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Abstract

Protein prenylation is the post-translational addition of isoprenoid lipid moieties to
proteins, which regulates their subcellular localization and function. Farnesyl or
geranylgeranyl isoprenoids are covalently linked to cysteines residues in a C-terminal
prenylation recognition sequence in selected proteins. A host of inherited retinal
diseases, such as choroideremia (CHM), results from prenylation defects suggesting
that prenylation is of heightened importance in the eye. Yet, in many cases, it is unclear
what drives retinal degeneration.

Small GTPases represent the most important group of prenylated proteins and
among them Rabs GTPases (Rabs) fulfill crucial cellular functions. Rabs regulate many
steps of membrane traffic, including vesicle formation, vesicle movement along actin
and tubulin networks, and membrane fusion. These processes are essential for
endocytosis, autophagy and phagocytosis, among others cellular activities.
Phagocytosis of the photoreceptor outer segments (OS) is one of the main functions of
the retinal pigment epithelium (RPE). This process requires the activity of several Rabs,
at different stages, e.g. Rab5 and Rab7 participate in phagosome maturation and Rab7
is required for the fusion of phagosomes and lysosomes to allow degradation of the
phagosome cargo.

Previous work in our laboratory has demonstrated that inhibition of Rab
prenylation impairs the endocytic-autophagic pathway. Here, we hypothesize that
inhibiting protein prenylation in the RPE will lead to decreased degradation of OS

following phagocytosis.



The isoprenoids attached to proteins during prenylation are synthesized by the
mevalonate pathway that also generates cholesterol. The mevalonate pathway can be
inhibited by statins, which are competitive inhibitors of the rate limiting enzyme
Hydroxy-methyl glutaryl CoA Reductase. Statins may inhibit synthesis of both
cholesterol and isoprenoids or just cholesterol. Therefore, some statins inhibit protein
prenylation. We use two type of statins to regulate protein prenylation in retina-derived
cells and in fibroblasts from patients with CHM.

First, we demonstrate that simvastatin, but not pravastatin, inhibits protein
prenylation in ARPE- 19 cells, a model of the RPE. This inhibititon can be prevented by
geranylgeranyl pyrophosphate (GGPP), suggesting that prenylation inhibition is due to a
shortage of isoprenoids. Second, we examined the effect of statins on OS degradation.
Simvastatin, but not pravastatin, inhibited the degradation of OS in ARPE- 19, though
this effect was not fully prevented by the addition of GGPP. Third, we extend our work
to CHM, a retinal degeneration that results from the absence of Rab Escort Protein-1
(REP-1). REP-1 is an essential chaperone for prenylation of newly synthesized Rabs.
We examined the effects of statins on Rab prenylation in dermal fibroblasts from age-
matched choroideremia patients and healthy participants. Protein prenylation in
fibroblasts from CHM patients was significantly more sensitive to inhibition by
simvastatin than fibroblasts from healthy individuals.

Our studies suggest that inhibition of protein prenylation in the RPE may lead to
decreased OS degradation, and that CHM patients might be more sensitive treatment

with statins.



Acknowledgements

| am grateful for the opportunity to perform graduate studies at the University of
Alberta in the Department of Pharmacology. There are many people to whom | am
greatly and forever indebted, and | must thank them for their contribution.

First, | need to thank my supervisors, Dr Elena Posse de Chaves and Dr lan
MacDonald. Dr Posse de Chaves accepted me into her laboratory and provided
outstanding mentorship and encouragement for me to complete my studies. | have
grown in my ability to think critically, experiment carefully and communicate scientific
knowledge. | am confident the lifelong knowledge and skills | have gained will continue
to be useful. Dr lan MacDonald has been a pleasure to work with. He has been a great
help by providing expert knowledge with respect to my research, and is a living
exemplar of how to be a scholar and a teacher. It has been a tremendous pleasure
being their student, and | will not forget the lessons anytime soon.

Great thanks must be given to my supervisory committee: Dr Basil Hubbard and
Dr Yves Sauvé, for their insightful comments during our meetings and continual support
during my studies. Each of you provided great scientific expertise that enabled me to
complete my research and enriched my learning experience. | am thankful toward Dr
Luc Berthiaume for being the external examiner at my defence.

There are many current and previous lab members whom | need to thank for
their diverse contributions. From the Posse de Chaves lab, | would like to thank Dr
Amany Mohamed, Sarah Samuelson, Federico Sacchi, Karl Narvacan and Dr Valeria

Sgambati, for their help on my project. From them, | learned many research techniques



and | thank them for their collegiality. From the MacDonald lab, | would like to thank
Alina Radziwon and Chris St Laurent, for their generosity, expertise in genetics
research, and for providing me with valuable materials for my thesis.

Thank you to Kevin Thorburn, Luis Carlos, Danny Galleguillos, Diego Ordonez
Pasaje, Melanie Alpaugh, Kevan Smith and Anissa Viveiros for the technical assistance,
scientific discussion and bountiful friendship.

| am grateful to Alberta Innovates Health Solutions for funding this project under
the Collaborative Research and Innovation Opportunities grants.

Finally, | am so thankful for my wonderful family and friends. They have
supported me every step of the way and their encouragement has made it all possible.

It is a fortune and privilege to have you all and | am forever obliged.



1. CHAPTER 1: INTRODUCTION....ccuiitiuiiitmiiiiniiieeiiieeiineeiirneinenesrsassssaessrsasssssssssenessrsnssssanes 1
1. 1. INtrodUCION ... e 2
17090 TRE REUNG ...ttt 2
B o 1 To) (0] (= o] o) (] £ 3
1.1.3. The Retinal Pigment Epithelium ...............ccc...uueeiiiiiiiiieeee e, 4
1.1.4. Phagocytosis of Photoreceptor Outer SEgments.............cccoeeeeeeeeeeeeeeeeieiiieeeeeeee 7
1.2.Protein Prenylation............o i r s s 9
1.2.7. Protein Prenylation...............ccooo oo 9
1.2.2. Prenyltransferases and AcceSSOry Proteins............cccoovvveeeeeeeeeeeeeeiiiiiiieeeeaeeennnn, 11
1.2.3. Prenylated Proteins and Biological ROIES..................cccoooiiiiiiiiiiiiieeeeeeeeeeeee 14
1.2.4. Rab GTPases in PRAGOCYTOSIS...........cccceeeeriieaeeeeeeeetieee ettt e e 16
1.3. The Mevalonate Pathway ... e e 18
1.3.1. The Pre-Squalene PathWay .............ccoooooieeoeeeeeeeeeeeeeeeeeeeeeee e 20
1.3.2. The Cholesterol PathWay .............ccoou oo 21
1.3.3. Non-Sterol Isoprenoid PathWay.................uuuueeeieeiiieeiiiieee et 22
1.3.4. Coordination of the Regulation of Post-Squalene and Non-Sterol Isoprenoid
Branches of the Mevalonate Patiway ..................couuuuueeieeeieieiiiiiieie e 23
1.3.5. The Mevalonate Pathway in the Reting..................ccoooeeiiieiiiiiiiieeeeeeeeeeeeeee 23
1.4.Statins ... ———————— 24
1.4.1. General CONSIAEIAtIONS ...........ccceeeeeeeeeeeeeee e 24
1.4.2. Pharmacology Of StAtiNS ............ccuuu i 25
1.4.3. Statins and the RetiNG..............ccoee oo 27
1.5. Prenylation-Associated Retinal Diseases ...........cccovvreeencciiiiiinnnnneessssnnnnnennn 31
1.5.1. Prenylation-Associated Retinal DiS€aSEs..............cccooueeeeeeeieieeeieeeeeeeeeeeeeeeeeeee 31

Table of Contents

Vi



1.5.2. Choroideremia is a Prenylation-Associated Retinal Disease .............................. 35

1.5.3. RAD ESCOI PrOteINS ... 39

1.5.4. Rab GTPase Prenylaton in Choroideremia ...............cccocveeeeieeeieeeeeriiiiisaeaaaaeennn, 40

1.6. Hypothesis and Objectives .........cccccuimiiiiiiiiiiiiisiss e 44

. CHAPTER 2: METHODOLOGY ...cccttuuiimeuniimeuiiimniimeeiminesimsnsiimsesismsssmsasismssssmssssrsnsssrsnsssees 45
2.1.Reagents and Antibodies ........ccccoiimmmeiiiiiiccrrc 46
2.2.Cell CURUIE ..o 46
2.2.1. Culture of Immortalized Retinal Pigment Epithelium Cells ARPE-19.................. 46

2.2.2. Culture of Primary Human Dermal Fibroblasts from Choroideremia Patients and

Age-matched Control PartiCipants ................ccceeeeeeeeeeuiiiieeeeeeeetiee e 47
2.3.Protein Quantification ...........ccccceriiiiiicicccseerrrr e 47
2.4.ImmMuNoblot ANAlYSIS ......cceeeiiiiiiecir e e e 47
2.5.Determination of Protein Prenylation ... 48

2.5.1. GDI-Capture Of RADS .........ccceeeeeeeeee ettt e e eees e e e e e e e eeenanes 48
2.5.2. Triton X-TT4 EXIACHON ........ccoemeeeeee e 49

2.6. Preparation of Photoreceptor Outer Segments.............cccceeeeeeecceiiereeeeeeecnnns 49
2.6.1. Isolation Of OUEEr SEGMENTS............uuuuuue e 50
2.7.Photoreceptor Phagocytosis ASSAY ........ccccccciiirmrmnssimmmmssssirssmsssserssmssssersnnnsns 50
2.7.1. Detecting Internalized Outer SEGMENTS..............cccceeuuuueas 50

. CHAPTER 3: RESULTS. ...ttt tse s ree e ree e see s ssasssasssaessaessaenssnsssnnes 52
3.1. Statins inhibit Protein Prenylation in ARPE-19 Cells...........cccceiiiiiiiiiiiiinnnne 53

3.2.Impaired Protein Prenylation inhibits Phagocytosis of Photoreceptor Outer

KT o 4 L= o 57

vii



3.3.Protein Prenylation in Fibroblasts from Choroideremia Patients is More

Sensitive to Statins ... ———————— 63
4. CHAPTER 4: DISCUSSION ..o 65
4.1.Statins and Protein Prenylation in the Retinal Pigment Epithelium............ 66

4.2.Impaired Protein Prenylation inhibits Phagocytosis of Photoreceptor Outer

S T= T |1 = 0L 69
4.3.Increased Sensitivity to Statins in Fibroblasts from Choroideremia Patients
4.4.Conclusion and Future Directions..........cccciiiiiiinniinn 72

LT =] =1 (=) 1 1 == T 74

viii



List of Figures

Figure 1: Mouse retina and photoreceptor cell morphology Page 3
Figure 2: Summary of retinal pigment epithelium (RPE) functions. Page 6
Figure 3: Components of OS phagocytosis. Page 7
Figure 4: OS phagocytosis by RPE cells requires coordinated Page 8
activities of numerous cell surface and cytosolic proteins.

Figure 5: The Types of Protein Prenylation. Page 13
Figure 6: Rabs in phagosome maturation Page 18
Figure 7: The Mevalonate Pathway. Page 20
Figure 8: Structure of Statins. Page 29-30
Figure 9: Prenylation-associated retinal diseases. Page 31
Figure 10: Simvastatin inhibits Rab7 Prenylation in ARPE-19 cells. Page 55
Figure 11: GGPP prevents inhibition of Rab7 prenylation by Page 56
simvastatin.

Figure 12: Pravastatin does not affect Rab7 prenylation. Page 56
Figure 13: Determining Experimental conditions for OS degradation. Page 59
Figure 14: Simvastatin but not pravastatin reduces OS degradation Page 60
Figure 15: Simvastatin affects LC3-mediated mechanisms. Page 62
Figure 16: Fibroblasts from CHM Patients are More Sensitive to Page 64

Statins.




List of Abbreviations

Adeno-Associated Virus

AAV
AIPL1 Aryl-hydrocarbon interacting protein 1
AMD Age-related Macular Degeneration
Anx Annexin
CBR C-terminal Binding Protein
CcC Connecting Cillia
CCz1 Vacuolar Fusion Protein CCZ1
CDC42 Cell Division Control Protein 42
CENP Centromere Protein
cGMP Cyclic GMP
CHM Choroideremia
CLN3 Neuronal Ceroid Lipofusinosis 3
CRALBP Cellular Retinaldehyde Binding Protein
CRBP Cellular Retinol Binding Protein
DMPP Dimethylallyl Pyrophosphate
ECM Extracellular Matrix
ER Endoplasmic Reticulum
FAF Fundus Autofluorescence
FPP Farnesyl Pyrophosphate
FPPS Farnesyl Pyrophosphate Synthase
FTase Farnesyl Transferase
FTI Farnesyl Transferase Inhibitor
FYCO Fab1-YotB-Vac1p-EEA1 and Coiled-Coil Domain Containing Protein
GAP GTPase-Activating Protein
GDI Guanosine Nucleotide Dissociation Inhibitor
GEF Guanosine Nucleotide Exchange Factor
GGPP Geranylgeranyl Pyrophosphate
GGPPS Geranylgeranyl Pyrophosphate Synthase
GGTase Geranylgeranyl Pyrophosphate Transferase
GPP Geranyl Pyrophosphate
GRK1 Rhodopsin Kinase
hfRPE Human Fetal RPE
HIDS Hyper-immunoglobulin D and Periodic Fever Syndrome
HMG CoA 3-Hydroxyl-3-Methylglutaryl CoA
HMG CoA Reductase

HMGR




ICMT

Isoprenyl Cysteine Carboxylmethyltransferase

IL-8 Interleukin 8
IPP Isopentenyl Pyrophosphate
iPSC Induced Pluripotent Stem Cell
IRBC Interstitial Retinal Binding Protein
IS Inner Segment
LAMP1 Lysosomal-Associated Membrane Protein 1
LC/MS Liquid Chromatography/Mass Spectrometry
LC3 Microtubule-Associated Protein 1A/1B-Light Chain 3
LCA Leber's Congenital Amaurosis
LRAT Lecitin:Retinol Transferase
Mertk Tyrosine-protein Kinase Mer
MFG-E8 Milk Fat Globulin E8
MK Mevalonate Kinase
Mon1 Vacuolar Fusion Protein 1
OAT Organic Anion Transporter
OCT Optical Coherence Tomography
ONL Outer Nulcear Layer
(OR) Outer Segment
PDEG6 Rod cGMP-specific-3',5',-cyclic Phosphodiesterase
PEDF Pigment Epithelium-Derived Growth Factor
RBP Rab Binding Platform
RCE1 Ras-Converting Endopeptidase 1
RDHS5 11-cis Retinol Dehydrogenase
REP Rab Escort Protein
RILP Rab-Interacting Lysosome Protein
RP Retinitis Pigmentosa
RPE Retinal Pigment Epithelium
RPE65 RPE 65 kDa
RPGR Retinitis Pigmentosa GTPase Regulator
TNFa Tumor Necrosis Factor Alpha
VA Visual Acuity
VEGF Vascular Endothelial Growth Factor
VF

Visual Field

Xi




CHAPTER 1

INTRODUCTION



1.1 Introduction

1.1.1 The Retina

The retina is a thin layer of tissue in the eye that detects light signals and relays this
information to the brain via the optic nerve. There are many neuronal and non-neuronal
cell layers in the retina that work together to transmit visual information (Figure 1). The
conversion of light to an electrical signal occurs in the OS of the photoreceptor, which is
the neuronal cell type closest to the back of the eye (Kolb 1995). Photoreceptors consist
of two subtypes: rods and cones. Rods enable dim light vision while cones mediate
colour vision in bright light (Masland 2001). Cones are largely concentrated in the fovea
of the retina, whereas rods are spread throughout (Henrickson 2005). Anterior to the
photoreceptors, closer to the lens, are the bipolar cells, horizontal cells and amacrine
cells. Bipolar cells receive synaptic input from the photoreceptors and many synapse
directly onto retinal ganglion cells (Hubel 1995). Some bipolar cells synapse onto
amacrine cells, which then synapse onto retinal ganglion cells (Hubel 1995). Horizontal
cells receive synaptic input from multiple photoreceptors to integrate and relay their
signals onto retinal ganglion cells. The axons of the retinal ganglion cells make up the
optic nerve (Masland 2001).

Behind the photoreceptors is the RPE. The RPE contains melanin and rests on the
Bruch’s membrane and the choroid (Strauss 1995). The Bruch’s membrane is a
multilayered matrix in between the basal membrane of the RPE, and the fenestrated
capillaries of the choroid (Guymer, Luthert et al. 1999). Together, the RPE, the Bruch’s

membrane and the choroid connect the neural retina with the systemic circulation,



receiving nutrients and eliminating waste. The photoreceptors and the RPE are highly

dependent upon each other; the dysfunction of either layer can lead to loss of the other.

_ Cornea

Figure 1: Mouse Retina and Photoreceptor Cell Morphology. (A) The retina is located in the posterior
portion of the eyecup (left) and is organized into multiple distinct layers (right). (B) Schematic of rod and
cone photoreceptor cells. RPE: retinal pigment epithelium; OS: outer segment; IS: inner segment; ONL:
outer nuclear layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer; OPL:
outer plexiform layer. From Tang, P. H., Kono, M., Koutalos, Y., Ablonczy, Z. & Crouch, R. K. New
insights into retinoid metabolism and cycling within the retina. Prog Retin Eye Res 32, 48-63,
doi:10.1016/].preteyeres.2012.09.002 (2013).

1.1.2 Photoreceptors
Retinal photoreceptor cells are essential to visual transduction by detecting light
and translating it into an electrical response (Kolb 1995). Photoreceptors are polarized

cells: the apical OS are adjacent to the RPE and detect light, while the cell body and



synaptic endings are proximal to ganglion cells. The OS contains key visual
transduction proteins, such as rhodopsin. These proteins are produced in the inner
segments (IS), which contain mitochondria and ribosomes, and then transported along
the connecting cilia (CC) between the OS and IS.

Each day, at the onset of light and dark, the photoreceptors shed the
photoreceptor OS, a membranous particle containing stacks of individualized disks of
rhodopsin-embedded membrane (Reme and Sulser 1977). A molecule of retinal is
bound to each rhodopsin molecule, which is converted from 11-cis-retinal to all-trans-
retinal when light hits, changing the rhodopsin conformation so that it can activate its
associated G-protein, transducin (Okada, Ernst et al. 2001, Mustafi and Palczewski
2009). Rhodopsin is phosphorylated to terminate its action. The photoreceptors are able
to isomerize the all-trans retinal back to the 11-cis conformation, but still need to
synthesize new OS to replace shed particles. Spent all-trans-retinal, within rhodopsin, is
moved further from the photoreceptor soma (Young 1967, Young and Bok 1969). Outer
segments are phagocytosed by the RPE, which degrade the contents of the OS and
isomerize the retinal back to the 11-cis conformation (Travis, Golczak et al. 2007).
When phagocytosis is impaired or segment shedding is excessive, shortening of
photoreceptor segments is seen as photoreceptors attempt to remove photo-oxidative
products and generate new segments. This is seen in retinal degenerative diseases
such as Oguchi disease and retinitis pigmentosa (Kajiwara, Hahn et al. 1991, Kedzierski,

Lloyd et al. 1997, Yamamoto, Sippel et al. 1997).

1.1.3 The Retinal Pigment Epithelium



The RPE is a single layer of pigmented hexagonal cells, connected by tight
junctions. Its apical membrane faces the photoreceptors and its basolateral membrane
rests on the Bruch’s membrane (Strauss 1995) (Figure 2). It is full of melanosomes
which move from the cytosol to the apical processes in the bright conditions (Back,
Donner et al. 1965, Burnside 2001). Photo-oxidation occurs in the photoreceptor OS
(Wright, Chakarova et al. 2010), which need to be renewed, so the RPE phagocytose
the OS and neutralize the oxidation products and free radicals to maintain retinal health.
In addition, photothermal damage may occur in the retina as pigments such as melanin
in the absorb photons and generate heat (Youssef, Sheibani et al. 2011). The choroid is
highly perfused, allowing the cooling of the RPE. The RPE also has significant roles in
transport of essential components such as retinol and glucose from the choroidal blood
supply, as well as secretion of metabolic end products such as ions and lactic acid
(Strauss 1995).

The RPE plays an important role in the renewal of all-frans-retinol for the visual
cycle (Tang, Kono et al. 2013). All-trans-retinol, bound to the carrier interphotoreceptor
retinal binding protein (IRBP), enters the RPE (Pepperberg, Okajima et al. 1991). All-
trans-retinol is then bound to cellular retinol binding protein (CRBP), which carries the
retinol to a protein complex (Kawaguchi, Yu et al. 2007). This protein complex is
composed of lecithin:retinol transferase (LRAT), RPE protein 65 kDa (RPE65) and 11-
cis retinol dehydrogenase (RDH5), to be converted back to 11-cis retinal (Moiseyev,
Chen et al. 2005, Kiser, Golczak et al. 2014). Also within this complex is cellular
retinaldehyde binding protein (CRALBP) which accelerates the process. The 11-cis-

retinol re-binds to IRBP and is transported back to the photoreceptor.



Light Absorption Epithel Transport Glia Visual Cycle | | Phagocytosis Secretion
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Figure 2: Summary of Retinal Pigment Epithelium (RPE) Functions. PEDF, pigment epithelium-
derived growth factor; VEGF, vascular epithelium growth factor; Epithel, epithelium. From Strauss, O. The
retinal  pigment epithelium in  visual function.  Physiological reviews 85, 845-881,
doi:10.1152/physrev.00021.2004 (2004).

The RPE is a component of the blood-retina barrier (Strauss 1995). It is a
physical barrier between the choroid blood supply and the retina due to its tight
junctions, and it also ensures the inner eye is immune privileged by interacting with the
immune cells of the retina or the periphery (Wenkel and Streilein 2000, Streilein, Ma et
al. 2002). The second component of the blood-retinal barrier is formed by the tight
junctions between the retinal capillary endothelial cells (Cunha-Vaz, Bernardes et al.
2011). The barrier tightly controls the passage of fluids and solutes. This system is very
similar to the blood-brain barrier in many aspects, such as pharmacological entrance
and efflux, and structure, despite different developmental origins (Steuer, Jaworski et al.

2005, Cunha-Vaz, Bernardes et al. 2011).



1.1.4 Phagocytosis of Photoreceptor Outer Segments
Phagocytosis of photoreceptor OS requires a sequence of steps: recognition,
engulfment, maturation and degradation. Each step is defined by characteristic protein

players (Figure 3).
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Figure 3: Components of OS Phagocytosis. Components are categorized by their involvement in
photoreceptor recognition, engulfment, and degradation, the stages of the renewal process. Taken from
(Kevany and Palczewski 2010).

Two ligand pairs on the RPE recognize OS: receptor tyrosine kinase Mer precursor
(MerTK) and its secreted ligands Gas6 and protein S, and the integrin receptor avf5,
and its secreted ligands milk fat globulin-E8 (MFG-E8). These ligands recognize
phosphatidylserine on the OS, in a mechanism similar to that involved in apoptotic
phagocytosis (Fadeel, Quinn et al. 2007). There may be additional roles for CDC36

(Kevany and Palczewski 2010). Without these receptors, RPE either do not engulf OS



at all or change their diurnal pattern of phagocytosis greatly, depending on which ligand-
receptor pair is defective (Mullen and LaVail 1976, Feng, Yasumura et al. 2002, Nandrot,
Kim et al. 2004, Nandrot, Anand et al. 2007, Burstyn-Cohen, Lew et al. 2012). (Figure

4).
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Figure 4: OS Phagocytosis by RPE Cells Requires Coordinated Activities of Numerous Cell
Surface and Cytosolic Proteins. The scheme illustrates the current knowledge on proteins involved in
OS uptake gained from studies of both RPE phagocytosis in situ and in cell culture. Abbreviations: AnxA2,
annexin A2; myoll, myosin II; myoVlla, myosin Vlla; PI3K, PI3 kinases; SFK, Src family kinases. Taken
from (Mazzoni, Safa et al. 2014)

On phagosomes, MerTK colocalizes with Rab5 and/or GDP dissociation factor
alpha 1 (GDI1) (Shelby, Feathers et al. 2015). Engulfment requires significant
cytoskeletal rearrangement. Annexins (Anx), particularly Anx A2 and A4, are seen to be
enriched in RPE cells capable of phagocytosis (Law, Ling et al. 2009). Anx A2 is a
regulator of actin dynamics and is detected in new phagosomes in the RPE.
Furthermore, siRNA-knockdown of Anx A2 abolishes the ability to phagocytose in RPE

cells (Law, Ling et al. 2009).



Once internalized by RPE, phagosomes with OS must undergo maturation and
degradation steps to breakdown their protein and lipid components. Generally,
phagosomes will go through the endosome-lysosome pathway, a series of fusion events
that include fusing with early endosomes, late endosomes and lysosomes, finally
forming a phagolysosome (Ng, Gan et al. 2012). Each step is characterized by the
subset of proteins on the membrane and lumen of the vesicle, as well as the
acidification of the lumen. RPE cells are polarized, so phagocytosis always occurs on
their apical side. The phagosomes move from the apical side to the basal side, where
lysosomes are, to be degraded (Herman and Steinberg 1982, Gibbs, Kitamoto et al.
2003). A defect in this process is seen in Usher syndrome 1B, which is caused by
mutations in myosin VIIA. Mutant myosin VIIA cannot traffic phagosomes from the
apical side and retinal degeneration ensues (Gibbs, Kitamoto et al. 2003). Lysosomes
contain cathepsin D, an acidic protease that will cleave opsin following phagosome-
lysosome fusion (Wavre-Shapton, Meschede et al. 2014). Balifomycin A1, which inhibits
vacuolar-type H*-ATPase on lysosomes and prevents their acidification, inhibit such
degradation. Rather, phagolysosomes have increased pH and decreased OS
degradation when cells are treated with bafilomycin A1 (Deguchi, Yamamoto et al.

1994). The phagocytosis of OS by RPE is crucial to phototransduction in the long term.

1.2 Protein Prenylation
1.2.1 Protein Prenylation
Protein prenylation is the attachment of isoprenoid lipid moieties to a cysteine

residue within the C-terminal motif of certain proteins, which is essential for their



association with hydrophobic lipid membranes (Zhang and Casey 1996, Amaya,
Baranova et al. 2011). Post-translational prenylation is essential for the proper
subcellular distribution and membrane localization of proteins. Prenylation has come to
significant attention due to its crucial role in protein function, as well as its implication in
a myriad of diseases such as progeria, cancer and bacterial infection (De Sandre-
Giovannoli, Bernard et al. 2003, Amaya, Baranova et al. 2011, Berndt, Hamilton et al.
2011, Wang and Casey 2016).

Prenylation is divided into two subcategories: farnesylation and
geranylgeranylation. Farnesylation involves the attachment of the 15-carbon farnesyl
lipid. It is catalyzed by farnesyltransferase (FTase), which condenses a farnesyl
pyrophosphate (FPP) molecule and a cysteine residue to form a thioether linkage
(Dunten, Kammlott et al. 1998). Geranylgeranylation is defined as the attachment of the
20-carbon geranylgeranyl lipid to a cysteine residue by either geranylgeranyltransferase
| (GGTase |) or geranylgeranyltransferase Il (GGTase Il) (Guo, Wu et al. 2008).

The three types of prenyltransferases differ in their peptide recognition motif and
the isoprenoid species they attach (Casey and Seabra 1996, McTaggart 2006).
Farnesyl transferase (FTase) and geranylgeranyl transferase type | (GGTase )
prenylate proteins with C-terminal CAAX motifs, where C is cysteine, A is generally an
aliphatic amino acid and X determines the isoprenoid attached. Proteins in which the X
is a methionine, as seen in Ras proteins are farnesylated. Proteins in which X is leucine,
as seen in Rho proteins, or phenylalanine, are geranylgeranylated by GGTase | (Seabra,
Goldstein et al. 1992, Lane and Beese 2006). The Rab proteins are double-

geranylgeranylated by geranylgeranyl transferase type Il (GGTase Il) on CC or CXC

10



motifs (Seabra, Goldstein et al. 1992, McTaggart 2006). A notable exception is Rab28,
which contains a —CAAX motif and is farnesylated (Roosing, Rohrschneider et al. 2013).
There are over 300 human proteins that may be prenylated based on their C-terminal
motifs (Sebti 2005), but small GTPases represent the largest group of prenylated

proteins.

1.2.2 Prenyltransferases and Accessory Proteins

Protein prenylation is catalyzed by prenyltransferase proteins (Casey and Seabra
1996) (Figure 5). All prenyltransferase proteins are heterodimers composed of an a-
subunit and a B-subunit. FTase and GGTase | share the same a-subunit but have
different B-subunits. The B-subunit contains the specific lipid-binding site and a peptide
binding site that requires a Zn?* ion (Reiss, Brown et al. 1992). It is more energetically
favourable for these prenyltransferases to first bind the isoprenoid moiety than to bind
the peptide (Casey and Seabra 1996). Differences in the conformation of both the lipid-
and peptide-binding sites of each protein allow each prenyltransferase to be specific for
its own substrates, although overexpression of either FTase or GGTase | show there is
some functional overlap between the two for the same substrates. Yeast
overexpressing GGTase | but lacking FTase show increased membrane localization of
Ras, which is typically an FTase substrate (Trueblood, Ohya et al. 1993). Experiments
involving the removal of the GGTase | gene have shown that FTase is able to prenylate
the substrates of GGTase | (Sjogren, Andersson et al. 2007). Interestingly, some
proteins, such as K-Ras and N-Ras, can be farnesylated or geranylgeranylated if either

mechanism is inhibited (Lerner, Zhang et al. 1997, Rowell, Kowalczyk et al. 1997,

11



Whyte, Kirschmeier et al. 1997). Some proteins may physiologically be either
farnesylated or geranylgeranylated, as in the case of RhoB (Armstrong, Hannah et al.
1995, Konstantinopoulos, Karamouzis et al. 2007).

GGTase Il is also known as Rab Geranylgeranyltransferase (RabGGTase) as it
exclusively prenylates small Rab GTPases. It is a heterodimer like the other two
prenyltransferases, but it shares limited homology. The a- subunit sharing 27% amino
acid identity with FTase and GGTase |, and the B-subunit sharing 29% amino acid
identity with the B-subunit of FTase (Zhang and Casey 1996). The enzyme only binds
GGPP, and not FPP nor geranyl pyrophosphate (GPP) (Schafer and Rine 1992). It will
transfer two molecules of GGPP by attaching the geranylgeranyl onto each cysteine in
the —CC or —CXC prenylation motif and releasing the pyrophosphate molecule. Rab
GGTase does this sequentially, as the mono-geranylgeranylated intermediate is quite
stable and is unlikely to dissociate. There is not a clear preference which cysteine is
prenylated first (Shen and Seabra 1996).

Rab GGTase does not stably bind its substrate Rab proteins by itself (Shen and
Seabra 1996), but rather binds a complex consisting of a Rab protein and a Rab Escort
Protein (REP) (Seabra, Brown et al. 1992, Andres, Seabra et al. 1993). REPs are
accessory proteins that bind a newly synthesized Rab protein and deliver it to Rab
GGTase. Following prenylation by Rab GGTase, REP protects the newly hydrophobic
tail and delivers the Rab protein to its appropriate target membrane (Alexandrov,
Horiuchi et al. 1994). The REP is then freed of the prenylated Rab and able to bind

another unprenylated Rab.
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Figure 5: The Types of Protein Prenylation. Farnesyltransferase adds farnesyl pyrophosphate (FPP) to
Ras GTPases. Geranylgeranyltransferase | adds a single geranylngeranyl pyrophosphate (GGPP) to the
Rho/Rab GTPases. Geranylgeranyltransferase Il adds two GGPPs to the Rab GTPases that are brought
by Rab Escort Proteins (REP). Derived from Guo, Z. et al. Structures of RabGG Tase—substrate/product
complexes provide insights into the evolution of protein prenylation. EMBO J. 27, 2444-2456. DOI
10.1038/emboj.2008.164 (2008).

Prenylation alone is not sufficient to cause stable membrane association; post-
prenylation processing is often required for prenylated proteins to function (Gelb,
Brunsveld et al. 2006). Two main modifications occur following prenylation (Schafer and
Rine 1992, Leung, Baron et al. 2007). First, Ras-Converting CAAX Endopeptidase
(RCE1) cleaves the —AAX amino acids off the prenylation motif. This is followed by
isoprenylcysteine carboxylmethyltransferase (ICMT) which methylates the carboxyl
group on the carboxy-terminal isoprenoid modified Cys residue (Ashby 1998, Winter-
Vann and Casey 2005). Both RCE1 and ICMT reside on the endoplasmic reticulum (ER)

(Wang and Casey 2016), suggesting that newly prenylated proteins are proximal to the
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cytosolic face of the ER, unless there is an intermediate sequestering step. Without
RCE1, fetal mice die in late gestation or within the first week of life (Kim, Ambroziak et
al. 1999). Deletion of RCE1 in the retina resulted in the rapid degeneration of the
photoreceptors, which was attributed to mislocalization of the geranylgeranylated rod
cGMP-specific phosphodiesterase 6 (PDEG) as it was not transported to the OS, while
farnesylated proteins such as transducin and rhodopsin kinase were localized properly
(Christiansen, Kolandaivelu et al. 2011). Similarly, deletion of ICMT resulted in even
earlier deaths of the affected mice, as its deletion impacts Rab proteins, in addition to —
CAAX prenylated proteins. ICMT deletion in the retina leads to photoreceptor
degeneration (Christiansen, Pendse et al. 2016). Moreover, some proteins need further
modifications, such as palmitoylation and myristolyation, for stable membrane
attachment. For example, N-Ras and H-Ras are palmitoylated in the Golgi (Hancock,

Magee et al. 1989).

1.2.3 Biological Roles of Prenylated Proteins

Many proteins with diverse functions are prenylated. The largest family of
prenylated proteins is the intracellular GTP-binding proteins. This family includes
heterotrimeric G protein y subunits, such as the transducin y subunit, and the
monomeric small GTPases superfamily (Konstantinopoulos, Karamouzis et al. 2007).
Farnesylated proteins include the Ras GTPases, the nuclear lamins, and the
kinetochore centromere proteins (CENP). Geranylgeranylated proteins include other
small GTPase proteins, such as the Rho proteins, Rac proteins, cell division control

protein 42 homolog (CDC42), R-Ras and the Rab proteins (Sebti 2005).
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There are several heterotrimeric G proteins involved in visual transduction.
Rhodopsin, a receptor that translates visual light into a biochemical signal, is a G-
protein couple receptor and its associated G-protein, transucin, contains a farnesylated
v subunit (Lai, Perez-Sala et al. 1990, Kisselev, Ermolaeva et al. 1995). The action of
transducin leads to the activation of PDE6; PDEG6 is farnesylated on its o subunit and
geranylgeranylated on its B subunit (Anant, Ong et al. 1992). X-linked retinitis
pigmentosa GTPase regulator (RPGR) is a geranylgeranylated interactor of PDE6D
subunit (Lee and Seo 2015). Rhodopsin kinase (GRK1) is another farnesylated protein
that serves to phosphorylate rhodopsin in dim light to slow rhodopsin deactivation
(Anant and Fung 1992).

Within small G proteins, the Ras superfamily is divided into subfamilies Ras,
Rho/Rac, Rab, Sar1/ARF, and Ran (Segev 2011). All of these are involved in diverse
cellular functions: Ras members regulate gene expression and cell proliferation, the
Rho/Rac members are responsible for cytoskeletal arrangements, the Rab family
regulates intracellular vesicle trafficking, and the Ran family regulates
nucleocytoplasmic transport (Takai, Sasaki et al. 2001, Segev 2011). Rab proteins are
of particular importance in retinal degeneration because of their role in OS phagosome
trafficking in the RPE. Rab proteins are important in signaling pathways, and in vesicle
trafficking processes including vesicle formation, transport and fusion to the acceptor
membrane (Seabra, Mules et al. 2002). The localization of each Rab species to distinct
membrane compartments is determined by its hypervariable C-terminal domain

(Chavrier, Gorvel et al. 1991).
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Small GTPase proteins are molecular switches that give spatial and temporal
specificity to cellular events such as signal transduction and vesicular trafficking. Small
GTPases function by hydrolyzing GTP. When bound to GTP, Rab proteins are active,
and are inactive when bound to GDP (Stenmark 2009). The nucleotide hydrolysis and
exchange cycle allows temporal and spatial regulation of membrane transport. When
GTP is hydrolyzed, the GDP-bound Rab may undergo nucleotide exchange by a
guanidine nucleotide exchange factor (GEF) or be removed from its attached
membrane by a Rab GDP-dissociation factor (GDI) (Muller and Goody 2017). The
hydrolysis of GTP is catalyzed by GTPase-activating proteins (GAP) to return the
GTPase to the inactive GDP-bound form (Fukuda 2011). These regulators of small
GTPases are essential for the temporal specificity of their actions. Activating mutations
of Ras proteins are seen in ~20% of human cancers. Mutated Ras proteins may be
constitutively GTP-bound and are continuously active, driving uncontrolled cell division
(Konstantinopoulos, Karamouzis et al. 2007). Four GDI proteins have been identified in
humans: three Rho GDIs and one Rab GDI. These proteins bind prenylated small
GTPases and hold them in the cytosol. This prevents GEFs replacing the GDP bound to
GTPases (Sasaki, Kikuchi et al. 1990). It is also possible for GDIs to bind GTP-bound
GTPases to prevent the actions of GTPase effectors. GEFs catalyze the exchange of
GDP for GTP on small GTPases; this exchange is the rate-limiting step the cycle of
GTPases. GEFs regulate the temporal and spatial specificity of small GTPase signaling

(Cherfils and Zeghouf 2013).

1.2.4 Rab GTPases in Phagocytosis
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Various small GTPases orchestrate steps in the vital process of phagocytosis
(Flannagan, Jaumouille et al. 2012, Gutierrez 2013). Engulfment involving the extension
of pseudopods requires CDC42, Rac1 and Rac2 to reorganize the cytoskeleton (Hoppe
and Swanson 2004). Following engulfment, a series of Rab GTPases are recruited to
the phagosome, which is essential for the degradation and recycling of its components
(Figure 6). In the early phagosome, Rab5 is recruited to mediate the fusion of the
phagosome with the early endosome (Duclos, Diez et al. 2000). When Rab5 is
associated to this early phagosome, it recruits vacuolar fusion protein 1 (Mon1). Mon1,
in complex with vacuolar fusion protein CCZ1 and Rab5, recruit Rab7 by acting as a
GEF and removing Rab7 from its inactive GDI-bound state (Poteryaev, Datta et al.
2010). Rab7 and its associated effectors mature the early phagosome into a late
phagosome, allowing it to recruit late endosome/lysosome markers such as lysosome-
associated membrane protein 1 (LAMP1) and move towards the microtubule-organizing
centre (Huynh, Eskelinen et al. 2007, Johansson, Rocha et al. 2007). Rab7 is also
present on late endosomes and lysosomes on the microtubule-organizing centre,
facilitating the fusion of late phagosomes to these vesicles. The newly fused
phagolysosome degrades the luminal contents. The lumen is acidic (pH <5) and
contains degradative enzymes, such as proteases from the cathepsin family, nucleases
and lipases (Botelho and Grinstein 2011). The degradation products may be recycled
and this recycling may be essential, as seen in other phagocytic processes such as the
recycling of iron from erythrocytes (Kong, Lei et al. 2013), but this area requires further

investigation in the retina.
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Figure 6: Rabs in Phagosome Maturation. i) The membrane of the nascent phagosome has a few
notable differences compared with the plasma membrane. ii) Early phagosomes acquire many of the
molecular markers of early endosomes including Rab5. iii) Subsequently, phagosomes exchange early
endosomal markers and transition into a late endosome-like organelle, with a more acidic lumen. Rab7 is
recruited at this stage. iv) Lastly, phagosomes mature into phagolysosomes; these are highly acidic and
hydrolase-rich organelles that degrade the internalized particle. Rab7 is also required at this late stage.
Adapted from (Botelho and Grinstein 2011).

1.3 The Mevalonate Pathway
The isoprenoids attached to proteins during prenylation are produced by the
mevalonate pathway that also synthesizes cholesterol. The steps of the mevalonate

pathway were first discovered by Konrad Bloch and Feodor Lynen, for which they were
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awarded the Nobel Prize in Physiology or Medicine in 1964 (Zetterstrom 2009). Dubbed
the mevalonate pathway, the sequential actions of over twenty enzymes in forming
cholesterol and isoprenoids from acetyl-CoA was further elucidated by Joseph
Goldstein and Michael Brown (Goldstein and Brown 1990), culminating in a Nobel Prize
in the same category in 1985. Akira Endo discovered inhibitors for the mevalonate
pathway (Endo and Kuroda 1976) that lead to the development of many statin species.
Soon after, John Glomset showed that mevalonate pathway inhibitors arrest cells in the
S phase of cell division, and that exogenously supplied mevalonate is converted to
isoprenoid, which are then attached to membrane-anchored Ras and Rho proteins
(Raiteri, Arnaboldi et al. 1997).

The early pre-squalene portion of the mevalonate pathway produces a 15-carbon
isoprenoid lipid named farnesyl pyrophosphate (FPP), before diverging into two
separate pathways: (1) the post-squalene pathway which produces cholesterol and (2)

the non-sterol isoprenoid pathway (Figure 7).
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Figure 7: The Mevalonate Pathway. Adapted from Amany Mohamed, Kevan Smith and Elena Posse de
Chaves (2015). The Mevalonate Pathway in Alzheimer Disease — Cholesterol and Non-Sterol
Isoprenoids, Alzheimer Disease - Challenges for the Future, Prof. Inga Zerr (Ed.), InTech, DOI:
10.5772/59904. Available from: https://www.intechopen.com/books/alzheimer-s-disease-challenges-for-

the-future/the-mevalonate-pathway-in-alzheimer-s-disease-cholesterol-and-non-Sterol-isoprenoids

1.3.1 The Pre-Squalene Pathway

The pre-squalene pathway begins with the reaction between two acetyl CoA
molecules to form acetoacetyl CoA by acetoacetyl CoA thiolase. Another acetyl CoA is
added to the acetoacetyl CoA to form 3-hydroxy-3 methylglutaryl CoA (HMG CoA).
HMG CoA reductase (HMGR) converts HMG CoA to mevalonic acid (Ferguson, Durr et

al. 1959); this is the rate limiting step of the mevalonate pathway and is one of the most
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regulated enzymes in nature (Rodwell, Nordstrom et al. 1976, Goldstein and Brown
1990, Mohamed A 2015). Mevalonic acid, also known as mevalonate, is then
phosphorylated to form 5-phosphomevalonate by mevalonate kinase (MK), which in turn
is phosphorylated to 5-pyrophosphomevalonate by phosphomevalonate kinase (Tchen
1958). This is then turned into isopentenylpyrophosphate (IPP) by mevalonate
diphosphate decarboxylase. IPP is isomerized to dimethylallyl pyrophosphate (DMPP)
in the presence of IPP isomerase (Agranoff, Eggerer et al. 1960). One molecule of IPP
and one molecule of DMPP form geranyl pyrophosphate (GPP). Finally, farnesyl
pyrophosphate (FPP) is formed from a molecule of GPP and IPP. Both GPP and FPP
are formed by farnesyl pyrophosphate synthase (FPPS) (Wang and Ohnuma 2000,
Holstein and Hohl 2004).

Farnesyl pyrophosphate synthase (FPPS) is regulated by product-feedback
competitive inhibition as its product, FPP, will compete with its substrate, GPP, for the
active site (Laskovics, Krafcik et al. 1979). GGPPS is allosterically inhibited by GGPP

(Lutz, McLain et al. 1992).

1.3.2 The Cholesterol Pathway

The post-squalene pathway ultimately produces cholesterol. It begins with the
first committed step to cholesterol synthesis: conversion of FPP to squalene by
squalene synthase (Do, Kiss et al. 2009). Squalene is converted to mono-
oxidosqualene by squalene monooxygenase, which is then converted to lanosterol by
squalene epoxidase. Lanosterol is the first sterol species in cholesterol biosynthesis,

and forms the fundamental carbon backbone for steroids in animals. Lanosterol is
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metabolized to cholesterol in 19 enzymatic steps (Mohamed, Smith et al. 2015). In the
retina, cholesterol is formed by both the Kandutsch-Russel pathway from 7-
dehydrocholesterol and lathosterol, or by the Bloch pathway from desmosterol, as
enzymes from both pathways are seen to be expressed (Zheng, Reem et al. 2012). The
post-squalene pathway is not the focus of this thesis, but cholesterol homeostasis is
vital for retinal function. Decreased cholesterol removal from the retina results in the
deposition of ApoB-rich lipid deposits dubbed drusen in the Bruch’s membrane between
the RPE and the choroid, a hallmark of many retinal degeneration diseases such as

aged-related macular degeneration (AMD) (Malek, Li et al. 2003).

1.3.3 Non-Sterol Isoprenoid Pathway

Isoprenoids are a diverse class of important molecules that are present in all
lifeforms. Some are small, such as the 5-carbon isopentenyl diphosphate (IPP), which is
condensed into larger isoprenoids that are crucial to life, such as heme and ubiquinone
(Edwards and Ericsson 1999). Many diseases are associated with the dysfunction of the
non-sterol isoprenoid pathway: Alzheimer Disease, Parkinson Disease, and cancer
(Rajanikant, Zemke et al. 2007, Wiemer, Hohl et al. 2009, Hooff, Peters et al. 2010).

Following the reduction of 3-hydroxy-3-methylglutaryl-CoA to mevalonic acid by
HMGR, mevalonic acid is then converted to farnesyl pyrophosphate (FPP, 15 carbons)
and geranylgeranyl pyrophosphate (GGPP, 20 carbons) in a series of steps.
Prenyltransferases catalyze the consecutive condensations of [IPPs with allylic
substrates to form the linear backbone of FPP and its derivative isoprenoids (Wang and

Ohnuma 2000). FPP is converted to GGPP by GGPP synthase (GGPPS) (Kandutsch,
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Paulus et al. 1964). FPP and GGPP are important for post-translational prenylation (i.e

farnesylation and geranylgeranylation) of proteins.

1.3.4 Coordination of the Regulation of Post-Squalene and Non-Sterol Isoprenoid
Branches of the Mevalonate Pathway

Intracellular cholesterol may be synthesized from the mevalonate pathway or may
be taken up systemically from the extracellular milieu. On the other hand, non-sterol
isoprenoids can only be generated by intracellular synthesis. The mevalonate pathway
must ensure the adequate production of non-sterol isoprenoids for cellular functions
without the accumulation of potentially toxic cholesterol. The mevalonate pathway must
maintain a constant isoprenoid pool, with or without the production of cholesterol.
Analysis of the affinity of the enzymes of the mevalonate pathway demonstrates how
such balance is achieved. The affinity of GGPPS for its substrate, FPP (Km = 0.6 uM)
(Ericsson, Runquist et al. 1993), is more than an order of magnitude higher than the
affinity of squalene synthase for FPP (Km = 15 uM) (Biller, Forster et al. 1988). In
addition, saturation of coenzyme Q and dolichol synthesis occurs at lower
concentrations of isoprene intermediates than the concentration required to saturate
cholesterol synthesis (Gold and Olson 1966, James and Kandutsch 1980). Under
limited mevalonate and FPP, the non-sterol isoprenoid pathway is favoured. Inhibition of
mevalonate synthesis first decreases the availability of FPP for cholesterol synthesis

while the non-sterol pathway may or may not be affected.

1.3.5 The Mevalonate Pathway in the Retina
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Studying cholesterol in the retina has been challenging due to its
compartmentalization and high level of complexity, so research has been largely limited
to systemic manipulations of cholesterol in animal models. However, recent progress
has provided evidence that the retina obtains cholesterol by local synthesis and from
the circulation and expresses all the genes required for cholesterol homeostasis
(Fliesler 2015, Zheng, Mast et al. 2015). Staining histological sections of the retina
reveals that enzymes of the mevalonate pathway are largely expressed in the inner
retina, in neuronal cell types and accompanying glia (ganglion cells, Muller glia), and
less so in the outer retina (photoreceptors, RPE) (Fliesler and Bretillon 2010, Zheng,
Reem et al. 2012). The inner retina has a separate blood supply stemming from the
central retinal artery that runs along the optic nerve. It contains no fenestrations and
feeds all layers starting at and including the Ganglion cell layer (Anand-Apte 2011).
Studies manipulating the mevalonate pathway through high fat diet and mevalonate
pathway inhibitors show that the retina maintains its own cholesterol homeostasis
mainly through local synthesis and elimination (Zheng, Mast et al. 2015, Lin, Mast et al.
2016). This is speculated to be due to the inner retina having tight junctions in the
vasculature, like the blood-brain barrier, that do not allow the passage of large
lipoproteins and must generate cholesterol by local synthesis (Fliesler 2015). The outer
retina is fed by the choroicapillaris, which is fenestrated, exchanges lipoproteins with the

adjacent Bruch’s membrane and RPE (Tserentsoodol, Gordiyenko et al. 2006).

1.4 Statins

1.4.1 General Considerations
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Statins are cholesterol synthesis inhibitors that target HMGR, the rate-limiting
enzyme of the mevalonate pathway (Rodwell, Nordstrom et al. 1976, Goldstein and
Brown 1990). Statins are competitive inhibitors of HMGR at the HMG CoA binding site,
reducing the conversion of HMG CoA to mevalonate (Istvan and Deisenhofer 2001).
Inhibitors of HMG CoA-reductase were first derived from fungal cultures in 1968 (Endo
and Kuroda 1976). All statins have the same mechanism of action but differ greatly in
their structures, pharmacokinetic properties and efficacy (Sirtori 2014). Lovastatin,
pravastatin and simvastatin were the first statins discovered, while fully synthetic statins,
such as atorvastatin and rosuvastatin, came later.

Statins are widely used to treat hypercholesterolemia, as high blood cholesterol is a
key contributor to atherosclerosis and heart attacks (Endo 2010). However, some
patients receiving statins experience muscle pain (Law and Rudnicka 2006), visual
impairment (Mizranita and Pratisto 2015), and a multitude of other detrimental side
effects. Despite this, the use of statins is widespread as they are very effective drugs to
treat hyperlipidemia and have fewer side effects than other drugs used to reduce lipids
(Hajar 2011, Force, Bibbins-Domingo et al. 2016). It is important to understand the
mechanism of its detrimental effects in order to design targeted therapeutics or

circumvent such phenomena.

1.4.2 Pharmacology of Statins
The structure of statins consists of three main features: (1) analog of HMG CoA, the
enzyme substrate, (2) a hydrophobic ring that binds the analog to the enzyme and (3)

side groups that affect the pharmacokinetic profile of the drug (Istvan and Deisenhofer
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2001). Type | statins have a decalin-ring like structure, in contrast to type Il statins that
have a larger ring structures for their hydrophobic ring (Figure 8) (McTaggart, Buckett
et al. 2001). The affinity of statins for HMGR is approximately three orders of magnitude
greater than that of the natural substrate, HMG CoA. Atorvastatin and simvastatin are
lipophilic, while pravastatin and rosuvastatin are more hydrophilic due to their polar side
groups (McTavish and Sorkin 1991). Hydrophilicity affects the mechanism of cellular
uptake: lipophilic statins enter hepatocytes by passive diffusion while hydrophilic statins
enter by carrier-mediated uptake (Hamelin and Turgeon 1998, Nezasa, Higaki et al.
2003).

The pharmacokinetics of statin vary greatly (Pasha, Muzeeb et al. 2006). All are
absorbed rapidly, reaching peak plasma concentration within 4 hours (Pan, DeVault et
al. 1990, Tse, Jaffe et al. 1992, Cilla, Gibson et al. 1996). Some statins that have half-
lives of 3 hours or less need to be taken in the evening to increase their lipid-lowering
effects as cholesterol synthesis is higher at night, while newer statins have longer half-
lives (Schachter 2005). The systemic bioavailability is generally low for statins as they
are extensively taken up in the liver, due to the first-pass effect. Notable exceptions
include cerivastatin (60% bioavailability) and pivastatin (80% bioavailability) (Muck,
Ritter et al. 1997, Kajinami, Mabuchi et al. 2000). Statins in circulation are extensively
bound to plasma proteins, and systemic exposure to statins is relatively low (Corsini,
Bellosta et al. 1999). Unbound lipophilic statins will readily pass through cellular
membranes outside of the liver, while hydrophilic statins do not and appear to impact

peripheral tissues to a lesser extent (Rosenson and Tangney 1998).
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In the liver, the cytochrome P4s0 (CYP450) enzymes metabolize statins so that they
may be predominantly excreted via the bile. Many have active metabolites; for example,
simvastatin is metabolized by CYP3A4 to its B-hydroxy acid form which retains 40% of

simvastatin’s lipid lowering activity (Garcia, Reinoso et al. 2003).

1.4.3 Statins and the Retina

The blood-brain barrier is similar to the blood-retina barrier, so some parallels may
be drawn. First, both lipophilic and hydrophilic statins are able to cross the blood-brain
barrier but the lipophilic statins cross more readily whereas high concentrations of
hydrophilic statins in the blood are required to be detected in the brain, even by very
sensitive methods such as liquid-chromatography/mass spectrometry (LC/MS) (Saheki,
Terasaki et al. 1994, Wood, Eckert et al. 2010). Hydrophilic statins are mainly
transported by organic anion transporters (OATSs) into the brain (Hasegawa, Kusuhara
et al. 2003), though many other transporters have roles (Tomi and Hosoya 2010).

The lipophilicity of statins changes their biological effects. Mohamed et al.
demonstrated that pravastatin inhibits cholesterol synthesis in primary neurons without
affecting protein prenylation (Mohamed, Saavedra et al. 2012). Prenylation may be
reduced by other statins that more potently inhibit HMGR due to their increased
lipophilicity and ability to cross the plasma membrane, especially with respect to the
blood-retina barrier (Fujii, Setoguchi et al. 2015). Protein farnesylation is usually
preserved under statin treatment (Winter-Vann and Casey 2005, Rauthan and Pilon

2011), due to the high affinity of protein farnesyl transferase for FPP (Km < 0.1
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uM)(Sinensky, Beck et al. 1990) and thus deficient geranylgeranylation is a more
significant concern.

It is controversial whether statins are beneficial or detrimental in the brain. There is
evidence that statins are protective in a variety of conditions, such as excitotoxicity
(Bosel, Gandor et al. 2005), amyloid-beta insults (Johnson-Anuna, Eckert et al. 2007),
and ischemic injuries (Bosel, Gandor et al. 2005). On the other hand, statins have been
shown to cause toxicity and cell death in the brain, especially at high concentrations
(Marz, Otten et al. 2007). It is unclear whether these effects are due to the effects of
statins on the cholesterol pathway or the non-sterol isoprenoid pathway. The anti-
inflammatory effects of effects of statins are attributed to the decreased prenylation of
Ras and Rho GTPases (Weitz-Schmidt 2002).

Decreasing the pool of isoprenoids or blocking the function of prenylated proteins
has serious deleterious consequences for retina. Rapid retinal degeneration occurs
when the eye is injected intravitreally with inhibitors of HMGR (statins) or prenylprotein-
specific carboxylmethyltransferases, but not with inhibitors of the sterol branch (Pittler,
Fliesler et al. 1992, Fliesler and Keller 1997). There is conflicting evidence for the use of
statins in diseased states. In many retinal diseases, from age-related macular
degeneration (AMD) to diabetic retinopathy, it is unclear whether statins should be
recommended (Gehlbach, Li et al. 2016, Modjtahedi, Bose et al. 2016, Vavvas, Daniels

et al. 2016, loannidou, Tseriotis et al. 2017).
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Figure 8: Structure of Statins. (A) Structural formulas of statins and the enzyme substrate HMG-CoA.
Compactin and simvastatin are examples of type 1 statins; not shown are the other type 1 statins,
lovastatin and pravastatin. Fluvastatin, cerivastatin, atorvastatin, and rosuvastatin are type 2 statins. The
HMG-like moiety that is conserved in all statins is colored in red. The IC50 (median inhibitory
concentration) values of the statins and the Ku value of HMG-CoA are indicated.

(B) Chemical structure of rosuvastatin, indicating the relative lipophilicity of different statins, as expressed
by log D at pH 7.4. Both rosuvastatin and pravastatin have lower log D compared to other statins and
thus exhibit significant hydrophilicity. Adapted from Istvan & Deisenhofer, 2001 and Sirtori, 2014.
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1.5 Prenylation-Associated Retinal Disease
1.5.1 Prenylation-Associated Retinal Diseases

Many inherited retinal degenerative diseases arise from defects in prenylated
proteins (Roosing, Collin et al. 2014) (Figure 9). This shared aspect highlights the
importance of prenylation in the retina. When lovastatin was injected intravitreally into
the eye, photoreceptor degeneration preceded rapid degeneration of the retina, while
the injection of sterol synthesis inhibitors had no effect, suggesting that protein
prenylation is crucial to homeostasis in the retina (Pittler, Fliesler et al. 1992, Pittler,

Fliesler et al. 1995).
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Leber congenital amaurosis; MKS: Meckel-Gruber syndrome; RP: Retinitis Pigmentosa; RPGR: Retinitis pigmentosa GTPase regulator; and

Figure 9: Prenylation-associated Retinal Diseases. The two types of protein prenylation are presented,
as well as the proteins that are prenylated.

Many visual transduction proteins are prenylated. Transducin, the heterotrimeric G-

protein coupled to rhodopsin activation, is farnesylated on its y subnit for membrane



association (Fukada, Takao et al. 1990). When transducin is activated, it will translocate
from the photoreceptor outer segments to the inner segments to dampen light sensitivity
(Kassai, Aiba et al. 2005). Under inhibition of the mevalonate pathway, the farnesyl-
producing pre-squalene pathway is largely preserved while downstream products are
more affected. The Rab subclass of small GTPases all undergo digeranylgeranylation at
their C-terminal sequence motifs —CXC or —CC, which are recognized by the Rab
GGTase Il. Rab6 and Rab8 are suggested to facilitate the delivery of rhodopsin from the
trans-Golgi network to the disk membrane assembly at the start of the OS (Deretic and
Papermaster 1993).

Mutations in proteins involved in farnesylation can cause inherited retinal
degeneration. Aryl-hydrocarbon interacting protein 1 (AIPL1) is not prenylated itself but
it is a chaperone for farnesylated proteins (Sohocki, Perrault et al. 2000); it is mutated in
autosomal-recessive LCA or autosomal-dominant rod-cone dystrophy (Ramamurthy,
Niemi et al. 2004). It chaperones important visual transduction proteins such as gamma-
transducin and the PDEG6 alpha and beta subunits. Prenyl binding protein 6 (PDE6D)
facilitates intracellular trafficking and solubilizes multiple proteins such as RPGR and
PDEa and B; it is implicated in Joubert syndrome (Thomas, Wright et al. 2014). Overall,
PDE proteins have significant roles in the retina (Baehr 2014).

Mutations in mevalonate kinase are implicated in late-onset non-syndromic
retinitis pigmentosa (RP), or could result in either mevalonic aciduria or hyper-
immunoglobulin D and periodic fever syndrome (HIDS), both of which have retinal
dystrophy as a consequence (Horvat, McWhir et al. 2011, van der Burgh, Ter Haar et al.

2013). These mutations result in the accumulation of mevalonate to toxic levels and
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lead to a decrease of mevalonate pathway products such as isoprenoids and
cholesterol, though it is presently unclear how the disease phenotypes are generated
and why there is such great variability. Under this condition, attempts to abrogate the
accumulation of mevalonate by using statins have yielded conflicting results: in
mevalonic aciduria, lovastatin treatment led to high fever and diarrhea amongst other
medical crises (Hoffmann, Charpentier et al. 1993, Simon, Drewe et al. 2004), while in
HIDS, a decrease in febrile days was observed (Simon, Drewe et al. 2004). There do
not seem to be attempts to give statins as a therapy for this form of RP.

The y subunit of transducin is farnesylated (Lai, Perez-Sala et al. 1990). When
mutated, photoreceptors degenerate as seen in Nougaret-type congenital stationary
night blindness (Dryja, Hahn et al. 1996). Transducin is a heterotrimer GTPase,
consisting of a-, B-, and y-subunits. Farnesylation of the y-subunit is important for
translocation of transducin to the OS during dark adaptation (Whelan and McGinnis
1988).

The phosphodiesterase 6 o-subunit is farnesylated and (- subunit is
geranylgeranylated (Anant, Ong et al. 1992). The other subunits of PDEG6, particularly
the two y-subunits, are involved in reducing cyclic GMP (cGMP) levels and
hyperpolarization in the photoreceptor. Mutations in the a- and B- subunits are
implicated in autosomal-recessive RP (Zhang, Hanke-Gogokhia et al. 2015).

Rab28 is a farnesylated small GTPase containing an —CAAX motif (Roosing,
Rohrschneider et al. 2013), unlike other Rab GTPases that are typically
geranylgeranylated. Mutations in Rab28 cause cone-rod dystrophy. Rab3A and Rab6

transport rhodopsin to the outer segment (Deretic 1997). Mutations in Rab3A and its
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associated Rab3-interacting protein 1 (RIM1) are associated with dominant cone-rod
dystrophy (Johnson, Halford et al. 2003). These degenerative phenotypes are limited to
the eye.

Retinitis pigmentosa GTPase regulator (RPGR) is geranylgeranylated and
localized to the Golgi (Yan, Swain et al. 1998, Dutta and Seo 2016). RPGR can act as a
GEF for Rab8, a GTPase involved in rhodopsin trafficking, or is alternatively spliced to
the ORF15 isoform. Mutations within the ORF15 isoform are associated with X-linked
retinal dystrophy (Ebenezer, Michaelides et al. 2005), but this form is not prenylated.
Other mutations do not affect the GEF action of RPGR, suggesting that RPGR may
have additional roles in the retina that are currently unknown.

Rhodopsin kinase (GRK1) is farnesylated and bound to rhodopsin. When the
conformation of rhodopsin changes, GRK1 phosphorylates it to release its G protein.
GRK1 mutations are a cause of Oguchi disease, a form of night blindness (Yamamoto,
Sippel et al. 1997).

Ceroid lipofuscinosis neuronal 3 (CLN3) is a farnesylated Iysosomal
transmembrane protein (Pullarkat and Morris 1997). In Batten disease, vision loss is
often the first symptom, leading to neurodegeneration. Mutations in CLN3 are
associated with Batten disease and non-syndromic LCA.

There are currently a number of gene therapy clinical trials that seek to introduce a
functional copy of the affected gene into the retina, such as trials for Leber’s congential
amaurosis (LCA) or CHM, so it is additionally important to maintain adequate protein
prenylation and ensure the success of these efforts. Recent interest in genetic disorders

of the eye has increased as the eye is an ideal target organ for gene therapy. The eye is
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easily accessible, compartmentalized and immune-privileged due to the blood-retina
barrier (Zhou and Caspi 2010). The current clinical trial by groups in the UK, USA and
Canada seek to deliver functional copies of the CHM cDNA in an Adeno-Associated
Virus (AAV) by subretinal injection into RPE and photoreceptor cells to permanently

reverse genetic defects, stopping the progression of disease.

1.6.2 Choroideremia is a Prenylation-Associated Retinal Disease

CHM is an inherited eye disease that causes retinal degeneration leading to
blindness. CHM affects approximately 1 in 50,000 men (MacDonald, Sereda et al. 2004).
The RPE, photoreceptors and choroid layers in the eye are affected. It is an X-linked
recessive disease that is 100% penetrant in hemizygous males (MacDonald, Hume et al.
1993). CHM was first described by Dr Ludwig Mauthner in 1872, who observed the
almost total lack of choroid vessels above the white sclera at late stages of the disease
in males. Initial studies in 1985 using linkage analysis suggested the gene causing CHM
was located on the X-chromosome, spanning Xq13-21 (Nussbaum, Lewis et al. 1985). It
was discovered that the CHM gene exists at Xq21.2 (Merry, Lesko et al. 1989), and it
was first successfully cloned in 1990 (Cremers, van de Pol et al. 1990).

CHM is a disorder of defective intracellular trafficking; deficient Rab
geranylgeranylation has been ascribed to this disease (Seabra, Ho et al. 1995).
Typically, affected males develop night-blindness during adolescence, then experience
progressive loss of peripheral vision until complete blindness by their 70’s (MacDonald,

Russell et al. 2009). CHM is caused by loss-of-function mutations in the CHM gene,
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which encodes for REP-1 (Seabra, Brown et al. 1992). REP-1 is ubiquitously expressed
in all tissues, but in CHM, the only significant phenotype is retinal degeneration.

Despite advances towards a cure for CHM, its pathogenesis is incompletely
understood. Clinical observations have hinted at how disease progresses within the eye
but the difficulty in obtaining patient samples of retinal tissues presents an ongoing
challenge. An understanding of the pathogenesis of CHM is vital to identify factors that
may alter the progression of disease and ensure the success of future treatments.

Earlier stages of the disease indicated that the eye develops normally, and that
CHM is a progressive degenerative disease (Sorsby, Franceschetti et al. 1952).
Affected males have characteristic fundus changes: patchy mottling of the RPE
progresses to loss of large areas of RPE and retina in the periphery. This is followed by
atrophy of the choroicapillaris. The macula is relatively preserved until late stages of the
disease, when it at last degenerates. FAF will show remaining islands of RPE tissue as
they accumulate intralysosomal lipofuscin fluorophores consisting of cross-linked
protein residues, diverse lipid entities and iron (Brunk and Terman 2002). Optical
Coherence Tomography (OCT) shows the loss of the outer nuclear layer (ONL)
containing photoreceptor cell bodies, photoreceptor IS and OS, RPE and choroid.
Photoreceptor OS loss precedes ONL and RPE loss (Lazow, Hood et al. 2011). The
retina thickens in affected young males, which is thought to be caused by inflammation
resulting from Muller glial activation or early photoreceptor defects. The inner layers of
the retina are preserved until late stages of the disease, consisting of neuronal cell
types, including the retinal nerve fibre layer, ganglion cell layer and inner nuclear layer

(Genead, Pasadhika et al. 2009).
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Heterozygous female carriers usually do not experience significant vision
impairment, but imaging of the RPE reveals patches of depigmentation and
degeneration which has been attributed to regions of random X-chromosome
inactivation. Female carriers have a mild phenotype and do not have clinically
significant changes in visual acuity (VA) or visual field (VF) (Jacobson, Cideciyan et al.
2006, Huang, Kim et al. 2012). There may be patchy pigmentation of the peripheral
fundus which is more apparent with FAF imaging; this is sometimes the only sign that a
female is a carrier (Preising, Wegscheider et al. 2009). However, this rarely progresses
to RPE or photoreceptor degeneration (Renner, Fiebig et al. 2009). The relative
preservation of the retina in female carriers is attributed to lyonization of the X-
chromosome. However, there has been some evidence that lyonization is unbalanced
and preferential inactivation of the X-chromosome with the functional CHM gene occurs
(Lyon 1961, Majid, Horsborough et al. 1998, Rudolph, Preising et al. 2003). Thus,
affected female carriers may experience a range of symptoms, from mild nyctalopia to
severe phenotypes akin to affected males.

The general order of cell atrophy in CHM is unknown, whether atrophy of all three
layers occurs concurrently and primarily, or if one or more layers atrophy secondarily.
There have been many attempts to recapitulate CHM in animal models, but none fully
mirror all of its ramifications. However, the current models for CHM offer significant
insight into the progression of the disease. In zebrafish containing a rep7 gene mutation,
photoreceptor outer segment material was not degraded fully and RPE vacuolization
was observed, while opsin trafficking in photoreceptors appeared normal (Krock, Bilotta

et al. 2007). In a conditional knock-out model in mice, the CHM gene was disrupted in
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either photoreceptors or RPE. These layers degenerated independently without greatly
affecting the other, but RPE degeneration accelerated photoreceptor degeneration
(Tolmachova, Anders et al. 2006, Tolmachova, Wavre-Shapton et al. 2010). Substantial
evidence suggests the RPE is the first and more important site of degeneration, and the
photoreceptors and choroid degenerate secondarily.

A functional parallel emerged between the CHM gene product and Rab GGTase
(Seabra, Brown et al. 1992). By 1993, the CHM gene product was dubbed Rab Escort
Protein based on its speculated function (Andres, Seabra et al. 1993). CHM is caused
by a functional loss of the gene product. Mutations include deletions, translocations and
subtler changes such as splice site mutations. Deletion size spans a few kilobases
removing a single exon, to the entire CHM gene and beyond, manifesting in contiguous
gene syndromes that involve the deletion or duplication of multiple genes that result in
disorders in addition to CHM (van den Hurk, Schwartz et al. 1997). Various splice site
mutations have been documented, such as the insertion of a retrotransposon insertion
into exon 6. While maintaining the reading frame, this mutation resulted in direct splicing
of exon 5 to exon 7, resulting in a truncated protein (van den Hurk, van de Pol et al.
2003). Most of the mutations discovered thus far result in a premature stop codon. This
results in a prematurely truncated mRNA, which is either degraded via nonsense-
mediated decay (Kervestin and Jacobson 2012) or translated into a truncated REP-1
protein, which is degraded via the unfolded protein response (UPR) (Cao and Kaufman
2012).

Very few missense mutations have been found. Two mutations have resulted in very

low levels of REP-1 expression: ¢.1520A>G (p.His507Arg) and c¢.1649T>C
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(p.Leu550Pro). The REP-1PHisS07A9 could not bind to Rab GGTase Il and thus
considered non-functional (Esposito, De Falco et al. 2011). The REP-1p-Leus50Pro
expression was virtually undetectable in fibroblasts and undetectable in lymphoblasts
(Sergeev, Smaoui et al. 2009). Three other missense mutations in CHM have been
reported but lack various aspects of characterization to determine the expression or
activity of REP-1 (NGRL, Manchester LOVD, available at:

https://secure.ngrl.org.uk/LOVDv.2.0/home.php?select db=CHM). In the few known

cases of missense mutations in the CHM gene, there are no cases with normal or

partial REP-1 expression or function.

1.5.3 Rab Escort Proteins

REP-1 is an obligatory chaperone protein that binds nascent Rab proteins. It
facilitates prenylation of Rab proteins by binding unprenylated Rabs with its Rab Binding
Platform (RBP) and C-terminal binding region (CBR), and, when in complex with Rab
Geranylgeranyltransferase |l (Rab GGTase Il), it captures unprenylated Rabs. Rab
GGTase Il then catalyzes the transfer of two geranylgeranyl pyrophosphate (GGPP) to
the CXC or CC sequence, where ‘C’ is a cysteine, in the carboxy-terminus of Rab
proteins. The binding of a new GGPP to the Rab GGTase Il induces the dissociation of
the Rab:REP-1 complex. The newly prenylated Rab stays bound to REP-1, its
hydrophobic tail shielded from the aqueous milieu, and is then delivered to its target
membrane. It is possible for Rab proteins to directly bind Rab GGTase Il and become
prenylated (Seabra, Goldstein et al. 1992), but it is not known whether this happens

physiologically; and the protein complex formed is very unstable. Some studies have
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shown that it is unlikely that REP-1 directly captures newly synthesized Rab proteins to
bring them to the Rab GGTase Il, as this process is energetically unfavourable (Baron
and Seabra 2008). Further examination of this reaction is needed.

REP-1 is ubiquitously expressed throughout the body, yet the deficiency of REP-1
only produces a clinically significant phenotype in the eye. Interestingly, prenylated Rab
proteins are still seen in tissues from CHM patients despite the lack of REP-1. This led
to the identification of a second REP protein. REP-2. REP-2 is encoded in the CHML
gene on chromosome 1, that is functionally similar to REP-1 (van Bokhoven, van
Genderen et al. 1994). Early studies demonstrated the equivalent ability of REP-2 to
facilitate the prenylation of some Rabs such as Rab 1A, Rab5A and Rab6, but
decreased ability towards other Rabs such as Rab3A (Cremers, Armstrong et al. 1994).
As CHM is a retinal disease, this suggests that REP-2 is not able to compensate for the
loss of REP-1 in the retina. It is currently unclear to what extent REP-2 is expressed in
the retina. This is likely due to the difference in affinities of each REP protein for specific
Rabs, as Rab27 is prenylated less efficiently by REP-2 than REP-1 (a fourfold
difference) (Rak, Pylypenko et al. 2004). In the presence of both REP proteins, a
hierarchy of Rab prenylation exists as Rabs compete for binding to the prenylation
complex (Kohnke, Delon et al. 2013). Rab Escort Protein 2 (REP-2) compensates for
the loss of REP-1 in most tissues except the retina (MacDonald, Sereda et al. 2004).
Consequently, various Rab GTPases are underprenylated in the retina in CHM (Seabra,

Ho et al. 1995).

1.6.4 Rab GTPase Prenylation in Choroideremia
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Of particular interest to CHM is Rab27. It came to attention when Dr Miguel
Seabra demonstrated that it is preferentially prenylated with the assistance of REP-1
rather than REP-2 in lymphoblasts from choroideremia patients (Seabra, Ho et al. 1995).
While it is possible for Rab27 to be prenylated by REP-2, it is likely outcompeted by
other Rabs with stronger affinities. In addition, it was found that Rab27 is predominantly
membrane bound in normal lymphoblasts but largely cytosolic in CHM lymphoblasts
(Kohnke, Delon et al. 2013). It is indeed highly expressed in the RPE and choroid, two
important sites of degeneration in CHM. Within the RPE, Rab27a controls the
distribution of melanosomes. It, along with its effector myosin Vlla, facilitate the
trafficking of melanosomes to the apical processes of the RPE that surround the
photoreceptor OS following light exposure. In the absence of Rab27a or myosin Vlla,
melanosomes remain in the perinuclear region (Futter, Ramalho et al. 2004). However,
some evidence suggests Rab27 hypoprenylation does not cause retinal degeneration.
Griscelli syndrome is caused by mutations in the RAB27 gene (Corbeel and Freson
2008). It is a disease characterized by albinism and uncontrolled T-lymphocyte and
macrophage activation (Griscelli, Durandy et al. 1978). In Griscelli syndrome patients,
no ocular phenotype is observed.

It is likely that retinal degeneration in CHM is a result of underprenylation of
multiple Rab proteins, resulting in a defect in phagocytosis and degradation of OS by
the RPE. While retinal tissue from CHM patients is rarely donated and vary in the extent
of degeneration, fibroblasts and blood monocytes offer some insight into the disease.
Compared to control participants, monocytes from CHM patients have significantly

increased lysosomal pH and slower proteolytic degradation. Their dermal fibroblasts
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also displayed changes in cytokine and growth factor secretion, with decreases in tumor
necrosis factor alpha (TNF-a) and interleukin-8 (IL-8) (Strunnikova, Barb et al. 2009).
There is some evidence that the extent of these effects correlates with their clinical
severity of disease (Strunnikova, Zein et al. 2012), but broader studies would further
such an understanding of disease progression.

To study the CHM retina, cell and mouse models have been particularly helpful.
The phagocytic and degradation pathways in the RPE are likely impaired given the
accumulation of photoreceptor OS and debris at the level of the RPE (Gordiyenko,
Fariss et al. 2010). There is little literature on CHM models derived from RPE cell lines,
but the reprogramming of CHM human dermal fibroblasts into induced pluripotent stem
cells (iPSCs), then iPSCs into RPE, was successful (Cereso, Pequignot et al. 2014).
While REP-1 was absent, some REP-2 was present which may or may not reflect the
levels of REP-2 in the RPE in vivo. As expected, Rab27A prenylation decreased and
less was membrane-bound. In addition, it was seen that the overall amount of Rabs was
increased. In a CHM siRNA knock-down model in human fetal RPE (hfRPE), OS
degradation was altered (Gordiyenko, Fariss et al. 2010). Internalization of OS seemed
normal but the extent of degradation was decreased in CHM hfRPE. This was attributed
to reduced acidification of phagolysosomes, possibly due to impaired fusion with late
endosomes and lysosomes because of decreased Rab7A and lysosomal-associated
membrane protein 1 (LAMP-1).

Similar phenomena are found in mouse models of CHM. In an RPE-only
knockout model of REP-1 in mice, a decrease in melanosomes was seen in the apical

processes of RPE which was attributed to decreased Rab27A prenylation (Wavre-
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Shapton, Tolmachova et al. 2013). There was, as well, a delay in phagosome
processing. It is not known whether this delay was due to phagosome processing
maturation, delivery to the lysosome, or lysosomal acidification. It was attributed to the
premature signs of aging seen in this mouse model, as lipofuscin and lipid accumulated
in vacuoles in the RPE. As well, there was accumulation of extracellular basal deposits,
whether by increased secretion of extracellular matrix (ECM) by the RPE or reduced
elimination by the choroid. While most studies of CHM pathogenesis have focused on
decreased prenylation of Rab27A, it is evident that OS phagocytosis involves other

suspect Rab GTPases, such as Rab 7 and Rab5.
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1.6 Hypothesis and Objectives

Rationale: Several proteins that participate in retinal function are prenylated and
therefore susceptible to be affected by statins. There is initial evidence suggesting that
statins used to treat hypercholesterolemia may accelerate the retinal degeneration in
CHM (Zhou, Weis et al. 2013). The exact role of statins in the progression of CHM is
currently unknown, but they could further impair prenylation in CHM patients who have
a pre-existing defect in the geranylgeranylation of Rab proteins. Prenylated Rabs are
essential for phagocytosis, a cellular process significantly affected in the RPE of CHM
patients.
Thus, we hypothesize that statins decrease the degradation of photoreceptor OS by the
RPE due to their inhibition of protein prenylation.
Here, we present evidence to demonstrate that:
1. Statins inhibit protein prenylation by decreasing isoprenoid lipids in retina-derived
cells;
2. Inhibiting protein prenylation decreases photoreceptor outer segment
degradation;
3. In the context of CHM, the defective prenylation machinery leads to an increased

sensitivity to inhibition of protein prenylation by statins.
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CHAPTER 2

METHODOLOGY
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2.1 Reagents and Antibodies

Simvastatin was purchased from Calbiochem (567011). GGPP was purchased
from Sigma-Aldrich (G6025). The same lot number was used throughout these studies.
Immobilon polyvinylidene difluoride (PVDF) was from Bio-Rad. Chemiluminescence
reagents were from Bio- Rad (170-5060). GGPP was purchased from Sigma-Aldrich
(G6025). DMEM (11995-065), DMEM/F12 (11330-057), Opti-MEM (31958-070), Non-
Essential Amino Acids (NEAA, 11140-050), penicillin/streptomycin (penstrep, 15140-
122), fetal bovine serum (FBS, 12483-020), and trypsin-EDTA (25200-072) were all
purchased from Gibco. Primary antibodies used were B-Actin (1:2000, Cell Signaling
Technology, 4967S), B-tubulin (1:1000, Sigma-Aldrich, T4026), COX IV (1:2000, Abcam,
ab62164), farnesyl (1:2000, Millipore Sigma, AB4073), GAPDH (1:5000, Abcam,
mAbcam 9484), LC3 (1:2000, Novus Biologicals, NB100-2220), Rab7 (1:2000, Sigma,

R8779), and rhodopsin (1:2000, Novus Biologicals, NBP2-25159).

2.2 Cell Culture

2.2.1 Culture of Immortalized Retinal Pigmented Epithelium Cells ARPE-19
Spontaneously-immortalized human retinal pigmented epithelium cells were

maintained in culture at 37C and 5% COz2(). The growth medium contained DMEM with

Ham’s F12 supplement, with the addition of 10% fetal bovine serum and 1%

penicillin/streptomycin. Cells were plated in 6 well plates at 0.2 x 10° cells/well and

cultured for 18h before starting indicated treatments. To generate polarized cells, cells

were plated at confluence, at a density of 4 x 10* cells/well on 96 well plates, according
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to (Mao and Finnemann 2013). Growth medium was changed every 3 days for 14 days

before each experiment.

2.2.2 Culture of Primary Human Dermal Fibroblasts from CHM Patients and Age-
Matched Control Participants

The fibroblasts were a gift from the lab of Dr lan MacDonald. Briefly, fibroblasts
were isolated from skin biopsies obtained with written informed consent from patient
and control participants. The procedure was approved by the Health Research Ethics
Board of the University of Alberta and observed the guidelines of the Declaration of
Helsinki and ARVO guidelines about research involving human subjects. The growth
medium consisted of DMEM with 10% FBS, 1% penicillin/streptomycin and 1% non-
essential amino acids. Fibroblasts were cultured at 37C, 5% CO2. Fresh medium was

given to cultures every 3 days.

2.3 Protein Quantification
The protein concentration of harvested cells was determined by the bicinchoninic

acid (BCA) assay method according to the manufacturer instructions (Pierce, 23228).

2.4 Immunoblot Analysis

Proteins were separated by molecular weight using 16% poly-acrylamide, 0.1%
SDS-PAGE gels. Proteins were transferred from the gel to PVDF membranes at 4°C in
25 mM Tris, 192 mM glycine, and 16% methanol buffer. Experiments blotting for COX

IV were transferred at 4°C in 500 mM CAPS and 10% methanol, pH 11 buffer. Following
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the transfer, membranes were blocked in 5% non-fat milk tris-buffered saline with 0.1%
Tween 20 (T-TBS). Membranes were rinsed with two 5 minute washes of TBS, two 5
minute washes of T-TBS, then two 5 minute washes of TBS. Membranes were
incubated with secondary antibodies (1:2000) for 1 hr at room temperature, then rinsed
again. The membranes were imaged by incubating with Clarity Western ECL Substrate
(Bio-Rad, 170-5060) and scanned using the Licor C-Digit Blot Scanner.

Semiquantification of band density was done using Licor C-Digit Image Studio software.

2.5 Determination of Protein Prenylation
Two methods were used to assess the extent of protein prenylation: (1) capture

with Rab GDI and (2) extraction with Triton X-114 detergent.

2.5.1 GDI-Capture of Rabs

Rab GDI capture was performed as published in (Narita, Choudhury et al. 2005,
Mohamed, Saavedra et al. 2012). Briefly, cells were harvested in GDI-capture buffer
containing 30 mM HEPES, 75 mM potassium acetate, 5 mM MgCl2 and cOmplete™
EDTA-free protease-inhibitor cocktail (Roche, 04693159001). Cells were sonicated on
ice, and centrifuged at 5000 x g for 10 seconds to pellet cellular debris. ‘Input’ samples
prepared using 10 ug of lysate protein, and ‘extract’ samples were prepared using 30 ug
of lysate protein. The extracts were diluted fivefold with reaction mix (75 mM potassium
acetate, 30 mM HEPES, 5 mM MgCI2, 100 uM ATP, 500 uM GDP) containing 100 yM
GDI-GST, and then incubated at 30°C for 20 min. Prenylated Rab proteins bound to

GDI-GST were pulled down with Glutathione-sepharose 4B beads (GE Healthcare, 17-
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0756). The beads were eluted by boiling with SDS-sample buffer for 5 minutes, followed

by analysis with 16% SDS-PAGE and immunoblot as described previously.

2.5.2 Triton X-114 Extraction

Triton X-114 partition was performed as previously published in (Coxon, Ebetino
et al. 2005, Mohamed, Saavedra et al. 2012). Triton X-114 is a non-ionic detergent that
forms large micelles above its cloud point temperature (~20°C), becoming turbid and
separating into two phases in aqueous solutions. Lipophilic, prenylated Rab proteins are
in the detergent-rich phase, while the unprenylated Rab proteins remain in the aqueous
phase. Cells were harvested after the corresponding treatments in Tris buffer containing
Triton X-114 (20 mM Tris-HCI, pH 7.5, 150 mM Triton X-114, 1% Triton X-114 and
protease inhibitor cocktail). After incubating on ice for 15 minutes, lysates were cleared
by centrifugation at 13 000 x g for 15 minutes at 4°C. Protein content was determined in
the clear lysates. Equal amounts of protein were adjusted to 40 uL with the Tris buffer
containing Triton X-114, then loaded on top of a cushion solution (20 mM Tris-HCI, pH
7.4, containing 150 mM NaCl, 6% sucrose, 0.06% Triton X-114). Samples were then
centrifuged at 16 000 x g for 5 min, and the top aqueous clear layer was separated from
the translucent, detergent-rich droplet. Both layers were boiled with SDS-sample buffer,
and proteins were separated by SDS-PAGE. Prenylated Rab proteins run faster than
unprenylated Rabs under SDS-PAGE conditions; the detergent phase has a lower band

than that in the aqueous phase.

2.6 Preparation of Photoreceptor Outer Segments
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2.6.1 Isolation of OS

OS were isolated from porcine and/or bovine eyes as published by (Mao and
Finnemann 2013). The retinas were dissected from the eyes under dim red light into
homogenization solution (20% w/v sucrose, 20 mM Tris-Ac pH 7.2, 2 mM MgClz, 10 mM
glucose, 5mM taurine). The retina suspension was vigorously shaken for 2 minutes, and
filtered 3 times through 1 layer gauze to remove large tissue fragments. The filtered
solution was ultracentrifuged on a 25-60% sucrose gradient, with 20 mM Tris-Ac pH 7.2,
10 mM glucose, 5 mM taurine, at 114 000 x g for 48 minutes at 4°C. The single pink
band in the upper third of the gradient contains the purified OS. This band was isolated
and diluted 5 volumes of 20 mM Tris-Ac pH 7.2, 5 mM taurine, then centrifuged at 300 x
g for 10 minutes at 4°C. The OS were then washed twice with 10% sucrose, 20 mM
Tris-Acetate pH 7.2, 5 mM taurine. Lastly, the OS were washed twice with 10% sucrose,
20 mM phosphate buffer pH 7.2, 5 mM taurine. OS were counted on a hemocytometer,

and store at 10 x 108 OS/mL at -80°C in DMEM with 2.5% sucrose until usage.

2.7 Photoreceptor Phagocytosis Assay
2.7.1 Detecting Internalized Outer Segments

This assay is derived from Mao & Finneman (2013). OS aliquots from -80°C were
thawed and centrifuged at 2 400 x g for 5 minutes at room temperature. OS were
resuspended in serum free DMEM with or without pharmacological agents. To detect
only internalized OS, cells were washed with PBS containing 2 mM EDTA for 10
minutes to remove bound OS, and rinsed 3 times with PBS with 1 mM MgCl2 and 0.2

mM CaClz. Following the OS challenge, cells received fresh DMEM/F12 with 10% BGS
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and 1% penicillin/streptomycin, with or without pharmacological agents. Cells were
harvested in HNTG buffer with protease inhibitor cocktail (50 mM HEPES pH 7.4, 150
mM NaCl, 10% glycerol, 1.5 mM MgCl2, 1% Triton X-100) and lysed. Protein content
was quantified and samples with equal amounts of protein were prepared. SDS-sample
buffer was added without boiling to prevent rhodopsin aggregation, and samples were

run on SDS-PAGE and immunoblotting was performed.
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CHAPTER 3

RESULTS
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3.1 Statins inhibit Rab Prenylation in ARPE-19 Cells

Previous work from our laboratory has demonstrated that some, but not all
statins inhibit protein prenylation in cortical neurons and neuron-like N2a cells
(Mohamed, Saavedra et al. 2012). Our goal was to investigate the effect of statins on
retinal cells, in particular RPE. Over the past 20 years, numerous RPE cells lines have
been generated and used successfully as models of RPE (Mazzoni, Safa et al. 2014).
Here we use ARPE-19 cells derived spontaneously from RPE of a 19-year-old human
donor with no known eye disease (Dunn, Aotaki-Keen et al. 1996). ARPE-19 cells
readily proliferate to confluence and they exhibit contact inhibition (Dunn, Aotaki-Keen
et al. 1996). They may develop morphological and some functional polarity after at least
2 weeks in culture (Mao and Finnemann 2013). ARPE-19 cells retain many of the
characteristics of RPE, including cell morphology (Dunn, Aotaki-Keen et al. 1996),
functional tight junctions (Dunn, Aotaki-Keen et al. 1996) and the ability to phagocytose
isolated OS prepared from cow or pig eyes (Finnemann, Bonilha et al. 1997). There is
evidence that ARPE-19 cells use the MFG-E8-av B 5-integrin-FAK mechanism to
recognize and bind OS (Finnemann, Bonilha et al. 1997, Chowers, Kim et al. 2004, Qin
and Rodrigues 2012, Olchawa, Herrnreiter et al. 2013). They engulf bound OS but
whether ARPE-19 cells express and use the engulfment receptor MerTK is unclear
(Carr, Vugler et al. 2009, Mazzoni, Safa et al. 2014).

The RPE in vivo is a polarized monolayer of pigmented cells with an apical side
that is closely associated with the photoreceptor and contains receptors for OS
phagocytosis. To mimic this phenotype in vitro, post-confluent ARPE-19 cells were

cultured for two weeks to establish polarity (Figure 10A). Exposure of proliferative as
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well as polarized ARPE-19 to different concentrations of simvastatin resulted in
significant inhibition of Rab7 prenylation in a dose-dependent manner (Figure 10, B-D).

We hypothesized that statins reduce protein prenylation by decreasing the pool
of isoprenoid moieties due to their inhibitory effect on the mevalonate pathway. Thus, if
the pool of GGPP is maintained by the addition of exogenous GGPP, protein
prenylation should be protected. The treatment of polarized ARPE19 cells with
simvastatin and GGPP concurrently prevented the inhibition of Rab7 by simvastatin
(Figure 11).

As stated before, the efficiency of statins to regulate the mevalonate pathway is
very diverse and depends on, among several factors, their hydrophobicity. Thus, we
assessed the effects of pravastatin, a much more hydrophilic statin as compared to
simvastatin (Jacobson 2004), on Rab prenylation. At all of the concentrations tested,
pravastatin failed to inhibit Rab7 prenylation in cultured ARPE-19 cells (Figure 12).
Further experimentation is needed to determine whether this is because pravastatin has
not entered these cells or if pravastatin has entered cells but is not able to inhibit protein
prenylation as the affinity for the non-sterol isoprenoid branch of the mevalonate
pathway for FPP is much higher than that of the cholesterol pathway.

All together these experiments indicate that hydrophobic statins such as
simvastatin but not the more hydrophilic pravastatin inhibit Rab7 prenylation in ARPE-

19 cells by a mechanism that depends on GGPP shortage.
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Figure 10: Simvastatin Inhibits Rab7 Prenylation in ARPE-19 Cells. (A) Phase contrast images of
ARPE-19 cells cultured for 18h (proliferative ARPE- 19 cells) or 2 weeks (polarized ARPE-19 cells).
Proliferative ARPE-19 cells (B, C) or polarized ARPE19 cells (D, E) were treated with various
concentrations of simvastatin for 24h. (B, D) Analysis of Rab prenylation was performed by extraction with
Triton X-114: ARPE-19 lysates (equal amount of protein) were extracted with Triton X-114. Proteins in
detergent (D, prenylated proteins) and aqueous (Aq, unprenylated proteins) phases were analyzed by
SDS-PAGE and immunoblotting. Proper phase separation was confirmed by immunoblotting of marker
proteins GAPDH for the aqueous phase and COX IV for the detergent phase. (C, E) Data quantification
was performed by calculating ratios between total pixels of Rab7 in detergent/total pixels of Rab 7 in
detergent plus aqueous, and referred to the ratio in untreated ARPE-19 cells. Data from individual
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experiments and the mean value (line) are depicted. * p < 0.05, one-way ANOVA.
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Figure 11: GGPP Prevents Inhibition of Rab7 Prenylation by Simvastatin. Proliferative ARPE-19 cells
were treated with simvastatin with or without GGPP for 24h. (A) Analysis of Rab prenylation was
performed by extraction with Triton X-114: ARPE-19 lysates (equal amount of protein) were extracted with
Triton X-114. Proteins in detergent (D, prenylated proteins) and aqueous (Ag, unprenylated proteins)
phases were analyzed by SDS-PAGE and immunoblotting. Proper phase separation was confirmed by
immunoblotting of marker proteins GAPDH for the aqueous phase and COX IV for the detergent phase.
(B) Data quantification was performed by calculating ratios between total pixels of Rab7 in detergent/total
pixels of Rab 7 in detergent plus aqueous, and referred as percentage of prenylated Rab7 in untreated
ARPE-19 cells. Data from individual experiments and the mean value (line) are depicted. * p < 0.05, one-

way ANOVA.
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Figure 12: Pravastatin Does Not Affect Rab7 Prenylation. Proliferative ARPE-19 cells were treated
with different concentrations of pravastatin for 24h. (A) Analysis of Rab prenylation was performed by
GDI- capture analysis: Aliquots with equal amount of proteins corresponding to approximately 1/10 of the
total protein content were used to assess total protein input (). The rest of the cell lysates were used to
extract prenylated proteins with low concentration of recombinant GST-GDI (E). Proteins were analyzed
by immunoblot analysis. (B) Ratios between total pixels of Rab7 in GDI-bound (E)/total pixels of Rab7 in
lysate before extraction (I) were calculated. Densitometric analysis of | included both bands. Data

are presented as percentage control (untreated cells).
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3.2 Impaired Protein Prenylation Inhibits Phagocytosis of Photoreceptor Outer
Segments

Inhibiting prenylation in the retina has significant consequences. Several retinal
diseases are linked to prenylation defects in proteins that participate in diverse retinal
processes that take place at different layers of the retina (Roosing, Collin et al. 2014).

As mentioned above, one of the main functions of RPE is OS phagocytosis
(Strauss 2005). There is evidence that different Rabs are recruited to maturing
phagosomes and participate at multiple steps of the phagocytic pathway by regulating
interactions with multiple components of the endocytic and other intracellular
compartments (Vieira, Bucci et al. 2003, Gutierrez 2013, Yeo, Wall et al. 2016). Yet, the
function of the majority of phagosomal Rabs, the specific organelle interactions that they
regulate and the functional significance of those interactions remain poorly
characterised (Wavre-Shapton, Meschede et al. 2014). Moreover, to our knowledge the
importance of protein prenylation for proper function of Rabs in phagocytosis and the
effect of statins has not been directly studied. Yet, previous indirect evidence suggested
its potential relevance. For example, in cultured cells and in mice, silencing of the CHM
gene, which results in lack of REP-1 protein and would reduce Rab prenylation, causes
a significant reduction of OS degradation (Gordiyenko, Fariss et al. 2010, Wavre-
Shapton, Tolmachova et al. 2013).

Here we investigate if simvastatin-induced inhibition of Rab prenylation affects
OS phagocytosis by ARPE-19 cells. As a measure of OS phagocytosis, we examine the
levels of rhodopsin protein. Rhodopsin has been identified as an ideal phagosome

marker because it is by far the most abundant protein in rod outer segments; there are a
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number of well characterized monoclonal antibodies specific to rhodopsin that are
commercially available; and RPE cells and ARPE-19 cells do not express rhodopsin
(Mazzoni, Safa et al. 2014).

We first determined the experimental conditions to treat polarized ARPE-19 cells
with OS. We tested two procedures to eliminate the OS that remain attached to the cell
surface so that we only evaluate internalized OS. EDTA has been used extensively to
eliminate the OS attached to the surface of RPE or ARPE cells (Mao and Finnemann
2013). In other studies, a mild treatment with trypsin successfully eliminated material
externally attached to cells (Baumann and Doyle 1979, Rothe, Liguori et al. 2010). We
tested EDTA and trypsin in ARPE-19 cells pulsed with OS for a very short time to avoid
significant internalization. EDTA but not trypsin was able to eliminate the surface OS
(Figure 13 A). We next determined the minimum time of OS pulse required to achieve
sufficient OS internalization, before intracellular OS degradation is significant. Based on
the results shown in Figure 13 B, we selected 30 min for further experiments of POS
degradation.

Next, we investigated the effect of simvastatin and pravastatin on POS
degradation. Simvastatin, but not pravastatin caused a delay in POS degradation
(Figure 14). This result suggested that inhibition of prenylation may account for the
different behaviour of the statins. However, GGPP was unable to prevent the effect of

simvastatin on OS degradation.
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Figure 13: Determining Experimental Conditions for OS Degradation. (A) Polarized ARPE-19 cells
were treated with OS (10 segments/cell) for 5 or 10 min followed by treatment with EDTA or trypsin as
indicated under Materials and Methods. Rhodopsin was examined by immunoblotting. (B) Polarized
ARPE-19 cells were treated with OS (10 segments/cell) for different times followed by treatment with

EDTA. Rhodopsin was examined by immunoblotting.
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Figure 14: Simvastatin But Not Pravastatin Reduces OS Degradation. Polarized ARPE-19 cells were
treated with simvastatin or pravastatin with or without GGPP for 12 h, followed by a 30min pulse with OS
(10 segments/cell). Degradation of rhodopsin was examined at intervals up to 18h. Pharmacological
treatments were present during degradation. (A) Immunoblot analysis of rhodopsin. (B) Densitometric
rhodopsin levels have been referred to B-tubulin and then referred to the ratio rhodopsin/B- tubulin at time
0 for the corresponding treatment. Data have been analyzed by ordinary one way ANOVA. * p<0.05

Recent studies have demonstrated a role for non-canonical autophagy in OS
degradation (Kim, Zhao et al. 2013, Ferguson and Green 2014). The evidence indicates
that the morning burst of RPE phagocytosis coincides with the conversion of autophagy
protein LC3 (LC3lI) to its lipidated form (LC3Il) (Kim, Zhao et al. 2013). LC3II is recruited
to single-membrane phagosomes containing engulfed OS. This type of phagocytosis

has been designated LC3- associated phagocytosis or LAP (Kim, Zhao et al. 2013,
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Ferguson and Green 2014, Munz 2015). Our laboratory has shown that in neurons,
inhibition of protein prenylation by simvastatin or by inhibitors of GGTase Il results in an
increase of LC3Il causing deregulation of canonical autophagy (Smith and Posse de
Chaves, unpublished). Thus, we examined if simvastatin alters LC3 in ARPE-19 cells.
We found that the levels of LC3Il are increased in simvastatin-treated ARPE-19 cells
and that this effect is prevented by GGPP, therefore it is mediated likely by inhibition of
protein prenylation (Figure 15 A). We next investigated the behaviour of LC3 in ARPE-
19 cells challenged with OS in the absence or presence of statins (Figure 15 B, C). The
addition of OS caused an initial significant increase in LC3Il, which return to normal
values with time. This suggests that LAP was activated. Simvastatin did not affect the
elevation of LC3Il caused by OS but prevented the decrease of LC3Il over time,
suggesting that phagocytosis flux is impaired. GGPP counteracted the effect of
simvastatin, which indicates that the effect might be mediated by reduction of

prenylation.
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Figure 15: Simvastatin Affects LC3-mediated Mechanisms. Polarized ARPE-19 cells were treated
with simvastatin and pravastatin with or without GGPP for 12 h, followed by a 30min pulse with OS (10
segments/cell). Degradation of rhodopsin was examined at intervals up to 18h. Pharmacological
treatments were present during degradation. (A) Immunoblot analysis of rhodopsin. (B) Densitometric
rhodopsin levels have been referred to B-tubulin and then referred to the ratio rhodopsin/B- tubulin at time
0 for the corresponding treatment. Data have been analyzed by ordinary one way ANOVA. * p<0.05.
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3.3 Protein prenylation in fibroblasts from choroideremia patients is more
sensitive to statins

Recent work suggests CHM patients experience accelerated vision deterioration
when taking statins (Zhou, Weis et al. 2013). We hypothesize that CHM patients are
more sensitive to statins that limit the generation of isoprenoid moieties.

To test this hypothesis, we use dermal fibroblasts from CHM patients. These
fibroblasts present several advantages since although they have the same genetic
mutation of CHM RPE, they are readily available in comparison with retinal tissue, and
they divide when cultured. Human dermal fibroblasts from CHM patients do not have
REP-1, but do express REP-2; fibroblasts from healthy participants, which are used as
controls express both REP-1 and REP-2 (Strunnikova, Barb et al. 2009). Importantly,
the severity of trafficking defects in dermal fibroblasts correlate with the extent of
retinopathy in CHM, validating their use as a model (Strunnikova, Zein et al. 2012).
Without REP-1, all prenylation reactions with Rab GGTase must be catalyzed by REP-2.

We examined the effect of simvastatin on Rab7 prenylation in two pairs of
fibroblasts derived from age-matched CHM patients and healthy individuals. At each
dose of simvastatin, protein prenylation was significantly more inhibited in CHM
fibroblasts than in control fibroblasts (Figure 16). This was seen in both pairs of age-
matched fibroblast pairs, suggesting this phenomenon may extend to all CHM patients.
Our results suggest that REP-2 cannot adequately compensate for the loss of REP-1 in
CHM when protein prenylation is inhibited. Prenylation inhibition may be particularly

detrimental in CHM, but the examination of the role of other Rab GTPases is needed.
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Figure 16: Fibroblasts from CHM Patients are More Sensitive to Statins.
Two distinct pairs of age-matched human dermal fibroblasts were treated with various concentrations of
simvastatin for 24h. (A, C) Triton X-114 extraction was performed to examine Rab prenylation; fibroblast
lysates (equal amounts of protein) were extracted with Triton X-114. Proteins were separated into
detergent (D) and aqueous (Aq) phases, and analyzed by SDS-PAGE and immunoblotting. Proper phase
separation was confirmed by immunoblotting of GAPDH for the aqueous phase. (B, D) Data quantification
was performed by calculating ratios between the total pixels of Rab7 in the detergent phase/total Rab7
(detergent plus aqueous), and referred to the ratio of the untreated condition. Data from individual
experiments are depicted and the mean value (line) is shown. Closed circles represent CHM fibroblasts
and open circles represent control fibroblasts. *p<0.05, one-way ANOVA.
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CHAPTER 4

DISCUSSION
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Numerous retinal diseases arise from defects in prenylated proteins, highlighting
the potential importance of prenylation in the retina. Relevant prenylated proteins in the
retina include the visual transduction proteins, such as transducin and PDE proteins,
and the small monomeric GTPases, such as Rho and Rab GTPases. The direct
implication of protein prenylation in the retina is understudied although some information
can be obtained from work using statins. All statins inhibit the mevalonate pathway
through the same mechanism, but they differ greatly in properties such as hydrophilicity,
half-lives and cell mechanisms of uptake (Schachter 2005). Many beneficial effects for
statins have been shown in retinal diseases from anti-inflammatory effects to induction
of heat-shock proteins to prevent cell death (Honjo, Tanihara et al. 2002, Kretz,
Schmeer et al. 2006). Conversely, many detrimental effects have been described as
well. Intravitreal injection of lovastatin directly to the eye results in massive retinal
degeneration beginning with the photoreceptors, while injections of sterol synthesis
inhibitors did not have an effect. The retinal degeneration caused by lovastatin was
attributed to the inhibition of protein prenylation (Pittler, Fliesler et al. 1995).
Understanding the homeostasis of protein prenylation is important in preventing retinal

degeneration.

4.1 Statins and Protein Prenylation in the Retinal Pigment Epithelium

Many inherited retinal diseases are due to a mutation in the genes of prenylated
proteins. As a significant portion of the population will develop hyperlipidemia and needs
to be treated with lipid-lowering statins (Force, Bibbins-Domingo et al. 2016), it is

important to understand whether statins will accelerate the progression of these
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inherited retinal diseases. Previous work in our laboratory has demonstrated that statins
inhibit protein prenylation in primary cortical neurons; the studies presented here extend
this hypothesis to the retinal cells.

For our experiments, we utilized the ARPE-19 cell line. This cell line arose
spontaneously from human RPE and is widely used in vision research (Dunn, Aotaki-
Keen et al. 1996). ARPE-19 cells are phenotypically similar to the RPE when they are
maintained as confluent monolayers in culture, as they become polarized and acquire
many RPE characteristics (Dunn, Marmorstein et al. 1998). Other RPE models have
been used to study OS phagocytosis, including (1) primary cultures of animal RPE, (2)
other RPE cells lines, such as the rat RPE cell line RPE-J, and (3) stem cell-derived
RPE cells. These models differ in their time for OS phagocytosis and degradation, and
vary in other aspects such as cell junction formation. Primary cultures of the RPE often
do not divide extensively and dedifferentiate after isolation from the eye, but RPE cell
lines take longer to phagocytose and degrade OS. Stem cell-derived RPE have
potential as therapeutics for RPE atrophy, but they internalize OS at a very slow rate
compared to immortalized cell lines and are heterogeneous as demonstrated by the
finding that only half of the stem cell-derived RPE express phagocytic receptors for OS
(Mazzoni, Safa et al. 2014).

We found that simvastatin, but not pravastatin inhibits protein prenylation in ARPE-
19 cells. Simvastatin inhibits the mevalonate pathway by acting as a competitive
inhibitor of HMGR, the rate-limiting enzyme, to decrease the prenylation substrate
GGPP. Pravastatin has been shown to inhibit cholesterol synthesis but not protein

prenylation in neurons (Mohamed, Saavedra et al. 2012). Similarly, pravastatin failed to
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inhibit protein prenylation in ARPE- 19 cells even at concentrations an order of
magnitude higher than simvastatin. However, in order to conclude that pravastatin is
inefficient in regulating protein prenylation more experiments are required. First, we
need to confirm the lack of effect of pravastatin on protein prenylation by including a
positive control in the GDI-capture technique, such as cells treated with simvastatin. In
parallel the results should be confirmed using other techniques to detect protein
prenylation, such as Triton X-114 extraction.

In an in vivo context, not only is statins hydrophilicity a factor, but also the ability of
each statin species to cross the blood-retinal barrier is under question. Experience from
the blood-brain barrier shows that lipophilic statins, such as simvastatin, readily cross
while hydrophilic statins require significantly higher concentrations to cross the blood-
brain barrier and to reduce cholesterol synthesis to the same extent (Saheki, Terasaki
et al. 1994, Sirtori 2014).

To affirm the finding that simvastatin inhibits Rab prenylationby causing a shortage
of isoprenoids, the addition of GGPP was able to prevent prenylation inhibition by
simvastatin. There is substantial evidence that GGPP is able to enter cultured cells and
prevent some effects of mevalonate pathway inhibitors. GGPP is taken up from the
medium and incorporated into cellular proteins, and is able to recover protein
prenylation in animal models of mevalonate kinase deficiency (Kukar, Murphy et al.
2005, Marcuzzi, Pontillo et al. 2008, Marcuzzi, Crovella et al. 2011, Mohamed,
Saavedra et al. 2012).

We have chosen to use Rab7 as a reporter of protein prenylation in our studies

because of its role in phagosome maturation (Gutierrez, Munafo et al. 2004, Gutierrez
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2013). Without prenylated Rab7, phagosomes should accumulate in the cytosol, unable
to proceed with degradation. Studies in cells that expressed mutant dominant-negative
GDP-bound inactive Rab7T22N, showed intracellular accumulation of intermediates of
the endosome-lysosome pathway such as autophagosomes (Press, Feng et al. 1998).
This is likely due to Rab7 mutant improper localization and inability to mediate fusion
events. Knockdown of Rab7 with siRNA yielded similar results (Zhou, Tan et al. 2013).
Inhibition of Rab7 prenylation has detrimental downstream effects, since Rab 7
fulfills several important functions. First, prenylated Rab7 in the late phagosome is
important for the recruitment of many characteristic proteins and lipids, such as LAMP1
and lysobisphosphatidic acid (Kobayashi, Startchev et al. 2001). Vacuolar-ATPases are
inserted into the vesicle membrane and are important to the acidification of late
phagosomes due to their proton pump action. To move the vesicle towards the
lysosome-containing microtubule-organizing centre, Rab7 recruits RILP (Rab-interacting
lysosomal protein) and FYCO (Fab1-YotB-Vac1p-EEA1 and coiled-coil domain
containing protein) (Cantalupo, Alifano et al. 2001, Wang and Hong 2006, Johansson,
Rocha et al. 2007, Zhang, Fishel Ben Kenan et al. 2013). These proteins recruit kinesin
and dynein/dynactin motor complexes, respectively. The microtubule-organizing centre

has lysosomes, and Rab7 mediates the fusion of the late phagosome and lysosome.

4.2 Impaired Protein Prenylation inhibits Outer Segment Degradation
We hypothesize the underprenylation of Rab proteins inhibits the degradation of
photoreceptor OS. The role of Rab GTPases has been studied in phagocytosis of other

materials, from bacteria to apoptotic bodies (Botelho and Grinstein 2011), but has not
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been well characterized in OS phagocytosis. Some prenylation-associated retinal
diseases, such as CHM, show defects in OS phagocytosis and degradation. The
monocytes from CHM patients have an increased lysosomal pH due to a failure to
acidify the lysosome and have decreased ability to degrade OS material (Strunnikova,
Barb et al. 2009). Thus, it is important whether simvastatin compounds such inhibition of
phagocytosis and degradation.

In our experiments we sought to mimic the short pulse of OS following by a long
degradation period that occurs in the eye. Previous protocols and guidelines on the use
of OS for studying phagocytosis have been published (Mao and Finnemann 2013,
Mazzoni, Safa et al. 2014). We established PBS-EDTA as a good wash to remove
externally bound OS and that 30 minutes is enough time to allow OS binding to ARPE-
19 cells without greatly increasing internalization. Then, we turned our focus to OS
degradation. Simvastatin, but not pravastatin inhibited OS degradation. GGPP was not
able to fully prevent the inhibition of degradation. The lack of effect of GGPP on OS
degradation suggests that the recovery of geranylgeranylation is not sufficient to
normalize OS degradation. Alternatively, GGPP may not fully recover prenylation of all
Rabs under the conditions tested. The concentration of GGPP may need to be adjusted
to prevent inhibition of prenylation in a broader set of Rabs, based on the previously
discovered hierarchy of Rab prenylation (Kohnke, Delon et al. 2013). This is similar to
what was demonstrated in mice, in which REP-1 ablation in mice delayed phagosome
processing and decreased the lysosomal degradative capacity of RPE by a mechanism

that seems to be independent of reduced prenylation of Rab27a (Wavre-Shapton,
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Tolmachova et al. 2013). Our experiments do not preclude that inhibition of prenylation
of other proteins that are perhaps farnesylated may play a role.

Contrary to our discoveries, a recent study demonstrated that atorvastatin protects
ARPE-19 from impairment of phagocytosis induced by cholesterol crystals and ox-LDL
(Tian, Al-Moujahed et al. 2017). This represents a different disease model in which
lipophilic statins seem to promote phagocytosis and decrease the pro-inflammatory
response in the RPE. This study, however, has some experimental shortcomings.
Specifically, the authors examined the uptake of polystyrene beads in proliferating
ARPE-19 cells. The use of polystyrene beads to study phagocytosis has been
previously criticized as polystyrene beads are internalized via a pathway distinct from
OS phagocytosis. The lack of digestibility of these beads is also a concern as their
accumulation in the phagosome/lysosome system may stress the cells and produce
secondary effects unrelated to the phagocytic process (Edwards and Szamier 1977,
Mazzoni, Safa et al. 2014). For our work, we chose to use polarized ARPE-19 cells
challenged with isolated photoreceptors OS, a strategy that is recommended as it is
more similar to phagocytosis in the retina (Mazzoni, Safa et al. 2014).

Recently, it has been shown that some OS undergo the LC3-associated
phagocytosis, a noncanonical form of autophagy (Kim, Zhao et al. 2013, Frost, Lopes et
al. 2015). LAP is characterized by the recruitment of LC3-1l on the phagosomes. In
other phagocytic cells, such as macrophages, this process efficiently clears
phagocytosed materials (Martinez, Almendinger et al. 2011). We demonstrated that
prenylation inhibition by simvastatin leads to the increase of LC3-Il in our RPE model.

When challenged with OS, there is an initial increase of LC3-Il, followed by a decrease

71



over time, suggesting that LAP is activated and LAP flux is normal, allowing protein
degradation. Simvastatin did not affect the initial increase in LC3-Il, but did prevent its
return to normal levels, suggesting prenylation inhibits LAP flux. The observation that
GGPP was able to recover normal LC3-Il degradation suggests that the effect of
simvastatin could be due to protein prenylation inhibition.

The RPE serves many important functions in the retina, from clearing shed
photoreceptor OS and recycling its contents, such as amino acids and all-frans-retinal,
to mediating the transport of nutrients between the choroid and the retina. Impairment of
degradative processes in the RPE have detrimental effects and may lead to retinal
degeneration. Much work has been focused on the lipofuscin component A2E. A2E is
suspected to be generated from incomplete digestion by the lysosome (Finnemann,
Leung et al. 2002); it has been shown to inhibit the V-ATPase on lysosome and
increase lysosomal pH (Liu, Lu et al. 2008), resulting in the inhibition of pH-dependent
degradative enzymes in the lumen (Bergmann, Schutt et al. 2004). This work is
corroborated by observations in chloroquine-induced retinal degeneration. Chloroquine
accumulates in lysosomes, especially in its nonprotonated form, increasing lysosomal
pH, and leads to the accumulation of undegraded materials (Mahon, Anderson et al.

2004).

4.3 Increased Sensitivity to Statins in Fibroblasts from CHM Patients
Among the retinal degenerative diseases characterized by defects in prenylated
proteins, CHM is of particular interest because it is due to a defect in the prenylation

machinery. The defective gene product, REP-1 is essential for the prenylation of Rab
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GTPases. REP-1 has a homolog, REP-2, that has similar but evidently not identical
functions in Rab prenylation, and cannot fully compensate for the loss of REP-1
(MacDonald, Hume et al. 1993). The leading hypothesis of the field is that some Rabs
are more efficiently prenylated by REP-1 than REP-2. This has been shown by the
decreased Rab27 prenylation in lymphoblasts from CHM patients (Seabra, Ho et al.
1995), though other Rabs have not been widely studied to our knowledge. However,
peripheral tissues from CHM patients and healthy individuals do not fully recapitulate
the disease model as peripheral tissues do not degenerate in CHM. Peripheral tissue
does have some advantages, as retina tissue from CHM patient is difficult to come by
and maintain ex vivo. Here, we used human dermal fibroblasts from CHM patients and
age-matched controls.

Simvastatin inhibited protein prenylation in fibroblasts from CHM patients and
healthy individuals. However, as compared to fibroblasts from healthy individuals,
fibroblasts from CHM patients displayed significantly more inhibition of protein
prenylation at the same dose of simvastatin. Since GGPP was able to prevent the
inhibition of protein prenylation in ARPE-19, we speculate that this effect will also occur
in the fibroblasts but experimentation is needed. A decrease in the available isoprenoid
lipids secondary to statin treatment, compounded by the absence of REP-1, would lead
to a more severe loss of prenylated Rab7. This suggests that not only are some Rabs
hypoprenylated in the absence of REP-1, but also when prenylation is inhibited, REP-2
is not able to compensate to the full extent. Future work in the lab may investigate
whether this phenomenon holds true for all Rab GTPases and to what extent, as the

order of prenylation for Rab GTPases exist in a hierarchy (Kohnke, Delon et al. 2013).
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Ongoing work is looking at the effect of simvastatin on retinal function and protein
prenylation in a mouse model of CHM. Knockdown of REP-1 with siRNA in human fetal
RPE resulted in decreased localization of Rab5A and Rab7A to the early/late
phagosomes (Gordiyenko, Fariss et al. 2010), which is consistent with our findings. It is
evident that geranylgeranylation is inhibited by statins, but it is unclear to what extent
farnesylation is impacted by statins. Studies have suggested that both farnesylation and
geranylgeranylation are impacted by the administration of mevalonate pathway

inhibitors (Pittler, Fliesler et al. 1995).

4.4 Conclusion and Future Directions

Protein prenylation is a post-translational modification that is vital for the association
of many proteins to cell membranes. It is evident that protein prenylation is important in
the retina, but it is unclear in which cells and functions it is most vital. The implication of
many prenylated-proteins in inherited retinal degenerations has highlighted the
importance of prenylation in the retina. Recent work using statins as treatments for
various diseases such as AMD and diabetic retinopathy has drawn inconclusive results
(Gehlbach, Li et al. 2016), suggesting a further understanding of the effects of statins in
the retina is needed.

There are many unanswered questions regarding the effects of statins in the retina,
but the role of protein prenylation in the retina is receiving increasing attention due to
the ongoing clinical trials that seek to remedy inherited retinal degenerations such as
CHM. Further work is needed to understand the effect of statins on other prenylation

modifications, such as farnesylation, especially in the retina. Treatment of primary RPE
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cells with lovastatin decreased cell proliferation, changed cell phenotype and induced
apoptosis, while treatment with farnesyl inhibitors only affected cell proliferation
(Capeans, Pineiro et al. 2001). It is likely that farnesylation of more importance in cell
division, while the morphological changes were attributed to actin depolymerisation;
actin polymerization is controlled by prenylation Rac, Rho and CDC42 (Schmidt,
Glomset et al. 1982, Ridley and Hall 1992). It is also unclear how LC3 plays a role in OS
phagocytosis and degradation, why only some phagosomes recruit LC3 and not others
(Kim, Zhao et al. 2013, Frost, Lopes et al. 2015). Further investigation is needed. This
thesis demonstrates that statins inhibit Rab7 prenylation, which in turn inhibits the
degradation of OS. However, it is unknown whether statins affect OS uptake. These
results were extended to a model of CHM, to probe for novel mechanisms of disease.
Thus, we have elucidated a role of protein prenylation in OS phagocytosis, and
highlighted the importance of maintaining homeostasis of protein prenylation in the

retina.
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