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Distinct mutations in fibulin-3 (F3), a secreted extracellular matrix glycoprotein, have been
associated with various ocular diseases including Malattia Leventinese (ML) and the most
common macular degenerative disease, age-related macular degeneration (AMD), which
ultimately lead to vision loss. AMD is a late onset disease characterized by the progressive
loss of photoreceptors and retinal pigment epithelial (RPE) cells that result in irreversible
blindness. Although AMD is an etiologically complex disease due to a variety of genetic and
environmental risk factors, insight into its pathogenesis can be gained by studying
phenotypically similar early-onset monogenic macular diseases. One such disease is ML, a
rare macular dystrophy caused by an autosomal dominant Arg345Trp (R345W) mutation in
the F3 protein. Previous research has demonstrated that the R345W mutation leads to protein
misfolding, inefficient secretion, and accumulation at higher intracellular steady state levels
in cultured cells. However, it remained unclear whether other potentially pathogenic or
clinically-identified F3 variants recently reported in the human population also share features

similar to that of R345W. We hypothesized that secretion defects in one or more F3 mutants

X



may be a shared mechanism that ultimately contributes to ocular disease. First, |
characterized 15 clinically-identified F3 mutations, some of which were identified in patients
with AMD, primary open-angle glaucoma (POAG), or had non-discript retinal abnormalities.
| found that of the mutants tested, only a single F3 variant, L451F, presented with a
significant secretion defect as well as similarities in its biochemical and molecular properties
to that of R345W. Subsequently, | generated a retinal disease mouse model of the L451F
mutant utilizing recombinant adeno-associated virus (rAAV) in order to robustly evaluate
disease phenotypes and uncover how L451F and other F3 mutations (i.e. R345W) are

involved in retinal degeneration.
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CHAPTER ONE
INTRODUCTION

1.1 An overview of the human retina

The five senses (sight, hearing, touch, taste and smell) enable us to process our
rapidly changing world and are essential for daily function. Of the five, sight has been
regarded as the most dominant sense that we use to navigate our environment'. Even
Aristotle agreed when he stated, “All men by nature desire to know. An indication of this is
the delight we take in our senses; for even apart from their usefulness they are loved for
themselves; and above all others the sense of sight.”.

The inner workings of how visual information is transmitted from the eye to the brain
remained a mystery for centuries. Today, it is generally understood that light enters the eye
and is captured by photoreceptors in the retina, which initiates a cascade of neuronal signals
that eventually reach the axons of retinal ganglion cells (RGC) that form the optic nerve (Fig.
1.1). The axons in the optic nerve carry neuronal signals to the lateral geniculate nucleus, the
visual part of the thalamus, and the superior colliculus in the midbrain that coordinates rapid
eye movement, and information is further relayed to higher visual processing centers in the
brain that enable us to perceive images of our world.

Ultimately, vision is a result of a complex process whereby vast, intricate networks of
neurons and cell circuitries in the retina collectively work together. Unfortunately, this same

complexity can also render the retina vulnerable to a variety of environmental and genetic

factors, and mutations that can compromise vision with time.



1.1.1 Anatomy of the human eye

Take a quick look around your environment. What do you see? Or think of a loved
one’s face or a fond memory. What comes to mind? The ability to do these tasks are no small
feat and are the result of visual pathways and neural networks in the eye that allow the brain
to process and recall visual information®. To simply say that the human eye is a complex
organ would be an understatement, as it has many tissues, each with unique cellular
environments that contribute to its structural integrity and enables it to function similarly to a
camera.

Anatomically, the eye can be viewed as a series of tissues that overlap and are
classified as either external or internal structures® (Fig. 1.1A). The external structures are
comprised of the conjunctiva, tear film, accessory glands and eyelids, which keep the eye
lubricated by secreting mucus and tears; and protect its surface from pathogenic microbes *°.
The internal structures of the eye are categorized into three layers: outermost, middle and
innermost layers”.

The outermost layer consists of i) the sclera, the white outer shell of the eye® made up
of fibrous collagen that provides stable mechanical support of the eyeball and is connected to
extraocular muscles that allow for eye movement’ and ii) the cornea, a transparent avascular
frontal layer responsible for two-thirds of the refractive properties of the eye* and acts as a
structural barrier that protects against infections®. Both tissues act as an outer covering to
protect the internal structures of the eye®.

The middle layer, also known as the uvea, contains i) the iris which controls the size

of the pupil®, thereby dictating the amount of light that reaches the retina*; and ii) the ciliary
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body which functions to control the focal power of the lens and produces the aqueous
humor™, the fluid that separates the cornea from the lens'! and iii) the choroid, which is the
dense vasculature of the eye that functions as the major nutrient supply for the retina* *2.

The innermost layer is comprised of the lens, vitreous humor and the retina®. The lens
functions by separating the agueous humor from the vitreous humor in the back of the eye as
well as fine-tunes the focus of light onto the retina'®. The vitreous humor is a fragile,
transparent hydrogel made of collagen that separates the retina and the lens'*. The retina is
the nervous tissue of the eye where photons of light are converted into neurochemical energy

via action potentials®, a process that is critical for the visual system of the eye to function

properly.

1.1.2 Peeling back the layers of the retina

The relay of visual information from the eye to the brain would be impossible without
the retina. The human retina is a 0.5 mm thick, light-sensitive tissue that lines the back of the
eye™. When light reflects off an object and enters the eye, it is initially refracted through the
cornea and lens before reaching the retina'®. Subsequently, light focused onto the retina
causes the activation of distinct neurons embedded within its layers that each play a specific
role in vision®’.

The human retina is made up of ten organized cell layers that light passes through to
reach the photoreceptors: the inner limiting membrane (1), the nerve fiber layer (2), the
ganglion cell layer (3), the inner plexiform layer (4), the inner nuclear layer (5), the middle

limiting membrane (6), the outer plexiform layer (7), the outer nuclear layer (8), the external
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limiting membrane (9), and finally the photoreceptors (10)*® (Fig. 1.1B). Other neighboring
tissues that are important for retinal function and integrity are the retinal pigment epithelium
(RPE), Bruch’s membrane (BrM) and choroid (Fig. 1.1B).

The ten layers of the retina can be categorized as either the inner or outer retina. The
inner retina, from the inner limiting membrane (1) to the external limiting membrane (9),
contains five highly specialized neurons: ganglion cells, amacrine cells, bipolar cells,
horizontal cells and photoreceptors (10). These cells are interconnected by synapses that
allow electrical signals to travel from the photoreceptors (10) to the surface of the retina

where the RGCs (3) relay processed information to the optic nerve and into the brain'® **.

1.1.3 The outer retina and its significance in vision

The outer retina contains the photoreceptor cells (10), RPE, BrM, and choroid.
Although each of these layers perform distinct tasks that maintain the health of the retina and
supports normal vision, none can function properly without the other®®. These layers are also

the site for many inherited and idiopathic retinal diseases that can lead to vision loss.

1.1.4 Photoreceptors: specialized light-sensing cells in the retina

Humans possess the remarkable ability to perceive color, shape, and motion, and can
differentiate between light intensities varied by over nine orders of magnitude®. This is
possible due to the initial step of vision when light is sensed by a group of specialized, light-
sensing neurons called the photoreceptors. The photoreceptors are arguably one of the most

important cells in the retina primarily because of their critical role in the initiation of visual
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phototransduction whereby photons absorbed by visual pigment molecules are converted into
an electrical cellular response. The human retina has ~130 million photoreceptors®* made up

of two types, rods and cones, which work to form the foundation of our daily vision.

1.1.4.1 Rod and cone photoreceptor distribution and structure

The next time you walk into a dimly lit or dark room and it takes a few minutes for
your eyes to adjust to your surroundings, you can thank your rod photoreceptors. Rods are
highly sensitive to light and operate under dark-adapting conditions, which enables night
vision and the ability to see in black and white?* %, Because the human retina is “rod-
dominant” (rods make up ~95% or ~120 million of the total photoreceptor cells), it is
believed in evolutionary circles that the development of rods were important for our
ancestors’ survival from predators at night®*.

In contrast, cones make up the remaining ~5% (~6 million) photoreceptors in the
human retina and function under ambient and bright lighting conditions. Cone photoreceptor
cells are responsible for color vision and high visual acuity®. The distribution of rods and
cones across the retina varies greatly in certain regions, which in turn affects our perception
of light. Despite the daily use of cone-mediated vision in humans, the density of rods far
outnumbers cones (20:1), and rods are located primarily in the peripheral retina while cones
are present at low densities within this same region”. However, this relationship changes in
the fovea, a highly specialized rod-free region of the central retina responsible for visual

acuity, where cone density is increased by ~200-fold?.
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Rods and cones have five compartments that capture light and transmit signals: a) the
outer segment (OS) b) the connecting cilium c) the inner segment (1S) d) the nuclear region
and e) the synaptic terminal®®. The rod OS is the photosensory organelle where photon
capture takes place and initiates the process of phototransduction by the following steps: i) a
photon of light stimulates rhodopsin, a photo-sensitive G-protein-coupled receptor, and ii)
activates the transducin G-protein which in turn iii) activates cyclic guanosine
monophosphate (cGMP) phosphodiesterase (PDE) and then iv) hydrolyzes cGMP, reducing
its concentration in the OS thereby causing v) the closure of sodium channels and
photoreceptor hyperpolarization®” %.

Rod and cone OSs comprise hundreds of tightly stacked membrane discs that carry
visual pigments (rhodopsin in rods and cone pigment in cones) as well as other transduction
components either as transmembrane or peripheral membrane proteins®®. The connecting
cilium functions to connect the OS to the IS, which is the site of metabolic and biosynthetic
machinery including the mitochondria, endoplasmic reticulum, Golgi complex, lysosomes
and other subcellular organelles®®; and the nuclear region houses the nucleus®. The
photoreceptor finally terminates in the synaptic region, which consists of synaptic vesicles
that regulate glutamate neurotransmitter release™.

The integrity and function of the photoreceptors are absolutely crucial for vision.
Because of their high metabolic activity due to the constant exposure of light, coupled with
their high demand for oxygen and nutrients, photoreceptors are very sensitive to

environmental and genetic insults, such as reactive oxygen species (ROS) and mutations,
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which could affect their function and disrupt phototransduction®. To alleviate these effects,

photoreceptors are known to rely on the neighboring RPE cells for protection.

1.1.5 Retinal pigment epithelium functions for maintaining retinal homeostasis

Beneath the photoreceptors lie the RPE, a polarized, pigmented monolayer of
epithelial cells that provide structural and functional support to the outer retina®. The RPE
acts as the blood retinal barrier by separating two distinct environments: the photoreceptor
apical side and the BrM/highly-vascularized choroid basal side** (Fig. 1.2). The polarized
nature of the RPE is essential for the health of these two environments and overall retinal
health® *. Given its molecular interactions with the photoreceptors and versatile functions,

the RPE is also a critical tissue that aids in vision.

1.1.5.1 RPE and photoreceptor interactions

One direct interaction between the RPE and photoreceptors involve the apical RPE
microvilli, 20-30 pm finger-like protrusions that extend into the OSs of rods and cones®
(Fig. 1.2). As many as ~30 photoreceptors can interact with RPE microvilli, which allow the
RPE to perform specialized functions essential for photoreceptor support and survival
including the diurnal phagocytosis of said photoreceptor OSs, directional transport of
nutrients into and removal of waste products from photoreceptors, and visual pigment
transport and regeneration®’.

Photoreceptors undergo the daily shedding and renewal of their OS discs, a process

that is crucial for maintaining a constant OS length and the prevention of accumulated toxic
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photo-oxidative compounds such as ROS*® *. Photoreceptors synthesize new OS discs
thereby gradually elongating the OS. To compensate for new OS disc synthesis, the RPE
removes the most distal tip of rod and cone OSs by engulfing and degrading the shed tips
(disc shedding) by phagocytosis, enabling the daily excitability of photoreceptors and a
healthy outer retina *>*.

The delivery of nutrients such as glucose, retinol, and fatty acids from the choroid
blood supply to the photoreceptors is vital for their health and function®**. The RPE
mediates this by functioning as a selective barrier that enables the transepithelial transport of
nutrients from the choroid to the photoreceptor cells, whilst also directionally transporting
metabolic end products (i.e. lactate), ions (Cl-, K+, Na+, HCO3 -) and excess water to and
from the retina®® *".

Another process that occurs between the RPE and photoreceptors is a portion of the
visual cycle, which involves the cycling of retinoids, vitamin A derivatives, between the
photoreceptor OSs and the RPE*. After the absorption of light by rhodopsin in the OS, all-
trans retinol (a vitamin A isomerization byproduct of light reacting with 11-cis retinal within
rhodopsin inside the photoreceptors), diffuses across the interphotoreceptor matrix (IPM, also
known as the subretinal space) facilitated by the interphotoreceptor retinoid-binding protein
(IRBP) and enters the RPE*. After esterification of all-trans retinol in the RPE by lecithin:
retinol acyltransferase, retinal pigment epithelium-specific 65 kDa protein (RPE65) mediates
its conversion back to 11-cis retinol where it is then oxidized to 11-cis retinal and recycled

back to photoreceptor 0Ss**°,



1.1.5.2 The RPE protects the retina from oxidative damage

Beyond the role of regulating photoreceptor interactions, additional functions of the
RPE make vision possible such as the absorption of excess light>*. Similar to photoreceptors,
the high metabolism of the RPE and its constant exposure to visible light provides an ideal
environment for the formation of ROS that could potentially damage proteins, DNA and
lipids*’. Furthermore, free radicals can also be generated during the phagocytosis of
photoreceptor OSs™.

To help counterbalance the highly oxidative environment of the retina, the RPE
employs three lines of defense: i) attenuation of light wavelength and intensity reaching the
RPE by macular pigment composed of carotenoids which filters out reactive blue light* ii)
melanin, the dominant light-absorbing pigment, stabilizes free radicals and reduces light
toxicity levels entering the RPE>* and iiii) enzymatic (i.e. superoxide dismutase and catalase)
and non-enzymatic (i.e. glutathione, melanin) antioxidants in the RPE which help neutralize

reactive oxygen species before they can cause damage to cellular macromolecules>®.

1.1.5.3 RPE secretion mediates retinal integrity

Another important function of the RPE is the secretion of growth factors and proteins
that are necessary for the maintaining the structural integrity of the retina and choroid. For
example, one of the most prominent growth factors secreted by the RPE include pigment
epithelium-derived factor (PEDF). PEDF is a neurotrophic factor that has a dual role in

protecting photoreceptors against glutamate-induced or hypoxia-induced apoptosis®’ and
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functions as an antiangiogenic factor that inhibits endothelial cell proliferation and stabilizes
the endothelium of the choriocapillaris®.

Proteins expressed and secreted by RPE cells can be localized to either the apical or
basal plasma membrane/extracellular space (Fig. 1.2). Traditionally, secreted proteins
undergo conventional (translocation of proteins from the ER to the Golgi complex, and then
to the cell surface via transport vesicles) or unconventional (cell-surface trafficking of
proteins via a route that bypasses the Golgi) secretory pathways in cells®®. The same
phenomena occurs in the RPE. However, because of its polarized nature, protein secretion is
also regulated by an extra level of complexity and control that stems from sorting proteins
apically (e.g.., tissue inhibitor of matrix metalloproteinase 1, TIMP1) or basally (e.g., fibulin-

3) to ensure that they are targeted appropriately to the correct cell surface® 2.

1.1.5.4 Bruch’s Membrane, and Choroid

The basolateral region of the RPE also plays a role in forming the blood-retinal
barrier due to its proximity to the choroid and is known to mediate a variety of functions that
are important for retinal integrity, making the RPE an important cell layer for retinal
homeostasis®" ®. Whereas the RPE apical microvilli faces the photoreceptor OSs, the RPE
basal lamina (BL) interacts with the Bruch’s membrane (BrM) and the choroid® (Fig. 1.2).

The BrM is a thin (2-4 pm), acellular, five-layered extracellular matrix located
directly between the RPE and choriocapillaris, a layer of capillaries immediately adjacent to
BrM in the choroid®. The location of the BrM allows for the exchange of biomolecules,

nutrients, oxygen, fluids and metabolic waste between the RPE and choroid. Together, the
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RPE, Bruch’s membrane, and choroid interact to form the outer blood-retinal barrier that
prevents leakage of macromolecules and other potentially harmful agents into the retina, and
keeps the microenvironment of the retina and retinal neurons healthy®.

In summary, the photoreceptors, RPE, BrM, and choroid complex have long been
established as having a mutualistic symbiotic relationship in the retina®. They each perform
individual tasks to support normal vision and while certain cellular and molecular
mechanisms aim to protect these layers throughout life, a variety of retinal diseases are
known to result in aberrant changes within this complex that ultimately results in loss of

vision.

1.2 Vision loss in an ageing society

Imagine waking up one day and not being able to perform simple tasks such as
reading this dissertation, watching television or driving. For millions of people, the
deterioration or complete loss of vision significantly impacts their daily functioning and
quality of life. Furthermore, vision loss affects more than just how people see, but also has
implications for physical, cognitive, and mental health issues, which reduce quality of life®”
% This is especially true for the ageing population where eyes naturally exhibit age-related

changes in performance, particularly as people reach their sixties and beyond.

1.2.1 Age-related changes in the retina
Ageing is a natural part of life and is characterized by a complex and intraindividual
process associated with major cellular and molecular hallmarks, such as accumulation of

genetic damage and impaired protein homeostasis, that results in a decline in physiology and
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increased vulnerability to death® ™. As we age, our organs, tissues and cells undergo many
changes, and the eye is not exempt from this. Ageing in the eye is known to impact the
function of its external and internal structures which in turn affects vision. For instance, age-
related structural changes to the cornea, such as corneal thickening, can affect the ability of
the tissue to refract light and protect itself and the internal structures of the eye’™ 2.
Likewise, common age-related changes in the retina for those over the age of sixty include a
decrease in visual acuity, decline in sensitivity of visual field, decreased contrast sensitivity,
and increased dark adaptation threshold”.

At the cellular level, age-related alterations in the retina have been specifically
observed in the photoreceptors, RPE and Bruch’s membrane. Studies from normal, elderly
human donor eyes have shown that rod photoreceptors, but not cones, decrease in density
with increased ageing’®. Moreover, the RPE undergoes several structural changes upon
ageing including the atrophy of apical microvilli, loss of melanin granules and accumulation
of lipofuscin, an auto fluorescent material known as the “ageing pigment™" ". Additional
age-related changes between the RPE and BrM have also been observed such as BrM
thickening, the formation of drusen, yellow deposits comprised of lipids, proteins and
cellular debris located between the BL of the RPE and the inner collagenous layer of BrM,
and the accumulation of BL deposits (BLamDs) above the BrM*" ™.

Although to some degree, changes in the retina are considered normal with time, if

extensive, they can also have a detrimental effect on vision by increasing the risk for a

number age-related retinal diseases such as age-related macular degeneration (AMD), the
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prevalence of which is currently raising significant challenges regarding disease prevention

and treatment in the world’s ageing population”® ",

1.2.2 Age-related Macular Degeneration (AMD)

Of the many age-related ocular diseases, AMD is the leading cause of progressive,
irreversible visual deterioration and legal blindness in patients over the age of 60 in
developed nations”®®. Approximately 11 million individuals are affected by AMD in the
U.S. alone, with a global prevalence of ~170 million, which is expected to double by the year
2050%%. In the U.S., the prevalence of AMD is more than double the prevalence of
Alzheimer’s disease, and has led to an annual $4.6 billion in direct healthcare costs®™ . As
the ageing population increases, this expenditure is likewise expected to increase

proportionately®".

1.2.2.1 AMD risk factors contribute to disease complexity

AMD is an ocular disease that involves the posterior portion of the retina called the
macula, a specialized region that facilitates central vision and permits high-resolution visual
acuity due to its dense concentration of cone photoreceptors’ . Thus, AMD patients
experience a decrease in sharp, central vision as they age. AMD can be triggered by multiple
environmental and genetic risk factors that make it etiologically complex. Risk factors such
as ageing (>60 years), smoking, high fat consumption, ethnicity and certain mutations in

genes are all known risk factors for AMD®*,
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Ageing is the most common, unmodifiable risk factor of AMD, whereas cigarette
smoking is the most common modifiable risk factor; recent studies have shown that cigarette
smokers are at two to three times higher risk for developing AMD®®. Moreover, individuals
who consume higher levels of certain of fats (vegetable, monounsaturated, polyunsaturated
and linoleic acid) have an elevated risk for AMD, whereas omega-3 fatty acid consumption is
associated with a lower risk for AMD in diets low in linoleic acid®. The prevalence of AMD
has been described predominantly in developed countriessuch as the United
States, Australia, and Europe, and individuals of European descent are more likely to
develop AMD compared to individuals of African, Hispanic, or Asian ancestry® % 8°,

In addition to diet and age-related changes, several genetic factors also contribute to
advanced AMD. One of the most strongly associated genetic variants leading to increased
risk of AMD is the Tyr402His (Y402H) mutant in complement factor H (CFH)®. CFH is
secreted by the RPE and is a key regulator of the complement system (which involves the
CFH, complement factor B (CFB), and complement component 3 (C3) genes)®. CFH serves
as an inhibitor of the inflammatory response mediated via C3b by acting as a cofactor for
cleavage of C3b to its inactive form, and by weakening the active complex between C3b and
CFB%. The Y402H CFH variant is thought to increase overall complement activation in the
retina, thus predisposing one’s susceptibility to AMD®. Additionally, genes involved in
membrane transport (i.e. ATP-binding cassette rim protein, ABCR), lipid metabolism
(Apolipoprotein E, APOE) and age-related maculopathy susceptibility protein 2

(ARMS?) have also been associated with advanced AMD?® 9.
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1.2.2.2 Disease stages of AMD

As AMD disease progresses, additional pathological changes are observed in the
outer retina (photoreceptors, RPE, BrM, and choroid) (Fig. 1.3). In the early stage of AMD,
medium-sized soft drusen deposits (>63um and <125um) in the macula are clinically visible
by fundoscopic examination®. Intermediate AMD is defined as having one or more large
soft drusen (>125um) in the macula that are approximately equal to the width of a major
retinal blood vessel that crosses the optic disc®™. Clusters of small, intermediate and large
drusen can also be detected in the macula and/or in the peripheral retina, along with hypo- or
hyperpigmentary abnormalities in intermediate AMD®®. The late or advanced stage of AMD
are more severe and can occur in two distinct forms: ‘wet’” AMD (neovascular AMD) or
‘dry’ AMD (geographic atrophy, GA), both of which causes degeneration of photoreceptors
and RPE and ultimately result in vision loss ¥ (Fig 1.3).

Wet AMD accounts for 10-15% of AMD cases and is characterized by the abnormal
growth of choroidal blood vessels that penetrate up through the BrM and leaks blood into the
macula, a process known as choroidal neovascularization (CNV)® (Fig. 1.3B). This
aggressive form of AMD results in fluid accumulation in the retina and/or hemorrhages and
causes rapid deterioration of central vision®®. Fortunately, common therapies for wet AMD
(intraocular injections of anti-VEGF inhibitors) halt or reduce CNV quite effectively®®.

In contrast, dry AMD, the most prevalent form of AMD, accounts for ~85-90% of the
total cases and is characterized by the excessive accumulation of large drusen between the
RPE and BrM that ultimately correlates with atrophy of photoreceptors and RPE cells in the

97-99

macula (Fig. 1.3C). The earliest clinical hallmark of dry AMD is the appearance of
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drusen. As disease progresses, drusen form between the RPE and the inner collagenous layer
of BrM, and are classified based on size, morphology and abundance as either ‘hard’ or
‘soft’. Hard drusen (<63 um) are described as discrete yellow-white puncta and are
considered to be a normal part of ageing*® whereas soft drusen (>125um) are larger ‘dome
shaped mounds’ that cluster together, and are highly associated with AMD possibly due to

their ability to cause retinal detachment in the macula'®.

1.2.2.3 Disease management strategies for dry AMD

Currently, there are no treatments for dry AMD, however, the use of
antioxidant/nutritional supplements to slow disease progression has shown promise for
particular disease stages of AMD. For example, in 1996 the National Institutes of Health
(NIH) Age-related Eye Disease Study (AREDS) conducted a five year clinical trial that
enrolled more than 5,000 AMD patients to test whether nutritional supplements could
prevent or slow advanced AMD% 1% The AREDS revealed that patients with intermediate
AMD in one eye who took high amounts of antioxidants (beta carotene, vitamins C and E,
copper) and zinc reduced their risk of developing central vision loss and advanced AMD by
~19% and ~25%, respectively™®.

Subsequently, in 2006 a second AREDS study (AREDS?2) tested whether substituting
beta-carotene, which increased the risk of lung cancer in smokers with AMD, with omega-3
fatty acids, lutein and zeaxanthin, would further improve effectiveness in slowing advanced

AMD™™ 1% The rationale for including lutein and zeaxanthin were based on i) previous

observational studies suggested a link between higher dietary consumption of these
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compounds and decreased risk of developing advanced AMD and ii) these compounds are
major constituents comprising the macular pigment and have antioxidative properties'®.
However, the AREDS? study revealed that lutein and zeaxanthin had no additional overall
effect on the risk of advanced AMD, but had an incremental increase in benefit compared to
those who those who took the AREDS supplements'®* %7,

Other strategies for slowing or preventing AMD disease progression include lifestyle
changes such as smoking cessation and increased physical activity'®®. Currently, several
therapeutic avenues are being investigated in dry AMD including drugs with antioxidant
properties, inhibitors of the complement cascade, neuroprotective agents, visual cycle
inhibitors, gene therapy, and cell-based therapies'®.

For decades, many groups have sought to understand the molecular pathogenesis of
dry AMD. However, its heterogeneity and complexity pose a challenge for developing
therapies for patients, yet also enables the discovery of key regulators that may influence
disease. Advances in current technologies such as genome-wide association studies (GWAS)
have opened the door for studying many potential genes involved in dry AMD, particularly
those that encode for proteins, such as fibulin-3, located between the RPE and BrM where

drusen pathology is observed. These findings have helped to establish a way to both uncover

and model AMD disease pathogenesis.

1.3 Fibulin-3 in health and macular degeneration
Fibulin-3 (F3, encoded by the EFEMP1 gene) has become a protein of significant

interest due to its role in a number of pathological diseases that span across various organs,
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including the eye'®. Particularly in relation to macular degenerative diseases, F3 is
associated with Malattia Leventinese/Doyne Honeycomb Retinal Dystrophy (ML/DHRD)'
and more recently with AMD™#™* A growing body of evidence suggests that F3 plays an

important role in the extracellular matrix (ECM) for maintaining retinal integrity and is a key

protein for targeted therapeutics in treating macular dystrophies.

1.3.1 Fibulins: A diverse family of extracellular matrix proteins

The ECM plays vital role in many complex tissues, including the retina'*, and is
composed of a variety of proteins and complex carbohydrates that are secreted locally and
assembled into an organized meshwork*®. The major components of the ECM include
proteoglycans, growth factors, elastic fibers, extracellular proteases and glycoproteins such
as laminins and fibulins**’. The fibulins have gained traction over recent years because of
their diverse cellular and biological functions that are essential for the assembly, maintenance
and stabilization of the ECM.

9118

Since the discovery of the first fibulin protein in 1989, the fibulin family is known

as one of many staples in regulating ECM biology. After all, their family name originates

from the Latin word fibula, which means clasp or buckle'*®

. Made up of eight members, the
fibulin family are cysteine-rich ECM glycoproteins and are defined by their structural
features, namely i) an N-terminal signaling peptide, ii) a series of canonical calcium-binding
epidermal growth factor (cbEGF) domain repeats which are crucial for structural stability and

efficient binding to other ECM ligands and iii) a carboxy-terminal (C-terminal) fibulin-type

domain'® (Fig. 1.4).
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1.3.1.1 The short fibulins and their unique structures and functions

Based on their length and domain structure, the eight fibulins are divided into
subfamilies known as class | or class 11?2, The class | fibulins (-1, -2, -6 and -8) have
lengthy (>6) cbEGF domains as well as unique N-terminal domains compared to the class 11
subfamily™® ', For example, fibulin-6 (also known as hemicentin-1) is the largest fibulin
(~600 kDa) with six cbEGF domains and an N-terminal von Willebrand factor domain
flanked by more than forty immunoglobulin domains*®,

The class 11 fibulins (-3, -4, -5 and -7) are described as the short fibulins due to their
smaller sizes of 50-65kDa (Fig 1.4). At the N-terminus, fibulin-3, -4 and -5 have a short
signaling peptide followed by a modified cbEGF domain referred to as domain 1 that
precedes their canonical cbEGF domains. What makes the modified cbEGF domain 1
atypical is an extra cysteine (Cys) pair at the beginning of the domain and the insertion of a
linker region between Cys2—Cys4 and Cys5—-Cys6 (numbering refers to the disulfide position
within the cbEGF domain) containing 28, 44, or 88 amino acids in fibulin-4, -5, and -3,
respectively?® 2#1% gtrycturally, fibulin-3, -4 and -5 are homologous to one another,
sharing ~50-60% sequence identity in their cbEGF and C-terminal domains, and are also
highly conserved across species*?’. For instance, human, mouse, and rat share a 92% amino
acid sequence identity in F3/EFEMP1'%%,

Ultimately, fibulins 3, -4 and -5 are comprised of five canonical cbEGF domain
repeats and a C-terminal fibulin-type domain**. The most recently discovered fibulin-7

protein also has a C-terminal fibulin-type domain, but differs from the other short fibulins
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because of its three cbEGF domains and an N-terminal Sushi domain which functions as a
protein-protein interaction domain and is common in proteins involved in the regulation of
the complement system and blood coagulation'®. Thus, biochemical and structural studies
have focused on fibulin -3, -4, and -5 because of their size similarities, sequence homology,
and diverse functions within the ECM*?,

Despite their similar structures, the short fibulins have diverse functions and tissue
expression patterns that regulate the ECM. During embryogenesis, fibulin-5 (FBLN5) is
expressed in developing arteries and cardiac valves as well as in many adult tissues including
the aorta, lung, uterus and skin. Elastic fiber assembly is mediated through interactions of

%0 In vivo, FBLN5" mice

fibulin-5 with tropoelastin, fibrillin and cross-linking enzymes
develop disorganized elastic fibers which result in loose skin, vascular abnormalities and
emphysematous lung, are reminiscent of phenotypes that resemble Cutis laxa (CL), an

inherited connective tissue disorder in humans®*°

. A homozygous T—C transition identified at
nucleotide position 998 (T998C) of FBLN5 has also been reported in a consanguineous
Turkish family with type 1 autosomal recessive CL**. The T998C nucleotide change results
in a Ser227Pro substitution at the protein level in the 4™ cbEGF domain of fibulin-5, which is
predicted to impair elastogenesis™".

Fibulin-4 has also been shown to be important for ECM assembly. Mice deficient in
fibulin-4 die shortly after birth due to disruption of collagen and elastin fibers in their

132

diaphragm=>“. More recent insight into the functional role of fibulin-4 suggests that it may act

as a molecular chaperone for the latent TGF-binding protein-4 (LTBP-4) in order to promote

elastic fiber assembly™.
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1.3.2 The mysterious case of F3 function
Although F3 is known to be one of many important regulators of the ECM, as well as

important for human development and disease’®* **

, many questions remain regarding its
exact function. F3 was initially discovered in 1995 as an overexpressed transcript (then
known as S1-5) in a patient with Werner syndrome, an inherited disorder that causes

136 Within this same study, at the genomic and

premature ageing due to cellular senescence
protein level, F3 was classified as a member of the fibulin family because of its five chEGF
domains and C-terminal fibulin-type domain**.

Because of its similar structural and sequence properties to fibulin-4 and fibulin-5, F3
was initially speculated to be important for elastic fiber maintenance. However, its lack of
interactions with key elastic fiber components, such as elastin and fibrillin, coupled with its
inability to compensate for the loss of fibulin-4 and fibulin-5 in mice suggested that F3 has a
unique functional role*°. In 2007, the Mamorstein group gained insight into F3 function after
generating Efemp1-/- (again, the gene that encodes for the F3 protein) mice by replacing the
Efemp1 gene with a neomycin resistance gene via homologous recombination™’. They found
that Efemp1-/- mice bred on the C57BL/6 background displayed hernias at 12 and up to 24
months, in contrast to EFEMP1-/- mice bred on the BALB/c background which displayed no
herniation, hinting that the function of F3 may be context-dependent and that the lack of F3

can possibly lead to its compensation in certain mouse strains>’. However, substantial

reduction in fascia elastic fibers and several early ageing phenotypes (severe spinal
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curvature, periophthalmic lesions, and reduced reproduction and bone densities) were present
for Efemp1-/- mice regardless of genetic background*’.

The observations of the Efempl-/- in the mouse have also correlated with phenotypes
observed with the loss of F3 in humans. An individual recently discovered with biallelic loss
of function variants (p.Metl07fs and p.Tyr205*) in EFEMP1 displayed abdominal and
thoracic hernias, scoliosis, and translucent skin, akin to phenotypes observed in the Efempl
null mice (multiple herniae, premature ageing, and scoliosis)***. In contrast to Efempl-/-
mice, a skin biopsy revealed that the individual displayed normal elastic fibers'**. However,
it is currently unknown whether elastic fibers were reduced in the individual’s fascia. More
recently, a novel autosomal recessive Cys55Arg (C55R) variant in F3 was discovered in two
siblings that also displayed the some of the aforementioned phenotypes®®, suggesting that
this mutant results in loss of F3 function. Loss of F3 in mice and humans have similar
systemic phenotypic features, suggesting that F3 may have multiple functions depending on
its location in different tissues, unlike fibulin-4 and fibulin-5, which are known for their

functional roles of elastic fiber assembly and maintenance®®.

1.3.3 An R345W mutation in F3 causes Malattia Leventinese (ML)

Regardless of limited information about its function, F3 has been well-studied
because of its involvement in macular degenerative diseases such as Malattia Leventinese
(ML). ML, also known as Doyne Honeycomb Retinal Dystrophy (DHRD), is a rare, early-
onset macular dystrophy characterized by the accumulation of drusen between the RPE BL

and inner collagenous layer of the BrM. Initially, small radial drusen are typically detected in
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the macula in the 3" and 4™ decade of life'®. ML progression correlates with increased
drusen number and size which eventually leads to RPE and photoreceptor atrophy and vision
loss.

ML is inherited in an autosomal dominant manner and is caused by an Arg345Trp (R345W)

1" mapped to chromosome 2, region p16'*. In 1999,

missense mutation in F3/EFEMP
Stone et al. identified R345W EFEMPL1 as the singular cause of ML across 39 families, the

majority of which were heterozygous, in Australia, Switzerland and the United States'*!. This

142 143

mutation was also identified in ML patients from a Japanese family=*, a Chinese family="",

144

and even more recently within a Columbian family™" with no additional mutations in

EFEMP1. This indicates R345W F3 has a strong correlation with ML disease and is not due
to a founder effect'*,

ML patients are described as having vision symptoms in the early stage of disease
such as decreased visual acuity, sensitivity to light (photophobia), and a deficiency in color
vision (dyschromatopsia) prior to significant central vision loss**®. Late stages of the disease
typically happen around the 4™ or 5™ decade where central vision deteriorates due to
pigmentary changes in the macula, GA and/or CNV. However, the onset of ML -associated
symptoms vary greatly between individuals, including affected family members, suggesting
that ML is indeed likely a modifiable disease. For example, whereas the majority of ML
patients have been reported to develop drusen, a 62-year-old individual with the R345W

mutation was assessed as asymptomatic, demonstrating a lack of complete disease

penetrance™’.
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1.3.4 R345W F3 is misfolded and inefficiently secreted from the RPE

After discovering that R345W F3 was causal for ML, a key question arose: How does
this mutation affect the structural and functional properties of F3? While this is still an open-
ended question, Mamorstein et al. initially characterized the secretory property of the mutant
compared to WT F3, speculating that the mutant was misfolded. Their initial results showed
that upon expression in human immortalized retinal pigment epithelium (ARPE-19) cells
followed by immunoprecipitation (IP) and western blotting, R345W was more abundant in
the cell lysate and less abundant in the media than WT F3'**. Subsequently, they found that
R345W F3 results in protein misfolding due to i) its faster migration under non-reducing
conditions compared to WT F3, indicative of a change in intramolecular disulfide bonding
and ii) secretion of R345W F3 was significantly reduced coupled with intracellular
accumulation in rat RPE-J cell lysates, compared to WT F3'**. Furthermore, Hulleman et al.
revealed that R345W secretion is more than meets the eye, and uncovered that aromatic
amino acids (arginine, tryptophan, tyrosine) and proline were not well tolerated at the R345
position, resulting in significant reduction of F3 secretion caused by the disruption of
disulfide bond formation in the 6" cbEGF domain'® '*8. This result suggested that the
R345W mutation in ML leads to inherent misfolding at the molecular level.

Evidence by Fernandez-Godino et al. demonstrated in primary mouse RPE cells from
R345W knock-in mice that secreted R345W activates an inflammatory response mediated by
C3a' (and not C5™), which in turn causes sub-RPE deposit formation, suggesting that
extracellular R345W may play more of a major role in triggering disease™*®. This study

further raises the question of whether the small amount of misfolded, secreted R345W F3 in
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ML exerts toxicity in the RPE and neighboring cells and/or is prion-like and alters the

151

structure (i.e. “seeding”)™" of endogenous WT F3, which may also have implications for

disease.

1.3.5 R345W F3 leads to sub-RPE deposit formation in mice

In 2007, Fu et al. and Mamorstein et al. demonstrated that the mutant was
pathological by generating an R345W knock-in mouse model that developed deposits
between Bruch's membrane and the RPE™? ™3, In the Fu et al. study, chimeric homozygous
knock-in mice were generated by injecting blastocysts with the R345W Efempl allele into
mouse embryos**%, Upon analysis, BLamDs akin to drusen in AMD were detected as early as
six months of age and progressed in size when mice were aged up to 18 months. RPE

152
d5

abnormalities such as vacuolization also occurred™<, although this latter observation has not

been corroborated. Surprisingly, F3 and one of its binding partners, TIMP3, were localized

113

152 'similar to a previous report in AMD patients™**,

within the deposits

R345W knock-in mice in the Mamorstein et al. study were generated by replacing the
endogenous WT allele with either one (heterozygous) or both (homozygous) mutated
alleles™®. Regardless of gene dosage, sub-RPE BLamDs containing membranous debris and
mutant F3, coupled with BM abnormalities and degeneration of the RPE, progressed from
twelve to 23 months of age'*®. Ultimately, both groups demonstrated that R345W F3 closely
recapitulates the pathophysiology of ML patients, making this a valid mouse model to further

study the biological pathway(s) involving R345W F3 that initiate ML.
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1.3.6 Evidence for F3 in dry AMD

Because of its early age of onset, its well-defined genetic causation, and its similar
clinical features to AMD, ML has been a particular disease of interest used for understanding
the potential causes of dry AMD. The progression of drusen that results in RPE degeneration
and ultimately vision loss is a common theme in both diseases, and although many genetic
factors are involved in AMD pathogenesis, there are currently no convincing reports of F3
point mutations in wet or dry AMD. There are also no reports of the R345W F3 in AMD
patients, which is not surprising because i) AMD is multifactorial ii) pathology would happen
at an earlier age of onset and iii) diagnosis of disease would be ML instead of AMD because
of the strong association of the mutant to ML. However, this should not disqualify F3 as one
of many important components in AMD pathology.

In fact, a few studies have linked wild-type (WT) F3 to AMD. Histological
observations from several AMD human donor eyes revealed that WT F3 accumulates within
the RPE and between the RPE and hard drusen*. In the same study, Mamorstein et al. also
observed a similar drusen localization of R345W F3 in ML human donor eyes whereas F3
was not found in the RPE or near drusen of control eyes, suggesting that F3 is mainly
associated with pathogenic drusen deposits**3. It is important to note that although F3 (WT or
R345W) was not a component of the drusen in these patients, the close association
established the question of whether F3 may somehow play a role in contributing to drusen
formation in disease.

Meyer et al. conducted a GWAS study that analyzed the genome of AMD and non-

AMD patients in order to identify rare copy number variants that would infer the etiology of
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AMD™*, Upon stringent criteria, EFEMP1 was one of five genes found in three AMD
patients whereby an intergenic duplication was discovered less than 1.5 Mb upstream of
EFEMP1 in three AMD patients***. Thus, this study suggested that EFEMP1 levels can be
regarded as high risk for AMD in rare cases.

Perhaps the most surprising, a recent study by Cheng et al. demonstrated that F3 was
overexpressed in the retina-choroid tissues of AMD patients and in vitro, serum F3 of wet
AMD patients correlates with increased expression of VEGF, a hallmark of CNV***. The
authors also found F3 overexpression in dry AMD patients in their study, although not to the
extent of wet AMD, and thus did not pursue further analysis. Given the heterogeneity of the
AMD, it would be interesting to test if F3 overexpression is generally reflected in a larger
AMD study, as the authors concluded their results from a small sample population. Taken
together, these studies highlight that F3 may be a critical component in the disease processes
leading to AMD.

In another study linking EFEMP1 to AMD, Duvvari et al. performed whole-exome
sequencing on patients with familial and sporadic cuticular drusen (CD), a clinical subtype of
AMD characterized by the presence of at least 50 small (25-75um) uniformly sized

hyperfluorescent drusen, scattered primarily in the macular region'*?

. Amongst many ECM
genes, their studies revealed rare, heterozygous sequence variants and, specifically, they
discovered an Asp49Ala (D49A) F3 mutation that, at the time, was predicted to be damaging
to F3 structure and function'*?,

Extensive analysis of R345W over years of studies in vitro and in vivo have helped to

pave the way for attempting to understand the pathogenesis of ML and AMD. In this body of
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work, | reaffirm the notion that F3 is a key protein important for the development of ML and
AMD. I add to the body of knowledge by first determining whether F3 secretion can be used
as an indicator of pathology (as observed with the R345W mutation) by performing
biochemical and molecular characterization of novel, naturally-occurring F3 mutations
(Chapter 2). Next, I model select F3 mutants in vivo using recombinant adeno-associated
virus technology in order to more robustly characterize and evaluate F3 associated disease

phenotypes in the mouse retina (Chapter 3).
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Figure 1.1: Organization of the human retina. (A) The human eye. (B) Distinct layers and
cells of the human retina.
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Figure 1.3: Advanced stages of AMD. (A) cross-section of a normal, healthy retina. White
arrow indicates the macula. (B) Wet AMD and cross-section showing CNV that leads to
fluid buildup in the macula. (C) Dry AMD and drusen accumulation underneath the RPE in
the macula.



32

N-terminus C-terminus

T OHOOOOO ] fibuiina ()
(O-OOOOOL_ buins

O cbEGF-like domain . EGF like domain (")) cbEGF ke domain [ | mouintype :l Sushi domain

with insert domain

sulnqy || sse|o

Figure 1.4: The short fibulins and their structures (adapted from Chakraborty et. al.**®). F3
(bolded) is a part of the Class Il (short) fibulins.



CHAPTER TWO
CLINICALLY-IDENTIFIED C-TERMINAL MUTATIONS IN FIBULIN-
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2.1 Abstract

Distinct mutations in the secreted extracellular matrix protein, F3, have been
associated with a number of ocular diseases ranging from primary open angle glaucoma to
cuticular age-related macular degeneration to a rare macular dystrophy, ML. The R345W F3
mutation that causes ML leads to F3 misfolding, inefficient secretion and accumulation at
higher intracellular steady state levels in cultured cells. Herein, we determined whether
fifteen other clinically-identified F3 mutations also led to similar levels of misfolding and
secretion defects, which might provide insight into their potential pathogenicity.
Surprisingly, we found that only a single F3 variant, L451F, presented with a significant
secretion defect (69.5 +2.4% of WT F3 levels) and a corresponding increase in intracellular
levels (226.8+25.4% of WT F3 levels). Upon follow-up studies, when this conserved
residue (L451) was mutated to a charged (Asp or Arg) or bulky (Pro, Trp, Tyr) residue, F3

secretion was also compromised, indicating the importance of small side chains (Leu, Ala, or
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Gly) at this residue. To uncover potential inherent F3 instability not easily observed under
typical culture conditions, we genetically eliminated the sole stabilizing N-linked
glycosylation site (N249) from select clinically-identified F3 mutants. This removal
exacerbated R345W and L451F secretion defects (19.8+3.0% and 12.4+1.2% of WT F3
levels, respectively), but also revealed a previously undiscovered secretion defect in another
C-terminal variant, Y397H (42.0+£10.1% of WT F3 levels). Yet, glycan removal did not
change the relative secretion of the N-terminal mutants tested (D49A, R140W, 1220F). These
results highlight the uniqueness and molecular similarities between the R345W and L451F
variants and also suggest that previously identified disease-associated mutations (e.g.,
R140W) are indistinguishable from WT with respect to secretion, hinting that they may lead

to disease by an alternative mechanism.

2.2 Introduction

Vision loss significantly affects the quality of life of over 200 million middle-aged
and elderly people worldwide®. In the United States alone, it is estimated that by the year
2050, the number of people who will suffer from either uncorrectable vision defects or
blindness will double to more than 20 million*>’. Thus, there is a need for effective ocular
therapies for the ageing population and a deeper understanding of the environmental and
genetic factors that influence disease’ 82 1% 159 Age-related macular degeneration (AMD) is
the leading cause of progressive and irreversible vision loss in individuals over the age of 65
in industrialized nations®>. AMD is a late-onset disease that results in the degeneration of

photoreceptor and retinal pigment epithelial (RPE) cells, compromising an individual’s
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ability to retain sharp central vision® **°. The most common clinical hallmark of early-stage
dry AMD is the formation of yellow, extracellular lipid and protein deposits underneath the
RPE known as drusen® ® % The accumulation of drusen eventually correlates with the
atrophy of RPE cells followed by the dysfunction of photoreceptor cells, causing irreversible
blindness™ ***. Dry AMD makes up about 85-90% of AMD cases and there are currently no
effective therapies'®* %3,

Although AMD is an etiologically complex disease due to a variety of genetic and

environmental risk factors*®*'%

, Insight into its pathogenesis can be gained by studying
phenotypically similar, early-onset monogenic macular diseases. One such disease is Malattia
Leventinese (ML), a rare macular dystrophy caused by an autosomal dominant Arg345Trp
(R345W) mutation in the fibulin-3 (F3) protein, wherein patients develop AMD-like
symptoms including drusen formation as early as 20 years of age'" *". Increasing evidence
suggests that F3 is involved in AMD including: (1) the accumulation of WT F3 surrounding
drusen in AMD patient donor eyes'*®, but not around drusen of asymptomatic patients, (2)
increased copy number variants near the EFEMP1 promoter (the gene that encodes for F3)
were linked to increased risk for AMD™* and (3) a sequence variant, Asp49Ala (D49A), was
discovered in a patient with cuticular drusen, a clinical subtype of AMD*2. The combination
of these findings strongly suggests that both mutant and WT F3 may play an important role
in the development of AMD or AMD-like retinal dystrophies*®’.

F3 is a 55 kDa secreted extracellular glycoprotein that belongs to the fibulin family of

126

proteins~°. While broadly expressed throughout the body during development, F3 is highly

expressed in various ocular tissues including the retina and RPE'?* 2% %8 geveral in vitro
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studies have shown that the R345W F3 mutant, which causes ML, is misfolded, results in a
secretion defect, and disrupts protein homeostasis**® * 91 |n vivo studies have shown
that R345W F3 knock-in mice develop basal laminar deposits underneath the RPE, akin to
drusen observed in humans®®* 3. Although these in vitro and in vivo studies examined and
characterized the effect of the R345W variant, additional F3 variants have been identified in
the human population, some of which have been linked to disease. These mutations,
including the D49A variant mentioned previously, the R140W variant found in a family with
primary open-angle glaucoma'’?, and the C55R variant found in two patients with recessive
Marfanoid syndrome®, have essentially remained uncharacterized. Additional mutations
have been identified in the EFEMP1 gene in patients with ocular disorders (information

obtained through ClinVar'’®

), but the clinical significance of these genetic alterations is
unclear.

We postulated that secretion defects, as seen with the R345W mutation, may be a
universal mechanism by which F3 variants ultimately contribute to ocular disease. In this

work, we  selected fifteen  additional  clinically-identified @ F3  variants

(https://www.ncbi.nlm.nih.gov/clinvar), and evaluated their secretion and intracellular

accumulation propensities in HEK293A and ARPE-19 cells. New variants that were
identified with secretion defects were next evaluated for their ability to activate the UPR and
the molecular basis responsible for retention was identified at the amino acid level. Lastly,
we determined whether N-linked glycosylation of F3 serves as a unifying stabilizing force,

enabling the efficient secretion of subtly unstable mutants.


https://www.ncbi.nlm.nih.gov/clinvar

37
2.3 Results
2.3.1 Clinical significance and pathogenicity prediction of novel F3 mutations
Previously, we and others have demonstrated that the R345W F3 variant, which
causes ML, is inefficiently secreted from cultured cells'** *3, We rationalized that additional
F3 mutations may also cause secretion defects, serving as a potential universal mechanism by
which distinct F3 variants contribute to ocular disease. Using ClinVar, a database that lists
mutations present in patients within the human population, we selected fifteen additional
clinically-identified, uncharacterized/poorly characterized variants identified in F3 (Fig. 2.1).
The EFEMP1 gene that encodes for F3 is one of many genes included within retinal

dystrophy panels (https://www.ncbi.nlm.nih.gov/gtr/tests/522537/, https://www.egl-

eurofins.com/tests/?testid=MM239) which are typically prescribed for patients with unknown

ocular diseases.

We selected a range of F3 missense mutations which have been previously reported
in either patients with ocular diseases (D49A, R140W, Y397H, L451F) or identified through
other means (remainder). We next recorded their clinical significance (ClinVar), determined
their potential pathogenicity (PROVEAN and PolyPhen), and allele frequency (gnomAD,
Table 2.1.1). As expected, the R345W variant was classified as pathogenic in ClinVar and in
silico prediction indicated that it is deleterious (PROVEAN score of —3.309) and probably
damaging (PolyPhen score of 1.000, Table 2.1.1). Due to the extent of study of this
mutation, along with documented human and mouse model data, we used the R345W
mutation as a benchmark for relevance to ocular disease. However, no other variant was

identified as completely fulfilling these three criteria (i.e., simultaneously determined to be


https://www.ncbi.nlm.nih.gov/gtr/tests/522537/
https://www.egl-eurofins.com/tests/?testid=MM239
https://www.egl-eurofins.com/tests/?testid=MM239
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pathogenic, deleterious, and damaging using the aforementioned programs), suggesting that
additional metrics, such as secretion propensity, may be needed to provide more information
regarding pathogenicity. The variant that resembled R345W the closest in the in silico
modeling was the Y397H mutation, which was identified as potentially pathogenic
(ClinVar), deleterious (PROVEAN score of —3.276) and probably damaging (PolyPhen
score of 1.000, Table 2.1.1). The clinical significance of the remaining mutations were
determined to be benign, likely benign, conflicting interpretations, or uncertain significance
(Clinvar, Table 2.1.1). A few variants not listed in ClinVar were 1220F (previously
identified in a control individual'') and N249Q and C338A (engineered mutations not
present within the human population). Interestingly, 6 out of 10 mutations classified as
variants of unknown significance were predicted to be deleterious (PolyPhen) and/or
damaging (PROVEAN) to the structure of F3 (Table 2.1.1). In contrast, the synonymous F3
variants were predicted to be non-pathogenic (PROVEAN). Many of the variants we
analyzed were found at surprisingly high frequencies, including the synonymous E129E
variant (most common coding variant, 2.73 x 10 ?), the R387Q variant (most common
missense variant, 1.14 x10°), followed closely by the D49A variant (1.05x 103

Table 2.1.1).

2.3.2 Few F3 mutations cause secretion defects
We next determined the secretion propensities of each of the select F3 variants in a
cell culture system. Using site-directed mutagenesis, we generated the fifteen new F3

mutations (each construct containing an N-terminal FLAG epitope as described
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previously' "

, Fig. 2.1). We then quantified intracellular (cell lysate) and extracellular
(secreted) F3 levels from transfected HEK293A cells using western blotting (Fig. 2.2A,B).
An additional metric, secretion propensity, which takes into account both intracellular and
secreted F3 (the ratio of WT-normalized secreted protein/intracellular), was also calculated
(Fig. 2.2C).

As we have observed previously?, C338A F3, a genetically engineered F3 that is not
folded due to absence of a required disulfide bond in the 6th calcium-binding EGF domain,
and R345W F3 both displayed significant defects in secretion propensity (0.007 £ 0.003
[p<0.001],0.32+£0.04 [p<0.001] of WT F3 levels respectively, Fig. 2.2A,C). Interestingly,
out of the fifteen newly tested variants, only L451F displayed a significant reduction in
secretion propensity (0.38 +0.08 [p<0.05] of WT F3 levels), suggesting that this variant
may be misfolded (Fig.2.2A,C). These secretion defects were not due to reduced
transfection efficiency or expression levels (Sup. Fig. 2.2A).

Surprisingly, we observed that the Q226H variant resulted in significantly reduced
intracellular (30.2+0.9% [p <0.001] of WT) and secreted levels (27.4 +2.9% [p <0.001)] of
WT), which were accompanied by a significant concomitant reduction in EFEMP1 transcript
levels (23.3+£0.9% of WT, Sup. Fig. 2.22A). Even more surprising was that in addition to
forming full length F3, this variant formed an intracellular truncated product of ~30 kDa
through an unknown mechanism (asterisk, Fig.2.2A). While Q226H has intriguing
characteristics, it did not fall into our criteria for identifying mutants that behave similarly to

R345W, thus we chose not to focus on this variant in this study.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7862258/#CR27
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2.3.3 Secretion propensities of F3 in ARPE-19 cells

Because F3 is expressed in retinal pigment epithelial cells (RPE) in the eye'?® 17,

we
next determined whether F3 secretion propensity defects were also apparent in an RPE-based
cell culture system using ARPE-19 cells (Sup. Fig. 2.2.3A-C). We selected disease-
associated variants as well as those with secretion defects and stably expressed them in
ARPE-19 cells. Upon expression of WT, D49A, R140W, R345W, Y397H, and L451F F3 in
ARPE-19 cells (Sup. Fig. Fig. 2.2.3), we detected significantly lower secretion propensities
for R345W (0.21+0.04 [p<0.001]) and L451F (0.44 +0.08 [p<0.001]) (Sup. Fig. 2.2.3C),
a phenomenon similar to what was observed in HEK293A cells (Fig. 2.2A-C). Furthermore,

analysis of these stable cells by gPCR demonstrated no significant changes

in EFEMP1 transcript levels (Sup. Fig. 2.2.2B).

2.3.4 The L451F F3 mutation does not induce an ER stress response

Next, we determined whether an ER stress response was induced due to significantly
higher intracellular levels of C338A, R345W, or L451F F3. HEK293A cells were transfected
with WT, C338A, R345W, or L451F F3 constructs or treated with tunicamycin (Tm) as an
unfolded protein response (UPR) positive control. We performed gPCR using select TagMan
probes (HSPA5, DNAJB9, and ASNS), the levels of which are representative of the triggering
of select arms (i.e., ATF6, IRE1 and PERK, respectively) of the UPR. We found that only
cells expressing the severely misfolded C338A F3 variant demonstrated a significant increase
in HSPADS transcript levels compared to cells expressing WT F3 (302.2 +34.2%, Fig. 2.3),

suggesting that this variant induces ER stress. We observed no significant induction of ER
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stress in cells expressing R345W or L451F F3 (Fig. 2.3), suggesting that intracellular levels
of these variants are not sufficient to disrupt ER homeostasis. These findings are consistent
with our previous results'™, but in contrast to other findings'®. These discrepancies are
likely due to the method of DNA introduction, expression level differences, and/or different

culture systems.

2.3.5 Charged and aromatic substitutions at position 451 affect F3 secretion
Previously, we demonstrated that substitution of F3 at R345 with aromatic residues or

proline also resulted in secretion defects™*

, indicating that the common Arg-to-Trp mutation
was not unique in its ability to reduce secretion, but that presence of other sterically-
hindering or bulky amino acids would also cause secretion defects. We next decided to
explore the molecular basis of how the L451F mutation disrupts F3 secretion in a similar
manner. To accomplish this, we generated a panel of substitutions at L451 with diverse
amino acid backbones, transfected them into HEK293A cells, and performed western
blotting (Fig. 2.4A). Mutation from the native leucine residue to other small uncharged
residues such as alanine (L451A) or glycine (L451G) did not affect secretion compared to
WT F3 (92.0+8.4% and 100.6+£3.6% of WT levels, respectively) (Fig.2.4A,B).
Replacement of L451 with charged residues such as aspartic acid (L451D) or arginine
(L451R) significantly lowered secretion (68.6+5.0% [p<0.001], 70.0+6.0% [p <0.01] of
WT levels, respectively) (Fig. 2.4A,B). Interestingly, mutation of L451 to a tryptophan

(L451W) or tyrosine (L451Y) both resulted in secretion defects (33.3+7.7% [p<0.01],

61.3+2.3% [p<0.01] of WT F3 levels, respectively) (Fig. 2.4A,B). Substitution of leucine
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to proline (L451P) resulted in an even more drastic secretion defect (10.3 +4.4% [p<0.001]
of WT F3 levels, respectively) (Fig. 2.4A,B), possibly due to proline’s conformationally-
restrictive backbone!® "7,

The rank-order of secretion propensity for these L451 wvariants was
Pro <Trp <Phe < Tyr < Asp < Arg <Gly ~ Leu (WT) <Ala (Fig. 2.4C). Together, these data
suggest that, similar to substitutions made at the 345 position, bulky aromatic and restrictive
residues at the 451 position are sufficient to cause secretion defects in F3. Supporting this
notion, L451 is well-conserved in F3 proteins across species, and reasonably conserved
among other human fibulins (Sup. Fig. 2.24A, B). Whereas aromatic residues at the 345
position appeared to disrupt disulfide bond formation within the 6th EGF domain**®, possibly
causing misfolding of that particular domain, it is unclear why similar residues would also
disrupt the folding of the fibulin-type domain where the L451 residue is located. Additional
studies will have to be performed to begin to tease out such information.
2.3.6 The N249 N-linked glycan is required for efficient L451F F3 secretion and stabilizes
the Y397H F3 variant

Absence of N-linked glycosylation of R345W F3 leads to increased intracellular
aggregation and an altered conformation of R345W F3, suggesting that the N-linked glycan
is required in order for R345W to maintain a stable, native-like structure’’. Due to the
molecular similarities between R345W and L451F (i.e., mutation to aromatic residues,
degree of secretion deficiency, poor tolerance of other amino acids at the position), we
postulated that N-linked glycosylation is also a stabilizing force for L451F as well

as additional F3 mutants.
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To cleanly eliminate the F3 N-linked glycosylation site, we mutated Asn249 to Glu
(N249Q) in WT F3 (Fig. 2.2A) as well as in a series of variants analyzed in Fig. 2.5. Upon
elimination of the glycan itself in WT F3 (designated as N249Q), we did not observe a
significant change in secretion (98.8 £ 6.8%) or intracellular (111.8 +7.0%) levels of N249Q
compared to WT F3 (Fig. 2.2A,B). However, we did observe a significant reduction in
N249Q/R345W and N249Q/L451F secretion (15.8+4.6 [p<0.001] and 12.4+1.2%
[p<0.001], respectively, of N249Q F3 levels) (Fig. 2.5A-C), especially when compared to
fully glycosylated R345W and L451F (compare Fig. 2.5A-C to Fig. 2.2A-C).

Surprisingly, in the absence of N-linked glycosylation, N249Q/Y397H displayed a
significant secretion defect (42.0+10.1% [p <0.05] of N249Q F3 levels) (Fig. 2.5A-C) that
was not previously observable in the glycosylated Y397H variant (Fig. 2.2A-C). This
observation suggests that the Y397H variant may exhibit a degree of instability which is
compensated by the presence of the N-linked glycan at N249. This compensation may be in
the form of intrinsic stabilization due to the glycan itself and/or extrinsic stabilization
afforded by promoting interactions of F3 with glycan-binding lectins (e.g., calreticulin and
calnexin). The secretion of the remaining variants, D49A/N249Q, R140W/N249Q,

1220F/N249Q, and N249Q/R387Q were identical to N249Q F3 (Fig. 2.5A-C).

2.4 Discussion

In this study, we selected a panel of poorly-characterized, clinically-identified
synonymous and missense F3 mutations present in the human population and determined

whether these mutations disrupted F3 folding and secretion. Upon initial evaluation, we
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found that only R345W and L451F F3 displayed a significant secretion propensity defect
compared to WT F3. Subsequent follow-up studies demonstrated a broad intolerance for
charged and bulky amino acid side chains at the L451 position, and demonstrated a reliance
of L451F and another C-terminal variant, Y397H, on a stabilizing N-linked glycan at N249.
Interestingly, many of the N-terminal variants we tested that had no effect on F3 secretion
were also of a similar molecular nature to the compromised C-terminal variants
(i.e., R140W and R194W versus R345W, and I220F versus L451F), hinting that the
positioning of the bulky aromatic variations is important and can compromise secretion in a
context-dependent manner, an idea which is supported by our previous studies*’®. It is
important to note that since no well-established functional assay exists for the evaluation of
F3 variants, we believe that monitoring the secretion and intracellular levels of F3 in cell
culture provides a reasonable metric for assessing its degree of folding and its potential to
trigger cellular dysfunction and/or influence disease.

Our findings also suggest that the D49A and R140W variants behave differently than
R345W or L451F. Given the prevalence of the D49A variant in the human population, its
presence in a “predisposition screen in an ostensibly healthy population” (ClinVar),
combined with neutral or benign in silico predictions, and our secretion results, we believe
that this is likely a non-pathogenic polymorphic variant in F3 which may not be involved in
AMD. However, it is still possible that other mutations such as R140W might influence
disease (primary open angle glaucoma) by mechanisms distinct from R345W or L451F, and
therefore may behave differently. Another interesting finding in our study was the Q226H F3

variant. Although this variant is predicted to change EFEMPL1 splicing (ClinVar), it was
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surprising to observe a~ 30 kDa truncated product, especially since our expression constructs
lack introns (Sup. Figure 2.2.1). Additional studies will be needed to uncover the origin of
this product as well as investigate the mechanisms at play that ultimately lead to inherently
lower transcript, intracellular, and secreted Q226H levels.

One limitation of our study is that it primarily utilized HEK293A cells. While these
cells likely share most of the major protein synthesis, folding and degradation machinery as
retinal cells that express F3 (i.e., RPE cells), and are an appropriate model for initial F3
variant screening, we acknowledge that more physiologically relevant model systems are
currently accessible. Accordingly, follow-up studies will be focused on evaluating intriguing
variants (e.g., L451F) in more relevant model systems, such as CRISPR-modified induced
pluripotent stem cells (iPSCs) that have been differentiated into RPE cells or F3 variants
knocked into mice to develop an in vivo model system for further analysis.

Overall, little is known about the molecular and cellular influences that regulate F3
secretion and function. Mapping and testing F3 mutations as we have performed, combined
with comprehensive ocular phenotypic data, will provide more information regarding
whether there are certain ‘hot-spots’ in F3 that are prone to secretion-compromising or
pathogenic mutations. For example, the combination of analogous studies”®*® have led
to the determination that the olfactomedin (OLF) domain is a ‘hot-spot’ for many pathogenic
mutations in myocilin (MYOC). Likewise, we noticed a trend that C-terminal mutations (i.e.,
mutations occurring after N249, as an approximate midpoint) were more prone to either
secretion defects (e.g., R345W and L451F), or further destabilization (i.e., N249Q/Y 397H).

This approximate region of F3 (amino acids 259-493) has also been shown to bind to tissue
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inhibitor of matrix metalloproteinase 3 (TIMP3)'®

, a critical extracellular matrix regulatory
component that is also associated with Sorsby’s Fundus Dystrophy™®. Failure of F3 to bind
to TIMP3 or other known F3 interacting partners'® *®® due to partial misfolding in its C-
terminus may ultimately influence its fate in the cell and at the organismal level.
Additionally, recent studies have indicated that the C-terminus of F3 may be the source of

amyloid fibrils found in the veins of aged individuals'®

, suggesting that this portion of the
protein has a propensity for B-sheet formation and aggregation.

While little in-depth knowledge exists for patients with the L451F mutation, we do
know that this mutation was identified in two separate unrelated heterozygous individuals,
one with retinal dystrophy and the other with congenital nystagmus and otherwise poor
ocular workup (information provided by Eurofins Clinical Diagnostics, personal
communication). Given our observations of L451F F3 secretion and destabilization,
combined with the identification in multiple individuals with eye disease, it is intriguing to
speculate that L451F might be a disease modifier or actually trigger ocular disease.

The C-terminal F3 fragility hypothesis doesn’t preclude the idea that N-terminal
mutations couldn’t be detrimental to F3 folding and function. In fact, we would predict that
the recently identified C55R F3 mutation, located in the atypical calcium-binding EGF
domain of F3 and associated with Marfanoid syndrome'®®, could substantially effect F3
secretion and/or redox/disulfide state. Yet, it is important to mention that it is still unclear
how the other F3 mutations such as R345W cause diseases such as ML—whether it is due to

the escape of misfolded F3 from the cell which wreaks havoc in the extracellular matrix,

possibly triggering complement activation'*, or whether it is due to accumulation of poorly
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folded intracellular F3, or a combination of both of these possibilities. Ultimately, in the
absence of multiple sets of reliable phenotypic patient data, future studies aimed at testing the
effects of newly identified (e.g., L451F, Y397H) and rationally-designed (e.g., C338A)
mutants in mice will be critical for developing a better understanding of the role of misfolded

F3 and its relation to ocular diseases.

2.5 Methods
2.5.1 In silico screening of F3 mutations
F3 (EFEMP1) variants were identified wusing the  ClinVar  website

(https://www.ncbi.nlm.nih.gov/clinvar/). The protein-level consequences of these alterations

were then assessed by PROVEAN (http://provean.jcvi.org/index.php) and PolyPhen 2.0

(http://genetics.bwh.harvard.edu/pph2/). Allele frequency of the variation was determined by

gnomAD (https://gnomad.broadinstitute.org/, V2.1.1, Ensembl gene ID:
ENSG00000115380.14, region: 2.56093102-56151274). Clustal Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/) was used to align UniProt sequences

(https://www.uniprot.org/).

2.5.2 Plasmid generation

N-terminal FLAG-tagged (FT) F3 constructs were either generated from pcDNA FT WT F3
or pENTR1A FT WT F3 templates using the Q5 mutagenesis kit (New England Biolabs,
Ipswich, MA, USA). pENTR1A constructs were then shuttled into the pcDNA DEST40

vector (Life Technologies, Carlsbad, CA, USA) or pLenti CMV Puro DEST (gift from Eric
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Campeau and Paul Kaufman, Addgene plasmid # 17452) by an LR clonase Il reaction (Life
Technologies) to generate the final construct. The pcDNA FT WT F3 construct is shown in
Sup. Fig. 2.2.1, and uses a preprotrypsin leader sequence followed by the FLAG peptide, and
then the F3 sequence. The plasmid map was made using SnapGene 5.1.7 (GSL Biotech, San

Diego, CA, USA). All F3 mutations and plasmids were verified by Sanger sequencing.

2.5.3 Cell culture and transfection

Human embryonic kidney cells (HEK293A, Life Technologies) were cultured at 37 °C with
5% CO; in Dulbecco’s minimal essential medium (DMEM) supplemented with high glucose,
(4.5 g/L, Corning, Corning, NY, USA), 10% fetal bovine serum (FBS, Omega Scientific,
Tarzana, CA, USA) and 1% penicillin—streptomycin-glutamine (Gibco, Waltham, MA,
USA). Cells were plated at a density of 100,000 cells/well in a 24 well plate and transfected
the following day with 500 ng of midi-prepped endotoxin-free plasmid DNA (Qiagen,
Germantown, MD, USA) using Lipofectamine 3000 (Life Technologies) as described
previously'®®. Forty-eight hours after transfection, fresh serum-free media was added. Cells
were harvested and media was collected 24 h later (72 h post transfection). Human
immortalized retinal pigmented epithelial cells (ARPE-19, CRL-2302, American Type
Culture Collection, Manassas, VA, USA) were cultured in DMEM/F12 media supplemented
with 10% fetal bovine serum (FBS, Omega Scientific, Tarzana, CA, USA), HEPES
(Corning) and penicillin/streptomycin and glutamine (PSQ, Gibco, Germantown, MD, USA).
To generate stably expressing F3 cell lines, ARPE-19 cells were infected with VSV-G-

pseudotyped lentivirus packaged with the pLenti CMV Puro vector containing FT F3
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variants. Stable populations were selected using puromycin. Cells were plated at a density of
150,000 cells/well in a 12 well plate, changed to serum free media after 24 h, and harvested

24 h later (48 h post plating).

2.5.4 Western blotting

Cells were washed with Hanks buffered salt solution (HBSS, Sigma-Aldrich, St. Louis, MO,
USA), then lysed with radioimmunoprecipitation assay (RIPA) buffer (Santa Cruz, Dallas,
TX, USA) supplemented with Halt protease inhibitor (Pierce, Rockford, IL, USA) and
benzonase (Millipore Sigma, St. Louis, MO, USA) for 3-5 min at room temperature, and
then spun at max speed (14,800 rpm) at 4 °C for 10 min. The soluble supernatant was
collected and protein concentration was quantified via bicinchoninic assay (BCA) (Pierce).
Twenty to thirty pg of soluble supernatant or 20 pL of conditioned media was run on a 4—
20% Tris-Gly SDS-PAGE gel (Life Technologies) and transferred onto a nitrocellulose
membrane using an iBlot2 device (Life Technologies). After probing for total
transferred protein using Ponceau S (Sigma-Aldrich), membranes were blocked overnight in
Odyssey Blocking Buffer (LICOR, Lincoln, NE, USA). Membranes were probed with rabbit
anti-FLAG (1:5000; Thermo Fisher Scientific, Waltham, MA, USA, cat# PA1-984B) or
mouse anti-p-actin (1:1000; Sigma-Aldrich, cat# A1978). All Western blot imaging was
performed on an Odyssey CLx (LI-COR) and band quantification was performed using

Image Studio software (LI-COR).

2.5.5 Quantitative PCR
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Transfected HEK293A or stably expressed F3 ARPE-19 cells were trypsinized (0.25%
Trypsin EDTA, Gibco), quenched with full DMEM or DMEM/F12 media, respectively, and
centrifuged at max speed (3,000 rpm) at 4 °C for 10 min. Cell pellets were washed with
HBSS, centrifuged again, then RNA extraction from cell pellets was performed using the
Aurum Total RNA Mini Kit (Bio-Rad). 315-400 ng RNA (HEK293A) or 10-50 ng RNA
(ARPE-19) was reverse transcribed using gScript cDNA SuperMix (Quanta Bioscience,
Beverly, MA, USA) and the cDNA was diluted 5X in DNase/RNase-free water. cDNA was
amplified with TagMan Fast Advanced Master Mix (Thermo Fisher) and transcripts were
detected using hHSPAS (cat# hs00607129 gH), hDNAJB9 (cat# hs01052402_m1),
hASNS (cat# hs04186194 m1), and hACTB (cat# hs01060665 g1) TagMan probe sets. For
quantifying F3 (EFEMP1) mRNA levels, cDNA was amplified with PowerUp SYBR Green
Master Mix (Thermo Fisher). Transcripts were amplified using hEFEMP1 forward (5’
GGGGATCCTTTGCATGTCAG) and reverse (5 TGAAACCCAGGACTGCACTG)
primers, using RPLP2 forward (5 CGTCGCCTCCTACCTGCT) and reverse (5
CCATTCAGCTCACTGATAACCTTG) primers as a housekeeping gene. Amplification for
both TagMan assays and SYBR Green was performed on a QuantStudio 6 and visualized and

quantified using the associated software (Thermo Fisher).

2.5.6 Statistical analysis
To determine statistical significance, samples were compared using a one-sample t test using
Excel against a hypothetical value of 1 (i.e., unchanged compared to the control).

Significance was set at *p <0.05, **p <0.01, and ***p <0.001.
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Figure 2.1: Schematic of clinically-identified F3 variants. Genetically-engineered variants
are highlighted in red.
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Figure 2.2: Secretion of clinically-identified F3 variants. (A) Western blot of secreted and
intracellular levels of F3 variantsin HEK293A cells. Asterisk indicates truncated
intracellular Q226H band. (B) Quantification of secreted and intracellular levels for each
variant. (C) Secretion propensities of F3 variants shown in (A), n>6, mean = SEM, (¥p<0.05,
**n<0.01, ***p<0.001, one sample t test vs. a hypothetical value of 1 [i.e., unchanged]).
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Figure 2.3: L451F F3 does not elicit an ER stress response. qPCR analysis of hHSPAS,
hDNAJB9, and hASNS transcript levels with TagMan probes in WT F3, R345W, C338A,
L451F-expressing HEK293A cells and cells treated with 1 pg/mL tunicamycin (Tm), 24 h.
n=3, mean + SEM (*p<0.05, **p<0.01, ***p<0.001, one sample t test vs. a hypothetical
value of 1 [i.e., unchanged]).
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Figure 2.4: Substitution of leucine at position 451 with select residues. (A) Western blot of
secreted and intracellular levels of L451F substitution variants. (B) Quantification of secreted
and intracellular levels. (C) Secretion propensities L451F substitution variants in (A), n > 4,
mean + SEM, (*p<0.05, **p<0.01, ***p<0.001, one sample t test vs. a hypothetical value of

1 [i.e., unchanged]).
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Figure 2.5: Secretion of F3 variants upon genetic ablation of the N-linked glycan. (A)
Western blot of secreted and intracellular levels of N249Q F3 variants. (B) Quantification of
secreted and intracellular levels. (C) Secretion propensities N249Q F3 variants in (A), n > 4,
mean £ SEM, (*p<0.05, **p<0.01, ***p<0.001, one sample t test vs. a hypothetical value of

1 [i.e., unchanged]).
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Supplemental Figure 2.2.1: pcDNA FT F3 vector for F3 variants. Plasmid map was
generated using SnapGene version 5.1.7, https://www.snapgene.com/.
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Supplemental Figure 2.2.2: F3 (EFEMP1) transcript levels of mutants in (A) HEK293A and
(B) ARPE-19 cells. (A) gPCR analysis of hEFEMP1 transcript levels with SYBR Green
EFEMP1 primers in WT F3, R345W, C338A, and L451F-expressing cells. (B) gPCR
analysis of hEFEMPL1 transcript levels with SYBR Green EFEMP1 primers in WT F3,
D49A, R140W, R345W, Y397H, and L451F-expressing cells. n = 3, mean + SEM (one
sample t-test vs. hypothetical value of 1 [i.e., unchanged]). n = 5, mean = SEM (*p<0.05,
**n<0.01, ***p<0.001, one sample t test vs. a hypothetical value of 1 [i.e., unchanged]).
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Supplemental Figure 2.2.3: Secretion propensities of F3 in ARPE-19 cells. (A) Western
blot of secreted and intracellular levels of F3 variants stably expressed in ARPE-19 cells. (B)
Secretion and intracellular levels of F3 variants in ARPE-19 cells and (C) their
corresponding secretion propensities, n = 6, mean £ SEM (*p<0.05, **p<0.01, ***p<0.001,
one sample t test vs. a hypothetical value of 1 [i.e., unchanged]).



human
rat
mouse
hoerse
rabbit
macagque
turtle
bird
chicken

fibulin-1
fibulin-2
fibulin-3
fibulin-4
fibulin-5

L4517

|

TTIYANTINTFRIKSGNENGEFYLRQTSPVSAMLVILVESLSGPREHIVDLEMLTVSSIGT
TTIYANTINTFRIKSGNENGEFYLRQTSPVEAMLVLVESLTGPREHIVCELEMLTVESIGT
TMIYANTINTFRIKSGNENGEFYLRQTSPVSAMLVLVESLSGPREYIVDLEMLTVSSIGT
TTIYANTINTFRIKSGNENGEFYLRQTSPVSAMLVLVESLSGPREY IVDLEMLTVNSLGT
TTIYANTINTFRIKSGNENGEFYLRQTSPVEAMLVLVESLTGPREYIVDLEMLTVNSIGT
TTIYANTINTFRIKSGNENGEFYLRQTSPVSAMLVILVESLSGPREHIVDLEMLTVSSIGT
TTIYPNTINTFRIKSGNENGEFYLRQTSAISAMLVLVESLSGPREHIVDLEMLTVNSLN-
TTIYPNTINTFRIKSGNENGEFYLRQTSAVSAMLVILVESLSGPREHIVDLEMLTVNSLN-
TTIYPNTINTFRIKSGNENGEFYLRQTSAVEAMLVLVKSLSGPREHIVDLEMLTVNSLN-

* hE AAE R AAET R AT BRI TR A AT A AT R A A I E R AT E R o hE A K -E Kk EEAk A EE k.

L451

!

GMTVGVVROVRP IVGPFHAVLELEMNYVVG—GVVSHRNVVNVHIFVSEYWF 70

NAY TGVVYLORAVLEPRDFALDVEMELWR]-GEVTT-FLAKMHIFFTTFAL 1184
SPVSAMIVLVESLSGPREHIVDLEMLTVSSIGTFRTSSVLRLTIIVGFFSF 493
NHNVEAMLVLARFVTGPREYVLDLEMVTMNSLMSYRASSVLRLTVFVGAYTF 443
GPISATLVMTRFIKGPREIQLODLEMITVNTVINFRGSSVIRLRIYVSQYEPF 448

* . ek - .

475

475
5596
478
475
431
432
433

59

Supplemental Figure 2.2.4: Protein alignment near the L451 residue of F3. (A) Clustal
Omega alignment of F3 proteins across the indicated species. (B) Clustal Omega alignment
of different fibulin proteins at the L451 position.
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D49A Eﬂgg‘;?ggtﬂpmmi"m of | 0.384; neutral 0.002; benign 1.05%10-
E129E Benign 0.000; neutral N.A 2.73x107
R140W Uncertain significance - 1.580; neutral 0.997; probably damaging 795%x10™°
DI87E Uncertain significance -0.728 neutral 0.389; benign 398x10™°
R194W Uncertain significance -3.802; deleterious 1.000; probably damaging 1.99x107°
1220F N.D 0.904; neutral 0.000; benign 59710~
Q226H Uncertain significance 2.873; neutral 0.000; benign N.D

N249Q* N.A -3.965; deleterious 1.000; probably damaging N.A

C338A% N.A —8.812; deleterious 0.999; probably damaging N.A

R345W Pathogenic —-3.309; deleterious 1.000; probably damaging N.D

P373L Uncertain significance —1.378; neutral 0.004; benign 5.67%107°
E374Q Uncertain significance —2.287; neutral 0.995; probably damaging 3.08 %107
R387Q Likely benign —2.072; neutral 0.219; benign 1.14x 107
Y397H Likely pathogenic —3.276; deleterious 1.000; probably damaging N.D

L451F Uncertain significance -3.577; deleterious 0.996; probably damaging 1.14x107°
L455F Uncertain significance —2.539; deleterious 1.000; probably damaging 6.36x107°
S4718 Uncertain significance 0.000; neutral N.A 1.98x 101
R477H Uncertain significance —3.619; deleterious 1.000; probably damaging 141x10°

Table 2.1.1. Clinical significance, predicted stability scores, and allele frequencies of F3
variants. *Indicates rationally-designed variant.



CHAPTER THREE
CHARACTERIZING F3 VARIANTS IN THE MURINE RETINA

3.1 Introduction

AMD is the most common cause of irreversible vision loss in the elderly population
in developed countries®. The lack of therapies for dry AMD due to its clinical heterogeneity
as well as number of environmental and genetic risk factors poses a current threat for
patients’ vision and quality of life. In order to understand the disease pathogenesis of dry
AMD, ML has been used as a surrogate disease because of its similar clinical and phenotypic
AMD-like features, as well as its well-defined genetic cause due to the R345W mutation in
the F3 protein!. As dry AMD and ML progresses, one commonly observed
histopathological marker is the buildup of extracellular material known as basal laminar
deposits (BLamDs) located between the RPE and RPE-basal lamina*®*™®'. In humans,
BLamDs are typically a precursor for eventual drusen formation, sometimes coalescing to

form soft drusen’®2. BLamDs, which are the canonical pathogenic feature observed in the

ML mouse model at advanced age (mice do not appear to form drusen as humans do*®% **%)

are comprised of complement regulatory proteins*® 1%

and ECM proteins including fibrous
long-spacing collagen'®* and F3**.

F3 is a 55 kDa ECM glycoprotein that is highly expressly in and secreted (apically
and basally) from RPE cells in the eye. Interestingly, both WT F3 and the R345W F3 mutant
have been found surrounding drusen in AMD and ML human donor eyes®, respectively,

and F3 accumulates within BLamDs in R345W F3 knock-in mice'*®. BLamDs are typically

identified as the earliest observable change in the R345W F3 mouse retina by electron
61
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microscopy. In contrast, F3 knockout mice do not develop BLamDs and are protected from
environmental stressors that induce BLamDs (i.e., cigarette smoke, and photochemical

19 \While knock-in mouse

injury), signifying an important role of F3 in deposit formation
models of F3 have helped to increase our current understanding of its involvement in macular
degeneration, other in vivo modeling approaches, such as the use of adeno-associated viruses
(AAVs), to flexibly express mutant proteins of interest, have emerged as a unique tool for
further studying disease mechanisms and testing the potential pathogenicity of select
variants®’.

AAVs are small (25 nm) nonenveloped, single-stranded DNA viruses with a 4.8
kilobase (kb) genome!®2%®. Recombinant AAV (rAAV) vectors contain two open reading
frames, the rep and cap genes®®’. Rep encodes the Rep78, Rep68, Rep52, and Rep40 proteins
that are essential for viral life cycle and cap encodes for three structural proteins (VP1, VP2,
and VP3) that form the viral capsid at a 1:1:10 ratio®® ?**. Rep and cap are flanked by two
145 nucleotide long inverted terminal repeats (ITRs) that serve as T-shaped hairpin
packaging signals to allow for complementary DNA strand synthesis®®. rAAV vectors are at
the forefront of gene therapy for the treatment of a variety of human diseases, including
retinal dystrophies®® 2%, Most notably, inherited retinal disorders (IRDs), such as Leber’s
congenital amaurosis (LCA) caused by mutations in the RPEG65 protein, have been
effectively reversed after a single subretinal (the space between the RPE and photoreceptors)

injection of the rAAV2-RPEG5 virus, resulting in visual improvement?*2%,
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In addition to its use in the clinic, rAAVs have been valuable tools for generating in

vivo retina mouse models®”’

. Moreover, research performed in the Hulleman Laboratory has
found that expression levels of F3 in the mouse RPE are significantly lower than those
observed in higher order species (porcine), non-human primates (olive baboons), and humans
(Dr. Steffi Daniel, Ph.D., personal communication). Thus, we propose that rAAV can be used
to quickly evaluate the potential in vivo effects of select F3 mutants while also restoring F3
expression in the RPE to those comparable to what is observed in humans.

Recently, we characterized a novel, clinically-identified L451F F3 mutation in vitro
and found that its secretion and molecular properties were similar to that of the R345W F3
mutation. In this study, we utilize rAAV technology encoding for human WT, R345W and
L451F F3 and examine the expression and potential pathological effects (i.e. BLamDs, RPE
abnormalities) of the L451F mutant after expression in the murine RPE. We show that 1
month post-injection, mice display rather wide expression of our F3 rAAVs, primarily being
expressed in the photoreceptors and RPE. We next evaluated the protein expression of WT
F3 and mutants as well as their ability to induce UPR activation (IRE1, ATF6, and PERK

pathways) in the retina/RPE. Lastly, we determined the local distribution of our F3 rAAVs in

the mouse retina, as well as whether this led to an immune response.

3.2 Results
3.2.1 Evaluation of F3 AAV expression in the retina
To generate our F3 rAAV mouse model system, we utilized an rAAV plasmid system that

includes a rAAV2[MAX(QuadYF, 7m8)] rep/cap vector and a separate F3 transgene plasmid
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driven by a hybrid chicken beta actin promoter (cBH). Located after the C-terminus of F3
was an internal ribosomal entry site (IRES) followed by GFP (Sup. Fig. 3.3.1). Upon
production and purification of 3XFLAG-tagged WT, R345W, and L451F F3 rAAV, as well
as a control, CMV-driven GFP rAAV, we verified the purity of the preparation by analyzing
the capsid subunits VP1, VP2, and VP3 by silver staining (Sup. Fig. 3.3.2). Previously, the
rAAV2[MAX] capsid mutant vector was shown to efficiently transduce photoreceptors
following intravitreal delivery in 4-6-week-old mice?®, but this method has not been shown
to efficiently introduce transgenes into the RPE via the same route of administration. To
appropriately introduce our F3 rAAVs into the mouse retina, we performed subretinal
injections in order to directly target F3 expression to the RPE. Three weeks post-subretinal
injection with CMV GFP rAAV and WT, R345W, and L451F F3 rAAV, we verified rAAV
expression by fundoscopic analysis (Fig. 3.1). As expected, we did not detect any GFP
expression in uninjected control eyes of adult mice (Fig. 3.1A,F). In contrast, CMV GFP
rAAV conferred high levels of GFP expression that was detectable even in brightfield images
(Fig 3.1 B,G). Upon increasing the fundus GFP fluorescence intensity, we were able to
detect IRES-expressed GFP for WT (Fig 3.1H), R345W (Fig. 3.11) and L451F (Fig. 3.1J) F3
rAAVs in the mouse retina. We also observed that our F3 rAAVs resulted in ~25-40%
coverage of GFP expression in the retina, whereas CMV GFP rAAV resulted in pan-retinal

208

expression, which is consistent with a previous report These results demonstrate our

ability to successfully transduce the retina with F3 rAAV following subretinal injection.
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3.2.2 Retinal assessment of F3 rAAV mice
One of the most common challenges of performing subretinal injections is the high risk of

injection-induced retinal detachment and/or damage to the retina®®® %

. To verify that the
mouse retinal integrity was not compromised and to observe if there are any changes in the
retinal layers, or the presence of observable sub-RPE deposits (i.e., large BLamDs or
otherwise amorphous deposits), we utilized spectral domain optical coherence tomography
(SD-OCT). We did not detect any abnormal features or changes in retinal thickness in the IR
reflectance images of uninjected eyes or F3 rAAV-injected eyes at 1 month post-injection
(Fig. 3.2A-H). Assessment of the retinal layers revealed no gross anatomical differences in
RPE of F3 rAAV-injected mice and we did not detect the presence of sub-RPE deposits.
These results suggest that retinal integrity remains intact following injection with F3 rAAV,

but these observations did not quantitatively provide F3 expression levels, nor did they

precisely confirm its exact expression pattern in the mouse eye.

3.2.3 F3 is overexpressed, but does not activate the unfolded protein response

Because our rAAVs encode for human F3, we next determined F3 (EFEMP1)
transcript level expression in the retina. We isolated posterior eyecups (which includes the
neural retina and RPE/choroid) of mice 1 month post-injection and performed qPCR analysis
(Fig. 3.3A). As expected, we found that EFEMP1 levels of WT, R345W, and L451F were
highly expressed in the mouse retina compared to Hank's balanced salt

solution supplemented with 0.014% Tween-20 (HBSS-T, vehicle) injected mice (Fig. 3.3B),
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which express endogenous mouse F3 only. Human EFEMPL1 transcript levels were also
comparable between WT F3 and mutants, suggesting little variability in F3 expression
between each rAAV. These results demonstrate that our F3 rAAVs are able to drive high
expression of F3 in the mouse retina.

Previously, Roybal and colleagues demonstrated that high levels of F3 expression
(driven by adenovirus, not rAAV) in cultured RPE cells was able to trigger activation of the
UPR, and that this activation was significantly more pronounced in cells expressing the
R345W mutant™®. However, Fu et. al. found that R345W knock-in mice do not elicit an ER

152

stress response in the retina (as indicated by no change in GRP78 protein levels)™<, and our

group has not detected UPR activation when the levels of F3 are appropriately regulated*’

211.

Nonetheless, to determine whether ER stress is activated in the retina upon high
expression of F3 due to rAAV introduction, we performed qPCR to gauge transcript levels of
the three major arms of the UPR (mAsns [PERK activation], mDnajb9 [IREL1 activation], and
mHspa5 [ATF6 activation]) (Fig 3.3B). We observed no significant induction of the UPR for
WT, R345W, and L451F, suggesting that the levels of F3 expression mediated by our rAAVs
does not lead to overt ER stress in the retina or RPE, and we would speculate that UPR

activation does not significantly contribute to ML disease-related observations.

3.2.4 F3 expression in the mouse RPE
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Next, we determined whether the F3 rAAVs primarily transduce the mouse RPE. To do this,
we isolated the mouse RPE layer by performing RPE flatmounts 1 month post-injection
(Sup. Fig. 3.3.5) followed by immunofluorescence (Fig. 3.4). We first stained with zona-
occludens-1 (ZO-1) (Fig. 3.4C,H,M,R), a well-known RPE tight junction marker?? %3 and
FLAG for the visualization of each F3 rAAV (Fig 3.4G,L,Q). We found that GFP expression
from the IRES GFP element of the F3 rAAVs was mostly apparent in the cytoplasm and
nuclei, and in some cases, GFP signal was detected at the RPE junctions (Fig 3.4F,K,P). We
also found co-expression of GFP and FLAG in some, but not all RPE cells (Fig 3.4J,0,T),
demonstrating that human F3 from our rAAVs are indeed expressed in the RPE. A separate
immunofluorescence study was also used to confirm GFP and FLAG (all F3 variants used in
vivo were 3xFLAG-tagged) co-expression in the RPE (Sup. Fig. 3.3.6). We would like to
note that detection of co-expression of GFP and FLAG (F3) is challenging, especially since
F3 is a secreted protein that would not normally accumulate intracellularly, unless partially or

fully unfolded.

3.2.5 F3 rAAV localization and distribution in the mouse retina

Next, we wanted to uncover whether our F3 rAAV transduction was specific to the RPE
only, or if it was distributed across the entire retina. Retinal cryosections of mouse eyes 1
month post-injection revealed that, based on IRES GFP localization, WT, R345W, and
L451F rAAVs also transduced photoreceptors (Fig 3.5G,L,Q), and in some cases, the outer

nuclear layer (Fig 3.5. G,L), in addition to the RPE. This is likely due to expression of our
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F3 rAAV’s being driven under the ubiquitous promoter, cBH. To evaluate whether
introduction of our F3 rAAVs or mechanical injury (e.g., inducing retinal detachment via
injection) induced a pronounced inflammatory response in the retina, we stained for the glial
fibrillary acidic protein (GFAP) (Fig. 3.5C,H,M,R). GFAP, which is expressed in astrocytes
and Muller glia, is a well-known marker for stress in central nervous system (CNS), and its
increased immunoreactivity in the retina is usually viewed as an index of gliosis (neural
damage)®****®. Compared to our HBSS-T control, we found that in our F3 rAAV-injected
mice, GFAP was only localized to the ganglion cell layer, where it is normally distributed®"’
(Fig. 3.5 H,M,R). Additionally, we did not detect GFAP in the inner or outer retina,
suggesting that our F3 rAAVs do not elicit an inflammatory response in injected adult mice.
It is worth mentioning that although retinal detachment is apparent in some of the brightfield
images, this is merely due to how the samples were processed for cryosectioning. We
previously confirmed with SD-OCT analysis that the retinal integrity for these mice were not

compromised.

3.3 Discussion

There are currently two R345W knock-in mouse models of ML, pioneered by the
Mamorstein and Pierce groups, that demonstrated BLamD/sub-RPE deposit formation and
progression regardless of gene dosage (heterozygous vs. homozygous)*** **3. One important
aspect of their studies is the length of time that BLamDs take to form, with deposits

becoming noticeable at 12 months in both mouse models®®* 3. Thus, a more attractive
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alternative would be to design a rapid, yet robust F3 mutant animal model where BLamDs
develop in a shorter timeframe. rAAVs have several advantages over traditional knock-in
approaches, including i) being an economical alternative®?, ii) their use in generating animal
models with accelerated disease time course, iii) controlling mutant protein expression with
the appropriate serotype, promoter and titer, and iv) monitoring graded levels (early to late
stages) of pathological phenotypes. In this study, we utilized rAAV to overexpress human
F3 in the mouse retina since recent data shows that endogenous mouse F3 in RPE/choroid is
expressed at low levels (data not shown). We wanted to drive F3 expression to more closely
match that of endogenous human F3 in the RPE/choroid in order to accurately reflect

pathology upon introduction of the R345W and L451F mutants.

The vector serotype (AAV 2/2) and rep-cap plasmid (pACG2-MAX-QuadYF, 7m8)
used in this study was previously shown to transduce photoreceptors upon intravitreal

injection in the mouse retina®®

. We demonstrated that subretinally injecting this rAAV
plasmid system, the F3 transgenes included, were able to transduce the mouse RPE and lead
to sufficient F3 overexpression. The same was also true for the CMV GFP rAAV plasmid.
We selected the strong and constitutively active cBH promoter to initially assess and drive
overexpression of the F3 protein. While CMV is a strong promoter, it is also infamous for
being prone to silencing by DNA methylation and histone deacetylation over time in specific

cell types and tissues after transduction?®??°, Thus, we wanted to avoid this possibility in the

RPE. One limitation of our study is that we do not currently have an appropriate control, such
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as cBH IRES GFP rAAV, which would allow for a more definitive comparison of IRES GFP
expression via fundus, SD-OCT and gPCR. Another limitation is that we are currently unable
to gauge how much of human F3 is expressed relative to endogenous F3 within the same
mouse retinas, which would ultimately allow for us to determine the extent of human F3
overexpression relative to levels in the mouse.

One of our goals was to generate an F3 rAAV mouse model that rapidly displays
BLamDs in a manner of a few months. Similarly, Dinculescu et al. utilized rAAV to show
that a mutant in the C1QTNF5 protein mimics pathological features (i.e. RPE thinning and
cell loss, and basal RPE deposits) of late-onset retinal degeneration in as little as 4 months®’.
Thus, we are optimistic that our approach with F3 rAAV would yield a similar timeframe as
well as pathological features to ML for R345W F3. Previously, we found that the L451F F3
mutant is similar in secretion, degree of folding and molecular properties to that of R345W.
However, L451F is still unique in that it was found in two heterozygous individuals and is
not associated with a specific disease like R345W in ML. It would be interesting to observe
if L451F rAAV-injected mice develop BLamD deposits similar to R345W. For instance, if
L451F rAAV-injected mice develop BLamDs, one important study would be determine the
rate at which the deposits form compared to R345W F3 rAAV BLamDs and compare their
components. It is also is possible that BLamDs may not be present in the L451F rAAV-
injected mice or that there are distinct changes at the RPE-BrM or other retinal layers that are
specific to L451F. Overall, our study successfully demonstrates the use of rAAV for

generating an F3 retinal mouse model and which will allow for future characterization of
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additional disease-associated mutations in F3, but requires further in-depth electron

microscopy of potential ultrastructure changes to the RPE/BrM.

3.4 Methods

3.4.1 rAAV production

The pAAV cBH 3X FT WT F3 IRES eGFP rAAV vector was produced by VectorBuilder
and the R345W and L451F rAAV vectors were generated via restriction digest and ligation.
AAVpro293T cells (Clontech) were triple transfected in T175 flasks with an rAAV helper
plasmid (pHelper), an AAV2/2-based rep-cap plasmid: pACG2-MAX-QuadYF, 7m8, also
called AAV2/2 MAX (provided by Dr. Daniel Lipinski) and transgenes: pAAV cBH 3X FT
WT F3 IRES eGFP (Vector Builder), pAAV cBH 3X FT R345W F3 IRES eGFP, and pAAV
cBH 3X FT L451F F3 IRES eGFP (Sup. Fig. 3.3.1). Plasmids were transfected in equimolar
ratios (1:1:1) along with 1 pg/ul polyethylenimine (PEI) in high-glucose DMEM and 24 h
post-transfection the media was changed to high-glucose DMEM supplemented with 2%
FBS and 1% penicillin-streptomycin-glutamine (Gibco, Waltham, MA, USA). Seventy-two
hours post media change, cells and media were collected followed by the addition of
chloroform and vortexed for 5 min. 5M NaCl was added to the aqueous phase, vortexed
briefly, and centrifuged at 4,000 x g for 5 min at 4°C. After collecting the supernatant,
polyethylene glycol (PEG) 8000 (50% w/v) was added, the samples were vortexed briefly,
and then incubated on ice for 1 h. Samples were centrifuged for 30 min at 3000 x g at 4°C,

the supernatant discarded, and the pellets were dried at RT for up to 15 min by inverting the
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tube. The pellets were then resuspended in 50mM HEPES buffer (pH 8.0), vortexed for 5
min at RT, and incubated at 37°C for 30 min with the addition of 1 M MgCl, and 1pL
benzonase. Samples were then loaded onto an iodixanol gradient and spun in a T170 rotor at
63,000 rpm for 90 min at 4°C. Virus was collected by puncturing the 40% iodixanol layer
with an 18G needle and ten drops were collected per tube. The virus fractions were
transferred to a 100K 0.5 ml Amicon filter, spun twice at 14,000 rpm for 6 min followed by
buffer exchange with HBSS-T and spun again for 6 and 8 min, respectively. The virus was
eluted by inverting the filters into a new collection tube, spun at 1,000 x g for 2 min (final
volume is ~20uL). Viral titers for determined by a Quant-iT PicoGreen dsDNA kit (Thermo
Fisher Scientific) and 3uL of purified rAAV was run on a 4-20% Tris-Gly SDS-PAGE gel
(Life Technologies) followed by visualization of capsid subunits via silver staining (Sup.

Fig. 3.3.2).

3.4.2 Subretinal Injections

Animal experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) of UT Southwestern Medical Center. Two month old C57BL/6 mice were
anesthetized with an intraperitoneal injection of ketamine/xylazine cocktail (120/16 mg/kg).
Eyes were temporarily proptosed and an incision was made immediately below the limbus
using a 23 G needle at an angle to avoid touching the lens. Subretinal delivery of F3 rAAV
was performed by inserting a 33G % blunt needle connected to an rAAV-filled Hamilton
syringe in the incision at a 45 degree angle (Supp Fig. 3.3.3). The needle was then pushed

slowly across the eye, careful not to hit the lens, until resistance was felt, indicating that the
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needle reached the retina. A half microliter of rAAV at a titer of 1 x 10** viral genomes/mL
(10° vgleye) was injected over the course of 30 seconds and afterward the needle was slowly
removed over the course of 30 seconds from the mouse eye. Each mouse received bilateral
injections of either F3 rAAV, GFP rAAV or HBSS-T) injections. After injections, bacitracin

zinc and polymyxin B sulfate ointment were applied to both eyes.

3.4.3 Fundoscopy and SD-OCT

One month post-injection, mice were anesthetized with an intraperitoneal injection of
ketamine/xylazine cocktail (100/10 mg/kg) followed by pupillary dilation with Tropicamide
Ophthalmic Solution 0.5%. GenTeal eye gel was applied to prevent dry cornea and fundus
images were taken using a Phoenix Micron Retinal Imaging Microscope (Phoenix
Technology Group). SD-OCT images were acquired using a Heidelberg Spectralis HRA +
OCT system (Heidelberg Engineering, Heidelberg, Germany). For retinal imaging, horizontal
scans were obtained for every eye with the optic nerve head at the center. SD-OCT scans
were acquired in automatic real-time (ART) mode, averaging 9 frames per image. Each
volume covered 30°%30° and consisted of 31 horizontal and 6 radial B-scans (768A-scans

each), 240um apart.

3.4.4 Immunostaining

Eyes were harvested and fixed in 4% paraformaldehyde (PFA) for 2 h at room temperature
(RT). For flatmounts, after fixation, eyes were incubated in 1X phosphate-buffered saline
(PBS). Under a light microscope, the anterior segment and lens were removed and the RPE

was dissected from the neural retina and placed in a 48 well plate containing 1X PBS.
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Tissues were washed with 1X PBS, incubated with 0.1% Triton X-100/1X PBS, and then
blocked in 10% goat serum in 0.1% Triton X-100/1X PBS for 2 h at RT. Tissues were then
incubated in primary antibodies (anti-mouse FLAG M2 (1:200) Sigma Aldrich cat# F1804,
anti-rabbit ZO-1 (1:500) Invitrogen cat# 40-2200) made in blocking solution overnight at
4°C. Twenty-four hours post primary antibody incubation, tissues were washed in 1X PBS
and incubated with secondary antibodies (Alexa Fluor 633 goat anti-mouse (1:1000) and
Alexa Fluor 546 goat anti-rabbit (1:100) Invitrogen) overnight at 4°C. The following day,
samples were washed with 1X PBS, incubated with DAPI for 20 mins at RT, washed again
with 1X PBS. Approximately 12-16 radial cuts were made to flatten the RPE followed by
mounting with antifade diamond mounting media onto glass microscope slides. Images were

acquired using a 63X oil objective on a Leica SP8 confocal microscope (Buffalo Grove, IL)

For cryosections, after fixation, eyes were incubated with 10% sucrose in 1X PBS for 24 h at
4°C followed by 18% sucrose in 1X PBS for an additional 24 h at 4°C. The following day,
eyes are embedded in Optimum Cutting Temperature media and placed at -80 °C to solidify.

Twelve micron thick cryosections were dried overnight at RT, then placed on a slide warmer
set at 60 °C for 30 min and cooled for 10 min at RT. Sections were washed with 1X PBS,
incubated with 0.1% Triton X-100/1X PBS, and blocked in 10% goat serum in 0.1% Triton
X-100/1X PBS for 2 h in a black slide holder tray. Sections were incubated in primary
antibodies (mouse anti-FLAG M2 (1:200, Sigma Aldrich cat #F1804), rat anti-GFAP (1:500,

ThermoScientific cat #13-0300) overnight at 4°C. The next day samples were washed in 1X
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PBS followed by secondary antibody incubation (Alexa Fluor 546 goat anti-mouse (1:1000)
Invitrogen cat #A11003, Alexa Fluor 633 goat anti-rat (1:1000) Invitrogen cat #A21094 or
Alexa Fluor 594 goat anti-rabbit (1:1000) Invitrogen cat #A11012) overnight at 4°C. The
following day, sections were washed with 1X PBS, incubated with DAPI for 20 min at RT,
washed again with 1X PBS and covered with a glass cover slip after placement of ProLong
Diamond Antifade Mountant (Invitrogen) onto samples. Images were acquired using a 63X

oil objective on a Leica SP8 confocal microscope (Buffalo Grove, IL)

3.4.5 Quantitative PCR

RNA isolation was carried out using the Aurum Total RNA isolation kit (Bio-Rad #732-
6820; Hercules, CA, USA). Samples were reverse-transcribed to cDNA using gScript cDNA
Supermix (Quantabio #101414-106; Beverly, MA, USA). For quantifying F3 (EFEMP1)
MRNA levels, cDNA was amplified with PowerUp SYBR Green Master Mix (Thermo
Fisher). Transcripts were amplified using hEFEMP1 forward (5'
GGGGATCCTTTGCATGTCAG) and reverse (5 TGAAACCCAGGACTGCACTQG)
primers, and mRPLP2 forward (5 CGTCGCCTCCTACCTGCT) and reverse (5’
CCATTCAGCTCACTGATAACCTTG) primers as a housekeeping gene. Amplification for
SYBR Green was performed on a QuantStudio 6 Real-Time PCR system and visualized and

quantified using the associated software (Thermo Fisher).

3.4.6 Statistical analysis
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To determine statistical significance, samples were compared using one-way ANOVA.

Significance was set at *p <0.05, **p <0.01, and ***p <0.001.
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Chapter 3 Figures
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Fig 3.1: Retinal fundus assessment of F3 rAAV expression in the mouse retina. Brightfield
and fluorescent fundus images of (A,F) un-injected control adult mouse retina at one month.
(B,G) CMV GFP rAAV, (C,H) 3X FT WT F3, (D,I) 3X FT R345W F3, and (E,J) 3X FT
L451F F3 rAAV expression in adult mouse retinas.
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Fig 3.2: SD-OCT of F3 rAAV-injected mouse retinas. Red arrows in top panels (A-E)
indicate a horizontal B-scan. Bottom panel (F-J) shows corresponding retina cross-section.
En face retina thickness is shown under each corresponding IR reflectance image (A-E).
White arrow indicates optic nerve head. Scale = 200um.
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Fig 3.3: EFEMP1 and UPR transcript levels of F3 rAAV in the mouse retina. (A) qPCR
analysis of hEFEMP1 transcript levels post-subretinal injection. Biological replicates, n=3,
***p<0.001, one-way ANOVA. (B) mHspa5, mDnajb9, and mAsns transcript levels with
TagMan probes in WT, R345W and L451F F3 rAAV and HBSS-T injected mouse retinas.

Biological replicates, n=3, n.s. =

not significant, one-way ANOVA.
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Fig 3.4: Immunofluorescence of F3 rAAV-injected mouse RPE flatmounts. Flatmounts were
stained with, FLAG, ZO-1 and DAPI. Scale = 50 pm.
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Fig 3.5: Retinal distribution of F3 rAAV-injected mice. Representative cryosection images
showing F3 rAAV expression 1-month post-injection. Sections were stained with GFP,
GFAP, and DAPI. Scale =50 pum.
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Supplementary Fig 3.3.1: Plasmid map of cBH 3X FT WT F3 IRES GFP vector used for
rAAV production. The CMV enhancer is highlighted in white and the cBH promoter in red.
F3 coding sequence is highlighted in blue and the R345W and L451F mutant positions are
labeled. Downstream of the F3 sequence is an IRES (dark grey) followed by an eGFP
(green).
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Supplementary Fig 3.3.2: Silver stain of rAAV capsid subunits after purification. VP1, VP2,
and VP3 are at a 1:1:10 ratio, consistent with previous studies?* %%,
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Supplementary Fig 3.3.3: Subretinal injection technique in the mouse eye. (A) Anatomy of
a normal, uninjected mouse eye. (B) Injection across the mouse retina using a blunted needle
to deliver genetic material to the subretinal space. (C) Bleb of F3 rAAV post-injection.
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Supplementary Fig 3.3.4; Transduction of F3 rAAV constructs in HEK293A cells. At 24
h (A-G) and 48 h (H-N) post-transduction, F3 rAAV is only detected at high exposure (E-
G and L-N) whereas CMV GFP rAAV is detected initially at low exposure. MOI=1.
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Supplementary Fig 3.3.5. Generation of mouse RPE flatmounts. (A) Subretinal injection.
(B) Isolation of RPE/choroid. Arrow indicates RPE. (C) Radial cuts of RPE mounted
onto a microscope slide.
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Supplementary Fig 3.3.6. Immunofluorescence of RPE flatmounts.
month-old mice stained with GFP and FLAG. Scale = 50 pm.
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CHAPTER FOUR
CONCLUSIONS AND FUTURE DIRECTIONS

4.1 Conclusions
4.1.1. F3 secretion is indicative of pathology in a context-dependent manner

My published work on F3 has firstly demonstrated that secretion can be indicative
of pathology, depending on the mutation (Chapter 2). To date, the R345W is the most
well-studied F3 missense mutation in relation to ML and leads to several phenotypic
features that resemble complex macular degenerative diseases like AMD. Because of the
obvious secretion defect in R345W that has been repeatedly observed by our group and
others, we hypothesized that a significant reduction in secretion could be used as a
marker for F3 misfolding and pathology. Accordingly, we tested a large panel of F3
mutations found in patients with ocular disease or otherwise undisclosed potential
abnormalities. Our results in Chapter 2 partially support our hypothesis as seen with the
L451F F3 mutation being the only variant with a significant secretion defect and, to our
surprise, having a secretion and molecular profile similar to that of R345W.

The fact that the majority of F3 variants of unknown significance (most of which
were missense mutations like R345W) evaluated were not sensitive to secretion in our in
vitro studies, even ones that were reported in patients presumably with retinal dystrophies
(i.e. Y397H, L455F, and R477H), begs the question of whether using secretion as a
metric for misfolding and pathology is appropriate for characterizing these mutants.

Additionally, in silico analysis of most of the clinically identified mutants that were

88
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predicted to be deleterious/probably damaging to F3 structure was also not reflected by a
significant reduction in secretion, in contrast to observations with R345W F3 in our
study. It is possible that these mutations may not perturb F3 folding and secretion to the
point of initiating disease. In this case, perhaps it would be better to look at other ways
that these mutants are associated with disease independent of secretion propensity, such
as F3 function (which is currently unknown), profiling protein binding partners, changes
in subcellular localization relative to WT F3, or changes to the structure of the ECM.
It is also possible that we are limited by current cell culture systems (HEK293A
and ARPE-19) for uncovering how these mutants behave in vitro, and ultimately it would
be ideal to test whether these mutants exhibit pathological features in primary RPE cells,

whether porcine, human or mouse, as well as in the retina.

4.1.2 F3 has a misfolding problem that is likely well-tolerated in cells

We are the first to report L451F as another misfolded, destabilized and
inefficiently secreted F3 mutant. Initially, before we obtained any clinical information,
we hypothesized that this mutation was identified in a patient with a monogenic macular
degenerative disease like ML. However, after receiving information about the two
unrelated patients, one with congenital nystagmus and another with retinal dystrophy, this
led us to believe that L451F can result in phenotypic variation, which is a classic feature
of a genetic modifier. Like R345W, it is highly likely that L451F is autosomal

dominantly inherited and results in a gain of function mechanism since it appears to be
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misfolded, is inefficiently secreted, and the patients who harbor this mutation do not
appear to have any symptoms related to F3 deficiency.

As far as R345W and L451F misfolding, it is unclear why the accumulation of
these mutants in cells does not elicit an ER stress response. UPR activation is a well-
known event that occurs for many misfolded proteins, especially those famously involved

in neurodegenerative diseases such as Alzheimer’s (tau protein and amyloid-p% %4

)

225

Parkinson’s (a-synuclein“®”), and even IRDs such as retinitis pigmentosa (RP, e.g., the

P23H mutation in rhodopsin®®

). In fact, several in vitro and in vivo studies, including
ours in Chapters 2 and 3, suggest that ER stress doesn’t play a crucial role as a signal of
retinal disease for the misfolded R345W and L451F mutants.

One exception to these observations is a study by the Roybal group where R345W
was overexpressed using an adenoviral vector in ARPE-19 cells, which led to increased
GRP78/BiP and X-box binding protein (XBP1) transcript and protein levels. However,
this result is likely due to the overexpression R345W using a high multiplicity of
infection (>25) in cells, which is sufficient for triggering the UPR, even when
overexpressing WT F3'% 1 Furthermore, in knock-in R345W mice, no upregulation of
GRP78/BIiP in the mouse retina has been observed even at advanced age (18 months) *2,

Another interesting phenomena is that the R345W and L451F misfolded mutants
do not appear to be degraded, but rather retained intracellularly. One possibility is that

their misfolded conformations are well-tolerated intracellularly, at levels that do not

exceed the ER homeostasis network capacity. Therefore, the cell may not recognize these
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mutants as toxic or damage-associated. Another possibility may be due to passive ER
retention, in which misfolded proteins accumulate due to failure of exiting the ER
because of the absence of exit signals (possibly because it is difficult to unfold and
extract disulfide-rich proteins such as F3 from the ER) or the inability to functionally
and/or structurally present them?®. This may also explain why there is no activation of
the UPR and in our studies and others. However, in the context of disease, it is also
important to consider whether R345W and L451F F3 misfolded accumulation is
secondary to RPE dysfunction due to inability of the RPE to no longer control secretion
during degeneration. Thus, it is possible that the secreted, misfolded R345W and L451F,
rather than misfolded intracellular F3, is more likely to contribute to disease

pathogenesis.
4.1.3. F3 secretion of R345W and L451F contribute to macular degeneration

Despite protein quality control mechanisms, such as ER associated degradation (ERAD),
some misfolded proteins, are still able to exit the cell, which can cause downstream
consequences that lead to a disruption of protein homeostasis and disease®”® **°. Several
in vitro and in vivo studies suggest that secreted R345W may be more detrimental in
causing disease (ML) since its presence induces BLamD formation and complement
activation of C3a, which are key observations in response to an abnormal ECM*? 133,
This same phenomena may be true for the L451F mutation as well. In Chapter 3,

although we were able to successfully introduce our rAAV mutants into the mouse RPE,
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we were unable to detect any obvious BLamDs 1 month post-injection, which may not be
an ideal timeframe for visualizing the mouse retina. However, we are optimistic that we
will observe in vivo retinal phenotypes for R345W, consistent with previous studies, and
perhaps uncover novel retinal phenotypes associated with the L451F F3 mutant. These
studies will likely require ageing injected mice out to extended time points as well as

utilizing transmission electron microscopy.

4.2 Future Directions

4.2.1 F3 misfolding and secretion in physiologically relevant in vitro systems

Because F3 is secreted from RPE cells, monitoring its secretion, including F3
mutants, in a relevant RPE-based culture system aside ARPE-19 cells would be
beneficial. Although widely used in studies linked to retinal degeneration because of their
RPE-like properties (i.e. morphology, polarization, and ability to phagocytose
photoreceptor OSs), several reports have cautioned against prolonged ARPE-19 cell line
use because they i) lack features of mature RPE, such as pigmentation and expression
markers such as RPEG65, and ii) are spontaneously immortalized, which deems them less
likely to recapitulate native RPE because of structural and functional changes within the
cells?®!. Nonetheless, if properly cultured, polarized and differentiated, ARPE-19 cells
may be an appropriate model system?®.

One alternative approach to more accurately test several F3 mutants’ secretion
properties would be to establish a primary human fetal or adult RPE cells. Primary RPE

cells are the gold standard culture system because they re-establish pigmented epithelial



93
monolayers with apical microvilli that express key mRNA, miRNA, and proteins
essential for RPE function as well as several other important native features such as
polarized secretion of growth factors and mediating transepithelial transport of fluid®*.
Introduction of select F3 mutations in primary RPE cells would not only allow for
additional confirmation of secretion defects and misfolding, but would enable further
characterization such as similarities and/or differences in binding partners (i.e., TIMP3)
compared to WT F3 as well as determining morphological or functional changes in the
RPE. For instance, evaluating RPE barrier function by transepithelial resistance (TER)
measurements would be useful to assess normal primary human fetal RPE, which
develop high TER (>400 Qcm?)?**, are well as TER for cells in which the F3 mutants are
introduced.

Another primary cell culture system is the use of porcine RPE cultures, which
have already been established in our laboratory. Established porcine RPE cells have
several features including the expression of RPEG65, localization of ZO-1 to tight
junctions and Na*, K*-ATPase to the apical membrane®®. Recently, we transduced
porcine cell cultures with our control rAAV (CMV GFP) and cBH 3x FT WT, R345W
and L451F F3 IRES GFP rAAYV constructs (Sup. Fig. 3.3.1). We observed that 24 h post-
transduction, GFP expression could be detected for CMV GFP rAAV, but not for the F3

rAAV constructs (data not shown), possibly due to the presence of the IRES GFP

element (which can result in lower GFP signal than GFP directly driven by a promoter)
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or due to serotype incompatibility. Thus, initial optimization studies should seek to

verify F3 expression in the porcine culture prior to secretion analysis.

4.2.2 Enhancing expression of F3 rAAV

In chapter 3, we were able to verify expression of our F3 rAAV constructs in the
mouse RPE. A important next step would be to generate F3 rAAV constructs that i)
improve GFP expression since the IRES GFP element results in inherently low GFP

fluorescent levels®®

, 1) are driven by an RPE-specific promoter, and iii) the use of
additional vector serotypes that are compatible with transducing the retina/RPE.

Using a GFP fluorescent reporter allows for us to visualize expression and
validate the success of the subretinal injection technique in the retina. Because of the
IRES GFP element, we aim to improve GFP expression in a manner that allows for
increased transduction efficiency in vitro (Sup. Fig. 3.3.4) and most importantly, in vivo
compared to our current study in Chapter 3, but also does not lead to retinal toxicity®®’.
We recently attempted to insert 3x FT F3 IRES GFP sequence into a plasmid that
contains a CMV enhancer-chicken B-actin promoter with a shortened intron (known as
smCBAZ® 2%y in the hopes of improving GFP expression while also retaining
constitutive activation in the retina. However, these studies have resulted in unsuccessful
generation of these constructs.

Another important study would be to drive F3 expression specifically under an

RPE-specific promoter versus using a ubiquitous promoter, which could lead to targeted

expression of F3 in other cells in the neural retina. Common RPE-specific promoters such



95
as bestrophin-1 (BEST1) or RPE65 would ensure targeted expression of F3 to the RPE.
However, one consideration would be to monitor expression levels of F3 under these
promoters to ensure that F3 levels are overexpressed, which can be verified at the protein
and transcript level.

To transduce F3 rAAV in the mouse retina, we used the AAV2/2[MAX] mutant
serotype in our studies, which proved successful. A recent report suggests that commonly
used rAAV serotypes (rAAV 2, rAAV5, rAAVS, and rAAV9) can transduce the RPE and
photoreceptors upon subretinal delivery in adult mice®*®?*2. Thus, utilizing additional
serotypes would allow for testing retinal tropism, transduction, and determining whether

AAV2/2[MAX] is the only optimal serotype for F3 rAAV RPE specificity.

4.2.3 Resolving the structural properties of F3

While it is clear that R345W and L451F F3 are misfolded and accumulate
intracellularly in vitro, several questions remain as to the true nature of F3 misfolding.
Does misfolding in this context mean that the mutants self-assemble to form aggregate
species (disordered or prefibrillar)? Do the mutants form intracellular amyloid fibrils?
Are the mutants considered prion-like proteins?

In chapter 2, we established that the C-terminal region of F3 is prone to
misfolding and destabilization, which is exacerbated upon removal of the N-linked
glycosylation site. Surprisingly, a recent study by Tasaki et al. found evidence of F3

amyloids in the large intestinal veins of elderly individuals*®’. Upon biophysical analysis,
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the C-terminal region containing residues 437-493 showed a high tendency for amyloid
fibril formation versus the N-terminal region'®. Interestingly, a synthetic peptide
containing F3 residues 437-456, which includes L451, formed nonbranching straight
amyloid fibrils'®’. Therefore, we hypothesize that the L451F mutation in F3 may rapidly
exacerbate amyloid fibril formation through promotion of hydrophobic interactions,
especially since we have observed that the full length L451F mutant is misfolded.
Currently, we are utilizing synthetic peptides (residues 437-456 that include either WT
F3 sequence as a control, the L451F mutant, or a L455F control mutant) to test our
hypothesis. The peptide containing the L455F mutant will be used to determine whether
amyloid fibril formation is specific to only L451F or whether a general substitution to
phenylalanine is sufficient to drive aggregation. After initial monomerization of the
peptides, a Thioflavin T kinetic assay will be performed in order to monitor the presence
of F3 amyloid fibrils.

Additional methods to resolve not only the C-terminal region of F3, but full-
length F3 would also be useful in future studies. Although WT F3 is monomeric,
secondary structural characterization of it is lacking, and there is currently no crystal
structure of F3 available. To begin to investigate the structure of F3, a starting point
would be to obtain a circular dichroism (CD) spectrum detailing F3 secondary structure.
CD spectroscopy would allow for us to directly determine whether F3 is an intrinsically
disordered protein in its native form, which a previous study suggested due to its

predicted binding promiscuity, multifunctionality and multiple posttranslational
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modification sites'°. CD spectroscopy would also enable more thorough elucidation of
the structural properties in the N- and C-terminal F3 region (alpha helix vs. beta-sheet
content) and provide insight as to how the R345W and L451F mutants influence F3

folding, thermal and chemical stability, binding properties and conformational changes.

4.2.4 Targeting R345W and L451F F3 for degradation

Although we show that R345W and L451F F3 intracellular accumulation does not
lead to significant ER stress, a combination of intracellular and secreted F3 mutants may
trigger disease and lead to deposit formation and eventual blindness. Therefore, a
therapeutic approach to target R345W and L451F for degradation would be attractive.
Furthermore, our group recently reported that removal of even WT F3 is well-tolerated in
various ocular tissues, including the retina/RPE, and may serve as a potential therapeutic
strategy for reducing sub-RPE deposit formation in disease'’”®. The use of antisense
oligonucleotides (ASOs) has garnered attention within the last decade for the treatment of
ocular diseases, including IRDs such as RP?*32%®,

ASOs are single-stranded DNAs (~18-20 base pairs) that are complementary to an
MRNA target of interest, with the goal of reducing the gene expression of said target by
induction of RNase H endonuclease activity, which cleaves the DNA-RNA
heteroduplex®*®. Several studies have shown the use of ASOs in mouse retinal
degeneration models®*"?*°. Using this approach, studies of optimizing the design and
screening of F3 ASOs for i) their uptake and stability in vivo which is dependent on

backbone (i.e. phosphorothioate (PS)) and chemical modifications (i.e. methoxyethyl
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(MOE))®* 2! i) their ability to penetrate the mouse RPE and iii) sufficient
concentration for knockdown of mutant F3 levels in vitro and in vivo.

As a starting point to these studies, we recently designed a non-targeting 2’MOE
gapmer ASO with a 5’ Cy3 fluorescent reporter and an F3 2’MOE gapmer ASO that
targets mouse F3 for degradation. After transfection of the F3 2’MOE gapmer ASO into a
stably-expressed mouse F3 ARPE-19 cell line where F3 is fused to an enhanced Gaussia
luciferase (eGluc), we were unable to detect a reduction in eGluc (and therefore F3)
activity up to 72 h. Subsequently, we tested whether our non-targeting, fluorescently
labeled Cy3 ASO could transduce the mouse RPE. We found that whereas the
photoreceptors were transduced upon intravitreal injection, subretinal injection did not
result in RPE transduction. These studies highlight the unique challenges to overcome
for future optimization of using ASOs as a means to target F3 in the RPE in vitro and in

Vivo.

4.2.5 Long-term evaluation of sub-RPE deposits in F3 rAAV-injected mice

At 1 month post-injection, we did not detect the presence of sub-RPE or basal
laminar deposits. Therefore, long-term retinal evaluation of the mice will be necessary.
Recently, Dinculescu et al. observed basal RPE deposits starting at 4 months in their
rAAV-induced mutant CLQTNF5 driven by an RPE-specific BEST1 promoter following
subretinal delivery in mice'®”. Similarly, in our F3 rAAV mouse model, we hypothesize
that sub-RPE deposits may be visible at around 3 months, and will progressively

accumulate and lead to prominent features of retinal degeneration (i.e. photoreceptor
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atrophy, RPE abnormalities, overall retinal thinning, loss of retinal function) as the mice
age.

To begin monitoring mice for deposits, subretinal injections have been performed
on mouse pups (p4-p5) to allow for ageing up to one year. At designated timepoints (3, 6,
9, and 12 months) post injections, F3 rAAV IRES GFP expression will be confirmed
using fundoscopy and retinal integrity will be assessed by SD-OCT. Electroretinography
will also be used to assess whether there are changes in visual function of the mice at the
corresponding timepoint and subsequently analysis via histology and electron microscopy

will be used to determine the presence of sub-RPE BLamDs.
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APPENDIX A.

Acknowledgement

| want to acknowledge another major project in the lab that focuses on a protein
expressed in the eye named tubby-like protein 1 (TULP1) and its implication in Retinitis
pigmentosa (RP). This project was initially my rotation project in the lab, but quicky
birthed into a novel finding that led to a publication: Woodard DR et. al. A novel
homozygous missense mutation p.P388S in TULP1 causes protein instability and retinitis
pigmentosa. Mol. Vis. (2021); 27:179-190. Author contributions: D.R.W. performed all in

vitro experiments.

4.1 Abstract

Retinitis pigmentosa (RP) is an inherited retinal disorder that results in the degeneration
of photoreceptor cells, ultimately leading to severe visual impairment. We characterized a
consanguineous family from Southern India wherein a 25 year old individual presented
with night blindness since childhood. The purpose of this study was to identify the
causative mutation for RP in this individual as well as characterize how the mutation may
ultimately affect protein function. We performed a complete ophthalmologic examination
of the proband followed by exome sequencing. The likely causative mutation was
identified and modeled in cultured cells, evaluating its expression, solubility (both with
western blotting), subcellular distribution, (confocal microscopy), and testing whether

this variant induced endoplasmic reticulum (ER) stress (quantitative PCR [gPCR] and
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western blotting). The proband presented with generalized and parafoveal retinal
pigmented epithelium (RPE) atrophy with bone spicule-like pigmentation in the
midperiphery and arteriolar attenuation. Optical coherence tomography scans through the
macula of both eyes showed atrophy of the outer retinal layers with loss of the ellipsoid
zone, whereas the systemic examination of this individual was normal. The proband’s
parents and sibling were asymptomatic and had normal funduscopic examinations. We
discovered a novel homozygous p.Pro388Ser mutation in the tubby-like protein
1 (TULP1) gene in the individual with RP. In cultured cells, the P388S mutation does not
alter the subcellular distribution of TULP1 or induce ER stress when compared to wild-
type TULPL, but instead significantly lowers protein stability as indicated with steady-
state and cycloheximide-chase experiments. These results add to the list of known
mutations in TULP1 identified in individuals with RP and suggest a possible unique
pathogenic mechanism in TULP1-induced RP, which may be shared among select

mutations in TULP1.

4.2 Introduction

Inherited retinal disorders (IRDs) caused by autosomal dominant, recessive, and
X-linked mutations comprise more than 2 million cases of ocular diseases worldwide??.
The most common IRD, retinitis pigmentosa (RP), affects 1 in 3,000 individuals

worldwide and is characterized by the degeneration of retinal photoreceptor cells

beginning with the atrophy of rods and the secondary death of cones®. Clinical
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symptoms of RP include night blindness followed by the loss of peripheral, and
eventually, central vision?*,

Currently, more than 30 genes have been associated with autosomal recessive
RP?°, Mutations in the tubby-like protein 1 (TULP1; Gene ID: 7287, OMIM: 602280)
gene have been shown to contribute to autosomal recessive RP?**?*°, TULP1 belongs to
the tubby-like gene family that encodes for a 542 amino acid cytoplasmic, membrane-
associated protein found exclusively in retinal photoreceptor cells*®. Previously, the
TULP1 protein was demonstrated to be required for normal photoreceptor function
through promotion of rhodopsin transport and localization from the inner to outer

261 notentially in an F-actin-dependent manner®®. In addition, in vivo studies

segments
have confirmed that mice lacking Tulpl display early-onset photoreceptor degeneration
due to the loss of rods and cones®®. Recently, Lobo et al. demonstrated that certain RP-
associated autosomal recessive missense mutations in the TULP1 gene can cause the
protein to accumulate within the endoplasmic reticulum (ER), leading to prolonged and
possibly detrimental ER stress, providing a surprising but speculative molecular
mechanism by which mutations in TULP1 can induce retinal degeneration®®*.

In the present study, we identified a novel homozygous missense mutation
p.Pro388Sser (P338S) in TULP1 in a consanguineous family from Southern India who
presented with autosomal recessive RP. We explored whether the P388S TULP1 mutant

demonstrated any differences in solubility, subcellular localization, or activated cellular

stress responses. Our observations revealed that there are no differences in transcript
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levels between P388S and wild-type (WT) TULP1, and the P388S mutation does not
induce overt ER stress within cells. Furthermore, we found that P388S localized similarly
to WT TULP1 in transfected human embryonic kidney (HEK293A) and human
immortalized retinal pigmented epithelial cells (ARPE-19). However, we found that
P388S steady-state levels were significantly reduced and that P388S was more rapidly
degraded than WT TULPL1 through cycloheximide-chase assays. Our results suggest that
certain mutations in TULP1 may affect protein stability, which may, in turn, contribute to

RP disease pathogenesis.

4.3 Results

4.3.1 Proband from a consanguineous family in Southern India

A 25-year-old man (Study ID: S10221) born of a consanguineous marriage in Andhra
Pradesh, India, an area where we previously identified unique autosomal recessive
mutations linked to eye disease®®, presented with a history of night blindness since
childhood. Best-corrected visual acuity (BCVA) in both eyes was 20/60. He had no
nystagmus. Intraocular pressure and anterior segment examinations were normal. Fundus
examination revealed a symmetric generalized and parafoveal RPE atrophy with bone
spicule-like pigmentation in the midperiphery and arteriolar attenuation (Fig. 4.1A,B).
The optic nerve head was normal in appearance. Fundus autofluorescence revealed a
parafoveal ring of hypo autofluorescence corresponding to the area of RPE atrophy and a

patchy decrease in autofluorescence throughout the retina in both eyes (Fig. 4.1C,D).
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Optical coherence tomography scans through the macula of both eyes showed atrophy of
the outer retinal layers with loss of the ellipsoid zone (EZ) and a thin epiretinal
membrane (Fig. 4.1E,F). For comparison, an age-matched healthy control patient was
imaged using the same modalities (Fig. 4.1G-L). There was no evidence of posterior
staphyloma in the patient. The patient’s axial lengths were 24.47 mm and 24.25 mm,
respectively. Systemic examination was normal. The examined parents and sibling
(pedigree shown in Fig. 4.2A) were asymptomatic and had normal funduscopic

gxaminations.

4.3.2 Exome sequencing identifies a novel homozygous mutation in the TULP1 gene

Exome sequencing of the proband, followed by application of filtering criteria (described
in Methods and the flowchart provided in Appendix Fig. 4.2), revealed ten possible
homozygous mutations (Appendix Fig. 4.3), only one of which was in a gene (TULP1)
known to cause RP?°. This variant, a homozygous missense mutation
(NC_000006:9.35471576G>A; NM_003322:¢.1162C>T; NP_003313:p.Pro388Ser)  in
exon 12 of the TULP1 gene, results in a substitution of proline by serine in a conserved
amino acid position (Fig. 4.2B). Aside from the potentially pathogenic mutation
in TULP1, the only known pathogenic mutation (p.Arg89His) that was identified in the
affected individual was in the INS gene (Gene ID: 3630, OMIM: 176730; Appendix Fig.
4.4), which is associated with hyperproinsulinemia, a disease not known to result in the

described ocular phenotype®®’. Nonetheless, the P388S TULP1 mutation is a novel
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variant absent from the 1000 Genomes Project database, the Genome Aggregation
Database (v2.1.1), the TOPMed database (freeze 5), and the GenomeAsia 100 K Project
database?®®. Segregation of the variant in the consanguineous pedigree was examined
with Sanger sequencing to reveal that the parents are heterozygous for the mutation (Fig.
4.2A, Appendix Fig. 4.5). P388 is a highly conserved residue among the species tested,
including mammals (Fig. 4.2B) with a GERP? score?®® of 4.95 (Fig. 4.2C). In silico
prediction indicates that the change to proline at this position could possibly perturb
protein function or contribute to pathogenicity with a PolyPhen-2 score?®®’ of 0.997
(probably damaging), a CADD score’%f 26.9, and a PROVEAN score’”! of —7.9
(deleterious). Analysis of known mutations in TULP1 showed an enrichment of
mutations occurring in the C-terminus of TULP1 (> amino acid 300), with P338S falling

within this region (Appendix Fig. 4.6).

4.3.3 P388S displays similar subcellular localization to WT TULP1

Previously, WT TULP1 has been shown to localize near the plasma membrane and in the
nuclear compartments of COS-7 cells?’®>. A separate study suggested that missense
mutations in TULP1 shift its sub-cellular trafficking, resulting in ER localization?®*.
Therefore, we tested whether the P388S mutant displayed localization differences
compared to WT TULPL1 in cultured cells. HEK293A cells (STR verified, Appendix Fig.
4.1) were transiently transfected with eGFP, WT TULP1 eGFP, or P388S TULP1 eGFP
constructs and analyzed for green fluorescence and counterstained with phalloidin, which

binds to F-actin, using laser-scanning confocal microscopy (Fig. 4.3A-C). As expected,
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expression of eGFP showed the fluorescent signal distributed evenly across the
cytoplasm in cells (Fig. 4.3A). WT TULP1 eGFP was localized near the plasma
membrane as well as in the nuclear compartments of cells (Figure 4.3B) similar to
previous reports in COS-7 cells®®* 2’2 Surprisingly, we found that localization of P388S
TULP1 eGFP was similar to that of WT TULP1 eGFP in that it also localized
predominantly near the plasma membrane and in the nuclear compartment of cells (Fig.
4.3C), suggesting that there are no differences in cellular distribution between WT and
P388S TULP1. To confirm that these observations were not cell type-dependent, we also
transfected human immortalized RPE (ARPE-19) cells (also STR verified, Appendix
Fig. 4.1) with the constructs indicated above and observed that P388S TULP1 eGFP
again localized similarly to WT TULP1 eGFP in the nucleus and near the plasma

membrane of the cells (Appendix Fig. 4.7).

4.3.4 Protein expression and solubility of P388S TULP1

Because we did not detect obvious differences between WT and P388S TULP1 at the
sub-cellular level, we investigated other potential biochemical differences that might
partially explain the RP phenotype observed in the patient with the presumed pathogenic
variant, p.Pro388Sser in TULP1. We employed a biochemical approach to detect the
expression and solubility of WT and P388S TULP1. Using HEK293A cells, we
transfected WT TULP1 eGFP and P388S TULP1 eGFP, and isolated the soluble and

insoluble protein fractions from the cells 24 h later. WT TULP1 eGFP and P388S TULP1
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eGFP in the soluble and insoluble fractions migrated as predicted at a molecular weight
of about 100 kDa (Figure 4.4A, TULP1 is about 70 kDa?**, and eGFP is about 26—
28 kDa?"®). WT TULP1 and P388S TULP1 were similarly more abundant in the RIPA-

soluble fraction, as expected based on previous findings®

(Fig. 4.4A). However, we
detected a significant 27.7+13.8% and 22.2+12.4% decrease in soluble and insoluble
P388S TULP1 protein levels compared to WT TULPL, respectively (Fig. 4.4B).
Furthermore, these observed differences were not due to variations at the transcript level,

as QgPCR revealed no statistically significant difference between WT and

P388S TULP1 (Fig. 4.4C).

4.3.5 P388S is degraded more rapidly than WT TULP1

Because we observed a significant reduction in P388S TULP1 protein steady-state levels
compared to WT TULP1 (Fig. 4.3A,B), we hypothesized that this may indicate that
P388S TULPL1 is less stable in vitro. To more definitively address whether there were any
differences in stability at the protein level between WT TULP1 and P388S TULPIL,
transfected HEK293A cells were treated with cycloheximide (CHX), a translation
elongation inhibitor, over the course of 9 h. With western blotting, we observed a gradual
decrease in protein levels for WT and P388S TULP1 under CHX treatment over time
(Fig. 4.5A,B). Initially, we observed an 18.4+18.2% reduction in P388S levels, compared
to a 4.8+£5.5% reduction in WT TULP1 after 1 h of treatment with CHX (25 uM, Figure

45A-C, not statistically significant). After 3 h of CHX treatment, we observed a
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statistically significant 48.7+£7.90% reduction in P388S levels, in contrast to the stability
of WT TULP1 (5.00£12.3%, Fig. 4.5A-C, p<0.01, t test), indicating that P388S is more
rapidly degraded at this time point. Finally, at 9 h, we detected a 74.1+11.6% reduction in
P388S, whereas WT TULP1 displayed only a 53.6+3.10% reduction in protein levels
(Fig. 4.5A-C, p<0.05, t test). These data suggest that P388S is generally more unstable

and has a higher turnover rate compared to WT TULP1.

4.3.6 P388S TULP1 does not induce ER stress

Missense mutations in TULP1 have been shown to induce ER stress in vitro®*. Similarly,
we hypothesized that P388S TULP1 may also induce ER stress in cells. To test this
hypothesis, we transfected HEK293A cells and performed qPCR using TagMan probes
that are representative downstream genes of unfolded protein response (UPR) pathway
activation’™®. To measure changes in ER stress, we selected the heat shock protein 70
family protein 5 (HSPA5, ATF6 activation, Gene ID: 3309, OMIM: 138120), Dnal
homolog subfamily B member 9 (DNAJB9, IRE1 activation, Gene ID: 4189,
OMIM: 602634), and asparagine synthetase (ASNS, PERK activation, Gene ID: 440,
OMIM: 108370) genes. We measured the mRNA expression levels of each gene in
HEK293A cells expressing either WT or P388S TULP1 and detected no statistically
significant differences in the HSPA5, DNAJB9, and ASNS transcript levels (Fig. 4. 6A),
suggesting that the presence of P388S does not induce ER stress within cells. We also
confirmed these observations at the protein level by analyzing the GRP78 (HSPAS) levels

(Fig. 4.6B,C). We found that P388S did not induce statistically significant cellular stress



109
in cultured cells when compared to WT TULPL. These results suggest that the P388S

TULP1 variant likely contributes to RP by an alternate mechanism other than ER stress.

4.4 Discussion
More than 25 mutations in TULP1 have been implicated in RP and LCA,

259, 274-280 (Appendlx

including splice-site, frameshift, nonsense, and missense mutations
Fig. 4.6). In the present study, we characterized the P388S TULP1 variant found in an
individual with autosomal recessive RP. When monitoring TULP1 sub-cellular
localization in HEK293A and ARPE-19 cells, as well as ER stress markers as a
consequence of TULP1 expression, we found no obvious differences between WT
TULP1- or P388S TULP1-expressing cells. These observations are in contrast to a
previous report showing that missense mutations in TULP1 can induce ER stress in

cultured cells®®*

. The present study results suggest that not all mutations in TULP1 induce
cellular stress that could potentially lead to disease. In cultured HEK293A cells, we
showed that in comparison to WT TULP1, the P388S mutant protein is unstable and has a
faster turnover. Additional RP-associated mutations in TULP1 (R311Q and R342Q) were
also speculated to cause destabilization of the protein in separate studies?®'. Furthermore,

264 although not specifically elaborated upon in

upon closer examination of previous data
that particular publication, two other mutations in TULP1, 1459K and F491L, also appear
to show a greater than or equal to 45% reduction in apparent steady-state levels relative

to WT TULP1. Although largely speculative, the culmination of these results suggest that
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a reduction in protein stability might be a phenomenon shared among
particular TULP1 variants.

The extent of reduction in protein stability or steady-state levels (on average,
about 25%) may not fully explain how the P388S TULP1 mutation causes RP, but this
observation indicates that the protein is likely partially misfolded and may be
nonfunctional. To address this possibility, an ideal experiment would be to introduce
P388S TULPL into Tulpl—/— mice to determine whether it can compensate for the loss
of Tulpl, which is beyond the scope of this study. Nonetheless, the present findings
suggest the possibility of another avenue other than ER stress by which select mutations
in TULP1 may lead to disease, and support the idea that evaluation of TULP1 protein
stability should be considered when characterizing newly identified mutations in TULP1

associated with RP in vitro.

4.5 Methods

4.5.1 Study participants

This study was approved by the Institutional Review Board of the Srikiran Institute of
Ophthalmology and followed the tenets of the Declaration of Helsinki. The proband and
his family members were recruited and examined after informed consent was received.
All participants underwent detailed ophthalmologic evaluations including fundus

examination by a retina fellowship-trained ophthalmologist.



111

4.5.2 Exome sequencing

Approximately 4 ml of blood was drawn from each subject by venipuncture and stored in
BD Vacutainer blood collection tubes with K2EDTA (Becton Dickinson, Franklin Lakes,
NJ) at 4° C. Genomic DNA from peripheral leukocytes was isolated using the
QIAsymphony automated DNA extraction system and QIAsymphony DNA Midi Kit

(Qiagen, Hilden, Germany) per manufacturer’s protocols.

We performed exome sequencing on genomic DNA of the proband. Library construction
and target enrichment were performed using the IDT xGen Exome capture kit (Coralville,
IA). The libraries were then sequenced to mean 100X on-target depth on an Illumina
sequencing platform (San Diego, CA) with 150 base pairs paired-end reads. Sequences
were aligned to the human reference genome b37, and variants were called using the

Genome Analysis Toolkit (Cambridge, MA)?®? and annotated using SnpEff*®,

We filtered for rare missense, nonsense, splicing, or frameshift homozygous mutations
with a minor allele frequency (MAF) less than 0.01 in the 1000 Genomes Project and
genome aggregation (gnomAD) databases. Variants with a Genomic Evolutionary Rate
Profiling (GERP?") score greater than 2.0 and a Combined Annotation Dependent
Depletion (CADD) score greater than 15 were considered. Known RP susceptibility-
conferring genes®® were screened with priority. Sanger sequencing was used to validate

variants of interest in the proband and family members.


http://file/C:/Users/cperk/OneDrive/Documents/WORK/01January2021/751464-MolVis/(http:/www.inter-%20nationalgenome.org/
http://gnomad.broadinstitute.org/
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4.5.3 Generation of TULP1 constructs

The cDNA encoding for WT human TULP1 was purchased from the DNASU Plasmid
Repository (HsCD00820883, Tucson, AZ). To generate the P388S mutation, Q5 site-
directed mutagenesis (New England Biolabs, NEB, Ipswich, MA) of full-length
human TULP1 was performed using the following primers: 5'-CGG GCA GAA CTC
ACA GCG TGG-3"and 5'-TTG TCA AAG ACC GTG AAG CGG-3'. To generate the C-
terminal green fluorescent protein (GFP)-tagged WT and P388S TULP1, Gibson
Assembly (HiFi Master Mix, NEB) was used to insert a Kozak sequence (DNA sequence:
GCCACC) upstream of the TULP1 start codon, and a flexible linker (amino acids:
GGGGS) separating TULP1 and enhanced GFP (eGFP). This TULP1-GGGGS-eGFP
DNA was inserted into the peGFP-C1 vector backbone via the Sall and Nhel restriction

sites. All constructs were verified with Sanger sequencing.

4.5.4 Cell culture

Human embryonic kidney (HEK293A, Life Technologies, Carlsbad, CA) cells were
cultured at 37 °C with 5% CO; in Dulbecco’s minimal essential medium (DMEM)
supplemented with high glucose (4.5 g/l, Corning, Corning, NY), 10% fetal bovine serum
(FBS, Omega Scientific, Tarzana, CA), and 1% penicillin-streptomycin-glutamine
(Gibco, Waltham, MA). For a 24-well plate, cells were plated at a density of 100,000
cells/well, and for a 12-well plate, cells were plated at a density of 180,000-200,000

cells/well. Cells were transfected the following day with either 500 ng (24 well) or 1 pg
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(22 well) of midi-prepped endotoxin-free plasmid DNA (Qiagen, Germantown, MD)
using Lipofectamine 3000 (Life Technologies) according to the manufacturer’s protocol.
Forty-eight hours after transfection, fresh media was added, and the cells were harvested
24 h later (72 h post transfection) and processed for western blotting or quantitative PCR
(gPCR). As a positive control for some experiments, cells were treated with tunicamycin
(an unfolded protein response inducer, 1 uM, 24 h, Sigma cat# T7765, St. Louis, MO)
and processed similarly for western blotting or g°PCR. Human immortalized RPE (ARPE-
19, CRL-2302, American Type Culture Collection, Manassas, VA) cells were cultured in
DMEM/F12 media supplemented with 10% FBS (Omega Scientific), HEPES (Corning,
Corning, NY), and penicillin/streptomycin and glutamine (PSQ, Gibco, Germantown,
MD). For a 24-well plate, ARPE-19 cells were plated at a density of 100,000 cells/well
and transfected the following day with 500 ng of midi-prepped endotoxin-free plasmid
DNA (Qiagen) using Lipofectamine 3000 (Life Technologies). All cells used were
verified for authenticity using short tandem repeat (STR) profiling (Appendix Fig. 4.1,
University of Arizona Genomics Core, Tucson, AZ). Note that STR verification cannot
distinguish among different variants of the 293-based cell lines (i.e., 293 versus 293A

versus 293T).

4.5.5 Confocal microscopy

A glass-bottom 24-well plate (MatTek Corporation, Ashland, MA) was coated with 1X
poly-D-lysine (Sigma Aldrich), rinsed with water, and allowed to dry at room

temperature. HEK293A or ARPE-19 cells were plated at a density of 100,000 cells/well
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and transfected the following day with 500 ng of midi-prepped endotoxin-free plasmid
DNA (Qiagen). Forty-eight hours after transfection, fresh media was added, and 24 h
later (72 h post transfection), the cells were washed twice with 1X PBS (Fisher
BioReagents, cat# BP2944100, Waltham, MA) followed by incubation with 4%
paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, PA) for 20 min. After
PFA incubation, cells were washed with 1X PBS. For the ARPE-19 cells, the cell nuclei
were stained with 300 nM 4’,6-diamidino-2-phenylindole (DAPI), dilactate solution
(Molecular Probes, Eugene, OR). For membrane staining, the HEK293A cells were
washed twice with 1X PBS, fixed in 4% PFA, permeabilized in 0.1% Triton X-100 for 3
min, and washed again in 1X PBS. Cells were incubated in blocking buffer (1% bovine
serum albumin [BSA] in PBS) for 10 min followed by Alexa Fluor™ 633 Phalloidin
(2:50 dilution in PBS; Molecular Probes) for 20 min and washed twice with 1X PBS
before being imaged using a 63X oil objective on a Leica SP8 confocal microscope

(Buffalo Grove, IL).

4.5.6 Western blotting

Cells were washed with Hanks buffered salt solution (HBSS, Corning), lysed with
radioimmunoprecipitation assay (RIPA) buffer (Santa Cruz, Dallas, TX) supplemented
with Halt protease inhibitor (Pierce, Rockford, IL) and benzonase (Millipore Sigma) for
3-5 min, and spun at maximum speed (21,000 xg) at 4 °C for 10 min. The soluble
supernatant was collected, and the protein was quantified via bicinchoninic assay (BCA)

assay (Pierce). The insoluble pellet fractions were further washed in HBSS and
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centrifuged, and the pellet was resuspended in 1X sodium dodecyl sulfate (SDS) buffer
containing 0.83% pB-mercaptoethanol (BME) and sonicated (30% amplitude, pulse 10 s
on/off). Thirty micrograms of soluble supernatant were run on a 4-20% Tris-Gly SDS—
polyacrylamide gel electrophoresis (PAGE) gel (Life Technologies) alongside the
equivalent amount of insoluble protein and transferred onto a nitrocellulose membrane
using an iBlot2 device (Life Technologies). After probing for total protein transferred
using Ponceau S (Sigma), the membranes were blocked overnight in Odyssey PBS
Blocking Buffer (LI-COR, Lincoln, NE). Membranes were then probed with mouse anti-
GFP (1:1,000; Santa Cruz, cat #sc-9996), mouse anti-glucose-regulated protein 78
(GRP78, 1:1,000; Santa Cruz, cat #sc-376768), or rabbit anti-p-actin (1:1,000; LI-COR,
Lincoln, NE, cat# 926-42210). Blots were imaged on an Odyssey CLx and quantified

using ImageStudio (both from LI-COR).

4.5.7 Quantitative PCR

Transfected HEK293A cells were trypsinized (0.25% Trypsin EDTA, Gibco), quenched
with DMEM, and centrifuged at maximum speed (21,000 xg) at 4 °C for 10 min. Cell
pellets were washed with HBSS and centrifuged again, and then RNA extraction from the
cell pellets was performed using the Aurum Total RNA Mini Kit (Bio-Rad, Hercules,
CA). Four hundred nanograms of RNA were reverse transcribed using gScript cDNA
SuperMix (Quanta Bioscience, Beverly, MA) according to vendor recommended
parameters (5 min at 25° C, 30 min at 42° C, 5 min at 85° C), and the cDNA was diluted

5X in DNase/RNase-free water. cDNA was amplified with TagMan Fast Advanced
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Master Mix (Thermo Fisher; Applied Biosystems, Waltham, MA (cat# 4444963), 20 sec
at 95° C [initial denaturation], 1 sec at 95° C, 20 sec at 60° C, 40 cycles). TagMan probes
used were hTULP1 (cat# hs00163236_m1), hHSPAS (cat# hs00607129 gH), hDNAJB9
(cat# hs01052402_ml), hASNS (cat# hs04186194 ml), and hACTB (cat#
hs01060665_g1; Thermo Fisher; Applied Biosystems) and quantification was performed

using QuantStudio 6 Real-Time PCR software (Thermo Fisher; Applied Biosystems).

4.5.8 Cycloheximide-chase assay

Twenty-four hours after transfection with the WT TULP1 eGFP or P388S TULP1 eGFP
constructs, the HEK293A cells were treated in 24-well plates with cycloheximide
(25 uM; Alfa Aesar, Haverhill, MA, cat# J66901-03) for O, 1, 3, 6, and 9 h. Cells were
washed with HBSS, harvested at each time point, and then processed for western blotting.
Membranes were probed with mouse anti-GFP and rabbit anti-B-actin and

imaged/quantified as described above.
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Appendix A Figures

Figure 4.1: Clinical characterization of the proband. (A, B) Fundus photographs of the
patient’s right and left eyes showing parafoveal RPE atrophy, bone spicule-like
pigmentation, and arteriolar attenuation. (C, D) Fundus autofluorescence images showing
parafoveal hypoautofluorescence corresponding to the area of RPE atrophy and a patchy
decrease in autofluorescence throughout the retina in both eyes. (E, F) OCT scans
through the macula showing outer retinal atrophy with loss of the ellipsoid zone. (G-I)
Fundus photographs, autofluorescence, and OCT images of an age-matched control
subject.
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Figure 4.2: Pedigree and in silico analysis of the pathogenic mutation. (A) Pedigree of
the consanguineous family with variant segregation based on Sanger sequencing. (B)
Multiple sequence alignment of TULP1 amino acid residues across species. Arrow
indicates highlighted TULP1 residue. Alignments were performed using Clustal Omega
multiple sequence alignment software. (C) In silico prediction findings related to the

P388S mutation.
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GFP WT TULP1 P388S TULP1

GFP

GFP + Phalloidin

Figure 4.3: Sub-cellular localization of WT TULP1 and P388S TULP1. Representative
confocal microscopy images of HEK293A cells transfected with (A) green fluorescent
protein (peGFP-C1), (B) wild-type (WT) TULP1 enhanced GFP (eGFP), or (C) P388S
TULP1 eGFP constructs (green) and stained with Alexa Fluor 633 phalloidin (red). Scale
bar = 50 um. TULP1 eGFP images are representative n>5 biological, independent
replicates. Phalloidin images were representative of n>3 separate independent wells of a
single transfection experiment.
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Figure 4.4: Characterization of the P388S TULP1 variant. (A) Western blot of WT and
P388S TULP1 eGFP levels in soluble and insoluble fractions. (B) Quantification of WT
and P388S TULP1 eGFP expression in soluble and insoluble fractions of western blot in
(A), n>5, mean + standard deviation (SD; **p<0.01, one-sample t test versus hypothetical
value of 1 [i.e., unchanged]). (C) gPCR of TULP1 mRNA expression from WT and
P388S TULP1 eGFP-transfected HEK293A cells. Representative data of n>3
independent experiments, mean + SD; n.s., not significant.
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Figure 4.5: Cycloheximide chase of WT and P388S TULPL1. (A, B) Western blots of WT
and P388S TULP1 eGFP stability in HEK293A cells treated with 25 uM cycloheximide
(CHX) and harvested at the indicated time points. (C) Quantification of western blot from
(A) and (B) showing percentage of TULP1 remaining over time when treated with CHX.
(@) indicates WT TULP1 eGFP, and (m) indicates P388S TULP1 eGFP. n=3 independent
experiments, mean + SD; *p<0.05, **p<0.01, two-tailed t test compared to each WT
value, n.s., not significant.
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Figure 4.6: P388S TULP1 does not activate the ER stress response. (A) gPCR
of hHSPA5, hDNAJB9, and hASNS transcript levels with TagMan probes in WT or
P388S TULP1 eGFP-expressing HEK293A cells. (B) Western blot showing GRP78
expression in eGFP-, WT TULP1 eGFP-, or P388S TULP1 eGFP-transfected HEK293A
cells. One microgram per milliliter tunicamycin (Tm) was used as a positive control to
analyze GRP78 induction. (C) Quantification of western blot in (B). n=3 biological
independent experiments, mean + SD; *p<0.05, **p<0.01, one-sample t test versus
hypothetical value of 1 (i.e., unchanged), n.s., not significant.
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a a ) 2 - = 4} Seen
ARPE19-pS 13 1 9 9 16 6 X 9 1 NO sample matches ARPE-19 above the
13 12 11 1 19 9.3 Y 11 11 80% match threshold. This is
considered a match to ARPE-19
(ATCC).
HEK-293A-p8 8 12 11 9 16 7 X 11 12 NO Sample matches 293T above the 80%
i “ 1 B 1 . X u 12 match threshold. This is considered a
match to 293T (DSMZ).
8 b a o 5 g <
Sample Name 2 a g £ £ 2 o)
o a o a & o
ARPE19-p5 14 28 12 7 11 13 23
15 29 16 11 13 13 23
HEK-293A-p8 15 30.2 17 7 9 12 23
17 30.2 17 15 9 14 23
Appendix Fig 4.1: Demonstration of STR verification of the HEK293A and ARPE-19

cell lines.
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Appendix Fig 4.2: Flowchart of exome sequencing parameters
pathogenic recessive mutations in RP.
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Appendix Fig 4.3: Ten genes identified in the proband were found to be in accordance
with autosomal recessive inheritance.
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Appendix Fig 4.4: Identification of the Arg89His known pathogenic variant in the INS
gene in the proband.
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and family members.
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TULP1 variant
D94y
5210X
A245V
K261T
Q301X
Q301fsX8
R311Q
R311W/Q492R
G319D/R482W
¥321D
¥321D/R400Q
R342Q
N349K
D355V
D355V/G368W
R361X/R420S
G363R
G368W
R378H
T380A
F3825
G385R
P3885
RA0OW
R400Q
E402X
AADSP
R416C
R419W
R420P/F491L
R4205
PA26L/F506L
R440X
W450X
T454M
1458K
L461v
R482Q
R482W/L504fsX140
Q492R
P493s
FS06L
FA531-532 dup.
F5355

corresponding SNP

dbSNP:rs62636707

dbSNP:rs387306837
dbSNP:rs148749577

dbSNP:rs121909076

dbSNP:rs387306836

dbSNP:rs121909073, dbSNP:rs121309074

dbSNP:rs138200747
dbSNP:rs121909075

dbSNP:rs121909077

associated disease

LCA
RP
RP
RP

"TULP1 retinal degeneration"

early onset RP

RP
LCA
RP
LCA

"TULP1 retinal degeneration"
RP
RP
LCA

"TULP1 retinal degeneration"
LCA

cone/cone-rod dystrophy

LCA
RP
LCA
RP
LCA
RP

LCA15/"TULP1 retinal degeneration"

RP
LCA
RP
RP
retinal dystrophy
RP
cone dysfunction
LCA
LCA
LCAfCoat's-like changes
RP
RP
RP
RP
RP
LCA
RP
LCA
LCA/RP
LCA

citiation

Beryozkin et al (2014) Invest. Ophthalmol. Vis. Sci.
Glockle et al (2014) Eur. J. Hum. Genet. *
Uniprot (https://www.uniprot.org/uniprat/000294)
Uniprat (https://www.uniprot.org/uniprot/000294)
Li et al (2001} Invest. Ophthalmol. Vis. Sci.; Jacobsan et al (2014) Invest. Ophthalmol. Vis. Sci.
Paloma et al (2000) Invest. Ophthalmol. Sci.
Hebrand et al (2011) Eur. J. Hum. Genet.

Tajiguli et al (2016) Sci. Rep.
Consugar et al (2015) Genet. Med.
Wang et al (2013) ). Med. Genet.

Jacobson et al (2014) Invest, Ophthalmol. Vis. Sci.
Hebrand et al (2011) Eur. J. Hum. Genet.

Kannabiran et al (2012) Mol. Vis.
Wang et al (2013) J. Med. Genet.

Jacobson et al (2014) Invest. Ophthalmol. Vis. Sci.
Glockle et al (2014) Eur. J. Hum. Genet.
Boulanger-Scemama et al (2015} Orphanet J. Rare Dis.

Hanein et al (2004) Hum, Mut,

Uniprot (https://www.uniprot.org/uniprot/000234)
McKibbin et al (2010) Arch. Ophthalmol., Ajmal et al (2012) Mol. Vis.
Kondo et al (2004) Invest. Ophthalmol. Vis. Sci
Wang et al (2015) Invest. Ophtalmal. Vis. Sci.

this study

Hanein et al (2004} Hum. Mut.; Jacobson et al (2014) Invest. Ophthalmol. Vis. Sci.
Singh et al (2009) Invest. Ophtalmol. Vis. Sci.

Hanein et al (2004) Hum. Mut.
Ge et al (2015) Sci. Rep.
Katagiri et al (2014) PLoS One

Sanchez-Alcudia (2018) Invest, Ophthalmal. Vis. Sci.

Hagstrom et al (1998) Nat. Genet.
Roosing et al (2013) Ophthalmol.
Wang et al (2013) J. Med. Genet.

Wang et al (2015) Invest. Ophtalmol. Vis. Sci.
Beryozkin et al (2014) Invest. Ophthalmol. Vis. Sci.

Hagstrom et al (1998) Nat. Genet.
Hagstrom et al (1998) Nat. Genet,

den Hollander et al (2007) Invest. Ophthalmal. Vis. Sci.

Ajmal et al (2012) Mol. Vis.

den Hollander et al (2007) Arch. Ophthalmol.

Tajiguli et al (2016) Sci. Rep.
Ge et al (2015) Sci. Rep.
Wang et al (2013) J. Med. Genet.

Mataftsi et al (2007) Invest. Ophthalmol. Vis. Sci.

Eisenberger et al (2013) PLoS One

* = additional mutations identified in USH2A, ABCA4, PRCD identified in this patient
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Appendix Fig 4.6: Known mutations in TULP1 identified in patients with RP or LCA.
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Appendix Fig 4.7: Sub-cellular localization of WT TULP1 and P388S TULP1 in ARPE-
19 cells.
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