.

Gateway-compatible site confirmation

Small scale plasmid DNA preparations (QIAGEN) were made from ten
randomly picked colonies and analyzed by restriction digests to confirm presence of
cDNA inserts. Three clones were sequenced with an automated LI-COR DNA
sequencer. See table 2-1 for primer sequence. To test the function of the a#B sites, a
Gateway BP recombination reaction (Invitrogen) was performed on a select clone and
a pDONR 201 vector (Invitrogen) (gift from Glerum lab). A BP reaction mediates
recombination though an a#/B (bacterial attachment) and an a#P (phage attachment) A
phage recombination sites in the vectors that flank the DNA sequence to be
exchanged. The BP reactions were transformed into bacteria and plated. Restriction

analysis was used to confirm insert shuttling.

2) Custom built HTM ProQuest cDNA library

Our collaborator, Dr. Jon R. Polansky, provided us with total RNA isolated
from a human trabecular meshwork (HTM) primary cell culture created from a 30yr
old non-glaucomatous donor. The culturing method is as described (Polansky et al.
1979; Polansky et al. 1984). The RNA extraction was performed by standard
methods. Poly-A enriched RNA was isolated from 100 ug of total RNA using
QIAGEN Oligotex as above.
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Library Characteristics

The HTM yeast two-hybrid cDNA library was created by Invitrogen and
contained 2.1x10° primary colony forming units before semi-solid amplification and
7.8x10° cfu in the amplified library. Twenty-four independent primary clones were
analyzed. Of these, 23 contained cDNA inserts (96% of total) with an average insert
size of 1.9kb. The library was directionally cloned into the pEXP-AD502 ProQuest
yeast two-hybrid prey vector (Invitrogen) using a NotI adapter on the oligo-dT primer
and 5’ blunt end ligation into the vector’s EcoRYV site. The EcoRV site was destroyed
in the library plasmid DNA because the cDNA inserts do not contain the

complementary EcoRV recognition sequence.

Plasmid isolation

I inoculated 250mL of LB media with 2.5x10° cfu of the HTM library and
grew the culture overnight at 30°C. Plasmid DNA was isolated as in ProQuest pre-
made cDNA library manual (Invitrogen). Three micrograms of the plasmid DNA
was digested with BsrGI (New England Biolabs) to confirm insert average size and
size range. Standard PCR was performed on 50 ng of the library plasmid DNA with
the full length PITX2 a#B primer set (table 2-1).

3) HTM Y2H library screen using PITX2 as bait
PITX2 bait construct creation and self-activation titration

A full length PITX2 bait construct was created to include the full 271 amino
acid PITX2 open reading frame. The PITX2 homeodomain (HD) construct encodes
the entire homeodomain and six more amino acids on either end (amino acids 33-104,
inclusive). Both constructs were designed without stop codons in anticipation of
using Gateway shuttling to create C-terminal fusion proteins for downstream
applications. There are stop codons in all three frames immediately following the
attB2 site in the pDEST-32 vector that terminate bait fusion proteins. FailSafe PCR
(EPICENTRE) was used to amplify full length PITX2 and the PITX2 homeodomain
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from a pcDNA-PITX2 construct (provided by Tim Footz). See table 2-1 for primer
sequences. The PCR amplicons were gel extracted (QIAGEN) and Gateway shuttled
through a BP reaction with pDONR 221 (Invitrogen) to create an entry clone (figure
2-2). Entry clone plasmid DNA was isolated by a small scale DNA preparation
(QIAGEN) and recombined with pDEST-32 in an LR Gateway recombination
reaction (Invitrogen). An LR reaction mediates recombination though the a#fL (left
attachment) and a#R (right attachment) phage based recombination sites flanking the
DNA sequence to be exchanged. The LR reaction created the expression clones. The
expression clone inserts were sequenced with Applied Biosystems (ABI) automated
DNA sequencers and the junctions were sequenced manually as described above.
Large-scale DNA preparations (QIAGEN) of both constructs were carried out. Bait
protein self activation was tested as in the manufacturer’s ProQuest protocol

(Invitrogen).

Co-Transformation of PITX2 and cDNA library

Ten micrograms of the full length PITX2 bait construct was co-transformed
with 10ug of isolated library DNA into the MaV203 (MATa) yeast strain. Yeast co-
transformations and plating were performed as recommended (ProQuest, Invitrogen).

Selection plates were incubated at 30°C and monitored daily for seven days.

Assessment of interactions within Y2H system

Co-transformed colonies growing on media lacking leucine (LEU), tryptophan
(TRP), and histidine (HIS) were picked and streaked onto plates lacking LEU and
TRP to isolate single purified colonies from the original. Four colony isolates per
original colony were streaked onto master plates (-LEU-TRP) along with the yeast
control strains in the pattern suggested in the Proquest manual. Replica plating and
replica cleaning onto the four assay media were done as suggested. Following the
appropriate incubation and the X-gal assay, colonies presenting a putative interaction

phenotype were selected for further analysis.
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Interacting prey sequence identity determination

Bait and prey plasmid DNA were recovered from yeast and transformed into
bacteria using electroporation of ElectroMAX DH10B cells (Invitrogen) or XL10-
Gold Kan Ultracompetent cells (Stratagene) with recommended protocols. The
transformations were plated on media containing gentamicin to recover the bait
plasmid or ampicilin to isolate the prey plasmid. Small-scale DNA preparations
(QIAGEN) were performed on multiple bacterial clones for each yeast clone. BamHI
digests were used to compare the original and recovered bait constructs. A BsrGI
digest of the recovered prey construct identifies cDNA insert presence and size. Prey
bacterial DNA preps with cDNA inserts were sequenced with ABI automated DNA
sequencers, using pEXP-ADS502 forward and reverse primers (table 2-1). Prey cDNA
insert sequences were submitted to the BLASTn program at NCBI
(http://www.ncbi.nlm.nih.gov/BLAST/) to reveal identity.

Confirmation of interaction within Y2H system

The re-transformation assay described in the ProQuest manual was performed
for the 2P152 and 2P141 prey constructs. These prey constructs were also co-
transformed with the PITX2 homeodomain bait construct and a full length FOXC1
bait construct provided by Lijia Huang.

4) EFEMP?2 in silico normal tissue expression profile
EFEMP?2 tissue expression profile was determined by the SOURCE program

at http://source.stanford.edu.

5) PITX2 dimerization interaction in the Y2H system

A LR Gateway recombination reaction was used to move the full length
PITX2 entry clone insert into the prey vector pPDEST-22. The reading frame of the
insert was confirmed by ABI sequencing with vector primers (table 2-1). The self-
activation of this construct was titrated as reccommended. The PITX2 bait and PITX2

prey constructs were co-transformed into yeast and four independent, isolated, co-
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transformant colonies were picked and their reporter phenotypes were assayed as

above.

6) PITX2-EFEMP2 interaction in mammalian system
Creation of an EFEMP2 mammalian expression construct

A BP Gateway reaction of the 2P152 prey plasmid DNA and pDONR 221
created an EFEMP2 entry clone. This EFEMP2 clone is deleted for the 36 N-
terminal amino acids of EFEMP2 and will be referred to as EFEMP2xn36. The
EFEMP2 N3 mammalian expression clone was constructed using an LR reaction of
the 2P152 Entry Clone with the pcDNA3.1/nV5-DEST vector (Invitrogen). The
expression clone contains an N-terminal V5 epitope tag. Correct transfer of the open

reading frame was confirmed with ABI sequencing.

Preparation of whole cell lysates

COS-7 (adult male African green monkey kidney derived cell line) cells were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine
serum (FBS) in 5% CO; at 37°C by May Yu. Ten centimeter plates were seeded with
10° cells 24 hours prior to transfection.

The V5-EFEMP2 an36 construct was co-transfected with an Xpress-PITX2
encoding construct in pcDNA HIS-MAX (created by Tim Footz) using 5 ug of DNA
(2.5 pg per construct) in 24ul of Fugene 6 (Roche) and 776 ul of DMEM per 10cm
plate. The cells were harvested three days subsequent to transfection. All reagents
and tubes were kept on ice. The culture media was removed and the cells were rinsed
in phosphate buffered saline (PBS) pH 7.2 (137 mM NaCl, 2.7 mM KCIl, 10mM
Na2HPO4, 1.7 KH2PO4 ) + 1% phenylmethylsulphonyl fluoride (PMSF). The PBS
was removed, and the cells were scraped in S5SmL of fresh PBS with a cell scraper.
The cells suspended in PBS were collected in a 50 mL tube and an additional 5 ml of
PBS was added to the plate to recover the remaining cells. The cells were pelleted
and the majority of supernatant removed. The pellet was resuspended in residual
volume (approximately 1ml) and transferred to 1.5 mL tubes. The cells were pelleted

again and all of the supernatant was removed. The pellet was resuspended in 200 ul
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of nuclear lysis buffer (20 mM HEPES pH 7.9, 500mM NaCl, 20 mM EDTA, 1.5
mM MgCl,, 20% glycerol, 0.1% Triton-X 100 + 1% PMSF) for each 10 cm plate
used for the lysate. Cells were lysed by briefly sonicating at a low setting. The

debris was pelleted and the supernatant collected.

Immunoblot analysis

Fifteen microlitres of each lysate were mixed with 15 ul of standard 2xSDS
(sodium dodecyl sulfate) loading buffer and boiled at 95°C for 10min. The samples
were size-separated on a 10% SDS-PAGE gel using the Protean 3 minigel system
(BioRad). Protein from the gel was transferred to nitrocellulose membrane (Biorad)
using a BioRad Protean 3 transfer apparatus in transfer buffer (20% methanol, 36mM
Tris base, 275 mM glycine). The membrane was stained with Ponceau-S stain for 10
minutes to confirm proper transfer, then blocked with 5% milk powder in TBST
(100mM Tris-Cl pH 7.5, 150 mM NacCl, 0.05 % Tween-20) for 30 min. Antibodies
(mouse monoclonal a-Xpress-HRP or a-V5-HRP (Invitrogen)) were diluted 1:5000
in TBST-+milk and were incubated with the blot for 16 hours at 4°C. The blot was
then washed six times for five minutes each with TBST. Antibody detection was
performed using the Supersignal chemiluminescent substrate (Pierce) and exposing

the membrane to film (Fuji).

Co-immunoprecipitation

Seventy-five microlitres of each whole cell lysate were diluted with 425 ul of
Immunoprecipitation (IP) buffer (250 mM NaCl, 10mM HEPES pH 7.9, 0.25%
IGEPAL CA-630). The diluted lystaes were pre-cleared for two hours with 30ul of
blocked protein G-sepharose beads. The protein G beads had been previously
blocked with 1%BSA in PBS. The beads were removed by centrifugation and the
supernatants were allowed to bind with the appropriate antibody (mouse monoclonal
a-Xpress or a-V5) overnight at 4°C. Thirty microlitres of new blocked beads were
added to the reaction and allowed to batch bind for one hour. The beads were
pelleted by centrifugation at 1000 x g for five minutes and resuspended in IP buffer

for a five minute batch wash. The washes were repeated five more times. Finally the
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antibody/protein-complexes were eluted from the beads in standard 2x SDS loading
buffer. SDS-PAGE and immunoblot analysis were performed as above. For
increased sensitivity, the blot was incubated for one hour incubation with a GaM-
HRP secondary antibody (1:5000) following the anti-Xpress primary antibody

incubation.

7) Intracellular localization
Immunofluorescence

COS-7 cells were maintained as described above, but seeded at 2x10° on
coverslips in 6-well plates. Transfections were performed as above with a total of
500 nanograms of DNA used per well.

Media was removed from wells and the coverslips were washed briefly with
PBS prior to fixing the cells in 4% paraformaldehyde in PBS for 10 min. The fixative
was removed by three PBS washes. To make the cells permeable, the coverslips were
exposed to three five minute changes of 0.1% Triton X-100 in PBS. The coverslips
were then blocked for one hour in PBS 5% BSA, and rinsed briefly with PBS-1%
BSA. The cells were exposed to a 1/500 dilution of the a-V5 primary antibody for
one hour at room temperature. The coverslips were then washed with six changes of
PBS-BSA for five minutes each. Following these washes, the cells were exposed to a
1/500 dilution of GaM-Cy3 secondary and Hoechst (50 pug/ml) for one hour, washed
twice for five minutes in PBS-BSA and twice for five minutes in PBS. The
coverslips were mounted in mounting media (9:1 glycerol to PBS, and 5 mM p-

phenylenediamine) and sealed to slides with nail polish.

Co-Immunofluorescence (performed in collaboration with Matthew Lines)

In the interest of time, the pcDNA VS5-EFEMP2an36 construct was provided to
Matthew Lines to perform a co-immunofluorescence experiment with a pCI derived
construct encoding an N-terminally tagged HA-PITX2 fusion protein (created by
Kathy Kozlowski). The transfections were performed as above, but using 250
nanograms of the EFEMP2 construct and 250 nanograms of the PITX2 constructs.

The immunofluorescence was performed as above with anti-V5 mouse primary
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antibody and anti-HA rabbit primary antibody being incubated on the slide
simultaneously. Following six, five minute PBS-BSA washes, the secondary
antibodies (goat-anti-mouse-Cy3 secondary and donkey-anti -rabbit -Cy2 secondary)

were incubated on the slide simultaneously.

Microscopy and Imaging

The prepared slides were viewed using a Leica DMRE microscope with the
40x or 100x objective. Three filters separated the fluorescent signals: filter 31000
for Hoechst, 41001 for Cy2, and 31002 for Cy3. Photographs were taken with a
QICAM 10-bit mono CCD camera. Image merges and alignments were done using

Northern Elite imaging software.
8) Primer set design for mutational screens
The Primer 3 program was used to design intronic primer sets that span one or

more EFEMP2 exons and their intron junctions. Primer 3 source code is available at

http://frodo.wi.mit.edu/primer3/primer3_code.html.
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attB1 cDNA Adapter
B) EcoRI Overhang

5’ OH-AATTCGGGGGGACAAGTTTGTACAAAAAAGCAGGCTICG3!
3’/ GCCCCCOIGTTCAAACATGTTTTTTCGTCCGAGCPS’

attB2/pMyr Mutagenesis Primers

5’ CCGGGCCTCGAGGTCGACGGACCCAGCTTTCTTGTACARAGTGGTCCCCTAATTGAATAATAAGC3!
3’ GGCCCGGAGCTCCAGCTGCOTGGGTCGAAAGAACATGTTTCACCAGGGGATTAACTTATTATTCGS
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Table 2-1: Primer sequences - listed 5° to 3’

Sequencing:
Myr 5’ primer
Myr 3’ primer
pDEST-32 forward
pDEST-32 reverse
pEXP-AD502 forward
pEXP-ADS502 reverse
T7 primer

PCR:

Full length PITX2 a#/B1 forward

act act agc agc tgt aat a

cgt gaa tgt aag cgt gac at

ttg act gta tcg tcg agg

ttg tac aag aaa gct ggg

cgg tce gaa cct cat aac aac tc
gta aat ttc tgg caa ggt aga c

taa tac gac tca cta tag gg

gggg aca agt ttg tac aaa aaa geca gge tta atg gag acc aac tge cge

Full length PITX2 a#B2 reverse

gggg ac cac ttt gta caa gaa age tgg gta cac ggg ccg gtc cac tg

Homeodomain PITX2 atB1 forward

gggg aca agt ttg tac aaa aaa gea tac ccg tct aag aag aag cgg

Homeodomain PITX2 attB2 reverse

gggg ac cac (it gta caa gaa age tgg gtg ctc gge ctg ctg gt geg
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CytoTrap library construction

The cDNA library created with porcine (Sus scrofa) anterior angle RNA
consisted of approximately 2x10° primary colony forming units (pcfu). Ten out of
ten randomly picked library colonies contained cDNA inserts by restriction analysis.
The sizes ranged from 200bp to 3.5 kb (data not shown). Three of these clones were
sequenced and revealed identity to Sus scrofa expressed sequence tags (ESTs).

Because the major goal of the porcine library creation was to develop a
modified system to be used with HTM RNA, the Gateway modifications were
examined. The presence of both the a#zB1 and a#/B2 sites were confirmed by LICOR
sequencing and their functionality was successfully tested by a BP recombination
reaction and confirmed by restriction analysis.

A human fetal eye cDNA library was also created within this system in
collaboration with James Friedman (former graduate student, Walter lab). The
human fetal eye library contained a higher number of pcfu (3.8x10%) than the porcine
library. Both PITX2 and FOXCI transcripts were detected in the fetal eye library by
PCR of the cDNA library DNA extract. The human fetal eye cDNA library was test-
screened using FOXC1 as the Y2H bait protein (Fred Berry personal
communication). No FOXC1 interacting proteins were identified. Due do the low
numbers of pcfu in the porcine and human fetal eye libraries and the negative results

from the CytoTrap FOXC1 Y2H screen, these libraries were abandoned.

Commercial HTM c¢DNA library construction and initial analysis

Total RNA from a HTM primary cell culture was provided to us by our
collaborator Dr. Jon R. Polansky. The presence of rRNA bands with a 28S to 18S
ratio greater than 2:1 in the HTM total RNA indicates high quality and integrity
(figure 3-1a). The HTM cDNA library was created with a commercially available
service with guaranteed results (Invitrogen).

Approximately 10ug of poly-A enriched RNA was isolated from 100ug of
total RNA (figure 3-1a). The poly-A enriched RNA sample was estimated to contain
only 0.5-1 pug of mRNA (Pei-zhong Tang, Invitrogen, personal communication). This
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mRNA was used as the starting material for the Invitrogen micro-quantity cDNA
custom library creation service. A library containing 1x10° pcfu has a greater than
99% probability of including at least one copy of every mRNA (Chanda 1995). With
2.1x10° pefu, the created HTM cDNA library likely represents the entire
transcriptome of the HTM cells. The HTM cDNA library was constructed in the
Gateway-compatible ProQuest Two-Hybrid System prey vector (pEXP-AD502,
Invitrogen). The ProQuest system uses low copy CEN-based plasmids and three
independent, GALA4 activated, reporter genes to help eliminate false positives (figure
3-2).

Approximately 1.7 mg of plasmid DNA was isolated from the Invitrogen
library glycerol stocks. Restriction digestion of the library plasmid DNA revealed a
range of cDNA insert sizes. The cDNAs present themselves as a smear between one
and five kb (see figure 3-1b). There is an apparent difference between average insert
size in this figure (approximately 1.5kb) and that reported on Invitrogen’s library
certificate of analysis (1.9 kb). This difference is most likely due to BsrGI
recognition sites within some cDNA inserts. Internal BsrGl sites would allow the
enzyme to cleave the inserts into multiple fragments.

PITX2 is known to be expressed in the HTM tissue (Tomarev et al. 2003) and
in our HTM primary cell culture (Kathy Kozlowski, personal communication). PCR

analysis confirms the presence of a full length PITX2 transcript in our library (figure

3-1c).

Bait protein self-activation titration

When screening a Y2H library, it is important to determine whether or not the
bait fusion protein will self-activate the reporter genes in the absence of an interacting
prey protein. The chemical 3-Aminotriazole (3AT) competitively inhibits the HIS3
gene product and can be used to titrate self activation of bait proteins. Both full-
length and homeodomain (amino acids 33-104, inclusive) PITX2 bait constructs were
created in anticipation that a full length PITX2 protein would contain transactivation
domains with untitratable self-activation ability (>100mM 3AT). Both the full length

PITX2 and PITX2 homeodomain bait proteins were found not to self activate at
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25mM 3AT (figure 3-3). I was able to use the full length PITX2 bait construct to
screen the HTM library by supplementing the selection media with 25 mM 3AT.

PITX2 dimerization

In parallel with the library screen, a known PITX2 protein-protein interaction
was tested directly within the Y2H system. The ability of PITX2 to form
homodimers is an Axenfeld-Rieger Syndrome related protein-protein interaction
((Saadi et al. 2003) and Matthew Lines personal communication). A full length
PITX2 prey construct was created by shuttling the PITX2 bait insert into the prey
vector (pDEST-22, Invitrogen). The PITX2 prey protein does not self activate at
25mM 3AT. PITX2 bait and PITX2 prey co-transformants did not demonstrate an
interaction phenotype in this Y2H system. These results were later reproduced by

Lijia Huang using the same method (personal communication).

Yeast two-hybrid library screen

The HTM cDNA library was screened twice with full length PITX2 as bait.
In the first screen, 5x10* co-transformants were screened. Fourteen small (< Imm)
and two large (= 2mm) colonies were isolated. In the second screen 10 small and 13
large colonies were isolated from 2.56x10° co-transformants screened (table 3-1).
Large colonies first appear on media lacking histidine three-four days after plating,
while small colonies only became apparent after six or seven days.

Taken together, approximately 300,000 co-transformants were screened,
resulting in 39 putative interaction colonies (table 3-1). Of'these 39, 16 displayed a
HIS+ Bgal + URA- SFOA- interaction phenotype. An SFOA- scoring can mean an
absence of growth, or growth inhibition on media supplemented with 5-fluoroorotic
acid. Figure 3-4 displays a colony representative of this phenotype. With only two
exceptions (2P071 and 2P112), the colonies displaying an interaction phenotype were
the large colonies. The 2P071 small colony displayed a putative interaction
phenotype (HIS+ Bgal - URA- SFOA-), was discovered to be a false positive. The
identity of 2P071 was determined to be an out of frame cDNA for the Mannose 6
Phosphate Receptor Binding Protein (M6PRBP). The 2P071 prey protein produces a
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very short truncated novel peptide (20 AA) that does not show similarity to any
known proteins by BLASTp analysis. The putative interaction phenotype of 2P071 is
probably a result of inconsistent replica plating or replica cleaning, but may be due to
a host cell mutation or bait/prey construct self-activation mutations. 2P112 was a
large colony that initially grew on media lacking histidine, but displayed a non-
interaction phenotype (HIS- Bgal - URA- SFOA+). 2P112 represents a false positive
that was eliminated from further characterization due to the inactivation of the three
independent reporter genes.

The two-hybrid plasmids were recovered from the putative interacting
colonies (figure 3-5) and the prey plasmids were sequenced (table 3-2). Fourteen
prey constructs contained cDNAs with identity to the EGF-containing fibulin-like
extracellular matrix protein 2 gene (EFEMP2) by BLASTn analysis. No cDNA
containing prey plasmids were recovered for the 2P061 colony from three
independent bacterial colonies.

Of the EFEMP2 cDNAs recovered, there were nine different clone lengths
ranging from 309 to 407 amino acids of EFEMP2’s putative 443 amino acid open
reading frame (ORF). No EFEMP?2 clones were isolated during an equivalent, parallel
HTM library screen of 300,000 co-transformants with FOXCI1 as bait (Lijia Huang,
personal communication). This implies that EFEMP2 interactions are specific to the

PITX2 protein.

EFEMP2/PITX2 interaction confirmation in yeast

To confirm the EFEMP2/PITX2 interaction within the ProQuest system and
eliminate the possibility of a host cell or construct self-activation mutation, the
longest (2P152 now called EFEMP2,y36) and shortest (2P141 now called
EFEMP2,n134) EFEMP2 prey constructs were re-co-transformed with the original full
length PITX2 bait construct and an empty bait vector. At this point I also tested the
ability of the EFEMP2an36 or EFEMP2 134 clones to interact with a PITX2
homeodomain (PITX2-HD) bait protein and a full length FOXC1 bait protein
(construct supplied by Lijia Huang). Initial protein-protein interaction domain

mapping was provided by testing the EFEMP2 an3¢/PITX2-HD interaction. The
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EFEMP2 an3/FOXC1 acts as a negative control that demonstrates the specificity of
the PITX2/EFEMP?2 interaction showing that EFEMP2 does not interact with all
transcription factors or GAL4-fusion proteins.

Both EFEMP2 clones recapitulated the original interaction phenotype with
full length PITX2 (figure 3-6). Neither EFEMP2an36 nor EFEMP2,x134 demonstrated
an interaction with the empty bait vector, PITX2 homeodomain or full length FOXC1
in this system. The negative result of the X-gal assay shown here is representative of

the HIS, URA, and 5SFOA non-interaction phenotypes.

Confirmation of the PITX2/EFEMP2 interaction in a mammalian system

Once the PITX2/EFEMP2 interaction was confirmed within the yeast system,
the next step was to test the interaction in a second system. A bidirectional co-
immunoprecipitation (co-IP) experiment was performed by expressing tagged
versions of PITX2 and EFEMP2 in COS-7 cells. I created a mammalian expression
vector construct encoding an N-terminally tagged V5-EFEMP2ans6 protein by
shuttling the cDNA insert from the Y2H prey vector to pcDNA3.1/nV5-DEST using
Gateway technology. I then transiently expressed this EFEMP2an36 fusion protein
and an N-terminally tagged Xpress PITX2 in COS-7 cells. Both fusion proteins were
detected by immunoblot analysis in the COS-7 cell lysates, but the V5-EFEMP2 36
band is approximately 5 kDa larger than would be expected for the 50 kDa V5-
EFEMP2an36 fusion protein (figure 3-7). This decreased EFEMP2an36 mobility
corresponds to the decreased mobility demonstrated with full length EFEMP2 and is
most likely due to post-translational modifications (Giltay et al. 1999; Gallagher et al.
2001).

To test if PITX2 and EFEMP2 proteins interact in a mammalian system, co-IP
experiments were performed with a-V5 and a-Xp antibodies. If PITX2 and EFEMP2
interact, the proteins will be immunoprecipitated as a complex when ¢ither one is
precipitated with a specific antibody. EFEMP2an36 Was co-immunoprecipitated with
PITX2. PITX2 was co-immunoprecipitated with EFEMP2,n36 in the reciprocal
experiment (figure 3-8). Neither fusion protein was immunoprecipitated in the

absence of their respective interacting partner (empty vectors controls). The inability
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of peptides encoded by the empty vector to co-immunoprecipitate PITX2 or EFEMP2
indicates that the PITX2/EFEMP2 interaction is occurring through a specific protein-

protein interaction and not with the N-terminal Xpress or V5 tags.

Intracellular localization

Immunofluorescence experiments were performed to examine whether the co-
IP EFEMP2/PITX2 interaction detected in COS-7 lysates was also occuring within
live cells. Cells expressing V5-EFEMP2n36 display both nuclear and cytoplasmic
fluorescent staining (figure 3-9). As compared to a soluble cytoplasmic localization
control (V5-LacZ), V5- EFEMP2an36’s cytoplasmic staining appears more punctate.
The EFEMP24n36 transfected cells displayed varied subnuclear localization (figure 3-
9). The transfected cells have variously sized nuclear foci that are excluded from the
regions of highest Hoechst staining. High levels of Hoechst stain are areas of
concentrated DNA and represent constitutive heterochromatin. The larger
EFEMP2an36 nuclear foci appear to localize where no DNA stain is visible. These
areas represent extrachromatic or possibly highly decondensed euchromatic regions.
COS-7 cells transfected with the empty VS5 vector did not show fluorescence (data not
shown).

When COS-7 cells were co-transfected with PITX2 and EFEMP2an3s
expressing constructs, 50% of transfected cells expressed PITX2 only, 25% expressed
EFEMP2an36 only and 25% expressed both proteins. Cells expressing HA-PITX2
display nuclear localization consistent with previous studies (Matthew Lines, personal
communication) (figure 3-10a). Cells expressing both exogenous PITX2 and
EFEMP2an36 display wild-type PITX2 intracellular localization, but the EFEMP2an36
protein is now more strongly localized to the nucleus (figure 3-10a). In particular, the
presence of recombinant PITX?2 alters the subnuclear localization of EFEMP2n36 to

resemble PITX2 subnuclear localization (figure 3-10b).

PITX2 and EFEMP2 in silico tissue expression profile comparison
PITX2 and EFEMP?2 virtual Northern blots show an overlap of expression in
many normal human adult tissues (table 3-3). PITX2 and EFEMP?2 are co-expressed

- 49 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in 11/13 PITX2 expressing tissue groups and 11/23 EFEMP?2 expressing tissue
groups. PITX2 and EFEMP? co-expression in the eye is of particular interest to this
study. Gene expression in uninformative tissue groupings such as ‘unclassified’,

‘other’, and ‘mixed’ are not shown.

Primers designed for candidate disease patient mutational screening

Primer sets were designed to do mutational screening of the EFEMP?2 putative
coding region and intron/exon boundaries (figure 3-11). These primer sets are
currently being used for screening the DNA of patients with candidate ocular diseases

(Farideh Mirzayans and Dion Pasichnyk personal communication).
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COLONY #

Table 3-1: Yeast Colony Reporter Gene Phenotypes

ICOLONY SIZE

HIS X-GAL ASSAY URA

INTERACTION
FOA PHENOTYPE

PO11
PO12
P021
P031
P032
P033
PO51
P061
P062
P091
P092
P094
P05
P101
P161
P162

2P041
2P042
2P051
2P061
2P062
2P063
2P064
2P071
2P091
2P101
2P102
2P111
2P112
2P113
2P121
2P131
2P141
2P142
2P151
2P152
2P161
2P162
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Table 3-2: cDNA Identity of PITX2 Interacting Prey Constructs

Length of novel

COLONY #  Sequence Identity ORF(AA)
P021 EFEMP2 319
P101 EFEMP2 347
2P031 EFEMP2 347
2P041 EFEMP2 369
2P061 empty vector* N/A
2P062 EFEMP2 364
2P064 EFEMP2 355
2P071 M6PRBP1 not in frame

2P101 EFEMP2 355
2P111 EFEMP2 355
2P131 EFEMP2 369
2P141 EFEMP2

2P151 EFEMP2 384
2P152 EFEMP2 | 4
2P161 EFEMP2 388
2P162 EFEMP2 347

* probable mixed population

_— Shortest and longest EFEMP2 clones
selected for additional analyses
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Table 3-3: PITX2 and EFEMP2 human normalized virtual Northern blots

PITX2 EFEMP2
Percentage of Percentage of
Tissue Type | Normalized Abundance Tissue Type | Normalized Abundance

Tongue 41.15 14.61
Placenta 15.10 11.39
14.78 8.85

9.37 7.24

3.39 4.22

2.89 3.95

2.39 % 3.15

2.00 Prostate 2.79

1.25 Ovary 2.51

0.91 PNS 2.14

0.90 Pancreas 1.99

0.88 Blood 1.95

Mamm Gland 1.75

Colon - 1.64

Lung s 1.59

Bone Marrow 1.53

1.50

1.37

0.99

0.63

0.42

0.39

EEE - 1issucs that express both PITX2 and EFEMP2

PNS — Peripheral Nervous System
Mamm Gland — Mammary Gland
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Exon(s) Forward Primer (5'-3") Reverse Primer (5'-3")
1 ctcaggaatccgccgaag ggcctctgtgggcgctac
2,3 ccggtacagggagttgagg agctggcecctcectgtgtageag
4 vgctggggccacacatctc gggaggaacatgaggtctgag
5 agaggttaggggtgcctttc gtctgatgacggagggtgag
6,7 cctcggacacaggattatgg ggagaactgtgtggcaggag
8,9 ttgtctcatccecectetgte tgattcccatcatccctecag
10 gggtagaagggtccttttgg ccgagtgcttegttagaattg

11,12 gccagggctgttcctetg gagtgcagagggctcattg
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EFEMP?2 is a PITX2 interacting protein

The major finding of this study is the identification of a novel PITX2 protein-
protein interaction. When identifying a protein interaction, there are several criteria
that must be met. In this study, I have fulfilled these major criteria and demonstrated
that EFEMP?2 is a PITX2 interacting protein. In brief, I have detected the protein-
protein interaction within one system (yeast two-hybrid: an in vivo genetic system)
and reassessed it within that system (figures 3-4 and 3-6). I then successfully
confirmed the interaction within a second system (co-immunoprecipitation: an in
vitro biochemical system) and in a reciprocal experiment within that system (figure 3-
8).

Clones encoding EFEMP2 prey proteins of varying lengths were identified as
PITX2 interactors from the Y2H library screen. Even prior to further interaction
confirmation experiments, identification of multiple EFEMP2 clones was evidence
that the PITX2/EFEMP2 interaction is genuine within the Y2H system and not just an
artifact of a specific prey construct.

Through data-mining, I have shown both a temporal and spatial expression
overlap of these two proteins. The normalized virtual Northern blots of PITX2 and
EFEMP2 show a high degree of tissue expression overlap (table 3-3). As more
specific evidence for PITX2 and EFEMP?2 being expressed in the same tissues, the
cDNA for these genes can be found within the same cDNA libraries: our HTM cDNA
library, an infant HTM cell culture library (Wirtz et al. 2002), and a NEI Bank human
optic nerve library. These tissues are extremely important in glaucoma pathogenesis.
Co-expression of PITX2 and EFEMP2 in the same human tissues provides evidence
that the proteins could interact in a biologically relevant manner.

Initial evidence for a developmental expression overlap is indicated by
expression of both genes in human fetal tissues. Both PITX2 and EFEMP2 are
expressed in fetal tissues and notably in the fetal eye (EST data, UniGENE). Efemp?2
is expressed at least as early as day seven and up to birth during mouse development
(Gallagher et al. 1999). Pitx2 shows expression in the developing mouse eye at days

10.5 and on (Hjalt et al. 2000). Common expression in fetal tissues provides
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evidence that a PITX2/EFEMP2 interaction can potentially occur during development
as well.

Further evidence for a physical interaction between EFEMP2/PITX2 is their
expression overlap at the subcellular level demonstrated by intracellular co-
localization (figure 3-10b). The PITX2/EFEMP2,n36 co-immunofluorescence results
demonstrate that the PITX2/EFEMP2an3¢ interaction is occurring within mammalian
cell nuclei. PITX2 also induces EFEMP2an36 nuclear translocation in vivo. This
translocation is potentially accomplished through direct protein-protein binding and
EFEMP2 relocation to the nucleus as a PITX2/EFEMP2 complex. This piggy-back
model is similar to what occurs with the transcription factors Scalloped and Vestigal
in Drosophila (Srivastava et al. 2002). Inside the nucleus, PITX2 alters the
subnuclear localization of EFEMP2an36 to a wild-type PITX2 pattern. The PITX2
subnuclear localization has been shown to be excluded from regions of transcriptional
inactivity (Matthew Lines personal communication). This is consistent with PITX2
being involved in transcriptional activation. Therefore, the PITX2/EFEMP2n36
complex is localized to areas of potential transcriptional activity and may be directly
involved in transcriptional regulation.

All of the data I have outlined is consistent with PITX2 and EFEMP2
interacting in vivo. As de facto evidence of the interaction occurring in a biologically
relevant context, the next step would be to visualize endogenous proteins in vivo in
the same cells at the same time. This would require high-quality antibodies specific
to the proteins and actual human tissue samples to do immunohistochemistry
experiments. Nevertheless, my Y2H screen of the HTM cDNA library has identified

a PITX2/EFEMP2 interaction as a novel protein-protein interaction.

EFEMP2 belongs to the fibulin family of proteins

The PITX2 interacting protein that I have identified (EFEMP2) is also named
fibulin-4 (Giltay et al. 1999) and belongs to the fibulin family of proteins (Argraves et
al. 2003; Timpl et al. 2003; Chu and Tsuda 2004). The fibulin name is derived from
the latin word fibul which means clasps or buckles (Argraves et al. 1989). Fibulins
are members of the epidermal growth factor (EGF) superfamily that includes EGF,
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fibrillin proteins, Notch, amphiregulin, and hemicentin. There are five genes in the
fibulin family, divided into two subgroups (figure 5-1). Fibulin-1 and fibulin-2 make
up one group and contain N-terminal analphylatoxin domains. The fibulin-3, fibulin-
4 (EFEMP2) and fibulin-5 subgroup are smaller proteins, do not contain
analpylatoxin domains, and also differ from fibulin 1 and 2 in their gene structure.

Fibulin proteins contain epidermal growth factor (EGF) domains that span 35-
40 amino acids and have a conserved spacing of six cysteine residues (Carpenter and
Cohen 1990). These cysteine residues promote folding into 3-sheet confirmations
through disulfide bonds. Disulfide bond formations have been demonstrated in
fibulins 3 and 4 by a electrophoretic mobility shift of the proteins treated in reducing
versus non-reducing conditions (Giltay et al. 1999).

A subsection of EGF domains bind calcium (cbEGF domains). The cbEGF
domains are identified by a consensus of negatively charged amino acid residues N-
terminal to the first cysteine of the EGF domain. These cbEGF domains are thought
to be involved in both intramolecular and intermolecular protein interactions (Rao et
al. 1995). In fact, the presence of these specific EGF domains in fibulin proteins
implies that fibulins interact with other proteins (Lecka-Czernik et al. 1995). Several
fibulin protein-protein interactions have already been experimentally identified (table
4-1). Of these fibulin interactions, some are mediated by calcium ions (Timpl et al.
2003).

EGF and cbEGF domains are generally found in extracellular proteins, but
there are examples of EGF containing intracellular proteins. Examples of
intracellular containing EGF proteins include cyclooxygenases and peroxidases (Toh

1989; Toh et al. 1992) as well as amphiregulin (Modrell et al. 1992).

Fibulin proteins are involved in ocular function

There is evidence establishing roles for fibulin proteins in the eye. A mutation
in the EFEMP1 (fibulin-3) gene has been determined to cause the allelic
retinopathies: Doyne honeycomb retinal dystrophy and Malattia Leventinese (Stone
et al. 1999). Recently, sequence variations in Fibulin 5 have been related to a leading

cause of blindness, age related macular degeneration (ARMD), (Stone et al. 2004).
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These studies demonstrate an important role for fibulin proteins within the eye and

for vision. As a fibulin protein, EFEMP2 may also play a role within the eye.

EFEMP?2 is a protein of unknown function

Fibulin-4 (EFEMP2) is the least characterized member of the fibulin family.
It has received little experimental attention to date, but the results of the few EFEMP2
studies provide initial characterization of the EFEMP2 gene and EFEMP2 protein.

The EFEMP2 hamster ortholog (H411) was discovered by differential
expression in a bacterially induced inflammatory response study (Heine et al. 1999).
The mouse cDNA (MPBP1) was identified in a yeast two hybrid screen of a mouse
embryo library using mutant p53 as bait (Gallagher et al. 1999). Human
EFEMP2/Fibulin-4 was independently cloned by two groups, hence the two different
names (Giltay et al. 1999; Katsanis et al. 2000). The human EFEMP?2 locus has been
mapped to 11q13 by two independent studies. It was radiation hybrid mapped to 11q
then fine mapped to 11q13 (Katsanis et al. 2000) and fluorescence in situ
hybridization (FISH) (Gallagher et al. 2001). The 11q13 area is a gene-rich with a
density as high as one gene every 15 kb (Katsanis et al. 2000).

As discussed earlier, EFEMP?2 is expressed throughout the human body (table
3-3). The virtual Northern blot data agree with the available EFEMP2 experimental
expression analysis. EFEMP2 has been shown to be expressed in human heart, brain,
placenta, lung, skeletal-muscle, kidney, pancreas, and liver (Giltay et al. 1999;
Katsanis et al. 2000; Gallagher et al. 2001), as well as spleen, prostate, testis, ovary,
intestine, colon, leucocytes,(Gallagher et al. 2001) by Northern blot analysis.
Katsanis et al. also demonstrated EFEMP?2 expression at RT-PCR levels in fetal
brain, kidney, heart retina, adult retina but not fetal lung (Katsanis et al. 2000).
EFEMP?2 expressed sequence tags (ESTs) have been identified in trabecular
meshwork, iris, normal pigmented retinal epithelium, optic nerve, eye, fetal eyes,
lens, eye anterior segment, retina, choroids, foveal and macular retina libraries
(UniGene EST data).

EFEMP?2 has a modified cbEGF domain near the N-terminus of the protein.

This domain is classified as a modified domain because it contains an insertion of
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amino acids between the forth and fifth EGF conserved cysteines. This insertion is
not predicted to interfere with disulfide bond formation (Giltay et al. 1999). EFEMP2
contains five tandem cbEGF domains C-terminal to the modified cbEGF domain.
(Katsanis et al. 2000). At the C-terminus of the EFEMP2 protein there is a region
conserved between fibulin proteins designated as the C-terminal fibulin (FC) domain.
EFEMP2’s FC domain shares higher similarity to fibulin-3 and 5 than fibulin-1 and 2
(Chu and Tsuda 2004). The domain structure of EFEMP2 agrees with the fibulin
subgroup division that fibulins 3-5 are more closely related to each other than to
fibulins 1-2 (figure 4-1).

In addition to the cysteine di-sulfide bonds inherent to EGF domains,
EFEMP2 may also be modified in other ways. There is a predicted signal peptide
encoded by amino acids one through 27. If functional, the signal peptide would be
cleaved co-translationally. There are also possible sites for addition of N-
glycosylation type sugar residues to EFEMP2. The 443 amino acid protein displays
an electrophoretic mobility of 54 kDa, when it is predicted to be only 49.4 kDa. This
mobility is increased to 51 kDa after removing N-glycosylations (Gallagher et al.
2001), suggesting there may still be another type of protein modification.

No biological role or function has been established for EFEMP2. The initial
characterization of EFEMP?2 and its protein product is limited. The identification of

EFEMP?2 as a PITX2 interacting protein has added to EFEMP2’s characterization.

PITX2/EFEMP2n36 interaction models

As a fibulin protein, EFEMP2 is generally thought of as a secreted protein.
This presents an apparent paradox in my conclusion that a protein known to be
intracellular and nuclear (PITX2) is interacting with an extracellular protein.
However, there is substantial evidence that EFEMP2 encodes an intracellular protein
or at least a protein that has an intracellular form.

There are at least five, and as many as eight, different sized EFEMP2
transcripts identified on human northern blots. Giltay et al. identified 1.5 and 1.9 kb
transcripts (Giltay et al. 1999) using a randomly primed probe from an EFEMP2

cDNA. A second study demonstrated a 2.0 kb transcript in most tissues, an additional
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2.2 kb transcript in placenta, and 4.0 and 8.0 kb transcripts in brain using a probe
derived from the 3’ UTR of EFEMP2 (Katsanis et al. 2000). Katsanis ef al. also
performed Southern blot analysis with the same EFEMP2 probe. They detected a
single 5.4 kb band suggesting that the multiple bands on the Northern blots are
probably mRNA isoforms and not other family members only expressed in placenta
or brain. A third research group detected 1.5 and 1.8 kb EFEMP2 transcripts in
multiple tissues (Gallagher et al. 2001). The 1.8, 1.9 and 2.0 kb bands identified by
different groups may all represent the same sized transcript, but it is important to note
that a size difference as little as 100bp is important because nine of the EFEMP?2
exons are 127 bp or less in size. The tissue-specific splicing activity seen here can
result in tissue-specific protein forms.

These different splice variants may encode aiternate EFEMP2 protein forms
from an alternate 3’ or 5’ translation start site. EFEMP2 encodes a smaller in vitro
translated form (Gallagher et al. 2001). The smaller protein form was shown to have
no signal sequence based on a solubility and proteinase test (Gallagher et al. 2001).
Based on this evidence, Gallagher et al. proposed that an intracellular form of
EFEMP2 is encoded using methionine 69 as an alternate translation start site (figure
4-2). This proposed intracellular form of EFEMP?2 is entirely encoded within the
EFEMP2an36 clone identified in this study. A closely related gene, EFEMP1, may
also encode protein isoforms without a signal sequence (Lecka-Czemik et al. 1995).

There may also be another start methionine upstream of the putative EFEMP2
signal sequence. The 5’ sequence of EFEMP2 is not defined (figure 4-2). Since the
known cDNA sequence does not contain an in-frame stop codon upstream of the
human signal peptide methionine, it is possible that there could be another upstream
translational start to encode a cellular form. Translation of the genomic sequence
upstream of EFEMP2 reveals an in-frame start codon approximately 130 amino acids
upstream of the signal sequence and an in-frame stop codon upstream of that potential
start site (figure 4-2).

Fibulin protein interaction research has also provided support for an
intracellular EFEMP2 role. Prior to this study, the only other protein that has been
experimentally verified to interact with EFEMP2 is mutant p53 (Gallagher et al.
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1999). Like PITX2, p53 is nuclear transcription factor that contains DNA-binding
and transcription activation domains. In particular, EFEMP2 was found to strongly
bind structural mutants of p53 that are conformationally different than the wildtype
protein. The mutant pS3/EFEMP?2 interaction occurs in the absence of EFEMP2’s N-
terminus (figure 4-2), so the mutant p53 interaction domain within EFEMP2 may be
close to or the same as the PITX2 interaction domain. This study went on to show
EFEMP2 and mutant p53 having a functional oncogenic synergistic interaction,
which occured with or without EFEMP2’s putative signal sequence. Unlike other
fibulin family members, EFEMP2 has not been found to bind ECM or membrane
proteins (table 4-1).

Even if an alternate form of the EFEMP2 protein does not exist, the signal-
peptide form of the protein is still likely to be available for an intracellular protein-
protein interaction. The 443 amino acid form of the EFEMP2 protein contains a
putative signal peptide. Giltay et al. have shown that EFEMP2 is not secreted well
with its own signal sequence (Giltay et al. 1999). This result may or may not be due
to a polymorphism found in the EFEMP2 signal peptide consensus (Gallagher et al.
2001). Another fibulin protein similar to EFEMP2 (Fibulin 5) has also been shown to
be poorly secreted (Kowal et al. 1999b). Only a small portion of a full length fibulin-
5 C-terminal Myc tagged protein was found to be secreted and the majority of the
protein localized within the cell including some nuclear localization (Kowal et al.
1999b). The localization of full length fibulin-5 in COS cells is very similar to the
localization of EFEMP2,n36 in COS-7 cells demonstrated in this study. These results
indicate that EFEMP2’s putative signal peptide may not prevent intracellular
retention of EFEMP2.

An intracellular EFEMP2/PITX2 interaction may affect the transactivational
function of PITX2. This is particularly true if the EFEMP2/PITX2 interaction is
occurring in the transcriptionally active regions of the nucleus as demonstrated with
the EFEMP2,n36/PITX2. The PITX2/EFEMP2 protein-protein interaction could be
regulating PITX?2 transcriptional activity in the HTM in a manner analogous to the

PITX2/PIT-1 interaction occurring in the pituitary gland (Amendt et al. 1999).
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This study has shown that the localization of the EFEMP2 sn36 protein can be
altered by an interaction with PITX2. The converse may also be true. If a form of the
EFEMP2 protein is secreted, the EFEMP2/PITX2 complex could target PITX2
outside the cell. This leads to another equally exciting, but not mutually exclusive,
biological interaction hypothesis (figure 4-3).

While there is little direct evidence that PITX2 leaves the cell, there is an
emerging school of thought for paracrine functions of transcription factors.
Transcription factors and in particular, homeoproteins, are hypothesized to be
exported from cells and be internalized into neighboring cells (Prochiantz and Joliot
2003). The transcription factor export mechanism remains unclear. An interaction
model proposed for the EFEMP2/mutant p53 interaction is that these two proteins
meet in lumen of the endoplasmic reticulum as EFEMP2 is moving through the
secretory pathway (Gallagher et al. 2001). PITX2 possesses sequences that
correspond to the homeodomain cellular import and export consensus sequences, but
until more direct evidence is uncovered, this model remains highly speculative. It is
possible that a PITX2/EFEMP2 protein-protein interaction can target PITX2 to a
secretory pathway and subsequent intercellular transfer. The secretory ability of a
PITX2/EFEMP2 complex can be tested as described in Chapter Five.

The information I have presented and discussed in this section raises the
possibility that different EFEMP2 protein forms can be produced and that the
PITX2/EFEMP2 interaction can have different biological functions depending on the
EFEMP2 form involved. Different EFEMP2 protein forms may be tissue specific and
can provide an explanation of how it would be possible to have a human disease
phenotype involving these genes manifested in limited tissues (e.g. ocular tissues)
while both PITX2 and EFEMP?2 are widely expressed.

I would suggest to the Human Genome Organization (HUGO) nomenclature
committee that the fibulin-4 term be used to describe the EFEMP2 gene and gene
products. The name ‘EGF-containing fibulin-like extracellular matrix protein 2’,

does not reflect the potential intracellular role of the protein.

-84 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Relevance of a PITX2/EFEMP?2 interaction in ARS

I have shown that PITX2 can affect the intracellular localization of
EFEMP2,n36, indicating a functional affect of a PITX2/EFEMP2 interaction.
EFEMP?2 interacts with PITX2 outside of the PITX2 homeodomain (figure 3-6). The
majority of PITX2 missense mutations occur within the homeodomain and therefore
would not be expected to directly affect the PITX2/EFEMP2 interaction. ARS
nonsense or frameshift mutations that cause a PITX2 truncation may negate a
PITX2/EFEMP2 interaction. If EFEMP?2 is unable to interact with mutant PITX2
proteins, then EFEMP2 nuclear translocation would be eliminated and any potential
EFEMP2 mediated transcriptional regulation of PITX2 would not occur. The
converse is also true in that mutations in EFEMP2 may negate the PITX2/EFEMP2
interaction and cause a disease phenotype. Affects of ARS mutations on this
interaction need to be tested directly to define the significance of this interaction in
ARS pathogenesis. More research is necessary to uncover how the PITX2/EFEMP2

interaction relates to ARS pathogenesis.

EFEMP? is a candidate gene for glaucoma

EFEMP?2 does not share a genomic map location with any mapped ARS loci,
but remains a candidate gene for unmapped and sporadic ARS phenotypes.
Interestingly, EFEMP?2 does lie within the critical region of a nanophthalmos locus
(NNO1) (Othman et al. 1998) and in close proximity to the provisional microcornea,
rod cone dystrophy, cataract and posterior staphloma (MRCS) locus. MRCS is
postulated to be an allelic variant of NNO1 (Reddy et al. 2003).

Like ARS, nanophthalmos exhibits autosomal dominant inheritance of
congential anterior chamber malformations accompanied by a high rate of glaucoma.
NNO is associated with angle closure glaucoma (ACG). The ACG phenotype is
described as a narrow or occludable drainage angle, accompanied by glaucomatous
optic neuropathy (Aung and Chew 2002). Linkage analysis in one family assigned
the locus of the ocular defect (NNO1) to chromosome 11 in a 14.7-cM interval. Of
the 22 affected family members, twelve had angle-closure glaucoma or occludable

anterior-chamber angles (Othman et al. 1998). Another autosomal dominant NNO
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loci (NNQ2) has been identified at 15q12-q15 (Morle et al. 2000), and an autosomal
recessive form has been mapped to 14q32 (OMIM %251600). Interestingly, fibulin 5
maps to 14q32.1 (Kowal et al. 1999a). The demonstrated PITX2/EFEMP2 protein-
protein interaction and the phenotypic similarity of NNO to ARS make EFEMP2 an
attractive candidate gene for NNO1.

EFEMRP? can also be considered a glaucoma candidate gene because it
parallels the known glaucoma genes, MYOC and OPTN. Like EFEMP2, MYOC and
OPTN both encode secreted proteins that are expressed in the trabecular meshwork
(Caballero et al. 2000; Jacobson et al. 2001; Rezaie et al. 2002; Sarfarazi and Rezaie
2003; Tomarev et al. 2003). In the case of OPTN, similarities to EFEMP2 continue.
OPTN has been found to bind a transcription factor (TFIIIA) (Moreland et al. 2000),
as EFEMP2 has been found to bind a transcription factor (PITX2) in this study.
These similarities to known glaucoma genes provide further evidence to consider

EFEMP?2 as a glaucoma candidate gene.

Secondary conclusions
In addition to the identification of a novel PITX2 protein interaction, this

study has also revealed secondary information.

CytoTrap library conclusions

The CytoTrap two-hybrid system (Stratagene) is a variation of the yeast two-
hybrid system. In order to discover PITX2 interacting proteins (PIPs) and important
HTM genes, I attempted to create a HTM yeast two-hybrid cDNA library in the
CytoTrap system. In order to facilitate downstream applications of identified PITX2
interaction proteins, I modified the cDNA cloning system to include GATEWAY-
compatible sequences. Because the library creation system was experimental, the
first library creation attempt was performed using easily obtainable porcine RNA.

With only 10%-10* pcfu per library, the modified CytoTrap library
construction protocol did not produce libraries representative of a transcriptome. The
low number of pcfu produced with this system was most-likely due an over-

estimation of the amount of poly-A RNA used as starting material combined with
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sub-optimal ligation and transformation efficiencies. Commercially available cDNA
libraries contain a much higher number of pcfu. Standard cDNA libraries available
from Invitrogen contain >10; primary clones and two-hybrid libraries contain >5 x
10° primary clones to ensure representation and presence of rare sequences. The
modified CytoTrap library creation efficiency was not high enough to warrant the
creation of a HTM library within this system. Therefore, a commercial cDNA library

creation service with guaranteed results was used to construct the HTM library.

PITX2 dimerization

PITX2 dimerization has been demonstrated in the Matchmaker3 Y2H system
(Clonetech)(Saadi et al. 2003) and by co-immunoprecipitation (Matthew Lines
personal communication). Unlike these two methods, the ProQuest Y2H system used
in this study is not a protein overexpression system. I have tested the PITX2
dimerization interaction directly and found that PITX2 does not interact with itself to
activate in the ProQuest two-hybrid system. The lack of PITX2 dimer detection
shown here, demonstrates that the ProQuest CEN-based system is less sensitive than
the overexpression methods. The advantage of this lowered sensitivity allows the
reduction of false positive interactions occurring during Y2H screening. Therefore,
positive interaction results in the ProQuest system are more likely to be true

interactions, but some real interactions may be missed (false negatives).

HTM Y2H library screen analysis

While doing the Y2H library screen I have demonstrated that co-transformant
yeast colonies appearing on media lacking histidine after four days of incubation are
false positives and need not be examined further. By limiting analysis of co-
transformant colonies to those growing within four days of plating, unnecessary
experimental time can be eliminated.

Within the ProQuest Y2H system, the URA reporter gene promoter contains
an upstream repressor sequence (URS1). The URS makes the reciprocal URA/SFOA
phenotypes less sensitive to activation and therefore more stringent selection criteria.

Lack of co-transformant growth on media without uracil combined with a HIS+, X-
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gal+ phenotype, categorizes a protein-protein interaction as a probable weak
interaction. It is possible that the PITX2/EFEMP?2 interaction is yeast is weaker
without the presence of mammalian post-translational modifications. There is
variability in the amount of SFOA growth inhibition displayed by the different sized
EFEMP2 co-transformants (Table 3-1). These differences may represent a variation
of the strength of PITX2 interaction with different lengths of EFEMP2 clones or may
be an artifactual result of inconsistent replica plating and replica cleaning techniques.

The true cause is difficult to determine.

PITX2/EFEMP? interaction domain mapping

Initial PITX2/EFEMP2 interaction domain mapping results indicate that
EFEMP?2 interacts specifically with PITX2 outside of the homeodomain (figure 3-6).
The shortest EFEMP2 clone identified by the Y2H screen (2P141 aka EFEMP24n134)
only encodes the C-terminal 309 AA of EFEMP?2 (figure 4-2). This suggests that the
N-terminal portion of EFEMP?2 is not required for a PITX2 interaction. These results
will need to be confirmed and refined within a mammalian system, possibly using a

co-IP experiment.

-88 .-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-89 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fibulin 1
Fibulin 2
Fibulin 3
Fibulin 4

Fibulin 5

Signal peptide
‘ Anaphylatoxin domain
) EGF domain

Modified EGF domain

€ 3 Fibulin C-terminal (FC) domain
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Table 4-1: Fibulin protein-protein interactions (Chu and Tsuda 2004)

Ligands FBLNI  FBLNZ FBLN4  FBLNS

Fibronectin

Elastic fiber + +
Tropoelastin + + +
Fibrillin-1 +
Fibulin-1
Endostatin [collagen XVIII)
Nidogen-2 +

Basement membrane
Nidogen-1
Laminin «1 chain
Laminin «2 chain
Laminin y2 chain
Perlecan

Integrin
albg3 +
avB3 +
avBs
«9p1

Letican proteoglycan
Versican
Aggrecan

Others
Fibrinogen
Connective tissue growth factor
HB-EGF growth factor
B-amyloid precursor protein
Mutant p53 +

+ 4+ + ++
+ 4+ +

++

++ ++
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. EFEMP2 A PITX2 ‘ PITX2/EFEMP2 Complex
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Chapter Five: Future Directions
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Further identification of PITX2 interacting proteins

While screening the HTM library with PITX2, I did not reach levels of
screening saturation. A screen of millions of co-transformants would be needed to
ensure coverage of the HTM transcriptome. A higher Y2H screening efficiency may
be reached by sequentially transforming the bait and prey entities into the yeast
instead of co-transforming them. Continued Y2H screening of the HTM library can
identify additional PITX2 interacting proteins. Repeated PITX2 screening of the
HTM library should use a method to identify or eliminate EFEMP2 clones in order to
reduce laborious further characterization of non-novel PITX2 interactions.
Identification of EFEMP2 containing colonies can be accomplished by a colony filter
lift or colony PCR method. To identify PITX2 protein-protein interactions specific to
developmental tissues, a screen could be done on ProQuest 8.5 or 10.5 day mouse
embryo cDNA libraries available for commercial purpose (Invitrogen, catalog
numbers: 11291-010 and 11292-018).

The yeast colony I have identified as 2P061 is possibly a mixed population of
prey proteins that includes empty vector and an interacting prey construct. Other
yeast colonies examined in this study were discovered to be mixed populations of
EFEMP2 clones and empty vector (data not shown). If more bacterial 2P061 clones
were sequenced, a cDNA insert can possibly be identified. Additional bacterial clone
sequencing will reveal the identity of 2P061 as a mixed population or a false positive
with no cDNA inserts. Identification of a 2P061 prey protein can be validated using

the methods described to determine if it is a PITX2 interacting protein.

Defining EFEMP2 protein forms

There are several possible reasons why a full length, 443 amino acid,
EFEMP2 clone was not identified during the library screen. The most obvious
explanations for this are that not enough co-transformants were screened, or a full-
length transcript was not cloned in the library. A third possibility is that the HTM
only transcribes the proposed intracellular form of EFEMP2. The proposed
intracellular form is completely encoded by the 2P151, 2P152, and 2P161 clones.
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Finally, the fusion protein encoding a full length EFEMP2 protein may be secreted
from the yeast cell and these prey proteins would have no opportunity to activate the
reporter genes.

Northern blot analysis of HTM RNA probed with an EFEMP2 probe will
determine the transcript sizes of EFEMP2 in the TM. Northern analysis may also
reveal HTM specific transcripts. Performing 5°-RACE (rapid amplification of cDNA
ends) (Matz et al. 1999) on the HTM cell culture RNA would help identify EFEMP2
splice variants. RACE can allow us to define and obtain a copy of the full length
EFEMP2 transcript expressed in the HTM. RACE results may also reveal the identity
of upstream exons in the EFEMP?2 gene. The locations of upstream exons can
potentially expand the mapping location of EFEMP2 and make it a candidate gene for
more disease phenotypes. Katsanis et al. attempted 5’-RACE but were unsuccessful
(Katsanis et al. 2000). Failure was attributed to the high GC percentage in EFEMP2’s
5> UTR. This problem may be alleviated by using commercial kits designed for
templates of high GC content.

Further characterization of the EFEMP2/PITX2 interaction

If the full length HTM EFEMP2 ORF length is determined to be different than
the EFEMP2,n36 ORF length, it would be interesting to see if a full length HTM
EFEMP?2 protein localizes differently within the cell. The intracellular localization
could be tested by repeating the immunofluorescence and co-immunofluorescence
described with a full length HTM EFEMP2 construct. The intracellular localization
of fibulin-5 with a signal sequence (Kowal et al. 1999b) is similar to the localization
of EFEMP2an3e (figure 3-9). This suggests that a construct encoding EFEMP2 with a
signal sequence still may not have a different intracellular localization than that seen
for EFEMP2 An3s.

It is possible that PITX2 would even bind a secreted form of EFEMP2 bcefore
it leaves the cell and piggy-back EFEMP?2 into the nucleus. But, if full length
EFEMP2/PITX2 co-localization is different than EFEMP2 n36/PITX2 co-localization,
immunoblot analysis can be used to test for the presence of EFEMP2 and PITX2 in
the culture media. If a higher quantity of PITX2 is detected in the culture media
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when EFEMP?2 is co-expressed with PITX2 than without EFEMP2, EFEMP2 is
aiding in PITX2 export from the cell.

An EFEMP2 antibody has been made against human EFEMP?2 that cross
reacts with mouse Efemp2 (Giltay et al. 1999). This antibody can be used for
identification of endogenous EFEMP?2 tissue expression within the eye and anterior
chamber and endogenous intracellular localization in HTM cells. The EFEMP2
antibody could also be used to determine the size of the endogenous EFEMP2 protein
in the eye by protein extractions and immunoblot analysis. In combination with the
attainment of a functional PITX2 antibody, an EFEMP2 antibody can be used to
study PITX2/EFEMP?2 interaction in HTM cells and ocular tissues. Detection of an
EFEMP2/PITX2 interaction occurring within ocular tissues and cells would be a final
proof of this interaction occurring in a biologically relevant manner.

Initial interaction domain mapping evidence indicates that EFEMP?2 interacts
with PITX2 outside of the PITX2 homeodomain. This would mean that PITX2 ARS
missense mutations in the homeodomain would not necessarily affect EFEMP2
binding. If EFEMP2 is found to bind PITX2 C-terminal region, ARS frameshifts,
deletions and nonsense mutations would affect the area that EFEMP2 binds and
negate the interaction. A negated PITX2/EFEMP2 interaction may provide an ARS
disease mechanism. Mapping of the protein-protein interaction domains will further
characterize the PITX2/EFEMP?2 interaction.

Because EFEMP2,y36 interacts with PITX2 in transcriptionally active regions
of the nucleus, it is possible that PITX2’s transactivation function is affected by the
interaction. An EFEMP2 mediated affect on the transactivation activity of PITX2 can
be tested directly with a transactivation assay. If the EFEMP2 interaction is mediated
by the C-terminal region of PITX2, then transcriptional activation could be up-
regulated similar to PIT-1 binding (Amendt et al. 1999). In summary, further
characterization of the EFEMP2/PITX2 interaction will provide insight for the role of
an EFEMP2/PITX2 interaction in ARS and glaucoma.
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EFEMP?2 as an ocular disease candidate gene

Screening of an ARS patient panel for EFEMP2 mutations is currently in
progress. Screening of NNO1 patient DNA will be performed as patient DNA
becomes available to us. Patient mutations discovered in EFEMP2 can be modeled in
cell culture to determine whether or not the mutation has an effect on the
EFEMP2/PITX2 interaction or on EFEMP2 cellular localization. This information

can provide us with insight into ARS and glaucoma pathogenesis.

Final comments

In summary, I have identified EFEMP2 as a PITX2 interacting protein though
a Y2H screen of a HTM cDNA library. Within the Y2H system, I have determined
that EFEMP?2 interacts with PITX2 specifically and outside of the PITX2
homeodomain. Ihave confirmed the EFEMP2/PITX?2 interaction within a
mammalian system through co-immunoprecipitation and co-immunoflouresence
experiments. EFEMP2 and PITX2 are co-expressed in several human tissues and
therefore could interact in a biologically relevant manner. The functional relevance
of the EFEMP2/PITX2 interaction may involve proper protein localization of
EFEMP2 through nuclear translocation and/or the trafficking of PITX2 outside of the
cell. Based on my results and the map location of the EFEMP2 gene, EFEMP?2 is an
attractive candidate gene for ocular disorders including NNO1. My research has

opened several interesting avenues for further research.
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