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Abstract

Glaucoma is a neurodegenerative disease which is among the leading causes of blindness
in the world. Glaucoma is characterized by progressive visual field loss, caused by retinal

ganglion cell (RGC) death. Both surgical glaucoma treatments and medications are

available; however, they only halt glaucoma progression and are unable to reverse damage.

Furthermore, many patients do not respond well to treatments, illustrating the importance

for better understanding of glaucoma pathogenesis.

Patients with Axenfeld-Rieger syndrome (ARS) offer important insight into glaucoma
progression. ARS patients are at 50% risk of developing early onset glaucoma and respond
poorly to treatments, even when surgical treatments are combined with medications.
Mutations in the transcription factor FOXC1 were shown to cause ARS. Alterations in
FOXCI1 levels were previously shown to cause ocular malformation and disrupt stress

response in ocular tissues, thereby contributing to glaucoma progression.

In the present work I have shown that FOXC1 regulates the expression of RAB3GAP1,
RAB3GAP2 and SNAP25, three genes with central roles in both exocytosis and
endocytosis, responsible for extracellular trafficking. I have shown that FOXC1 positively
regulates RNA and protein levels of RAB3GAP1 and RAB3GAP2 in HeLa cells, and that
FOXCI1 regulation of SNAP25 in HeLa cells follows a bimodular model with either
increase or decrease in FOXC1 beyond its normal range resulting in SNAP25 decrease. In
immortalized human trabecular meshwork (TM1) cells FOXC1 positively regulates

RAB3GAP1 and RAB3GAP2 at the RNA level, but only RAB3GAPI at the protein level,



while SNAP2S5 is negatively regulated by FOXC1 in TM1 cells, specifically isoform

SNAP25a.

FOXCI regulation of RAB3GAPI1, RAB3GAP2 and SNAP25 has physiological
consequences, and in HeLa cells affects secretion of exogenous Myocilin (MYOC), a
protein associated with juvenile onset glaucoma and steroid induced glaucoma.
Knockdown of either FOXC1 or combined knockdown of all three of its targets,
RAB3GAP1, RAB3GAP2 and SNAP25, resulted in decrease in both intracellular and
extracellular MYOC. In turn, knockdown of either RAB3FAP1 or SNAP25 led to decrease
in intracellular MYOC and increase in extracellular MYOC indicating increased MYOC
secretion while RAB3GAP2 knockdown had the same effect on MYOC as FOXCI1
knockdown. FOXC1 regulation of exogenous MYOC secretion is therefore complicated

and mediated through its targets, RAB3GAP1, RAB3GAP2 and SNAP2S5.

My research reveals that FOXCI1 is an important regulator of exocytosis and established a

new link between FOXC1 and MYOC-associated glaucoma.
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1. Introduction

1.1 - Glaucoma overview

Glaucoma is among the leading causes of blindness is the world, affecting over 60 million
people worldwide and is estimated to impact over 110 million people by 2040, Glaucoma
often affects both eyes; however the damage tends to be asymmetric, affecting one of the

eyes to a greater extent than the other”.

Glaucoma is characterized by progressive visual field loss, caused by retinal ganglion cell
(RGC) death’. Vision loss in glaucoma which progresses from loss of mid-peripheral visual
field to a loss of central visual field *. Glaucomatous vision loss is caused by retinal
ganglion cell (RGC) death, instigated by stress transfer from the sclera and cornea to the
RGC axons **. RGC nerve fibers, part of the optic nerve head (Fig. 1A), pass through the
optic disc, creating a cup shape’. The ratio of the cup to the overall disc area increases as
more RGC are damaged during the progress of glaucoma’. Damage at the optic nerve head
results in axonal injury and disruption of anterograde and retrograde axonal transport™”. In
turn, damaged axonal transport decreases delivery of trophic molecules important for RGC
growth and survival and as a result RGC apoptosis is initiated*. RGC death creates a toxic

environment for its neighboring RGC and increases the stress exerted on them”.

When glaucoma develops as a complication of another disease, such as chronic uvetis, it is
referred to as secondary, otherwise it is known as primary’. Glaucoma is also characterized
by the formation of the angle between the iris and the cornea, as either angle-closure

glaucoma or open angle glaucoma’. In angle closure glaucoma the displaced iris blocks the

trabecular meshwork and prevents most of the aqueous humor outflow’. The most common



form of glaucoma is primary open angle glaucoma (POAG), and it has the highest

prevalence in Africa where it affects 4.20% of the population between 40-80 years of age'.

Glaucoma is also characterized by the age of onset. When POAG presents at birth or within
two years it is called congenital or infantile™’. Mutations in CYP1BI are often associated
with congenital/infantile glaucoma, with 92% of Saudi Arabian and 20% of Japanese
patients having pathogenic CYP/BI mutations™'*'". POAG diagnosed in patients between
2 and 40 years of age is designated as juvenile onset POAG, shortened to JOAG™'*. MYOC
mutations were described in 36% of JOAG patients'”. POAG prevalence greatly increases
with age in all ethnic groups, with a risk increase of at least 1.5 per decade'®. Optineurin
(OPTN ) mutations are mainly associated with late onset POAG without ocular
hypertension, also known as normal tension glaucoma'®. Mutations in Myocilin (MYOC)

are present in around 3% of late onset POAG patients'®.

An additional POAG subgroup, developmental glaucoma, describes POAG associated with
anterior ocular segment dysgenesis (ASD) disorders, referring to conditions with cornea,
iris, and lens developmental abnormalities'’. Mutations in the transcription factors PAX6,
PITX?2 and FOXC] are associated with developmental glaucoma'®. Glaucoma subtypes are

summarized in Table 1.

Present treatments which include both surgical interventions, such as trabeculectomy, and
medications, among them the prostaglandin Latanoprost, aim to halt glaucoma progression
by lowering intraocular pressure (IOP), the buildup of aqueous flow resistance which
contributes to RGC damage, but are unable to reverse damage'**°. In many cases despite

interventions glaucomatous damage worsens with time, as ~ 27% of patients with open



angle glaucoma may still face blindness in one eye, and 7% in both eyes after years of

treatment’".
1.2 - Glaucoma pathogenesis

Both environmental and genetic factors are involved in pathogenic mechanisms implicated
in RGC death (Fig. 1C), among these mechanisms are ocular hypertension, oxidative stress

and glutamate excitotoxicity.
Ocular Hypertension

Aqueous humor is produced in the ciliary body then circulated through the ciliary
epithelium into the anterior chamber and drains into the episcleral venous system mainly
through the trabecular meshwork and Schlemm's canal, in the trabecular/conventional

22,23

outflow pathway (Fig. 1B)*~*". The aqueous humor also drains to a lesser degree through

the anterior ciliary body, in the unconventional/ uveoscleral outflow pathway (Fig. 1B)
2223 TIntraocular pressure (IOP) represents a buildup of aqueous humor flow resistance,
which in turn facilitates aqueous humor outflow through the trabecular meshwork (TM)23.
At normal IOP aqueous humor production is balanced by aqueous humor drainage through
the TM*'. When aqueous humor outflow is disrupted, it results is high intraocular pressure
(IOP), also known as ocular hypertension3. Ocular hypertension is neither necessary nor

3,24

sufficient for glaucoma development™™". However, ocular hypertension increases the risk of

developing glaucoma and its progression, as it creates mechanical stress which is

transmitted to optic nerve cells™>.

Several environmental factors have been examined for involvement in glaucoma

pathogenesis, generally considered to act by causing IOP increase and contributing to RGC



death?®. Smoking has been investigated since the 1970s as an IOP elevating factor;
however, results are contradictory”’. In a recent study in Chinese patients with juvenile and
adult onset POAG, no significant correlation between smoking and POAG onset or
increase in IOP was found®®. However there was association between smoking and central
corneal thickness in patients with adult onset POAG indicating that smoking might
contribute to glaucoma pathogenesis®*. Another recent study in Japanese patients found a

significant correlation between smoking and increased IOP, but only in men®.

Corticosteroid use is also considered to contribute to glaucoma pathogenesis through IOP
increase, following reports of patients developing glaucoma after use of topical
corticosteroids®”. Around 18-36% of patients undergo a mild increase in IOP following

30-33

topical corticosteroid use™ . Topical glucocorticoid use has a more severe effect with 5%

of the general population and 46-92% of POAG patients experiencing and a sharp and

3238 Treatment of TM cells in vitro with the

damaging increase in IOP following use
glucocorticoid Dexamethasone (DEX) results in MYOC over—expressi0n39’40. MYOC is
also associated with juvenile onset glaucoma, and disrupted MYOC secretion was shown to

damage TM cells and increase IOP '**!

Glutamate excitotoxicity

Another mechanism contributing to glaucoma pathogenesis is glutamate excitotoxicity.
Glutamate excitotoxicity is generated by disrupted glutamate transport resulting in
abnormally high glutamate levels in the synapse, leading to neurotoxicity through NMDA
receptor activation, which causes influx of Ca*" into the cell and activates apoptotic

pathways*>*. In hypertension animal models of glaucoma abnormally high levels of



glutamate were detected in the retina, as well as in glaucoma patients and RGC were shown

to be highly sensitive to NMDA activation***.

Oxidative stress

One of the central mechanisms implicated in early onset forms of glaucoma is oxidative
stress which occurs when the level of oxidants exceed that of antioxidants, resulting in
macromolecular damage*. Oxidative stress plays an important role in congenital POAG,
primary associated with CYP1B1 mutations’. Retinal epithelial cells of CYPIBI knockout
mice have reduced capillary morphogenesis, migration and had difficulty to adhere to
matrix protein, and the phenotype was reversed by lowering oxygen levels*’. CYPIBI
knockout mice also have low levels of endothelial nitric oxide-synthase and heightened
oxidative stress in retinal epithelial cells that can be reduced with administration of
endothelial nitric oxide synthase, suggesting these proteins act together as regulators of

oxidative state in retinal epithelial cells*.
1.3 - Axenfeld-Rieger Syndrome and FOXC1

Developmental POAG is associated with developmental abnormalities in the anterior
segment of the eye49. Schlemm's canal and the trabecular meshwork, the tissues involved in
conventional aqueous humor outflow, are adjacent to the iris and cornea can be impacted
by anterior segment abnormalities®’. Axenfeld Rieger syndrome (ARS) is part of the
anterior segment dysgenesis spectrum of disorders*. Ocular abnormalities in ARS patients
include iris thinning and pupil displacement. In most patients the cornea is also
malformed with displaced Schwalbe's line and iris strands attaching to the trabecular

meshwork and at times to the Schwalbe's line™. The ocular malformations in ARS patients



contribute to obstruction of aqueous humor outflow leading to increased IOP”'. Patients
with ARS are at 50% or greater risk of developing POAG, and in the majority of cases

glaucoma develops between infancy and early adulthood'~?.

Moreover, glaucoma in ARS patients is difficult to treat as both IOP lowering surgeries and
medications have limited effect in halting glaucoma; only 18% of ARS patients respond to

treatments, even when surgery and medication are combined®”.

In addition to ocular malformations, ARS patients also have craniofacial and dental
abnormalities and in some cases growth retardation and pituitary abnormalities™.
Developmental malformations in ARS occur in tissues derived from neural crest cells,
which are neuroectodermal cells migrating from the neural tube crest during development,
and are important for formation of the anterior segment of the eye, bone, teeth and skull
cartilage®. Some ARS patients also have systemic abnormalities which include congenital
heart defects such as aortic and pulmonic valve stenosis, atrio-septal defect and mitral

valve abnormalities>* .

ARS has an autosomal dominant inheritance and mutations in two developmental
transcription factors, PITX2 and FOXC1I, are associated with ARS**™. PITX2 regulates
transcription of downstream genes by binding to upstream regions through its
homeodomain and is involved in development of anterior segment tissues during
embryogenesis’’. FOXC1 and PITX2 are co-expressed in the mouse periocular

mesenchyme and PITX2 interacts through its homeodomain with FOXC1%.

FOXCI is a member of the Forkhead box (FOX) family of transcription factors which,

contain a conserved 110 amino acid Forkhead domain, through which they bind upstream



of genes and promote activation™. The DNA binding Forkhead domain shared by FOX
helices, three B-strands and two loops near its C-terminal region®'. FOX proteins interact
transcription factors has a ‘winged helix’ shape which is composed of three N-terminal a-
with specific DNA sequences through one of the helixes in the Forkhead domain, called the
‘recognition helix’®%. The Forkhead domain also contains nuclear localization sequences
allowing FOX proteins to enter the nucleus and affect transcription of their target genes61.

FOX proteins have central roles in both embryonic development and adult function®.

Pathogenic FOXCI mutations include missense mutations inside the Forkhead domain and
nonsense and frame shift mutations in the upstream FOXC/ region that result in a truncated

- 63,64
protein

. Interestingly, some ARS patients have chromosomal duplications of
FOXC1%%% However, it is still unknown whether FOXC1 duplications result in
increased FOXC1 expression ®°. FOXC1 mutations disrupt the protein’s ability to activate
downstream targets, by binding to its consensus binding sequence, 5'-GTAAATAAA-3’
647 The FOXC1 missense mutation S131L, results in reduced ability of FOXC1 to bind

and transactivate a TK-Luciferase reporter through the consensus FOXC1 binding site®*.

FOXC1 mutations were also found in patients with Dandy-Walker malformation,
characterized with abnormal cerebellar development®®. Patients with the S131L FOXC1
mutation showed mild cerebellar vermis hypoplasia in brain scans®®. Mice with a protein-
destabilizing point mutation have also exhibited cerebellar vermis hypoplasia as well as
ataxia®. FOXCI is expressed in the posterior fossa mesenchyme adjacent to the cerebellum

and is hypothesized to regulate cerebellar development through mesenchymal signaling®.



The role of FOXCI in development is exerted through the downstream genes it regulates.
Several microarrays have been carried out to find downstream FOXC1 targets. Berry et al.
(2008) carried out a microarray in non-pigmented ciliary epithelium cells (NPCE) that
identified genes whose expression changed following FOXC1 induction®. Among the
candidate downstream targets found in the microarray was FOXO1, a transcription factor
noted for its role in oxidative stress resistance®. FOXC1 was shown to bind and activate
the FOXO! promoter in NPCE cells and following morpholino FOXC1 knocked down in
zebrafish, RNA levels of FOXO1I decreased in ocular tissues while ocular cell death
increased®. When FOXC1 was knocked down in human trabecular meshwork (TM1) cells,
FOXO1 protein levels decreased and following addition of H,O,, cell viability of FOXC1
knockdown cells dropped sharply relative to controls®. FOXO1 was also shown to
promote wound healing through keratinocyte migration and TGF-B1 activation along with
oxidative stress resistance, suggesting that FOXC1 mutations, which lower levels of
FOXOT1 might impair tissue regeneration following injury in ocular tissue and promote

glaucoma pathogenesis’".

FOXCI1 was also shown to regulate the molecular chaperone, Heat-shock protein A6
(HSPA0), also discovered as a potential target in the microarray performed by Berry et al.
(2008) ®7'. FOXC1 was shown to bind to and up regulate RNA levels of HSPA6 and add

another mechanism of action in FOXC1 role in modulating the stress response pathway’'.

Another microarray by Paylakhi et al. (2013) in human trabecular meshwork cells, looked
at genes that changed RNA levels following FOXC1 knockdown’®. Among the target

genes identified by the microarray was CLOCK, a gene involved in circadian rhythm



regulation which was shown to regulate IOP levels and MEIS2 a homeobox transcription

factor important for lens and retina development”>*,

The microarray screen performed by Berry at al. (2008) detected several exocytic proteins
providing a potential link to exocytosis, responsible for extracellular trafficking.
Interestingly, exocytosis has an important role in glutamate excitotoxicity and other
mechanisms involved in glaucoma******. Among the predicted FOXC]1 exocytic targets
were RAB3GAPI, SNAP25 and STXBP6®. In a microarray conducted by Paylakhi et al.

(2013) additional exocytic FOXC1 targets were found, including SNAP23 and SYN2™.

The focus of this thesis will be on investigating the role of FOXC1 regulation of
RAB3GAP1, RAB3GAP2 which form the RAB3GAP, complex with RAB3GAP1. In
addition, FOXC1 regulation of SNAP25, a member of the SNARE complex will be

investigated as well as the impact of FOXC1 on exocytosis.
1.4 - Exocytosis and its role in glaucoma

Exocytosis overview

Exocytosis is responsible for release of secretory molecules by both neuronal and non-
neuronal cells”. During exocytosis a secretory vesicle is recruited to the plasma membrane
and prepared for docking, then it is tethered to the plasma membrane and primed for
fusion, and finally the vesicle fuses with the plasma membrane and its contents are released
outside the cell’®. Following exocytosis the vesicle membrane that fused with the plasma
membrane is recycled through endocytosis’”. Endocytosis is also important for

maintenance of the plasma membrane through lipid and protein sorting’”. In neuronal
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chemical synapses the combination of exocytosis and endocytosis is termed the synaptic

vesicle cycle”.

The vesicle docking and tethering stage of exocytosis is mediated through RAB (Ras-
related in brain) proteins, which are small GTPases belonging to the Ras protein

superfamily’®"®

. RABs cycle between an active GTP bound state, when localized to the
membrane, and an inactive GDP bound state, when localized to the cytosol79. GTP bound
RAB:s deliver vesicles to the membrane and interact with downstream effectors which
tether the vesicle to the plasma membrane’. Once the vesicle is ready for fusion active
RABs need to undergo GTP hydrolysis to be recaptured and returned to the cytosol””. In

switching between an active and inactive state RABs regulate exocytosis spatially and

temporally™.

Following RAB mediated docking to the plasma membrane, vesicles proceed to fuse with
the plasma membrane with the help of SNARE proteins’®. Majority of SNAREs are
membrane proteins partly exposed in the cytoplasm while some SNARESs contain a lipid
anchor’®. SNAREs are classified as either v-SNARES, when they are attached to the vesicle
membrane or as t-SNAREs when they are attached to the transmembrane’®. During
membrane and vesicle fusion a v-SNARE forms a complex with a t-SNARE, bringing the

two membranes together’®,
MYOC secretion and other glaucomatous mechanisms associated with exocytosis

Exocytosis is indirectly linked to several pathogenic pathways in glaucoma. MYOC
secretion presents a potential link between exocytosis and glaucoma in the trabecular

meshwork. MYOC is associated with JOAG and most MYOC mutant proteins found in
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glaucoma patients were shown to aggregate in the endoplasmic reticulum of TM cells
instead of being secreted outside the cell, inducing stress and disrupting cell morphology as

well as cell proliferation, thereby interfering with normal TM function*'.

Pathogenic MYOC mutations were also shown to activate the IL-1/NF- kappaB
inflammatory stress response pathway that acts to protect against oxidative stress and
promote aqueous humor outflow®. In turn, wild type MYOC was shown to inhibit the IL-
1/NF-kappaB pathwaygl. IL-1/NF-kappaB activation induced endogenous MYOC
expression, supporting a role for MOYC as an inhibitor of the IL-1/NF-kappaB through a
negative feedback loop®'. MYOC was also linked to corticosteroid induced glaucoma after
treatment of TM cells in vitro with the glucocorticoid Dexamethasone (DEX) resulted in

39,40 . .
. However, while abnormal MYOC secretion was shown to

MYOC over expression
contribute to glaucoma pathogenesis, the mechanism of MYOC secretion in TM cells is not

fully understood but it was suggested to associate with exosome like vesicles®.

In addition, exocytosis is important for cyclic mechanical stress induced ATP release in the
trabecular meshwork®. Extracellular ATP signaling triggers arachidonic acid mobilization
from the plasma membrane and prostaglandin secretion, which in turn acts to lower IOP*.
Furthermore, exocytosis is involved in glutamate release thereby connecting to glutamate

excitotoxicity, associated with RGC apoptosis in glaucoma84.

As endocytosis and exocytosis act to balance cell trafficking, exocytosis also impacts
endocytotic function which in turn is associated with glaucoma through OPTN mutations in
adult onset glaucoma patients'”. The interaction of OPTN with RAB proteins has an

important role in Transferrin receptor transport and degradation®™.
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1.5 — Predicted exocytic targets of FOXC1

RAB3GAP

The heterodimeric complex RAB3GAP accelerates RAB3 GTP hydrolysis and promotes
RAB3’s return to an inactive, GDP bound, state together with RAB3GEP, through
interaction with its switch region®’. RAB3 is important in secretory vesicle tethering and
docking to the plasma membrane during exocytosis'®’’. RAB3GAP is a made of a catalytic

subunit, RAB3GAP1, and non-catalytic subunit, RAB3GAP2®,

RAB3GAPI mutations are associated with Warburg-Micro syndrome®. Warburg-Micro
syndrome is an autosomal recessive disorder characterized with ocular defects among
microphthalmia, microcornea, congenital cataracts, and optic atrophy, neurodevelopmental
malformations such as microcephaly, cortical gyral abnormalities and spastic cerebral palsy
and hypogenitalism’ " . RAB3GAPI is also associated with keratoconus, a condition
causing corneal thinning, which is among the leading causes for corneal transplants®.
Mutations in the non-catalytic RAB3GAP subunit, RAB3GAP2, cause Martsolf syndrome.
Martsolf syndrome is similar to Warburg-Micro syndrome but with a milder phenotype,
characterized with congenital cataracts, microphthalmia, hypogonadism, and mild mental

retardation’®.

RAB3GAP1 was shown to have a ubiquitous expression during zebra fish development
while RAB3GAP?2 is expressed in the central nervous system and only once larval
development started, suggesting the complex RAB3GAP1 and RAB3GAP2 act as a
complex in the central nervous system (CNS) during development®. In ocular tissues

RAB3GAP1 has the highest expression in the inner nuclear layer (INL) and to lesser
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degree in photoreceptors while RAB3GAP?2 is mainly expressed in the proliferative zone of

the retina, representing the remnants of the ciliary margin®®.
SNAP25

SNAP25 is a member of the SNARE complex responsible for fusion of vesicles with the
plasma membrane during exocytosis’®. SNAP25 is a t-SNARE protein, meaning that it is
attached to the plasma membrane unlike v-SNARE proteins which are attached to
vesicles’’. During vesicle fusion with the plasma membrane, SNAP25 along with another t-
SNARE protein Syntaxin, which is integrated in the plasma membrane, forms a complex
with the v-SNARE protein VAMP®”. The SNARE complex formation “zips” the plasma
membrane with the vesicle membrane and leads to release of the vesicle contents outside

the cell’®.

SNAP25 is mainly associated with synaptic vesicle exocytosis in neurons’’. It is essential
in neuronal exocytosis as application of botulinum neurotoxins (BoNT) A and E serotypes,
which cleave SNAP2S5, results in blocking of exocytosis in both isolated axons and
synapses’". SNAP25 also plays a role in endocytosis as SNAP25 cleavage with BONT
inhibits endocytosis in synapses’”. SNAP25 is hypothesized to be involved in endocytosis
initiation along with other members of the SNARE complex and underlie the mutual

dependence of exocytosis and endocytosis™ .

SNAP25 has two alternatively spliced isoforms, SNAP25a and SNAP25b, differing in nine
amino acids encoded by the exon 5 sequence '*°. Both SNAP25 isoforms are mainly
expressed in neuronal cells'”. SNAP25b is considered the more evolutionary-ancient

isoform as it shares greater similarity with the non-neuronal SNAP25 homolog SNAP23'".
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SNAP25 polymorphisms were found to associate with several neuropsychiatric disorders,
among them Antisocial Personality Disorder, Attention-Deficit Hyperactivity Disorder and

Schizophrenia'®*'%.

Other Exocytic FOXC1 Targets

Additional exocytic genes detected as potential FOXC1 targets in microarrays are SNAP23,
SYN2 and STXBP6%*">. SNAP23 shares 60% similarity with SNAP25 and has a ubiquitous
expression'’’. SNAP23 is considered a non-neuronal homolog of SNAP25 with a similar
role in exocytosis by forming the SNARE complex and directing secretory vesicle and

. 1
plasma membrane fusion'?’.

The second exocytic FOXC1 target, SYN2 is involved in neurotransmission and synaptic
remodeling and is expressed mainly in central and peripheral nervous systems and at lower
levels in some non-neuronal cells'”. SYN2 expression is initiated during progenitor

differentiation and reaches its peak during synaptogenesis'**''°.

The third exocytic FOXC1 target, STXBP6 also known as Amisyn binds to the SNARE
complex member Syntaxinl thereby assembling into the SNARE complex during vesicle
and plasma membrane fusion'''. STXBP6, was shown to regulate the stability of the fusion
pore during exocytosis through binding to Syntaxinl, and also act independently of

. e g e 111
Syntaxinl as an exocytosis inhibitor .
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1.6 — Glaucoma pathogenesis and FOXC1 function in exocytosis

Glaucoma is among the leading causes of blindness in the world; however present
treatments cannot reverse vision loss and are have low effectively in many patients'>>. It is
therefore important to better understand glaucoma pathogenesis in order to develop more

efficient treatments.

ARS presents an important model for glaucoma pathogenesis due to the high risk of
patients to develop glaucoma and their poor response to treatments”" 2. FOXC1 mutations,
associated with developmental glaucoma in ARS patients, were previously shown to
disrupt ocular development and response to oxidative stress through misregulation of

FOXCI target genes69’71’74

. FOXCI has hundreds of predicted target genes and few of them
were investigated in detail®. Investigating the function of FOXC1 in exocytosis through
potential regulation of the RAB3GAP complex, composed of RAB3GAP1 and
RAB3GAP2 and SNAP25, could uncover an additional mechanism through which FOXC1
promotes glaucoma in ARS patients. Exocytosis in glaucoma was previously linked to
glutamate excitotoxicity in RGC and ATP release in the TM™'"*. Another pathogenic
pathway which could be affected by exocytosis in glaucoma is MYOC secretion. Abnormal
MYOC secretion has been linked both to genetic JOAG and steroid-induced glaucoma'®'",
Exploring the role of FOXC1 in exocytosis and the impact of abnormal FOXC1 levels
would improve our understanding of the glaucoma pathogenesis in ARS patients and shed

light on the interaction of two proteins associated with early-onset glaucoma, FOXC1 and

MYOC.
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1.7 - Aims and hypothesis

As discussed above, microarray analyses identified the exocytic genes RAB3GAPI and
SNAP25 as potential FOXC] targets®. FOXC1 knockdown was also shown to decrease the
RNA levels of RAB3GAPI in both NPCE cells and in ocular tissues of zebrafish®. My
studies investigated the role of FOXCI in the regulation of exocytosis in human cervical
cancer (HeLa) and human trabecular meshwork cells. Specifically, I to sought to validate
RAB3GAPI as a positive target gene of FOXC1, look at potential FOXC1 regulation of
RAB3GAP2, a protein which forms a heterodimeric complex with RAB3GAP1, and at
potential negative regulation of SNAP25 by FOXC1 and the physiological impact of such
regulation. Experiments were conducted in two cell lines, HeLa and TM1. HeLa cells were
used as they are a resilient human cell line which transfects well. TM1 cells, in turn, are a
human cell line physiologically relevant to glaucoma due to the role of the trabecular

meshwork in aqueous humor drainage.

My Hypothesis - FOXC1 modulates exocytosis through positive regulation of the exocytic

proteins RAB3GAP1, RAB3GAP2 and negative regulation of SNAP25. Abnormal FOXC1
levels results in irregular expression of RAB3GAP1, RAB3GAP2 and SNAP25, which in

turn disrupt MYOC secretion (Fig. 2). To test this hypothesis, I had two aims:

Aim 1- Investigate the ability of FOXC1 to bind and activate expression of RAB3GAPI,
RAB3GAP2 and SNAP25. Analyze the effect of FOXC1 knockdown on RNA and protein

levels of RAB3GAP1, RAB3GAP2 and SNAP25.

Aim 2- Analyze the impact of FOXC1 on exocytosis of MYOC, a protein secreted from the

trabecular meshwork and associated with glaucoma pathogenesis'***'.
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2. Methods

2.1 - FOXC1 Binding Sites and Primers

FOXCI binding sites (BS) located within 10,000 bp upstream of transcription start sites of
target genes were detected with the Possum software (http://zlab.bu.edu/~mfrith/possum/)
using a FOXC1 binding matrix determined by Pierrou et al. (1994)%”. Primers
corresponding to the binding sites were designed using Primer3
(http://bioinfo.ut.ee/primer3-0.4.0/). Primers surrounding the RAB3GAP1 FOXC1 binding
site were designed by Tim Footz. Primers surrounding FOXC1 binding sites upstream of

RAB3GAP1, RAB3GAP2 and SNAP25 are described in Table 2.a.
2.2 - Chromatin Immunoprecipitation (ChIP)

Eight plates of HeLa cells (seeded at 10" per 100 mm plate) were grown to confluency for 2
days in 10 ml DMEM (1x Gibco Thermo Fisher Scientific Waltham Massachusetts, USA)(
10% FBS, 1%Antimycotic). On the third day, formaldehyde was added to each plate to a
final concentration of 1% and plates were incubated for 10 minutes in room temperature for
cross-linking. To stop the reaction 1.25 mM of glycine was added per plate and incubated
for 5 minutes at room temperature with gentle shaking. Media were aspirated and cells
washed two times with cold PBS (Na,PO4 9.1 mM, NaH;PO4 1.7 mM, NaCl 150 mM),
then scraped with 1 ml cold PBS mixed with I mM PMSF. The lysates were combined and
spun at 1500 rpm in 4°C for 5 minutes and the supernatant was aspirated. The pellet was
lysed with 5 ml ChIP cell lysis buffer (PIPES pH 8.0 5 mM, KCI 85 mM, IGEPAL CA-630
0.5%) with 1 mM PMSF and 0.05% final concentration of Protease Inhibitor Cocktail

(PIC) (Sigma-Aldrich, St. Louis, Missouri, United States) and incubated for 10 minutes on
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ice. The lysate was transferred to a Dounce homogenizer (B pestle) and homogenized 6

times then spun at 3000 rpm in 4°C for 5 minutes.

The supernatant was aspirated and pellet re-suspended with 1 ml ChIP Nuclear lysis buffer
(Tris pH 8.0 50 mM, EDTA 10 mM, SDS 1%) with 0.05% PIC and 1 mM PMSF
transferred to a 1.5 ml tube and incubated on ice for 10 minutes. The nuclear lysate was
sonicated with 3x 15 seconds pulses (5-7 W) using a Sonic dismembrator 60 (Thermo
Fisher Scientific, Waltham, Massachusetts, United States) on ice, with 15 seconds of rest
between each pulse. The lysate was spun at 15,000 xg at 4°C for 10 minutes. Supernatant
was transferred to a new tube and 80 pl of well-suspended Protein A/G PLUS-Agarose
(Santa Cruz Biotechnology, Dallas, Texas, United States) were placed into the supernatant.
The lysate was rotated at 4°C for an hour then spun at 6,000 xg at 4°C for 1 minute.
Twenty five pl of supernatant were set aside and used for an "Input" PCR template sample
(10% of each IP reaction) and kept at -20°C. The remaining supernatant was divided into
250 pl aliquots and moved to new tubes, 750 pl of ChIP Dilution Buffer (Tris pH8.0 16.7
mM, EDTA 1.2 mM, NaCl 167 mM, SDS 0.01%, Triton X-100 1.1%, PIC 0.05%, 1 mM

PMSF) was added per tube.

To each tube, 3 pg of either Rabbit anti-IgG (CALTAG Laboratories Buckingham UK), a
negative control, Rabbit anti-H3K4ME3 (a generous gift from Dr. David Eisenstat), a
positive control for transcriptionally active chromatin, or Goat anti-FOXC1(OriGene,
Rockville, Maryland, United States) were added and tubes were rotated at 4 °C overnight.
The next day 40 pl of well-suspended Protein A/G PLUS-Agarose (Santa Cruz) and 2 pl of
10 mg/ml sonicated salmon sperm ssDNA (Invitrogen, Carlsbad, California, United States)

were added to each tube, rotated at 4°C for 1 hour and spun at 6,000 xg at 4°C for 1



19

minute. Supernatant was aspirated and the beads were washed with 1 ml ChIP Wash Buffer
(Tris 20 mM, EDTA 2 mM, SDS 0.1%, Triton X-100 1%) by rotating at 4°C for 5 minutes
and spinning at 6,000 xg at 4°C for 1 minute. Next, the beads were washed with 1 ml ChIP
Final Wash Buffer (Tris pH 8.0, EDTA 2 mM, NaCl 500 mM, SDS 0.1%, Triton X-100
1%) for 30 minutes, then with 1 ml LiCl wash buffer (0.25 M LiCl, 1% deoxycholate, 1
mM EDTA, 10 mM Tris-HCI (pH 8.1), 1% NP-40) for 30 minutes and finally two times
with TE buffer pHS8.0 (2x) with spinning and buffer aspiration after each wash. The DNA
was eluted by adding 125 pul of ChIP Elution Buffer (Sodium Bicarbonate 100 mM, SDS
1%) to the beads followed by 15 minutes of rotation and spinning down. The supernatants
were transferred to new tubes and the elution was repeated with another 125 pl of ChIP
Elution Buffer, incubation at 95°C for 1 minute, and rotation at room temperature for 15
minutes. The tubes were centrifuge and the supernatant was added to the elution buffer
used before. The “Input” sample preciously stored at -20 °C was thawed and combined
with 225 pl of ChIP Elution Buffer. Next, five ul of Proteinase K (20 mg/ml) (Invitrogen)
was added to each tube, including “Input” and the tubes were incubated at 65 °C overnight.
The next day DNA from each sample was purified with a QTAGEN quick PCR Purification
kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. One pl of purified
DNA was used as a template for PCR runs with ChIP primers for RAB3GAPI,

RAB3GAP2 and SNAP25 described in Table 2.a.
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2.3 - Plasmids
Xpress plasmid constructs

Xpress-Empty vector was purchased from Invitrogen. pcDNA4:Xpress-FOXCI(WT) was

created by Ramsey A. Saleem as described previously®.

An Xpress-FOXC1 (S131L) construct, containing a patient mutation resulting in reduced
binding of FOXCI1 to its target genes, was created by Ramsey A. Saleem as described

previously®.
pGL3 and pGL3.TK plasmid constructs

To clone upstream target gene regions containing predicted binding sites into pGL3 and
pGL3.TK, Sacl and BglII binding sites were added to the RAB3GAP1, RAB3GAP2,
SNAP25 ChIP primers as described in Table 2.b, the primers were amplified by PCR with
a 2% dilution of genomic DNA and cloned with the use of pGMT-Easy cloning system
(Promega Madison, Wisconsin, United States) into pGL3 (Promega) to generate the

plasmid constructs pGL3.RAB3GAP1, pGL3.RAB3GAP2 and pGL3.SNAP25.

Additionally, upstream RAB3GAP2 and SNAP2S5 regions were cloned into the pGL3.TK
reporter to generate pGL3. TK.RAB3GAP2 and pGL3.TK.SNAP2S5 constructs. The
pGL3.TK reporter was constructed by Ramsey A. Saleem as described previously®,
briefly, a herpes simplex—virus thymidine kinase (TK) promoter, from pRLTK (Promega)
was cloned into the BglII-HindIII sites of pGL3. The pGL3.TK reporter contains a

promoter, and the FOXC1 binding sites in those genes were more than 4000 bp away from


http://www-ncbi-nlm-nih-gov.login.ezproxy.library.ualberta.ca/pubmed/?term=Saleem%20RA%5Bauth%5D
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the transcription start site. Thus are more likely to act as enhancers than proximal promoter

elements.

Additional constructs were generated with the 16 bp containing the predicted binding sites
deleted (while the rest of the upstream region remained) to assess the importance of the
predicted binding site for transcriptional regulation of the target gene by FOXCI. The
RAB3GAP1 upstream region contained three potential binding sites and each was deleted
separately to generate three constructs; pGL3.RAB3GAP1.dell, pGL3.RAB3GAP1.del2,
and pGL3.RAB3GAPI.del3. In each of the RAB3GAP2 and SNAP2S5 upstream regions,
one predicted FOXC1 binding site was deleted to generate: pGL3.RAB3GAP2.del,
pGL3.TK.RAB3GAP2.del, pGL3.SNAP25.del, and pGL3.TK.SNAP25.del. The deletions
were made using site directed mutagenesis performed on intermediate pPGMT vector
constructs using the QuickChange Lightning Kit (Agilent technologies Santa Clara,
California, United States) with primers described in Table 2.c. Following mutagenesis,
target upstream regions with the binding sites deleted were cloned into pGL3 and

pGL3.TK.

The pGL3.FOXOI1 plasmid, acting as a positive control for Luciferase transactivation by
FOXCI1 in constructs with the pGL3 reporter, was constructed by Fred B. Berry as
described previously®. Briefly, a region 580 bp upstream and 250 bp downstream of the

transcription start site was cloned by PCR and inserted into pGL3 (Promega) vector®.

The pGL3.TK.6xFBS plasmid, a positive control in Luciferase transactivation with the
pGL3.TK reporter, was constructed by Ramsey A. Saleem by cloning six copies of the

FOXC1-binding site into the EcoRI- Nhel sites on the TK promoter®,


http://www-ncbi-nlm-nih-gov.login.ezproxy.library.ualberta.ca/pubmed/?term=Saleem%20RA%5Bauth%5D
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2.4 - Luciferase Transactivation Assay

40,000 HeLa cells were seeded per well on 24 well plates and grown over night in DMEM.
Transfections were performed using Lipofectamine2000® reagent (Invitrogen Carlsbad
California, United States), per the manufacturer’s instructions diluted in OptiMEM. Cells
within wells were transfected in triplicate with 30 ng pRL-CMVp (Promega) as a
transfection efficiency control and either 500 ng Xpress-FOXC1 (WT) or Xpress-FOXC1
(S131L), to compare the ability of WT versus mutant FOXC1 to activate the Luciferase
reporter. Additionally each well triplicate was transfected with 100 ng of either of pGL3,
pGL3.FOXOI (positive control), and the constructs with target gene upstream regions
described in Table 2.b and ¢, with the predicted binding site present or deleted for example
either pGL3.RAB3GAP1 or pGL3.RAB3GAPI1.dell. Alternatively, 100 ng of either of
pGL3.TK, pGL3.TK.6xFBS (positive control) were used in transfections. Each condition

was transfected in triplicate. Each experiment was repeated at least three times.

Three days after transfection, Luciferase transactivation assays were performed using the
Promega Dual —Luciferase reporter assay system per the manufacturer’s protocol. Briefly,
following two washes with PBS cells were lysed with 1x Reporter Lysis Buffer (Promega),
frozen for 15 minutes at -80°C, then thawed on a shaker for 15 minutes at room
temperature. Lysates were collected into 1.5 ml tubes and centrifuged at max speed for 1
minute at 4°C. Fifty pl of lysate were combined with 50 pl of 2x Assay Buffer (Promega),
mixed and incubated for 30 minutes at 37°C, the reaction was then stopped with addition of
900ul of 1 M Sodium Carbonate and B-galactosidase (transfection efficiency control)
values were measured at O.D.40 on a spectrometer. While the B-galactosidase control was

incubating at 37°C, Luciferase activation was measured on the TD-20/20 luminometer
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(Turner Design Sunnyvale, CA, United States) by adding 10 pl of lysate to 100 ul LAR I
(Promega), vortexing the mix for 2 seconds and measuring Luciferase activation.
Luciferase values were normalized to 3 -galactosidase values to control for transfection
efficiency, then scaled to the activation level of the empty Luciferase reporter when treated

with Xpress-FOXC1(WT) to compare changes in activation.
2.5 - Transfections for qRT-PCR and Western Analysis

10° HeLa or Human Trabecular Meshwork (TM1) cells were seeded in 100 mm plates and
grown overnight in 10 ml DMEM. The following day transfections were performed with
12.5 pl Lipofectamine2000® reagent, diluted in 400 pl OptiMEM I(1x)(Gibco) and
incubated for 5 minutes in room temperature before being added to a plasmid or siRNA

premixed with 400 pl OptiMEM.

For FOXCI1 knockdown experiments, 500 ng of Silencer negative control siRNA #1
(Ambion, Thermo Fisher Scientific) or FOXC1 siGENOME #4 (Dharmacon Lafayette,
Colorado, United States) were used. For FOXCI1 over-expression experiments 12500 ng of
either Xpress-Empty or Xpress- FOXC1 (WT) were used. The mix was incubated for 20
minutes then added drop wise into the plate. The transfected cells were grown for three

nights in 37°C and 5% CO; prior to collection.
2.6 - qRT-PCR

Cells were washed twice with PBS, and then treated with 1ml Trizol (Ambion) to isolate
total RNA. Two pg of RNA were used for cDNA preparations with M-MLV Reverse
Transcriptase (Invitrogen) according to the manufacturer’s protocol and treatment with

DNnase I (Invitrogen).
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Primers for FOXCI and HPRTI (a housekeeping gene, used as a reference gene for
normalization) were designed by Tim Footz. Primers for RAB3GAPI, RAB3GAP2 and
SNAP25 (detecting both isoforms) were designed using the Primer3 software. Primers were
designed to separately detect the SNAP25a and SNAP25b isoforms as described in He raud

et al. (2008)'"°. The primer sets are described in Table 2.d.

gRT-PCR assays were performed with a QuantiTect SYBR Green PCR kit (Applied
Biosystems Foster City, California, United States) on a 9700HT Thermal Cycler (Applied
Biosystems) at least three times with each reaction in triplicate. Dissociation curves were
performed with each qRT-PCR to confirm the homogeneity of the PCR product and primer
specificity. RNA levels were normalized to HPRT through the AACt method and changes

in RNA levels were described in relative quantification (RQ).
2.7 - Western Blot Analysis

Cells were washed twice with PBS, scraped with 1 ml PBS and centrifuged at 1000 xg for
5 minutes. Next, PBS was aspirated and the pellet was lysed with 100 pl IP lysis buffer
(IGEPAL ® CA-680, Tris pH 8.0 0.05 M, NaCl 0.15 M, PMSF 1 mM, Protease Inhibitor
Cocktail 0.05%). Lysates were mixed with 6x SDS-PAGE Loading Buffer (Stacking Gel
Buffer -0.06 M Tris 0.05% SDS, Glycerol 10%, SDS 0.02%, DTT 1%, Bromophenol Blue
0.05%) and denatured for 10 minutes at 65°C. The denatured proteins were then size
separated on 8% SDS-PAGE gel at 150 V for 55-120 minutes on a Protean 3 minigel
system (Bio-Rad Hercules, California, United States) in an Electrophoresis running buffer
(25 mM Tris, 200 mM glycine, 0.2% SDS). PageRuler (Thermo Scientific), a prestained

marker was used to measure protein sizes. The proteins were then transferred into a
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nitrocellulose membrane (Bio-Rad) on a Protean 3 semidry transfer apparatus (Bio-Rad) at
100 V for 1 hour, then blocked for 1 hour with a 5% skim milk in TBST (10 mM Tris-HCI
pH7.5, 75 mM NaCl, 0.05% Tween 20). Blots were incubated overnight at 4°C with either
of the following primary antibodies: Rabbit anti-FOXC1 (Cell Signaling, Danvers,
Massachusetts, United States) 1:5000, Rabbit anti-RAB3GAP1 (AssayBioTech Sunnyvale,
California, United States) 1:5000, Rabbit anti-RAB3GAP2 (AssayBioTech) 1:5000, Rabbit
anti-SNAP25 (Abcam, Cambridge, United Kingdom) 1:1000 in 5% skim milk in TBST.
The following day blots were rinsed twice with TBST then washed three times with 5 ml
TBST for 10 minutes and incubated for 1 hour at room temperature with secondary HRP-
conjugated antibodies diluted 1:5000 in 5% skim milk in TBST. Blots were also incubated
with Mouse anti- a-Tubulin (Santa Cruz), as loading control, for 1 hour in room
temperature 1:5000 in 5% skim milk in TBST and a secondary HRP-conjugated antibody
diluted 1:5000 in 5% skim milk in TBST for 1 hour. After incubation with secondary
antibody, blots were washed again three times in TBST for 10 minutes, and the secondary
antibody signal was exposed by SuperSignal™ West Femto Maximum Sensitivity
Substrate substrate (Thermo Scientific). Images were taken on Imagestation4000 with 10
minute exposure. Net intensity of bands was normalized to the net intensity of a-Tubulin
then scaled to the control for each treatment. Experiments were repeated at least in

triplicate.
2.8 - Analysis of Myocilin Secretion Following FOXC1 Knockdown

HeLa cells seeded at 10° on 100 mm plates the day before were transfected using
Lipofectamine2000® with 12.5 pg of pRe-Myocilin-Myc''® a generous gift of Dr. Vincent

Raymond (University of Laval, PQ) and either 500 ng of Silencer negative control
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siRNA#1 or FOXC1 siGENOME #4 (siRNA FOXCI1). After 3 days a 1 ml sample of the
cell media was collected and cells were lysed with IP Lysis buffer as described previously.
Protein lysates and media were centrifuged at max rpm for 12 minutes at 4°C. Next, 100 ng
of protein lysates and 20 puL of media were denatured with 6x SDS-PAGE Loading Buffer
at 65°C for 10 minutes then size separated on a 10 well 8% SDS gel at 150 V for 55
minutes. Proteins were transferred to a nitrocellulose membrane for 1 hour at 100 V. The
blots were blocked with 5% skim milk in TBST for 1 hour. To look at intracellular and
media MYOC levels, the blots were incubated for 1 hour with Goat anti-MYOC (Santa
Cruz Biotechnology) diluted in 5% skim milk in TBST at 0.75:5000 at room temperature,
blots were washed with TBST then incubated for 1 hour with a secondary HRP-conjugated
antibody diluted 1:5000 in 5% skim milk in TBST for 1 hour. The MYOC band net
intensity was normalized to Ponceau Red stain (total protein control) net intensity in media
bands. Whole cell lysates were normalized to the loading control, TFIID, after incubation
for 1 hour in room temperature with 1:5000 Rabbit anti-TFIID (Santa Cruz Biotechnology)
diluted in 5% skim milk and it’s secondary HRP-conjugated antibody diluted 1:5000 in 5%
skim milk. Blots were also incubated with Rabbit anti-FOXC1 overnight at 1:5000 dilution
in 5% skim milk then the following day for 1 hour at room temperature it’s secondary
HRP-conjugated antibody diluted 1:5000 in 5% skim milk. Then, net intensity of
intracellular FOXC1 was normalized to TFIID. After normalizations protein levels were

scaled to the treatment control. Experiments were repeated in triplicate.
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2.9 - Analysis of Myocilin Secretion Following RAB3GAP1, RAB3GAP2 and SNAP25

Knockdown

HeLa cells seeded at 10° cells per 100 mm plate the day before were transfected using
Lipofectamine2000® with 12.5 ug of pRc-Myocilin-Myc and either 250 ng of Silencer
negative control siRNA #1, siRNA RAB3GAP1(5-UCAGUACACUCACUUAUCA-3"),
siRNA RAB3GAP2 (5'-UGACUUGGCUCUGUUACUA-3"), both custom ordered from
Dharmacon and designed after Spang et al. 2014'' | combination of siRNA RAB3GAP1
and siRNA RAB3GAP 2, SNAP25 Silencer® Select S13188 (Ambion, Thermo Fisher),
and a combination of RAB3GAPI, siRNA RAB3GAP2 and SNAP25 Silencer® Select.
After three days media was collected and cells were lysed as previously described. Next,
10pl of cell media and 50 ng of protein lysate were denatured with 6x SDS-PAGE Loading
Buffer at 65°C for 10 minutes then size separated on a 15 well 8% SDS gel at 150 V for 55
minutes the transferred to a nitrocellulose membrane for 1 hour at 100 V. Intracellular and
media MYOC protein levels were measured as described previously. Blots were then
incubated with either Rabbit anti-RAB3GAP1 (1:5000), Rabbit anti-RAB3GAP2 (1:5000)
or Rabbit anti-SNAP25(1:1000) overnight in 4 °C and for an hour the following day with
their secondary HRP-conjugated antibody diluted 1:5000 in 5% skim milk. Protein net
intensity was normalized to TFIID and scaled to the treatment control. Experiments were

repeated in triplicate.
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2.10 - Statistical Analysis

Statistical significance was evaluated using the Mann-Whitney U test, a non-parametric test
for independent samples. P-values were calculated using Al-Therapy Statistics software
(https://www.ai-therapy.com/psychology-statistics/hypothesis-testing/two-samples). One-
tailed analysis was carried out to confirm FOXC1, RAB3GAP1, RAB3GAP2 and SNAP25
knockdown with siRNAs and FOXC1 over-expression with Xpress-FOXC1 (WT). For all
other tests two-tailed analysis was used. Correlation of increase in RAB3GAP2 protein
levels with increase in FOXCI1 protein levels was evaluated using the non-parametric
Spearman's-Rho test with the Social Sciences Statistics software

(http://www.socscistatistics.com/tests/spearman/Default2.aspx).
2.11 - miRNA Predictions

To look for potential miRNA candidates targeting SNAP25, I used two miRNA programs
microRNA.org and miRWalk2.0 (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/)
to predict miRNA that could target SNAP25 and other negatively regulated FOXC1 targets
detected by Berry et al. (2008), among them ABCAS8, RABIA, SLC1246%. The miRNA
candidates were initially sorted by two criteria. The first criterion was if they targeted at
least one target gene, predicted to be negatively regulated by FOXC1, in addition to
SNAP25, which would increase the likelihood of them being in turn regulated by FOXCI.
The second criterion was if they were predicted to target SNAP25 by both programs,

increasing the accuracy of the prediction.
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3. Results

3.1 - Enrichment of FOXC1 at upstream regions of RAB3GAPI, RAB3GAP2 and

SNAP25

The microarray performed by Berry et al. (2008) in NPCE cells predicted several genes
involved in exocytosis targets for FOXC1, among them RAB3GAPI, the catalytic subunit
of RAB3GAP, and SNAP25%”. RAB3GAPI RNA levels were also shown to decrease
following morpholino FOXC1 knockdown in ocular tissues of zebrafish embryos and
Northern Analysis of NPCE cells®. To further explore FOXC1 regulation of RAB3GAPI,
as well as the potential regulation of the non-catalytic subunit of RAB3GAP, RAB3GAP2,
and SNAP25, potential FOXCI1 binding sites upstream of those genes were explored.
FOXCI1 binding sites were found up to 10,000 bp upstream of RAB3GAP1, RAB3GAP2
and SNAP25 with Possum software using a FOXC1 binding matrix®’. Next, using Primer3
software, primers surrounding the binding sites were designed (Table 2.a). Potential
FOXCI binding sites (BS1) were found 191 bp upstream of RAB3GAPI (Fig.3A), 9265 bp

upstream of RAB3GAP2, and 4933 bp upstream of SNAP25 (Fig. 3A).

Next, to see if FOXCI could interact with upstream regions of RAB3GAPI, RAB3GAP2
and SNAP25, a chromatin immunprecipitation (ChIP) assay was performed with HeLa and
human trabecular meshwork (TM1) cell lines. During ChIP, HeLLa and TM1 DNA was
cross linked and immunoprecipitated with antibodies, either anti-IgG (acting as negative
control), anti-H3K4ME3 (a marker of transcriptionally active chromatin and thus a positive

control), or anti-FOXC1. The DNA was then used for PCR with primers (Table 2.a)
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surrounding the upstream regions of RAB3GAPI, RAB3GAP2 and SNAP25 illustrated in

Fig. 3A containing FOXC1 binding sites.

The FOXC1 band in RAB3GAPI ChIP (Fig.3B) was darker then the negative control IgG
in both HeLLa and TM1 cells indicating strong enrichment of FOXCI1 at the upstream
region. Similarly, the FOXC1 band in the RAB3GAP2 upstream region (Fig. 3B) was also
enriched in both HeLa and TM1 cells. The FOXC1 band in the SNAP25 ChIP (Fig. 3B)
however, showed strong enrichment in HeLa cells but weak in TM1 cells indicating
stronger interaction between FOXC1 and SNAP25 in HeLa cells than in TM1. ChIP results

are summarized in Table. 3.

3.2 - Luciferase transactivation by FOXC1 through upstream regions of RAB3GAPI,

RAB3GAP2 and SNAP25

To determine if FOXC1 could alter gene activation through the upstream regions of
RAB3GAPI, RAB3GAP2 and SNAP25 used for ChIP, the upstream regions were cloned
independently into pGL3 reporter plasmids. The pGL3 Luciferase reporter has no
promoter; therefore any sequences cloned into the reporter must have basic promoter

elements needed for Luciferase expression.

Two versions of the upstream region and Luciferase constructs of each gene were created;
one construct had the upstream gene region used for ChIP cloned upstream the Luciferase
reporter and one with the 16 bp containing the Possum predicted FOXC1 binding site (BS)
deleted (designated with .del) while the rest of the upstream region remained. The empty
pGL3 reporter was used to control for basal activation level while pGL3.FOXO01%, a

previously tested, FOXCI1- responsive construct containing a FOXO1 upstream region,
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was used as a positive control. HeLa cells were used for transactivation experiments since
in the ChIP experiment upstream regions of RAB3GAP1, RAB3GAP2 and SNAP25 showed

strong enrichment of FOXCI in these cells (Fig. 3B).

During the assay, HeLa cells were co-transfected with a pGL3 construct, pPCMV-3-gal
(used as tranfection efficiency control), and either Xpress FOXC1 (WT) or Xpress FOXC1
(S131L), containing a pathogenic patient mutation leading to reduced activation due to

lesser binding ability''®

. Luciferase activity for pGL3 constructs was normalized to -
galactosidase and then scaled to normalized pGL3 reporter activity when co-transfected

with Xpress FOXC1 (WT).

When HeL a cells were transfected with pGL3.R3G1, Luciferase activation significantly
increased 2.8 fold compared to an empty pGL3 reporter (Fig. 4A), indicating that the
cloned 225 bp RAB3GAPI region contains regulatory elements through which FOXCI1
regulates gene activation. Additionally, when the pGL3.R3G1 construct was co-transfected
with Xpress FOXC1 (WT), Luciferase activity significantly increased 2.5 fold compared to
co-transfection with Xpress FOXC1 (S131L), indicating that majority of the Luciferase
activation was through FOXCI1 binding to the upstream region. Removal of the predicted
binding sites (BS1), however, did not decrease activation (Fig. 4A). To see if another site
was present through which FOXC1 acted, the sequence was examined again with Possum
and two additional, lower scoring sites were found (BS2 and BS3) (Fig. 3A). Two
additional pGL3 construct were then created with the new sites deleted one at a time;
pGL3.R3G1.del2 and pGL2.R3G1.del3. However, removal of the sites (one at a time) did
not reduce activation (Fig. 4B). It appears that the presence of any of the three sites is

sufficient for FOXCI to interact with the upstream region of RAB3GAPI.
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When HeLa cells were transfected with pGL3.R3G2 Luciferase activation significantly
decreased to 0.7 fold, while removal of the binding site (pGL3.R3G2.del) decreased
activation further to 0.4 fold (Fig. 5A). However, as the sequence is located nearly 10 kb
away from the transcription start site (Fig. 3A) it is likely that the FOXCI1 binding site is
located in an enhancer region rather than a promoter element. To test this possibility the
RAB3GAP2 upstream region and the upstream region with the predicted binding site
deleted were cloned into a pGL3.TK reporter upstream of a TK promoter. Transfections
were performed as described before, and an empty pGL3.TK reporter was used to control
for basal levels of activation and pGL3.TK.6xFBS construct, tested previously®* containing
the consensus FOXC1 binding site was used as a positive control. Luciferase activity
significantly increased 1.5 fold when pGL3.R3G2 was co-transfected with Xpress FOXC1
(WT) compared to pGL3.TK (Fig. 5B). Furthermore, when pGL3.R3G2.del was co-
transfected with Xpress FOXC1 (WT), Luciferase activation decreased and there was no
significant difference in activation compared to pGL3.TK (Fig. 5B). Therefore, FOXCI is
able to enhance activation through the upstream region of RAB3GAP2 and acts through the
Possum predicted binding site (Fig. 1A). In addition, there was a significant 2.5 fold
increase in activation when pGL3.R3G2 was co-transfected with Xpress FOXC1 (WT)
compared to co-transfection with Xpress FOXC1 (S131L) indicating the need for

functional FOXCI1 binding at the upstream region to promote activation.

When pGL3.SNAP25 was co-transfected with Xpress FOXC1 (WT), Luciferase activation
significantly decreased to 0.5 fold compared to the empty reporter, while removal of the
binding site significantly decreased activation to 0.7 fold compared to pGL3 (Fig. 6A).

However, as the binding site is located 5 kb upstream of the transcription start site of
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SNAP25 it is likely than the region would be located within an enhancer like RAB3GAP?2
rather than promoter elements. To test if FOXC1 could act as an enhancer through the
upstream region both the complete 151 bp upstream region and the upstream region with
the 16 bp predicted binding site removed (Fig. 1A) were cloned into a pGL3.TK promoter.
As described previously, pGL3.TK was used to estimate basal transactivation and
pGL3.TK.6xFBS was used as a positive control. When pGL3.TK.SNAP25 was co-
transfected with Xpress FOXC1 (WT), Luciferase activation significantly increased 1.5
fold compared to pGL3.TK (Fig. 6B) showing that FOXC1 can promote transcription
through the SNAP25 upstream region which acts as an enhancer. Additionally, Luciferase
activation through pGL3.SNAP25 was significantly higher, 2.8 fold, when co-transfected
with Xpress FOXC1 (WT) compared to co-transfection with Xpress FOXC1 (S131L),
indicating the importance of FOXCI1 binding to the region for activation. However,
removal of the binding site did not decrease Luciferase activation as there was no
significant difference between Luciferase activation when pGL3.TK.SNAP25 was co-
transfected with Xpress FOXC1 (WT) compared to pGL3. TK.SNAP25.del. Re-
examination of the 151 bp upstream sequence revealed possible additional FOXC1 binding
sites. However, no additional constructs with alternate FOXC1 binding sites deleted were
created; while at least one binding site is still present so FOXC1 would likely still affect
activation as was observed with RAB3GAPI. Luciferase transactivation results are

summarized in Table. 3.

FOXCI1 was shown to promote Luciferase activation through the RAB3GAPI upstream
region and enhance activation through the RAB3GAP2 and the SNAP25 upstream regions

in HeLa cells.
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3.3 - FOXCI knockdown changes RNA levels of RAB3GAPI, RAB3GAP2 and SNAP25

ChIP and Luciferase transactivation results showed that FOXC1 can interact with and
activate gene expression through the upstream regions of RAB3GAPI, RAB3GAP2 and
SNAP25. Next,  used qRT-PCR to determine if reducing FOXCI1 levels would affect the
RNA levels of its target genes. HeLLa and TM1 cells were transfected with either siRNA
Control or siRNA FOXC1. RNA was isolated from the cells on the third day after
transfection and reverse transcribed into cDNA. gqRT-PCR was performed next with
primers designed for RAB3GAP1, RAB3GAP2 , both SNAP25 isoforms (SNAP25ab) or
each of the isoforms separately (SNAP25a and SNAP25b), and HPRTI (used as
housekeeping control) (Table 2.c). qRT-PCR results were analyzed using the AACt
method, with normalization to HPRT and scaling the siRNA FOXCI1 treatment to the

siRNA Control treatment.

When FOXCI was significantly knocked down to 0.5 fold in HeLa cells, levels of both
RAB3GAPI and RAB3GAP?2 significantly decreased to 0.6 fold and 0.7 fold respectively
(Fig.7A). In TM1 cells significant knockdown of FOXCI to 0.4 fold lead to significant
decrease in RAB3GAPI and RAB3GAP2 levels to 0.6 fold and 0.7 fold respectively
(Fig.7B). The qRT-PCR results show positive regulation of RAB3GAPI and RAB3GAP2

RNA levels in by FOXC1 in both HeLa and TM1 cells.

With SNAP25 a more complicated relationship was observed. In HeLa cells significant
knockdown of FOXC1 to 0.5 fold significantly reduced levels of SNAP25ab to 0.4 fold
(Fig.8A), SNAP25a to 0.3 fold and SNAP25b to 0.5 fold (Fig.8B), supporting a positive

regulation of both SNAP25 isoforms by FOXCI1. In TM1 cells however, significant
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knockdown of FOXCI1 to 0.5 fold resulted in a significantl.2 fold increase in SNAP25ab
(Fig.9A), and a significantl.6 fold increase in SNAP25a but had no effect on SNAP25b
(Fig.9B), indicating negative regulation of SNAP25a in TMI cells, as was predicted by the
microarray experiment performed by Berry et al. (2008)*. gqRT-PCR results are

summarized in Table.3.

The differential regulation of SNAP25 by FOXC1 depending on the cell line indicates that
additional players are involved in the SNAP25-FOXCI1 regulatory network, and potential

candidates include miRNAs, depending on which are present in the cell FOXCI regulation
of SNAP25 could be positive, as was observed for HeLa cells, or negative as was observed

in TM1 cells and predicted in a microarray performed in NPCE cells®.
3.4 - FOXC1 knockdown changes protein levels of RAB3GAP1 and RAB3GAP2

I next used western blot analysis to see if the effect of FOXC1 knockdown on its target
genes RNA levels would be also observed at the protein level. HeLa and TM1 cells were
transfected with either siRNA Control or siRNA FOXCI. Cells were lysed three nights
after transfection and proteins extracts were used for western blot analysis. Western blots
were probed with antibodies against RAB3GAP1, RAB3GAP2, SNAP25, FOXC1 and a-
tubulin (loading control). Images of the blots were taken with Imagestation4000 and band
intensity was first normalized to a-tubullin, then the siRNA FOXCI treatment was scaled

to siRNA Control treatment.

When FOXCI1 was significantly knocked down in HeLa cells to 0.3 fold, a significant
decrease in levels of both RAB3GAP1 and RAB3GAP2 was observed to 0.7 fold,

supporting positive regulation of RAB3GAP1 and RAB3GAP2 by FOXCI at the protein
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level (Fig. 10A). In TM1 cells, significant FOXC1 knockdown to 0.4 fold resulted in a
significant RAB3GAPI decrease to 0.7 fold but had no significant effect on RAB3GAP2
(Fig. 11A), even though its RNA levels were decreased (Fig. 7B). Therefore, FOXCI1
positively regulates both RAB3GAP1 and RAB3GAP2 protein levels in HeLa cells but

affects only RAB3GAP1 in TM1 cells.

Changes in SNAP25 protein levels following FOXC1 knockdown mirrored the changes
observed at the RNA level (Fig. 9, Fig. 10). In HeLa cells when FOXC1 was significantly
knocked down to 0.4 fold, SNAP25 levels significantly decreased to 0.6 fold supporting
positive regulation by FOXCI1 (Fig. 12A). However, in TM1 cells significant FOXC1
knockdown to 0.5 fold resulted in a significant 2.7 fold increase in SNAP25 (Fig. 12C)

consistent with negative regulation by FOXC1. Results are summarized in Table. 3.

3.5 - FOXC1 over-expression changes protein levels of RAB3GAP1, RAB3GAP2 and

SNAP25

Since knockdown of FOXC1 was shown to change protein levels of RAB3GAPI1,
RAB3GAP2 and SNAP25, I next tested if FOXC1 over-expression would also affect
protein levels. HeLa cells were transfected with either Xpress Empty or Xpress FOXC1
(WT). HeLa cells were lysed three days after transfection and protein extracts were used
for western blot analysis. Western blots were probed with antibodies against RAB3GAP1,
RAB3GAP2, SNAP25, FOXCI and a- tubulin (loading control). Images of the blots were
taken with Imagestation4000 and band intensity was first normalized to a-tubulin, then the

Xpress FOXC1 (WT) treatment was scaled to Xpress Empty treatment.
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When FOXCI1 was significantly over-expressed 22.8 fold, protein levels of RAB3GAPI
significantly increased 1.7 fold (Fig. 13A) further supporting positive regulation on

RAB3GAP1 by FOXC1 in HeLa cells.

Changes in RAB3GAP2 protein levels following FOXC1 over-expression showed a more
complicated pattern. RAB3GAP2 protein levels increased only when FOXC1 protein was
over expressed more than 13 fold. To examine the relationship between FOXC1 over-
expression and RAB3GAP2 protein levels, a Spearman's rank correlation test was
performed. I found a correlation coefficient of 0.72 (Fig. 14A), indicating positive

correlation between FOXC1 and RAB3GAP2 in Hel a cells.

When FOXCI protein was significantly over-expressed 13.3 fold, SNAP25 protein levels
significantly decreased to 0.7 fold (Fig. 15A). Western Analysis results are summarized in

Table.3.

Negative regulation of SNAP25 by FOXC1 in HeLa cells contrasts with the FOXCI1
knockdown experiments where both RNA (Fig. 8) and protein (Fig. 12A) levels of
SNAP25 decreased following FOXC1 knockdown. Two possibilities present themselves.
The first possibility is that FOXC1 was not sufficiently over-expressed in my experiments
to see SNAP25 levels increase, and FOXC1 and SNAP25 have a positive correlation that
appears only after a certain over-expression threshold is reached, as was observed with
RAB3GAP2 (Fig. 14A). The second possibility is that SNAP25 experiences bimodal
regulation by FOXC1, where either decrease or increase of FOXCI1 levels beyond a narrow

range result in reduced SNAP25 protein levels.
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3.6 - Knockdown of FOXC1 and FOXC1’s exocytotic protein targets RAB3GAP1,

RAB3GAP2 and SNAP2S affects secretion of exogenous MYOC

In previous experiments FOXC1 was shown to interact and regulate transactivation through
upstream regions of SNAP25, RAB3GAP1 and RAB3GAP2, as well as regulate their
protein and RNA levels. All three genes are linked to exocytosis; therefore, the next
question was if FOXC1 could affect secretion through its regulation of RAB3GAPI,
RAB3GAP2 and SNAP25. I tested the functional consequences of this regulation through
analyses of MYOC secretion. MYOC is secreted in trabecular meshwork cells and has an
important role in glaucoma, but it is present at very low levels in HeLa cells unless its
expression is induced*'. To ensure that any effects on MYOC would be through exocytotic
FOXCI target genes and not through potential contribution of FOXCI to transcriptional
regulation of MYOC, I looked at exogenous MYOC secretion. To induce exogenous
MYOC production in HeLa cells I used the plasmid pPReMYOC previously used by Gobeil
et al. (2004) to study secretion of Wild Type MYOC'"®. Three days following transfection
with pReMYOC observable levels of MYOC were present both in intracellular (double

band at 57 kDa and 55 kDa) protein extracts and in the cell media (Fig. 16A).

To observe FOXCI effects on MYOC secretion, FOXC1 was knocked down in HeLa cells,
as FOXC1 knockdown was shown to positively regulate RN A and protein levels of all
three genes in Hela cells. HeLa cells were co-transfected with pPRcMYOC and either
siRNA Control or siRNA FOXC1 (WT). Three days after transfection a media sample was
collected and cells were lysed and protein extracts and media samples were used for
western blot analysis. Western blots were probed with antibodies against FOXC1, MYOC

and TFIID (loading control). Ponceau Red stain was used to control for total protein in
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media samples. Images of the western blot were taken with Imagestation4000. Band
intensity was normalized to the loading control and then treatment with
pRcMYOC+siRNA FOXC1 (WT) was scaled to treatment with pRcMYOC+siRNA

Control.

When FOXCI1 was significantly knocked down to 0.4 fold, intracellular MYOC levels
significantly decreased to 0.8 and 0.7 fold for the MYOC 57kDa (glycosylated form) and
55 kDa (non-glycosylated form) respectively, while extracellular MYOC levels decreased
to 0.7 fold (Fig. 16B). The results were unexpected, as I expected that if knocking down
FOXCI1 lead to decrease in intracellular levels of MYOC, extracellular MYOC levels
would increase. Instead my results indicate that decrease in both extracellular and
intracellular MYOC levels result from knock down of FOXCI1, suggesting that several
different processes are occurring. Since MYOC was exogenously expressed, I can rule out

transcriptional regulation of MYOC as part of these processes.

To examine if FOXC1’s effect on exogenous MYOC is through FOXC1’s regulation of
RAB3GAP1, RAB3GAP2 and SNAP25, MYOC secretion experiments were repeated with
each of the target genes knocked down separately and in combinations when co-transfected
with pPReMYOC. As before, HeLa cells were grown for three nights following transfection,
following which a sample of cell media was taken, proteins were extracted and Western
analysis was performed. Antibodies against RAB3GAP1, RAB3GAP2, SNAP25, MYOC
and TFIID (loading control) were used to detect protein bands and Ponceau stain was used
for loading control for extracellular proteins. Band intensity for each protein was
normalized to TFIID or Ponceau Red then the knockdown treatment was scaled to the

control treatment.
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When RAB3GAP1 was significantly knocked down to 0.1 fold, MYOC levels significantly
decreased to 0.3 fold at 57 kDa and 0.4 fold at 55 kDa and extracellular levels significantly
increased 1.4 fold (Fig. 17A), indicating that RAB3GAP1 knockdown increased MYOC

secretion.

A similar effect on MYOC was observed when SNAP25 was knocked down. Significant
decrease of SNAP25 to 0.1 fold lead to a significant decrease in intercellular MYOC to 0.5
fold at both 57 kDa and 55 kDa, and a significant 1.5 fold increase in extracellular MYOC
(Fig.19A). Thus, knockdown of either RAB3GAP1 or SNAP25 promotes secretion of

MYOC.

When RAB3GAP2 was significantly knocked down to 0.7 fold intracellular levels of
MYOC significantly decreased to 0.7 fold at 57 kDa and 0.5 fold at 55 kDa and
extracellular levels significantly decreased to 0.8 fold (Fig. 18A). The effect of
RAB3GAP2 knockdown on MYOC secretion was similar to what was observed when

FOXC1 was knocked down.

As FOXC1 knockdown was shown to reduce protein levels of all three targets in HeLa
cells, in the next set of experiments several of the target genes were knocked down
simultaneously to simulate the effect of FOXC1. First, RAB3GAP1 and RAB3GAP2 were
knocked down simultaneously, as together they form the complex RAB3GAP. When
siRNAs against both genes were used, intracellular levels of MYOC significantly
decreased to 0.4 fold at 57 kDa and 0.6 fold at 55 kDa and extracellular levels decreased to
0.6 fold (Fig. 20A). Knocking down all three genes with siRNA resulted in intracellular

MY OC significantly decreasing to 0.5 fold at 57 kDa and 0.3 fold at 55 kDa and
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extracellular levels significantly decreasing to 0.7 fold (Fig. 21 A). Both combination
treatments have a similar effect on MYOC secretion as FOXC1 knockdown. A summary of

the MYOC secretion experiments is provided in Table.4.

3.7 - FOXC1 knockdown in TM1 cells decreases RNA levels of the additional

exocytotic targets SNAP23, SYN2 and STXBP6

I have shown that FOXC1 regulates RAB3GAP1, RAB3GAP2 and SNAP2S5, three
exocytosis related genes. However, in the microarrays performed by Berry et al. (2008) and
Paylakhi et al. (2013) additional exocytosis related genes were found, among them
SNAP23, SYN2 and STXBP6 (Amisyn)69’72. To see if those targets should be pursued
further, I performed a qRT-PCR in TM1 cells following transfection with siRNA FOXC1

to see if FOXC1 knockdown would affect RNA levels of other exoytosis target genes.

When FOXC1 was significantly knocked down to 0.4 fold, RNA levels of SNAP23
significantly decreased to 0.7 fold and RNA levels of SYN2 significantly decreased to 0.6
fold (Fig. 22A), indicating positive regulation at the RNA level by FOXCI. Significant
knockdown of FOXCI1 to 0.4 fold also resulted in STXBP6 RNA levels significantly
decreasing to 0.6 fold in TM1 cells (Fig. 23B), also supporting positive regulation by

FOXCI.
3.8 - Potential miRNA’s targeting SNAP25 that might in turn be regulated by FOXC1

SNAP25 was shown to be negatively regulated by FOXC1 in TMI1 cells on the RNA and
protein level (Fig. 9 and Fig. 12A) while SNAP25 was positively regulated in HeLa cells
when FOXC1 was knocked down (Fig. 8 and Fig. 12C). A potential explanation for the

differential regulation might be a miRNA that is regulated by FOXC1, expressed in TM1
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but not in Hela cells, and in turn also targets SNAP25. To look for potential miRNA
candidates, I used two miRNA prediction programs to predict miRNA that could target
SNAP25 and other negatively regulated FOXCI1 targets from the microarray experiment

performed by Berry et al. (2008), including ABCAS8, RABIA, SLC1246%.

The miRNA candidates were chosen using three sorting criteria. The first criterion was if
they targeted at least one negative FOXC1 target in addition to SNAP25, which would
increase the likelihood of them being in turn regulated by FOXC1. The second criterion
was if they were predicted to target SNAP25 by both programs, increasing the accuracy of
the prediction. To further sort potential candidates, I looked for miRNAs that have been
shown to be expressed in trabecular meshwork cells and play a role in pathways associated
with glaucoma pathogenesis. Among the miRNAs that were selected for future experiments
are miR-15a, miR-15b, which are involved in stress response in the trabecular meshwork
and are predicted to regulate RABIA in addition to SNAP25'". The third and most
promising candidate is miR-106a, which is predicted to regulate ABCA8, RABI1A and

SLC1246 in addition to SNAP25 and is associated with stress response and apoptosis'"”.



4. Tables

Table 1. Glaucoma subtypes.

Glaucoma subtypes Description
Primary glaucoma Develops without an underlying disease
Secondary glaucoma Develops as a complication of another disease
Open angle glaucoma Open angle between the iris and the cornea
Closed angle glaucoma Closed angle between the iris and the cornea

Develops in association with anterior ocular

Developmental glaucoma Lo
segment dysgenesis disorders

Congenital/infantile glaucoma Presents at birth or within two years
Juvenile onset glaucoma Develops between 2 and 40 years of age
Adult onset glaucoma Develops between after 40 years of age

Hypertensive glaucoma Glaucoma with abnormally high I0P

Normal tension glaucoma Glaucoma with normal 10P




Table 2. Primers used for cloning and PCR.

Sense and Antisense Primers
a. ChIP PCR Sense Antisense
RAB3GAP1 aggggcagagggtagaagtg aagggaacagaagccaaggt
RAB3GAP2 caggcaaaatctgcatttcat tcgagaattaaggagggacaaa
SNAP25 aggggtaagtacatgecgtc catcacacttctgccagctc
b. Transactivation cloning Sense Antisense
RAB3GAP1 gagctcaggggcagagggtagaagtg agatctaagggaacagaagccaaggt
RAB3GAP2 agatctcaggcaaaatctgcatttcat gagctctcgagaattaaggagggacaaa
SNAP25 gagctcaggggtaagtacatgecegtc agatctcatcacacttctgecagetc
c. Mutagenesis Sense

RAB3GAP1 .del1 (129-144)

Antisense

RAB3GAP1 .del2 (35-50 )

ctaattggtactaactacaaatatgggtcaacatgctttaggttttttaatacaat

RAB3GAP1..del3 (67-82)

gtagaagtggtattacagcacctatcaataaatagagggtgaatga

attgtattaaaaaacctaaagcatgttgacccatatttgtagttagtaccaattag
tcattcaccctctatttattgataggtgctgtaataccacttctac

RAB3GAP2.del (54-70)

tgccttacaatcaataaatagagggcaatagttaaagtgtaagctaattg

SNAP25..del (165-180)

caggagagaggaatagtctgtgeectigagtcatttg

caattagcttacactttaactattgccctctatttattgattgtaaggcea
caaatgactcaagggcacagactattcctctetectg

gtcatggtccaaaggacttttcaggttcacctgac gtcaggtgaacctgaaaagtcctttggaccatgac
d. qRT-PCR Sense Antisense
SNAP25ab gtgtagtggacgaacgggag ccatatccagggecatgtgac
SNAP25a aagggctgaccagttggctgatgagt ttggttgatatggttcatgccttcttcgacacga
SNAP25b aagggctgaccagttggcetgatgagt cttattgatttggtccatcecttectcaatgegt
RAB3GAP1 aagccaagtttggaactgagaa ctgcaccggtgactaacactt
RAB3GAP2 ctccacacccagacaaaagaa gcaattggcacttcagtgttt
FOXcC1 tagctgtcaaatggcctteee cttttcctgetttggggtteg
HPRT1 gccagactttgttggatttga ggctttgtattttgcttttccag
STXBP6 attaggccgagcagaggagaa agaagagtcaccaggataggca
SNAP23 tgagtctctggaaagtacgagga
SYN2

tccaagccttcttctatgegg

acaggtacaaactgtgggtsg

atcagtggcatgctacagtcc

44
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Table 3. Summary of experiments supporting regulation of RAB3GAP1, RAB3GAP2 and

SNAP25 by FOXCI.
ChIP Enrichment of FOXC1 at upstream region compared to control
Cell line RAB3GAP1 RAB3GAP2 SNAP25
Hela strong strong strong
™1 strong strong weak
Luciferase Change in Luciferase activation by FOXC1 when upstream region was
Transactivation cloned into reporter compared to empty reporter in Hela cells
Reporter RAB3GAP1 RAB3GAP2 SNAP25
pGL3 0 N v
pGL3.TK N/A 0 0
gRT-PCR Change in RNA levels following FOXC1 knockdown
Cell line RAB3GAP1 RAB3GAP2 SNAP25ab |SNAP25a | SNAP25b
Hela % 4 N N N
TM1 4 N T i N.S.
Waestern Analysis Change in protein levels following FOXC1 knockdown
Cell line RAB3GAP1 RAB3GAP2 SNAP25
Hela J N} N
TM1 J N.S. T
Western Analysis Change in protein levels following FOXC1 over-expression
Cell line RAB3GAP1 RAB3GAP2 SNAP25
Hela ™ positive correlation N




Table 4. Summary of the effects of FOXC1, RAB3GAP1, RAB3GAP2 and SNAP25
knockdown on Myocilin secretion in HeLa cells.

Intracellular Myocilin Extracellular Myocilin
s \)
A 0
s \)
A 0
A J
s \)
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5. Figures
Figure 1. Glaucoma pathogenesis.
(A) Diagram of the eye.

(B) Aqueous humor flow is produced in the ciliary body and circulates through the ciliary
epithelium into the anterior chamber. Finally the aqueous humor drains through the
trabecular meshwork into Schlemm’s canal in the conventional outflow pathway. To lesser
degree the aqueous humor also drains through the anterior ciliary body in the
unconventional outflow pathway.

(C) During glaucoma pathogenesis both environmental (E) and genetic (G) factors trigger
pathogen glaucomatous mechanisms that promote retinal ganglion (RGC) cell death.
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Figure 2. Predicted regulation of MYOC secretion by FOXC1 through its target

genes.

FOXCI is hypothesized to up regulate both subunits of the RAB3GAP complex and down
regulate SNAP25. Through regulation of its target genes FOXCI is predicted to affect

MYOC secretion.
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Figure 3. Enrichment of FOXC1 at upstream regions of RAB3GAPI, RAB3GAP2 and
SNAP2S.

(A) Potential FOXC1 binding sites found upstream of RAB3GAPI1, RAB3GAP2 and
SNAP25. The FOXC1 predicted binding site is underlined.

(B) TM1 or HeLa chromatin cross-linked and immunoprecipitated with 3 ng of antibodies
against IgG (negative control), H3K4ME3 (active-chromatin marker) and FOXC1. The
“Input” sample represents cross-linked but not immunoprecipitated chromatin. The
immunoprecipitated chromatin was amplified using PCR with primers surrounding the
upstream regions of RAB3GAPI1, RAB3GAP2 and SNAP25 indicated in part (A). Next,
DNA was size separated with Agarose gel electrophoresis. Image was taken with

Imagestation4000 after 1 minute exposure.
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Figure 4. Luciferase transactivation by FOXC1 through upstream region of
RAB3GAPI.

The 225bp RAB3GAPI upstream region (Fig. 3) cloned into a pGL3 luciferase reporter
(pGL3.R3G1) and co-transfected with either Xpress-FOXC1(WT) or Xpress-
FOXCI1(S131L) into HeLa cells, a mutant with reduced activity, and pCMV-3-
galactosidase (transfection control). In additional constructs, each of the three predicted
FOXCI1 binding sites were deleted from the RAB3GAP1 upstream region and then cloned
in to pGL3. In pGL3.R3Gl.dell (A), BS1 (Fig. 3) was deleted. In pGL3.R3G1.del2 and
pGL3.R3Gl.del3 (B), BS2 and BS3 (Fig. 3) were deleted respectively. pGL3.FOXOI, a
construct with a previously tested FOXO1 promoter®”, was used as a positive control.
Luciferase activity for each construct was normalized to -gal values and then scaled to the
empty pGL3 reporter co-transfected with Xpress-FOXC1(WT). Experiments were repeated
three times in triplicate. Error bars represent standard error. *P<0.05 versus pGL3 under

the Mann-Whitney U-test.
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Figure 5. Lucifirase transactivation by FOXC1 through upstream region of
RAB3GAP2.

(A) The 211bp RAB3GAP2 upstream region (Fig. 3) cloned into a pGL3 luciferase
reporter (pGL3.R3G2) and co-transfected with either Xpress-FOXC1(WT) or Xpress-
FOXCI1(S131L) into HeLa cells, a mutant with reduced activity, and pCMV-3-
galactosidase (transfection control). In additional construct, the predicted FOXC1 binding
site (Fig. 3) was deleted from the RAB3GAP2 upstream region and then cloned into pGL3
(pGL3.R3G2.del). pGL3.FOXOI, a construct with a previously tested FOXO1 promoter®”,
was used as a positive control. Luciferase activity for each construct was normalized to 8-
galactosidase values and then scaled to the empty pGL3 reporter co-transfected with
Xpress-FOXCI1(WT). Experiments were repeated three times in triplicate. Error bars
represent standard error. *P<0.05 versus pGL3 under the Mann-Whitney U-test.

(B) The 211bp RAB3GAP?2 upstream region (Fig. 3) cloned into a pGL3.TK luciferase
reporter upstream of the TK promoter (pGL3.TK.R3G2) and co-transfected with either
Xpress-FOXC1(WT) or Xpress-FOXC1(S131L), a mutant with reduced activity, and
pCMV-B-gal (transfection control). In additional construct, the predicted FOXC1 binding
site was deleted from the RAB3GAP?2 upstream region and then cloned into pGL3.TK
(pGL3.TK.R3G2.del). pGL3.TK.6xFBS, a construct containing the consensus FOXC1
binding site, was used as a positive control. Luciferase activity for each construct was
normalized to - galactosidase values and then scaled to the empty pGL3.TK reporter co-
transfected with Xpress-FOXC1(WT). Experiments were repeated three times in triplicate.
Error bars represent standard error. *P<0.05 versus pGL3.TK under the Mann-Whitney U-

test.
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Figure 6. Luciferase transactivation by FOXC1 through upstream region of SNAP25.
(A) The 151bp SNAP2S5 upstream region (Fig .3) cloned into a pGL3 luciferase reporter
(pGL3. SNAP25) and co-transfected with either Xpress-FOXCI1(WT) or Xpress-
FOXCI1(S131L), a mutant with reduced activity, and pCMV-B-gal (transfection control)
into HeLa cells. In an additional construct, the predicted FOXC1 binding site (Fig .3) was
deleted from the SNAP25 upstream region and then cloned into pGL3 (pGL3.SNAP25.del).
pGL3.FOXO1, a construct with a previously tested FOXO1 promoter®’, was used as a
positive control. Luciferase activity for each construct was normalized to - galactosidase
values and then scaled to the empty pGL3 reporter co-transfected with Xpress-
FOXCI1(WT). Experiments were repeated three times in triplicate. Error bars represent
standard error. *P<0.05 versus pGL3 under the Mann-Whitney U-test.

(B) The 151bp SNAP25 upstream region (Fig. 3) cloned into a pGL3.TK luciferase reporter
upstream of the TK promoter (pGL3.TK. SNAP25) and co-transfected with either Xpress-
FOXCI1(WT) or Xpress-FOXC1(S131L), a mutant with reduced activity, and pCMV-3-gal
(transfection control). In an additional construct, the predicted FOXCI1 binding site was
deleted from the SNAP25 upstream region and then cloned into pGL3.TK (pGL3.TK.
SNAP25.del). pGL3.TK.6xFBS, a construct containing the consensus FOXCI1 binding site,
was used as a positive control. Luciferase activity for each construct was normalized to -
gal values and then scaled to the empty pGL3.TK reporter co-transfected with Xpress-
FOXC1 (WT). Experiments were repeated four times in triplicate. Error bars represent

standard error. *P<0.05, **P<0.01 versus pGL3.TK under the Mann-Whitney U-test.
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Figure 7. FOXCI knockdown decreases RNA levels of RAB3GAPI and RAB3GAP2.

HeLa or TM1 cells were transfected with either siRNA Control or siRNA FOXCI and after
three days RNA was isolated and reverse transcribed into cDNA. Quantitative Real-Time
PCR (qRT-PCR) was run with the cDNA samples and primers for FOXC1, RAB3GAPI,
RAB3GAP2 and HPRT1 (housekeeping control). Relative quantification (RQ) was
performed using the AACt method.

(A) Relative quantification of the change in FOXCI, RAB3GAPI and RAN3GAP2 RNA
levels following normalization to HPRT1 and scaling siRNA FOXCI1 to siRNA Control in
HelLa cells. Experiments were performed three times in triplicate. Error bars represent
standard error. *P<0.05 versus siRNA Control under the Mann-Whitney U-test.

(B) Relative quantification of the change in FOXC1, RAB3GAPI and RAB3GAP2 RNA
levels following normalization to HPRT1 and scaling siRNA FOXCI1 to siRNA Control in
TM1 cells. Experiments were performed four times in triplicate. Error bars represent

standard error. **P<0.01 versus siRNA Control under the Mann-Whitney U-test.
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Figure 8. FOXCI knockdown decreases RNA levels of both SNAP25 isoforms in HeLa

cells.

HeLa cells were transfected with either siRNA Control or siRNA FOXC1 and after three
days RNA was isolated and reverse transcribed into cDNA. Quantitative Real-Time PCR
(qRT-PCR) was run with the cDNA samples and primers for FOXCI, both SNAP25
isoforms (SNAP25ab), SNAP25 isoform a (SNAP25a), SNAP25 isoform b (SNAP25b) and
HPRTI (housekeeping control). Relative quantification (RQ) was performed using the
AACt method.

(A) Relative quantification of the change in FOXCI and SNAP25ab levels following
normalization to HPRT! and scaling siRNA FOXCI1 treatment to siRNA Control treatment
in HeLa cells. Experiments were performed three times in triplicate. Error bars represent
standard error. *P<0.05 versus siRNA Control under the Mann-Whitney U-test.

(B) Relative quantification of the change in SNAP25a and SNAP25b RNA levels following
normalization to HPRT! and scaling siRNA FOXCI1 treatment to siRNA Control treatment
in HeLa cells. Experiments were performed three times in triplicate. Error bars represent

standard error. *P<0.05 versus siRNA Control under the Mann-Whitney U-test.
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Figure 9. FOXCI knockdown increases RNA levels of SNAP25a in TM1 cells but has

no effect on SNAP25b.

TM1 cells were transfected with either siRNA Control or siRNA FOXC1 and after three
days RNA was isolated and reverse transcribed into cDNA. Quantitative Real-Time PCR
(qRT-PCR) was run with the cDNA samples and primers for FOXCI, both SNAP25
isoforms (SNAP25ab), SNAP25 isoform a (SNAP25a), SNAP25 isoform b (SNAP25b) and
HPRTI (housekeeping control). Relative quantification (RQ) was performed using the
AACt method.

(A) Relative quantification of the change in FOXCI and SNAP25ab levels following
normalization to HPRTI and scaling siRNA FOXCI1 to siRNA Control in TM1 cells.
Experiments were performed three times in triplicate. Error bars represent standard error.
*P<0.05 versus siRNA Control under the Mann-Whitney U-test.

(B) Relative quantification of the change in SNAP25a and SNAP25b RNA levels following
normalization to HPRT1 and scaling siRNA FOXCI1 to siRNA Control in TM1 cells.
Experiments were performed three times in triplicate. Error bars represent standard error.

*P<0.05 versus siRNA Control under the Mann-Whitney U-test.
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Figure 10. FOXC1 knockdown decreases protein levels of RAB3GAP1 and

RAB3GAP2 in HeLa cells.

HelLa cells were transfected with either siRNA Control or siRNA FOXC1 then lysed after
three days. Protein lysates were used for western blot analysis. Antibodies against FOXCI,
RAB3GAP1, RAB3GAP2 and a-Tubulin (loading control) were used to detect change in
protein levels. Net band intensity for each protein was normalized to a-Tubulin, then
siRNA FOXCltreatment was scaled to siRNA control treatment. Experiments were
repeated six times.

(A) Relative change in protein levels of FOXC1, RAB3GAPland RAB3GAP2 following
FOXCI1 knockdown. Error bars represent standard error. **P<0.01, ***P<(0.001 versus
siRNA Control under the Mann-Whitney U-test.

(B) Example western blot. Image was taken with Imagestation4000 after a 10 minute

exposure.
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Figure 11. FOXC1 knockdown decreases protein levels of RAB3GAP1 in TM1 cells.

TMI cells were transfected with either siRNA Control or siRNA FOXC1 then lysed after
three days. Protein lysates were used for western blot analysis. Antibodies against FOXCI,
RAB3GAP1, RAB3GAP2 and a-Tubulin (loading control) were used to detect change in
protein levels. Net band intensity for each protein was normalized to a-Tubulin, and then
siRNA FOXCI1 treatment was scaled to siRNA control treatment. Experiments were
repeated four times.

(A) Relative change in protein levels of FOXC1, RAB3GAPland RAB3GAP2 following
FOXC1 knockdown. Error bars represent standard error. **P<0.01 versus siRNA Control
under the Mann-Whitney U-test.

(B) Example western blot. Image taken with was Imagestation4000 after a 10 minute

exposure.
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Figure 12. FOXC1 knockdown changes protein levels of SNAP2S in HeLa and TM1

cells.

HeLa or TMI cells were transfected with either siRNA Control or siRNA FOXC1 then
lysed after three days. Protein lysates were used for western blot analysis. Antibodies
against FOXC1, SNAP25 and a-Tubulin (loading control) were used to detect change in
protein levels. Net band intensity for each protein was normalized to a-Tubulin then siRNA
FOXCI treatment was scaled to siRNA control treatment. Experiments were repeated three
times.

(A) Relative change in protein levels of FOXC1 and SNAP25 following FOXC1
knockdown in HeLa cells. Error bars represent standard error. *P<0.05 versus siRNA
Control under the Mann-Whitney U-test.

(B) Example western blot in HeLa cells. Image taken with Imagestation4000 after a 10

minute exposure.

(O) Relative change in protein levels of FOXC1 and SNAP2S5 following FOXC1
knockdown in TM1 cells. Error bars represent standard error. *P<0.05 versus siRNA
Control under the Mann-Whitney U-test.

(D) Example western blot in TM1 cells. Image was taken with Imagestation4000 after a 10

minute exposure.
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Figure 13. FOXC1 over-expression increases protein levels of RAB3GAP1 in HeLa

cells.

HelLa cells were transfected with either Xpress-Empty or Xpress-FOXC1(WT) then lysed
after three days. Protein lysates were used for western blot analysis. Antibodies against
FOXCI1, RAB3GAPI and a-Tubulin (loading control) were used to detect change in
protein levels. Net band intensity for each protein was normalized to a-Tubulin then
Xpress-FOXC1(WT) treatment was scaled to Xpress-Empty treatment. Experiments were
repeated eight times.

(A) Relative change in protein levels of FOXC1 and RAB3GAP1 following FOXCI1 over-
expression in HeLa cells. Error bars represent standard error. ***P<0.001 versus Xpress-
Empty under the Mann-Whitney U-test.

(B) Example western blot in HeLa cells. Image was taken with Imagestation4000 after a 10

minute exposure.
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Figure 14. RAB3GAP2 protein levels show positive correlation with FOXC1 over-

expression in HeLa cells.

HelLa cells were transfected with either Xpress-Empty or Xpress-FOXC1(WT) then lysed
after three days. Protein lysates were used for western blot analysis. Antibodies against
FOXCI1, RAB3GAP2 and a-Tubulin (loading control) were used to detect change in
protein levels. Net band intensity for each protein was normalized to a-Tubulin then
Xpress-FOXC1(WT) treatment was scaled to Xpress-Empty treatment. Experiments were
repeated eight times.

(A) Relative change in protein levels of RAB3GAP2 plotted against relative increase in
FOXCI1 protein levels in HeLa cells. P<0.05 with a Spearman’s rank correlation coefficient
of 0.72.

(B) Example western blot in HeLa cells. Image was taken with Imagestation4000 after a 10

minute exposure.
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Figure 15. FOXC1 over-expression increases protein levels of SNAP25 in HeLa cells.

HelLa cells were transfected with either Xpress-Empty or Xpress-FOXC1 (WT) then lysed
after three days. Protein lysates were used for western blot analysis. Antibodies against
FOXCI1, SNAP25 and a-Tubulin (loading control) were used to detect change in protein
levels. Net band intensity for each protein was normalized to a-Tubulin then Xpress-
FOXCI1(WT) treatment was scaled to Xpress-Empty treatment. Experiments were repeated
three times.

(A) Relative change in protein levels of FOXCI1 and SNAP2S5 following FOXC1 over-
expression in HeLa cells. Error bars represent standard error. *P<0.05 versus Xpress-
Empty under the Mann-Whitney U-test.

(B) Example western blot in HeLa cells. Image was taken with Imagestation4000 after a 10

minute exposure.
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Figure 16. FOXC1 knockdown decreases intracellular and extracellular levels of

exogenous MYOC in HeLa cells.

(A) HeLa cells were either transfected with pRc-MYOC (WT) or left untreated. After three
days a sample of cell media was taken and the cells were lysed. Protein lysates or media
samples were used for western blot analysis. Antibodies against MYOC and TFIID
(loading control) were used to detect proteins. Ponceau Red stain was used for media
sample total protein control. Image of Western blot was taken with Imagestation4000 after
a 10 minute exposure.

(B) HeLa cells were co-transfected with pRe-MYOC (WT) and either siRNA Control or
siRNA FOXCI. After three days a sample of cell media was taken and the cells were lysed.
Protein lysates or media samples were used for western blot analysis. Antibodies against
MYOC, FOXC1 and TFIID (loading control) were used to detect change in proteins levels.
Net band intensity for each protein was normalized to TFIID then siRNA FOXC1
treatment was scaled to siRNA Control treatment. Ponceau stain was used for media
sample loading control. Experiments were repeated three times. Error bars represent
standard error. *P<0.05 versus siRNA Control under the Mann-Whitney U-test.

(C) Example western blot in HeLa cells. Image was taken with Imagestation4000 after a 10

minute exposure.
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Figure 17. RAB3GAP1 knockdown decreases intracellular and increases extracellular
levels of exogenous MYOC in HeLa cells.

HeLa cells were co-transfected with pRc- MYOC (WT) and either siRNA control or
siRNA RAB3GAPI. After three days a sample of cell media was taken and the cells were
lysed. Protein lysates or media samples were used for western blot analysis. Antibodies
against MYOC, RAB3GAP1 and TFIID (loading control) were used to detect change in
proteins levels. Net band intensity for each protein was normalized to TFIID then siRNA
FOXCI treatment was scaled to siRNA Control treatment. Ponceau Red stain was used for
media sample total protein control. Experiments were repeated three times.

(A) Relative change in protein levels of RAB3GAP1 and MYOC following RAB3GAP1
knockdown in HeLa cells. Error bars represent standard error. * P<0.05 versus siRNA
Control under the Mann-Whitney U-test.

(B) Example western blot in HeLa cells. Image was taken with Imagestation4000 after a 10

minute exposure.
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Figure 18. RAB3GAP2 knockdown decreases intracellular and extracellular levels of
exogenous MYOC in HeLa cells.

HeLa cells were co-transfected with pRc-MYOC (WT) and either siRNA control or siRNA
RAB3GAP2. After three days a sample of cell media was taken and the cells were lysed.
Protein lysates or media sample were used for western blot analysis. Antibodies against
MYOC, RAB3GAP2 and TFIID (loading control) were used to detect change in proteins
levels. Net band intensity for each protein was normalized to TFIID then siRNA FOXC1
treatment was scaled to siRNA Control treatment. Ponceau Red stain was used for media
sample total protein control. Experiments were repeated three times.

(A) Relative change in protein levels of RAB3GAP2 and MYOC following RAB3GAP2
knockdown in HeLa cells. Error bars represent standard error. * P<0.05 versus siRNA
Control under the Mann-Whitney U-test.

(B) Example western blot in HeLa cells. Image was taken with Imagestation4000 after a 10

minute exposure.
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Figure 19. SNAP25 knockdown decreases intracellular and increases extracellular
levels of exogenous MYOC in HeLa cells.

HeLa cells were co-transfected with pRc-MYOC (WT) and either siRNA control or siRNA
SNAP25. After three days a sample of cell media was taken and the cells were lysed.
Protein lysates or media samples were used for western blot analysis. Antibodies against
MYOC, SNAP25 and TFIID (loading control) were used to detect change in proteins
levels. Net band intensity for each protein was normalized to TFIID then siRNA FOXC1
treatment was scaled to siRNA Control treatment. Ponceau Red stain was used for media
sample total protein control. Experiments were repeated three times.

(A) Relative change in protein levels of SNAP25 and MYOC following SNAP25
knockdown in HeLa cells. Error bars represent standard error. * P<0.05 versus siRNA
Control under the Mann-Whitney U-test.

(B) Example western blot in HeLa cells. Image was taken with Imagestation4000 after a 10

minute exposure.
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Figure 20. Combined RAB3GAP1 and RAB3GAP2 knockdown decreases
intracellular and extracellular levels of exogenous MYOC in HeLa cells.

HeLa cells were co-transfected with pRc- MYOC (WT) and either siRNA Control or a
combination of sSiRNA RAB3GAP1 and siRNA RAB3GAP2. After three days a sample of
cell media was taken and the cells were lysed. Protein lysates or media sample were used
for western blot analysis. Antibodies against MYOC and TFIID (loading control) were
used to detect change in protein levels. Net band intensity for MYOC was normalized to
TFIID then siRNA RAB3GAP1+ siRNA RAB3GAP2 treatment was scaled to siRNA
Control treatment. Ponceau Red stain was used for media sample total protein control.
Experiments were repeated three times.

(A) Relative change in protein levels of MYOC following RAB3GAP1 and RAB3GAP2
knockdown in HeLa cells. Error bars represent standard error. * P<0.05 versus siRNA
Control under the Mann-Whitney U-test.

(B) Example western blot in HeLa cells. Image was taken with Imagestation4000 after a 10

minute exposure.
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Figure 21. Combined SNAP25, RAB3GAP1 and RAB3GAP2 knockdown decreases
intracellular and extracellular levels of exogenous MYOC in HeLa cells.

HeLa cells were co-transfected with pRc- MYOC (WT) and either siRNA control or
combination of sSiRNA SNAP25, siRNA RAB3GAP1 and siRNA RAB3GAP2. After three
days a sample of cell media was taken and the cells were lysed. Protein lysates or media
samples were used for western blot analysis. Antibodies against MYOC and TFIID
(loading control) were used to detect change in protein levels. Net band intensity for
MYOC was normalized to TFIID then siRNA SNAP25+siRNA RAB3GAPI1+ siRNA
RAB3GAP2 treatment was scaled to siRNA Control treatment. Ponceau Red stain was
used for media sample total protein control. Experiments were repeated three times.

(A) Relative change in protein levels of MYOC following SNAP25, RAB3GAP1 and
RAB3GAP2 knockdown in HeLa cells. Error bars represent standard error. *P<0.05 versus
siRNA Control under the Mann-Whitney U-test.

(B) Example western blot in HeLa cells. Image was taken with Imagestation4000 after a 10

minute exposure.
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Figure 22. FOXCI knockdown decreases RNA levels of SNAP23, SYN2 and STXBP6
in TM1 cells.

TMI1 cells were transfected with either siRNA Control or siRNA FOXCI1 and after 3 days
RNA was isolated and reverse transcribed into cDNA. Quantitative Real-Time PCR (qRT-
PCR) was run with the cDNA samples and primers for FOXC1, SNAP23, SYN2, STXBP6
and HPRT1 (housekeeping control). Relative quantification (RQ) was performed using the
AACt method.

(A) Relative quantification of the change in FOXCI, SNAP23 and SYN2 RNA levels
following normalization to HPRT1 and scaling siRNA FOXCI1 to siRNA Control in TM1
cells. Experiments were performed three times in triplicate. Error bars represent standard
error. *P<0.05 versus siRNA Control under the Mann-Whitney U-test.

(B) Relative quantification (RQ) of the change in FOXC1I and STXBP6 RNA levels
following normalization to HPRT1 and scaling siRNA FOXCI to siRNA Control in TM1
cells. Experiments were performed three times in triplicate. Error bars represent standard

error. *P<0.05 versus siRNA Control under the Mann-Whitney U-test.



Figure 22.

A

gRT-PCR(TM1)

1.20 ¥
1

1.00 -
0.80
2060
0.40
0.20
0.00 -

FOXC1
m siRNA Control 1 siRNA FOXC1

B gRT-PCR(TM1)
1.20 *

1
1.00 -

0.80 -
2060
0.40
0.20
0.00 -

FOXC1
m siRNA Control 1 siRNA FOXC1

qRT-PCR(TM1)
1.20

1.00 -
0.80
S 060
0.40
020
0.00 -

SYN2
H siRNAControl  m siRNA FOXC1

qRT-PCR{TM1)
1.20 *

1
1.00 -

0.80 -
g 060 -
0.40 -
0.20 -
0.00 -

STXBP6
m siRNAControl  w siRNA FOXC1

90

qRT-PCR(TM1)

1.20
1.00 -
0.80
9060
0.40
020
0.00 -

SNAP23
M siRNA Control i siRNA FOXC1



91
6. Discussion

Axenfeld-Rieger syndrome (ARS) presents an important model for glaucoma pathogenesis,
due the heightened risk of ARS patients to develop early onset glaucoma and their lack of
response to glaucoma treatments’' >, Mutations leading to abnormal FOXC! copy number
cause ARS as well as Dandy-Walker syndrome, characterized with abnormal cerebellum

3968 The involvement of FOXC]1 in disorders with ocular and

development
neurodevelopmental malformations and in the neurodegenerative disease glaucoma

illustrates its importance in neural and ocular development and neuronal health.

FOXC1 was previously found to associate with resistance to oxidative stress through
regulation of FOXO1 and HSPAG6 and in daily IOP fluctuation through its regulation of the
circadian rhythm protein, CLOCK®""""™, In the present work FOXC1 is shown to regulate
the exocytotic genes RAB3GAP1, RAB3GAP2 and SNAP2S5 and modulate MYOC
secretion. The new connection to MYOC and exocytosis indicates FOXC1’s involvement
in additional pathogenic glaucoma mechanisms and further elucidates the mechanisms

through which FOXCI is involved in neurodevelopment.
6.1 - FOXC1 regulation of RAB3GAP1

Previous work, by Berry et al. (2008), detected RAB3GAP1 and SNAP25 as potential
targets of FOXC1 regulation in NPCE cells®. FOXC1 knockdown was also shown to

decrease RAB3GAPI RNA levels in ocular tissues of zebrafish and NPCE cells®.

My work further validated RAB3GAP1 as a FOXC1 target. FOXCI can interact in vivo
with the upstream region of RAB3GAPI in both HeLa and TM1 cells (Fig. 3B).

Furthermore, in HeLa cells FOXCI significantly up regulated Luciferase transactivation
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through the upstream RAB3GAPI region (Fig. 4A). Luciferase transactivation by the
S131L mutant FOXCI1, previously shown to have a reduced ability to bind to the FOXCI1
consensus binding site, was only 0.3-0.4 fold compared to transactivation by Wild-type
FOXCI1 (Fig. 4). Taken together, these findings indicate that FOXC1 directly up regulates
RAB3GAPI transcription through interaction with RAB3GAP1 upstream promoter
elements. FOXCI likely interacts with any of the three binding sites in the upstream region
of RAB3GAPI (Fig. 3A), as removal of each one at a time had no effect on transactivation

(Fig. 4).

I have also shown that FOXCI1 positively regulates RAB3GAPI RNA and protein levels in
both HeLa and TM1 cells. FOXC1 knockdown significantly decreased RAB3GAPI RNA
and protein levels in TM1 and HeLa cells (Fig. 7, Fig. 10, Fig. 11), and FOXC1 over-
expression significantly increased RAB3GAP1 protein levels in HeLa cells (Fig. 13).

Therefore, FOXC1 directly upregulates RAB3GAP1 expression (Table 3).
6.2 - FOXC1 regulation of RAB3GAP2

RAB3GAPI1 composes the catalytic subunit of the RAB3GAP complex along with
RAB3GAP2, the non-catalytic subunit. While RAB3GAP2 was not detected in the
microarray analysis by Berry et al. (2008) * its role in the RAB3GAP complex made it an
interesting target to investigate. FOXC1 showed strong interaction with the RAB3GAP2
upstream region in both HeLa and TM1 cells (Fig. 3B). FOXC1 was not able to
transactivate Luciferase through the RAB3GAP2 upstream region without the presence of
an additional promoter (Fig. 5SA). However, when the RAB3GAP2 upstream region was

cloned upstream of a TK promoter Wild-Type FOXC1 increased Luciferase transactivation
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(Fig. 5B). Furthermore, Luciferase transactivation dropped to 0.4 fold when the mutant
S131L FOXC1 was used instead of Wild-Type FOXC1 (Fig. 5B), showing the importance
of FOXC1 binding to the upstream RAB3GAP2 region to induce transactivation.
Furthermore, following deletion of the predicted FOXC1 binding site, FOXC1 was no
longer able to increase Luciferase transactivation (Fig. 5B), indicating that FOXC1

interacts with the upstream region through the 5’-GAAATTTAAATAAACC-3* sequence.

As FOXCI was able to increase Luciferase transactivation through the upstream
RAB3GAP2 region only in the presence of the TK promoter, this supports that the FOXC1
binding site is not located in a promoter region but rather in an enhancer region. Enhancer
regions can be located far from the transcription start site (TSS); however, when they are
activated, for example by transcription factor binding, they can undergo chromatin
remodeling to become closer to the promoter and boost transcription by helping the general
transcription factors to assemble'*’. The FOXC1 binding site is located nearly 10 kb away
from the RAB3GAP2 TSS (Fig. 3A); therefore, FOXC1 likely enhances RAB3GAP2
transcription by helping other transcription factors interact with the promoter region rather

than acting on it directly.

FOXC1 knockdown decreased RNA levels of RAB3GAP2 in both HeLLa and TM1 cells
(Fig. 7). However protein levels of RAB3GAP2 decreased in response to FOXC1
knockdown only in HeLa cells (Fig. 10, Fig. 11). Over expression of FOXC1 in HeLa cells
increased protein levels of RAB3GAP2 only when FOXC1 protein levels were up
regulated at least 13 times (Fig. 14); however, positive correlation was established between

FOXCI over-expression and increase in RAB3GAP2 protein levels. Therefore, FOXC1
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regulation of RAB3GAP2 is complex and varies between TM1 and HeLa cell lines (Table

3).

6.3 - Cellular processes and glaucomatous mechanisms which FOXC1 could affect

through RAB3GAP regulation

FOXCI positively regulates both subunits of RAB3GAP in HeLa cells and the catalytic
subunit of the complex, RAB3GAPI, in TMI cells. The RAB3GAP complex is important
in inactivating RAB3 by promoting its GTP hydrolysis'>'. In its activated form, RAB3
forms complexes with various effectors to direct progress of both exocytosis and

122,123 . T
. However, RAB3 inactivation is

endocytosis, responsible for extracellular traficking
necessary for it to dissociate from its effectors and repeat its action in the exocytosis-

endocytosis cycle of cell trafficking'**. I therefore predict that FOXC1 regulates RAB3

indirectly through its regulation of RAB3GAP.

RAB3 is the most abundant RAB protein in the brain and is mainly associated with

12 .. . . . .
>, RAB3 is involved in synaptic vesicle and granule secretion

synaptic vesicle exocytosis
as well as regulated secretion’’. Among its effectors are rabphilin-3, responsible for

initiating vesicle fusion, RIM1 and RIM2 involved in membrane fusion and Calmodulin,

important for Ca*" sensitivity’ .

Therefore, through regulation of RAB3GAP, FOXC1 is predicted to influence the balance
of active versus inactive RAB3 important for exocytosis progression. Exocytosis in
glaucoma is involved in glutamate excitotoxicity, ATP secretion, important for
prostaglandin production, and potentially MYOC secretion, indicating novel pathogenic

mechanisms through which FOXC1 might promote glaucoma®**>'?¢,
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RAB3 was also shown to be involved in endocytosis, as its effecter Rabfilin-3 needs to be
released following RAB3 inactivation to interact with Rabaptin-5 and promote receptor
mediated Transferrin endocytosis'**. Endocytosis abnormalities in glaucoma are associated
with OPTN mutations, causing adult onset glaucoma'. The glaucomatous OPTN E50K
mutation increases inhibition of RAB8 by TBC1D17, a RAB-GTPase activating protein,
thereby interrupting Transferrin receptor recycling®. In addition, in RGC-5 cells both WT
and M98K mutant variant of OPTN co-localized with RAB12, and M98K-OPTN promoted
RABI12 mediated Transferrin receptor degradation leading to autophagic death™.
Therefore, FOXC1 mutations, through misregulation of RAB3GAP, are predicted to affect
RAB3 involvement in endocytosis and potentially act in similar pathogenic mechanisms as

OPTN mutations and promote autophagic death.

The RAB3GAP complex was also shown to act independently of RAB3 in protein
aggregation and autophagy initiation'>’. Autophagy is responsible for breakdown and
transport of cytosolic components, in autophagosomes, to lysosomes where they are
degraded'?’. The RAB3GAP complex is hypothesized to be promote autophagosome
biogenesis through lipid transfer'”’. RAB3GAP exhibited interaction with FEZ1, an
autophagy suppressor, and likely interferes with its action to promote autophagy'*’.
FOXCI is therefore likely to modulate authophagy both through the role of RAB3GAP in
Transferrin endocytosis and autophagosome biogenesis. Therefore, FOXC1 regulation of
RAB3GAP opens new directions for FOXC1 involvement in glaucoma pathogenesis

through regulations of exocytosis, endocytosis and autophagy.
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6.4 - FOXC1 regulation of SNAP25

Another exocytotic target detected in the microarray by Berry et al. (2008) was SNAP25%
SNAP2S5 plays a central role in secretory vesicle fusion with the plasma membrane through
formation of the SNARE complex. SNAP25 was predicted to be negatively regulated in
NPCE cells by FOXCI, in contrast to previous FOXC1 targets which FOXC1 was shown
to activate®”. FOXC1 showed far stronger interaction with the upstream region of SNAP25
in HeLa cells compared to TM1 cells, indicating differential regulation of SNAP25

between cell lines (Fig. 3B).

FOXCI1 was not able to transactivate Luciferase through the SNAP25 upstream region
without the presence of an additional promoter (Fig.6A). However when the SNAP25
upstream region was cloned upstream of a TK promoter, Wild Type FOXC1 increased
Luciferase transactivation (Fig. 6B). Furthermore Luciferase transactivation dropped to 0.4
fold when the mutant S131L FOXC1 was used instead of Wild-Type FOXC1 (Fig. 6B),
showing the importance of functional FOXC1 binding to the upstream SNAP25 region to
increase transactivation. Following deletion of the predicted FOXC1 binding site, no
change in FOXCI1 ability to transactivate Luciferase was observed (Fig.4B). Additional
binding sites were found when the SNAP25 upstream region was re-examined, indicating
that, as was observed with RAB3GAP1, FOXCI1 interaction with the region is not
dependent on a single binding site. As FOXC1 was able to increase Luciferase
transactivation through the upstream SNAP25 region only in the presence of the TK
promoter, this supports that the FOXCI binding site is not located in a promoter region but
rather in an enhancer region located around 5 kb away from the TSS (Fig. 3A), similarly to

RAB3GAP2. FOXCI ability to enhance transactivation through the SNAP25 upstream
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region indicates a potentially positive regulation of SNAP25 by FOXCI1 in HeLa cells,
contradicting the negative regulatory relationship predicted by the microarray performed by
Berry et al. (2008) in NPCE cells®’. However, as the microarray was performed in NPCE
cells, differential regulation might occur due to different cell environments, and TM1 cells,
an ocular cell line similar to NPCE is more likely to exhibit negative regulation of SNAP25

by FOXCI1 as was predicted in the microarray experiment.

Differential regulation of SNAP25 by FOXC1 between HeLa and TM1 cells was further
illustrated following FOXC1 knockdown. In HeLa cells FOXC1 decrease resulted in
decreased RNA levels of both SNAP25a and SNAP25b decreasing (Fig. 8). Protein levels
of SNAP25 decreased as well in HeLa cells following FOXC1 knockdown (Fig. 12A)

further confirming positive regulation of SNAP25 by FOXC1 in HeLa cells.

Interestingly, FOXC1 over-expression in HeLa cells decreased protein levels of SNAP25.
Two explanations present themselves to explain why FOXC1 knockdown and over
expression have a similar effect on SNAP25 protein levels. First, it is possible that there is
a positive correlation between FOXC1 over-expression and SNAP25 up regulation,
similarly to RAB3GAP2; however, FOXC1 was not over-expressed sufficiently to reach
the threshold above which it would up regulate SNAP25. This hypothesis is supported by
the Luciferase transactivation experiment which showed that FOXC1 is able to enhance
transactivation through the upstream region of SNAP25 (Fig. 6B). A second possible
explanation is that SNAP25 is subjected to bimodular regulation by FOXC1, where
deviations from a certain FOXC1 range of activity, whether above or below a specific
threshold, leads to decrease in SNAP25 expression. This hypothesis is interesting in the

context of FOXC1 mutations in ARS patients where missense and frame shift mutations in
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patients, leading to reduced FOXC1 function, have similar phenotype to patients with
FOXCI duplications. FOXC1 dosage is crucial since ARS mutations that decrease FOXCI
activity below 80%, and ARS FOXC1 duplications that increase FOXC1 copies to 150%

both lead to elevated IOP and glaucoma pathogenesis'*®.

When SNAP25 regulation by FOXC1 was examined in TM1 cells, a negative regulatory
relationship was observed. Following FOXC1 knockdown, SNAP25a increased
significantly while SNAP25b showed no change (Fig. 9). Protein levels of SNAP2S5 also

increased following FOXC1 knockdown in TM1 cells (Fig. 12D).

FOXCI differentially regulates SNAP2S5 in HeLa versus TM1 cell lines. FOXC1
knockdown down-regulated both SNAP25 isoforms in HeLa cells and FOXC1 was also
shown to increase transactivation through an enhancer region upstream of SNAP25.
However, in TM1 cells FOXC1 knockdown up regulates SNAP25a but has no effect on

SNAP25b, at least not at the RNA level (Table 3).

The difference in FOXC1 regulation of SNAP25 isoforms is interesting, as in rat brains
mRNA levels of SNAP25a have higher expression during development until few weeks
after birth when SNAP25b expression sharply increases'*’. While SNAP25bh mRNA is
highly expressed in post-natal brain regions in rats, SNAP25a is the dominant isoform in

adrenal and pituitary glands'*

. As FOXCI1 is associated with neurodevelopmental
disorders it will be interesting to look at the regulatory relationship between FOXC1 and
SNAP25 isoforms in model organisms such as rats or mice with FOXC1 mutations, to see

if SNAP25 misregulation by FOXC1 might contribute to neurodevelopment defects

observed in patients with FOXC1 mutations.



99

The negative regulation of SNAP25 by FOXCI1 observed in TM1 cells is not likely to be
mediated by a protein, as the microarray by Berry et al. (2008) degraded all other protein
prior to FOXC1 induction®. Therefore, the likeliest mediator between FOXC1 and
SNAP25 is a microRNA. MicroRNAs (miRNA) are small non-coding RNA’s, transcribed
as pri-miRNAs that in turn are converted to precursor microRNA in the nucleus and
transported to the cytoplasm where they are cleaved by Dicer into mature miRNAs'".
miRNA bind to the RNA-induced silencing complex (RISC) and target mRNA for

degradation, thereby inhibiting translation of their target genes'*""*%.

FOXCI could inhibit SNAP25 expression by activating a miRNA which in turn binds to
SNAP25 mRNA and promotes its degradation. miRNA prediction programs detected
multiple miRNA predicted to target SNAP25. They were further sorted by their ability to
target additional negative FOXC1 targets. The microarray by Berry et al. (2008) also
detected ABCAS8, RABIA, SLC12A6 as potential targets of negative regulation by FOXC1%.
If a miRNA 1is predicted to target several FOXC1 target genes, I hypothesize that there is a
greater likelihood that it is in turn activated by FOXCI1. Another criterion for sorting was
previously described roles for miRNA in the trabecular meshwork. An interesting
candidate miRNA that I detected is miR-106a. miR-106a is predicted to target SNAP25 as
well as three additional negative FOXCI1 target genes, ABCAS, RABIA, SLC12A46.
Furthermore, miR-106a was shown to associate with stress-induced premature senescence
in human trabecular meshwork cells and increased expression of the cyclin-dependent

1<PKNIA “thereby promoting stress-induced cell death''. Tt will be

kinase inhibitor, p2
interesting to see if FOXC1 knockdown alters miR-106a levels, as it would present an

additional role for FOXCI1 in the stress response. If FOXC1 is shown to activate miR-106a,
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a follow up experiment with transfection of TM1 cells with miR-106a and observing its
effect on RNA levels of SNAP25a could further validate a FOXC1- miR-106a-SNAP25
regulatory network. Additional miRNAs that are worth exploring as possible links in
negative regulation of SNAP25 by FOXC1 in TM1 cells are miR-15a and miR-15b, which
are predicted to target RABIA in addition to SNAP25 and were shown to be down-regulated

in human trabecular meshwork cells with stress-induced premature senescence'".

6.5 - Cellular processes and glaucomatous mechanisms which FOXC1 could affect

through SNAP2S regulation

SNAP25 regulation by FOXC1 is complex (Table 3), with a negative regulatory
relationship in TM1 cells and a bimodular regulation in HeLa cells. By modulating
SNAP25, FOXCI1 can potentially regulate both exocytosis and endocytosis. SNAP25 plays
a central role in exocytosis by forming the SNARE complex necessary for vesicle fusion'™.
SNAP25 was shown to be essential in glutamatergic and GABAergic neurons for fast
neurotransmission in both excitatory and inhibitory circuits'>>. SNAP25 inhibition was also
shown to interfere with the formation of the SNARE complex and decreased evoked
glutamate release rat cerebellar neurons'*. Therefore, FOXC1 is likely to play a role in

glutamate excitotoxicity through its regulation of SNAP2S.

SNAP2S5 is also essential for endocytosis as SNAP25 cleavage with BoNT inhibited
endocytosis’”. FOXCI is therefore associated with endocytosis through regulation of
RAB3GAP and SNAP25, and potentially acts through a similar pathogenic mechanisms as

OPTN mutations promoting Transferrin degradation®.
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6.6 - FOXC1 regulation of MYOC secretion through its target genes RAB3GAPI1,

RAB3GAP2 and SNAP25

FOXC1 was shown to regulate the RAB3GAP complex and SNAP25, both of which have
central roles in exocytosis and endocytosis. To determine if the regulation has
physiological consequences, I looked at exogenous MYOC secretion in HeLa cells. HeLa
cells were chosen as in these cells RAB3GAP1, RAB3GAP2 and SNAP2S5 are all
positively regulated by FOXC1, allowing examination of their combined impact on
exocytosis. I decided to look at MYOC secretion as it is a protein associated with early
onset glaucoma, similarly to FOXCI1, and is also involved in steroid induced
glaucoma''*"**. Looking at MYOC secretion would examine the effect of FOXC1 on
exocytosis and also provide a potential link to another central gene in glaucoma
pathogenesis. As FOXCI1 is a transcription factor I also wanted to rule out potential
involvement of FOXCI in transcriptional regulation of MYOC. Therefore, I looked at
secretion of exogenous MYOC, by inducing MYOC expression with the pPReMYOC

plasmid (Fig. 16A).

Decrease in RAB3GAP and SNAP2S5 activity has been previously linked to inhibition of
exocytosis, and I have shown FOXC1 knockdown decreases levels of the RAB3GAP
subunits, RAB3GAP1 and RAB3GAP2, as well as SNAP25 (Table 3). FOXC1 knockdown
would therefore be predicted to inhibit secretion of MYOC. However FOXC1 knockdown

had an unexpected effect on MYOC secretion.

Knockdown of FOXCI1 or either of its targets RAB3GAP1, RAB3GAP2 and SNAP25,

separately or in combination lead to a decrease in intracellular MYOC levels (Fig. 17-21,
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Table 4). As knocking down RAB3GAP1 or SNAP2S5 also resulted in increased
extracellular MYOC levels, it is likely that knockdown of FOXC1 or its target genes leads
to initial increase in MYOC secretion; however when RAB3GAP2 is knocked down as
well there is a reduction in extracellular MYOC (Fig. 17-21, Table 4), potentially through a
process of degradation triggered by RAB3GAP2 outside the cell. MYOC secretion when
all three targets are knocked down simultaneously paralleled the condition in which
FOXCI1 is knocked down (Fig. 17, Fig. 21, Table 4). These results support the idea that
FOXC1’s effect on MYOC is through its regulation of RAB3GAP1, RAB3GAP2 and
SNAP25, though other unknown exocytotic FOXC1 targets might also contribute to its

affect on MYOC secretion.

The effect of SNAP25 knockdown on MYOC secretion is especially interesting as
SNAP25 is considered to act mainly in neuronal cells and in non-neuronal cells is thought
to be replaced by its non-neuronal homolog, SNAP23'**. My results show that SNAP25 is
involved in secretion in HeLa cells and might potentially play an important role in other

non-neuronal cell lines.

The unexpected effect of FOXCI1 and its targets RAB3GAP1, RAB3GAP2 and SNAP25
have on MYOC secretion has two potential explanations. First, it’s possible that roles of
exocytic proteins are not conserved in HeLa’s as it has been previously shown that
SNAP23, considered essential for SNARE complex formation in non-neuronal cells, was
not required for exocytosis in HeLa cells'*®. Both RAB3GAP and SNAP25 could therefore
have unusual roles in exocytosis in HeLa cells. To test this hypothesis, an alkaline
phosphatase secretion assay could be performed in HeLa cells, to see if knocking down

FOXCI and its targets would have a similar effect as was observed with MYOC.
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A second possibility is that MYOC secretion is more complex than the traditional
exocytosis route. Extracellular trafficking of MYOC is not well understood but suggested
to associate with exosome-like vesicles®”. In addition, MYOC was found to localize both
in the membrane and in the cytosol and it interact with other intracellular membrane
proteins through coiled-coil structures, similarly to SNAREs *”. MYOC is also
hypothesized to affect vesicle movement through its olfactomedin domain during vesicle
secretion'?’. It is therefore possible that MYOC secretion would not be impacted by

inhibition of SNAP25 and RAB3GAP as for other extracellular cargo.

Another experiment that could address the unexpected effect of FOXC1 on MYOC
secretion in HeLa cells would be looking at the effect of FOXC1 and its targets on MYOC
secretion in TM1 cells, and to see how results differ from observations in HeLa’s.
However, only FOXC1 regulation of RAB3GAPI is similar between cell lines, with
FOXCI positively regulating both RNA and protein levels of RAB3GAP1. SNAP25 was
shown to be negatively regulated by FOXC1 in TM1 cells and only RNA levels of
RAB3GAP2 were regulated by FOXC1. Therefore, looking at the effect of RAB3GAP1
knockdown on MYOC secretion in TM1 cells could address whether RAB3GAP1 has a
similar role in exocytosis between HeLa and TM1 cell lines and partially mimic the effect
of FOXC1 knockdown. As SNAP2S5 is negatively regulated by FOXC1 in TM1 cells, the
isoform SNAP25a would need to be over-expressed to mimic the effects of FOXC1
knockdown. While FOXCI1 regulation of RAB3GAP?2 is not likely to contribute to FOXC1
regulation of MYOC secretion in TM1 cells, and FOXC1 regulation of SNAP25 and
RAB3GAP1 might have contradictory effects on MYOC secretion, it is important to look

at the effect of FOXC1 on MYOC exocytosis in TM1 cells. TM1 are an ocular cell line and
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likely to reflect the effect of FOXC1 in the trabecular meshwork of ARS patients as well as
potentially show differential regulation of MYOC secretion by FOXC1 between different
cells which would be important consideration for the role of FOXCI1 in different human
tissues. While the mechanism through which SNAP25 and RAB3GAP regulate MYOC
secretion needs to be investigated further, I have shown that FOXC1 modulates MYOC

secretion and that it acts through regulation of both RAB3GAP subunits and SNAP25.

The new connection between MYOC and FOXCI can improve our understanding of the
role of FOXC1 in glaucoma pathogenesis. Pathogenic MYOC mutations found in
glaucoma patients were shown to affect MYOC secretion and result in intracellular

116,138
C

accumulation of MYO .MYOC is also linked to ER stress and inflammatory stress

41,81,139 : : - - L
2777 There is also increasing evidence pointing to

responses in trabecular meshwork cells
MYOC as an inhibitor of neuronal regeneration. Increased levels of MYOC mRNA and
protein were found in glial scars of astrocytes isolated from injured cerebral cortexes

140

compared to uninjured controls . Furthermore, in an assay measuring neurite outgrowth

ganglia stopped neurite outgrowth upon reaching areas with immobilized MYOC

10 When soluble-recombinant MYOC was added to media, neurite growth was also

protein
inhibited, in a dose dependent manner, despite the presence of NGF, known to stimulate
neurite outgrowth'*’. Moreover, over-expression of wild type MYOC along with P370L
mutant reduced the length and quantity of neurites in PC12 and RGC5 cells'*'. These

findings indicate a pathogenic mechanism where MYOC acts to prevent regeneration of
retinal astrocytes following injury further accelerating their death'*'. Therefore, FOXC1

mutations would likely disrupt normal MYOC secretion and affect both stress response in

the trabecular meshwork and RGC regeneration.
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6.7 — Conclusions

I have shown that FOXCI1 regulates the protein components of the RAB3GAP complex
and SNAP25. Both proteins have central roles in exocytosis; RAB3GAP is important for
secratory vesicle docking and tethering, while SNAP25 is required for fusion of the vesicle
with the plasma membrane. I have also shown that FOXCI1 is able to modulate
extracellular trafficking of MYOC by controlling levels of the RAB3GAP complex and
SNAP25. My results indicate that FOXCI1 is an important regulator of exocytosis and that
ARS patients might be affected by similar pathogenic pathways as JOAG patients with

MY OC mutations.

Through regulation of its target genes FOXC1 was previously shown to be involved both in
IOP modulation and stress response in glaucoma pathogenesis in addition to ocular
developmental defects. The present work also links FOXC1 to exocytosis, indicating a
potential role in glutamate excitotoxicity and prostaglandin production. I have also shown a
new connection between FOXC1 and MYOC through FOXC1 modulation of MYOC
secretion. Those findings further establish ARS as an important model of glaucoma, as

FOXCI mutations are involved in multiple pathways in glaucoma pathogenesis.
6.8 - Future directions

FOXCI regulation of exocytosis could be further explored by looking at ATP release. ATP
release in trabecular meshwork cells is important for mobilization of arachidonic acid
which in turn is necessary for prostaglandin production83. FOXC1 mutations can affect
ATP release at the trabecular meshwork and interrupt prostaglandin secretion, which could

underlie the lack of response of ARS patients to IOP lowering prostaglandin medication™.
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FOXCI involvement in endocytosis should also be investigated further, as both RAB3GAP
and SNAP25 were shown to affect endocytosis, which is linked to glaucoma through
OPTN mutations which disrupt Transferrin endocytosis®. As OPTN mutations are linked to
normal tension glaucoma, FOXCI1 acting through a similar mechanism to OPTN might
further explain the poor response of ARS patient to treatments, which aim to lower

IOPIS,SS

An additional pathogenic mechanism which FOXCI is likely to affect through its
regulation of RAB3GAP is autophagy. RAB3GAP is associated with autophagsome
biogenesis and through its regulation of RAB3 with Transferrin receptor degradation
leading to autophagic death®®'**. Through its regulation of RAB3GAP FOXC1 might

potentially be involved in RGC autophagy induced apoptosis'*.

I have also shown that FOXC1 knockdown down regulates RNA levels of the additional
exocytic targets SNAP23, SYN2 and STXBP6 (Fig.20). It would be interesting to validate
FOXCI1 regulation of these targets further to better understand the effect FOXCI has on
exocytosis. FOXC1 regulation of SNAP23 is especially interesting as it is considered a
non-neuronal isoform of SNAP25, and has a similar role in the SNARE complex

formation'*,
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