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ABSTRACT

Currently, the most widely available treatment for wet age-related macular
degeneration (AMD) involves the intraocular delivery of biopharmaceuticals, such as
anti-VEGF therapy. Drawbacks of this treatment includes a short-term efficacy, requiring
repeated injections with additional risks, and a limited availability of options for nonresponders. Furthermore, there are no treatments available for patients diagnosed with
dry-AMD. The drawbacks and limitations of current therapies represent a need for more
effective and permanent therapy as the prevalence of the population affected by AMD is
growing. Antioxidant gene therapies are one solution to these implications, protecting
the cells from oxidative stress which is one of the major contributing factors of AMD. It
has been found that the retina and retinal pigment epithelium (RPE) affected by AMD
shows a reduced expression of Glutathione-S-Transferase Mu 1 (GSTM1), a natural
antioxidant defense in the body. To this date, no study has been conducted on the
protective effects of GSTM1 overexpression in the RPE from oxidative stress. We
hypothesize a GSTM1 antioxidant gene therapy on a human retinal pigment epithelial
cell line, ARPE-19, will protect cells from oxidative stress implicated in the pathogenesis
of AMD. With this experiment, we hope to bridge the gap between the availability of
data on antioxidant gene therapy for AMD with GSTM1.
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CHAPTER ONE:
INTRODUCTION

1.1 AMD Statistics and Risk Factors
AMD is one of the leading causes of blindness worldwide, and the major cause of
blindness in most developed countries [1]. Globally, the number of AMD cases this year
alone is estimated to reach 196 million and by 2040, this number is expected to
increase to 288 million [2]. In 2010, the National Eye Institute (NEI) reported 2.07 million
cases of AMD in the U.S. alone and sixty-five percent of these cases were in females
[3]. The prevalence of AMD also differs among ethnicities, as NEI reported the majority
of US cases (eighty-nine percent) in 2010 were in White Americans [3]. As the
population ages, the number of AMD cases in the US is expected to increase, reaching
3.66 million by 2030 and 5.44 million by 2050 [3]. The prevalence of AMD along with
several other age-related diseases (cataracts, diabetic retinopathy, and glaucoma)
represents an urgent need to develop safe and effective treatments for the rapidly aging
population.
AMD risk factors such as advanced age, genetics, and environmental stressors
may contribute to the gender and ethnical differences in the prevalence of AMD. To this
date, researchers have identified several genetic risk factors of AMD, such as the
complement factors B and H (CFB and CFH), chromosomal changes, and the agerelated maculopathy susceptibility protein 2 (ARMS2) [4-6]. However, gene association
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studies to predict the major determining factors in AMD development have been
complicated by the varying frequency of genetic polymorphisms across different
populations [6]. Aside from genetics, lifestyle habits including smoking or a high
glycemic index diet rich in vegetable oils, animal fats and heavy alcohol consumption
have all been increasingly associated with AMD [7-9]. The etiology of AMD is as multifactorial as the disease itself and therefore difficult to correlate or predict based on a
single element.

1.2 AMD Pathophysiology
The pathophysiology of AMD occurs near the center of the retina, in a region
called the macula (see Figure 1). In the center of this macula is the fovea, which
contains the highest concentration of cone cells that is responsible for one’s central
vision.

Figure 1. Structure of (A) the eye and (B) the retina. Used with permission [11].
2

Along with the rod cells responsible for one’s periphery, these photoreceptors capture
and convert light into electrical signals that are sent to the optic nerve to be translated
into images [10]. In AMD, it is the degradation of these cone cells which results in the
eventual loss of one’s central vision. Other structures affected by AMD include the
retinal pigment epithelium (RPE) which carries and disposes of the metabolic waste
generated by the photoreceptors and the Bruch’s membrane which serves as a barrier
between the retina and rest of the tissues [11]. The photoreceptors, RPE, and Bruch’s
membrane are all nourished by the blood vessels located in the choroid layer [11].

Figure 2. Pathophysiology of advanced AMD classified as (A) dry or (B) wet. Used with
permission [11].

The pathophysiology of AMD is similar during the early and intermediate stages
of the disease. The early onset involves the accumulation of drusen deposits (protein
and lipid waste) between the RPE and the Bruch’s membrane [11]. In its advanced
form, the pathology of the disease greatly differs based upon the type of AMD [11]. In
3

dry AMD (see Figure 2A), drusen deposits disrupt the barrier function of the Bruch’s
membrane, resulting in the atrophy of the RPE and the photoreceptor cells [11]. In wet
AMD (see Figure 2B), choroidal neovascularization (CNV), or the uncontrolled growth of
new blood vessels from the choroid, penetrates the Bruch’s membrane and the RPE.
Along with the accumulation of both subretinal and intraretinal fluid, CNV in wet AMD
results in the stress and eventual loss of both the RPE and photoreceptors [11].

1.3 Antioxidant Therapy to Prevent AMD
As previously mentioned, there are multiple contributing factors of AMD such as
advanced age, genetics, and environmental stressors [7, 11-13]. Of these factors, the
path of least resistance for implementing a solution lies within the environmental
aspects of AMD (since age and genetics are currently impossible or difficult to change).
As general and broad the term “environmental factors” may be, examples such as UV
exposure, diet, and smoking are all major factors implicated in the underlying
development of AMD, due to their generation of oxidative stress [15-19]. In fact, the
retina is highly susceptible to this oxidative stress because it has the highest
consumption of oxygen per gram of tissue in the human body [13]. This high level of
oxidative metabolism leads to the inevitable accumulation of reactive oxygen species
(ROS), such as superoxide, hydrogen peroxide, and hydroxyl radicals. Such ROS
challenge the body’s natural antioxidant defenses which results in the damage of
cellular proteins, lipids, and DNA [20-21]. Utilizing a therapy to bolster one’s antioxidant
defenses, one can combat this oxidative stress and prevent the initiation and therefore
the progression of the disease. As the initial stages of the early/intermediate AMD
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involve the degradation of the RPE, antioxidant therapy for the protection of RPE from
oxidative stress may provide a relatively simple and effective approach against the
multifaceted environmental stressors of AMD.

1.4 Current Therapeutic Approaches
The most widely available treatment for AMD remains intraocular (intravitreal)
injections of anti-VEGF pharmaceuticals which reduce CNV in wet-AMD [45]. The
biggest disadvantage of anti-VEGF therapy is their short-term efficacy which requires
repeated administrations, increasing the risk of infections, retinal detachment, ocular
inflammation and hemorrhage [45]. Non-responders of this therapy must explore other
options such as laser photocoagulation therapy which seals the leaky blood vessels.
However, this results in a reduction, not a total elimination of the leaky vasculature.
Associated with a fifty percent chance of recurrence, laser photocoagulation therapy
can lead to macular scarring and sometimes irreparable damage [45].
Currently, there is no treatment available for dry AMD, instead, supplementation
of vitamin C, E, and lutein is highly recommended [45]. Gene therapy for AMD can
address this lack of effective therapy with minimal side effects, showing great promise.
In 2017, FDA approved the first in-vivo gene therapy, Luxturna, for Leber Congenital
Amaurosis (LCA), a pediatric form of blindness [46]. A quick search for “AMD gene
therapy” on clinicaltrials.gov reveals 12 ongoing or completed studies in the United
States. This represents the need for further research and progression of gene therapy
for the two types of AMD, which will serve to be invaluable for the aging population.
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1.5 Therapeutic Molecule; GSTM1
1.5.1 Glutathione-S-Transferase
The superfamily of glutathione transferase (GST) consists of metabolic isozymes
that are naturally found in a variety of organisms, including bacteria, yeast, plants, and
animals [22-23]. GSTs have multiple biological roles including peroxidase activity,
biosynthesis of prostaglandins and leukotrienes, as well as cell signaling, but cellular
detoxification remains their main biological function [22, 24]. In cellular detoxification, a
GST’s role is to catalyze the binding of the endogenous glutathione (GSH) to
xenobiotics which renders the exogenous compound harmless [22, 24]. There are two
conditions required for this activity, one of which is the binding of a GSH to the GST’s
“G-site” and a xenobiotic to the “H-site” (see Figure 3).

Figure 3. Structure of a representative GST. Used with permission [22].

This double binding allows the sulphur atom of the GSH to perform a nucleophilic attack
on the electrophilic groups of xenobiotics (see Figure 4), reducing their solubility and
reactivity with other important cellular components [22-25].

6

Figure 4. Conjugation of GSH to a xenobiotic, catalyzed by GST. Used with permission
[25].

With its highly variable H-site, GST is able to capture a wide range of hydrophobic and
electrophilic molecules including carcinogens, products of oxidative metabolism, and
even pharmaceuticals [22, 24]. This diverse activity of GST plays a vital role in the
overall process of cellular detoxification.

1.5.2 Cellular Detoxification
Cellular detoxification occurs in four distinct phases, starting with phase zero in
which xenobiotics enter the cell with the assistance of the membrane transport proteins
[26]. In phase I, the xenobiotics are heavily modified by enzymes through a variety of
reactions; significantly oxidation and reduction [22, 24, 26]. In phase II, a GST will bind
endogenous glutathione (GSH) to its G-site and the modified xenobiotics at the H-site,
catalyzing the conjugation of GSH to the xenobiotic [22, 24]. This reaction reduces the
xenobiotic’s reactivity and increases its water solubility, necessary factors for transport
out of the cell though the transmembrane efflux pumps in phase III [22, 24, 26-27]. An
7

overview of this process is shown in Figure 5 below. By utilizing this process, GSTs can
protect the cells from a variety of toxic compounds, including reactive oxygen species
such as superoxide radicals and hydrogen peroxide [28].

Figure 5. Overview of phase I and II of cellular detoxification process. Permissions
received [22].

1.5.3 GST Polymorphisms and GSTM1
Due to the highly polymorphic nature of GSTs, they are represented by several
genes in the human genome [22]. The main polymorphisms of GSTs include GSTM1,
GSTT1, and GSTP1 of the cytosolic family [22]. Variations in these polymorphisms,
caused by point mutations or null phenotypes, have been associated with
neurodegenerative conditions such as Alzheimer’s and increased risk of cancer
associated with their impaired function in the regulation of oxidative stress [22, 29-31].
Of these polymorphisms, GSTM1 is relatively rare in that its null variant consists of a
homozygous deletion genotype resulting in a complete absence of function [29, 32]. The
8

null variant of GSMT1 has been linked to increased risk of both lung and bladder
cancer, increased mortality among hemodialysis patients, as well as increased
susceptibility to coronary heart disease among smokers [32-36]. It is proposed that this
lack of GSTM1 activity due to its null variant results in an inefficient cellular
detoxification, rendering cells defenseless against products of oxidative stress and
contributing to the pathology of many diseases [29, 32-36].

1.5.4 GSTM1 Implications in AMD
One study by Hunter et al., in 2012 showed the results of a microarray analysis
conducted on 23,536 genes in the neurosensory retina (NSR) and RPE of donor eyes
with and without AMD [37]. The study revealed that GSTM1 levels were reduced more
than fivefold in AMD eyes, corresponding to a significant hypermethylation of the
GSTM1 promoter [37]. The researchers concluded that retinal GSTs have a significant
role in protection against oxidative stress and in those with low GSTM1 activity,
pharmaceutical augmentation of the body’s antioxidant defenses may prove to be
protective in AMD pathologies [37]. This study suggests that biopharmaceuticals raising
the expression of GSTM1 may confer protection of structures affected in AMD.
In 2016, a study conducted by Ahmed et al., showed the administration of an
orally available drug, xaliproden, resulted in the protection of the RPE in a mouse model
of geographic atrophy [38]. An increased expression of the GSTM1 gene was observed
in response to the pharmaceutical [38]. The study concluded that such a drug was able
to protect RPE from oxidative and inflammatory insults [38]. Another study by Biswal et
al., in 2017 revealed that a daily supplementation of Zeaxanthin resulted in the prevent
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of RPE atrophy in Sod2flox/floxxVMD2-cre mice, a model of AMD [39]. The study found
that mice receiving daily supplementation of Zeaxanthin expressed higher levels of
GSTM1 and reduced levels of oxidative stress, which resulted in the preservation of
RPE [39]. Both studies confirm that supplementation of antioxidant therapy can increase
GSTM1 activity in the face of oxidative insults and may provide the protection of the
RPE.
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CHAPTER TWO:
MATERIALS AND METHODS

2.1 Materials
2.1.1 General Reagents
A table of the general reagents, the catalog number, and manufacturers, is
supplied in Appendix A.

2.1.2 Cell Culture
A table of the materials for cell culture, including their catalog number and
manufacturer is supplied in Appendix B. Human retinal pigment epithelial (ARPE-19)
cells were cultured on T-75 flasks, 96-well plates, or 6-well plates. The cells at passage
numbers of 10-15 were used in this experiment. Cells were incubated in Dulbecco’s
Modified Eagle’s Medium/Nutrient Mixture F-12 Ham supplemented with 0.365 g/L of LGlutamine, 5% Fetal Bovine Serum and 1% Penicillin-Streptomycin unless otherwise
noted. Incubator conditions were kept at 37ºC with 5% CO2 unless otherwise noted.

2.2 GSTM1 Plasmid Cloning
The sequence for GSTM1 and coGSTM1, codon-optimized sequence, was
obtained from the NCBI database then custom ordered from Genscript housed between
the restriction enzyme sites XhoI and MluI in a simple pUC-57 vector. DH5α cells were
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transformed with the pUC57-GSTM1 and pUC57-coGSTM1 plasmids then plated on an
LB Agar plate containing 0.1% ampicillin, incubated at 37 ºC overnight. The following
day, single colonies were chosen and cultured in 10 mL of LB media containing 0.1%
ampicillin overnight at 37ºC.
The amplified plasmids were then extracted from the cultures using the miniprep
kit and their concentration and purity were measured using the NanoDrop One
Microvolume UV-Vis Spectrophotometer. Each plasmid clone was subject in a
restriction enzyme digest with XhoI and MluI for a verification of the insert (587 bp), as
shown in Figure 9 in Chapter III. The same restriction enzyme digest was performed on
another plasmid available in the laboratory, MB005, AAV-Sod2-FLAG (Figure 10). The
specific bands for GSTM1, co-GSTM1 inserts and the AAV vector were excised then gel
eluted then ligated in a 50:37.59 vector to insert ratio, thus creating the AAV-GSTM1FLAG and AAV-coGSTM1-FLAG plasmids. This plasmid cloning process is outlined in
Figure 6.
For amplification, Stbl3 E. coli cells were transformed with the AAV-GSTM1FLAG and AAV-coGSTM1-FLAG plasmids then plated on an LB Agar plate containing
0.1% ampicillin, incubated at 37ºC overnight. The following day, single colonies were
chosen and cultured in 10 mL of LB media containing 0.1% ampicillin overnight at 37ºC.
After saving glycerol stocks of the cultures, the amplified plasmids were extracted using
the miniprep kit and their concentration and purity were measured using the NanoDrop
One Microvolume UV-Vis Spectrophotometer. These plasmids were then subject to a
restriction enzyme digest with MluI and HindIII for verification of insert (Figure 10) and
the TR regions essential for viral packaging which may be needed in future in vivo
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studies (Figure 11). A positive clone from the GSTM1 and coGSTM1 plasmid was
selected for further expansion so that enough plasmid was available for further
experiments. After performing a miniprep pool for each of the two clones, a final
restriction enzyme digest (Figure 12) was performed to check for inserts as well as TR
regions. The process of plasmid amplification and screening is outlined in Figure 7.

2.3 Optimization of AAV Plasmid Transfections
A previously cloned AAV-GFP plasmid was used to optimize transfection
conditions in ARPE-19 cells. Cells were seeded on a 6-well plate at a density of
250,000 per well and incubated for 24 hours at 37ºC. One hour before transfection, the
medium in each well was changed to 1 mL of Opti-MEM. The transfection mixtures were
prepared with a 1:1, 1:2, and 2:1 DNA to PEI ratio. For example, for each well of a 6well plate, 4 µg of DNA was diluted in 50 µL (1/20th of the total volume in well) of OptiMEM. For the 1:1 ratio, 4 µL of PEI was diluted in 50 µL of Opti-MEM then added to the
DNA.
The mixture was incubated at room temperature at 37 ºC before introducing to
the cells. The cells were incubated with this mixture at 37 ºC overnight (16 hours) and
the mixture was replaced with complete media the next morning. After 24-hours and 48hours of incubation at 37ºC, the well-plates were observed for green fluorescence using
the Keyence Fluorescent Microscope BZ-X10. The highest transfection efficiency with
respect to DNA:PEI ratio and incubation times were considered for the following
transfections. This optimization was performed in duplicates.
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Figure 6. Schematic of vector and insert ligation for AAV-GSTM1-FLAG plasmid.
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Figure 7. Outline of plasmid amplification and screening process
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2.4 Western Blotting
For transfection, ARPE-19 cells were seeded in a 6-well plate at a density of
250,000 per well and incubated for 24 hours at 37ºC. After one-hour pre-incubation with
Opti-MEM, the cells were transfected with AAV-GFP, AAV-GSTM1-FLAG or AAVcoGSTM1-FLAG plasmids at a 1:2 DNA to PEI ratio overnight at 37ºC. The transfection
mixture was replaced with complete media the following morning and twenty-four hours
after the transfection, the GFP wells were observed for transfection efficiency using the
the Keyence Microscope.
For protein extraction, each well was washed twice with ice cold PBS. The cells
were scraped in 500 µL of ice cold PBS (per well) on ice. The cell suspension was
transferred to a 1.5 mL centrifuge tube (two wells were combined per tube) and
centrifuged at 5000 RPM for 3 minutes at 4ºC. The supernatant was carefully removed
and 60 µL of RIPA lysis buffer with 1% protease inhibitor was added to the pellet. The
samples were vortexed (10 seconds) then incubated on ice (5 minutes) for a total of
three times. The samples were then sonicated for 5 seconds on ice, three times. In a
4ºC centrifuge, the samples were centrifuged at 13,500 RPM for 30 minutes. The
supernatant was then collected and stored at -20ºC until further use.
For western blots, the protein concentrations of the samples were calculated
using a BSA assay. Then 20 µg of protein with Licor’s 4X loading buffer + 10% BME
was denatured at 95ºC for 5 minutes then loaded in a precast gel in the Invitrogen’s Bolt
Mini Gel tank. SDS-page was run at 30 mA for one hour then transferred to a PVDF
membrane for one hour using the Bio-rad Mini Trans-Blot Electrophoretic Transfer Cell.
The membrane was blocked for ine hour at room temperature with the Odyssey
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Blocking Buffer using gentle shaking. After two five-minute washes with PBS + 0.1%
Tween, the primary antibodies anti-Mouse-Tubulin (1:10,000 dilution) and anti-RabbitFLAG (1:1000 dilution) were added and incubated overnight at 4ºC with gentle shaking.
The following morning, four washes were performed with PBS + 0.1% Tween. The goatanti-mouse (red channel) and the donkey-anti-rabbit (green channel) secondary
antibodies (1:20,000 dilution) were incubated at room temperature for 45 minutes with
gentle shaking. After four washes with PBS + 0.1% Tween, the membrane was
visualized using Licor’s Odyssey CLx instrument.

2.5 Optimization of MTT Seeding Density
ARPE-19 cells at a density of 2,000-10,000 cells were seeded in a 96 well-plate
in triplicates and incubated for 24 hours or 48 hours at 37ºC. At the end of each
incubation period, 100 µL of the MTT reagent was added at a concentration of 0.45
mg/mL for 4 hours at 37ºC. At the end of the 4-hour incubation, the remaining MTT
solution was removed and the formazan crystals were dissolved with 100 µL of DMSO.
The plate was then read for absorbance (OD 570 nm) using the Biotek Synergy Neo2
Hybrid Multi-Mode plate reader. Wells with only 100 µL of DMSO were used as blanks
to subtract any background absorbances. A representative graph of seeding density
versus the absorbance (Figure 15) was produced and the highest seeding density
producing an absorbance in the linear growth phase was used for the following classic
MTT assays.
For an MTT assay involving transfections, ARPE-19 cells at a density of 2,00010,000 cells were seeded in a 96 well-plate in quadruplicates and incubated for 24
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hours at 37ºC. The following evening, the cells were transfected with the control plasmid
pUC19 after a one hour Opti-MEM pre-incubation at 37ºC. The following morning, the
transfection medium was changed to complete media. Forty-eight hours after the
transfection, 100 µL of MTT at a concentration of 0.45 mg/mL was added to each well
and incubated for 4 hours at 37ºC. At the end of the 4-hour incubation, the remaining
MTT solution was removed and DMSO added as above. The plate was then read at
570nm for the absorbance of the samples using the Biotek Microplate reader. Wells with
only 100 µL of DMSO were used as blanks to subtract any background absorbances. A
representative graph of seeding density versus the absorbance (Figure 17) was
produced and the highest seeding density producing an absorbance in the linear growth
phase was used for the following MTT assays involving transfections.

2.6 Conducting MTT Cell Viability Assays
For a classic MTT assay, a 96-well plate was seeded with 6,000 cells per well
and incubated at 37ºC for 24 hours. At the end of the 24-hour mark, the media in the
wells were replaced with 100 µL of the oxidative reagents diluted in incomplete media.
After another 24 hours of incubation at 37ºC, the treatments were replaced with 100 µL
of the MTT reagent (0.45 mg/mL) for 4 hours at 37ºC. At the end of the 4-hour
incubation, the remaining MTT solution was removed and the formazan crystals were
dissolved with 100 µL of DMSO. The plate was then read for absorbance (OD 570 nm)
using the Biotek plate reader. Wells with only 100 µL of DMSO were used as blanks to
subtract any background absorbances. The cell viability of treated wells was reported a
percentage of the control (non-treated wells). A line graph of the cell viability versus the
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concentration of reagents (Figure 17) was produced for analysis.
For a MTT assay involving transfections, a 96-well plate was seeded with 10,000
cells per well and incubated at 37ºC for 24 hours. At the end of the 24-hour mark, the
media in the wells were replaced with 100 µL of Optimem for a 1-hour incubation at
37ºC. Transfection mixtures were prepared by combining 2 ng of DNA diluted in 5 µL of
Optimem and 4 µL of PEI diluted in 5 µL of Optimem per well then incubation at room
temperature for 30 minutes. At the end of the 1-hour Optimem incubation, the
transfections were added to each well and incubated overnight at 37ºC. The transfection
mixtures were replaced with 100 µL of complete media. Twenty-four hours after the
initial transfection, the complete media was replaced with oxidative reagents diluted in
incomplete media. The plate was incubated for another 24 hours at 37ºC then the
treatments were replaced with 100 µL of the MTT reagent (0.45 mg/mL) for 4 hours at
37ºC. At the end of the 4-hour incubation, the remaining MTT solution was removed and
the formazan crystals were dissolved with 100 µL of DMSO. The plate was then read for
absorbance (OD 570 nm) using the Biotek plate reader. Wells with only 100 µL of
DMSO were used as blanks to subtract any background absorbances. The cell viability
of treated wells was reported a percentage of the control (non-treated wells). A line
graph of the cell viability versus the concentration of reagents (Figure 19) was produced
for analysis.
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CHAPTER THREE:
RESULTS

3.1 Successful Cloning of AAV Plasmids
Figure 8 below indicates all MB106A-F and MB107A, C-F clones were positive
for the GSTM1 insert at 587 base pairs. MB107B was negative for the insert therefore
discarded. Only the positive clones were used in the downstream processes for creating
the AAV-GSTM1-Flag and AAV-coGSTM1-Flag plasmids.

587 bp
(GSTM1)

Figure 8. Restriction enzyme digest of pUC57 plasmids. GSTM1 (MB106) and
coGSTM1 (MB107) digested with XhoI and MluI, run on 1.5% agarose gel.

The restriction enzyme digest, shown in Figure 9 below, was successful in releasing the
GSTM1 inserts from their pUC57 vectors as well as releasing the insert from the AAV
plasmid vector, MB005. The arrows refer to the specific bands which were used to gel
elute the GSTM1/coGSTM1 inserts and the MB005 vector necessary for ligation.
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5465 bp
(Vector)

587 bp
(GSTM1)

Figure 9. Restriction enzyme digest of pUC57 and AAV plasmids. GSTM1 (MB106A)
coGSTM1 (MB107E), and AAV vector (MB005) digested with XhoI and MluI, then run
on 1.5% agarose gel.
As shown in Figure 10, all MB108 B-E and MB109 B-F clones were positive for
the GSTM1 insert, all others were discarded. Only the positive clones were used in the
downstream processes for amplifying the AAV-GSTM1-Flag and AAV-coGSTM1-Flag
plasmids.

5350
bp

702
bp

Figure 10. Restriction enzyme digest I of AAV plasmids. GFP (MB005), GSTM1-FLAG
(MB108) and coGSTM1-FLAG (MB109) digested with MluI and HindIII then run on 1.5%
agarose gel.
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3702 bp
2328 bp

Figure 11. Restriction enzyme digest II of AAV plasmids. GFP (MB005), GSTM1-FLAG
(MB108B-E), and coGSTM1-FLAG (MB109 B-F) digested with XmaIII then run on 1.5%
agarose gel.

The same clones which were positive for the GSTM1 insert and AAV vector were
screened for TR regions (Figure 11). The MB108C-E clones and MB109B-F were all
positive and MB108E and MB109C was selected for further expansion using a miniprep
pool to obtain a sufficient volume for following studies.

5350 bp
3702 bp
2328 bp

702 bp

Figure 12. Final restriction enzyme digest of AAV plasmids. GSTM1-FLAG (MB108)
and coGSTM1-FLAG (MB109) digested with MluI & HindIII or XmaIII then run on 1.5%
agarose gel
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The restriction enzyme digest (Figure 12) of the AAV-GSTM1-FLAG and AAVcoGSTM1-FLAG obtained from the final miniprep pool verified the insert and the TR
regions. These plasmid clones were used for the transfections conducted in this study.

3.2 AAV Plasmid Transfections Optimized
1:2

1:1

2:1

A

B

C

D

E

F

24h

48h

Figure 13. Transfection of ARPE-19 cells with AAV-GFP plasmid. The DNA to PEI ratio
used was 1:1 (A, D), 1:2 (B, E), and 2:1 (C, F). Observed at 4x magnification at 24 (A-C)
1:2
and 48 hours (D-F) after incubation with Keyence Fluorescent Microscope.

2

As shown in Figure 13B and 13E, the highest density of green fluorescence was
observed with the 1:2 ratio of PEI to DNA. There was no significant difference between
the transfection efficiencies observed 24 (Figure 13A-C) and 48 hours (Figure 13D-F)
after transfection.

3.3 Expression of Exogenous GSTM1 and coGSTM1
In the western blot shown below (Figure 14), the antibodies against the house
keeping Tubulin (loading control) and FLAG tag was used. The expression of FLAG
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corresponding to the exogenous GSTM1 produced in the cells was observed just
twenty-four hours after transfection. Both GSTM1 and coGSTM1 plasmids were able to
produce protein expression, however the protein expression through GSTM1 exhibited
brighter and slightly larger volume.

NT

GSTM1

coGSTM1
Tubulin (50 kDa)

FLAG (26 kDa)

Figure 14. Western blot of Tubulin and FLAG expression. Duplicates of no transfection
(NT) controls, transfection with AAV-GSTM1-FLAG, or AAV-coGSTM1-FLAG.

3.4 Oxidative Agent Induced Cell Death
The plot for absorbance versus ARPE-19 seeding density in a classic MTT assay
is shown in Figure 15. Twenty-four hours post-seeding, the overall metabolic activity
decreased in wells with 10,000 cells as opposed to wells with a lower seeding density.
Forty-eight hours post-seeding, the wells with 8,000 cells joined the 10,000 cells in their
decreased metabolic state. The wells with 6,000 cells continued to display high
metabolic activity at both the 24-hour and 48-hours mark.
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Cell Number Titration- Classic MTT
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Figure 15. Cell number titration results for classic MTT assay. 2,000-10,000 ARPE-19
cells were seeded per well (n=3) and absorbance was measured at 570 nm 24- and 48hours post-seeding using the MTT assay. Data presented as the mean ±SEM of
triplicates.
Figure 16 shows the results of ARPE-19 cell viability after treatment of 200, 400,
600, 700, 800, 900, and 1000 µM of oxidative reagents. Increasing concentration of
paraquat produced a gradual decline in cell viability which plateaued at approximately
40 percent (Figure 16A).

Figure 16. Classic MTT assay results. ARPE-19 cells were treated 200-1000 µM of (A)
Paraquat or (B) H2O2 for 24 h (n=5). Cell viability was measured using the MTT assay,
compared to the control. Data presented as the mean ±SEM of five replicates.
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This was opposed to the increasing concentrations of H2O2 which produced a sharp
decline in cell viability from 400 to 600 µM, then plateaued at approximately 5 percent
(Figure 16B).
Figure 17 displays the plot for absorbance versus ARPE-19 seeding density in an
MTT assay involving transfections. The absorbance continued to rise as the seeding
density increased to 10,000.

Cell Number TitrationMTT with Transfection
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Figure 17. Cell number titration for MTT assay with transfections. 4,000-10,000 ARPE19 cells were seeded per well (n=4). Absorbance was measured at 570 nm 72 hours
post-seeding using the MTT assay. Data presented as the mean ±SEM of
quadruplicates.

Figure 18 shows the results of 200, 400, 600 and 800 µM treatment of paraquat
in ARPE-19 cells transfected with pUC19 (control), GSTM1, or coGSTM1. When
challenged with 200 µM of paraquat, the cell viability of pUC19 controls, GSTM1
transfected cells, and coGSTM1 transfected cells was 45, 63, 56 percent respectively.
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With treatment of 400 µM paraquat, the cell viability of pUC19 controls, GSTM1
transfected cells, and coGSTM1 transfected cells was 38, 52, 45 percent respectively.
After 600 µM treatment of paraquat, the cell viability of pUC19 controls, GSTM1
transfected cells, and coGSTM1 transfected cells was 37, 44, 49 percent respectively.
When challenged with 800 µM of paraquat, the cell viability of pUC19 controls, GSTM1
transfected cells, and coGSTM1 transfected cells was 29, 43, 34 percent respectively.
The unpaired, two-tail test revealed the significance of comparison between 200, 400,
and 600 µM paraquat tested in GSTM1 transfected cells versus the control. A statistical
significance was also found in 200 and 800 µM paraquat tested in coGSTM1
transfected versus control cells.

Cell Viability of Transfected ARPE-19 VS Paraquat (M)
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Figure 18. Transfection involved MTT assay results. ARPE-19 cells were transfected
with Puc19 (control), GSTM1, or coGSTM1 plasmids (n=4) 24 hours post-seeding. Each
group was treated with 200-800 µM of paraquat 24 hours post-transfection. Cell viability
was measured using MTT assay 72 hours post-seeding. Data presented as the mean
±SEM of quadruplicates. *P<0.01 and **P<0.05 compared with control.

26

CHAPTER FOUR:
DISCUSSION

4.1 Transfection of ARPE-19 Cells
As observed in Figure 13, the 1:2 ratio of PEI to DNA condition yielded the
highest transfection efficiency of the AAV-GFP plasmid in ARPE-19 cells. Interestingly,
there was no significant difference observed between the transfection efficiency at 24
versus 48 hours post-transfection. This is mostly likely due to the fact the ideal
incubation time before protein expression is dependent upon a variety of factors,
including cell line, transfection efficiency, the protein of interest and even temperature
[44]. Following this representative model of AAV plasmid transfections in ARPE-19
cells, the optimal PEI to DNA ratio was determined as 1:2 and the 24-hour mark
sufficient for proceeding with protein extraction. While ARPE-19 cells are notoriously
difficult to transfect, this protocol has consistently yielded an efficiency of about 40-50%.
Although this percentage was adequate for the initial purposes of showing proof of
concept, further studies will be completed in stably transfected cell line with 100%
expression of GSTM1 or in animal models in vivo which does not require any
transfections.

4.2 GSMT1 Plasmid Induced Protein Expression
As shown in Figure 14, the AAV plasmids cloned and amplified for the GSTM1
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gene was successful in inducing GSTM1 protein expression in the ARPE-19 cells. More
importantly, our western blot measured the exogenous expression of GSTM1 and
coGSTM1 using an antibody against their FLAG tags. In this way, the endogenous
GSTM1 expression that is found in all cells, including the non-transfected cells is
disregarded and there is no doubt on the protein expression induced by the specific
plasmid introduced. The western blot also served as a confirmatory test of whether the
codon optimization of GSTM1 increased its translational efficiency. As seen in the blot,
there was no significant difference in the expression of codon optimized GSTM1 versus
non-codon optimized GSTM1. In fact, the non-optimized GSTM1 showed slightly
brighter and larger band than the coGSTM1. This may be a factor resulting in a higher
antioxidant protection from GSTM1 versus coGSTM1.

4.3 Cell Number Titration
While there are several options available for measuring cell viability or cell
cytotoxicity, an MTT assay was selected for this experiment due to its high throughput
screening, reliability and convenience [40]. This particular assay measures the
metabolic activity of cells as an indirect measure of cell viability. For adherent cells, a
seeding density that is too high causes cells to stop dividing earlier, lowering their
metabolic activity before the MTT assay is conducted (48-hours post seeding) [40].
Compared to wells that were treated with a reagent causing a percentage of cell death
allowing more room to divide, this resulted in the measure of a cell viability that was
erroneously lower in the controls. Therefore, a cell number titration for the control cells
was completed, and it was found that 6,000 ARPE-19 cells was the optimal number to
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seed per well in a 96-well plate for a classic MTT assay. However, this number was
drastically different when considering the transfections that were involved in the final
design of this experiment. Therefore, another cell number titration was completed with
ARPE-19 cells transfected with pUC19, the control plasmid. It was determined that
10,000 cells were the optimal seeding density for MTT assays involving transfections. It
was important to note that this assay was capped at 10,000 cells due to the confluency
of the ARPE-19 cells 24-hours post seeding when a transfection takes place. A higher
seeding density resulted in a cell confluency of over 90%, which is the maximum
confluency recommended by ATCC for transfections.

4.4 Induction of Oxidative Stress
Once the appropriating seeding density was determined through the titration
assay, the MTT assays continued to be standardized. While there were several
publications indicating the percentage of death in cells induced by different
concentrations H2O2 or paraquat, the concentration and incubation times were
inconsistent with one another [16, 38, 41-43]. Therefore, the optimization of oxidative
stress-induced cell death in ARPE-19 cells with regards to type of oxidant and
concentrations was necessary for this experiment. The goal was to narrow down the
concentrations of oxidant that would result around 40-60% cell death. While 400 µM of
paraquat resulted in 50% cell death, increasing concentrations of the reagent, (600-800
µM) caused cell death to plateau at 60% (Figure 16A). In regards to H2O2, there was a
drastic decrease in the viability of the cells from 74% at 400 µM to 6% at 600 µM
(Figure 16B). Cell viability was the lowest after 600 µM which was consistent with some
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of the results reported by other researchers [42]. Due to the inconsistency in cell death
with respect to H2O2 concentrations, the experiment was proceeded with paraquat
concentrations narrowed down to a range of 200 to 800 µM.

4.5 Protection of GSTM1 against Oxidative Stress
The results of the final MTT assay indicate that the exogenous expression of
GSTM1 protects ARPE-19 cells against paraquat induced death. As shown in Figure
18, paraquat concentrations of 200-800 µM reduced cell viability of control cells from 45
to 29 percent. The cells transfected with GSTM1 and exposed to the same
concentration of paraquat, in contrast, had a reduced cell viability from 63 to 43%.
Overall, GSTM1 transfected cells had a cell viability that was on average, 20% higher
than control cells while coGSTM1 transfected cells fared only 5-10% better. Statistically,
the protection of GSTM1 transfected cells against 200 µM of paraquat had a
significance of p<0.05 and protection against 400 and 600 µM had a significance of p<
0.01. In contrast, the protection of coGSTM1 transfected cells against 200 and 800 µM
paraquat had a significance of p<0.05. The amount of protection in addition to the
statistical significance indicates the GSTM1 plasmid was more effective in protecting
cells from oxidative stress versus the coGSTM1 plasmid.
Although the GSTM1 plasmid was successful in protecting ARPE-19 cells
against oxidative damage induced by paraquat, the relatively low protection
(approximately 20%) can be attributed to several factors. The first attributing factor is
the transfection efficiency of the plasmid, which was reported to be 40-50%. This leaves
30-40% of ARPE-19 cells to be unprotected against paraquat, which mostly likely
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reduced the level of protection that may have been seen if the cell population had been
100% transfected. Another factor lies in the availability of multiple GST polymorphisms
in cells that may compensate for the loss of one another. It has been reported that in
HeLa cells, the knockdown of GSTM1 gene did not alter the total GST enzymatic
activity due to the overcompensation by GSTM2 [29]. This suggests the reduced
expression of GSTM1 found in AMD donor eyes may be compensated by another GST
variant by GST therefore the potential for therapeutic advantage may not be as great as
anticipated. Nevertheless, the ability of GSTM1 overexpression to protect ARPE-19
cells (which are vastly different from the Hela cell line of ovarian cancer) is promising
and will be further investigated in future studies in vivo.
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CHAPTER FIVE:
CONCLUSION

As the third leading cause of global blindness in a world with a rapidly aging
population, age-related macular degeneration is a formidable opponent to the quality of
life. With the degeneration of the cone photoreceptors at the center of the retina,
patients become increasingly blind, losing their center vision. While there are many
attributes to the progression of the disease such as genetics and environmental factors,
oxidative stress is one of the major components that has a solution. An antioxidant gene
therapy designed to bolster the body’s natural defense against oxidants in the retina is
ideal, especially considering the immune privilege of the eye. As the retinal pigment
epithelium is the first to fail in the pathway of AMD, it is important to target an
antioxidant defense to preserve this structure in the retina before it gives way to
progression of the disease and irreversible damage.
GSTM1 is a naturally occurring antioxidant enzyme found in all species of
bacteria, plants, and animals. As a critical initiator and progressor of cellular
detoxification, GSTM1 has the potential to rid cells of various types of oxidants. It has
been found that mutations in the gene encoding for this enzyme can lead to a null
GSTM1, linked to several diseases aggravated by oxidative damage such as
Alzheimer’s and cancer. One study has correlated the reduction of GSTM1 levels to
AMD donor eyes as compared to controls. This suggests that raising the expression of
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GSTM1 using gene therapy may indeed be an invaluable therapeutic choice for AMD.
Through this study, we were able to investigate the protective effects of GSTM1
overexpression against oxidative damage in the RPE. The first aim was to create an
AAV plasmid that would successfully induce an exogenous expression of GSTM1 or
coGSTM1. The next aim was to achieve a satisfactory transfection efficiency in ARPE19 cells using various conditions. After standardizing the MTT assay as a measure of
cell viability against oxidants such as paraquat and hydrogen peroxide, we were able to
determine the protective effect of GSTM1 in ARPE-19 cells. Going forward, we will be
conducting various experiments to prove this same concept in differentiated ARPE-19
cells which express many of the original phenotypes that primary RPE cells have, as
well as the effects of GSTM1 knock out in cells and finally in vivo experiments on animal
models.
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APPENDIX A:
GENERAL AND WESTERN BLOTTING MATERIALS

Table 1A. General Reagents
Manufacturer
Name
Genscript
GSTM1 and coGSTM1
plasmids in pUC19 vector
Thermo Fisher Scientific
XhoI
(Waltham, MA)
MluI
GeneJet Miniprep kit
Invitrogen PureLink Quick
Gel Extraction kit
OneShot Stbl3 Chemical
Competent E. coli
DH5α competent cells
Rapid DNA Ligation kit
Polysciences
transfection grade linear
(Warrington, PA)
polyethylenimine (PEI)
Sigma
paraquat dichloride
(St. Louis, MO)
hydrate
dimethyl sulfoxide (DMSO)
Fisher Scientific
hydrogen peroxide
(Hampton, NH)
Western Blotting
Abcam
anti-mouse-Tubulin
(Cambridge, UK)
primary antibody
Sigma
anti-FLAG rabbit primary
(St. Louis, MO)
antibody
Licor
680RD goat-anti-mouse
(Lincoln, NE)
800CW donkey-anti-rabbit
Thermo Fisher Scientific
Invitrogen’s Bolt 4-12%
(Waltham, MA)
Bis-Tris Plus gels
20X Bolt MES Running
Buffer
Immobilon-FL PVDF
transfer membrane
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Catalog Number
Custom ordered
FD0694
FD0564
K0503
K210012
C737303
EC0112
K1422
23966-1
36541
D2650
H325-100

ab7291
F7425
925-68070
925-32213
NW4120BOX
B0002
IPFL00010

APPENDIX B:
CELL CULTURE REAGENTS

Manufacturer
ATCC
(Manassas, VA)
Sigma
(St. Louis, MO)

Table 2A. Cell Culture Reagents
Name
Catalog Number
Human Retinal Pigment
CRL-2303
Epithelium (ARPE-19)
Lot Number 7022669
Cells
Dulbecco’s Modified
D6421
Eagle’s Medium/Nutrient
Mixture F-12 Ham
L-Glutamine
G8540
Fetal Bovine Serum
G6279
Penicillin-Streptomycin
P0781
Gibco Opti-MEM
31985088
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