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Abstract

Endothelial corneal dystrophies are eye diseases characterized by dysfunction of the innermost
layer of the cornea, resulting in disruption of the regulation and homeostasis of corneal
deturgescence and, ultimately, impaired visual acuity. Gene mutations are responsible for many
corneal endothelial dystrophies, suggesting that further insight into the roles of these genes and
how their coded proteins interact with others may provide us with a better understanding of the
causes behind these disorders. Mutations of the solute carrier family 4-member 11 (SLC4411), a
member of the SLC4 family of bicarbonate transporters, cause congenital hereditary endothelial
dystrophy (CHED) and some cases of Fuchs endothelial corneal dystrophy (FECD). SLC4A11 is
not, however, a bicarbonate transporter. Rather SLC4A11 is a H/ OH", H>0O, and NHj transporter.
SLC4A11 mutations compromise the trans-endothelial water flux of the cornea. This arises from
misfolding of SLC4A11 protein, causing its retention in the endoplasmic reticulum (ER), or
affecting the function of SLC4A11. SLC4A11 also plays a role in corneal endothelial cell (CEC)
adhesion to the underlying Descemet’s membrane as well, suggesting that defective CEC adhesion
may contribute to the pathophysiology of endothelial dystrophies. This thesis investigates the role
of SLC4A11 in endothelial corneal dystrophies by identification of protein-protein interactors of
SLC4AT11, using the membrane yeast two hybrid system (MY TH). Six unique, full-length proteins
were detected as protein interactors with SLC4Al11, and one of them, Ovarian Cancer
Immunoreactive Antigen Domain Containing-1 (OCIAD1), was studied in greater detail using a
variety of cell and tissue models due to its role in both the mitochondria and cell adhesion
processes. Here, we show clear colocalization of SLC4A11 with OCIAD] in bovine corneas, and

that co-expression of the two proteins increases cell adhesion to the cornea Descemet’s membrane
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and protein migration to the cell surface in HEK293 cells. This thesis describes the identification

of protein-protein interaction between OCIAD1 and SLC4A11.
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Chapter 1: Introduction




1.1 Overview

This chapter provides an overview of the structure and function of the human eye, along
with associated pathophysiologies and their molecular basis. The chapter will follow with
a detailed background and the available evidence for the role of SLC4A11 in endothelial
corneal disorders (ECD). The chapter concludes with a description of the research aims

and objectives, scope and the rationale, hypotheses, and an outline of the thesis structure.

1.2 Introduction

1.2.1 Anatomy and physiology of the human eye

The human eye is a complex organ with many functional intricacies that capture the world
in colour around us, converting signals to the brain which are then translated into high
resolution images. The structure of the eye consists of an outer fibrous, middle vascular,
and inner neural (or retina) layer (Figure 1.1). The sclera, also known as the “white of the
eye” extends from the transparent cornea, which transmits light to the lens and retina,
constitute the fibrous external layer and function to protect the eye from external stimuli
(2, 3). The middle vascular layer consists of three highly functional components. First, the
ciliary body is attached to the lens through zonule ligaments and together with the
vascularized choroid structure allow the lens to focus light that reaches the retina at the
back of the eye. The ciliary body is also responsible for continuous production of the
aqueous humor, while the choroid provides the outer retina with necessary nutrients. The
iris is a muscular structure with pigmented cells and overlays the ciliary body, and

functions primarily to control the pupil aperture in response to varying levels of light. The



third layer of the human eye, the retina, converts light to sensory signals for image
perception by the brain (4).

Neural retina is composed of two main types of retinal cells: photoreceptors and
retinal pigment epithelium (RPE). The rod and cone photoreceptors are activated at low
and high light conditions, respectively. While activation of rods leads to black and white
vision, activated cones produce sharp and colored vision. On the other hand, the retinal
pigment epithelium consists of a monolayer of cells with complex and varying functional
roles, ensuring photoreceptor health such as capturing light (reflected and scattered),
buffering ions, nutrient transport, protection against oxidative damage, and recycling of
retinoids to maintain the visual cycle. RPE also plays an important role in growth factor
secretion and forms a protective barrier for immune privilege of the eye (5, 6).

The human eye is further divided into an inner part, consisting of anterior and
posterior chambers, and the outer vitreous chamber. The inner eye is filled with aqueous
humor, a clear fluid that contains nutrients and neurotransmitters. Lastly, the outer vitreous
chamber allows light to be transmitted to the retina through a gel-like fluid that fills the

space between the lens and retina (7, 8).

1.2.2 Cornea Layers

The aspherical convex shaped transparent cornea forms the outer layer of the eye and
allows for refracted light to enter the lens through the pupil. Furthermore, the avascular
cornea also functions as a structural and protective barrier against infections (9). The

cornea contributes roughly 70% of the total light refraction in the eye, and has an average
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Figure 1.1: Structure of the human eye

Schematic diagram of eye components. The outer most layer is the cornea connected to the
sclera. The middle part consists of the lens, ciliary muscle, zonule fibers, the retina, and
the choroid. The inner part of the eye consists of the posterior and anterior chambers.

Adapted and modified from (10).



diameter of 11.7+ 0.4 mm (11), with a central thickness of 550 um and peripheral thickness
of 700 um in healthy human eyes (12). Moreover, the cornea is composed of both cellular
and acellular layers, while collagen and glycosaminoglycans constitute the acellular layer.
The structure of the cornea is organized into five distinct layers: the outer epithelium,
Bowman’s layer, the stroma, Descemet’s membrane, and the endothelial layer (Figure 1.2).

Each layer of the cornea is explained as following:

1.2.2.1 Epithelium

The epithelium serves mainly as a protective barrier against microorganisms and toxic
materials and contributes to corneal refractive power. In addition to containing microvilli
on the surfaces of superficial cells, which function to increase the surface area in contact
with tear film, these cells preserve junctional complexes between neighboring cells to
prevent the diffusion of tear fluid through the inter-cellular space (13). Epithelial cells
adhere together through desmosomes located on the lateral membrane borders. The corneal
epithelium also contains a basement membrane, which contains basal membrane cells
positioned between basal epithelial cells and the stroma (14). Basal membrane cells have
specialized extracellular matrix functionality and are primarily composed of collagens,
laminins, heparan sulfate, proteoglycans, and nidogens for anchoring (14). These
components ensure adhesion of the basal membrane cells to the stroma and basement
membrane. Damage to the basement membrane can result in elevation of fibronectin, a
high-molecular weight glycoprotein involved in extracellular matrix formation (15),

hindering the healing process (16).
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Figurel.2: Corneal layers

The cornea consists of five distinct layers. The outermost, the epithelium, is the layer
exposed to light, followed by Bowman’s membrane. Below this membrane are the stroma,
Descemet’s membrane, and the endothelial layer. The stroma is the thickest layer in the
cornea containing a high concentration of dissolved proteoglycans, which leads to an
osmotic leak in the stroma. Stromal hydration is maintained by the endothelial pump and

regulated by transporters in endothelial layers. Adapted and modified from (17).



1.2.2.2 Bowman's membrane

Bowman's membrane lies immediately posterior to the epithelial basement membrane
between the corneal epithelium and stroma, and consists of a random array of collagen
fibrils (types I and V) and proteoglycans (Figure 1.2) (18). Due to its acellular structure,
Bowman’s membrane is unable to regenerate following injury, which may result in corneal

scarring and eventual damage to vision (16).

1.2.2.3 Stroma

The corneal thickness is primarily composed of stroma (>90%), a connective tissue with a
uniquely ordered extracellular matrix composed mainly of type I collagen fibrils
interspersed with keratocytes; these, together with glycosaminoglycans, form important
cellular components involved in the maintenance of corneal transparency (13). The
collagen fibrils are further arranged into bundles of regular lamellae where type I collagen
maintains highly organized structure through association with type V collagen and other
components (Figure 1.2) (19). Other stroma components include mesenchymal cells
(keratocytes), corneal fibroblasts, and nerve fibers. Corneal stroma is also highly abundant
in glycosaminoglycan keratan sulfate, chondroitin, and dermatan sulfates, each of which
are involved in maintaining corneal hydration (20). Moreover, the stroma also acts as a
shield to protect the rest of the eye from harmful particles and bacteria. Previous studies
have also identified the stroma acts as a reservoir for growth factors and cytokines,
suggesting it may be a necessary component not only for development and homeostasis
within the cornea, but also in wound healing (21). More specifically, investigations on the

stroma have observed increased expression of hepatocyte growth factor (HGF) and



keratinocyte growth factor (KGF) in stromal keratocytes following wounding, indicating
this functionality. This wound healing function has also been further shown in stromal

keratocytes in vitro, where KGF accelerated epithelial coverage and wound healing (22).

1.2.2.4 Descemet’s membrane

Descemet’s membrane (DM) lies above the endothelium monolayer and is a basement
membrane connective tissue for the corneal endothelium composed mainly of collagen
(types IV and VIII), laminin, and perlecans (23). In humans, DM thickness increases with
age and is accompanied by alterations in the arrangement of its collagen components (23).
Descemet’s membrane supports the function of endothelium by the porous structure
allowing the passage of nutrients in the cornea (24). Descemet’s membrane also attaches

the endothelium to the cornea and maintains the transparency of the cornea (24).

1.2.2.5 Endothelium

The endothelial layer of the cornea rests on the DM and consists of a monolayer of
specialized confluent cells (4 um thick) arranged in a hexagonal mosaic pattern that
functions to minimize light scattering and maintain corneal hydration and homeostasis.
This monolayer of specialized cells lines the posterior corneal surface and does not
replicate or undergo cell division under normal circumstances, as the cells are commonly
arrested in the G1 phase of the cell cycle (25). The reason for this lack of cell progression
in unknown, but some have indicated it be due to contact inhibition with neighboring cells
(26). The corneal endothelium also secretes the components of DM which eventually forms

the basement membrane, which was discussed previously. Secretion of the DM by the
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endothelial cells continues throughout life (25). Likewise, endothelial cells also serve as a
marker of stress, damage, or disease, as they may secrete banded DM in response to these

stimuli to form posterior banded, or collagenous layers for protection (27).

1.2.3 Corneal endothelial fluid transport pump

The corneal endothelium maintains the nutrition of the corneal cells and regulating stromal
hydration through an intricate process known as the ‘Pump-Leak’ mechanism (28). The
stroma has a high composition of collagen and proteoglycans which causes an osmotic
force that draws in fluid (25). The leak is a passive process through CEC and tight junctions
from aqueous humor to the stroma (29). The tight junction’s role is to maintain the
boundaries of apical and basolateral surfaces and form a barrier against the diffusion of
solutes through paracellular space (29). However the formed barrier is partially leaky to
allow glucose and essential nutrients to reach into the stroma (25).

The Pump mechanism is associated with numerous ion channels, exchangers, and
ATPases strategically positioned at the apical and basolateral membranes, and
counterbalances stromal swelling pressures (30, 31). Endothelium has large number of
mitochondria that are needed to produce energy for the activity of transporters (32). The
pump mechanism is driven by both primary and secondary active transport and ionic
gradients developed by the well-known, sodium/potassium pump (Na*/K*-ATPase) located
in the endothelium’s basolateral membrane (33). This pump is paramount to stromal
hydration control, as inhibition of Na*/K*-ATPases using inhibitors, such as the cardiac
glycoside ouabain, immediately results in stromal swelling and over-hydration (30, 34).

The endothelial Pump-Leak mechanism also requires other ion movement across the



basolateral membrane specifically through a Na*~-HCO; cotransporter and C1I” and HCO3;™
ions, and this process facilitates fluid secretion into the anterior chamber, likely through
local osmotic gradients (33). More specifically, these sodium bicarbonate transporters are
located on the stromal side of the endothelium and regulate basolateral bicarbonate uptake.
Likewise, HCO;™ is secreted across the apical membrane (into the anterior chamber) via
anion channels or transporters, and together with bicarbonate transport generates a small
trans-endothelial voltage to drive Na' across tight junctions. Numerous other anion
transport mechanisms have been identified and characterized in the endothelium, including
the basolateral Na'/2HCOs5™ cotransporter, Na'/K/2ClI" cotransport, and CI/HCOs3™ (AE2),
highlighting the transport capabilities of the endothelium that are in place to correct
hydration levels in response to swelling (33). Furthermore, SLC4A11, which localizes at
the basolateral surface of the corneal endothelial cells facing the stroma, facilitates direct
water movement into the endothelial cells (35). Water is further moved into the aqueous
humor via the AQP1 water channel at the apical surface of corneal endothelial cells (Figure
1.3) (36). In conclusion, the corneal endothelial transport pump is important for the
maintenance of stromal hydration (29). The consequence of a failed pump mechanism is
corneal edema which impacts on corneal clarity and cause poor vision and lead to

endothelial corneal dystrophies (37).

1.2.4 Posterior endothelial corneal dystrophies
The previous section discussed the importance of corneal layers, particularly the stroma
and endothelium monolayer, and their involvement in the regulation and homeostasis of

corneal deturgescence and the preservation of optical clarity. While the epithelium is able
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Figure 1.3: Endothelial corneal transport mechanism in regulation of stromal

deturgescence

Corneal endothelial cells with NBCel, NHE1, SLC4A11, MCT1,NKCC1, AE2 and Na"/K

ATPase at the basolateral surface. At the apical surface CACCI1, CFTR, AQP1, and MCT4

are expressed. The proteins at the apical and basolateral surface contribute to form the

endothelial pump mechanism. Adapted from (36).
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to regenerate, the endothelium does not have the capacity to self-renew (38). Hence, CEC
death prompts remaining CECs to compensate for the reduced function to maintain corneal
transparency that commonly results in blurred vision (39). Despite symptomatic treatments
such as collagen cross-linking (CXL) or topical Rho-associated kinase inhibitors, which
aim to mitigate discomfort and pain caused by corneal edema (39), corneal transplantation,
also known as keratoplasty, is the cornerstone therapy for definitive management of
endothelial dysfunction. However, due to the lack of available cornea donors world-wide,
other avenues, such as in vitro cultured human endothelial cells, for direct transplantation
have been developed (39, 40).

Diseases of the corneal endothelial layer and DM are collectively referred to as
posterior endothelial corneal dystrophies (ECD) and occur as inherited conditions that
share common histopathological features, such as variable disease onset and overlapping
genetic characteristics (41). The commonly described ECD-related conditions include
Fuchs endothelial corneal dystrophy (FECD), CHED, Harboyan syndrome, posterior
polymorphous corneal dystrophy (PPCD), and X-linked endothelial corneal dystrophy
(XECD), which will be discussed below. The main features of posterior ECD conditions

are summarized in Figure 1.4.

1.2.5 Fuchs endothelial corneal dystrophy

FECD is a common corneal endothelial degeneration disorder with a prevalence ranging
from 3.8% to 11% and primarily affecting older individuals (>40 years) (39). It accounts
for almost a quarter of all corneal transplants in the United States (42) and United Kingdom
(43). The main histological characteristics of FECD include change in shape, size, and
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Figure 1.4 Posterior endothelial corneal dystrophies

Corneal dystrophies that affect the innermost layers of the cornea (DM and EC). T Map to
the same region on chromosome 12q21.33. ¥ Identified as manifestation of CHED with
hearing defects. ~ Two-handed zinc-finger homeodomain (ZEBI) is also referred to as
TCFS8. ECD: endothelial corneal dystrophies; FECD: Fuchs’ endothelial corneal
dystrophy; CHED: Congenital hereditary endothelial dystrophy; HS: Harboyan syndrome;
PPCD: posterior polymorphous corneal dystrophy; XECD: X-linked endothelial
dystrophy; COL8A2: collagen type 8 alpha 2; TCF4: transcription factor 8; ABGLI:
ATP/GTP binding protein like 1; LOXHDI: lipoxygenase homology domain containing 1
protein; MPDZ: multi-PDZ domain protein; KANK4: KN motif and ankyrin repeat domain
containing protein 4; LAMCI: laminin gamma-1 protein; ATPBI: Na'/K" ATPase;
COLI17A1: collagen 17A1; GRHL2: grainyhead-like transcription factor 2; OVOL2: ovo-
like Zinc finger 2; TCF8: transcription factor 8 (32, 41).
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number of residual endothelial cells together with guttae formation, which are collagenous
excrescences of the Descemet’s membrane (44). There are four stages of FECD
progression: in the first stage there are no clinical symptoms; stage 2 is characterized by a
reduction of endothelial cells and the gradual coalesce of guttae within the cornea; stage 3
marks the presence of stromal edema and stage 4 is when such edema results in progressive

scarring and lowered visual acuity (39, 45).

The pathogenesis of FECD involves both genetic and environmental factors and
occurs either as early-onset or late-onset. The early-onset type occurs as an autosomal-
dominant disorder with well-established clinical and genetic characteristics (46). In
contrast, late-onset FECD is the more common type and occurs in patients over 40 years
of age, eventually resulting in visual impairment. Genetically, early-onset FECD has been
associated with one locus (Chromosome 1p) and mutations in the Collagen Type VIII
Alpha 2 Chain gene (COL8A2) (47). However, in late or adult-onset FECD multiple loci
have been identified, including FCD1 (chromosome 13), FCD2 (chromosome 18), FCD3
(chromosome 5), and the recently discovered FCD4, which maps to chromosome 9 and
segregates with ZEB] disease-causing mutations (39). In addition, solute carrier family 4-
member 11 gene (SLC4A411) mutations have been identified in adult-onset FECD patients

from various populations (48-50).

1.2.6 Congenital hereditary endothelial dystrophy
Congenital hereditary endothelial dystrophy (CHED) develops at birth, during infancy, or

throughout the first few years of life as an autosomal-recessive inherited disorder with
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characteristic corneal opacity (51). While CHED was originally distinguished by two
distinct types, CHED1 and CHED2 (51), more recent genetic studies have indicated
CHEDI1 is now an allelic condition of posterior polymorphous corneal dystrophy (PPCD)
and maps to the same locus as PPCD1 on chromosome 20 (41, 52). As a result, the 2015-
updated International Committee for Classification of Corneal Dystrophies (IC3D)
classification categorized CHEDI1 as the severe phenotype of PPCDI1 (53). CHED is
mainly characterized by Descemet’s membrane thickening, stromal edema, and altered
endothelial cell morphology (Figure 1.5) (39). Most patients with CHED harbor mutations
in the SLC4A411 gene, which is a member of the SLC4 family of bicarbonate transporters

(54).

1.2.7 Harboyan syndrome

The hallmark characteristic of Harboyan syndrome is CHED associated with progressive
perceptive deafness in teen years. Mutations in the SLC4A4 11 gene have been linked to both
CHED and Harboyan syndrome phenotypes with preclinical evidence for the role of
SLC4A411 gene in the audio-vestibular system (55), but there is lack of evidence to support
the phenotypic differences at the genetic level (56). However, recent clinical evidence
suggests CHED progresses to sensorineural loss of hearing in some patients and, in fact,
Harboyan syndrome is similar to CHED at a different developmental stage, with an

increased risk for late-onset FECD (57).

1.3 SLC4A11
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Section 1.2 highlighted the structure and physiology of the human eye, along with defects
in the endothelial cornea leading to posterior endothelial corneal dystrophies. It is known
that mutations of the membrane transporter SLC4Al1 cause endothelial corneal
dystrophies (32). SLC4A11 is a member of the SLC4 family characterized by their
bicarbonate transporter functionality, but unlike other members, there is no evidence for
its role in bicarbonate transport (Figure 1.5) (36). Phylogenetic analysis (Figure 1.5) reveals
that SLC4A11 clusters separately from both the CI/HCO3™ exchanger and the Na™-coupled
bicarbonate transporters in the SLC4 family as well, suggesting a separate function. The
role of impaired SLC4A11 in the pathogenesis of genetic endothelial corneal dystrophies,
CHED and FECD, is well established (58, 59). In recent years, insights into the functions
of SLC4A11 have clarified our understanding of normal corneal physiology and in turn the
pathophysiological mechanism of endothelial corneal dystrophies (32). Specifically,
SLC4A11 mediates trans-endothelial water flux in a hypoosmotic extracellular
environment similar to aquaporin water channels (36), transports NHs/H* during glutamine
metabolism (60), or directly transports NH; (35). While some SLC4A4 11 mutations result
in impaired transport function (37, 61), the majority of SLC4A11 disease alleles cause
protein misfolding or retention defects in the endoplasmic reticulum (54).

Furthermore, a recent study revealed that SLC4All contributes to CEC adhesion to
DM, which may contribute to the progressive loss of CECs in affected patients due to
defective endothelial cell adhesion (62). SLC4A11 promotes adhesion to the basement
membrane layer that binds CECs (the Descemet’s membrane) to form a cell adhesion
molecule (CAM). Interestingly, recent work suggests that defects in this cell adhesion

contribute to the pathophysiology of FECD and CHED (62).
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1.3.1 SLC411 structure and expression

The main structural elements of SLC4A11 are highlighted in a topology model based on
26% sequence homology to SLC4A1 (AE1) whose crystal structure has been determined
(Figure 1.6) (63, 64). The homology shows SLC4A11 assembled as a dimer and SLC4A11
has been biochemically shown to be dimeric (65). Each monomer is composed of a
cytoplasmic domain (41-kDa) and an integral membrane domain (57-kDa) arranged in 14
transmembrane helices (36), and contains a third extracellular loop (EL3) with two N-
linked glycosylation sites (63).

Three N-terminal splicing variants of human SLC4A11 have been identified v1, v2,
and v3 (66). These variants are also called SLC4A11-A, -B, and -C, respectively (61). One
variant differs from another variant by a difference of 20-60 amino acids in its N-terminus
(65). Alternative splicing of the transcript gives rise to three transcripts differing at their 5’
end (encoding the protein’s N-terminus). The SLC4All variant 2 (v2) is the most
expressed variant in human corneal endothelium (66) and variant 1 (v1) is not expressed
in the human cornea. SLC4A11 variant 3 (v3) is approximately four times less expressed
compared to v2 (66).

The cytoplasmic domain of SLC4A11 is essential for membrane transport function
and required for stability of the integral membrane domain (35, 67). The topology model
of SLC4A11-v2 has been validated based on the AE1 crystal structure homology model
(64), predicting a core and gate sub-domains in the membrane domain where a substrate
translocation pathway is formed by the cleft between the sub-domains (63). Using this AE1
structure, a homology model was predicted using a computer model and by analysis of the

mutants based on the model. Moreover, specific mutations are predicted to impair
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SLC4AT11 transport functionally, including p.Glu675GIn, p.His724Ala, and p.His724Arg.
P.Ala724Ala is located in a proposed region of the translocation pore and results in failure
of the protein’s migration to the cell surface. P.Gly509Lys, placed in the open region at the
core/gate interface, experienced wild-type level of transport activity (54).

In humans, SLC4A11 has been detected in the corneal epithelium with high
abundance in the endothelial layer. SLC4A11 is highly expressed in the basolateral
membrane of the corneal endothelial monolayer, anterior to the stroma (36, 68). SLC4A11
is also expressed in several other tissues including kidney, inner ear (cochlea), brain,

gastrointestinal tract, lungs, ovaries, and pancreas (69).

1.3.2 Mouse models of Slc4all

In animal models, s/c4all expression is detected in corneal endothelial cells specifically
in the basolateral membrane and less expression in epithelial cells (36, 61). Expression has
also been observed in the inner ear (vestibular labyrinth) and is required for endocochlear
potential, as slc4all”" mice exhibit abnormal auditory brain responses and progressive
hearing loss (55, 70). All slc4all mouse knockout models generated using the retroviral
gene trap vector method showed corneal edema along with thickening of the basement
membrane in aged mice, without any disturbances in the hexagonal array of the endothelial
layer (55). Moreover, a knockout mouse model has revealed morphological corneal
disturbances in all layers (70) together with both the progressive loss of CEC morphology
and density with age similar to corneal phenotypes in patients with CHED (71). A summary

of these knockout models is presented in the table below (Table 1.1).
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Figure 1.5: Phylogenetic tree of SL.C4 family

All amino acids sequences of the SLC4 family members SLC4A1 (NP_000333.1),
SLC4A2 (NP _003031.3), SLC4A3 (NP _005061.2), SLC4A4 (AAC51645.1), SLC4AS
(AAK97072.1), SLC4A7 (ACH61961.1), SLC4A8 (AAY79176.1), SLC4A9
(NM_031467.3), SLC4A10 (NP _071341.2), SLC4A11 (NP_114423.1) from NCBI
database (https://www.ncbi.nlm.nih.gov). Sequences were aligned using the online Clustal
Omega software (https://www.ebi.ac.uk/Tools/msa/clustalo/). The unrooted phylogenetic

tree was generated by the online iTOL software (https://itol.embl.de).
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Figure 1.6: Topology model of SLC4A11

Topology model was established based on sequence alignments between human SLC4A1
(AE1) and human SLC411 variant 2, and then applied to a topology model for SLC4A11
(38). The branched structures (located at amino acids 545 and 553) are N-linked

glycosylation sites (31).
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Table 1.1: Slc4all knockout mouse models

Slc4a11 knockout mouse models showing results of mutation, corneal phenotypic

changes, and other associated phenotypes.

Knockout Result of | Age of Corneal Proposed Reference
model mutation mice phenotype phenotypes mechanisms
Retroviral No protein 3-10 Mild abnormal | Sensorineural None (55)
gene trap (Disrupted | months epithelial &
vector gene stromal layer
expression) but no
endothelial
phenotype
B- Truncated 12 Morphological Endocochlear (70)
galactosidase protein months | changes in all function
coding corneal layers ion homeostasis
sequence in Na*-mediated
frame into fluid transport
the tenth
exon of
Slcdall
Targeted Truncated 3-22 Progressive Fluid transport (71)
deletion protein months | stromal oedema | abnormalities | independently
(Exon 9-13) & thickness of of aquaporin
DM, disrupted
collagen fibrils
change in CEC
size & density
Inducible Truncated Increased None (72)
knockout protein corneal
thickness,
corneal edema,
altered
endothelial
morphology,
elevated
nitrotyrosine
staining
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1.3.3 Pathogenesis of endothelial corneal dystrophies associated with SLC4AI11l
dysfunction

1.3.3.1 SLC4A 11 mutations

Over SLC4A11 90 mutations have been reported in CHED, adult-onset FECD, and
Harboyan syndrome, and overlap of these mutations (missense, splice-site, non-sense)
exists between the various corneal pathologies. The hallmark feature of these three
disorders is corneal stromal edema associated with blurred vision. To date, 54-point
mutations have been identified in SLC4A11, with approximately one third of these are
present in the cytoplasmic domain and the remainder in the integral membrane domain (67,

73).

1.3.3.2 Molecular mechanism of SLC4A11 disease-causing mutations

Evidence from preclinical models indicates two mechanisms by which SLC4A11 disease
phenotypes occur: 1) membrane trafficking disruptions where the mutated protein fails to
migrate to the cell surface and is instead retained in the endoplasmic reticulum (ER), likely
due to misfolding (73-75), and 2) functional defects where the mutated protein trafficking
is not affected, but ECD results from compromised transporter function or defective cell
adhesion (36, 61, 62, 76).

Most of the identified point-mutations lead to SLC4A11 misfolding with partial or
complete retention of the protein in the ER, resulting in failure to reach surface of the cell
(77). Characterization of 54 disease-causing SLC4A11 point mutations revealed that 57%
of these mutations, which reside in the integral membrane domain of SLC4A11, result in

SLC4A11 ER retention, while nearly half of all point-mutations induce trafficking defects
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in CHED and HS (73). Proteins encoded by several SLC4411 missense mutations was
found to be rescued by cell incubation at low temperature. Thus, some misfolded proteins
are likely candidates for folding correction therapy in corneal dystrophy patients. The low
temperature affects protein folding energetics, allowing mildly misfolded proteins to be
processed to the cell surface to increase trafficking (73). Nine of the ER-retained SLC4A11
mutants were in the SLC4A11 membrane domain most of which were located in a densely
packed region (63), while five of the rescued mutants were located in the cytoplasmic
domain. In a study to determine the water flux activity of SLC411 variants, HEK293 cells
representing CHED, FECD, or unaffected individuals showed 60%, 5% or 25% activity,
respectively (77).

When cells were treated with glafenine, a nonsteroidal anti-inflammatory drug
(NSAID), trafficking defects due to SLC4411 mutations were restored, resulting in
increased in SLC4All-mediated water flux (78). Furthermore, in vitro screening of
ophthalmic NSAIDs revealed that treatment with other NSAIDs, specifically diclofenac,
restored SLC4A11 transport function by increasing trafficking in 20 of the 30 SLC4A11
mutants characterized by ER-retention phenotype. This suggests that application of these
drugs may have therapeutic potential in the treatment of a subset of corneal dystrophy

patients affected with SLC4A4 11 mis-trafficked mutations (75).

1.4 Possible roles of SLC4A11 in the human cornea

1.4.1 Mitochondrial function and oxidative stress
Consistent with the hallmark characteristics of CHED, slc4all”~ mice exhibit significant

corneal endothelial edema, decrease in cell density and oxidative stress (71). In addition to
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glucose, CECs need to generate energy from glutamine as a fuel source to sustain
continuous corneal hydration. Recent evidence indicates SLC4A11 has an important role
in mitochondrial protection (79, 80) by facilitating glutamine metabolism in endothelial
cells and acting as an ammonia-activated mitochondrial uncoupler (79). In particular, loss
of SLC4A11 activity increased glutamine-induced hyperpolarization and production of

mitochondrial superoxide, leading to greater endothelial cell death (79).

1.4.2 Corneal endothelial cell adhesion
Together with the active fluid and ion transport mechanism, the corneal endothelium
attachment to the basement membrane is essential to maintain barrier integrity for stromal
deturgescence and is therefore essential for corneal transparency. This barrier function
involves a complex interplay of cell tight junctions with five integral membrane protein
families referred to as cell adhesion molecules (CAMs), including endothelial cadherins,
integrins, the immunoglobulin CAM superfamily, proteoglycans, and endothelial selectins.
In humans, corneal DM is 10—12 pm thick and composed of collagen VIII, and is distinct
from other basement membranes which are typically composed of collagen IV, laminin,
fibronectin, and ECM proteins such as proteoglycans (81). Integrins expressed by CECs
consist of o and B chains that function as heterodimers mediating interaction between the
DM and extracellular matrix (ECM) proteins secreted by the endothelial layer (82).

Apart from a role in mitochondrial protection and its transport function, several
lines of evidence from in vitro studies demonstrate that SLCA4A11 plays a critical role in

CEC adhesion as well (62). The basolateral membrane of human CECs is rich in SLC4A11
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protein which has a large third extracellular loop that is not involved in water flux function
(78).

Together with mass spectroscopy analysis, glutathione-S-transferase (GST) pull-
down assays have further identified SLC4A11 as interacting with the primary DM protein
COL8A2 and COLS8SAI in the DM of endothelial cells (62). Given that SLC4Al1l
expression is downregulated in isolated cultures (68, 83), when human CECs were
incubated in the presence of DM for two weeks, SLC4A11 expression (along with
concurrent upregulation of COL8A2) resulted in elevated DM-CEC adhesion, highlighting
the critical role of DM signaling in the regulation of this complex interaction for the
maintenance of cellular adhesion (62). Collectively, these findings suggest that for some
FECD- causing mutations, reduced cell adhesion may provide one underlying pathogenic
mechanism behind SLC4A11 dysfunction, as interaction of DM with the endothelial cells
is required for normal function. This mechanism may also offer insights towards novel

therapeutic strategies for endothelial dystrophies as well.

1.4.3 Relation to cancer

Several previous studies have linked SLC4Al1 to cancer pathways. Analysis of the
xenoestrogen, Bisphenol A (BPA), a component of numerous consumer products, revealed
its involvement in dysregulation of various signalling pathways. Ninety-four genes
dysregulated in the presence of ovarian cancer cell lines were identified as potential
biomarkers. In silico analysis of these proposed biomarkers revealed the upregulation of
the SLC4A411 gene, alongside Guanylate Binding Protein 5 (GBPS5), Long intergenic non-

protein coding RNA 707 (LINC00707), Ribosome biogenesis regulator 1 homolog (RRS1),
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and Mitochondrial ribosomal protein L55 (MRPLJ5Y5), indicating that they are biomarkers
of ovarian cancer. SLC4A11 up-regulation is associated with a poor prognosis in ovarian
carcinoma. Moreover, expression of SLC4Al1l is observed in high-grade serous
carcinoma, low-grade serous carcinoma, mucinous adenocarcinoma, and metastatic serous
carcinoma (84, 85). SLC4A11 gene amplification and hypomethylation are mechanisms

involved in the upregulation of SLC4A11 expression seen in ovarian cancer (86).

1.5 Ovarian Cancer Immunoreactive Antigen Domain Containing 1

(OCIAD1)

One of the most interesting proteins that will be studied in this thesis is OCIAD1 (Chapter
4), a low-molecular weight protein (29 kDa) originally identified from immune-screening
of an ovarian cancer cDNA library, and has also been discovered via proteomics analysis,
where elevated expression of the protein was observed in metastatic tumors compared to
primary tumors (87, 88). Interestingly, increased OCIAD1 expression causes resistance to
chemotherapy treatment by increasing lysophosphatidic acid (LPA)-induced cell adhesion
to extracellular matrix proteins collagen I and laminin 10/11 (89). This resistance is
significant considering LPA, a lipid signaling molecule which actively promotes cancer
cell adhesion to extracellular matrices, migration of ovarian metastasis to the extracellular
matrix, and overall cancer cell survival (90), is a molecule highly targeted in ovarian cancer
treatment strategies (91, 92). Due to this OCIAD1-LPA relationship in ovarian cancer, it
appears that OCIAD1 has an important role in metastatic tumor growth and survival
through mediation of cell adhesion. Transfection of OCIAD1-specific siRNA completely

inhibited LPA-induced cell adhesion on collagen I but not vitronectin in two ovarian cancer
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cell lines, HEY and UPN251 (89). Moreover, OCIADI1 siRNA-treated UPN251 cells
displayed reduced basal level cell adhesion to collagen I, while over-expression of the
protein in HEY cells dramatically increased LPA-induced cellular adhesion to both
collagen I and laminin 10/11 (89).

These data suggest that OCIAD1 interacts with LPA-induced signaling pathways
such as G-protein coupled receptors; however, further analysis on this interaction
discovered that OCIAD1 does not use this pathway to increase ovarian metastasis cellular
adhesion. Instead, it appears that the protein may act as an intermediary molecule,
activating integrins to bind collagen I and increase cellular adhesion and, thus, cell survival
(88, 89). OCIADI also facilitates the signal transducer and activator of transcription 3
(STAT3) activation of the Janus kinases JAK/STAT signaling pathway, a significant
interaction considering that STAT3 activation is important in regulating cell adhesion and
cytoskeletal modulation through phosphorylation of the focal adhesion kinase (FAK),

along with its induction in response to intercellular adhesion (93-95).

1.5.1 Association with OCIAD2

Similar to OCIADI, the expression of immunoreactive antigen domain containing 2
(OCIAD2) is induced in certain cancers as well, namely, early invasive lung
adenocarcinomas (96). This association is perhaps unsurprising as OCIAD2 has high
sequence identity with OCIAD1. The OCIAD gene family includes only OCIAD1 and
OCIAD?2, and patients with certain tumors develop auto antibodies against these proteins

(87). Likewise, it has been concluded that both OCIAD1 and OCIAD2 are highly

27



immunoreactive proteins in ovarian tumors and may be a particularly useful marker to

evaluate the progression and malignancy of ovarian mucinous tumors (96).

1.5.2 Interaction with Beta-Actin

Co-precipitation and proteomic analyses found that OCIADI] is physically attached to a-
actinin 4 (a modulator of integrins and regulator of B-actin architecture). In addition
OCIADI interacts with B-actin (88). This interaction may regulate OCIAD1’s involvement
and control over integrin function, and the authors have hypothesized that a-actinin 4 may
be the intermediary between OCIADI1 and integrins. This hypothesis makes sense, as a-
actin 4 is an adapter molecule that alters integrin function and maintain the structure and
architecture of B-actin, which is important for cellular attachment to the extracellular
matrix, cell survival, and chemoresistance (97). Under the influence of LPA, cell adhesion

increases in cells expressing OCIADI to al, a5, and av actins (88).

1.5.3 OCIADI Mitochondrial Expression and regulation of the ETC Complex I activity
A second distinct function for OCIAD1 has been proposed as a major regulator of electron
transport chain (ETC) Complex I activity. If so, the protein may be more than just an
immunoreactive agent in tumorigenesis, and this appears to hold true considering its
expression in mitochondria (98). Early experiments in rodents on the discovery of OCIADI
found that it is primarily expressed in the early embryonic mesoderm and cardiovascular
lineages; however, as development progresses the protein eventually localizes to
endosomal compartments and mitochondria (99), where it regulates multiple signaling

pathways (JAK/STAT, Notch, PI3K/AKT) as to influence cell proliferation or
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differentiation (100). Using a highly technical mass spectrometry approach, researchers
determined that OCIADI1 interacted with several proteins of the inner mitochondrial

membrane, many of which were associated with different complexes of the ETC (98).

1.5.4 OCIADI1 post-translational modifications: phosphorylation/cleavage

18:1 LPA rapidly stimulates phosphorylation of OCIAD] at serine residues, S108, S123,
and S191, resulting in increased OCIADI1 activity and, thus, increased regulation of cell
attachment through the subsequent control of integrin function (88). More specifically,
serine phosphorylation of OCIADI1 induced by LPA increases cellular adhesion to Bl
integrin, and this effect is completely dysregulated in OCIAD[-null or OCIAD I-inhibited
HEY cells (88).

Interestingly, OCIAD1 was recently identified as a novel cellular substrate of the
hepatitis C virus (HCV) non-structural protein 3-4A (NS3-4A) protease, which is a key
enzyme involved in the viral replication complex, and a primary target of protease
inhibitors in clinical settings (101). Using quantitative proteomics, the authors found that
the HCV NS3-4A protease cleaved OCIADI1 at Cys 38, which is a residue close to a
transmembrane segment of the protein, but the protease had no enzymatic activity on
OCIAD2. Moreover, this cleavage was observed in liver biopsies from patients with
chronic hepatitis C. These data suggest OCIADI may be involved in the pathogenesis of
hepatitis C in vivo, however, more work needs to be done to fully understand its

involvement.

1.6 Membrane yeast two hybrid system (MYTH)
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Determination of protein interactions is an important step in the identification of a protein’s
biological function. In the past, the hydrophobic nature of membrane proteins presented a
technical challenge thereby preventing the study of their interactions. Membrane proteins
play a key role in disease processes and serve as pharmaceutical targets. Therefore,
mapping of protein interactions is crucial. Fortunately, a method known as the membrane
yeast two-hybrid (MYTH) assay was developed to enable the study of membrane protein
interactions. MYTH uses the principle of ubiquitin splitting to detect protein-protein
interactions in vivo, facilitating the large-scale screening of protein interactions in a wide
range of organisms using Saccharomyces cerevisiae as the host organism. This technology
relies on the interaction between a ‘bait’ and ‘prey’ proteins. The membrane bound bait
protein is fused to the C-terminus of ubiquitin (denoted Cyb) and to the LexA-VP16
transcription factor, while the prey protein is fused to the N-terminal portion of ubiquitin
(Nub). Wild-type Nu, and Cyp fragments will spontaneously re-associate with one another,
but modified NubG will prevent this re-association unless the fragments are in proximity
or interact. Once the Nub and Cub fragments re-associate, the full-length ubiquitin is
recognized by the endogenous yeast machinery and cleaved by deubiquitinating enzymes
(DUB). This cleavage releases the LexA-VP16 TF, which then binds to a transgenic,
synthetic promoter to generate a product that can be selected by the growth of yeast on

different media (Figure 1.7) (102).
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Figure 1.7: Membrane yeast two hybrid system (MYTH)

(A) MYTH screening relies on split ubiquitin: ubiquitin can be expressed as two half
proteins, C- and N- terminal moieties (Cwp and Nubl), which can reassociate to form
pseudoubiquitin. Cu, and Nl can be tagged onto bait and prey proteins to detect protein-
protein interactions. (B) Nuwl is mutated to the NuwG to prevent the spontaneous
reassociation of pseudoubiquitin for the use in MYTH. (C) The bait protein is shown in
purple while the prey protein is shown in red. The bait protein is tagged with Cyp-

LexA/VP16 transcription factor denoted as 'TF' while the prey protein is tagged with the
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NuwG. (D) The interaction between the bait protein and the prey protein results in the
formation of pseudoubiquitin molecule which is detected by the cytosolic deubiquitinating
enzymes (DUB). (E) The transcription factor (TF) is released when DUB cleaves after the
C-terminus of the Cyp tag. Then the transcription factor (LexA/VP16) may enter the nucleus
and induce expression of the reporter genes HIS3, ADE?2, and lacZ. This allows growth on
selective plates lacking adenine and histidine. Induction of /acZ leads to expression of 3-

galactosidase which produces blue colonies on plates containing X-Gal. Adapted and

modified from (102).
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1.7 Hypotheses

This thesis addresses the hypothesis that SLC4A11 interacts with proteins important for
the pathogenesis of endothelial corneal dystrophies. Specifically, some of these protein
interactors have important functions related to cell adhesion and possibly mitochondrial
dysfunction as well.

Recent studies demonstrated that SLC44171 mutation, which encodes a plasma
membrane protein involved in endothelial corneal dystrophies, may negatively impact
trans-endothelial water flux in the cornea due to protein misfolding or retention of the
protein in the ER. Additional studies have described corneal endothelial SLC4A11 to be
highly involved in cell adhesion as well, indicating that loss-of-function mutations in the
gene may perturb cell adhesion processes. To investigate the association of SLC4A11 with
cell adhesion and corneal water transport, the MYTH screening method was used to
identify SLC4Al11-specific protein interactors. Overall, six full-length proteins were
identified, and Chapter 3 of this thesis describe each of these proteins and how/why they
may be involved with SLC4A11 and endothelial corneal dystrophy. One of these protein
interactors was OCIADI, a protein expressed in the mitochondria that also regulates cell
adhesion. Interestingly, extracellular loop 3 of SLC4A11 interacts with COL8A2, a major
component of the DM, and abnormalities in cell adhesion likely mediate some of the loss
of corneal endothelial cells in FECD and CHED. Due to this finding, we decided to further
examine the interaction between OCIAD1 and SLC4Al1, specifically concerning cell
adhesion. Thus, Chapter 4 and the latter end of this thesis address the hypothesis that the
interaction between SLC4A11 and OCIADI is important for cell adhesion using a variety

of cell types and cornea tissue.
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1.8 Thesis objectives and overview

There are two primary objectives of this thesis:

1. To generate a list of proteins that interact with SLC4A11, using the Split-Ubiquitin
Based Membrane Yeast Two-Hybrid (MYTH) screening system. This list will allow
us to identify or determine significant SLC4A11 protein interactors in the context of
endothelial corneal dystrophies.

2. To characterize and better understand the role of SLC4A11 and one of the identified
interactors (OCIAD1) in corneal endothelial cells and endothelial corneal dystrophies.

Chapter 2 provides a detailed explanation of the materials and methods used in the

experiments, including generation of the cDNA library used in the MYTH screen, cell

types and tissues used, etc.

Chapter 3 describes the MY TH screen results and the function of each of the six identified

protein interactors.

Chapter 4 explores the significance of the interaction between OCIAD1 and SLC4A11,

specifically concerning cell adhesion in an ovarian cancer cell line (SKOV3 cells),

HEK?293 cells, and bovine cornea tissues. This chapter also demonstrates the importance

of the interaction of OCIAD1 and SLC4A11 and provides a better understanding as to why

mutations of the SLC4A11 gene may promote endothelial corneal dystrophy due to
dysregulation of cell adhesion.

Chapter 5 summarizes the major findings and potential future directions to further our

understanding of the pathology behind corneal endothelial dystrophies, specifically

involving mutations in SLC4A11 and dysregulation of the corneal water flux system or

cell adhesion.
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Chapter 2: Materials and Methods
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Materials

Table 2.1: List of materials

Materials Used

Source

DNA Constructs and Cloning

Restriction Enzymes

New England BioLabs (Ipswich, USA),
Thermo Fisher Scientific (Ottawa, ON,
Canada)

Phusion high fidelity DNA polymerase

New England BioLabs (Ipswich, USA)

Plasmid Midiprep kit

Qiagen (Germantown, MD, USA)

Oligonucleotides

Integrated DNA Technologies (Coralville, 1A,
USA)

Gel extraction kit and Mini plasmid extraction

FroggaBio (Ontario, Canada)

kit
polynucleotides (ANTP), DNase I, and T4 Thermo Fisher Scientific (Ottawa, ON,
DNA ligase Canada)

Yeast and Bacterial Cultures and Transformation

THY.AP4 yeast strain

Kindly provided by Dr. Igor Stagljar,
University of Toronto

Tris (2,3-dibromopropyl) phosphate,
ethylenediaminetetraacetic acid (EDTA),
Yeast Extract, Peptone, Glucose, NaCl, 5-

bromo-4-chloro-3-indolyl-p-D-
galactopyranoside (X-Gal),
phenylmethylsulfonyl fluoride (PMSF),
Dimethyl sulfoxide (DMSO), and
electroporation cuvettes, 1 mm gap

Thermo Fisher Scientific (Ottawa, ON,
Canada)

Adenine hemi sulfate, Poly-L-lysine, yeast
synthetic dropout medium (SD-leucine, SD-
tryptophan, SD-leucine-tryptophan, SD-
leucine-tryptophan-adenine-histidine),
Salmon sperm DNA, and Polyethylene glycol

Sigma Aldrich (Oakville, ON, Canada)

(PEG)
Lithium Acetate Acros Organics (New Jersey, USA)
Glass beads (0.5 mm) BioSpec (Ottawa, ON, Canada)

100 mm Petri dishes and 150 mm Petri dishes

Sarstedt (Montreal, QC, Canada)

Mammalian Cell Culture and Transfection

Dulbecco's Modified Eagle's medium
(DMEM), fetal bovine serum (FBS), calf
serum (CS), and penicillin-streptomycin-

glutamine (PSG)

Life Technologies (Carlsbad, CA, USA)
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Trypsin EDTA (0.25%)

Gibco (Co Dublin, Ireland, UK)

T75, 100 mm and 6 well cell culture dishes

Sarstedt (Montreal, QC, Canada)

Biochemical Assays

Bovine eyes

Kastelen Sausage and Fine Meats (Ardrossan,

AB, Canada)
EDTA-free Complete Protease Inhibitor Roche Applied Science (Indianapolis, IN,
tablets USA)

Immobilon-P Polyvinylidene difluoride
(PVDF) membranes and Luminata TM
Crescendo Western horseradish peroxidase
(HRP) Substrate chemiluminescence reagent

Millipore (Billerica, MA, USA)

BCA Protein Assay Kit

Pierce (Rockford, IL, USA)

HA tag monoclonal antibody (clone 16B12)

BioLegend Inc. (San Diego, CA, USA)

Protein A-Sepharose conjugated

Invitrogen (Rockford. IL, USA)

Anti-human OCIADI1 antibody (H00054940-
BO1P), mouse

Abnova (Walnut, CA, USA)

Fluorometric-format CytoSelect 48-well cell
adhesion assay (Collagen I-coated) and
CytoSelect 48-well cell adhesion assay

(Fibronectin-coated) kits

Cell Biolabs (San Diego, CA, USA)

Anti-Myc tag antibody (05274), mouse

Millipore (Billerica, MA, USA)

Custom antibodies: rabbit or mouse anti-
human SLC4A11 (M36) antibody, anti-
bovine OCIADI, anti-bovine TMEM 254,
and anti-bovine ORMDL?2

Primm biotech (Cambridge, MA, USA)

HRP-conjugated sheep anti-mouse antibody

GE Healthcare Bio-Sciences Corp.
(Piscataway, NJ, USA)

Goat anti-rabbit antibody
Anti-Myc tag antibody, rabbit (SC789)
HA-tag antibody (SC805), rabbit
Anti-Na'/K" ATPase (SC28800), rabbit
Anti-Na"/K" ATPase (SC48345), mouse
Anti-GAPDH (SC47724), mouse

Santa Cruz Biotechnology (Santa Cruz, CA,
USA)

1Q-SYBR green super mix

Bio-Rad Laboratories (Hercules, CA, USA)

Phenyl methane sulfonyl fluoride (PMSF)

Thermo Fisher Scientific (Ottawa, ON,
Canada)
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Methods
2.1 Cloning

2.1.1 DNA constructs

The plasmids for MYTH screening (pPR3N, pCMBYV, Ost- N;,G , Ost- NI , Fur4-N;,G and

Fur4-N,,1) were a generous gift from Dr. Igor Stagljar, University of Toronto (102).

2.1.1.1 Bait cloning (SLC4A411-PCMBYV)

SLC4A11 was amplified from the plasmid pAMC1 (66) into pJET cloning vector (Thermo Fisher
Scientific, ON, Canada) using the phosphorylated forward and reverse primers with Sfil restriction
site (5°-
AGCATACAATCAACTCCAAGCTGGCCGCTCTAGACGGCCAAAAAATGTCCCAGAAC
GGTTACTTCGAG-3’), and (5-
ATCGAATTCCTGCAGATATACCCATGGAGGCCTTTGGCTGGTCTGTGCTCAGCGTCC
ATAAC-3"), respectively. pAMC1 plasmid construction was described previously (78). Then used
the pJET clone as a template for more PCR with primers including Stul restriction site to clone
the insert into pCMBYV vector. The forward and reverse primers used to clone into pPCMBYV are
(5°- ACTGATCTCGGCCAAAGGAAAAATGTCCCAG -3%) and (5-
CTAGCTCCCATGGAGGCCTGGTCTGT -3°), respectively. PCR products and vectors were
digested with the proper restriction enzymes then purified by gel extraction kit and ligated using
T4 DNA ligase. Ligated product was purified using PCR clean-up kit then electroporated into
DH5a electro competent cells and amplified as explained at Section 2.4. Plasmid was extracted

using Midiprep kit and stored at -20 °C. Clone integrity was confirmed by sequencing at Institute
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for Biomolecular Design (IBD), Department of Biochemistry, University of Alberta or The

Molecular Biology Service Unit, Department of Biological Sciences, University of Alberta.

2.1.1.2 Potential interactors cloning

Cloning of interacting proteins (cDNA of bovine or Human ortholog) into pcDNA 3.1 (+) for
protein expression in cell culture. Cloning was performed by PCR amplification of identified
interactors with an addition of the restriction sites Nhel and Xho1 and either a MY C or HA epitope
tag in the primers as listed in detail (Table 2.2 and 2.3). cDNA for the human orthologs of the
identified protein interactors OCIAD1, ORMDLI1, CMP-SAT, LEPROTLI, clone ID
HsCD00444701, HsCD00440927, HsCD00439242, HsCD00440680, respectively were from
DNASU DNA Repository (AZ, USA). TMEM 254 cDNA (SC108384) was from OriGene
(Rockville, MD, USA). PCR products were digested, separated on agarose gel then purified using
a gel extraction kit, ligated then purified and electroporated into DHS5a cells as explained below
and extracted using a Midiprep kit. Clone integrity was confirmed by sequencing at Institute for
Biomolecular Design (IBD), Department of Biochemistry, University of Alberta or The Molecular

Biology Service Unit, Department of Biological Sciences, University of Alberta.

2.1.1.3 Cloning of bovine Slc4all

Cloning of bovine Slc4all into pcDNA 3.1 (+) for protein expression in cell culture, the plasmid
was named (pNDA35). Cloning was performed by PCR amplification of bovine Slc4all with an
addition of the restriction sites Nhel and HindIIl and an HA epitope tag. The primers used for

amplification were, forward primer
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vector.

Table 2.2: Oligonucleotides used to clone bovine potential interactors into pcDNA 3.1 +

Construct (plasmid
name, vector,
protein encoded)

Forward Primer

Reverse Primer

5’-

pNDAS GCTAGCGCCACCATGGAACA | 5°-
(pcDNA-Myc- | AAAACTCATCTCAGAAGAGG | CCGCCGCTCGAGTCACTC
bovine Ociadl) | ATCTGATGAATGGGAGGGCT | ATCCCAAGTATCTC-3’
-3’
5- 5
pNDA12 TACGCTAGCGCCACCATGGA | U G OTCGAGTTAAGT
(PcDNA-Myc- | ACAAAAACTCATCTCAGAAG | oo Do o i s
bovine Tmem 254) | AGGATCTGCGGAAGGCAAGA | ,,
GGAGATG-3’
5-
pNDA15 TACGCTAGCGCCACCATGGA | 5°-
(pcDNA-Myc- | ACAAAAACTCATCTCAGAAG | CCGCCGCTCGAGTCATCC
bovine Tmem 128) | AGGATCTGGATGTTCTACGG | AAGGAGTGAGGTCA-3’
GCTCGG-3’

pNDA20
(pcDNA-Myc-
bovine OrmdI2)

5
TACGCTAGCGCCACCATGGA
ACAAAAACTCATCTCAGAAG
AGGATCTGAATGTGGGGGTG
GCAC-3’

5’-
CCGCCGCTCGAGTCAGTA
TTTGTTGATGCCAAAG-3’
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pcDNA 3.1 + vector.

Table 2.3: Oligonucleotides used for cloning human orthologs of potential interactors into

Construct (plasmid
name, vector,
protein encoded)

Forward Primer

Reverse Primer

5’-

pNDA22 GGAGCTAGCGCCACCATGGA | 5°-
(pcDNA-Myc- ACAAAAACTCATCTCAGAAG | GGACCTCGAGTCACTCAT
human-OCIAD1) | AGGATCTGAATGGGAGGGCT | CCCAAGTATCTCCATAC-3’
GATTTTC-3
5°-
pNDA23 GGAGCTAGCGCCACCATGGA | 5°-
(pcDNA-Myc- ACAAAAACTCATCTCAGAAG | GGACCTCGAGTCAAGTTT
human-TMEM 254) | AGGATCTGGCTACGGCAGCC | GTTTTTGGCGCTT-3’
GGC-¥
5’- 5
pNDA24 GGAGCTAGCGCCACCATGGA GGACCTCGAGTCAATACT
(pcDNA-Myc- ACAAAAACTCATCTCAGAAG TATTAATTCCAAAGATCC
human-ORMDL2) | AGGATCTGAACGTTGGAGTT G-3’
GCCCAC-3
5-
5°-
pNDA25 GGAGCTAGCGCCACCATGGA GGACCTCGAGCTACACAC
(pcDNA-Myc- ACAAAAACTCATCTCAGAAG CAATAACTCTCTCCTTTG-
human-CMP -SAT) | AGGATCTGGCTGCCCCGAGA |
, 3
GACA-3
5°-
pNDA30 GGAGCTAGCGCCACCATGTA | 5°-
(pcDNA-HA- TCCGTATGATGTGCCGGATT | GGACCTCGAGTCACTCAT
human-OCIADI1) | ATGCGAATGGGAGGGCTGAT | CCCAAGTATCTCCATAC-3’

TTTC-3’
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(5

CTGGCTAGCGCCACCATGTATCCGTATGATGTGCCGGATTATGCGTCGCAGAATGGA
TACTTTGAG-3") and reverse primer (5’-CTGAAAGCTTTCAGTGTTCAGCATCCATG-3’)
cDNA for the bovine Slc4al 1 was amplified from the plasmid (CML.B. SLC4A11). PCR products
were digested, separated on agarose gel then purified using a gel extraction kit, ligated then
purified and electroporated into DH5« cells as explained below in section 2.4 and extracted using
a Midiprep kit. Clone integrity was confirmed by sequencing at Institute for Biomolecular Design
(IBD), Department of Biochemistry, University of Alberta or The Molecular Biology Service Unit,

Department of Biological Sciences, University of Alberta.

2.2 Preparation of Chemically competent cells

DHS alpha cells were grown in 1 L super optimal broth (SOB) media (2% (w/v) Bacto tryptone,

0.5% (w/v) yeast extract, 10 mM NacCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM MgSOy, pH 7) to

Agoo of 0.5 at 18 °C. Cells were cooled at 4 °C for 10 min then centrifuged at 3000 g for 10 min at

4 °C. Cells were washed twice with ice cold transformation buffer (TB) (15 mM CaCl,, 250 mM
KCL, 55 mM MnCl,, 10 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES), pH 6.7) with

gentle swirling. DMSO was added dropwise with gentle swirling to a 7% concentration and
incubated at 4 °C for 1 min. Cells were aliquoted (250 pl) in sterile 1.5 ml centrifuge tubes and
snap frozen in liquid nitrogen and stored at -80 °C (103). The resulting transformation efficiency

of the cells was 7x105 colonies/ug DNA.

2.3 Bacterial Chemical Transformation
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Chemically competent DH5« cells were thawed at 4 °C for 30 min. Purified plasmid (100 pg
DNA) was added to the cells and incubated for 30 min at 4 °C. Cells were then incubated at 42 °C
for 30 s followed by incubation on ice for 2 min. LB medium was added to the cells and incubated
for 90 s at 37 °C, with shaking at 250 rpm. Cells were then centrifuged at 5000 g for 5 min, the
supernatant was discarded, and the cells were resuspended in LB medium and plated on the

appropriate selective plates containing antibiotics for 16 h at 37 °C (104).

2.4 Bacterial Transformation by Electroporation

DH5a electro-competent cells were prepared (105) with minimum transformation efficiency of 1
X 10° Colony Forming Units (CFU)/ug of the transformed cDNA constructs. Frozen cells were
thawed on ice for 10 min. Purified plasmid (10 pg DNA) was added to the cells and transferred to
pre-chilled 1 mm gap electroporation cuvettes (Thermo Fisher Scientific, ON, Canada) and
incubated for 1 min at 4 °C. Cells were electroporated with the Eppendorf Electroporator 251 at
1800 V with a time constant close to 5 ms. The electroporated cells were revived by adding super
(450 pl) optimal catabolite (SOC) medium (2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 mM
NaCl, 2.5 mM KCI, 10 mM MgSO4, 10 mM MgClz, 20 mM glucose) and incubated at 37 °C with
250 rpm shaking for 1 h. Cells were then spread on plates containing the appropriate selection

medium with antibiotics and incubated at 37 °C for 16 h (105).

2.5 Membrane Yeast Two Hybrid (MYTH) Screening

All steps for MYTH screening were performed as described (102) unless mentioned differently
after each method. The cDNA library was synthesized from bovine corneas and cloned in the

plasmid pPR3N (will be explained in detail in 2.5.1). Two different yeast strains THY.AP4 (MATa
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leu2, ura3, trpl: (lexAop)-lacZ (lexAop)-HIS3 (lexAop)-ADE2) or L40 (MATa HIS3 200 trpl-
901 leu2-3, 112 ade2 LYS2: (lexAop)+HIS3 URA3:: (lexAop)s-lacZ GAL4) were transformed with
the plasmids pAMBYV, pCMBYV, and pTMBV (cloned with human SLC4A11 cDNA) and tested
for the best growth on selective transformation plates, synthetic dropout medium without leucine
and tryptophan (SD-Leu-Trp). All yeast strains and plasmids were generously provided from Dr.
Igor Stagljar. The strain THY.AP4 transformed with pCMBV-SLC4A11 was selected for
screening. After validation, THY.AP4 yeast cells transformed with pPCMBV-SLC4A11, were co-
transformed with the cDNA library to screen for potential interactors and grown on selective
transformation (SD-Leu-Trp) and interaction plates, synthetic dropout medium without leucine,
tryptophan, histidine, adenine (SD-Leu-Trp-His -Ade). Positive colonies growing on selective
plates from first and second screenings (section 2.5.6) were amplified and pPR3N plasmid was
recovered from the colony. The colonies were then transformed and amplified in bacterial cultures
by chemical transformation and electroporation (sections 2.3 and 2.4) and the plasmid was
extracted. The purified plasmid was sequenced to determine the sequence of the potential
interactor. The sequence was identified by alignment and data analysis on BLAST (basic local
alignment search tool) from NCBI (national center for biotechnology information)

https://blast.ncbi.nlm.nih.gov.

2.5.1 cDNA Library synthesis

Bovine cornea (one) was dissected from a cow no less than 6 hours after death and snap frozen in
liquid nitrogen, then shipped to Bio S and T Company (Québec, Canada) at 4 °C in dry ice. Total
RNA (3.9 pg) was purified from bovine corneas using Norgen’s animal tissue RNA purification

kit. Double stranded cDNA was synthesized from the extracted RNA using a modified smart
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cDNA synthesis method, using oligo dT to prime reverse transcription. First strand cDNA was
annealed to the primers (5'-

CAGTGGTATCAACGCAGAGTGGCCATTACGGCCAAGTTACGGG-37) and (5°-

AAAAAAAAAAAAAAAGGCCGCCTCGGCCACTCTGCGTTGATACCACTG-3") with the

Sfil restriction site underlined to synthesize of double stranded cDNA. Amplified cDNAs were
Sfil digested, and size fractioned on a 1% agarose gel. cDNA fragments greater than 1.2 kb were
purified for cloning. The purified digested cDNA fragments were ligated in the vector pPR3N at
the Sfil restriction site. The ligated products were transformed into DH10B-T1R bacterial cells
(Invitrogen Inc.). About 1x10° clones were grown per large Petri dish (10 dishes). Transformed
cells were pooled and stored in a 1% glycerol stock in ten separate tubes (contain about 1x10°
clones and 3 ml per tube) at -80 °C. Plasmids were extracted using a midiprep kit, stored at -20

°C, and used for transformation for MY TH screening.

2.5.2 Lithium Acetate Yeast transformation

The THY.AP4 (MATa leu2, ura3, trpl:: (lexAop)-lacZ (lexAop)-HIS3 (lexAop)-ADE?2) reporter
yeast strain containing the selectable markers (4ADE2, HIS3, and LacZ) and activated under the
control of promoters with LexA operator site was used for MYTH screening (102). Cells were
grown in 50 ml 2X yeast peptone adenine dextrose (YPAD) medium (2% (w/v) Bacto yeast extract,
4% (w/v) Bacto peptone, 4% (w/v) glucose, 0.2 M glucose, 0.1 mM adenine sulfate) with 200 rpm

shaking at 30 °C and grown to A of 2. Cells were harvested by centrifugation at 3000 g for 5

min and washed twice with sterile distilled H>O. Cells were transferred into 1.5 ml microcentrifuge
tubes and centrifuged for 30 s at 13000 g. Cells were resuspended in 1 ml sterile water and

aliquoted into 108 cells in each tube. Cells were centrifuged at 13000 g for 30 s and the supernatant
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was discarded. Cells were resuspended with a transformation mix containing (33% (w/v) PEG, 0.1
M LiAc, 50 pl of 2 mg/ml boiled salmon sperm single stranded carrier DNA, 1 ug purified
plasmid), and were then vortexed and incubated for 90 min at 42 °C. Next, the cells were

centrifuged at 13000 g for 30 s and resuspended in sterile distilled H,O and plated on appropriate

transformation selection plates (SD-Leu) or (SD-Trp) or YPAD and incubated at 30°C for 3-4 days

(106). Colonies were picked and stored at -80 °C in glycerol stocks for each transformation.

2.5.3 Frozen Glycerol Yeast Stocks
Transformed yeast cultures grown in appropriate media (1 ml) were supplemented with glycerol
to a final concentration of 30% in sterile cryovials tubes and mixed. Tubes were kept in liquid

nitrogen to freeze the cells then stored at -80 °C.

2.5.4 Bait validation test

pCMBV-SLC4A11 was co-transformed with cDNA encoding Fur4 (pFur4- N ;1 or pFur4- N, G),

an uracil permease localized at the plasma membrane, or transformed with Ostl, an

oligosaccharyltransferase at the endoplasmic reticulum membrane (pOst1- NI or pOstl- N,;,G).

Validation of the non-activating bait of the MYTH screening was performed by co-transformation

of pPCMBV-SLC4A11 with Fur4-N,l as a positive control or with Fur4-N,G as a negative
control. Similar tests were performed with Ost-N,;;,I positive or Ost-N,;,G negative controls using

the lithium acetate yeast transformation. Transformed yeast cells were grown on transformation
plates (List of agar plates) . Colonies were picked and resuspended in 100 pl 0.9% (w/v) NaCl.

Cells were serially diluted in 0.9% (w/v) NaCl to 1:10, 1;100, and 1:1000. Diluted cells (2.5 pl)
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were spotted on both transformation selection plates (SD-Trp-Leu) and interaction selection plates

(SD-Trp-Leu-Ade-His) + X-Gal. Plates were incubated at 30 °C for 4 days.

2.5.5 Large-scale transformation for library screening

THY.AP4 yeast cells transfected with pCMBV-SLC4A11 were grown in 200 ml of synthetic
dropout medium without leucine (SD-Leu) to Agoo of 0.8-1 at 30 °C with shaking at 200 rpm. Cells
were divided into four 50 ml Falcon tubes and centrifuged at 700 g for 5 min at 4 °C. The cells

were then washed with sterile distilled H,O, then washed twice with 1 ml fresh lithium acetate

(LiAc)/Tris- Ethylenediaminetetraacetic acid (EDTA) solution (100 mM LiAc, 100 mM Tris, 1
mM EDTA pH 7.5). Next, cells were washed with 2.5 ml polyethylene glycol (PEG)/ LiAc
solution (100 mM LiAc, 40% (w/v) PEG, 1 mM EDTA, 10 mM Tris, pH 7.5), supplemented with
2.5 ml of 2 mg/ml boiled salmon sperm single stranded carrier DNA and 10 ug cDNA library.
Cells were incubated in a 30 °C water bath for 45 min and vortexed briefly every 15 min. DMSO
(160 ul) was added and the cells were incubated at 42 °C for 20 min. The supernatant was
discarded, and the pellet was resuspended with 3 ml of 2X YPAD medium and pooled together in
in a 50 ml falcon tube. Cells were then incubated at 30 °C with shaking at 200 rpm for 90 min.
Then the cells were harvested at 700 g centrifugation for 5 min at 4 °C and resuspended in 4.9 ml
0.9% (w/v) NaCl. The resulting cell suspension (100 pl) was taken for serial dilutions in 0.9%
(w/v) NaCl and spread on agar plates with transformation selection medium (SD-Leu-Trp) to
determine the total number of transformants. In first selection, the remaining volume of
resuspended cells was plated equally onto 150 mm diameter agar plates containing interaction

selection medium (SD-Trp-Leu-Ade-His) for 4 days at 30°C.
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In second selection, grown colonies were picked and resuspended in 100 pul 0.9% (w/v)
NaCl. Then 2.5 ul of the resuspended colony was spotted on an interaction selection plate (SD-
Trp-Leu-Ade-His) containing 0.2 mM 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-
Gal) dissolved in N, N-dimethyl formamide, 50 mM sodium phosphate dibasic, and 25 mM sodium
phosphate monobasic) and incubated at 30 °C for 4 days. Addition of X-gal enabled positively
interacting colonies to appear as blue colored colonies. Interacting colonies with this blue color

were further analyzed (Section 2.5.6) (102).

2.5.6 Analysis of potential interacting colonies
Colonies where bait and prey proteins interacted (as indicated by their blue color) were grown in
5 ml SD-Trp medium for 16 h at 30 °C with shaking at 200 rpm. Plasmid was isolated using a
commercial miniprep kit with one modification: after resuspension of the cells at the first step, a
small volume of 0.5 mm glass beads was added to the cells and vortexed vigorously for 2 min.
Further steps were followed as per the manufacturer’s instructions. The isolated plasmid was then
chemically transformed into DH5a chemically competent E. coli cells (Section 2.3) and amplified
in LB medium, containing 100 pg/ml ampicillin for 16 h at 37 °C, with shaking at 250 rpm as
explained above. Plasmid was isolated from E. coli using Qiagen miniprep kit, following the
manufacturer’s instructions, and cultures were stored at -20 °C. Plasmids that did not chemically
transform were electroporated into DHS5« cells as explained above (Section 2.4).

Isolated plasmids were then sent for sequencing using the N,;,G forward internal
sequencing primer (5’-CCGATACCATCGACAACGTTAAGTCG-3’). From the sequencing
results, first was translated then the sequence after the cloned linker was aligned with BLAST

protein database to identify the interacting protein (107). Potential interacting partners were
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identified based on determination of the full-length proteins, oriented with their N- terminus in the

cytosol. Exclusion criteria is explained in section 3.2.4.

2.6 Mammalian Cell Culture

Human Embryonic Kidney cells (HEK) 293 and SKOV3 ovarian cancer cells were grown and
cultured in Dulbecco’s Modified Eagles Media (DMEM) containing (5% (v/v) fetal bovine serum,
5% (v/v) calf serum, and 1% (v/v) penicillin-streptomycin-glutamine. Cells were cultured at 37 °C

in a humidified 5% CO> atmosphere.

2.6.1 Poly-L-lysine coating of cell culture coverslips

All steps were performed in a cell culture hood using sterile solutions. Round 25 mm glass
coverslips were placed in 100 mm tissue culture dishes and immersed in 5 M NaOH for 15 min
and removed. Coverslips were rinsed with water for 5 min followed by 95% EtOH for 5 min and
rinsed again with water for 5 min. Coverslips were washed twice with PBS for 5 min then
incubated with 1 mg/ml poly-L-lysine dissolved in PBS for 15 min. Poly-L-lysine was removed
and the coverslips were dried under ultraviolet light for 16 h. The coverslips were stored at 22 °C

or rinsed with PBS before use (36).

2.6.2 Calcium phosphate transfection
HEK?293 or SKOV3 cells were grown in DMEM containing 100 mm cell culture dishes at 25%

confluency for 4 h at 37 °C in a humidified incubator with an atmosphere of 5% CO,. Transfection

solution was prepared by mixing 590 pl of 2X HEPES solution (140 mM NacCl, 1.5 mM NayHPOy,
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50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7) with 590 ul DNA mix
(2 M CaCl,, 0.2-5.6 ng DNA plasmid) and incubated for 15 min at 22 °C then added dropwise to
the cells. Cells were incubated for 40-48 h at 37 °C in an incubator with 5% CO, (108).

siRNA against OCIADI (5'-AAUUGGUCUUGGAACCUCUGCAUUC-3") and 5'-
GAAUGCAGAGGUUCCAAGACCAAUU-3"), and scrambled siRNA, OCIADI-RNAI, and SC-
RNAI, respectively, were transfected into SKOV3 cells using Lipofectamine 3000 Reagent

(Invitrogen) according to the manufacturer's protocol.

2.6.3 Cell lysis

HEK293 transfected cells were harvested after 40-48 h incubation in a 37 °C incubator with 5%
CO, balanced air. Cells were washed with 10 ml ice cold PBS (140 mM NaCl, 3 mM KCl, 6.5
mM Na,HPOy, 1.5 mM KH,POy, pH 7.4). Then cells were de-attached from the plates using a
cell scraper at 4°C and solubilized in 4 °C immunoprecipitation buffer (IPB) (1% (v/v) IGEPAL
CA-630, 5 mM EDTA, 150 mM NaCl, 0.5% (w/v) sodium deoxycholate, 10 mM Tris, pH 7.5)
containing fresh I mM PMSF from a 100 mM stock dissolved in ethanol and EDTA-free Complete
Protease inhibitor Cocktail. Then cells were incubated at 4°C for 20 min. Lysates were centrifuged

at 13,000 g for 10 min at 4 °C and the resulting supernatant was either suspended in equivalent

volume of 2X SDS-PAGE sample buffer and resolved by SDS-PAGE or stored at -20 °C (77).

2.7 Preparation of custom antibodies

Antibodies were raised in rabbit or mouse against synthetic peptides, corresponding to the

identified human SLC4A11-protein interactors, by PrimmBiotech (Cambridge, MA USA). Table
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Table 2.4: List of custom antibodies.

The list includes the name of each antibody, the antigen sequence it binds to and the species that

the antibody was raised in.

Antibody Synthetic Peptide Species

Anti- OCIAD1 NH,-CRSSPPGHY YQKSKYDSS-COOH Mouse
Anti- TMEM 254 NH,-SQNGYFEDSSYYKC-COOH Rabbit
Anti- ORMDL2 NH,-CETPDQGKARLLTHWEQ-COOH Mouse
Anti- bovine Slc4all NH2- SQNGYFEDAGYLKC- COOH Rabbit
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2.4 shows the name of custom antibodies used and the sequence of the synthetic peptide used for

immunization of animals.

2.8 Immunoprecipitation

2.8.1 Immunoprecipitation of SLC4A11 and ORMDL

Immunoprecipitation was performed following the steps described previously (77). HEK293 cells
were calcium phosphate-transfected with human HA-SLC4A11 (pAMCI1) and human Myc-
ORMDL2 c¢cDNAs (pNDA24), or human SLC4A11 and human Myc-ORMDL2 cDNA. Post-
transfection 40 h, cells were lysed in immunoprecipitation buffer (IPB: 1% (v/v) IGEPAL CA-
630, 5 mM EDTA, 150 mM NaCl, 0.5% (w/v) sodium deoxycholate, 10 mM Tris, pH 7.5),
containing a Complete Protease inhibitor Cocktail and incubated at 4 °C for 20 min. Sample lysates
were centrifuged at 13,200 g for 20 min at 4 °C.

At the same time, 25 pl of Dynabeads Protein G magnetic resin for each sample was
washed with 200 pl of IPB and incubated with 2 pg of rabbit anti-HA antibody (AB137838
Abcam, USA) at 4 °C for 30 min. 300 pg of lysates was incubated with the lysate and beads
mixture overnight at 4 °C. Total protein (10 pg) was incubated at 4 °C was set aside. Samples
(lysate and beads mixture) were washed three times with IPB, containing complete protease
inhibitors, resuspended in 50 ul of 2x SDS sample buffer, heated at 65 °C for 5 min and resolved

on SDS PAGE (Section 2.9).
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2.8.2 Immunoprecipitation of SLC4A11 and OCIADI in bovine cornea lysates

Freshly isolated bovine eyes (Four) were preserved at 4 °C and kept on ice before dissections. Eyes
were washed with 4 °C PBS and the dissected cornea was cut in small pieces and resuspended in
IPB Buffer containing PMSF and protease inhibitors for 30 min at 4 °C. Lysate was prepared and
220 ug of total protein was immunoprecipitated with 2 pug of IgG mouse anti-OCIAD1 antibody,
or immunoprecipitated with2 pg of IgG mouse anti-Na/K* ATPase antibody. Lysates were
resolved on 7.5 % SDS-PAGE, blotted, and probed with the custom rabbit anti-bovine SLC4A11
antibody (PrimmBiotech, Inc. Cambridge, MA — USA). Samples of the lysate were probed to
indicate the total amount of Slc4all. Samples of the lysate were also resolved on 10% acrylamide

SDS-PAGE gels, blotted, and probed to indicate the total amount of OCIADI1 in the sample.

2.8.3 Immunoprecipitation of SLC4A11 and OCIADI in HEK293 cells and SKOV3 cells

For the immunoprecipitation assays, lysates from HEK293 and SKOV3 cells, which were
transiently transfected with empty vector (pcDNA), co-transfected with OCIAD1-Myc and a HA
tag bovine SLC4A11 (bSlc4al1-HA), or co-transfected with OCIAD1-Myc and a HA tag human
SLC4A11 (hSLC4A11-HA) were prepared. Cell lysates were prepared using IPB* buffer
(containing 10 mM Tris-HCL, pH 7.5, 1% NP40, 5 mM EDTA, 0.15 M NacCl, 0.5% deoxycholate,
and 2 mg/ml BSA) and then transferred to an Eppendorf tube. After this, the lysates were
precleared by adding resin and Sepharose mixture (prepared by adding equal volumes of 25 %
slurry of protein A Sepharose in IPB buffer complemented with 0.02% NaN3 and 35% slurry of
Sepharose CL-4B in IPB buffer containing 0.02% NaNj3) and incubated with end-to-end rotation
for 1 h at 4°C. After incubation, the resin of each lysate was sedimented by centrifugation at 9000

rpm at 4°C for 5 min. Supernatants without resin were transferred to a fresh microcentrifuge tube,
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and the antibody and Sepharose mixture were added and incubated with end-to-end rotation
overnight at 4°C. Resins were then sedimented by centrifugation at 9000 rpm for 5 min at 4°C.
Supernatants were discarded carefully to avoid removing the resin. Remaining resins were washed
consecutively with 1X ice-cold buffer 1 (containing 10 mM Tris-HCL, pH 7.5, 0.1% NP40, 1 mM
EDTA, 0.15 M NaCl), buffer 2 (containing 10 mM Tris-HCI, pH 7.5, 2 mM EDTA, 0.05% SDS)
and buffer 3 (containing 10 mM Tris-HCI, pH 7.5, 2 mM EDTA). The pellets formed after these
treatments, were treated with 2X Laemmle sample buffer containing 3-mercaptoethanol (at a final
concentration of 2%). Before loading the gel, the samples were heated for 2 — 4 min at 70°C, and
the resins were sedimented in a microcentrifuge. Finally, the samples were resolved on SDS

PAGE, blotted, and probed with a mouse anti-HA antibody.

2.9 Immunoblots

Cell lysates were suspended in an equivalent volume of 2X SDS-PAGE sample buffer containing
2% (w/v) SDS, 10% (v/v) glycerol, 0.5% (w/v) bromophenol blue, 75 mM Tris, pH 6.8 with 2%
(v/v) 2-mercaptoethanol and incubated at 65 °C for 5 min. Samples were centrifuged to remove
insoluble material at 16,000 g for 10 min then resolved on 7.5% or 12% (w/v) acrylamide gels.
Proteins were electro-transferred to Immobilon-P Polyvinylidene difluoride (PVDF) membrane as
described (109). Membranes containing transferred proteins were incubated for 16 h at 4°C with
gentle rocking in TBS-TM buffer (5% (w/v) non-fat milk powder in TBS-T (0.15 M NaCl, 0.1%
(v/v) Tween-20, 50 mM Tris-HCI, pH 7.5)) with either mouse anti-Myc Millipore (Billerica, MA,
USA), mouse anti-HA BioLegend Inc. (San Diego, CA, USA), the custom antibodies from
PrimmBiotech (Cambridge, MA, USA), mouse anti-OCIADI or rabbit anti-TMEM 254 or mouse

anti-ORMDL?2 antibodies at 1:1500 or 1:2000 or 1:1000 or 1:1000 or 1:1000 dilution, respectively.
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Membranes were washed three times with TBS-T for 15 min at 20 °C with gentle rocking.
Membranes were incubated with sheep anti-mouse or donkey anti-rabbit HRP conjugated
secondary antibody 1:5000 dilution in TBS-TM with shaking at 22 °C for 1 h and further washed
with TBS-T three times. Blots were incubated with Luminata TM Crescendo Western HRP
Substrate chemiluminescence reagent for 1 min and visualized using a GE ImageQuant LAS4000

blot imager (110).

2.10 Preparation of bovine Descemet’s membrane extract

Corneas were dissected from fresh bovine eyeballs from two fresh eyeballs (approximately 4-6 h
after sacrifice) and rinsed in PBS. Protocol is a modified version of that previously described (62).
Descemet’s membrane (DM) was micro-dissected and immersed in 0.05% (w/v) sodium azide and
incubated at 22 °C for 2 h with end-over-end rotation. Sodium azide was removed by
centrifugation at 5000 g for 2 min. DM was resuspended in 0.05% (w/v) sodium azide and 3%
(v/v) Triton-X100 for 3 h with rotation at 22 °C. Supernatant was removed by centrifugation at
5000 g for 2 min and rinsed three times with sterile distilled water. Then DM was digested with
20 U/ul DNase I at 37 °C for 1 h. DM was centrifuged at 5000 g for 2 min and rinsed three times
with sterile distilled water then resuspended in 0.05% (w/v) sodium azide and 4% (w/v) sodium
deoxycholate for 3 h at 22 °C with rotation. Supernatant was removed by centrifugation at 5000 g
for 2 min then 25 mg of purified DM was aliquoted in sterile centrifuge tubes and digested in 250
pl of 0.05 mg/ml pepsin dissolved in 0.5 M acetic acid for 24 h at 37 °C with rotation. Undigested
DM was pelleted by centrifugation at 10,000 g for 10 min. Pepstatin was added to the supernatant
in 1:1 molar ratio (pepsin: pepstatin) for inhibition of pepsin activity. Digested DM extract was

aliquoted equally in sterile centrifuge tubes and frozen at -80 °C for 1 h and lyophilized for 16 h
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and stored at -20 °C. Before use for cell adhesion assay, DM extract was reconstituted in PBS and

quantified by BCA assay kit following manufacturer’s instructions (62).

2.11 Cell adhesion assay

2.11.1 HEK293 cells

Protocol is a modified version of that previously described (62). Black flat clear bottom 96 well
dishes with lid (Corning) were coated with 0.5 ug DM extract per well for 16 h at 4 °C. The wells
were blocked with 100 pl of 10 mg/ml bovine serum albumin (BSA) dissolved in PBS for 1 h at
37 °C. HEK293 cells were transiently co-transfected with: 1.6 ug GFP ¢cDNA and 1.5 pg of
pcDNA3.1 (empty vector) cDNA; or 1.6 ng GFP ¢cDNA and 1.0 ug of pcDNA3.1 and 0.5 pg of
OCIADI, cDNAs; or 1.6 pg GFP ¢cDNA and 0.5 pg of pcDNA3.1 and 1.0 ug of SLC4All,
cDNAs; or 1.6 ng GFP ¢cDNA and 0.5 pg of OCIADI and 1.0 pg of SLC4A1l, cDNAs.
Transfected cells were detached from the plates with 0.25% Trypsin-EDTA and sedimented by
centrifugation at 500 g for 5 min then resuspended in DMEM. Cells were counted using a Countess
II Automated cell counter then diluted to 6 x 10° cells/ml in DMEM. BSA was removed and the
wells were coated with 50 pl of transfected cells (3 x 10 cells), followed by incubation for 3 h at
37 °Cin an incubator with 5 % CO, in an air environment. Samples were analysed in quadruplicate.
GFP fluorescence was measured for each well at 485 nm excitation and 512 emission using
SynergyMX Plate Reader (BioTek, Winooski, VT, USA). Plates were centrifuged inverted at 6.8
g for 15 s to release loosely or non-adherent cells. A paper towel between the plate and the lid was
added to absorb the excess solution using an Eppendorf 5810R centrifuge with an A-4-62 MTP
rotor with bucket microplate-F carrier. PBS (200 pl) was added to each well and GFP fluorescence

was measured. The previous steps for washing the cells and measuring GFP fluorescence were
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repeated six times. The percentage of adhered cells was calculated at wash 5 relative to initial GFP
fluorescence before washing using the calculation (GFP fluorescence after disruption/ GFP

fluorescence before disruption) X 100% (62).

2.11.2 SKOV3 cells

SKOV3 cells were transfected with OCIADI1-RNAIi (5
AAUUGGUCUUGGAACCUCUGCAUUC 3 and 5’
GAAUGCAGAGGUUCCAAGACCAAUU 3') or SC-RNAI (non-overlapping low GC content
RNAIi negative control duplex) (Invitrogen, CA), or cotransfected with OCIADI-RNAi and
SLC4A11 cDNA. Cell adhesion experiments were performed on Collagen I-coated or BSA-coated
(control) 48-well plates. Cell suspensions of transfected SKOV3 cells at a density of 1.0 x 10°
cells/ml were prepared in serum-free DMEM medium containing 0.5% BSA, 2 mM CacCl; and 2
mM MgCl. Cell suspensions (150 pl) were applied to coated wells and incubated for 60 minutes
in a cell culture incubator. Medium was aspirated and wells washed 4x with 250 ul PBS. Cells
were lysed by incubation with 200 pl of Cyquant GR dye/lysis buffer and 20 minutes shaking at
room temperature. The mixture (150 ul) was transferred to a 96-well plate and the fluorescence
measured at 480 nm/520 nm in a SynergyMX Plate Reader. Cell adhesion was quantified as
fluorescent units (arbitrary units) of control or transfected cells adhering to the Collagen I matrix,

normalized to control or transfected cells adhering to BSA.

2.12 Cell surface biotinylation

HEK293 cells in 100 mm culture dishes were transiently transfected with SLC4A11-HA cDNA

(pAMCI1 plasmid), or transiently co-transfected with WT SLC4A11 and OCIAD1 cDNAs. In other
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experiments, SKOV3 cells which endogenously express high OCIADI1 protein levels were
transiently transfected with SLC4A11-HA ¢cDNA or transfected with AE1-HA cDNA. Forty hours
post-transfection, plates with transfected cells were transferred and maintained on ice. Cells were

rinsed with cold PBS followed by 4 °C Borate buffer (154 mM NaCl, 7.2 mM KCl, 1.8 mM CaCl»,

10 mM boric acid, pH 9.0). After washing, cells were incubated with 0.5 mg/ml Sulpho-NHS-SS
biotin (Thermo Scientific, Rockford, IL, USA) in Borate buffer for 30 min. Cells were incubated
for 5 min in Quenching buffer (QB) (192 mM glycine, 25 mM Tris, pH 8.3) at 4 °C. Cells were
then washed with 4 °C QB and incubated with 500 pl IPB Buffer containing 1 mM PMSF and
EDTA-free Complete Protease inhibitor cocktail (Roche, Mannheim, Germany) for 20 min on ice.
Lysate was detached from the plates using a cell scraper and collected into pre-chilled microfuge
tubes. Lysates were centrifuged at 13,000 g for 10 min and the resulting supernatant was split
equally into two fractions. First fraction (total protein, T) was stored at 4 °C for later SDS-PAGE
analysis. The second fraction was incubated with 100 ul of high-capacity streptavidin agarose resin
(50% suspension) for 18 h at 4 °C with end-over-end rotation. Following centrifugation at 9800 g
for 2 min, the supernatant fraction was collected (unbound fraction, U). Equal volumes of T and
U fractions were resolved on SDS-PAGE and immunoblots as described above in section 2.9.
Quantitative densitometry analysis for each band was performed using ImageQuant TL 1D
software, v8.1 (GE Healthcare Life Sciences, ON). The percentage of biotinylated protein was
calculated using the formula ((T-U)/T) x 100% (62). Biotinylation of samples was normalized to

GAPDH expression that was detected on immunoblots.

2.13 Immunostaining of bovine cornea
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For immunofluorescence experiments, isolated corneas from bovine eyes were stored in 10% (v/v)
formalin and subsequently frozen at -80°C in a Shandon Cryomatrix (Thermo Electron). Cryostat
sections (20 um thick) of corneas were then cut onto glass slides. Following washing (2 x 5 min
with PBS), and blocking (10% chicken serum in PBS, 30 min), cornea sections were incubated
with primary antibodies in PBS buffer containing 0.5% (vol/vol) Triton X-100 (overnight, in a
humidified chamber, 25°C), washed (3 x 5 min in PBS), and incubated with secondary antibody
(1 h, in a humidified chamber, 25°C). Primary rabbit anti-Slc4all and mouse anti-Ociadl
antibodies were used at 1: 100 dilution and 1:250, dilutions, respectively. Secondary chicken anti-
rabbit conjugated to Alexa Fluor 488 (green), or secondary goat anti-mouse conjugated to Alexa

Fluor 594 (red) were used at 1:200 dilutions. Slides were washed three times in PBS and mounted

and viewed using confocal microscopy.

2.14 Imaging and analysis by confocal microscopy

Protocol is a modified version of that previously described (65). Multiple corneal sections from
bovine eyes were studied. Morphology of bovine cornea was investigated by hematoxylin and
eosin staining on 20 pum thick cryostat-cut corneas (62). Whole corneas were fixed and incubated
with rabbit anti-SLC4A11 and mouse anti-OCIADI1 primary antibodies at 1:100 and 1:250
dilutions, respectively. Immunofluorescence signals were visualized by Alexa fluor 488-
conjugated anti rabbit antibody (green, 1:100 dilution), and Alexa fluor 594-conjugated anti-mouse
IgG antibody (red, 1:100 dilution). Sections were mounted in Prolong Anti-fade solution (1 drop
per coverslip) containing DAPI for nuclei staining (Molecular Probes, Eugene, OR, USA) to
identify nuclei, and images were collected with a Zeiss LSM 510 laser-scanning confocal

microscope with a x20 oil immersion objective or visualized with a x60 oil immersion objective.
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Filtering was used to integrate the signal collected over 20 frames to decrease noise (scan time =

7 s/frame). Merged images were collected and analyzed with the ImagePro Software.

2.15 Localization of SLC4A11 and OCIAD1 Proteins in SKOV3 Ovarian

Cancer Cells

Protocol is a modified version of that previously described (65). Immunofluorescence analysis was
conducted on SKOV3 or SKOV3 cells transiently transfected with SLC4A11-HA cDNA (pAMC1
plasmid) and expressing endogenous OCIAD]1. Cells grown on 22 x 22 mm laminin (30 pg/ml)-
coated coverslips were washed in PBS and fixed for 20 min in 4% (w/v) paraformaldehyde in PBS.
After three washes with PBS, the cells were incubated for 2 min in PBS containing 0.1% (v/v)
Triton X-100. Slides were blocked for 30 min with PBSG (0.2% (w/v) gelatin in PBS) and
incubated with a 1:100 dilution of rabbit anti-SLC4A11 antibody or rabbit anti-HA antibody, and
1:200 dilution of mouse anti-OCIADI antibody for 1 h in a humidified chamber at room
temperature. After three washes with PBSG, coverslips were incubated for 1 h in a dark humidified
chamber using a 1:250 dilution of Alexa Fluor 594-conjugated chicken anti-mouse IgG, and with
Alexa Fluor 488-conjugated chicken anti-rabbit IgG. Coverslips were mounted in Prolong Gold
Antifade Solution containing DAPI (Molecular Probes) and fluorescent images were obtained with
a Zeiss LSM 510 laser-scanning confocal microscope with a x20 oil immersion objective or

visualized with a x60 oil immersion objective.
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Chapter 3: MYTH Screen for SLC4A11-Protein

Interactions

All experiments were performed by Nada Alshumaimeri except the cloning of pPCMBV-SLC4A11,
which was done by Chris Lukowski and the synthesis of the prey cDNA library, which was done

by Bio S and T company.
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3.1 Introduction

The cornea forms the outer layer of the eye and consists of five distinct layers: the outer epithelium,
bowman’s layer, the stroma, Descemet’s membrane, and the endothelial layer. The largest layer
of the cornea is the stroma, which contains a high concentration of proteoglycans and collagen to
maintain corneal structure and transparency. The osmotic gradient is regulated by the ion transport
system in the endothelium to maintain stroma hydration at 78% H2O (111). A water conductive
pathway is formed by SLC4A11 on the basolateral surface and aquaporin 1 on the apical surface
of the endothelial cells to reabsorb fluid and maintain the balance of water in the cornea (36).

SLC4A11 was initially cloned as a homologue of the SLC4 family (a bicarbonate
transporter gene family). SLC4A11 has distinct functions separate from other SLC4 family
proteins and does not function as a bicarbonate transporter (112). Interestingly, an SLC4A11 plant
ortholog functions as a borate transporter (113). However, the mammalian cell does not have a cell
wall that requires stabilization by borate. Consistent with this, experiments have found that
SLC4AT11 is not a borate transporter (36). SLC4A11 functions as a facilitator of water transport, a
direct transporter of NH3, or indirect transporter of NH3 when coupled with H", an OH (H")
transporter, and as an anchor between the CEC and DM. In addition, mouse SLC4A11 is an Na'-
independent electrogenic H" (OH") transporter (36, 114-117).

Several SLC4A 11 mutations result in different phenotypes, including a truncated protein, a
functionally inactive protein, or an endoplasmic reticulum (ER)-retained protein due to improper
folding during biosynthesis (48, 118) SLC4A4 11 mutations lead to three different PCD: some cases
of late-onset FECD, CHED, and HS (54, 56, 119).

SLC4AT11 is an 891 amino acid integral membrane protein divided into two domains: an

N-terminal cytosolic domain and a 14 transmembrane segment domain with a short cytosolic tail.
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SLC4A11 is widely expressed in human tissues, including the corneal endothelium, kidneys,
ovaries, tongue, lungs, blood cells, colon, and pancreas, and brain (65). Two homology models for
SLC4A11 were developed upon comparison to its most similar membrane protein, AE1 (SLC4A1)
(63, 67). A three-dimensional homology model of the SLC4A11 membrane domain (MD) revealed
the folding of SLC4A11 is divided into two sub-domains, core and gate (63). Moreover, the
cytoplasmic (CD) homology model demonstrated that the protein folding forms a pathway along
with the membrane domain enabling substrate transport. CD is essential to stabilize the folding of
SLC4A11 and trafficking to the cell surface. The strong association of CD and MD suggests that
CD has a role in covering the exposed hydrophobic areas of MD. Deletions of the CD when
SLC4A11 is expressed, lead to protein misfolding and cause the degradation of SLC4A11 protein
in the ER. Lastly, the CD is insoluble when expressed in bacterial cultures, indicating that in vitro
investigations on SLC4A11 requires expression of the whole protein (67).

The MD of SLC4A11 forms the pathway for water transport. Defects in this water transport
function mediated by SLC4A11 explain the connection to corneal edema caused in ECD, as it may
be due to SLC4A 11 mutations (35). The extracellular loop 3 in SLC4A11 interacts with COL8A2,
a major component of the DM, and abnormalities in cell adhesion likely mediate the loss of
endothelial corneal cells in FECD and CHED (114). SLC4A11 CD is important for its function
and stabilizing roles. Given that the expression of SLC4A11 requires expression of the whole
protein, we established the membrane yeast two-hybrid system (MYTH) to identify SLC4A11-
protein interactors.

The MYTH technique is a high-throughput, unbiased approach used to detect protein—
protein interactions. The principle behind this technique is the use of ubiquitin as a sensor for the

detection of protein interactions. Ubiquitin is split into two stable fragments, the C-terminal moiety
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of ubiquitin (Cyw) and the N-terminal moiety of ubiquitin (Nuwl). The two fragments of ubiquitin
are capable of spontaneous reassociation, forming a stable pseudoubiquitin. Introduction of the
Ile13Gly mutation yields Nu,G, which prevents the spontaneous reassociation except when forced
to be close to each other due to interactions of bait and prey proteins. Split ubiquitin is used as a
tag for protein interactions where a bait (protein of interest) is tagged with Cu, fused to the
transcription factor (TF). The TF reporter molecule consists of VP16 transcriptional activation
domain from herpes simplex virus and the DNA binding domain from E. coli, LexA. Conversely,
a prey protein constructed from a cDNA library is tagged with Nu,G. Interaction between the bait
and prey proteins brings the N- and C-terminal moieties of ubiquitin to close proximity, allowing
them to reassociate to form functional pseudoubiquitin. Deubiquitinating enzymes release the TF,
which enables its migration into the nucleus, promoting transcription of the genes required for
growth of auxotrophic yeast strain on appropriate selective plates for the first selection step (102).
In addition, LacZ encodes 3 -galactosidase, an intracellular enzyme that digests the disaccharide
lactose into galactose and glucose. In MYTH screening, 5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside (X-Gal) is used as a substrate for 3 -galactosidase to convert X-Gal into
galactose and 5-bromo-4-chloro-3-hydroxyindole, a reactant that spontaneously oxidizes into 5,5'-
dibromo-4,4'-dichloro-indigo, which is a blue insoluble product (120). The second selection step
of potential interactors is dependent on the growth of blue colonies on selective plates.
Identification of protein interactors in MYTH requires two screenings, the first screen is
the selection of interactors that activate the reporter system (H1S3 and ADE?2 genes), and the second
screen is the selection of interactors that activate the reporter system (HIS3, ADE?2, and LacZ)
genes which allows for colonies expressing interacting proteins to grow blue. After screening for

positive colonies from the second screen, the plasmids are purified, sequenced, and aligned with
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the NCBI protein database to identify potential interacting proteins. From these identified
interactors, spurious hits can be further eliminated from the list depending on data analysis (102).

The expression of SLC4A11 protein requires the presence of the cytoplasmic domain for
its function and processing to the cell surface. The cytoplasmic domain is important for the
dimerization and stabilization of SLC4A11, and the membrane domain and cytoplasmic domain
cannot be expressed separately. Both domains of SLC4A11 are strongly associated together (67).
This led us to utilize MYTH screening using full-length human SLC4A11 to identify SLC4A11-

protein interactors.

3.2 Results

3.2.1 Bait generation

To begin with MYTH screening, human SLC4A11 cDNA was tagged at the 3’ end with Cu,-TF
by cloning into the MY TH bait vector, pPCMBV (102). The C-terminal tagging position was chosen
to prevent the interruption of interactions at the large N-terminal cytoplasmic domain of SLC4A11.
TF is LexA-VP16 that is released into the nucleus to activate the reporter genes (HIS3, ADE?2 and
LacZ) for the detection of interactions. pPCMBYV contains the auxotrophic marker, LEU2, to enable
selection of yeast transformed with pCMBYV. pCMBV also encodes ColE1 origin of replication
and kanamycin resistance gene to allow propagation of plasmid in bacteria. The pPCMBYV plasmid

contains the CYC1 promoter that activates the expression of SLC4A11-Cu-TF.

3.2.2 Bait validation test
To validate SLC4A11- Cu as a bait for MY TH screening, we used the NubGI (Nub] or NupG) control

test to ensure that the bait does not activate the reporter genes when expressed alone without
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interacting with the prey protein. NuG is the mutated form of Nyl that prevents the spontaneous
formation of pseudoubiquitin unless the two moieties are in close proximity due to interaction of
bait and prey proteins. For the NuwGI test, the bait-Cu, grows on an interaction selection medium
that confirms the interaction when co-transformed with the positive control prey-Nypl and does not
grow with the negative mutated control prey-Nu,G. The controls Nul or NupG controls are fused
to a non-interacting prey protein consisting either of a protein that is localized at the plasma
membrane, Fur4, or an endoplasmic reticulum membrane protein, Ostl. Since SLC4All is
detected on immunoblots as both a mature band (complex glycosylated) at the PM and immature
band (core glycosylated) at the ER (102, 118), we tested whether the identified interactions from
MYTH will occur at the PM or ER by using both provided controls at the PM and ER in the bait
validation test.

The plasmid SLC4A11-pCMBV, was transformed into the MYTH reporter yeast strain
THY.AP4 (MATa leu2, ura3, trpl:: (lexAop)-lacZ (lexAop)-HIS3 (lexAop)-ADE?2). This strain has
the selectable reporter genes (ADE2, HIS3, and LacZ) (102). Yeast THY.AP4 strain was co-
transformed with pPCMBV-SLC4A11 encoding SLC4A11- Cyw and cDNA encoding Fur4-Nyl as
a positive control at the plasma membrane, that has WT Nyl which spontaneously activates the
reporter system in yeast. In contrast, for the negative control the strain was co-transformed with
pCMBV-SLC4A11 and the negative prey control, Fur4- NuwG which should not grow on selective
plates because presumably Fur4 is a non-interacting protein and NuwG mutation prevents the
activation of the screen due to the absence of spontaneous reassociation property. The other
validation step was done by transforming the yeast strain with Ost1- Nyl that was considered as

the positive control for the ER membrane. The strain was also co-transformed with pCMBV-
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SLC4A11 and the negative control Ostl1-Nu,G. Selection on plates lacking leucine and tryptophan
(SD-Leu-Trp) was performed (Figure 3.1 top section).

The result shows the growth of all transformants, which confirms their transformation into
yeast. Then, the same transformants were also spotted onto interaction selection plates, synthetic
dropout agar plates lacking leucine, tryptophan, histidine, and adenine, with the addition of X-Gal
(SD-Leu-Trp-His-Ade + X-Gal) (Figure 3.1, bottom). The results show that upon spotting the
transformants on interaction selection plates, only the growth of the strain co-transformed with
SLC4A11-pCMBYV and Fur4-Nyl the positive control for PM was observed as a blue colony. This
validates that SLC4A11 does not self-activate the MYTH system unless there is an interacting
protein, and the interaction is detected at the plasma membrane. The spots at bottom panel for the
colonies transfected with Fur4- NuG, Ostl- Nyl and Ost1-Nu,G show no growth and a faint spot

which is the dried solution that was spotted on the plate.

3.2.3 Library screening

Selection of the prey cDNA library depends on the nature of the bait protein. SLC4A11 is highly
expressed in endothelial corneal cells. Ideally, a cDNA library from human cornea would be the
most optimal in this scenario; human corneas are difficult to obtain in adequate quantities. Bovine
corneas are almost three times larger than human corneas and much easier to obtain. Thus, we
examined the amino acid sequences of human and bovine SLC4A11 (Figure 3.2). High identity
between human and bovine SLC4A11 amino acid sequences (82 %) led us to use bovine cornea

for the synthesis of the cDNA library. A bovine cornea was dissected, snap frozen and sent to Bio
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Figure 3.1: Bait validation test

NuwGI control test to validate SLC4A11 as a bait for MYTH screening in the THY.AP4 strain.
THY.AP4 yeast strain was co-transformed with the pPCMBV-SLC4A11 vector and Nypl-Furd,
NubG-Furd4, Nupl-Ostl, or NypG-Ostl and grown on yeast extract peptone dextrose agar plates
(YPD). Colonies from the different transformants were picked up and dissolved in 100 pl 0.9%
(w/v) NaCl then 2.5 pl of the resuspended colony was spotted onto transformation selection plates,
synthetic dropout agar plates lacking leucine and tryptophan (SD-Leu-Trp) at top lane or

interaction plates, (SD-Leu-Trp-His-Ade + X-Gal) at bottom lane.
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S and T Company (Québec, Canada) for cDNA library synthesis. RNA was extracted from the
cornea then double stranded-DNA was synthesized and amplified. The cDNA was cloned into the
MYTH prey vector, pPR3N, by the company. pPR3N plasmid encodes for CYCI1 promoter and
NubG at the N-terminus (102). pPR3N contains Trp1 for auxotrophic selection in yeast under the
activation of the CYCI1 promoter. Also, it contains ColElorigin of replication and ampicillin
resistance gene for selection in bacteria.

Following cloning of the cDNA into the prey vector, we co-transformed the prey cDNA
library with the pPCMBV-SLC4A11 bait vector thirty times (three times for each tube). We initially
screened 6 x 107 transformants which was calculated from the selection of yeast growth on
transformation plates (SD-Leu-Trp). Total number of transformation plates used was 270 plates.
The number of transformants represents the coverage of the screen. The number of transformants
was calculated using the following formula:

Total transformants = number of colonies x dilution factor x volume of suspended cells
Among these, 385 colonies grew on interaction selective plates (SD plates lacking Leu, Trp, His,
and adenine) that screened for clones with bait-prey interaction. A second screen was performed
to validate the interactions and test the strength of the interactions identified. This screen made use
of the LacZ gene, encoding [-galactosidase, whose transcription is turned on by the LexA
transcription factor released upon pseudoubiquitin reconstitution. 3-galactosidase converts X-Gal
to a blue compound that colours colonies blue. All 385 colonies were spotted onto interaction
plates, containing X-Gal. So, yeast cells in which there is a high level of interaction between bait
and prey proteins will lead to high levels of LacZ transcription and, thus dark blue colour, while
less intense blue colonies indicate less interaction between the bait and prey. Could be the reason

for the intensity of blue colonies due to the size of picked up colonies from first selection. The
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Figure 3.2: Alignment of human and bovine SLC4A11 amino acid sequences

Human (H) with the NCBI Reference Sequence: NP_114423.1 and bovine (B) NP_001178243.1
SLC4A11 amino acid sequences were obtained from NCBI database and aligned using Clustal
Omega multiple sequence alignment tool https://www.ebi.ac.uk/Tools/msa/clustalo/. Amino acids
were colored using the tool BOXSHADE tool https://embnet.vital-it.ch/software/BOX_form.html.
Black shaded amino acids represent amino acid identity between sequences, whereas grey

represents conservative amino acids. Sequence identity is 82%.
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Figure 3.3: Second screening to detect potential interactors on interaction +X-Gal plates

The 385 colonies from the first screen were grown on interaction selection plate were picked and
resuspended in 100 pl 0.9% (w/v) NaCl. Then 2.5 pl of the resuspended colony was spotted onto
interaction selection plate (SD-Trp-Leu-Ade-His) containing X-Gal. Blue colonies indicate

colonies where bait and prey proteins may have interacted.
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Table 3.1: Shades of colonies growing as protein interactors at second screen for SLC4A11

in MYTH screening

Color Of Colony Number of Colonies
Very Dark 11
Dark 61
Light 120
Faint 84
No growth 109
Total Number 385
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smaller the colony, the more intense blue appearing on the colony. Overall, there were 276 blue
colonies, and the intensity of blue color of colonies were categorized into five shades to indicate

the strength of interaction (Table 3.1 and Figure 3.3).

3.2.4 Analysis of screened hits

Colonies that were blue (276 colonies) in the second screen on the X-Gal interaction plates were
subjected to additional analysis. First, plasmids were isolated from yeast and transformed into E.
coli. The plasmids were then amplified, purified from E. coli cultures, and each plasmid was
subjected to DNA sequencing. The resulting sequence, in-frame with the tags in the prey vector
until the stop codon, were translated into amino acids using an online translation bioinformatics
tool (Expasy translate, https://web.expasy.org/translate/). Amino acid sequences underwent
BLAST analysis (https://blast.ncbi.nlm.nih.gov) to determine the identified protein. The list of
interactors was further analysed by checking the amino acid sequence from each sequenced hit. A
summarized list of all possible hits is shown in (Table 3.2).

Exclusion criteria for the identified interactors included: 1) Amino acid sequences for
membrane proteins missing their first transmembrane segments, which would misfold. i1) Proteins
that in the mature state do not have a cytoplasmic N-terminus (secreted proteins and membrane
proteins with extracellular N-terminus). iii) Proteins with fewer than 10 amino acids, are very small
proteins that are interacting as false positive interactors. iv) Un-identified proteins or proteins
similar to species other than bovine, likely arise from cDNAs cloned out of frame. v) Biosynthetic
apparatus proteins, that SLC4A11 would normally interact with. Biosynthetic apparatus proteins
are those involved in the cellular synthesis and trafficking of proteins and are summarized in Table

3.3. vi) highly truncated proteins (in this study four hits corresponded to only 1-24% of the full-
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length cDNA). These proteins sizes ranged 22-74 amino acids. Such short proteins representing
such a small fraction of the full protein led to concerns about appropriate folding of the identified

interactor.

3.2.5 Possible SLC4A11-protein interactors

In total, twenty-five unique hits were detected from the MYTH screening, with six of them being
full-length proteins with an identifiable cytoplasmic N-termini. The possible interacting hits are
summarized (Table 3.4 and Figure 3.4) and a summary of each potential interactor can be found

in the following section 3.3.1.

3.2.6 Expression of SLC4A11-protein interactors in HEK293 cells

To assess the validity of the interactions identified in the MYTH screen, HEK293 cells were used
to study the expression of selected potential SLC4A11 interactors. cDNAs for the potential bovine
protein interactors: Ociadl, Tmem 254, Ormdl2, and Tmem 128 from the detected colonies were
cloned into the vector pcDNA 3.1 that also encoded an N-terminal Myc epitope tag to facilitate
protein detection. The interactors were cloned into pcDNA empty vector. Then the plasmids cloned
with SLC4A11-potential interactors were transiently transfected into HEK293 cells and lysates
from these cells were processed on immunoblots. These samples were probed with an anti- Myc
antibody. The bands detected for each interactor were at the following molecular weights: Ociadl,
28 kDa, Tmem 254, 14 kDa, Ormdl2, 17 kDa, and Tmem 128, 19 kDa (Figure 3.5). All interactors

were detected on the blot at the correct size of bands.
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Table 3.2: List of all hits from MYTH screening

Abbreviations: *: Sequence ID from BLAST NCBI, i) Amino acid sequences for membrane
proteins missing their first transmembrane segments, ii) Proteins that in the mature state do not
have a cytoplasmic N-terminus, iii) Proteins with fewer than 10 amino acids, iv) Un-identified
proteins or proteins similar to species other than bovine, v) Biosynthetic apparatus proteins, vi)

highly truncated proteins, and vii) possible hits.

. NCBI reference | Intensity of blue Nulpber Data
Name of protein sequence * color of times Analysis
q detected y
Frame-shifted proteins 168 I\
Tmnsmemzbsr Z“e Protein | \ip 001068696.1 | Light, faint, dark 18 vii
ATP6 ABC84252.1 Light, faint, dark 11 1
10 amino acids or fewer 10 il
P53 apoptosis effector . .
related to PMP-22 NP_001029522.1 Light, dark 6 1
Signal peptidase complex Very dark, dark, .
catalytic subunit SEC11C NP_776890.1 light > Vil v
Translocation protein . .
SEC62 NP _001192533.1 Dark, faint 5 vii, v
NEDD4 family-interacting
protein 1 isoform X4, XP_024850999.1 Light 4 i
partial
Homocysteine-responsive
endoplasmic reticulum- -\ v, 6007560 1 | Light, dark 3 i
resident ubiquitin-like
domain member 2 protein
Transmembrane 9 . .
superfamily member 2-like DAA23751.1 Light, dark 3 !
CD?9 antigen NP 776325.1 Dark 2 1
Estradiol 17-beta- NP_001069194.1 | Faint, dark 2 i
dehydrogenase 2 —
Fibronectin type-III
domain-containing protein | XP_005213644.3 Light 2 i
3A
Leptin receptor
overlapping transcript-like | NP_001032539.1 Light 2 vii
1
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Major facilitator

superfamily domain- NP_001068819.1 Faint i
containing protein 1

Major facilitator
superfamily domain- |\ 61068819 1 Dark, light i

containing protein 1
isoform X1

Protein kish-A precursor

NP 001107983.1

Light, faint

i

Protein odr-4 homolog

NP 001074371.2

Light, faint

Transmembrane protein

128 NP _001029626.1 Faint vii
Alpha-2-macroglobulin | v 595707113 1 Faint i
isoform X1 -
Androgen-induced gene 1| 15 51573517, Dark i
protein isoform d -
ATP-binding cassette sub- | yp 194935408 | Dark i
family A member 9 -
Brain-specific angiogenesis . .
inhibitor 3-like Light vi
Calcium-transporting . .
ATPase type 2C member 1 XP_010799921.1 Faint 1
CMP-SAT NP _001029809.1 Light vii
Growth hormone-inducible | NP_001029224.1 Faint ;
transmembrane protein
Hemicentin-2 isoform X4 | XP 011516770.1 Dark vi
Hippocampus abundant | v, 15201468 1 Very dark i
transcript 1 protein -
Hippocampus abundant
transcript 1 protein isoform | XP_010801468.1 Light i
X1
Inositol 1,4,5-trisphosphate DAA29438.1 Light ;
receptor type 2
Major facilitator
superfamily domain- NP _001192752.1 Dark i
containing protein 8§
Mitochondrial import
receptor subunit TOM6 NP _001107190.1 Light vil, v
homolog
OCIA domain-containing | \ip (010156481 Very dark vi
protein 1
Olfactory receptor 4A47 | XP 010847186.1 Light vi
ORM1-like protein 2 NP_001014931.1 Faint vii
Renin receptor precursor | NP _001091491.1 Faint il
Reverse transcriptase-like CAA10770.1 Light vi
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Signal peptidase complex

. XP 002693515.2 Faint 1 vii, v
subunit 2 -
Translocon-associated | \p 1070512, 1 Faint 1 vii, v
protein subunit gamma -
Transmembrane protein ELR54048.1 Dark 1 ;
165 precursor
UBX domain protein 4 AAI03097.1 Light 1 i
Zinc finger protein 266 DAA28012.1 Light 1 i
Zinc transporter 5 NP 001179103.1 Dark 1 i
Zinc transporter ZIP6 NP 001137564.1 Light 1 1
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6 x 107 screened clones

385 positive colonies (first screen)

276 positive colonies (second screen)

168 colonies frame-shift proteins

43 colonies missing first tansmembrane

14 small proteins

10 extracellular N-terminal end

3 colonies extracellular protein

42 complete proteins

17 biosynthetic apparatus proteins

25 potential interactors

6 unique hits

Figure 3.4: Summary of MYTH screened colonies
A summary of the number of screened clones for SLC4A11-MYTH screening. The number of
screened colonies was 6 x 107 colonies. After analysis of each hit, the number of unique

interactors was six potential interactors.
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Table 3.3: Detected biosynthetic apparatus proteins as interactors from SLC4A11-MYTH

screen
Biosynthetic Apparatus No. of Residues Length of NCBI Reference
Proteins Times | aligning with protein Sequence
Detected the hit (amino acids)
P53 apoptosis effector 6 79-147 184 NP_001029522.1
related to PMP-22
Translocation protein 5 1-302 399 NP _001192533.1
SEC62
Signal peptidase complex 3 156-192 192 NP_776890.1
catalytic subunit SEC11C
Mitochondrial import 1 1-74 74 NP _001107190.1
receptor subunit TOM6
homolog
Signal peptidase complex 1 27-256 256 XP 002693515.2
subunit 2
Translocon-associated 1 1-185 185 NP _001070512.1
protein subunit gamma
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Table 3.4: Identified SLC4A11-protein interactors

Number of times detected refers to the number of clones identified encoding that possible
interactor. Residues aligning with the hit represents the amino acids of the protein that were in the
identified cDNA. Sequences of proteins were based on the information from NCBI

(https://www.ncbi.nlm.nih.gov) and UniProt (https://www.uniprot.org).

Potential SLC4A11 No. of Residues Length of NCBI Reference

Interactors Times aligning protein Sequence
Detected with the (amino acids) | (UniProt database)
hit

Transmembrane protein 18 1-124 124 NP _001068696.1
254 (TMEM 254) (QOD2G3)

Leptin receptor 2 2-131 131 NP _001032539.1
overlapping transcript- (Q32PDS)

like 1 (LEPROTL1)

ORM 1 -like protein 2 1 1-153 153 NP 001014931.1
(ORMDL2) (Q5E972)

CMP-SAT (CMP-SAT) 1 1-337 337 NP _001029809.1
(Q3SZP1)

Transmembrane protein 2 1-165 165 NP _001029626.1
128 (TMEM 128) (Q3T0S0)

OCIA domain-containing 1 1-247 247 NP _001015648.1
protein 1 (OCIAD1) (Q5E948)
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Figure 3.5: Summary of SLC4A11-protein interactors detected from MYTH screening

An illustration of the possible interactions of SLC4A11 detected from MYTH screening. The
figure illustrates SLC4A11 as a dimer in green, interacting with OCIAD1 and TMEM 254 at the
PM, while the SLC4A11 and CMP-SAT interaction occurs at Golgi apparatus. Additionally,

SLC4A11 possibly interacts with LEPROT1, ORMDL2, and TMEM 128 at the ER.
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Table 3.5: TMEM 254 hits detected from MYTH screening

Amino acid sequences for the TMEM 254 eighteen hits detected. #: Number of colonies.

# Amino acid sequence
1 | ILSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAWMIHVGESLYAIVLCKSKGITNTWT
QLLWFLQTFLFGLASLYYLIAFRPKHQKQT
2 | WMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAWMIHVGESLYAIVLCKSKGITNTWTQLLWFLQ
TFLFGLASLY YLIAFRPKHQKQT
3 ILSFGY YTWMIFWPESIPY QSLGPLGPFTQYLLKHHHTLVHAWY WLAWMIHVGESLY AIVLCKSKGITNTW
TQLLWFLQTFLFGLASLYYLIAFRPKHQKQT
4 FQRSSLFWVTIIILSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAWMIHVGESLYAIV
LCKSKGITNTWTQLLWFLQTFLFGLASLYYLI
5 IILSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAWMIHVGESLY AIVLCKSKGITNT
WTQLLWFLQTFLFGLASLY YLIAFRPKHQKQT
6 MRKARGDEAYFQRSSLFWVTIILSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAW
MIHVGESLYAIVLCKSKGITNTWTQLLWFLQTFLFGLASLYYLIAFRPKHQKQT
7 | GDFQRSSLFWVTIILSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAWMIHVGESLYA
IVLCKSKGITNTWTQLLWFLQTFLFGLASLYYLIAFRPKHQKQT

8 | MRKARGDEAYFQRSSLFWVTIILSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAWM
IHVGESLYAIVLCKSKGITNTWTQLLWFLQTFLFGLASLYYLIAFRPEHQKQT

9 GRGDEAYFQRSSLFWVTIIILSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAWMIHV

GESLYAIVLCKSKGITNTWTQLLWFLQTFLFGLASLY YLIAFGPKHQKQT

10 | MRKARGDEAYFQRSSLFWVTIILSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAWM
[HVGESLYAIVLCKSKGITNTWTQLLWFLQTFLFGLASLYYLIAFRPEHQKQT

11 | MRKARGDEAYFQRSSLFWVTIILSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAWM
IHVGESLYAIVLCKSKGITNTWTQLLWFLQTFLFGLASLYYLIAFRPEHQKQT

12 LQTFLFGLASLYYLIAFRPKHQKQT

13 | GEARGDEAYFQRSSLFWVTIILSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAWMI
HVGESLYAIVLCKSKGITNTWTQLLWFLQTFLFGLASLYYLIAFRPKHQKQT

14 | GRGDEAYFQRSSLFWVTHILSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLARMIHVG
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ESLYAIVLCKSKGITNTWTQLLWFLQTFLFGLASLYYLIAFGPKHQKQT

15 | MRKARGDEAYFQRSSLFWVTHILSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAWM
IHVGESLYAIVLCKSKGITNTWTQLLWFLQTFLFGLASLYYLIAFRPEHQKQT

16 | MRKARGDEAYFQRSSLFWVTIILSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAWM
IHVGESLYAIVLCKSKGITNTWTQLLWFLQTFLFGLASLYYLIAFRPEHQKQT

17 | MRKARGDEAYFQRSSLFWVTIIILSFGYYTWMIFWPESIPYQSPGPLGPFTQYLLKHHHTLVHAWYWLAWM
IHVGESLYAIVLCKSKGITNTWTQLLWFLQTFLFGLASLYYLIAFRPKHQKQT

18 VLSFGYYTWMIFWPESIPYQSLGPLGPFTQYLLKHHHTLVHAWYWLAWMIHVGESLYAIVLCKSKGITNT

WTQLLWFLQTFLFGLASLYYLIAFRPKHQKQT
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3.2.7 Expression of SLC4A1I1-protein interactors in HEK293 cells

For future identification and confirmation of the interactions in bovine corneas, we first needed to
develop antibodies recognizing the identified interactors. Custom antibodies were ordered for the
interactors, Ociadl, Tmem 254 and OrmdI2. To test the ability of these custom antibodies to detect
their target proteins, lysates from transfected HEK293 cells with Ociadl, Tmem 254 or OrmdI2
were processed on immunoblots and detected with the custom antibodies. The presence of bands
of expected size in each case indicated that the antibodies were able to detect their antigen and that
the potential interactors were expressed in transfected HEK293 cells. Absence of a band of

appropriate size in empty vector-transfected cells revealed specificity of the antibodies (Figure

3.6).

3.2.8 Expression of human isoforms of identified SLC4A11 interactors
To assess the validity of the possible interactors identified in the MY TH screen, we used HEK293
cells as a model to study the expression of identified SLC4A11 interactors. The cDNA for human
orthologs of each protein interactor, OCIAD1, TMEM 254, ORMDL2, or CMP-SAT, were cloned
into the vector pcDNA 3.1 with an N-terminal Myc tag. These plasmids were transiently
transfected into HEK293 cells and cell lysates were processed on immunoblots. These samples
were probed with an anti- Myc antibody. Specificity of detection was demonstrated the lack of
bands in the lane from cells transfected with empty vector, pcDNA 3.1 (Figure 3.7). The presence
of a band of expected size for each antigen indicates that all interactors could be expressed in
HEK?293 cells and detected with the Myc antibody.

Detection of an SLC4A11 interaction with other proteins in human corneas requires the

use of custom antibodies as well. Custom antibodies were used for the interactors human OCIAD1
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Figure 3.6: Expression of tagged bovine potential interactors in HEK293 cells

Lysates of HEK293 cells transiently transfected with bovine Myc-Ociadl cDNA (pNDAS), bovine
Myc-Tmem 128 cDNA (pNDA15), bovine Myc-Ormdl2 cDNA (pNDA20), or bovine Myc-Tmem
254 cDNA (pNDA12). Transfected cells were lysed, resolved on SDS-PAGE, and probed with
rabbit anti-Myc antibody. Migration and molecular weight of sizing standards are indicated on the

left.
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Figure 3.7: Expression of interactors in HEK293 cells (custom antibodies detection)

Lysates of HEK293 cells transiently transfected with A. Bovine Myc-Ociadl cDNA (pNDAS) or
empty vector (pcDNA). B. Bovine Myc-Ormdl2 cDNA (pNDA20) or empty vector (pcDNA). C.
Bovine Myc-Tmem 254 cDNA (pNDA12) or empty vector (pcDNA). Transfected cells were lysed
and probed on immunoblots using the antibodies mouse anti-Ociadl, mouse anti-Ormdl2, and
mouse anti-Tmem 254. Migration and molecular weight of sizing standards are indicated on the

left.
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and ORMDL2. Transfected cells were processed on immunoblots and detected with custom
antibodies. Specificity of the custom antibodies was determined by detection of a clear signal for

the empty vector-transfected cells (Figure 3.8).

3.2.9 Interaction of SLC4A11 and ORMDL?2
Since we detected ORMDL2 as a potential interacting protein with full-length protein from the
MYTH screen, we tested its possible interaction with SLC4A11. First, we used a bioinformatics
approach to obtain a predicted secondary structure of ORMDL?2 from the online tool TMHMM
(http://www.cbs.dtu.dk/servicess TMHMM/), which predicted two transmembrane segments and
an N-terminal cytoplasmic end. This indicated that the reporter tags can reach the nucleus for
activation of selective genes in MYTH (Figure 3.9). Then, we examined the amino acid sequence
of both human and bovine ORMDL2 (Figure 3.10). The high identity between human and bovine
SLC4A11 amino acid sequences (84% identity) led us to consider the two proteins as
interchangeable. That is, interactors with human SLC4A11 will also interact with bovine Slc4all.
We thus assessed a possible interaction between human SLC4A11 and human ORMDL2
in HEK293 cells by co-immunoprecipitation. HEK293 cells were transiently co-transfected with
human Myc-ORMDL2 c¢cDNA and either HA-SLC4A11, or non- tagged SLC4A11. Lysates were
immunoprecipitated (IP) with mouse anti-HA antibody, resolved by SDS-PAGE, blotted, and
probed with a rabbit anti-Myc antibody (Figure 3.11). SLC4A11/ORMDL2 association is
indicated by co-immunoprecipitation of HA-SLC4A11 with Myc-ORMDL2. Absence of

immunoprecipitation with untagged SLC4A11 indicates specificity.
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Figure 3.8: Detection of Myc tag on human sequences of Myc-epitope tagged identified
interactors expressed in HEK293 cells

Lysates of HEK293 cells transiently transfected with A. Human Myc-OCIAD1 cDNA (pNDA22)
or empty vector (pcDNA). B. Human Myc-ORMDL2 cDNA (pNDA24) or empty vector
(pcDNA). C. Human Myc-TMEM 254 ¢cDNA (pNDA23) or empty vector (pcDNA). D. Human
Myc-CMP sialic acid transporter cDNA (pNDA25) or empty vector (pcDNA). Transfected cells
were lysed, resolved on SDS-PAGE gels blotted onto PVDF membranes, and probed on
immunoblots with mouse anti-Myc antibody. Migration position and molecular weight of sizing

standards are indicated on the left.
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Figure 3.9: Detection of the expression of human cDNAs of identified interactors expressed

in HEK?293 cells using custom antibodies

Lysates of HEK293 cells transiently transfected with A. Human Myc-OCIAD1 cDNA (pNDA22)
or empty vector (pcDNA). B. Human Myc-ORMDL2 cDNA (pNDA24) or empty vector
(pcDNA). Transfected cells were lysed, resolved on SDS-PAGE, and corresponding immunoblots
were probed with mouse anti-OCIAD]1 antibody or mouse anti-ORMDL2 antibody. Migration

position and molecular weight of sizing standards are indicated on the left.
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Figure 3.10: Predicted transmembrane segments in ORMDL?2

Prediction of transmembrane segments in ORMDL2 protein using the graphical output predicted
by the TMHMM  software http://www.cbs.dtu.dk/servicessyTMHMM/. Probabilities for
transmembrane (red), inside (i.e., cytoplasmic, blue), and outside (i.e., luminal, or exterior; purple)

regions are displayed.
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bovine 121 AALNGLINEYCIRANHALIY SLIJF L

Figure 3.11: Alignment of human and bovine ORMDL2 amino acid sequences.

Human and bovine ORMDL?2 amino acid sequences were obtained from the NCBI database and
aligned  using  the Clustal Omega  multiple sequence alignment  tool
https://www.ebi.ac.uk/Tools/msa/clustalo/. Amino acids were colored using the tool
https://embnet.vital-it.ch/software/BOX form.html. Black shaded amino acids represent identical

residues, whereas the grey shade represents conserved amino acids. The sequence identity is 84%.
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Figure 3.12: SLC4A11/ORMDL2 Interaction in transfected HEK293 cells

Co-immunoprecipitation of human SLC4A11 and human ORMDL2. A. Lysates of HEK293 cells
transiently co-transfected with human Myc-ORMDL2 cDNA (pNDA24) and HA-SLC4A11, or
HEK293 cells transiently co-transfected with human Myc-ORMDL2 ¢cDNA (pNDA24) and non-
tagged SLC4Al11, were prepared. Lysates were immunoprecipitated (IP) with rabbit anti-HA
antibody, resolved by SDS-PAGE, blotted, and probed with or without mouse anti-Myc antibody.
B. The same samples did not undergo immunoprecipitation and were resolved by SDS-PAGE and
probed with a mouse anti-Myc antibody as an indicator of total protein and expression in HEK293

cells. Migration positions and molecular weight of sizing standards are indicated on the left.
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3.3 Discussion

The primary aim of this project was to better understand the role and involvement of SLC4A11 in
the context of ECD by identifying SLC4A11 protein interactors. Using human SLC4AT11 as the
bait protein and a cDNA library from bovine cornea as the prey protein, a yeast two-hybrid
(MYTH) screen was conducted to identify these proteins. After screening of the 38 uniquely
identified hits based on the previously mentioned exclusion criteria, we discovered six full length
protein interactors with SLC4A11: TMEM 254, ORMDL2, OCIAD1, LEPROTL1, CMP-SAT,

and TMEM 128.

3.3.1 What is known about identified SLC4A11 interactors?

3.3.1.1 TMEM 254
Transmembrane 254 (TMEM 254) is a transmembrane protein and has no known function. The
detected isoform from MY TH screening has three transmembrane segments at positions 16 to 36,
62 to 82, and 96 to 116. Only the N-terminus of the protein is oriented towards the cytoplasm
(121). The TMEM 254 was detected in eighteen separate colonies as an interactor with SLC4A11
from the MYTH screen, suggesting high level of interaction or that the interactor is highly
expressed in the cDNA library (Table 3.5).

Interestingly, TMEM 254 was detected to interact with alpha A-crystallin (CRYAA) using
a human proteome microarray (122). Crystallin heat shock proteins function as chaperones and are
highly expressed in the lens. Crystallin proteins are involved in several functions including
chaperone capabilities, cell apoptosis inhibitors, in protein phosphorylation, cell survival,
autophagy, and cell growth. Alpha crystallin proteins have multiple substrate binding sites that

tend to bind to destabilized and unstructured proteins and function as chaperones in the prevention
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of protein aggregation (123). It is possible that CRYAA functions as a chaperone along with
TMEM 254 in corneal endothelial cells, however, the expression of CRY AA in corneal endothelial
cells has not been determined. Gene expression of CRYAA has been reported in corneas from
mice, and CRYAA protein expression has been identified in fetal corneal epithelial and limbal
stem cell cultures from adult human tissue, indicating its presence in corneal cells and its
importance in corneal transparency (124). Interestingly, when cultured corneal epithelial cells were
exposed to lipopolysaccharide or hydrogen peroxide, CRYAA expression was significantly
increased, suggesting expression of the protein responds to exogenous stimuli (124). Despite these
data, no further characterization of the proteins involvement in corneal cells has been conducted,

nor has its association with TMEM?254.

3.3.1.2 LEPROTLI

One of the identified interactors by the MYTH screen was Leptin receptor overlapping transcript
like 1 (LEPROTLI), also known as endospanin-2, a membrane protein with a diverse expression
profile that regulates leptin receptor trafficking to the cell surface. The detected form from MYTH
screening has four transmembrane segments at the positions, 7-27, 32-52, 69-89, 100-120 and was
detected two times as a potential interactor. The N-terminus and C-terminus of the protein are
located on the same side and are oriented towards the cytoplasm (125).

To date, no studies have specifically investigated LEPROTL1 expression or function in the
cornea or its relationship with certain transporter proteins such as SLC4A11. Recent reports in
mice have shown overexpression of LEPROTLI1 decreases muscle mitochondrial ROS production,
induces a muscle fiber-type switch from oxidative to glycolytic, and increases glucose homeostasis
to improve running capacity (126). Likewise, knockout of the protein in animals increases lipid

peroxidation and reduces overall endurance capacity in animals, suggesting LEPROTLI1 has a
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significant role in substrate utilization and glucose homeostasis during exercise (126). Aside from
its role in skeletal muscle, additional studies have found that LEPROTLI1 expression is low in
many cancer types, suggesting that low expression of the protein may be involved in tumorigenesis
(127). To accompany this theory, loss-of-function mutations have been identified in the
LEPROTLI gene in various tumors in humans, especially breast cancer, indicating that promoter
mutations of the gene may play a role in the development of cancer (127).

LEPROTLI is highly expressed in the heart, testis, adrenal glands, thymus, and spleen.
Lower expression levels of LEPROTL1 are detected in the lungs and skeletal muscle (128). The
protein has several splicing variants. In transgenic mice, elevated expression of LEPROTLI causes
growth retardation, low sensitivity to growth hormone in the kidney, and decreased plasma insulin-
like growth factor 1 (IGF1) levels. In addition, LEPROTL1 knockdown in rat hepatocyte cell lines
elevates growth hormone sensitivity. It has been established that LEPROTLI1 regulates growth
hormone signalling, nutritional signalling, and metabolism (129). In bovine models, the binding
of Janus kinase 3 (JAK3) to LEPROTLI1 was previously reported to reduce the potential negative
feedback of LEPROTL1 on growth hormone (GH) signaling and increase the growth promoting
polypeptide IGF-1 availability in the growing follicle (130). Lastly, LEPROTL1 was also
associated with the regulation of growth hormone sensitivity, and elevated expression increases
skeletal muscle activity, decreases leptin signalling in muscles, and increases insulin signalling
(126, 131).

Due to the lack of research regarding this protein, we can only speculate on why we
discovered it as a protein interactor. Evidence suggests that SLC4A11 can localize to the inner
mitochondrial matrix of the corneal endothelium, and, like LEPROTL1, reduced expression of it

significantly increases ROS production (79). Thus, the SLC4A11-LEPROTLI interaction may be

95



important to mitigate ROS within the corneal endothelium; however, further investigation is

necessary to better understand this association.

3.3.1.3 ORMDL?2

The ORMI like (ORMDL) gene is conserved in mammals and encodes the three proteins
(ORMDL1, ORMDL2, and ORMDL3) (132). ORMI gene is the human homolog in
Saccharomyces cerevisiae (132). The detected hit from MYTH screening has two transmembrane
domains at the positions 22-42, and 43-63. both N-terminus and C-terminus ends of the protein
are cytoplasmic (133). ORMDL2 is involved in biosynthetic pathways, such as the regulation of
the synthesis of sphingolipids (134). Indeed, previous studies suggest that like transmembrane
protein identification, proteins involved in basic biosynthesis pathways that are identified by the
two-hybrid screening method tend to have higher false-discovery rates as well, suggesting
ORMDL2 may be a false-positive hit (135). However, ORMDL2 negatively regulates sphingolipid
synthesis (136), and this lipid class has previously been implicated in corneal diseases including
FECD (137). More specifically, recent studies indicate eight sphingomyelin species are elevated
in the aqueous humor of CHED eyes compared to healthy control patients (138). These data
suggest that the identification of ORMDL2 as a protein interactor with SLC4A11 may not be a
false-positive as it is involved in the negative regulation of a lipid class previously implicated in
CHED. ORMDL2 may negatively regulate sphingolipid synthesis to combat elevations of
sphingomyelin in the aqueous humor, although further work in this area is required. Moreover,
sphingolipids are components of the PM that are important for cell signalling and cell surface

organization (139, 140). ORMDL2 the sphingolipid regulator may have a role in the trafficking of
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SLC4A11 to the PM. Further investigations are required to discover the role of ORMDL?2 in the
expression of SLC4A11 at the cell surface.

ORMDL 2 deficiency also potentiates ORMDL3-dependent changes in mast cell signaling
(141), and deficiencies in ORMDL2 and ORMDL3 promote increased IkB-o phosphorylation,
degranulation, and production of interleukin-4, interleukin-6, and TNF-a cytokines in activated
mast cells (142). In mouse studies, ORMDL?2 is also associated with the inhibition of serine
palmitoyl transferase which, in turn, mediates the synthesis of sphingolipids (143). ORMDL2
expression is also upregulated by nitric oxide in vitro (144) and is expressed, along with ORMDL1

and ORMDL3, in atopic asthmatic patients (145).

3.3.1.4 CMP-SAT
In eukaryotes, cytidine-5'-monophosphate sialic acid transporter (CMP-SAT) is a Golgi-localized
transporter protein originally cloned as an isoform of the human UDP-galactose transporter and
belongs to the nucleotide sugar transporter gene class (146-148). This protein is located in the
Golgi apparatus and exhibits several topological domains (cytoplasmic and luminal), and eight
transmembrane helical domains (positions 12 to 30, position 42 to 64, position 143 to 160, position
175 to 195, position 207 to 227, position 239 to 262, position 274 to 291, and position 297 to 315.
Both N-terminus and C-terminus are found on the same side, and oriented towards the cytoplasm
(149). CMP-SAT regulates protein glycosylation via polysaccharide translocation into the Golgi
apparatus (148).

Interestingly, SLC4A411 mutations found in CHED and FECD patients cause the
recognition of SLC4A11 as misfolded protein that are targeted for degradation which can be

detected on immunoblots as immature partially glycosylated protein (48). Specifically, when

97



HEK?293 cell lysates were transfected to express tagged wild-type SLC4A11 or mutant SLC4A11
and treated with endoglycosidase H or PNGase F, two compounds commonly used to distinguish
post-translational modifications of proteins, the mutated SLC4A11 cells displayed significantly
altered molecular weight shifts in response to treatment (48). N-glycosylation occurs in the ER
and all Asparagines that are glycosylated receive the same core carbohydrate structure, which is
refined in the Golgi (48). The two different carbohydrate structures are associated with the ER and
post ER (i.e. Golgi and PM) (48). These data indicate that SLC4A11 mutations observed in some
CHED patients result in alterations to glycosylation status. Glycosylation is a known mediator of
proper protein folding, transport, and surface expression (150), and perturbations in sialic acid
biosynthesis  (particularly, Uridine diphosphate N-acetylglucosamine 2-epimerase/N-
acetylmannosamine) the key enzyme sialic acid biosynthesis can cause serious complications,
including proteinuria, renal failure, severe hemorrhaging of the eye during infancy to toddlerhood
and more (147, 151). Concerning CMP-SAT’s involvement in CHED, no studies have investigated
the expression or interaction of CMP-SAT with mutated SLC4A11. This relationship may be an
interesting follow-up study to better understand the interaction between SLC4A11 with CMP-
SAT.

Some of the main limitations of the MYTH screening method used in this study have
already been outlined (primarily concerning high rates of false discovery), other constraints of the
method exist which are worth discussion. First, the technique requires the use of Saccharomyces
cerevisiae as the host cell, which means the protein of interest (in this case SLC4A11) must be
able to fold correctly in the yeast cell, otherwise any meaningful protein-protein interactions which
occur in other organisms can essentially be rendered false. Another significant drawback to the

MYTH technique is that certain protein-protein interactions depend on post-translational
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modifications that may not occur in yeast. This disadvantage is particularly concerning considering
one of the hits of this study was CMP-SAT, a protein involved in the transport of a monosaccharide
chain involved in glycosylation status; however, previous studies have reported yeast proteins
undergo glycosylation (8). Besides these clear disadvantages, the MY TH screening method allows
for high throughput, large-scale protein-protein interactions, as well as protein purification, at a
low cost and in much less time compared to other biochemical or proteomic methods. Moreover,
the host yeast cells used in the MYTH screen are a higher eukaryotic especially when compared
to other in vitro or bacterial approaches, making them a good organism to correlate data with

human data.

3.3.1.5 TMEM 128

Transmembrane 128 (TMEM 128) is composed of 165 amino acids and located in the cell
membrane. It has four helical domains at positions 49 to 69, 81 to 101, 119 to 139, and 144 to 164
(152). The C-terminus and N-terminus are facing the same side and are oriented towards the
cytoplasm. TMEM 128 has no known function but was previously reported to interact with the
ceroid-lipofuscinosis neuronal 8 (CLNS8) protein in a MYTH screen (153). As an endoplasmic
reticulum transmembrane protein, CLN8 performs functions related to lipid transport, synthesis,
or sensing. Patients with CLNS mutations have altered levels of sphingolipid and phospholipids in
the brain, causing the autosomal recessive neurodegenerative disorder known as neuronal ceroid-
lipofuscinosis (NLC), a type of lysosomal storage disease (LSD) (154). Additional studies have
identified TMEM 128 from a MYTH screen using a human Jurkat T-cell cDNA library to interact
with the cluster of differentiation 3 delta (CD34§) protein. CD34 is a subunit of the T-cell receptor

(TCR) that is required for TCR surface expression and signalling (155). The TCR is a complex of
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transmembrane proteins that activates T-cells in response to an antigen. Likewise, activation of
TCR initiates positive and negative cascades leading to cellular differentiation, proliferation, and
the activation of cell death responses (155).

Furthermore, while the yeast two-hybrid system provides large-scale analysis on protein-
protein interactions, high false-discovery and false-negative rates of detected hits have been well
documented (135). Importantly, these false-discovery rates may be particularly specific to
membrane or membrane-bound signaling proteins because membrane proteins contain
hydrophobic residues. This may make them vulnerable to non-specific interactions (135, 156).
However, statistical analyses on the relationship between hydrophobicity and membrane protein
interaction false-discovery rates using the yeast two-hybrid screen have not yet been confirmed
(135). Taken together, the potential limitations of this screening method concerning false positives
suggests that, at the very least, the interaction between SLC4A11 with TMEM 128 should be met
with a degree of hesitation, and further investigation is required to not only confirm the association
between these proteins, but also to characterize the function of these transmembrane proteins as

well.

3.3.1.6 OCIADI

Ovarian carcinoma immunoreactive antigen domain 1 (OCIAD1) is a protein composed of 245
amino acids and is located in the inner mitochondrial membrane (157). OCIADI1 contains an
ovarian carcinoma antigen (OCIA) region with unknown function (158), At the positions 23 to
109. Also contains two disordered regions in positions 111 to 141 and 169 to 245 (159). In addition,
it has predicted phosphorylation sites at the positions, 108, 116, 123, 193 for a phosphoserine

modification (159). The C-terminus and N-terminus are both oriented towards the intermembrane
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space of the mitochondria (159). OCIADI1 was discovered as a highly expressed protein in the
ovarian carcinoma cDNA expression library. It is associated with ovarian cell carcinoma adhesion
(87) and promotes chemotherapeutic resistance against cell detachment in the presence of
lysophosphatidic acid (160). Two different forms of OCIAD1 have been identified, including the
long form (245 amino acids) and a short form (208 amino acids) (87). The long form of OCIADI1
was detected by our MYTH screen as an SLC4A11-protein interactor.

Overexpression of OCIADI increases LPA-induced cell adhesion of HEY ovarian cancer
cells to collagen type I and laminin 10/11 at the extracellular matrix, even in the presence of
paclitaxel, a cell adhesion inhibitor (160). Lysophosphatidic acid (LPA) is a biologically active
signalling molecule elevated in ovarian cancer. In humans, LPA triggers the adhesion of ovarian
cancer cells to the extracellular matrix, cellular invasion, cell migration, and cell survival (160).
Inhibition of OCIAD expression decreases LPA-induced cell adhesion of ovarian cancer cells to
collagen I and laminin 10/11, along with collagen IV (88). Moreover, OCIAD] is involved in cell—
matrix interactions by interacting with a actinin 4, which regulates the architecture of § actin and
the function of integrins (88). In cell matrix interactions, OCIADI interacts with a actinin 4 to
regulate £ actin architecture and modulate the function of integrins (88). OCIAD1/SLC4All
interaction may play a major role in role cell adhesion cells or may be involved in the regulation
of ROS to prevent the loss of cells in ECD. The investigation of OCIAD1 and SLC4Al1

interaction will be discussed in Chapter 4.

3.3.1.7 TOM6
One of the most interesting, detected interactors that was characterized as a biosynthetic apparatus

protein, is the translocase of the outer mitochondrial membrane six (TOM6) which is a
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mitochondrial import receptor (161). TOM6 is part of the TOM complex and important for its
stabilization (161). SLC4A11 is expressed in the inner mitochondrial membrane and regulates
oxidative stress (79). However, SLC4A11 does not have the mitochondrial targeting signal
sequence which means it is suggested that it is targeted through a chaperone attachment pathway
(162). This supports the idea that OCIADI1/SLC4A11 interaction is involved in targeting
SLC4A11 expression in mitochondria. However, Neurospora crassa strain lacking TOM6 has a
clear defect in mitochondrial import of preproteins (161). Could be that the interaction of TOM6
and SLC4A11 be involved in the targeting of SLC4A11 into mitochondrial sub compartments.
Further investigations are required to understand the nature of this interaction.

Altogether, while the MYTH screen has clear advantages and disadvantages regarding
identification of protein-protein interactions, the results identified in this study provide insight on
the potential interactions between SLC4A11 and other proteins. However, further work is required
to better characterize these findings and what exactly the interaction between these proteins
represents.

In conclusion, six full-length protein interactors with SLC4A11 were identified after
screening and applying exclusion criteria: TMEM254, ORMDL2, OCIAD1, LEPROTL1, CMP-
SAT, and TMEM128. Some of these proteins are currently poorly characterized with no specified
function as TMEM254 and TMEM 128, although research on their homologues or association with
other proteins provide some indication of their functionality. Protein interactors involved in
biosynthetic pathways were a common theme, including ORMDL2, which mediates sphingolipid
synthesis, and CMP-SAT, a protein that regulates protein glycosylation; and previous studies have
identified both of these processes to be involved in CHED and FECD patients (32). OCIAD1 was

also identified by the MY TH screen and recent work has illustrated its involvement in cell adhesion
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and the mitochondrial electron transport chain (79). Due to these functions (particularly cell

adhesion), Chapter 4 aims to further characterize the interaction between SLC4A11 and OCIADI.
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Chapter 4: SLC4A11/OCIAD1 Interaction

All experiments were performed by Dr. Bernardo Alvarez (Figures 4.1-4.11). Cloning of bovine

(pPNDAS) Ociadl and Slc4all (pNDA35) was done by Nada Alshumaimeri.
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4.1 Introduction

The innermost region of the cornea is the DM, a highly structured extracellular matrix composed
of COL8A1 and COL8A2, fibronectin and laminins to which CEC adhere (114). Recently,
SLC4A11 was identified as a cell adhesion molecule (CAM) that contributes to CEC adhesion
(62). The MYTH screen in Chapter 3 described our identification of a novel protein interactor with
SLC4A11, OCIADI1, which may function as a cell adhesion molecular (CAM) and may contribute
to cell adhesion of the CECs (160). A homology model of SLC4A11 displays EL3 at the dimeric
interface, where each monomer of the EL3 will dimerize (Figure 1.6) (63, 114). Moreover, a recent
study revealed that some mutations of the SLC4A11 gene may result in CHED or FECD due to
perturbations in cell adhesion function (63). Specifically, the study demonstrated that SLC4A11
promotes adhesion to the DM via the EL3 region. Interestingly, when HEK293 cells was incubated
with an antibody against the SLC4A11-EL3 region, the cells showed dramatically reduced
adhesion (114). Overall, these studies highlight the reasoning behind why CECs may be lost in
some ECD patients: certain mutations result in diminished CAM-like properties of SLC4A11,
reducing cell adhesion and, ultimately, binding of the EL3 region to the DM. Thus, for the MYTH
screen we hypothesized that proteins interacting with SLC4A11 may be involved in cell adhesion,
which led us to further investigate and characterize its relationship with OCIADI.

Previous research on OCIADI has focused solely on its role in ovarian cancer, which is
where the protein was originally found. The protein was found to be highly expressed in metastatic
ovarian cancers and this over-expression induced cell adhesion, representing a possible mechanism
involved in tumor metastasis (88). This adhesion function of OCIADI is significant considering
our current understanding of SLC4A11 mutations and how they reduce cell adhesion, resulting in

CEC loss and/or eventually endothelial corneal dystrophies.
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OCIADI at the plasma membrane has a role in cell adhesion. In addition, genome wide
CRISPRI evidence also suggests that OCIADI is expressed in the inner mitochondrial membrane
and is necessary for the assembly of Complex III of the mammalian ETC (157). Specifically,
OCIADI1 depletion in the mitochondria disrupted the ETC (157). Interestingly, OCIAD]1’s
mitochondrial role further highlights the potential importance of its interaction with SLC4A11.
Recent work suggested that SLC4A11 regulates glutamine catabolism in mammalian CECs to
prevent oxidative stress, and loss of this regulatory ability potentiates oxidative stress and CEC
death, resulting in ECD, corneal edema, and vision loss (79). These data suggest that SLC4A11’s
regulatory function on glutamine metabolism is highly important for corneal endothelial
pathologies. Additional studies have shown that glutamine specifically effects Complex 1 and III
of the ETC to cause mitochondrial dysregulation (115). Considering the functional similarities
(both mitochondrial and their involvement in cell adhesion) between OCIAD1 and SLC4A11, we
hypothesized that their interaction was particularly significant in corneal endothelial dystrophy,
and that loss of this interaction results in dysregulation of typical cell adhesion. Thus, Chapter 4
investigates this hypothesis and the interaction between OCIAD1 with SLC4A11 using a variety

of in vitro techniques and bovine cornea tissues.

4.2 Results

4.2.1 Bioinformatic analysis of OCIADI

We first performed bioinformatic analysis of OCIAD1. We compared the amino acid sequence
from human and bovine (Figure 4.1), revealing high identity between human and bovine SLC4A11
(92% amino acid sequence identity). This sequence conservation strongly suggests that human and

bovine SLC4A11 will function interchangably and thus SLC4A11/ OCIADI interaction can be
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tested with human or bovine proteins. Moreover, these data led us to test the interaction between
human SLC4A11 and human OCIADI1 in the next step. Since OCIAD1 has been subject to little
previous study and no structural characterization, we analyzed the predicted secondary structure
of human OCIADI1 using the online tool for the prediction of transmembrane helices based on a
hidden Markov model (TMHMM) (http://www.cbs.dtu.dk/servicessTMHMMY/). The prediction
displays two transmembrane segments with N- and C-terminal cytoplasmic ends (Figure 4.2). We
further predicted the three-dimensional structure of human OCIADI, using the online Phyre2
software (Figure 4.3). The amino acid sequence for human OCIAD1 was from NCBI website
((NP_001073308.1). The model suggests that OCIADI contains two hydrophobic helices, which
could act as transmembrane segments, and a cytoplasmic N-terminal end. Finally, this analysis
confirms OCIADI could activate the selective genes in the MYTH screen, which requires N and

C-terminal cytoplasmic locations.

4.2.2 Interaction of SLC4A11 and OCIADI

4.2.2.1 Heterologous expression system

Next, we assessed the possible interaction between human or bovine SLC4A11 and bovine Ociadl,
expressed in transfected HEK293 cells. HEK293 cells were co-transfected with Myc-tagged
bovine Ociadl (Ociadl-Myc) cDNA (pNDAS) and human SLC4A11 cDNA (pAMCI) or bovine
Slc4all cDNA (pNDA35). Bovine Ociadl was immunoprecipitated from the transfected HEK293
cells with the anti-Myc antibody. Immunoprecipitation of SLC4A11 and Ociad] indicates that they

physically associate
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Figure. 4.1: Alignment of Human and Bovine OCIAD1 proteins

Human (NP_001073308.1) and bovine OCIAD1 (OC) (AAI03461.1) amino acid sequences were
obtained from the NCBI database and aligned using Clustal Omega Multiple Sequence Alignment
tool (CLUSTALW) https://www.ebi.ac.uk/Tools/msa/clustalo/. Amino acids were colored using
the tool https://embnet.vital-it.ch/software/BOX form.html. Black shaded amino acids represent
conserved residues, whereas unshaded amino acids represent divergent amino acids. The overall

sequence identity is 92%.
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Figure 4.2: Prediction of transmembrane helices in OCIAD1

Prediction of transmembrane helices in the human OCIAD1 (NP_001073308.1) from NCBI was
analysed using the graphical output predicted by the TMHMM  software
http://www.cbs.dtu.dk/servicess TMHMM/. Probabilities for transmembrane (red), inside (i.e.,
cytoplasmic, blue), and outside (i.e., luminal, or extracellular; purple) regions are displayed. Two

transmembrane regions are predicted for the OCIADI protein.

109



Figure 4.3: Predicted structure of OCIAD1

Cartoon diagram illustrating the 3D structure of human OCIAD1 (NP _001073308.1) was
predicted with the online protein homology/analogy recognition engine v2 (Phyre2) server
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index, with amino-(N) and carboxyl-
terminal (C) ends of OCIAD1 marked. The predicted structure displays OCIADI1 contains two

helical transmembrane segments and one N-terminal cytoplasmic loop.
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(Figure 4.4), which is consistent with the MY TH results. The association of the Myc-tagged bovine
Ociadl is consistent when co- immunoprecipitated with human SLC4A11 and bovine Slc4all,
respectively. Expression of human SLC4A11 and bovine Slc4all protein is also detected in the
lysates of total protein as expected. Moreover, expression of the Myc-tagged bovine Ociadl
protein was detected in the lysates of total protein. Specificity of the interaction was indicated by
the absence of signal for the pcDNA empty vector transfected cells, indicating no co-

immunoprecipitation of ociadl with the negative control.

4.2.2.2 Interaction in Human Ovarian Cancer Cells
We next tested the protein expression and interaction in human ovarian cancer cell line, SKOV3.
SKOV3 cells are a metastatic cancer cell line expressing high levels of OCIAD1 protein (160), a
marker of metastatic cancer, which promotes cell migration and invasion (poor prognosis and
advanced ovarian cancer) (88). OCIADI1 promotes adhesion to collagen I, fibronectin, laminin,
and other extracellular matrix components (88). Moreover, OCIADI1 associates with B-actin and
alpha-actinin 4 and links cytoskeletal proteins to integrins in metastatic cancer cell lines (88). Here,
SKOV3 cells were transfected with human SLC4A11-HA ¢cDNA (pAMC1) or an empty vector
(pCDNA). Transfected and untransfected cells were immunoprecipitated with an anti-HA
antibody, resolved by SDS-PAGE, and then probed with an anti-OCIAD1 antibody. The results
demonstrated that OCIAD1 binds human HA-SLC4A11 and do not immunoprecipitate with
pCDNA and non-transfected cells (Figure 4.5A).

SKOV3 cells were transfected with human HA-SLC4A11 cDNA (pAMCI), and cell

lysates were immunoprecipitated with an anti-OCIAD1 antibody, resolved by SDS-PAGE and
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Figure 4.4: SLC4A11/Ociadl Interaction in transfected HEK293 cells
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Co-immunoprecipitation of SLC4A11 and bovine Ociadl. A. Lysates of HEK293 cells were
transiently transfected with empty vector (pcDNA), Myc-tagged bovine Ociadl (Ociadl-myc)
cDNA (pNDAS), were transiently co-transfected with Ociad1-Myc and a HA tag bovine Slc4all
(bSlc4al1-HA), the plasmid (pNDA35), or co-transfected with Ociad1-Myc and a HA tag human
SLC4A11 (hSLC4A11-HA). Lysates were immunoprecipitated (IP) with a rabbit anti-Myc
antibody, resolved by SDS-PAGE, blotted, and probed with a mouse anti-HA antibody. Lysate
samples were probed to indicate the total amount of bSlc4all-HA/hSLC4A11-HA. B. The
samples were not IP, resolved by SDS-PAGE and probed with a mouse anti-HA antibody. C. The
samples were not IP, resolved by SDS-PAGE and probed with a mouse anti-Myc antibody. Black
arrows indicate protein the detected bands at the expected molecular weights. Migration position

and molecular weight of sizing standards are indicated on the left.
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probed with an anti-SLC4A11 antibody (Figure 4.5B). SLC4A11 migrates as two separate bands
when resolved by SDS-PAGE. The upper band (mature form) of SLC4A11 is at the plasma
membrane and is characterized by complex glycosylation, while the lower (immature) band is
intracellularly retained at the endoplasmic reticulum and is partially glycosylated (118). The
detected bands from (Figure 4.5 B) show a higher intensity for the immature form of SLC4ATl1.
These data indicate the association of OCIAD1 with SLC4A11 is higher with the immature form
of SLC4A11 in SKOV3 cells.

Next, we examined specificity of the interactions in SKOV3 cells. SKOV3 cells were
transfected with human HA-SLC4A11 cDNA (pAMC1) or pcDNA (empty vector). Transfected
and untransfected cells were immunoprecipitated with an anti-OCIADI antibody, resolved by
SDS-PAGE, and probed with an anti-Na"/K™ ATPase antibody. The Na'/K™ ATPase is
endogenously expressed and was used as a negative control. Transfected and untransfected cells
showed no background interaction of Na'/K™ ATPase with SLC4A11, pCDNA, and OCIADI
(Figure 4.5C). Samples of the lysate were probed to indicate the total amount and expression of

SLC4A11 in the sample.

4.2.2.3 SLC4A11/OCIADI Interaction in bovine cornea

The interaction of SLC4A11 and OCIADI was detected in HEK293 and SKOV3 cells,
which led us next to test their interaction in bovine corneas. As a negative control, lysates of bovine
corneas were immunoprecipitated with an anti-Na'/K™ ATPase antibody, resolved using SDS-
PAGE, and blotted with an anti-bovine Slc4all antibody (Figure 4.6A left blot). Bovine cornea
lysates showed no association of endogenous bovine Slc4all with the Na/K* ATPase. Lysates of

bovine cornea were immunoprecipitated with anti-human OCIADI, resolved using SDS-PAGE,
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Figure 4.5: SLC4A11 and OCIAD]1 Interaction in Human Ovarian Cancer Cells

A. Co-immunoprecipitation of SLC4A11 and human OCIADI. Lysates of untransfected SKOV3
ovarian cancer cells, SKOV3 cells transiently transfected with pcDNA (empty vector) cDNA or
transfected with SLC4A11-HA c¢cDNA (pAMCI1), were prepared. Lysates were
immunoprecipitated (IP) with a rabbit anti-HA antibody, resolved by SDS-PAGE, blotted, and

probed with a mouse anti-OCIADI1 antibody. Lysate samples were probed to indicate the total
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amount of OCIADI1 in each sample. B. Reciprocal co-immunoprecipitation of SLC4A11 and
OCIAD1 was conducted in SKOV3 cells transfected with SLC4A11-HA cDNA. Cell lysates were
IP with a mouse anti-OCIAD1 antibody, resolved by SDS-PAGE, blotted, and probed with a rabbit
anti-HA antibody to detect SLC4A11. Lysate samples were probed to indicate the total amount of
SLC4A11 in the sample. C. Lysates of untransfected SKOV3 cells, SKOV3 cells transiently
transfected with pcDNA (empty vector) cDNA, or SKOV3 cells transiently transfected with
SLC4A11-HA cDNA, were IP with a mouse anti-OCIADI antibody, resolved by SDS-PAGE,
blotted, and probed with a rabbit anti-Na'/K"™ ATPase antibody. Lysate samples were probed to
indicate the total amount of Na'/K* ATPase in each sample. Black arrows indicate the detected
bands at the expected molecular weights of the proteins. Migration position and molecular weight

of sizing standards are indicated on the left.
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and blotted with anti-bovine Slc4all (Figure 4.6A right blot,). The antibody used against human
OCIADI can detect OCIADI1 expression from both human and bovine evidence as detected in
Figures 5.5 and 4.6A. Lysates of bovine corneas showed an association of Slc4all with Ociadl
(Figure 4.6A right blot).

Using bovine corneas to detect the interaction between SLC4A11 and OCIADI1, we
compared the expression of Ociadl in SKOV3 cells and bovine cornea. Bovine cornea and SKOV3
cells were lysed, resolved using SDS- PAGE, and blotted with an anti-OCIAD1 antibody.
OCIADI is highly expressed in SKOV3 cells compared to its expression in bovine corneas. This
approach confirmed that OCIADI is expressed in bovine cornea (Figure 4.6B). Lysate samples

were probed to indicate the total amount and expression of SLC4A11 in the sample.

4.2.3 Localization of SLC4A11 and OCIADI

4.2.3.1 localization in heterologous expression system

Since the interaction between SLC4A11 and OCIAD1 was confirmed by immunoprecipitation in
HEK293 cells, SKOV3 cells, and bovine corneas, we next investigated the colocalization of
SLC4A11 and OCIADI1 by confocal immunofluorescence. SKOV3 cells transiently transfected
with SLC4A11-HA c¢cDNA and untransfected cells were plated on poly-L-lysine coated glass
coverslips. Cells were stained with an anti-SLC4A11 or anti-HA antibody, followed by Alexa
Fluor 488-conjugated chicken anti-rabbit IgG secondary antibody. We also ran further analysis on
cells stained with an anti-OCIAD]1 antibody, followed by Alexa Fluor 594-conjugated chicken
anti-goat IgG. Then, nuclei were stained with DAPI. Immunocytochemical analysis showed that
SLC4A11 is expressed endogenously in SKOV3 cells (Figure 4.7). In addition, results revealed

that transiently transfected SLC4A11-HA and endogenous SLC4A11 colocalizes with OCIAD] at
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Figure 4.6: Interaction of Slc4all and Ociad1 proteins in the bovine cornea

A. Cornea lysates was prepared and 220 pg of total protein was immunoprecipitated with 2 pg of
IgG mouse polyclonal anti-OCIAD1 antibody, or immunoprecipitated with 2 pg of 1gG mouse
monoclonal anti-Na'/K" ATPase antibody. Lysates were resolved on 7.5% acrylamide SDS-
PAGE, blotted, and probed with a rabbit anti-SLC4A11 antibody. Samples of the lysate were
probed to indicate the total amount of bovine Slc4all. B. Samples of the cornea lysate were also
resolved on 10% acrylamide SDS-PAGE, blotted, and probed to indicate the total amount of
OCIADI in the sample. Lysates of SKOV3 cells which endogenously expressed OCIAD1 were
used as expression control for the Ociadl protein. Black arrows indicate position of the proteins.

Migration position and molecular weight of sizing standards are indicated on the left.
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the same compartments of SKOV3 cells because there is pericellular staining consistent with PM

and also intracellular staining, which would be consistent with ER and possibly mitochondria.

4.2.3.2 localization in bovine cornea

To identify the colocalization of SLC4A11 and OCIADI, first we examined the histology of
bovine corneas. Cross sections of bovine corneas were stained via Hematoxylin and Eosin staining
(Figure 4.8A). The stained cross sections showed the multiple layers of the cornea with the
epithelium at the top, Bowman’s membrane, stroma, Descemet’s membrane, and the endothelium
at the bottom.

We assessed the colocalization of SLC4Al1l1 and OCIAD1 by confocal
immunofluorescence in bovine corneas. Cross sections of the bovine corneas were fixed and
labeled with rabbit anti-SLC4all and anti-OCIAD]1 primary antibodies. Immunofluorescence
signals were visualized by Alexa fluor 488-conjugated antibody (green) for SLC4A11 and Alexa
fluor 594-conjugated anti-mouse IgG antibody (red) for OCIAD]1. Sections were mounted in a
DAPI media, and images were collected. Images of bovine cross sections revealed the position of
nuclei in nucleated cells of the cornea (endothelium, keratocytes in the stroma and endothelial
cells). The staining pattern indicates that SLC4A11 and OCIADI colocalize in endothelial cells at

the bottom most cell layer, below the stroma (Figure 4.8B).

4.2.4 Role of OCAIDI in the abundance of SLC4A11 at the cell surface
We next assessed whether OIAD1 affects SLC4A11 cell surface trafficking. HEK293 cells were

transiently transfected with SLC4A11 cDNA and co-transfected with or without OCIADI cDNA.
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Figure 4.7: Localization of SLC4A11 and OCIAD1 Proteins in SKOV3 Cells

a-SLC4A11/a-OCIAD1

a-HA/a-OCIAD1

a-d. Immunocytochemical analysis of SKOV3 cells expressing endogenous SLC4A1l1 and
endogenous OCIADI1 proteins. e-h. SKOV3 cells transiently transfected with SLC4A11-HA
cDNA (pAMCI) and expressing endogenous OCIADI. Transfected and untransfected cells were
plated on poly-L-lysine coated glass coverslips. Cells were stained as indicated on the left side,
with rabbit anti-SLC4A11 antibody or rabbit anti-HA antibody, followed by Alexa Fluor 488-
conjugated chicken anti-rabbit IgG secondary antibody (c, g; green) or with mouse anti-OCIAD1
antibody, followed by Alexa Fluor 594-conjugated chicken anti-goat IgG (b, f; red). a, e; (blue)
Nuclei were stained with DAPI. d, h; (yellow). Merged images display SLC4A11 and OCIAD1

labeling overlapped. Scale bar = 20 pm.
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Figure 4.8: Localization of Slc4all and Ociad1 Proteins in Bovine Cornea
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A. Bovine cornea stained with Hematoxylin and Eosin. B. (a-f) Confocal images of bovine cornea
cross sections. Whole corneas were fixed and stained with rabbit anti-SLC4A11 antibody (a, ¢, d,
f; green) and mouse anti-OCIADI1 antibody (b, ¢, e, f; red). Corneas were labeled with rabbit anti-
SLC4all (1:100 dilution) and mouse anti-OCIADI (1:250 dilution) antibodies.
Immunofluorescence signals were visualized by Alexa fluor 488-conjugated antibody (green,
1:100 dilution; a, ¢, d, f), and Alexa fluor 594-conjugated anti-mouse IgG antibody (red, 1:100
dilution; b, ¢, e, ). Sections were mounted in a DAPI media to identify nuclei, and images collected
with a Zeiss LSM 510 laser-scanning confocal microscope with a x20 oil immersion objective (a-
¢) or visualized with a x40 oil immersion objective (d-f). Merged images (c, f; yellow) display

SLC4A11 and OCIADI labeling overlapping. Scale bar=20 um.
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Transfected cells were labeled with membrane-impermeant Sulpho-NHS-SS-biotin (SNSB) that
binds cell surface proteins. Samples were lysed and half of the lysate was incubated with
streptavidin-agarose resin to remove biotinylated proteins. Equal volumes of total lysate (T) and
unbound supernatant fraction (U) were processed for immunoblotting. Membranes were probed
with anti-SLC4A11 or an anti-OCIADI1 antibody. When SLC4A11 was co-expressed with
OCIADI1, SLC4A11 displayed no significant alteration in the fraction of protein present at the cell
surface (Figure 4.9A, C). Interestingly, OCIADI1 cell surface localization increased when co-
expressed with SLC4A11 (Figure 4.9B, D). This reveals that the expression of OCIAD]1 did not
change the trafficking of SLC4A11 to the surface of the cells. Conversely, SLC4A11 increased

the amount of OCIAD1 present at the cell surface.

4.2.5 Role of OCIADI in cell adhesion

4.2.5.1 Cell adhesion in heterologous expression system

OCIADI is over-expressed in metastatic ovarian cancer tissues, and the effect of OCIADI on cell
adhesion may give rise to its adaptive function in ovarian cancer (88). We examined the role of
OCIADI in cell adhesion and the effect of SLC4A11 expression on OCIADI cell adhesion, using
a previously established assay (62). In these experiments, we tested the ability of HEK293 cells
co-transfected with enhanced green fluorescent protein (eGFP) and SLC4Al11, OCIADI,
SLC4A11/0OCIADI, or pcDNA3.1 (empty vector), to bind to DM extracts coated on 96-well
dishes. Cells were quantified by measuring GFP fluorescence before and after removal of loosely
adhered cells by inverted centrifugation. Fractional cell adhesion was quantified by measuring the

ratio of cell associated GFP fluorescence before and after centrifugation. Cells expressing
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Figure 4.9: Cell surface Abundance of SLC4A11 and OCIAD1 in HEK293 cells

HEK?293 cells were transfected with cDNAs coding for SLC4A11 (pAMC1), or transfected with
OCIADI1 cDNA(pNDA35), or co-transfected with SLC4A11 and OCIAD1 cDNAs. A. Forty-hour
post-transfection cells were labeled with membrane-impermeant Sulpho-NHS-SS-biotin (SNSB).
Samples were lysed and half of the lysate was incubated with streptavidin-agarose resin to remove
biotinylated proteins. Equal volumes of total lysate (T) and unbound supernatant fraction (U) were
processed for immunoblotting. Membranes were probed with anti-SLC4A11. Migration position
and molecular weight of sizing standards are indicated on the left. B. The same samples were
processed similarly and probed with anti-OCIAD1 antibodies. Black arrow indicates position of
the proteins. C. The fraction of SLC4A11 present at the cell surface was calculated relative to the
level found for SLC4A11 protein, by normalizing the expression levels of protein to their cell
surface processing efficiency. D. Same analysis was performed to measure fraction of OCIADI at

the cell surface. Error bars represent standard error. Number of experiments is displayed inside

bars. *Standard error (P<0.05).
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Figure 4.10: Role of SLC4A11 and OCIADL1 in Cell Adhesion to Cornea Descemet’s
Membrane

HEK293 cells, co-transfected with ¢cDNA encoding eGFP and SLC4Al11 or OCIADI, or
SLC4A11/0OCIADI, or empty vector, were grown on DM-coated. Cell adhesion was determined
from the number of cells remaining on the dish after washing off and centrifugation of loosely
adhered cells. Fractional cell adhesion was calculated as: (eGFP fluorescence post-disruption/
eGFP fluorescence pre-disruption) x 100%. Cell adhesion assays were performed, and fractional
cell adhesion was plotted relative to SLC4A11-transfected cells on DM-coated dish. (n=10-12
from three independent replicates). *P<0.05 relative to SLC4A11, and *P<0.05 relative to

OCIADI (two-way ANOVA).
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SLC4A11 have higher adherence to DM-coated wells compared to cells transfected with empty
vector (Figure 4.10). Interestingly, OCIADI, which firmly adheres to Collagen I and other
extracellular matrix components (88), also adhered strongly to the DM-coated dishes. In addition,
we compared the degree of cell adhesion in cells expressing OCIAD1 or SLC4All1, or co-
expressing SLC4A11 and OCIADI. The results show that co-expression of SLC4A11/OCIADI
promoted cell adhesion to DM-coated dishes that was significantly different from SLC4A11 and
OCIADI. The increase of cell adhesion of cells co-expressing SLC4A11 and OCIADI have an

additive effect of the adhesions from cells expressing SLC4A11 and OCIADI alone.

4.2.5.2 Cell adhesion in SKOV3 cells

OCIADI1/SLC4A11 expression has a role in increasing cellular adhesion. Therefore, we
investigated the effect of OCIAD] inhibition on cell adhesion SKOV3 ovarian cancer cells were
transiently transfected with scrambled (SC-RNAi) and OCIADI specific siRNA (OCIADI-
RNAI), or co-transfected with OCIAD1-RNAi and SLC4al1l cDNA. Transfected or untransfected
cells were probed with anti-OCIADI and anti-GAPDH antibodies. Cell adhesion assays on
SKOV3 cells were conducted on collagen I-coated dishes. Cells were quantified by fluorescence
measurements before and after loosely/non-adhering cells were removed by several wash steps.
Overall, these tests revealed that transfection of an OCIAD1-specific siRNA, but not the scrambled
siRNA, down-regulated endogenous OCIAD1 expression in SKOV3 cells. Reduced expression of
OCIADI1 in SKOV3 cells decreased cell adhesion on Collagen I matrices. Interestingly, expression
of SLC4A11 rescued the adhesion of SKOV3 cells expressing low levels of OCIADI protein when

compared to control cells (Figure 4.11).
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Figure 4.11: Role of SLC4A11 and OCIADL1 in Ovarian Cancer Cell Adhesion

SKOV3 ovarian cancer cells were transfected with scrambled (SC-RNAi1) and OCIAD1 specific

siRNA (OCIADI-RNAI), using Lipofectamine 3000 reagent, or co-transfected with OCIADI1-
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RNA1 and SLC4A11 cDNA. A. Immunoblots of whole cell lysates in SKOV3 control cells, or
cells transfected with SC-RNA, or cells transfected with OCIAD1-RNAi were probed with mouse
anti-OCIAD1 and mouse anti-GAPDH antibodies. Black arrows indicate position of the proteins.
Migration position and molecular weight of sizing standards are indicated on the left. B. Cell
adhesion assays of SKOV3 cells were done on Collagen I matrix, and adhesion of cells normalized
to BSA adhesion. Data are presented as mean £ SD for four independent replicates. *Standard

Error (P<0.05).
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4.3 Discussion

The MYTH screen identified an interaction between SLC4A11 and OCIADI1, which was further
supported by coimmunoprecipitation of the two proteins two cell lines and in bovine corneas. This
interaction was further established via immunofluorescence, which revealed a clear colocalization
of SLC4A11 with OCIADI in SKOV3 cells and in bovine corneas. We also found that expression
of SLC4A11 protein significantly increased OCIAD1 abundance at the cell surface. Concerning
cell adhesion, we also found that suppression of OCIAD1 via RNAI significantly reduced SKOV3
cell adhesion to DM. Further, co-transfection of SLC4A11/OCIADI increased cell adhesion in
SKOV3 and HEK?293 cells. Together, these results elucidate a key interaction between SLC4A11
and OCIADI that mediates cell adhesion.

OCIADI is involved in cellular adhesion. Previous work on tumors demonstrated that
OCIADI enhances cellular adhesion to extracellular matrix proteins, specifically collagen I and
laminin 10/11 (88). OCIAD1’s involvement in these processes may be due to its regulation of the
JAK/STAT signaling pathway, as additional studies found that OCIAD1 induces STAT3, a protein
highly involved in intercellular adhesion and cytoskeletal modulation through phosphorylation of
focal-adhesion kinase (93, 94). Cell adhesion assays using HEK293 cells transfected with
SLC4A11 found that SLC4A1l increases adhesion to Descemet’s membrane (DM) (114).
Interestingly, when these cells were treated with an antibody against the extracellular loop 3 of
SLC4AT11, the cells displayed significantly less adhesion, indicating this loop is the DM-binding
site (114). Taken together, these results indicate that SLC4A11 regulates cell adhesion and loss of
this regulation is associated with FECD. Likewise, our confirmation of the interaction between
SLC4A11 with OCIADI indicates that OCIADI and SLC4A11 may work together to regulate

CEC adhesion, which is critical in ECDs.
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OCIADI1 and SLC4A11 interaction may have significance beyond cell adhesion. Recently
a role of OCIADI in the mitochondrial electron transport chain (ETC) was revealed. A genome
wide CRISPRi study discovered that OCIADI is an inner mitochondrial membrane protein
involved in the assembly of Complex III of the ETC in mammals (157). The study also found
OCIAD1 was required for maintenance of Complex III, and that when mitochondria were depleted
of OCIAD1, unprocessed cytochrome c; were incorporated into Complex III, resulting dysfunction
of the ETC which may potentiate reducing reactive oxygen species (ROS) production (157).

This mitochondrial role of OCIADI is significant as SLC4A11 is an NH3 sensitive
membrane transporter with H™ channel-like properties that facilitates glutamine catabolism in both
the human and mouse corneal endothelium, resulting in the prevention of oxidative stress (79).
Specifically, this work suggested that SLC4A11 localizes to the inner mitochondrial membrane of
the corneal endothelium and acts as a H" gradient uncoupler to enhance glutamine-dependent
oxygen consumption, electron transport chain activity, and ATP levels by reducing ROS
production. The Slc4all”~ mouse model demonstrated that loss of SLC4A11 causes ECD,
characterized by a significant increase in oxidative stress and cell death as well as corneal edema
and vision loss (79). This oxidative stress appears to be glutamine-related, as results from oxygen
consumption measurement experiments demonstrate SLC4A11 knockout cells exposed to
glutamine have significantly greater oxygen consumption and oxidative stress compared to wild-
type cells exposed to the same treatment (79). Clearly, glutamine induces free radical production
in corneal endothelial cells, and previous research indicates this effect arises from glutamine-
induced respiratory oxidation, resulting in a leakage of electrons and mitochondrial dysregulation

(87).
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Considering the function of OCIADI, the association between glutamine and
mitochondrial Complex III suggests that OCIAD1 may be involved in the regulation of oxidative
stress in corneal endothelial cells. SLC4A11 may bind OCIADI, targeting OCIADI to the plasma
membrane, thus reducing its abundance in mitochondria. In the absence of SLC4All,
mitochondrial OCIAD1 can form a complex with supramolecular prohibitin to stabilize
cytochrome c;, a pivotal component of the ETC (157). Alternatively, SLC4A11 may interact with
OCIADI during protein biosynthesis in the ER, pulling it to the plasma membrane, whereas in the
absence of SLC4Al1l, OCIADI1 is localized elsewhere to impact mitochondrial processes.
However, this is merely a postulated function of OCIAD1, and further research specifically on the
role of OCIAD1 in ECD or other diseases related to corneal endothelial cells is required to better
understand its role. In the context of corneal endothelial cells, SLC4A11 may function by pulling
OCIADI to the plasma membrane to enable its effects on cell adhesion as well (Figures 4.9, 4.10,
4.11).

OCIADI1 was initially discovered due to its role in cell adhesion as part of tumor formation,
particularly in ovarian cancer. Interestingly, several studies have linked SLC4A11 to various
cancer pathways, and recently in silico analyses have indicated induction of SLC4411 gene may
be a biomarker for ovarian cancer (84). Further investigations revealed that elevated SLC4A11 is
associated with both high and low-grade serous carcinomas, mucinous adenocarcinoma, and
metastatic serous carcinoma, and that high expression of SLC4A11 is an independent predictor of
poor overall survival of these cancer patients as well (85, 86). Clearly, both OCIAD1 and
SLC4A11 are implicated in ovarian cancer (85, 88), but the relationship between the two is not
well understood. In addition, localization of SLC4A11 in the mitochondria, as detected in human

and mouse corneal endothelial cells, has been proposed to be required for the formation of free
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radicals and ROS (162). Interestingly, enhanced ROS formation is a property typical of almost all
cancer cell lines which can initiate cancer angiogenesis, metastasis, and survival (163). Moreover,
OCIADI is a regulator of ROS production (157). This function indicates SLC4A11 and OCIADI1
may cooperate to regulate ROS production in the mitochondria, and this process may be
potentiated in various cancer. Overall, the association of SLC4A11 and OCIADI1 might indicate
their role in cell adhesion and localization at the plasma membrane in the eye. However, in cancer
cells their association suggests their involvement in the regulation of ROS production. This role in
ROS may also prove to be important in CEC physiology. Finally, the association detected for co-
immunoprecipitation in Chapter 4, of OCIAD1 with core glycosylated SLC4A11 might suggest a
significant role in the cell intracellularly. Further studies are required to investigate the significance

of the interaction of core glycosylated SLC4A11 with OCIADI.
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Chapter 5: Summary and Future Directions
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5.1 Summary

The overall objectives of this thesis were to 1) identify any significant SLC4A11 protein
interactions using the MY TH screening method, and 2) to further test and characterize SLC4A11’s
interaction with OCIADI, a protein previously identified in ovarian cancer that may play a major
role in ECDs as well. In summary, the data presented in this thesis identifies novel SLC4A11
protein interactors and describes one significant protein interactor to be OCIAD1, a protein highly
involved in the regulation of cell adhesion that, when not interacting with SLC4A11, results in
diminished cell adhesion to the DM. These data provide novel insight into the function of
SLC4A11 and OCIADI and, although further investigations are needed regarding their role in

ECD, their interaction represent one potential mechanism/strategy to treat ECDs.

5.1.1 Identification of SLC4A11-protein interactors

Despite being a member of the bicarbonate transporter family, SLC4A11 does not display any
bicarbonate transporter capabilities (36). Instead, research over the last two decades has revealed
that the protein is primarily involved in the regulation of water movement, direct NH3 transport,
or indirect NH3 transport when coupled with H" (36, 117). As discussed in Section 3.1, both the
MD and CD are highly important for the normal function of SLC4A11, and disruption of these
regions results in protein misfolding that eventually leads to degradation of the protein in the ER.
The MD of SLC4A11 regulates water transport, and defects in the MD (possibly due to SLC4A11
mutations) provide a connection between SLC4A11 and ECD-related corneal edema. Furthermore,
the whole SLC4A11 protein must be expressed in experiments as neither the CD nor the MD
expressed alone (67). Thus, the MYTH screening method was utilized to identify SLC4Al11

protein interactors and better understand the regulatory pathways it is involved in.
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Once the bait construct was validated as not giving false positives on its own, and the
cDNA library from bovine corneas was synthesized, we were able to successfully conduct the
MYTH screen. The analysis revealed six full-length SLC4A11 protein interactors: TMEM254,
LEPROTLI1, ORMDL2, CMP-SAT, TMEM128, and OCIADI. Section 3.2.5 of this thesis details
the function of these proteins.

Importantly, while the MYTH screening method is a high-throughput and cost-effective
assay to detect protein-protein interactions, high false-discovery detection rates are somewhat
prominent. This is particularly the case for membrane or membrane-bound signaling proteins due
to non-specific binding of their hydrophobic residues, and their high likelihood of undergoing
structural modifications in the ER that can lead to non-specific interactions (135, 156). Thus, some
of the MYTH screening results should be met with a degree of hesitation until further biochemical
and molecular assays are done to confirm their interaction with SLC4A11. Based on many of the
currently known functions of these proteins (or their homologues in other mammalian species),
though, we believe these six proteins do interact with SLC4A11 and that their association is

significant to the structure, function, or protein stability of SLC4A11 as a whole.

5.1.2 SLC4A11/0CIADI Interaction

OCIADI is involved in the regulation of cell adhesion in ovarian cancer cell lines (88), while
additional studies demonstrated the protein’s expression in the inner mitochondrial membrane is
required for normal assembly and function of the mammalian electron transport chain (ETC) (157).
Interestingly, recent work suggests SLC4A11 has similar functions to OCIADI. Specifically,
studies have shown SLC4A11 acts as a cell adhesion molecular (CAM) to assist in CEC adhesion;

and SLC4A11 prevents mitochondrial over polarization that could lead to free radical induced
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damage by acting as a H" channel in the mitochondrial inner membrane (79, 162, 164). Thus, we
hypothesized the SLC4A11-OCIADI1 interaction was important for cell adhesion specifically in
the context of CECs and ECD.

Since our MYTH screen was performed using a cDNA library from bovine corneas, we
first aligned human and bovine OCIAD1 amino acid sequences and found they shared 92%
sequence identity. After bioinformatic analysis to identify the predicted structure and
transmembrane domains of OCIADI, we began our analysis specifically on the interaction
between SLC4A11 and OCIADI1. Endogenous and heterologous expression systems (transfected
HEK293 and SKOV3 human ovarian cancer cell line) along with bovine cornea tissues and
revealed expression of OCIADI protein and a clear interaction between SLC4A11 and OCIADI,
consistent with the MYTH result. We discovered that both endogenous and transfected SLC4A11
proteins colocalize with OCIAD1 in SKOV3 ovarian cancer cell line, most likely at the plasma
membrane or ER. This colocalization was also observed in bovine cornea tissue, where SLC4A11
and OCIADI associated together in the endothelial layer (Figure 4.8). Moreover, we found the
interaction between SLC4A11 and OCIADI increased localization of OCIADI at the cell surface.
Finally, the SLC4A11-OCIADI interaction appears to play an integral role in cell adhesion to the
DM; specifically, cell adhesion to the DM was significantly improved with co-expression of
SLC4A11 and OCIAD1 when compared to transfection of SLC4A11 or OCIADI alone, or with
empty vector. Altogether, these results not only confirm the validity of the SLC4A11-OCIADI1
interaction identified from the MYTH screen, but also indicate that their interaction is necessary

for full cell adhesion to the DM.

5.2 Future Directions
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Endothelial corneal dystrophies negatively affect vision quality. SLC4A11 is highly expressed in
corneal endothelial cells, and its mutations lead to ECDs. The overall thesis goal was to gain
understanding of SLC4A11’s physiological role in ECDs by studying SLC4Al1-protein
interactions. We identified six unique candidate proteins that interact with SLC4A11 ina MYTH
screen.

In this section I will discuss some ideas to further investigate the interactions of SLC4A11
and the roles of its interactors in corneal endothelial cells. This will focus on investigations of
SLC4A11 interactions with emphasis on OCIAD1 and TMEM 254. Because OCIADI is involved
in cell-extracellular matrix interactions, it may play a major role in cell adhesion of endothelial
cells to Descemet’s membrane and TMEM 254 stand out because it was detected as an interactor

in 18 different colonies in the MYTH screen.

5.2.1 Confirmation of SLC4A11 Interactions with the Detected potential interactors

Preliminary data from MYTH screening in Chapter 3 revealed six potential SLC4A11 interactors,
TMEM 254, LEPROTLI1, ORMDL2, CMP-SAT, TMEM 128 and OCIAD1. TMEM 254 was
identified as a hit from the MYTH screening eighteen times. Despite the unknown function of
TMEM 254, it interacts with the chaperone protein CRYAA (122) which points towards the idea
that TMEM 254 may function as a chaperone for SLC4A11. The second interactor, LEPROTLI
regulates ROS production (165). SLC4A11 is similarly indirectly involved in ROS production
(79). We speculate that LEPROTL1/complex is a regulator of oxidative stress in CEC leading to
ECD when the interaction is disrupted. Moreover, ORMDL2 the negative regulator of sphingolipid
synthesis (136), which may compensate for the increase of sphingomyelin in CHED defected CEC

(138) or could facilitate the biosynthesis of SLC4A11. Furthermore, CMP-SAT the sialic acid
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transporter which regulates post-translational modifications during protein synthesis (148). The
interaction of CMP-SAT may regulate SLC4A11 biosynthesis. TMEM128 is anticipated to be a
false positive interactor due its detection in two different MY TH screens (154, 166) and due to its
unknown function (152). However, TMEM 128 might interact with SLC4A11 and play a major
role in the function of SLC4A11.

Additional studies are needed to confirm the interactions of SLC4A11. Co-IP can be used
as performed in Chapter 4. The interactions can be tested by transiently transfecting HA-tagged
SLC4A11 cDNA in the presence or absence of Myc-tagged protein interactors cDNA.
Immunoprecipitation of the transfected cells can be achieved by incubation with anti-HA and anti-
Myc antibodies. Moreover, Myc-SLC4A11 and HA-SLC4A11 transfected cells can be used as a
positive control as confirmation of interaction for co-IP because SLC4A11 physiologically forms
a dimer (118). Similarly, interactions in bovine corneas can be tested with anti-SLC4A11 and anti-
potential interactors antibodies. Also, appropriate negative controls will be non-immune serum,
non-interacting protein such as Na'/K*-ATPase and/or a negative construct, such as the empty
vector (pcDNA).

Other than co-IP experiments, proximity ligation assay (PLA) can be used to detect protein-
protein interactions. The principle of PLA is detection of two interacting proteins by specific
antibodies conjugated to complementary oligonucleotides. When the two oligonucleotides are in
proximity due to protein interaction, the DNA strands can interact through the addition of other
circle-forming DNA oligonucleotides to form circular DNA. The circular DNA is then ligated,
amplified by circular motion, and detected by additional hybridization with complementary
oligonucleotides that are conjugated to a fluorophore (167). HEK293 cells can be transiently

cotransfected on poly-L-lysine coated glass coverslips with HA-SLC4A11 and its Myc-tagged
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interactors. Transfected cells can be fixed, permeabilized, and incubated with primary antibodies
against the HA tag and Myc tag. Fixed cells could be incubated with the secondary antibodies
conjugated to complementary oligonucleotides to detect the interactions. The confirmation of
SLC4A11 interactions will provide us a better understanding of the nature and significance of

SLC4AT11 role in causing ECD.

5.2.2 Immunofluorescence to Detect the Colocalization of SLC4A11 Interactors
The cDNA library that was used in the MY TH screen was constructed from a bovine cornea. Thus,
the identified protein interactors could be expressed in the different layers of the cornea such as
the epithelial layer or in endothelial cells. One way to investigate the expression of protein
interactors, is to check RNA sequence of CEC. CEC extracted from FECD diseased eyes
undergoing keratoplasty from three tissue samples (168) and primary and immortalized cells
human endothelial corneal cells (169) were subjected to RNA sequence analysis to identify
differentiation in expressed genes, lists of identified genes were generated. From these studies, |
looked for the expression of the six SLC4A11-detected interactors from Chapter 3 in the published
list to determine if they are expressed in CEC (168, 169). Not all SLC4A11-potential interactors
were listed with the genes that had change in expression or maybe they just had not changed in
expression. This indicates that the interactors could be expressed in the corneal epithelium, or these
interactors are not detected due to low expression. This applies to bovine Ociadl where its
expression is detected in CEC (Figure 4.8), but not detected as an expressed gene in the studied
CECs (168, 169). However, could be because of the use of cells from different species.

The colocalization of SLC4Al11 and identified interactors can be detected by

immunofluorescence using bovine corneas. This assay will only indicate the localization of
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proteins, not that whether the interactors directly bind SLC4A11. As discussed, direct interaction
can be assessed using the proximity ligation assay. Flat mounted bovine or human corneas can be
sectioned and fixed to detect the interactors with the custom-designed antibody against the bovine
and human potential interactors in immunofluorescence experiments (170). The nucleus can be
stained with a DAPI fluorescent stain and primary antibodies can be bound to the secondary
antibodies conjugated to Alexa 488 or Alexa 594. Markers for colocalization can be used for each
cell compartment to define the cellular location of interactions. Calnexin a chaperone protein
residing in ER can be used as marker for ER (170). In addition, the markers GM130 a peripheral
cytoplasmic protein attached to cis-Golgi membrane and TGN46 can be used for trans-Golgi
translocation (171). The predicted subcellular interaction of SLC4A11 and TMEM 254 is at the
PM, while the SLC4A11 and CMP-SAT interaction could occur at Golgi apparatus. SLC4A11
possibly interacts with LEPROT1, ORMDL2, and TMEM 128 at the ER.

Moreover, OCIADI is expressed and has an important role in the mitochondria (98). In
chapter 4, our results revealed that OCIADI is expressed at PM and the fraction of OCIADI1
increased at the cell surface when co-expressed with SLC4A11 (Figure 4.9). Also, SLC4A11
increased cell adhesion of SKOV3 cells when co-expressed with OCIAD1. This indicates that
SLC4AT11 influences the localization level and cell adhesion function of OCIADI at the plasma
membrane. The predicted subcellular localization of OCIADI is at the mitochondria and when
SLC4AT11 is highly expressed, OCIADI travels to the PM. To test this hypothesis, we can use the
marker Cytochrome C oxidase subunit 4 (COXIV) for mitochondria (170) and SLC4Al1 as a
marker at the PM where it is expressed at basolateral side or Na'/K" ATPase for PM expression

(36).
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5.2.3 Test Suggested Functions of SLC4A11-Protein Interactors

5.2.3.1 OCIADI and SLC4A11 function in mitochondria

OCIADI1 is expressed in mitochondria and regulates the activity of respiratory complex I which
contributes to the production of ROS (98). Over expression of OCIAD1 reduces the production of
ROS two-fold in human pluripotent stem cells (98). From the data in Chapter 4, co-expression of
SLC4A11 with OCAID1 could displace OCIADI1 from its mitochondrial localization and increase
localization of OCIADI at the plasma membrane. Depending on the result, if OCIAD1 moves
from mitochondria to plasma membrane when expressed with SLC4A11 we would hypothesize
an effect on mitochondrial ROS levels. ROS levels can be measured in transfected cells HEK293.
The proposed controls to test the trafficking of OCIADI is co-transfection of OCIAD1 and WT-
SLC4A11, SLC4A11-R125H, SLC4A11-S213L, SLC4A11-G583D or SLC4A11-T584K
mutants. The mutant SLC4A11-R125H is functionally inactive mutant with similar expression at
the plasma membrane compared to WT (36, 76), while the mutant SLC4A11-S213L is immature
as detected on immunoblots (73). Also, SLC4A11-G583D mutant is not detected on immunoblots
as it is degraded in the ER (73). SLC4A11-T584K mutant is a misfolded protein not recognized in
the ER (73). The predicted result is WT-SLC4A11 and the mutant SLC4A11-R125H should
prevent OCIADI-mediated ROS decrease equally to WT. Because the trafficking of the
SLC4A11-R215H mutant is not affected and therefore this mutant should bring OCIADI to the
plasma membrane, displacing OCIAD]1 from the mitochondria. Co-expression of OCIAD1 with
SLC4A11-S213L, SLC4A11-G583D or SLC4A11-T584K mutants should not affect the OCIAD1-
mediated ROS decrease in HEK293 because these mutants do not process to the plasma membrane

and therefore should not pull OCIADI to the plasma membrane. In addition, a proper control for
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the baseline of ROS production in cells would be measuring the levels of ROS in pCDNA (empty
vector) transfected cells.

ROS can be measured using 5-(and-6) chloromethyl-2',7' dichlorodihydrofluorescein
diacetate acetyl ester (CM-H2DCFDA) fluorescent probe with a microplate reader (172, 173). CM-
H>DCFDA is membrane permeant and passively diffuses into cells. CM-H>DCFDA is retained in
the cell due to its cleavage by esterases and reacts with ROS to produce a highly fluorescent
product. Measurement of ROS-dependent CM-H>DCF oxidation can be conducted with the use of
a monochromator-based microplate reader. Excitation can be performed at 495 nm and
fluorescence emission detection at 530 nm. Untransfected (control) HEK293 cells, or HEK293
cells could be transfected with OCIAD1, SLC4A11, or cotransfected with OCIAD1 and SLC4A11,
or cotransfected with OCIADI1 and SLC4A11 mutants and seeded into 96-well plate after 40 h
after transfection and incubated by further 24 h. After the addition of CM-H2DCFDA to transfected

cells, ROS levels could be determined from an H>O» standard curve.

5.2.3.2 TMEM254 and SLC4A11 function

TMEM 254 is predicted to function as a molecular chaperone in regulating proper folding of
SLC4A11 and trafficking to the plasma membrane, as argued earlier in this thesis. Membrane
protein synthesis involves post-translational modifications in the ER and Golgi apparatus,
including glycosylation. The glycosylation state of SLC4A11 is an indicator of its localization to
the plasma membrane or the ER (48). SLC4A11 migrates on SDS-PAGE as two separate bands,
80 and 120 kDa, representing core glycosylated (immature) and complex glycosylated (mature)
states, respectively (48). The immature band of SLC4A11 represents its ER-retained form, and the

mature band is the fraction that is targeted to the plasma membrane and non-glycosylated proteins
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are targeted for degradation. Most of the SLC4A11 point mutants are recognized as misfolded
proteins and then eliminated by the ER-associated protein degradation (ERAD) pathway (48).
Some of SLC4A11 misfolded mutants can be rescued either by incubation at lower temperature
during expression or by the application of the NSAID drug, Glafenine (78). Interestingly, some of
the rescued mutants were recognized as properly folded proteins and trafficked to the plasma
membrane and can function as wild type SLC4A11 (78). After the confirmation of SLC4A11 and
TMEM 254 interaction, the rescue of SLC4A 11 mutants to the cell surface by TMEM 254 can be
tested in HEK293 cells by quantifying rescued mutants using cell surface biotinylation assay as
used in Chapter 4. Second, the rescued SLC4A11 mutants can be tested for function. The known
functions of SLC4A11 that can be assessed by well-established methods are water flux (36), cell

adhesion (62), transport of NH3 (35) and H" or OH" transport (61).

5.3 Significance of Research:

The significance of this research may be to enable further studies of identified SLC4A11-
interactors and their role in the development of endothelial corneal dystrophies (32, 58). The
proteins that were detected as interactors for SLC4A11 and predicted to be involved in trafficking
of SLC4A11 to the PM are potential target for the rescue of SLC4A11 to the PM. In this work, for
the first time, OCIAD1 was identified as an important interactor, and its presence was detected in
bovine corneas, specifically localized at the plasma membrane (PM). OCIAD1, when co-expressed
with SLC4A11, increases the trafficking of OCIAD1 at PM, improving cell adhesion. However,
this increase of cell adhesion in cells co-expressing SLC4A11 and OCIADI is additive and not
synergetic, suggesting that their functions are not dependent on each other. The increase of cell

adhesion induced by OCIAD1 (88, 160) might compensate for the loss of endothelial cells in ECD.
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However, more evidence has to be found to confirm this theory. On the other hand,
SLC4A11/0OCIADI interaction may have important roles in cancer progression: 1- increased cell
adhesion may promote tumor metastasis (62, 160) or 2- altered ROS homeostasis may be expected

upon movement of OCIADI to the cell surface (79, 98).
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