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Abstract

Choroideremia is an X-linked monogenic inherited retinal disease. It affects males
starting in their teenage years with night blindness followed by progressive vision loss starting in
the peripherals and ending with total vision loss late in life. It is estimated that 1 in 50,000
individuals are affected by this genetic disorder. Female carriers are usually asymptomatic
although some may present with an uneven degenerative fundus. With clinical gene therapy
trials underway in locations across the world, the molecular diagnosis of choroideremia is
increasingly important. In order for a patient to be enrolled in a gene therapy trial, an
unequivocal diagnosis of choroideremia is a prerequisite. In the past, research labs performed
immunoblot analysis to demonstrate a lack of Rab Escort Protein-1 (REP-1) in patients
phenotypically suggestive of choroideremia. Now, exon sequencing of the causative gene,
CHM, is a more cost effective and reliable diagnostic tool. However, the sensitivity of exon
sequencing is not 100% and occasionally individuals will lack expression of the REP-1 protein,
but present no identifiable defect in the coding sequence of the gene. It is important to
investigate such patients and examine for further alterations. In this study, we discovered a
novel splice mutation, ¢.1245-521A>G, in two unrelated individuals. In addition, we report, the
first inversion mutation in CHM, c.-839 49+5528inv. A fourth patient was determined to be a
CHM phenocopy; he bore no mutations in the CHM gene and was eventually found to be REP-1
positive. He instead underwent whole exome sequencing (WES) with both his parents to
determine candidate genes for his ocular choroideremia-like phenotype. In conclusion, novel
non-coding mutations were determined to be responsible for choroideremia observed in three
individuals. Further work is required on the possible pathogenicity of the candidate genes

identified in the fourth patient in order to determine the variant responsible for his unique ocular
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phenotype. These findings suggest the importance of sequencing non-coding regions of the
CHM gene in order to improve diagnostic sensitivity and provide molecular diagnoses to patients

looking for enrolment in a gene therapy trial.

il



Preface

This thesis contains original work by Rachel Mah. No part of this work has been
previously published.

v



Acknowledgments

I would like to begin by thanking my supervisor, Dr. Stacey Hume, for her excellent guidance
throughout my project. Whenever I hit a problem or roadblock in my research she was always
there with a handful of solutions I could try. I greatly appreciate the amount of resources she
allowed me to have access to through the Molecular Diagnostics Laboratory, allowing me to see
and conduct experiments that most graduate students do not. Thank you too all the staff of MDL
for accommodating my diagnostic needs, abundant questions and student aliquots, specifically
Christine Walker and Kathleen Sprysak for their patience.

Thank you to my supervisor, Dr. [an MacDonald and members of his clinic and lab. T am
incredibly grateful for the opportunities you have provided for me both in the lab and outside.
Being so directly linked to a clinical setting and volunteering at Foundation Fighting Blindness
events to see firsthand where my research is significant is something I never thought I would
have the opportunity for in grad school. A massive thank you is extended to Alina Radziwon for
her taking me under her wing and teaching me everything I needed to learn in the lab, as well as
her insight when results did not make sense. Thank you to Lance Doucette for solving my
western blot woes and allowing me to collaborate with him to gain bioinformatic experience.

Thank you to my final committee member, Dr. Elena Posse de Chavez for her expertise and
collaboration throughout my project. Thank you to her lab members, Jennifer Ling and Sarah
Samuelson for their support and input during my research. As well as Dr. Yves Sauvé and Dr.
Heather McDermid for reading my thesis and acting as my examining committee for my
defence.

I would also like to thank the Department of Medical Genetics for accepting me into the

program and providing support and experience throughout my degree. Thank you to Dr. Michael



Walter for answering any questions or concerns I was facing and for sharing stories of Northern
Ontario when I was feeling particularly far away from home. Thank you to our graduate
coordinator, Sarah Hughes for keeping my supervisors and myself on track to graduate. Thank
you to all the students in the department for making my hours spent here more enjoyable and for
providing a listening ear on the harder days. Special thanks to Matthea Sanderson for always
being supportive, best of luck with your PhD and Ashley Russell for her honest advice, I know
we will remain in touch and you will make an amazing nurse.

Finally I would like to thank my family and friends, without them I would not be where I am
today. Thank you to my mother, Sonya Mabh, for instilling in me the importance of education
and the desire to help others. Thank you for answering my tearful phone calls and providing the
best possible advice. Thank you to my father, Cory Mah, for all the support a daughter could
need and teaching me how to do adult things while out here on my own. Thank you to my
friends back home in Ontario for answering my random phone calls, meeting me at airports and
always finding a reason to celebrate whenever I came home. Special thanks to my best friend,
Jill Heron, for always being there, never judging and keeping me motivated, no matter what.

Last but not least, thank you to all of the wonderful people I’ve met during my time in
Edmonton. Thank you for making it feel like a second place to call home and showing me all the

wonderful parts of the city.

Vi



Table of Contents

CHAPTER 1 INTRODUCTION 1
1.1 Inherited Retinal DiSEasEs.......ccueeiuiiiiiiiiiieiiieiieee ettt ettt e 2
1.2 CROTOIARTEIMIA. ...ttt st rb et et sb et s et e bt et eatenbeentesene bt entens 2
1.3 CHM GENC ...ttt ettt ettt ettt et et e st e e nae e st e sseenseeseesseenseeneenseensesntenseensens 3
1.4 Endocytic Vesicular Trafficking...........ccoeciiiiiiiiiiiiieiice e 3
1.5 Rab/REP-T PathWay.......ccccuiiiiiiieiieeiie ettt et e e e e eave e e aneeenaaeenneas 6
1.6 Rab ESCOTt PIOtEIN 2 ...c.eiiiiiiiiiieiieeete ettt sttt st 8
1.7 Rab27 and RaD38.....c..oeiiiieiieie ettt et ettt te e neenneas 9
L8 RADGIDI ...ttt ettt ettt e e ae e st et e e st e s se e s b e eneenseenteeneenseennens 9
1.9 GENE TREIAPY ...evieneieeiiieiie ettt ettt ettt ettt e bt e st e eabeesateenbeenseesnseesaaesnseensnesnsaens 10
1.10 Gene Therapy in ophthalmolOZY .....c..eeeviiieiiieeiieceeeee e e 11
1.11 Pathogenic Variants in the CHM GENE..........ccccueeeuieruiieiienieeiiieneeeieesireeieeseeeseesaeeseens 12
112 SPLICINE -ttt ettt ettt ettt et ettt et enees 13
113 XAANACTIVALION .ttt ettt et st e bttt e bt et satesbe et e eneesaeenteenee e 16
1.14 Rationale and HYPOthESIS .......cccuiiiiiiiiiiiiiiieieeee e e 17
CHAPTER 2 MATERIALS & METHODS .....coiininiiiinnninsensisssisssnsessssssssssssssssssssssssassses 19
2.1 Patient SAMPIES.....ccviiiiiiiieiieeiieeieeete et et e et e st e et e e seeeebeesebeesaessseesseessseenseenssesnseenssesnseens 20
2.2 CIl CUITUTC.....cuiiieiiie ettt ettt e et e e st e e e ebeeesaeeebaeesssaeessseeensseeensseeensseennnes 20
2.3 RINA EXITACHION 1.ttt ettt ettt ettt et st e et e sbe et sate bt e b e entesbeeneeenee e 20
2.4 CDINA SYNENESIS ..eeueiiiiieiiiieiieiie ettt ettt et et e et e st e bt esate e bt e s ateeabeesateeseesnseenseens 21
2.5 Protein @XtrACTION ....oceeruieiiriietieieeitesteete ettt ettt et e e st esee et e et e sbeentesatesbeenbeeneesbeeneeenee e 21
2.6 Protein qUantifiCAtION.........c.eiiiiiiiiiieeiie ettt e et e et e e e bae e sbe e e s ebeeesareeenseeennns 21
2.7 WESTETII DLOT ...ttt ettt sbt e s e e st ens 22

2.7.1 Protein Preparation........cceeuereereeeiereenieetenieenieeteeieesteeeesteesieeseesbeessessesseesseennens 22

272 THANSTRT .ttt 22

2.7.3 BIOCKING ...ttt ettt ettt ettt ettt 22

2.7.4 Detection and developmEent............coccuviieiiieeriiiieeiie et e ens 23
2.8 DNA extraction from bloOd...........coouiiiiiiiiiiiieiie e 23
2.9 DNA extraction from Cell IINES.........cccuiiriiiiiiiiiiiiieece e e 24
2.10 Human 1dentifiCation ...........cccuieiuieiiiiiiieeie ettt et ettt ettt et e e b e seeenseens 24
2.11 Multiplex ligation-dependent probe amplification (MLPA).......cccccocvviviiiiniiiiniieeiee 25
B U o O 2 TP 26
B I BN o O 2 0 g o7 130 ) AP R 26
2.14 SANGET SEQUEINICINEZ ....eeuiieuiieiiieiieeiieettesiteetee sttt eteesteeeseesseeeseesaeeenseesnsesnseessseenseesnseenseens 26
2.15 BIOINTOTMATICS . ..ceueteiuieeeiie ettt ettt ettt s ae e et e st et e e bt e e bee s e eabeen 27
2.16 Mouse X-inactivation assay dESIZN .......cccueeruieriieriierieeriienieesieeeieeieeseeeseesseeeseessnesseens 30

2160, 1 PCR ettt sttt et a et neenes 30

2.16.2 Capillary EIectrOophOreSisS ........ceovieiieiiieiieeie ettt 30
CHAPTER 3 RESULTS ....cuiiiiiiiinniinsnicsninsssiossisssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 33
BUL PAIENE Aottt ettt et et h e ettt e e bt e e bt e beeeabeens 34
B2 PAtiNt Bttt 36
B3 PAIENE et et sttt e et st e bt e e bt e bt e eabeens 50
B4 PAtIENt Dottt 59

vii



3.5 XAANACTIVALION oeeiiieeiiieee e 80

CHAPTER 4 DISCUSSION ...86
4.1 Importance of identifying novel CHM MULatioNS .........ccevveeerveeeiieeeiieeeieeeeieeeeveeeevee e 87
4.2 NOVE] SPIICE MULATION ....vvieiiieiiieiieeiie ettt ettt et e e e et e saeebeesaaeesseeseaeenseessseenseensseenseens 87
4.3 Nonsense Mediated dECAY ......ccuiieiuiiiiiiieeiie ettt ettt e s re e e areeenaee e 89
4.4 Improved diagnostic SENSITIVILY ..eueeevieriieeieeitieeieetieeteesieesteesieesaeeseesereeseesseesseesssesseens 90
4.5 Patient A’S SISTET’S CAITIET SEALUS ......eeviurreriireeiieeeieeesieeeseteeesereeesseeesaeeessseeessseeensseesnsseennnns 93
4.0 PAtIENE C ...ttt ettt et h et st b et he et 94
4.7 Identifying structural rearrangements ............ccveercureeriieerieeeiieeereeeeieeesreeesreeeereeeesseeennns 96
4.8 NoVel INVETSION MULALION. ......cccuieriieriietieeieertee st etteeteeteesreesseessaeeseessseeseessseaseesssesnseens 98
4.9 GENOLYPE VS. PREINOLYPEC ..ccuvviiiiiieeiiie ettt e ettt e eieeesteeestaeeeeteeeseaeesaeesssaeessseeessseeennseessseennnns 99
4.10 CHNICAL TTIALS .coneieeiiete ettt et ettt e be et s 99
411 XINACTIVATION 1.vieiiviieeiiieeiieeeteeeeteeeeteeeeteeeeteeesbeeessseeesssesessseeessseeessseeessesensseeensseeenssens 100
4.12 FULUTE QITECTIONS ..ottt ettt ettt et sttt et e st et et e et e be et e eneeees 101
REFERENCE LIST ....ccuiiiiiiiinninsaisensicssissesssnssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssass 103
APPENDIX.....ccooceenrurerneesercsnens 114

viii



List of Tables

Table 1.1 Diagnostic sensitivity before this research ...........cccoeeiveeiiieiciiiceeee e, 18
Table 2.1 Primer table.......co.oiiiiiiiiiieiieieeeeee ettt st 31
Table 3.1 SUMMATY Of VATIANTS .......eeiiiiiieiiieiieeie ettt steesaeesbeessaeenseens 58
Table 3.2 SUMMAry Of PAtIENLS ......veieiieeciee ettt e e e e e e e e e esaee e 78
Table 3.3 Inversion primer locations and reSUltS ...........cccvierciiiieiieeciie e e 79
Table 4.1 Diagnostic sensitivity following this research ............ccoccvevieeiieniieeiienieeieesie e 92

X



List of Figures

Figure 1.1 Proteins prenylated in ocular diSOTders ...........cceevveeeiiiieiiieeieece e 5
Figure 1.2 RaD CYCIE. .uviiiiiiiiiiieecee ettt s 7
Figure 1.3 Splicing MaChiNeIY .......c.ccoiiiiiiiiiieiieiiecie ettt eiae e e eaeeanee 15
Figure 2.1 Bioinformatic WOrKflOW ........cccuiiiiiiiiiiiiciiie et 29
Figure 3.1 Patient A and B photos of back of the €ye .........ccccvvieiiiieiiiieiiceee e, 38
Figure 3.2 Patient A and Patient B Immunoblot analysis.........c..ccceeverienenieniincnieneeeene 39
Figure 3.3 Patient A and B exons 5, 6,9 and 14..........cccoooiiiiiiiiiiiiiecieeeece e 40
Figure 3.4 Patient A PCR analysis of cDNA exons 9, 10, 11.....c.cccceeviieiieniienieniieieeieeiens 41
Figure 3.5 Patient A PCR analysis of cDNA exons 9-3” UTR ........ccccooiiviniiniininiiniccnne 42
Figure 3.6 Patient B PCR analysis of cDNA exons 9-3" UTR ........ccccooiiviniiniininiicnecene 44
Figure 3.7 Sequencing results for patients A and B..........ccccoooiiiiiiiiiniinieeee 46
Figure 3.8 Human identifiCation ..........cccuevieriirieniieieeiesieie et 47
Figure 3.9 Patient A’S SISter’s CAITIET STALUS .......ccueruerieriieiieniinieeie ettt 49
Figure 3.10 Patient C full length PCR analysis of REP-1 transcript ..........ccccceceeverieneeniennene 51
Figure 3.11 Patient C cDNA exons 5, 6 and 9.......ccccooiiiiiiiniiniiiiiiiceeeeceee e 52
Figure 3.12 Patient C cDNA exons 11, 12, 13 and 14........ccooiiieiiieeiieeeeeeeee e 53
Figure 3.13 Patient C Western blot analysiS..........cooueriiiiiiiiiiniiiiiiiceieeeeeeeeeseeeen 54
Figure 3.14 Copy number variant analysis Patient D ...........ccccooiiiiiiiniinininccce 62
Figure 3.15 Patient D full length PCR analysis of REP-1 transcript..........ccccceceevverieneeniennnene. 63
Figure 3.16 Patient D cDNA PCR analysis of exons 5, 6,9, 14, 3’UTR ......ccccoevvvverieinnennne. 64
Figure 3.17 300 bp and 2 kb upstream analysis of Patient D ...........ccccoooviiiiiiiiii, 65
Figure 3.18 500 bp and 1 kb upstream analysis of Patient D ...........cccccoooiiiiiiiiniii, 66
Figure 3.19 Primer LOCAtIONS .....co.uivuiiiiiiiiiieienitest ettt 67

Figure 3.20 25 kb, 50 kb and 100 kb upstream analysis of Patient D .............ccccoecvieieninnnnns 68



Figure 3.21 10 kb, 15 kb and 20 kb upstream analysis of Patient D ...........ccccceeevvveriieennennne. 69

Figure 3.22 7.5 kb and 8.5 kb upstream analysis of Patient D ..........cc.ccccveeviiiincieinieciee 70
Figure 3.23 Long-range PCR ..ottt 71
Figure 3.24 Inversion hyPOtheses .........cccuiiriiiiiiiiiiiiieiieee et 72
Figure 3.25 PCR using pairings of two forward primers..........ccccceeevveeeeieeencieeencieeeevee e 73
Figure 3.26 Patient D inversion sequence alignment.............cceeecveeeiiieeniiieeniieenieeeeveeeevee e 74
Figure 3.27 Inversion €.-839 4945528INV ..c..oviiriiiiiiiieiieieiieiteieee e 75
Figure 3.28 Inversion diagnostic multiplex PCR..........ccccoiiiiiiiiiiiiiieeceeee 76
Figure 3.29 Diagnostic multipleX PCR .........ccccooiiiiiiiiiiiiiciececeeee e 77
Figure 3.30 Schematic representation of Chm tranSCripts ........ccceeveeereeeiierieeiiesieeieesee e 82
Figure 3.31 Mouse X-1NaCtiVAtION @SSAY ....c.eeeueeruierueeriieniieeiteerieeenteesieeesseesieesseessseenseesssesnseens 83
Figure 3.32 Mouse X-inactivation electrophoresis graph...........c.cccceevvvievieniieiieniieesieeie e 84
Figure A1 COL18A1 variant ¢.1175T>C Alamut features ...........cccceveeveereenerieneeneeieneene. 117
Figure A2 Polyphen-2 summary of COLI8A1 variant c.1175TT>C....cccovvviiriiniininiinnnne. 118
Figure A3 Variant c.1175TT>C in COLI8A1 splicing prediction ..........ccceeervvervenueneennenne. 119
Figure A4 ACMG variant summary classification for COLI8A1 variant c.1175TT>C......... 120
Figure A5 COLI18A41 variant ¢.4060T>C Alamut features ..........ccccceevvveeerieerrcieeenieeeiee e, 122
Figure A6 Polyphen-2 summary of COLI8A1 variant c.4060T>C ..........c.ccoceeviiniiniinnncnnn 123
Figure A7 ¢.4060T>C in COLI8A1 splicing prediction........c.cocveveenuerieneenieneeneeneeeeneene 124
Figure A8 ACMG variant summary classification for COLI8A1 variant c.4060T>C........... 125
Figure A9 PROM]1 variant c.868A>C Alamut features...........ccoeverieenieniienieiieenie e 127
Figure A10 Polyphen-2 summary of PROM1 variant c.868A>C.......cccccevveeviiiiiiniiniienn 128
Figure A11 PROM] variant c.868A>C splicing prediCtion ..........ccceeeeveeeeieeerveeeneeesneeeennen. 129
Figure A12 ACMG variant summary classification for PROM1 variant c.868A>C.............. 130
Figure A13 PROM1 variant ¢.1559C>T Alamut features ........c.ccoeceeverieneenenieneenenieneene. 132

xi



Figure A14 Polyphen-2 summary of PROM1 variant ¢.1559C>T ......covvviivviiiiiieeieeeee, 133

Figure A15 PROM] variant ¢.1559C>T splicing prediction.........c.cceecveeeeieeeeveeeneeeeeeee e, 134
Figure A16 ACMG variant summary classification for PROM1 variant c.1559C>T ............ 135
Figure A17 CRBI variant ¢.3202A>G Alamut features .........cceeveevieerieeciienieeieenie e 137
Figure A18 Polyphen-2 summary of CRBI variant ¢.3202A>G .......cccvvevvveeeieeeeieeeeiee e, 138
Figure A19 CRBI variant ¢.3202A>G splicing prediction...........cccveeeveeerieeenieeenieeeeeee e 139
Figure A20 ACMG variant summary classification for CRB/ variant ¢.3202A>G................ 140

xii



List of Abbreviations

AAV

ACMG

BCA

cDNA

CHM

COL18A1

CRB1

CRD

DMEM

DNA

dNTPs

EJC

EORCD

ESE

ESS

FBS

Adeno-associated virus

American College of Medical Genetics and Genomics

Bicinchoninic acid assay

Complementary deoxyribonucleic acid

Choroideremia

Collagen type XVII alpha 1 chain

Crumbs homolog 1

Cone-rod dystrophy

Dulbecco’s Modified Eagle’s Medium

Deoxyribonucleic acid

Deoxyribonucleotide triphosphate

Exon junction complex

Early onset rod-cone dystrophy

Exonic splicing enhancer

Exonic splicing silencer

Fetal bovine serum

xiil



FISH Fluorescent in situ hybridization

GDF GDI-displacement factor

gDNA Genomic DNA

GDP Guanosine diphosphate

GDI GDP-dissociation inhibitor

GTP Guanosine triphosphate

HGVS Human Genome Variation Society
HID Human identification

HSF Human Splice Finder

iPSCs Induced pluripotent stem cells
IRD Inherited retinal disease

LCA Leber Congenital Amaurosis
MAF Minor allele frequency

mRNA Messenger ribonucleic acid
MLPA Multiplex ligation-dependent probe amplification
NGS Next generation sequencing

NMD Nonsense-mediated decay

Xiv



NNSplice

PBS

PCR

PTCs

PROM1

PVDF

RabGDI

Rab-GGTase

REP-1

REP-2

RNA

RP

RPE

SIFT

SNARE

snRNPs

SSF

Neural Network Splice

Phosphate-buffered saline

Polymerase chain reaction

Premature termination codons

Prominin-1

Polyvinylidene difluoride

Rab GDP-dissociation inhibitor

Rab geranylgeranyl transferase

Rab escort protein-1

Rab escort protein-2

Ribonucleic acid

Retinitis pigmentosa

Retinal pigment epithelium

Sorting Intolerant From Tolerant

SNAp receptor

Small nuclear ribonucleoproteins

Splice Site Finder

XV



STR

TBS

TBS-T

WES

VCF

WGS

Short tandem repeat

Tris-buffered saline

Tris-buffered saline plus Tween

Whole exome sequencing

Variant Call Format

Whole genome sequencing

Xvi



CHAPTER 1 INTRODUCTION



1.1 Inherited Retinal Diseases

Inherited retinal diseases (IRDs) are a group of visual impairment conditions caused by
the dysfunction and/or degeneration of the neural retina or retinal pigment epithelium (Carss et
al., 2017). All present with a clinical phenotype but many exhibit a high degree of phenotypic,
genetic and allelic heterogeneity. More than 250 genes and loci are associated with this group of
diseases and can be inherited in an autosomal dominant, autosomal recessive, X-linked, or
mitochondrial manner (Carss et al., 2017). IRDs are among the many rare diseases that are

increasingly becoming investigated with high-throughput sequencing.

1.2 Choroideremia

Choroideremia (CHM) is an X-linked, monogenic disorder (MacDonald, Sereda,
McTaggart, & Mah, 2004). It is characterized by progressive degeneration of the retinal pigment
epithelium (RPE), photoreceptors and choroid (Dimopoulos, Radziwon, St Laurent, &
MacDonald, 2017). Peripheral degeneration begins in teenage years and progresses until mid-
life when patients become completely blind (Seabra, Brown, & Goldstein, 1993). Female
carriers are often asymptomatic, although some present with a patchy degeneration of the fundus.
Choroideremia is a rare genetic disease, occurring in 1 in 50,000 individuals, accounting for
approximately 4% of blindness worldwide (Coussa & Traboulsi, 2012). Current treatments
include surgery for complications such as retinal detachment and cataracts, UV blocking

sunglasses, low vision services and genetic counselling.



1.3 CHM gene

The CHM gene encodes for Rab escort protein-1 and pathogenic variants in this gene lead
to choroideremia. CHM is located on the X chromosome and spans 186,382 bp, while the
mRNA is 5,442 bp and comprised of 15 exons (van Bokhoven et al., 1994). Exons 1-14 are all
less than 400 bp long and exon 15 is 3,642 bp (van Bokhoven et al., 1994). The relatively small
reading frame is one of the reasons this gene is ideal for gene therapy (discussed below). The
gene produces a 653 amino acid protein that has a molecular weight of 95 kDa (van Bokhoven et
al., 1994). Many different types of mutations have been reported as disease-causing in this gene
including: small deletions, nonsense mutations, missense mutations, frameshifts, splice site
defects, retrotransposon insertions and copy number variants (Chi, MacDonald, & Hume, 2013;

van den Hurk et al., 2003).

1.4 Endocytic Vesicular Trafficking

Movement of different molecules and particles from one cellular component to another
is accomplished by intracellular vesicular transport. Cellular compartments are encircled by
intracellular membranes, which bud off to form vesicles carrying the molecules that need to be
transported elsewhere within the cell. There are 3 steps to vesicular transport; budding,
targeting/docking and fusion (Alory & Balch, 2003). Budding begins from a donor membrane to
which cargo and targeting molecules are recruited (Bonifacino & Glick, 2004). Targeting or
docking is the step where the vesicle becomes attached to its acceptor membrane (Bonifacino &
Glick, 2004). Finally, fusion includes SNAp REceptor (SNARE) proteins and other factors,
which bridge the vesicular membrane and acceptor membranes together (Bonifacino & Glick,

2004). Although incomplete, the current understanding is that Rab GTPases are required to



recruit tethering factors and SNARE proteins on both the vesicle membrane and acceptor
membrane to facilitate the docking step of this process (Bonifacino & Glick, 2004). With more
than 60 Rab proteins identified, they can be developmentally and spatially regulated within
higher eukaryotes (Alory & Balch, 2003). In order for these Rab proteins to attach to cell
membranes, they must be prenylated, a process facilitated by REP-1 or REP-2 (Alory & Balch,
2003). The Rab protein family is comprised of small GTPases that regulate vesicular membrane
trafficking, which are involved in many inherited retinal disorders (Hutagalung & Novick, 2011;
Roosing, et al., 2014) (Figure 1.1). Loss of REP-1 function leads to disruption of proper Rab
protein intracellular trafficking and progressive degeneration of ocular structures (Dimopoulos et

al., 2017).
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Figure 1.1. Prenylated proteins in ocular disorders. Schematic representation of proteins that
are prenylated in various inherited retinal disorders. Some ocular disorders listed here include
retinitis pigmentosa (RP), retinal detachment (RD), congenital stationary night blindness
(CSNB), cone rod dystrophy (CRD), Leber congenital amaurosis (LCA), Joubert syndrome (JS).

Copyright © 2014 Susanne Roosing, Rob W J Collin, Anneke I den Hollander, Frans P M
Cremers, Anna M Siemiatkowska, British Medical Journal.



1.5 Rab/REP-1 Protein Pathway

To function as vesicular transport chaperones, Rab proteins must undergo prenylation, a
post-translational modification consisting of the addition of geranylgeranyl lipid groups on the
carboxyl terminus of the Rab protein (Preising & Ayuso, 2004; Hutagalung & Novick, 2011)
(Figure 1.2). This prenylation step allows the Rab proteins to be linked to their target
membranes through the added geranylgeranyl moiety (Preising & Ayuso, 2004). Rab proteins
are found in either a cytosolic, inactive GDP-bound state or in an active GTP-bound state
(Preising & Ayuso, 2004). Rab Escort Protein-1 (REP-1) functions as an accessory protein that
delivers the Rab proteins to the prenyltransferase, geranylgeranyltransferase (RabGGTase II)
(Alexandrov, Horiuchi, Steele-Mortimer, Seabra, & Zerial, 1994). REP-1 binds newly
synthesized Rab proteins, and presents them to the RabGGTase for the prenylation reaction.
Once prenylated, REP-1 removes the protein from the catalytic site of the transferase and finally,

delivers them to an acceptor membrane (Andres et al., 1993).
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1.6 Rab Escort Protein 2

Both mammalian REP-1 and REP-2 proteins are ubiquitously distributed but REP-1 is
more highly expressed than REP-2 in the eye (Alory & Balch, 2003). This likely explains why
CHM is not a disorder resulting in widespread cellular death in all tissues (Cremers et al., 1994).
It has been determined that REP-1 and REP-2 bind with nearly the same affinity to both Rabla
and Rab5a (Anant et al., 1998). This data, along with other similar findings suggests that REP-1
and REP-2 are functionally redundant and aid in the prenylation of many different Rab proteins.
Importantly, REP-2 can still allow for low geranylgeranylation of Rab27 in the absence of REP-
1 (Seabra et al., 1995). Kohnke, et al. (2013) suggest a prenylation hierarchy exists in vivo in
which some Rab proteins have a slower prenylation rate and are therefore, more vulnerable to
underprenylation. Rab27 and Rab38 are some of the Rab proteins with the slowest rate of GTP
hydrolysis (Brooks et al., 2007). Currently, there are Rab proteins which are described as
melanosome specific; Rab27a, Rab27b and Rab38 (Hutagalung & Novick, 2011). Since
melanosome synthesis in the RPE occurs before birth and no maintenance of melanosomes
occurs in the RPE, malfunctioning of the prenylation of these Rab proteins in CHM patients
leads to cellular apoptosis (Kohnke et al., 2013). In rescue experiments conducted by the same
researchers, REP-1 was able to reverse the underprenylation of these Rab proteins but REP-2
could not, suggesting that REP-2 may not be able to prenylate specific Rab proteins with a high
enough efficiency to reverse underprenylation in the absence of REP-1 (Kohnke et al., 2013).
The only symptom in choroideremia patients is blindness, therefore, REP-2 is thought to be able
to compensate in other tissues. This may be due to the tissue specific composition of Rab
proteins or the levels of REP expression, or some combination of both instances and requires

further investigation (Kohnke et al., 2013).



1.7 Rab27 and Rab38

A lack of REP-1 protein in choroideremia patients causes only an ocular phenotype.
Both REP proteins chaperone Rab proteins to RabGTPases for prenylation, which is essential
for their function (Preising & Ayuso, 2004). In choroideremia patient lymphoblasts, there is an
accumulation of unprenylated Rab proteins that would normally be preferentially prenylated by
REP-1 (Seabra, Ho, & Anant, 1995). REP-1 has been demonstrated to interact specifically with
over 60 different Rab proteins (Pereira-Leal, Strom, Godfrey, & Seabra, 2003). Importantly,
Seabra and colleagues determined that two particular Rab proteins, Rab27 and Rab38, are
prenylated in vitro more efficiently by REP-1 than REP-2 and are identified in an unprenylated
state in choroideremia patient cells (Seabra et al., 1995). Rab27 is found in many tissues but
notably it was demonstrated to be expressed in the retinal pigment epithelium and
choriocapillaris, cell layers of the eye that degenerate earliest in choroideremia patients (Seabra
et al., 1995). Mutations to the Rab38 protein in mouse models demonstrate a slow in vivo
prenylation rate and cause ocular hypopigmentation and thinning of the RPE (Brooks et al.,
2007; Lopes, Wasmeier, Seabra, & Futter, 2007). It is suggested that Rab38 remains in an

unprenylated and non-functional state in choroideremia patients (Kohnke et al., 2013).

1.8 RabGDI

It was previously suggested that a cellular factor would be required to dissociate a Rab
protein from REP-1 in order for the Rab protein to be recycled in the prenylation reaction. Rab
GDP-dissociation inhibitor (RabGDI) was suggested to be the cellular factor required for this

process (Andres et al., 1993). REP-1 and RabGDI are similar in both function and structure.



RabGDI is a member of the Rab GTPase functional cycle (Alory & Balch, 2001). RabGDI
forms a complex with prenylated GDP-bound Rab proteins in the cytosol (Alory & Balch, 2001).
GDI family members work to mediate both the delivery of Rab proteins to various membranes
during vesicular formation as well as retrieve them following vesicular fusion (Alory & Balch,
2001). RabGDI works by forming a stable complex with Rab proteins in an inactive, GDP-
bound state (Matsui et al., 1990). This allows Rab proteins to stay in the aqueous cytosolic
environment preventing improper membrane binding (Matsui et al., 1990). For the attachment of
Rab proteins to their target membrane, activation is required which involves dissociating from
RabGDI and exchanging a GDP for a GTP molecule (Dirac-Svejstrup, Sumizawa, & Pfeffer,
1997). A protein, GDI-displacement factor (GDF), accomplishes this by releasing prenylated
Rab proteins from RabGDI (Dirac-Svejstrup et al., 1997). Through further investigation,
Alexandrov et al. (1994) determined that REP-1 delivers prenylated Rab proteins to their target
compartments with the dissociation process occuring in the cytosol as a RabGDI independent

event.

1.9 Gene therapy

Technological advances in gene delivery have allowed for rapid evolution of gene
therapies. With the development of several safe gene delivery techniques, gene therapy is now
realizing its potential as a medicine (Wang & Gao, 2014). Current gene delivery methods are
categorized into two classes: DNA (non-viral) vectors and viral vectors. Non-viral techniques
involve plasmid DNA entering cells either with or without chemicals to enhance stability and
efficiency (Wang & Gao, 2014). Non-viral gene expression cassettes are typically composed of

a promoter, the transgene of interest and a termination signal. The cassette is embedded within a
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circular, double-stranded plasmid for delivery and this can then be directly injected in vivo
(Wang & Gao, 2014). Viral vectors use the natural infectious characteristics of certain viruses
yet by removing as many viral genes as possible, it allows them to carry the gene of choice.
Viral genes are removed for safety purposes but all information that allows the virus to insert
itself into the genome of its host are left intact. Viruses are naturally evolved gene delivery
shuttles and their surface proteins interact with target cell receptors to trigger endocytosis (Wang
& Gao, 2014). The adeno-associated virus (AAV) is the current choice for gene therapy in
choroideremia due to its success in treating Leber congenital amaurosis and due to it’s ease of
delivery as a it is a rub-retinal injection. AAVs fall into a group of small, simple, helper-
dependent, non-pathogenic, single-stranded DNA viruses (Wang & Gao, 2014). Some other of
using AAV advantages include it’s ability to transduce both dividing and non-dividing cells and
the discovery that some serotypes can cross the blood-brain barrier (Duque et al., 2009).
Although not an obstacle for the CHM gene, a major drawback of AAV vectors is that they can

only carry a gene that is no longer than approximately 4.5 kb.

1.10 Gene therapy in ophthalmology

Choroideremia became a candidate for gene therapy trials following the success of gene
therapy in treating Leber Congenital Amaurosis (Simonelli et al., 2010). Choroideremia is
considered a good disease candidate for multiple reasons: it is monogenic, it has a slow
progression which extends the treatment window, the gene has a small coding region and a
diagnosis is relatively straightforward with a clearly identifiable phenotype and an available
clinical genetics test (Tolmachova et al., 2013). Clinical CHM trials using AAV-mediated gene

therapy are underway at multiple sites including the University of Alberta (NCT02077361), the
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University of Pennsylvania (NCT02341807), the University of Miami (NCT02553135) and the

University of Oxford (NCT02407678) (http://curechm.org/research/clinical-trials/?lang=can).

AAV carrying CHM cDNA has been injected in vitro into human patient lymphoblasts and
induced pluripotent stem cells (iPSCs) to determine its ability to restore normal REP-1 function
(Vasireddy et al., 2013). The safety has also been evaluated in normal-sighted mice and no
toxicity has been found (Vasireddy et al., 2013). Clinical trials have moved forward to phase 1
and 2 in human choroideremia patients and initial reports have shown an improved rod and cone
function in the treated eye (MacLaren et al., 2014). In order to be included in a gene therapy

trial, patients must have a definitive molecular diagnosis of choroideremia.

1.11 Pathogenic Variants in the CHM gene

Numerous pathogenic variants have been described in the CHM gene, the most frequent
being nonsense or frameshift mutations leading to premature truncation (Freund, Sergeev, &
MacDonald, 2016; Simunovic et al., 2016). In a large cohort study of 128 affected males, the
most common mutations found were nonsense mutations (41%), exon deletions (37%) and splice
site mutations (14%) which all were associated with a loss of functional protein (Freund et al.,
2016). The remaining missense mutations were predicted to result in severe changes to protein
structure and folding with effects similar to that of null mutations (Freund et al., 2016). These
missense mutations represented 4% of the cohort population and were further investigated for
phenotype correlation. Freund ef al. determined that given the spectrum of mutations
documented in CHM, no genotype-phenotype correlation could be made with respect to age of
onset of visual symptoms, visual acuity or width of visual fields. Therefore, no preferential

treatment for inclusion in a gene replacement therapy trial should be given based on genotype.

12


http://curechm.org/research/clinical-trials/?lang=can

1.12 Splicing
The majority of pathogenic variants characterized in the CHM gene are nonsense

mutations leading to premature stop codons or changes in splice acceptor or donor sequences
causing splice defects. Splicing is the process of editing non-coding sequences, called introns,
out of the pre-mRNA sequence (da Costa, Menezes, & Romao, 2017). The final product of the
splicing process is mature mRNA, containing only the coding regions, called exons (da Costa et
al., 2017). This process occurs co-transcriptionally and is catalyzed by spliceosomes (da Costa
etal., 2017). A spliceosome is an RNA-protein complex that is comprised of five small nuclear
ribonucleoproteins (snRNPs) and over 180 splicing protein factors (da Costa et al., 2017). Two
of these snRNPs are required for recognizing a very specific region of the pre-mRNA, the splice
site (da Costa et al., 2017). U1 and U2 recognize the 5’ splice site and splice branches, forming
the pre-spliceosomal A complex (da Costa et al., 2017) (Figure 1.3). This defines the exon and
intron boundaries, which are then bound to by U4/U5-U6 snRNPs to form the pre-spliceosomal
B complex (Sanford & Caceres, 2004). This complex is then converted to the C complex
through a series of RNA-RNA and RNA-protein rearrangements (Sanford & Caceres, 2004).
The complex completes the splicing process and results in two exons ligated together and
removal of the intervening intron (da Costa et al., 2017). There are still many associated proteins
awaiting characterization and the mechanism of splice site identification is not fully understood
(da Costa et al., 2017). Ward & Cooper (2010) estimated that up to 50% of disease-causing
mutations affect splicing.

Da Costa et al., 2017 also proposed that 95% of coding and non-coding regions of the
genome are affected by alternative splicing. Alternate splicing allows specific genes to produce

multiple mRNA transcripts from the same locus, leading to protein diversity (da Costa et al.,
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2017). This is accomplished through exon skipping, varying use of 5’ or 3’ splice sites and
intron inclusion (da Costa et al., 2017). CHM does have a shorter, protein coding alternative
transcript of only 110 amino acids but is lacking any experimental confirmation to date about

function or location (Alexandrov et al., 1994).
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U1 @ Helicase
activation

Figure 1.3. Splicing machinery. A schematic of the splicing process. A) Splicing occurring at
the genuine 5’ splice site (left) and splicing occurring at the latent (comply with consensus splice
sites but are not used normally for splicing) 5’ splice site (right). B) Splicing at the latent 5’
splice site after removal of the in-frame stop codon.

Copyright © 2010, National Academy of Sciences, Kambhi, Raitskin, Sperling, & Sperling
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1.13 X-inactivation

Designing an animal model for choroideremia has been a complicated task. Previous
mouse models showed that null mutations in Chm were embryonically lethal in males and when
the mutant allele was inherited from a carrier female, lethal in female embryos as well (van den
Hurk et al., 1997). Shi, W. et al. (2004) conclude this lethality is due to defects in trophoblast
development and vascularization. To avoid this, conditional knockout models using a Cre/loxP
approach was used to spatially and temporally control the gene knockout (Tolmachova et al.,
2006). The inability to create male mouse models requires the consideration of X-inactivation in
the female heterozygous mice. It is widely accepted that during early female development, most
genes on one X chromosome are transcriptionally silenced. However, some X-linked genes have
been determined to “escape” X-inactivation and both copies are expressed. Generally, it is
assumed that the X-inactivation status of a gene is constant among different females in a
particular species (Disteche, 1995). In a study by (Carrel & Willard, 1999) determined that REP-
1 showed both monoallelic expression and biallelic expression in different cell lines. This
research shows a third expression pattern for some X-linked genes, heterogenous X-inactivation.
The CHM gene is subject to X-inactivation on some X chromosomes and escapes inactivation to
different extents on others; this effect is suggested to be the reason for varied clinical
manifestation in female carriers of choroideremia (Carrel & Willard, 1999). X-inactivation of
cells can also be random and create a mosaic of Chm wildtype and Chm knockout cells in mouse
models (Tolmachova et al., 2006). Both of these reasons complicate the functional testing of

Chm knockout cells or mice.
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1.14 Rationale and Hypothesis

In the current study, we examined REP-1 absent choroideremia patients who lacked a
molecular diagnosis. Patients with a clinical diagnosis of choroideremia but who lacked a
molecular diagnosis through the sequencing of coding regions will be verified to lack the REP-1
protein by immunoblot analysis. Screening only the coding regions of the gene could miss non-
coding mutations in some REP-1 absent patients. Furthermore, some of these patients could
have been mistakenly clinically characterized as having choroideremia but they may not lack the
REP-1 protein. These misdiagnosed patients may have a condition phenotypically similar to
CHM, but potentially carry a mutation in a different gene. I hypothesize that examination of the
RNA in REP-1 deficient patients will reveal splicing defects, while whole exome sequencing on
REP-1 expressing patients may identify new genes that cause a similar phenotype. Currently,
in our research database, we have 280 choroideremia families of which, only 84% have a coding
sequence mutation and 9% have an exonic copy number variation. The aim of this research is to
improve the sensitivity of the current diagnostic test for choroideremia within our patient

database and discover other genes that when altered, lead to a similar phenotype as CHM.
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Test Method Sensitivity in Affected Males

Coding sequence analysis 84%
Exon CNV analysis 9%
Unknown 6%

(MacDonald, IM research database)

Table 1.1. Current sensitivity of CHM diagnostic testing. Choroideremia diagnostic
sensitivity at the start of this study within the MacDonald research patient database.



CHAPTER 2 MATERIALS AND METHODS
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2.1 Patient samples
Consent was obtained from all patients through a research ethics board-approved protocol by

either Dr. lan MacDonald or Stephanie Chan (genetic counsellor).

2.2 Cell culture

Human fibroblast cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM),
supplemented with 10% Fetal Bovine Serum, 1x PenStrep, 4 mmol L-glutamine, 1x sodium
pyruvate and 1x non-essential amino acids. The cells were incubated at 37°C and allowed to
grow until they were 80% confluent. The media was removed and the cells were rinsed with 3.0
ml of PBS, and subsequently harvested by incubation in 3.0 ml of trypsin for 7 min. The trypsin
was inactivated using 4.0 ml of media. The cells were centrifuged at 0.4 g for 5 min. The cell
pellet was then rinsed with PBS at which point the cell samples were ready for DNA, RNA or

protein isolation.

2.3 RNA extraction

RNA was extracted using a Macherey-Nagel RNA Isolation NucleoSpin RNA Extraction Kit
according to the manufacturer’s instructions. This method lyses cells in a buffer containing
chaotropic ions, which immediately inactivates RNases and creates favourable binding
conditions to the silica membrane. Contaminating DNA bound to the silica membrane is
removed with a DNase solution. Two different buffers are used to wash RNA of salts,
metabolites and macromolecular cellular components and RNA is eluted with RNase-free water.
RNA quantity and quality was then assessed using a NanoDrop spectrophotometer at 260 nm

and 280 nm and stored at -80°C.
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2.4 cDNA synthesis

Synthesis of cDNA was completed using the Thermo Fisher Scientific cDNA kit #K1621 with
Random Hexamer primer according to the manufacturer’s instructions. The reverse transcriptase
in this kit is RevertAid Reverse Transcriptase which has lower RNase H compared to other
reverse transcriptases. The RiboLock RNase Inhibitor protects template RNA from degradation.

The samples were stored at -4°C.

2.5 Protein extraction

Human fibroblast cells were cultured as previously described. One quarter of a Thermo Fisher

Scientific Pierce Phosphatase Inhibitor tablet was added to 2 ml of ice-cold lysis buffer (0.05M
Tris-Base, 0.15M NacCl, 1% TritonX) and this buffer was added to the cell pellet. The tube was
vortexed and left on ice for ten min. The solution was then spun down for 10 min at maximum

speed at 4°C. The lysate was decanted and kept frozen at -80°C.

2.6 Protein quantification

Protein quantification was completed using the Thermo Fisher Scientific Pierce BCA Protein
Assay Kit according to the manufacturer’s instructions. The working reagent was mixed in a
50:1 ratio of Reagent A: Reagent B. Lysis buffer was used as a blank measurement and each
protein sample was loaded in 100%, 20% and 5% dilutions. 25 ul of each sample was loaded
into the plate and 200 ul of working reagent added to each sample. The plate was covered and
placed on a shaker for 30 sec, followed by a 30 min incubation at 37°C. Absorbance at 562nm
was measured using the Thermo Fisher Scientific Multiskan GO, and protein concentration was

determined from a standard curve.
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2.7 Western blot

2.7.1 Protein preparation

Protein samples were prepared by mixing 100 uL of lysate with 25 uL of Laemmlli buffer (60
mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% B-mercaptoethanol, 0.01% bromophenol blue).
SDS-PAGE was carried out with a 4% stacking and 10% resolving gel in running buffer (25 mM
Tris, 192 mM glycine, 0.1% SDS). Proteins were run alongside a Thermo Fisher Scientific
Spectra multicolour broad range protein ladder at 100V until the 25 kDa protein-dye band
reached the bottom of the gel. Electrophoresis was conducted using a Bio Rad power pac 300

mini protean 3.

2.7.2 Transfer

Bio Rad polyvinylidene difluoride (PVDF) membrane was activated in methanol and allowed to
sit in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) for 5 min along with the gel,
fibre pads and filter paper. The gel was stacked while in buffer within the cassette in this order:
fibre pad, two pieces of filter paper, the gel, the PVDF membrane, two more pieces of filter
paper and a second fibre pad. The electrophoresis apparatus was assembled according to the

manufacturer’s instructions and the protein was transferred to the membrane in a cold room at

90mA overnight.

2.7.3 Blocking
The membrane was immersed in TBS-T (Tris-buffered saline, 0.1% Tween 20) with 5% non-fat

dry milk powder (TBST-M) for 1 hr on Thermo Fisher Scientific Ocelot rocking platform.
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Subsequently, the membrane was cut at the 50 kDa protein-dye band. The top half of the
membrane was then incubated in a 1/500 dilution of SC2060 (Santa Cruz Biotechnologies) REP-
1 mouse primary antibody in TBST-M and the bottom half of membrane was incubated in a
1/20,000 dilution of B-actin-HRP conjugated antibody in TBST-M. The membranes were rocked
with primary antibody at 4°C for 1 hr. Following this incubation, the top half of the membrane
was rinsed with TBS-T, followed by two TBS (Abcam recipe 20 mM Tris and 150 mM NaCl,
pH 7.6) washes for 5 min each and a final 5 min wash in TBS-T on the rocker. The membrane
was then incubated in a 1/10,000 dilution of A31571-donkey-anti-mouse secondary antibody
(Thermo Fisher Scientific) in TBST-M in the cold room for 1 hr. Following the final incubation,

the same washing steps were carried out as before.

2.7.4 Detection and development

GE Healthcare ECL prime western blotting developing solution was used according to the
manufacturer’s instructions. 1.4625 ml of Solution A was added to 0.0375 ml of Solution B.
The developing solution was added on top of the membrane and allowed to sit in the dark for 5

min. The blot was imaged with Li-COR c-DiGit blot scanner.

2.8 DNA extraction from blood

Extraction of DNA from blood samples was performed using a QIAGEN Puregene Blood Core
Kit C #158389 according to the manufacturer’s instructions. This kit uses an anionic detergent
to lyse cells in the presence of a DNA stabilizer, which limits the activity of DNases. An RNA

digesting enzyme is used to remove RNA from the sample through salt precipitation. The DNA
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was precipitated with alcohol and dissolved in the hydration solution. Extracted genomic DNA

was stored in the refrigerator at 4°C.

2.9 DNA extraction from cell lines

Extraction of DNA from cultured human cells was performed using the QIAGEN DNeasy Blood
and Tissue Kit #69504 according to the manufacturer’s instructions. This kit lyses samples using
proteinase K. Buffering solutions are added to optimize DNA binding to the column during
centrifugation while contaminants pass through. DNA bound to the column is washed twice and

is eluted using water. The extracted DNA was stored at -20°C.

2.10 Human identification

Human identification (HID) was carried out using the Thermo Fisher Scientific AmpFSTR
Identifiler PCR Amplification Kit according to the manufacturer’s instructions. This is a short
tandem repeat (STR) multiplex assay that amplifies 15 tetranucleotide repeat loci and a sex
chromosome specific marker in a single PCR amplification. The PCR conditions are initial
denaturation at 95°C for 11 min, followed by 28 cycles of 94°C for 1 min, 59°C for 1 min, 72°C
for 1 min and a final extension at 60°C for 60 min. Five different fluorescent dyes are used in
the analysis. The PCR products were combined with Hi-Di formamide (Thermo Fisher
Scientific) and GeneScan-500 (LIZ) (Thermo Fisher Scientific) standard on a 96-well plate;
samples were denatured at 94°C for 5 min and chilled at -20°C for 2 min. Capillary
electrophoresis was completed on an Applied Biosystems 3130 (Thermo Fisher Scientific) and
sample results were exported to the Applied Biosystems GeneMapper ID 3.2 software for

analysis.
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2.11 Multiplex ligation-dependent probe amplification (MLPA)

MLPA was completed using a MRC-Holland SALSA PCR kit (P366-A2) according to the
manufacturer’s instructions. Four wildtype controls were used along with one duplication
control, low TE buffer was used as a negative control. DNA samples were diluted to 20 ng/uL.
Denaturation was completed in a thermocycler at 98°C for 5 min and held at 25°C. The probe
mix consisted of 1.5 uL of SALSA probe mix and 1.5 uL MLPA buffer for each sample. 3.0 uL
of probe mix was added to each sample and the probes permitted to anneal to the DNA in the
thermocycler (95°C for 1 min then a hold at 60°C for 16-18 hr). Next, 32.0 uL of Ligase-65 mix
(3.0 uL Ligase-65 buffer A, 3.0ul Ligase-65 buffer B, 25.0 uL PCR grade water, 1.0 uL Ligase -
65 for each sample) was added to each sample tube at 54°C. Ligation was completed in the
thermocycler at 54°C for 15 min, followed by 98°C for 5 min and held at 4°C. The PCR mix
was then made (2.0 uL SALSA PCR primer mix, 0.5 uL. SALSA polymerase, 7.5 uL PCR grade
water) and 10 uL was added to each sample tube at room temperature. PCR (35 x [95°C for 30
sec, 60°C for 30 sec, 72°C for 1 min], 72°C for 20 mins, held at 15°C) was completed in the
thermocycler. The PCR products were diluted by adding 1.0 uL to 9.0 uL formamide mix (8.7
uL Hi-Di Formamide, 0.3 uL GS500 LIZ (Thermo Fisher Scientific)) in a 96-well plate. The
samples were denatured at 95°C for 5 min, then snap-cooled on ice. Samples were run by
capillary electrophoresis on an Applied Biosystems 3130 (Thermo Fisher Scientific) and data

analyzed using MRC-Holland Coffalyser software.
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2.12 PCR

Polymerase chain reactions were carried out using Thermo Fisher Scientific Phusion Taq
polymerase. Each reaction was carried out in 20 uL volumes. Reactions contained 4.0 uL of 5X
Phusion HF Buffer, 0.4 uL of 10 mM dNTPs, 1.0 uL of 10 uM forward and reverse primers, 1.0
uL of template DNA and 0.2 uL of Phusion polymerase. The remaining volume was nuclease-
free water to 20 uL. Primer names, locations, directions and melting points are found in Table
2.1 (all primers were ordered from integrated DNA technologies (IDT)). PCR conditions were
98°C for 30 sec, [98°C for 10 sec, 60°C for 30 sec, 72°C for 20 sec] x 35, 72°C for 5 min.
Annealing temperatures were adjusted based on melting temperatures (Ty,) of the primers used in
each reaction and extension time was adjusted to meet 10-30 seconds per kilobase of expected
read length. The reactions were performed in a Primer 3 thermocycler (Thermo Fisher

Scientific). All primers used in experiments and their annealing location are listed in Table 2.1.

2.13 PCR purification

PCR products were purified using the Fermentas Life Sciences GeneJET PCR purification kit
according to the manufacturer’s instructions. This kit uses a silica-based membrane technology
in a spin column to remove primers, dNTPs, enzymes, and other reaction components. Once

purified, PCR products were kept at -20°C.

2.14 Sanger Sequencing
PCR products were sequenced at the University of Alberta TAGC core lab facility. Samples
were submitted according to dilution guidelines with 3.2 pmol/uL primer. Sequencing reactions

were carried out using the Thermo Fisher Scientific Big Dye Seq Kit according to the
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manufacturer’s instructions. Samples were run on an Applied Biosystems 3130 Genetic
Analyzer (Thermo Fisher Scientific) and sequences were analyzed in Biomatters Limited
program Geneious. Alamut Visual Interactive Biosoftware was used to predict whether any

variants affected splicing.
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2.15 Bioinformatics

Trio Whole Exome Sequencing (WES) was completed off-site by DNALink on the patient,
mother and father. Based on the inheritance pattern and family history, the data was filtered for
compound heterozygous candidates (Figure 2.1). Two total records files were opened, the first
for share variants between the patient and his mother and a second for share variants between the
patient and his father. One document was filtered to contain only C300-TA (patient) and C300-
AL (mother) under the “Hetero” column and other document was filtered to contain only C300-
TA (patient) and C300-JA (father). Both documents were filtered under the “1000g MAF”
column to remove all blank values and only variants with minor allele frequency less than 0.01.
Both documents were filtered to remove blanks and synonymous variants in the column named
“HGVS p.” Under the “Impact” column, all variants predicted as “LOW” or “MODIFIER” were
removed. The remaining variants of each patient-mother and patient-father lists were compared
to each other and all non-shared genes were removed. Candidate genes were classified after
cross-referencing genes that appeared in both patient-mother and patient-father documents with a
list of genes currently known to show expression in the retina and that play a role in eye
development. Following HGVS guidelines, variants were investigated through databases and
freely available software including: dbSNP (available from: http://www.ncbi.nlm.nih.gov/SNP/,
Sherry ST, et al., 2001), SIFT (available from: http://sift.jcvi.org/, Ng PC and Henikoff S, 2002)

and PolyPhen-2 (available from: http://genetics.bwh.harvard.edu/pph2/, Adzhubei [, et al., 2013).
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Figure 2.1: Bioinformatic workflow. Bioinformatic workflow of filtering variants for
compound heterozygotes.



2.16 Mouse X-inactivation assay design

2.16.1 PCR

All mouse samples were previously genotyped to be heterozygous for the Chm wildtype and
Chm null alleles. RNA was extracted and cDNA was produced as previously described. The Chm
null allele has a deletion of exon 4. Three primers were designed and purchased from integrated
DNA technologies (IDT): a forward primer (5> —ACTGGGCCAGTTTCAGCTTT-3") and two
reverse primers fluorescently tagged with 56-FAM for quantification purposes, one in exon 4
(5’-TGCCACATTGAATTTTCAGTCACA-3’) and one in exon 5 (5°-
TTTTTCTGCAGTGCACCAGC-3’). Product lengths were designed to be similar but not
identical so the difference in fluorescent peaks could be seen by capillary electrophoresis. PCR
conditions were 98°C for 30 sec, 35 x [98°C for 10 sec, 60°C for 30 sec, 72°C for 10 sec], 72°C

for 5 min. The PCR products were run on 1% agarose gel at 120V for 20 min.

2.16.2 Electrophoresis Injection

A master mix containing 0.3 ul GeneScan500 (LIZ) (Thermo Fisher Scientific) and 9.0 ul HiD1
(Thermo Fisher Scientific) per reaction was made. PCR products were diluted to 100%, 50%
and 25% using water. 9.0 ul of this master mix and 1.0 ul of PCR product dilutions were added
to each well on the plate. The plate was gently vortexed, spun down and put on hot plate to
denature for 3 min at 95°C. The plate was then cooled on an ice block for 2 min. The samples
were then injected on the Applied Biosystems 3130 genetic analyzer (Thermo Fisher Scientific)
and the data was exported into the GeneMapper ID software (Thermo Fisher Scientific) for

analysis.
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CHAPTER 3 RESULTS

33



3.1 Patient A

Patient A, who is of Asian ancestry, had a reported family history of vision loss. As
choroideremia was suspected (Figure 3.1), immunoblot analysis was performed and confirmed a
lack of REP-1 protein (Figure 3.2). To determine the molecular basis for this result, sequencing
of coding regions of the CHM gene along with copy number analysis using multiplex ligation-
dependent probe amplification (MLPA) was performed previously in a diagnostic laboratory
(data not shown). These methods did not identify any pathogenic variants. As this patient had
agreed (years ago) to have a fibroblast cell line produced from a biopsy, RNA was extracted and
cDNA was produced. Our hypothesis was that this patient likely had a deep intronic splice
mutation that was not detectable by the above molecular assay. To assess this we planned on
amplifying the cDNA derived from the mRNA transcript in sequential steps to reveal any
splicing errors. The first amplicon included exons 1-5, the second amplicon included exons 1-6,
a third amplicon included exons 1-9 and a fourth amplicon included exons 1-14. All reactions
demonstrated a product of the expected length except for the fourth amplicon spanning exons 1-
14 (Figure 3.3). This implied that a defect lied between exons 9-14. To narrow down the
affected region further, reverse primers were designed along the cDNA transcript in exons 9, 10,
11,12, 13, 14 and the 3° UTR and PCR analysis determined the presence, absence, or variable
size of the CHM transcript (Figure 3.4). PCR products were of expected size until exon 10
(Figure 3.5). Although exon 10 did amplify, a closer examination of the size revealed the
fragment was 100 bp larger than expected (Figure 3.5). Therefore, this PCR product was
purified and Sanger sequenced. Alignment of the resulting abi file in the software Geneious
(Biomatters Limited©) revealed a 114 bp insertion that mapped to the adjacent intronic region

(Figure 3.7). In order to determine the underlying genomic variant that caused this mis-splicing,
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primers were designed to the area surrounding the region. Sanger sequencing of the genomic
DNA identified a point mutation in the intronic region (Figure 3.7). According to HGVS
nomenclature, this variant is ¢.1245-521A>G and is predicted by the software Alamut ®
(Interactive Biosoftware) which utilizes splicing prediction software such as Human Splice
Finder (HSF), GeneSplicer, NNSplice and Splice Site Finder (SSF) to cause a new, more
favourable splice acceptor. As a result, 114 bases of intronic sequence are introduced into the
mRNA transcript prior to exon 10. This point mutation changes the lysine to cysteine
(p.Lys415 Cys416ins22Ter) as well as inserts 21 amino acids into the protein sequence before
the introduction of a new stop codon. This mutation was confirmed through Sanger sequencing
of genomic DNA derived from patient blood samples kept in the research lab and also through an
independent sample banked in the diagnostic laboratory.

This patient’s sister was interested in knowing her carrier status for family planning
purposes. Through fundus examination, she was determined by Dr. MacDonald to have a female
carrier phenotype (Figure 3.9). This phenotype is an irregular, patchy retinal pigment
epithelium. Sanger sequencing completed on patient’s genomic DNA sample determined that

she carried the familial mutation (Figure 3.9).
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3.2 Patient B

A second, unrelated individual was first clinically diagnosed with choroideremia in 1997
(Figure 3.1). This patient, who is of Hungarian ancestry, also had a reported family history of
vision loss. As choroideremia was suspected, immunoblot analysis was performed by the
MacDonald lab and confirmed a lack of REP-1 protein (Figure 3.2). To determine the molecular
basis for this result, sequencing of coding regions of the CHM gene along with copy number
analysis using multiplex ligation-dependent probe amplification (MLPA) was performed (data
not shown). These methods also did not find any pathogenic variants. This patient had
previously agreed to have a fibroblast cell line produced from a biopsy so that cells would be
available for future research. RNA was extracted from these cell lines and cDNA was produced.

Again, PCR analysis of cDNA derived from patient cell lines was completed, following the
same steps as the previous patient. Similar to patient A, a change in band size was observed at
exon 10 (Figure 3.6). The PCR product was purified and Sanger sequenced. Alignment of the
resulting abi file in the Geneious software (Biomatters Limited ©) revealed the same 114 bp
insertion that mapped to the adjacent intronic region (Figure 3.7). The causative mutation was
verified through gDNA sequencing from a banked genomic DNA sample (Figure 3.7). As these
two patients were of different ancestry, the finding of the same mutation was unexpected. In
order to verify that the samples were not mixed-up (either by myself or the MacDonald
laboratory), microsatellite genotyping was completed on DNA derived from cell lines used in the
research laboratory and the stock DNA banked in the clinical diagnostic laboratory (Figure 3.8).
It was determined that the two patient microsatellite profiles were unique and more importantly,
the cell lines matched their respective genomic DNA stored in the clinical lab, thereby ensuring
no sample mix-up occurred. Additionally the MacDonald laboratory examined a nearby (approx.

3600 bp) single nucleotide polymorphism (SNP) rs#2223344 which had a minor allele frequency
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of 27.3%. This analysis revealed the c.1245-4158G>C was present in the hemizygous form in
Patient B while Patient A was hemizygous for the reference allele (G). This SNP difference
again verified sample identity and implied that this variant was not due to a common descent.
All other choroideremia patient samples lacking a molecular diagnosis in the MacDonald

research laboratory were sequenced and determined not to have this splice mutation.
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Figure 3.1: Patient A and Patient B photos of back of the eye. Top panels show colour
fundus photos of the macula (50 degrees) and the bottom panels are corresponding fundus
autofluorescence (30 degrees). A) and B) from patient A and C) and D) from patient B. All
fundus photos provided by Dr. Dimopoulous.

38



REF-1 (23 kDa) em—-—

B-actin (42 kDa) SN S S

Figure 3.2: Patient A and B Immunoblot analysis. Western blot analysis performed on
fibroblast protein taken from two affected individuals, showing the absence of REP-1 protein.
Lane 1: REP-1 present control; Lane 2: negative control; Lane 3: Patient A; Lane 4: Patient B.
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Figure 3.3: Patient A and B exons 5, 6, 9 and 14. Transcript walking of Patient A and B’s
cDNA. Lane 1: Thermo Fisher Scientific O’GeneRuler Ladder; Lane 2: REP-1 present control
exon 1-5; Lane 3: REP-1 present control exon 1-6; Lane 4: REP-1 present control exon 1-9; Lane
5: REP-1 present control exon 1-14; BOTTOM Lane 6: Thermo Fisher Scientific O’GeneRuler
Ladder, Lane 7: Patient A exon 1-5; Lane 8: Patient A exon 1-6; Lane 9: Patient A exon 1-9;
Lane 10: Patient A exon 1-14; Lane 11: Patient B exon 1-5; Lane 12: Patient B exon 1-6; Lane
13: Patient exon 1-9; Lane 14: Patient B exon 1-14; Lane 15: negative control exon 1-5; Lane 16:
negative control exon 1-6; Lane 17: negative control exon 1-9 and 1-14.
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Figure 3.4: Patient A PCR analysis of cDNA exons 9, 10 and 11. Lane 1: Thermo Fisher
Scientific O’GeneRuler Ladder; Lane 2: REP-1 present control exon 1-9; Lane 3: Patient A exon
1-9; Lane 4: negative control exon 1-9; Lane 5: REP-1 present control exon 1-10; Lane 6: Patient
A exon 11-0; Lane 7: negative control exon 1-10; Lane 8: REP-1 present control exon 1-11;
Lane 9: Patient A exon 1-11; Lane 10: negative control exon 1-11.
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Figure 3.5: Patient A PCR of cDNA exons 9 — 3’ UTR. Noticed band height change after exon
9 and continued through the rest of the transcript. TOP Lane 1: Thermo Fisher Scientific
O’GeneRuler Ladder; Lane 2: REP-1 present control exon 1-9; Lane 3: Patient A exon 1-9; Lane
4: negative control exon 1-9; Lane 5: REP-1 present control exon 1-10; Lane 6: Patient A exon
1-10; Lane 7: negative control exon 1-10; Lane 8: REP-1 present control exon 1-11; Lane 9:
Patient A exon 1-11; Lane 10: negative control exon 1-11; Lane 11: REP-1 present control exon
1-12; Lane 12: Patient A exon 1-12; BOTTOM Lane 13: Thermo Fisher Scientific O’GeneRuler
Ladder; Lane 14: negative control exon 1-12; Lane 15: REP-1 present control exon 1-13; Lane
16: Patient A exon 1-13; Lane 17: negative control exon 1-13; Lane 18: REP-1 present control
exon 1-14; Lane 19: Patient A exon 1-14; Lane 20: negative control exon 1-14; Lane 21: REP-1
present control exon 1-3’UTR; Lane 22: Patient A exon 1-3’UTR; Lane 23: negative control
exon 1-3°’UTR.
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Figure 3.6: Patient B PCR of cDNA exons 9 — 3’ UTR. Noticed band height change after exon
9 and continued through the rest of the transcript. TOP Lane 1: Thermo Fisher Scientific
O’GeneRuler Ladder; Lane 2: REP-1 present control exon 1-9; Lane 3: Patient B exon 1-9; Lane
4: negative control exon 1-9; Lane 5: REP-1 present control exon 1-10; Lane 6: Patient B exon
1-10; Lane 7: negative control exon 1-10; Lane 8: REP-1 present control exon 1-11; Lane 9:
Patient B exon 1-11; Lane 10: negative control exon 1-11; Lane 11: REP-1 present control exon
1-12; Lane 12: Patient B exon 1-12; BOTTOM Lane 13: Thermo Fisher Scientific O’GeneRuler
Ladder; Lane 14: negative control exon 1-12; Lane 15: REP-1 present control exon 1-13; Lane
16: Patient B exon 1-13; Lane 17: negative control exon 1-13; Lane 18: REP-1 present control
exon 1-14; Lane 19: Patient B exon 1-14; Lane 20: negative control exon 1-14; Lane 21: REP-1
present control exon 1-3’UTR; Lane 22: Patient B exon 1-3’UTR; Lane 23: negative control
exon 1-3’UTR.
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Figure 3.7: Sequencing results for patients A and B. A) Sequencing of Patient A (top) and
Patient B (bottom) cDNA showing 114bp of inserted deep intronic sequence. B) Sequencing of
Patient A (top) and Patient B (bottom) gDNA showing the single nucleotide change c.1245-

521A>G
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Figure 3.8: Human identification. Human Identification of various genetic markers comparing
cell line DNA and stock genomic DNA of Patient A sample to determine no cell mix up
occurred. A) yellow, B) red, C) green and D) blue wavelengths. Peaks marked with yellow
speech bubble are bleed through fluorescence of another colour wavelength.
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Figure 3.9: Patient A’s sister’s carrier status. A) Patient A’s sister’s fundus photos obtained
from Dr. Dimopoulous. B) Sanger sequencing of gDNA showing expression of both the normal
allele and c.1245-521A>G.
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3.3 Patient C

This patient was diagnosed by Dr. lan MacDonald as likely having choroideremia
although he presented with an unusually severe choroideremia-like phenotype for his young age
of 18 years. As this patient had also agreed (years ago) to have a fibroblast cell line produced
from a biopsy, RNA was extracted and cDNA was produced. A similar transcript walking
approach was used as performed for patients A and B. The first amplicon included exon 1
through to the exon 1/exon 2 boundary, the second amplicon included exons 1 through to the
3’UTR. In contrast to the previous patients, Patient C had a PCR product consistent with the full
length CHM transcript (Figure 3.10). All PCR products representing various exons from the
transcript of the CHM gene were also of expected length (Figure 3.11, Figure 3.12). As the PCR
analysis revealed the entire CHM transcript, immunoblot analysis was performed to examine for
the REP-1 protein. This analysis confirmed that this patient expressed the REP-1 protein at the
expected molecular weight (Figure 3.13). Due to the lack of REP-1 protein expression, the early
onset of this patient’s symptoms and the patient not having myopia, we concluded that this
patient had been misdiagnosed with CHM and began to look for an alternative cause for his

disease.
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Figure 3.10: Patient C full length PCR analysis of REP-1 transcript. Lane 1: Thermo Fisher
Scientific O’GeneRuler Ladder; Lane 2: negative control exon 1; Lane 3: no reverse
transcriptase control; Lane 4: REP-1 present control exon 1; Lane 5: Patient C exon 1; Lane 6:
REP-1 present control exon 1 through to the 3° UTR; Lane 7: Patient C exon 1 through to the
3’UTR.
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Figure 3.11: Patient C cDNA exons 5, 6 and 9. All appear normal when compared to the REP-
1 REP-1 present control. Lane 1: Thermo Fisher Scientific O’GeneRuler Ladder; Lane 2:
negative control exon 1-5; Lane 3: REP-1 present control exon 1-5; Lane 4: Patient C exon 1-5;
Lane 5: negative control exon 1-6; Lane 6: REP-1 present control exon 1-6; Lane 7: Patient C
exon 1-6; Lane 8: negative control exon 1-9; Lane 9: REP-1 present control exon 1-9; Lane 10:
Patient C exon 1-9.
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Figure 3.12: Patient C cDNA exons 11, 12, 13 and 14. All appear normal when compared to
the REP-1 REP-1 present control. Lane 1: Thermo Fisher Scientific O’GeneRuler Ladder; Lane
2: REP-1 present control exon 1-11; Lane 3: Patient C exon 1-11; Lane 4: REP-1 present control
exon 1-12; Lane 5: Patient C exon 1-12; Lane 6: REP-1 present control exon 1-13; Lane 7:
Patient C exon 1-13; Lane 8: REP-1 present control exon 1-14; Lane 9: Patient C exon 1-14;
Lane 10: negative control exon 1-11; Lane 11: negative control exon 1-12; Lane 12: negative
control exon 1-13 and exon 1-14.
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Figure 3.13: Patient C Immunoblot analysis. Patient C expresses REP-1 protein of normal
weight. Lane 1: Ladder; Lane 2: Patient C’s mother; Lane 3: negative control; Lane 4: Patient C;
Lane 5: REP-1 present control; Lane 6: REP-1 present control.
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As it was known that novel inherited ocular disorders are being investigated successfully
with whole exome sequencing (WES), we chose to send Patient C and his parents to DNALink
(San Diego, USA) for WES analysis (Tiwari et al., 2016). We obtained the vcf file in an excel
format and then proceeded to filter the variants for possible candidate genes (as outlined in
Figure 2.1). Due to the inheritance pattern, an autosomal recessive mode of inheritance seemed
most likely, and compound heterozygous mutations were sought. Variants in three candidate
genes, COLI18A41, PROM1I and CRBI were investigated according to American College of
Medical Genetics and Genomics (ACMG) guidelines (Richards et al., 2015) (Table 3.1). These
variant classification guidelines were decided upon based on expert opinion of a working group
of clinical laboratory directors and clinicians. Due to the increased complexity of interpreting
variants acquired from new genetic testing technologies, ACMG recommends classifying
variants into five standardized categories: “pathogenic”, “likely pathogenic”, “uncertain
significance”, “likely benign” and “benign” (Richards et al., 2015). Variants are sorted through
information available in population data, bioinformatics predictions, functional studies, familial
inheritance and other data that may be applicable. Evidence supporting benign or pathogenic
classifications is categorized and a final classification is determined.

The variant annotation software, Alamut ® (Interactive Biosoftware), was used to gather
bioinformatic evidence. Variant c.1175T>C in COL18A1 has a minor allele frequency (MAF) of
0.033. Three out of four software that predict the functional effect of missense changes to
proteins predicted this alteration as having no consequence (Align GVGD, SIFT, and
MutationTaster), while PolyPhen-2 predicted this variants to be probably damaging (Figures Al
and A2). As three of the four prediction programs suggested benign, I chose to check off

“predict neutral” on the guideline forms. Splice prediction using several software algorithms
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(SSF, MaxENT, NNSPLICE, GeneSplicer and Human Splice Finder - HSF) showed no changes
in splicing (Figure A3). These analyses were summarized according to ACMG guidelines with
the variant determined to be of unknown significance (VUS) (Figure A4).

Variant ¢.4060C>T in the COLI8A1 gene has a recorded MAF of 8% in some ethnicities
and is predicted by Align GVGD and SIFT to have no consequence, while MutationTaster and
PolyPhen-2 predict this variant to be probably damaging (Figures A5 and A6). Alamut-
associated splice prediction programs showed a possibly more favourable splice acceptor (Figure
A7). These analyses were summarized according to ACMG guidelines and the variant
determined to benign (Figure A8).

Variant ¢.868A>C in PROM1 has a minor allele frequency (MAF) of 0.004, predicted as
tolerated by AlignGVGD, SIFT and MutationTaster, while PolyPhen-2 predicted this variant to
be possibly damaging (Figures A9 and 10). Alamut-associated splice prediction programs
showed a loss of splice acceptor site (Figure A11). These analyses were summarized according
to ACMG guidelines and the variant was determined to be of unknown significance (VUS)
(Figure A12).

Variant ¢.1559C>T in the PROM1 gene has no reported MAF and is predicted by all four
software to have no consequence (Figures A13 and A14). Alamut-associated splice prediction
programs showed no favourable changes to splicing (Figure A15). These analyses were
summarized according to ACMG guidelines and the variant determined to be of unknown
significance (VUS) (Figure A16).

The variant ¢.3202A>G in CRB] has been previously reported three times in ClinVar in
patients with pigmented paravenous chorioretinal atrophy, Leber congenital amaurosis and

recessive retinitis pigmentosa. Only one variant was investigated in the gene because the
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variants filtered in the other parent were common SNPs but listed in the variant report with
incorrect reference numbers. Align GVGD, SIFT and PolyPhen-2 predict this variant as having
no consequence, while MutationTaster classifies it as disease causing (Figures A17 and A18).
Alamut splice predictor showed no favourable splicing changes (Figure A19). These analyses
were summarized according to ACMG guidelines and the variant determined to be of unknown

significance (VUS) (Figure A20).
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Gene Variant MAF | SIFT Polyphen- | Align MutationTaster | Predicted | Classification
2 GVGD splicing
changes
COLI8A | c.1175T>C | 0.033 | Tolerated | Probably No Polymorphism None Unknown
damaging | consequence significance
COL18A | c.4060C>T | 0.08 Tolerated | Probably No Disease causing More Benign
damaging consequence favourable
splice
acceptor
PROM1 | c.868A>C 0.004 | Tolerated | Possibly No Polymorphism Loss of Unknown
damaging | consequence splice significance
acceptor
site
PROMI1 | c.1559C>T | None | Tolerated | Benign No Polymorphism None Unknown
consequence significance
CRBI1 c.3202A>G | None | Tolerated | Benign No Disease causing None Unknown
consequence significance

Table 3.1 Summary of variants. Candidate variants and information used in classification of

the variants as benign, pathogenic or unknown significance.
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3.4 Patient D

This patient sample came to us from Finland. The patient has a reported family history
of vision loss. As choroideremia was suspected, the MacDonald laboratory performed
immunoblot analysis and he was confirmed to have a lack of REP-1 protein (data not shown).
To determine the molecular basis for this result, sequencing of coding regions of the CHM gene
along with copy number analysis using multiplex ligation-dependent probe amplification
(MLPA) was performed (Figure 3.14). These analyses did not find any pathogenic variants. As
this patient had also agreed to have a fibroblast cell line produced from a biopsy, RNA was
extracted and cDNA was produced. Again, a similar approach was taken to examine for splice
alterations — PCR amplicons were “walked” along the exons. The PCR amplicon from exon 1
through to the exon 1/exon 2 boundary was not present and the full-length transcript (exon 1
through to the 3’UTR) appeared weaker and of longer length (Figure 3.15). Exon walking of
the transcript similar to patients A and B, revealed no normal PCR products in Patient D (Figure
3.16). Given that all individual exons did not appear to be present and no REP-1 protein was
produced, I hypothesized that this patient could have a regulatory mutation such as a point
mutation, insertion, deletion or other gross rearrangement in the non-coding region of the gene.
Therefore, using gDNA derived from the same patient cell line, I started analysis upstream of the
CHM translational start codon. The core promoter region in this patient, spanning c.-119 to c.-79
(Radziwon et al., 2017) had just been determined by the MacDonald laboratory to be free of
mutations. Therefore there was potential for a novel regulatory element to be altered further
upstream. Normal-sized PCR product was observed 300 bp upstream of the transcriptional start;
however, PCR product was not amplified at a location 2 kb upstream (Figure 3.17). Looking

internal to those two primer sets, a normal amplicon was produced at 500 bp upstream yet no
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product was produced 1 kb upstream (Figure 3.18). Suspecting a large deletion, multiple primer
pairs that served as short probes were designed to investigate the deletion’s 5’ boundary (Figure
3.19): primers 286 and 287 which are 100 kb upstream of CHM in the neighbouring gene,
DACH?2, primers 284 and 285 which are 50 kb upstream and primers 282 and 283 which are 25
kb upstream. PCR analysis showed the primers produced amplicons of the same size and
amount as those from a REP-1 present control (Figure 3.20). This was repeated with primers
288 and 289 at 10 kb upstream, primers 290 and 291 at 15 kb upstream and primers 292 and 293
at 20 kb upstream, which again demonstrated amplification of products identical to the REP-1
present control (Figure 3.21). Two more primer pairs were designed: 294 and 295 were 7.5 kb
upstream and primer pair 296 and 297 were 8.5 kb upstream. Again, there was no difference
between the REP-1 present control sample and Patient D (Figure 3.22). To investigate whether a
deletion including exon 1 through to 7 kb upstream was occurring, a long-range PCR was
completed. Failure to produce a band of similar strength to the REP-1 present control at a
smaller size minimized the likelihood that the mutation in this patient was a deletion (Figure
3.23). The PCR results thus far could only be explained by one of two hypotheses (Figure 3.24).
To investigate whether an inversion took place, pairs of forward primers in the area of interest
were used. Several forward primer pairings amplified the region of interest from patient DNA,
however as expected in the REP-1 present control no amplification occurred (Figure 3.25).
Schematics of primer locations and PCR product results in REP-1 present control and our patient
are summarized in Table 3.3. Through further amplifications it was determined that the
upstream region of the gene as well as the first exon of the CHM gene was involved in an
inversion (Figure 3.26). This novel inversion was validated through sequencing and has been

named c.-839 49+5528inv (Figure 3.27). A diagnostic multiplex PCR was created in order to
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screen future choroideremia patients and was demonstrated to correctly identify this variant in
Patient D (Figure 3.28). This assay was shown to be specific to this inversion as it did not create
false positives in multiple REP-1 present control samples (Figure 3.29). Although a female
carrier was not available to run with this assay, it is expected that a female carrier would produce

two identifiable bands representing both the normal and inversion allele.
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change in ratio, therefore no deletions or duplications present in the coding region of Patient C.
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Figure 3.15: Patient D full length PCR analysis of REP-1 transcript. Lane 1: Thermo Fisher
Scientific O’GeneRuler Ladder; Lane 2: REP-1 present GAPDH positive control; Lane 3: Patient
D GAPDH positive control; Lane 4: REP-1 present control exon 1; Lane 5: Patient D exon 1;
Lane 6: REP-1 present control exon 1-3” UTR; Lane 7: Patient D exon 1-3’UTR.
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Figure 3.16: Patient D cDNA PCR analysis of exons 5, 6,9, 14 and 3’UTR. All appear
normal when compared to the REP-1 present control. Lane 1: Thermo Fisher Scientific
O’GeneRuler Ladder; Lane 2: REP-1 present control exon 1-5; Lane 3: Patient D exon 1-5; Lane
4: REP-1 present control exon 1-6; Lane 5: Patient D exon 1-6; Lane 6: REP-1 present control
exon 1-9; Lane 7: Patient D exon 1-9; Lane 8: REP-1 present control exon 1-14; Lane 9: Patient
D exon 1-14; Lane 10: negative control exon 1-3’UTR; Lane 11: negative control exon 1-
3’UTR; Lane 12: no template control.
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Figure 3.17: 300 bp and 2 kb upstream analysis of CHM gene in Patient D. The promoter
region and 300 bp upstream appear normal while a complete loss of band is observed at 2 kb
upstream. Lane 1: Thermo Fisher Scientific O’GeneRuler Ladder; Lane 2: REP-1 present
control promoter region; Lane 3: Patient D promoter region; Lane 4: REP-1 present control 300
bp upstream; Lane 5: Patient D 300 bp upstream; Lane 6: REP-1 present control 2 kb upstream;
Lane 7: Patient D 2 kb upstream; Lane 8: negative control promoter region; Lane 9: negative
control 300 bp upstream; Lane 10: negative control 2 kb upstream.
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Figure 3.18: 500 bp and 1 kb upstream analysis of CHM gene in Patient D. The promoter
region and 500 bp upstream appear normal while a complete loss of band is observed at 1 kb
upstream. Lane 1: Thermo Fisher Scientific O’GeneRuler Ladder; Lane 2: REP-1 present control
promoter region; Lane 3: Patient D promoter region; Lane 4: REP-1 present control 500 bp
upstream; Lane 5: Patient D 500 bp upstream; Lane 6: REP-1 present control 1 kb upstream;
Lane 7: Patient D 1 kb upstream; Lane 8: negative control promoter region; Lane 9: negative
control 500 bp upstream; Lane 10: negative control 1 kb upstream.
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Figure 3.19: Primer locations. Schematic of primer locations used in upstream PCR analysis
and inversion investigation of Patient D. A) Locations of primers between CHM and upstream
neighbouring gene DACH2, B) a closer look at primer locations upstream of CHM and C) primer
locations upstream of CHM and in the first intron.
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Figure 3.20: 25 kb, 50 kb and 100 kb upstream analysis of CHM gene in Patient D. The
promoter region, 25 kb, 50 kb and 100 kb all appear normal compared to REP-1 REP-1 present
individual. Lane 1: Thermo Fisher Scientific O’GeneRuler Ladder; Lane 2: REP-1 present
control promoter region; Lane 3: Patient D promoter region; Lane 4: REP-1 present control 25
kb upstream; Lane 5: Patient D 25 kb upstream; Lane 6: REP-1 present control 50 kb upstream;
Lane 7: Patient D 50 kb upstream; Lane 8: REP-1 present control 100 kb upstream; Lane 9:
Patient D 100 kb upstream; Lane 10: negative control promoter region; Lane 11: negative control
25 kb upstream; Lane 12: negative control 50 kb/100 kb upstream.
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Figure 3.21: 10 kb, 15 kb and 25 kb upstream analysis of CHM gene in Patient D. The
promoter region, 10 kb, 15 kb and 20 kb all appear normal compared to REP-1 present
individual. Lane 1: Thermo Fisher Scientific O’GeneRuler Ladder; Lane 2: REP-1 present
control promoter region; Lane 3: Patient D promoter region; Lane 4: REP-1 present control 10
kb upstream; Lane 5: Patient D 10 kb upstream; Lane 6: REP-1 present control 15 kb upstream;
Lane 7: Patient D 15 kb upstream; Lane 8: REP-1 present control 20 kb upstream; Lane 9:
Patient D 20 kb upstream; Lane 10: negative control promoter region; Lane 11: negative control
10 kb upstream; Lane 12: negative control 15 kb/20 kb upstream.
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Figure 3.22: 7.5 kb and 8.5 kb upstream analysis of CHM gene in Patient D. The promoter
region, 7.5 kb and 8.5 kb appear normal compared to REP-1 present individual. Lane 1: Thermo
Fisher Scientific O’GeneRuler Ladder; Lane 2: REP-1 present control promoter region; Lane 3:
Patient D promoter region; Lane 4: REP-1 present control 7.5 kb upstream; Lane 5: Patient D 7.5
kb upstream; Lane 6: REP-1 present control 8.5 kb upstream; Lane 7: Patient D 8.5 kb upstream;
Lane 8: negative control promoter region; Lane 9: negative control 7.5 kb upstream; Lane 10:
negative control 8.5 kb upstream.
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Figure 3.23: Long-range PCR. Long-range PCR to check for a deletion upstream of CHM gene
in patient D. No product was produced in patient sample, therefore unable to confirm deletion.
Lane 1: Thermo Fisher Scientific O’GeneRuler; Lane 2: REP-1 present control 7.5 kb upstream,;
Lane 3: Empty, nothing loaded; Lane 4: Patient D 7.5 kb upstream; Lane 5: negative control 7.5
kb upstream.
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Figure 3.24: Inversion hypotheses. Schematic of two possible inversions occurring in Patient
D based on PCR result thus far.
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Figure 3.25: PCR using pairings of two forward primers. No amplification in REP-1 present
individual but amplification in Patient D, suggests inversion upstream of CHM gene. Lane 1: 1
kb Plus Ladder; Lane 2: REP-1 present control with primers 142 and 193; Lane 3: Patient D with
primers 142 and 193; Lane 4: REP-1 present control with primers 142 and 191; Lane 5: Patient
D with primers 142 and 191; Lane 6: REP-1 present control with primers 142 and 184; Lane 7:
Patient D with primers 142 and 184; Lane 8: negative control with primers 142 and 193; Lane 9:
negative control with primers 142 and 191; Lane 10: negative control with primers 142 and 184.
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Figure 3.28: Inversion diagnostic multiplex PCR. Diagnostic multiplex PCR on REP-1
present control patient and Patient D. Lane 1: 1 kb Plus Ladder; Lane 2: REP-1 present control
with primers 142, 017, 132 and 315; Lane 3: Patient D with primers 142, 017, 132 and 315; Lane

4: negative control.
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Figure 3.29: Diagnostic multiplex PCR. Diagnostic multiplex PCR with primers 142, 017, 132
and 315 for mutation c.-839 49+5528inv completed on patient D carrying the inversion mutation
and six REP-1 present control individuals. Lane 1: 1 kb Plus Ladder; Lane 2: REP-1 present
control; Lane 3: Patient D; Lane 4: individual without choroideremia; Lane 5: individual without
choroideremia; Lane 6: individual without choroideremia; Lane 7: individual without
choroideremia; Lane 8: individual without choroideremia; Lane 9: no template negative control.
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Patient Age | Refractive error ‘ Vision Family history Ancestry

Patient A 39 (OD) -4.00 (OD) 20/32 | Reported, mother Korean
(OS) -4.00 (OS) 20/32 | confirmed carrier

Patient B 30 (OD) -3.50 (OD) 20/30 | Reported, sister Hungarian
(OS) -4.50 (OS) 20/40 | confirmed carrier

Patient C 16 No glasses (OD) 20/400 | None reported First Nations

(0S) 20/150

Patient D 67 (OD) +0.75 (OD) 20/32 | Reported, mother Finnish

(OS) +2.50 (OS) 20/63 | confirmed carrier

Table 3.2 Patient summary. Patient information including phenotypic information when study
started: age, refractive error, vision, reported family history and ancestry.
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3.5 X-Inactivation

Due to the inheritance pattern of Chm, heterozygous null females are mosaic for REP-1
present and REP-1 absent cells (Tolmachova et al., 2006). It is estimated that 50% of cells are
expressing the knockout version of the gene, but the expression of the REP-1 protein from the
normal allele could vary due to random X-inactivation. Such a difference in REP-1 expression
could lead to variable results when REP-1 function was studied using a biochemical assay (ie.
some heterozygous females may have increased function while others may show very little
function depending on their random CHM inactivation). In order to correlate REP-1 expression
due to X-inactivation patterns with the biochemical assay currently being performed in the Posse
de Chavez laboratory, a quantitative X-inactivation assay was developed. This assay relies on
measuring the amount of fluorescence from primers designed to flank the region of interest in the
transcript. The amount of fluorescently labelled PCR product amplified in the region correlates
to the level of expression of the specific X chromosome transcript as the primers incorporated
exon 4, which is missing in the Chm null mouse (Figure 3.50). RNA extracted from ear punch
samples from heterozygous mice was converted to cDNA and PCR analysis was completed to
ensure proper primer specificity (Figure 3.51). PCR products dilutions of 50% and 20% were
injected and electrophoresis was measured with peaks at expected lengths for both the wildtype
and Chm™'** alleles (Figure 3.52). The wildtype allele (using the primer located in exon 4) will

show a peak at approximately 85 bp and the Chm'**

allele (using the primer located in exon 5) at
95 bp and in the wildtype allele at 220 bp. Two sets of primers were designed to produce
fragments of similar length to account for PCR amplification bias. PCR reactions could be

combined into one multiplex PCR reaction in the future using the primer set with the reverse

primer in exon 5. This would require taking into consideration the PCR amplification bias for
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the smaller, knockout fragment (excluding exon 4) amplifying at a higher efficiency than the

longer, wildtype allele product (including exon 4).
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Figure 3.30: Schematic representation of Chm transcripts. Location of loxP sites in Chm®"**

mouse transcript and primers used for the X-inactivation assay.

82



Figure 3.31: X-inactivation mouse assay. PCR products run on 1% agarose gel. Lane 1:
Thermo Fisher Scientific O’GeneRuler Ladder; Lane 2: mouse cre 8 exon 1-4; Lane 3: mouse
cre 12 exon 1-4; Lane 4: mouse cre 15 exon 1-4; Lane 5: mouse cre 8 exon 1-5; Lane 6: mouse
cre 12 exon 1-5; Lane 7: mouse cre 15 exon 1-5; Lane 8: no RNA control exon 1-4; Lane 9: no
RNA control exon 1-5.
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Figure 3.32: Electrophoresis graphs of PCR product dilutions. PCR dilution electrophoresis
graphs showing expected peak location for wildtype and Chm™'** alleles. A) Reverse primer in
exon 5 picks up transcripts from both wildtype (220 bp) and Chm"* (95 bp) alleles. B) Reverse
primer in exon 4 only picks up wildtype transcript (84 bp).
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CHAPTER 4 DISCUSSION
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4.1 Importance of identifying novel CHM mutations

Due to the phenotypic similarities that choroideremia shares with other ocular disorders,
such as retinitis pigmentosa (RP), it is crucial to identify the molecular diagnosis of
choroideremia in order for patients to have the hope of potential gene therapy treatment or for
family or career planning purposes. Retinitis pigmentosa is much more complicated genetically
than monogenic choroideremia, having more than 40 associated genes (Ferrari et al., 2011).
Being misdiagnosed with RP, patients will miss out on the opportunity to potentially be included
in a gene therapy trial or treatment. Although sequencing the coding region of the CHM gene
appears to be the standard for the diagnosis of choroideremia, our research shows that
sequencing the non-coding regions of the gene may also be required in some patients to confirm
the diagnosis. Developing assays that target the non-coding region may noticeably increase the

diagnostic sensitivity for choroideremia.

4.2 Novel splice mutation

The identification of the same novel splice mutation c¢.1245-521A>G in two unrelated
individuals from different ancestries was unexpected. A human identification protocol was
completed on DNA obtained from cell lines in the research laboratory and DNA obtained
directly from patient samples in the molecular diagnostic lab. Analysis of a nearby SNP showed
different nucleotides in both patients, suggesting that this mutation may not have arisen on a
single genetic background. The confirmation of sample identity and absence of common descent
suggests that this area of the gene could potentially be a hotspot for mutations. Upon further
investigation of that region and surrounding areas, some inverted repeats were discovered

nearby. The repetitive nature of the sequence surrounding this mutation can cause DNA
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instability and cause replication machinery to make mistakes, leading to a more favourable
mutation site. In addition, the deamination of adenine is a relatively common mutation,
accounting for approximately 15% of A>G transitions (Parry, 2007). The deamination of
adenine changes adenine to hypoxanthine, which pairs with cytosine and upon replication, binds
to guanine, resulting in the A>G transition (Parry, 2007). As only a single SNP was analyzed,
further SNPs would need to be assessed to determine if the patients with the same mutation
indeed carry different haplotypes. Regardless, the different ethnicities of the patients support the
hypothesis that this area is a hotspot for mutations.

Analysis of RNA samples from patients is typically the easiest and most reliable way to
detect splicing defects. However, if RNA is not available, or RNA is not expressed in the tissue
obtained, such as lymphocytes from peripheral blood, other widely used laboratory techniques
are the in vitro splicing assays or minigene splicing assays. These splicing assays require two
key components: minigene constructs and mammalian crude pre-mRNA nuclear extracts, usually
generated from HelLa cells (Movassat, Mueller, & Hertel, 2014). The minigene constructs
identify specific splicing regulatory elements and identify features that control intron and exon
usage as well as cis-acting and frans-acting factors (Movassat et al., 2014). The limitations of
this assay include a decreased rate of intron removal in comparison to the in vivo reaction and the
restricted size of RNA than can be used (less than 2,000 bp) (Movassat et al., 2014). However,
laboratory testing for all splicing variants is expensive and time consuming, therefore, in silico
software technologies are more amendable to a diagnostic laboratory.

Current in silico software relies on machine learning, whereby known splice sites are
used to ‘teach’ the computer; the user can then input an unknown sequence and the software will

predict the likelihood of splicing based on its knowledge of actual splice sites. This method is
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economical as it allows molecular geneticists to screen thousands of variants and narrow down
candidates for further experimental confirmation. The c.1245-521A>G variant in CHM is
predicted to introduce a canonical splice acceptor. Alamut maximum entropy splicing prediction
software demonstrated that this new splice acceptor is more favourable in terms of entropy. The
aberrant splicing was confirmed through sequencing of the resulting RNA transcript. All
programs summarized by Alamut splice predictor (SSF, MaxENT, NNSPLICE, GeneSplicer and
HSF) yielded the same prediction. Due to aberrant splicing, it is likely that the RNA transcript
will undergo nonsense-mediated decay (NMD) and therefore, no REP-1 protein is detectable in

this patient.

4.3 Nonsense mediated decay

The nonsense-mediated mRNA decay (NMD) pathway occurs in the cytoplasm and
selectively degrades mRNAs containing premature termination codons (PTCs) as well as cellular
RNAs that are abundant (Hug, Longman, & Caceres, 2016). Without NMD, the mRNAs
containing PTCs would be translated into truncated proteins, which could potentially have a
deleterious effect on the organism (Hug et al., 2016). The purpose of the nonsense mediated
decay pathway is to degrade transcripts containing PTCs and also to aid in the regulation of
normal transcripts, which works to control gene expression (Hug et al., 2016). The NMD
process must be able to differentiate a normal termination codon from a premature one (Hug et
al., 2016). Being closely linked to pre-mRNA splicing, the presence of an exon junction
complex (EJC) downstream of a termination codon is a good indicator it is a PTC rather than
normal stop codon (da Costa et al., 2017). The EJC is a multi subunit protein complex deposited
20-24 nucleotides upstream of an exon-exon junction during pre-mRNA splicing and remains

there until it is removed by translational machinery (Hug et al., 2016).
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NMD also degrades alternative spliced transcripts with frameshifts that lead to the
introduction of PTCs (da Costa et al., 2017). Bioinformatic predictions suggest that one third of
alternatively spliced human mRNAs leads to introduction of a PTC (da Costa et al., 2017). This
makes alternative splicing NMD an important post-translational mechanism for controlling gene

expression.

4.4 Improved diagnostic sensitivity

Improving the sensitivity of the diagnosis of choroideremia is important. Diagnostic
laboratories generally do not perform immunoblot analysis and instead rely on DNA testing. If a
clinical phenotype suggestive of choroideremia cannot be confirmed through a diagnostic test,
treatment by gene therapy is not an option. Some patients that phenotypically resemble
choroideremia may not have a mutation in CHM and may express REP-1 protein; an example in
this research would be Patient C. Without the improvements made from this research to the
sensitivity of diagnosis, Patient C may have undergone gene replacement therapy when it was
not needed. Overall, considering all the pathogenic mutations identified to date, a diagnostic
assay for CHM can reach 95% sensitivity. The diagnostic test sensitivity following the
discovery of the two novel mutations was determined by taking the number of patients with a
molecular diagnosis and dividing it by the total number of patients in the research database (that
are clinically suspected to have choroideremia) (Table 4.1). The remaining unknown patients
were tested for the novel splice mutation (c.1245-521A>G) and the novel inversion mutation (c.-
839 49+5528inv) and determined to not carry either of those mutations. It is entirely possible

that some of the remaining “unknown” patients have been misdiagnosed clinically and this
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would improve the overall test sensitivity. Hence, the numbers calculated in Table 4.1 likely

represent a conservative estimate of the sensitivity of CHM gene testing for choroideremia.
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Test Method Sensitivity in Affected Males
Coding sequence analysis 84%
Exon CNV analysis 9%
Promoter sequencing 0.3%
Intronic sequencing for 0.7%
c.1245-521A>G

Inversion analysis for 0.3%
c.-839 49+5528inv

Unknown 4.4%

Table 4.1: Improved diagnostic sensitivity. This research and now published research
categorizing the promoter of CHM (Radziwon et al., 2017) has improved the diagnostic
sensitivity for choroideremia.



4.5 Patient A’s sister’s carrier status

Determining the carrier status of Patient A’s sister was very important to her for family
planning purposes. Carrying this mutation gives her a 50% chance of having an affected male
child, as well as a 50% chance of having a carrier daughter. In a study conducted about fragile X
syndrome, Wehbe and colleagues investigated young adult females with a history of fragile X
syndrome for their opinions on the ideal ages for: learning fragile X is inherited, learning one
could be a carrier and offering carrier testing (Wehbe, Spiridigliozzi, Heise, Dawson, &
McConkie-Rosell, 2009). No participants in this study expressed regret about the timing of
disclosure of their genetic risk and their opinions for appropriate ages were linked to their own
experiences and their carrier status knowledge (Wehbe et al., 2009). Often it is recommended
that carrier testing should be deferred until the child is of an appropriate age to provide informed
consent. There are varying guidelines around the world of what age genetic and carrier testing is
acceptable for early onset diseases such as Tay-Sachs disease and cystic fibrosis (Nazareth,
Lazarin, & Goldberg, 2015). In the case of our patient, it is usually recommended that she wait
to have her female child undergo genetic testing until the child is an appropriate age to provide
consent, as female carriers of choroideremia are usually asymptomatic. If a female carrier of
choroideremia knew her child was male, genetic testing could be offered as early as requested
(i.e. even prenatally), as the decision to terminate a pregnancy remains her choice until
approximately 22 6/7 weeks. If testing is prolonged until after the birth of the child, it is hoped
that they could become eligible for gene therapy. The goal of gene therapy for choroideremia is
to prevent any further progression of the disease; therefore, being able to administer the therapy

before any vision loss occurred would be ideal.
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4.6 Patient C

Patient C, although phenotypically resembling choroideremia, is likely a phenocopy as he
does not carry a mutation in the CHM gene and was found to express the REP-1 protein by
immunoblot analysis. Since neither parent is affected and they report no family history of vision
problems, a compound heterozygous inheritance pattern seems most likely. The patient and both
parents were sent for whole exome sequencing and through iterative filtering, it was determined
that collagen alpha-1 (COL18A41), prominin-1 (PROM]I) or crumbs-1 (CRB1) genes were good
candidates for investigation. Mutations in collagen alpha-1 COL18A41 gene are known to cause
Knobloch syndrome (Haghighi et al., 2014). Knobloch syndrome presents with vitroretinal
degradation, recurrent retinal detachment, retinitis pigmentosa-like features, lens subluxation,
congenital high myopia and macular abnormalities (Haghighi et al., 2014). Although our patient
presents with retinitis pigmentosa-like features, the chorioretinal degeneration is a very rare
manifestation in Knobloch syndrome. In addition, our patient does not present with any other
syndromic characteristics of Knobloch. The variant c.1175T>C in COL18A1 is a missense
variant located in exon 1 which changes a leucine to a proline. There are no other reported
pathogenic variants in this functional domain of the protein. The variant ¢.4060T>C in
COL18A1 is a missense variant in exon 33, which converts a glycine to a serine. There are
reported likely benign missense and pathogenic frameshift mutations in this functional domain of
the protein.

Prominin-1 (PROM]) is expressed in vivo in the retina but its function remains mostly
unknown. Previously, a single nucleotide deletion has been reported to cause an autosomal
recessive retinal disorder (Jaszai, Fargeas, Florek, Huttner, & Corbeil, 2007). The affected

individual presented with symptoms similar to choroideremia, such as, night blindness, and
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progressive peripheral vision loss (Jaszai et al., 2007). For this reason, it is possible that the two
variants, one inherited from each parent, could combine and cause phenotypic symptoms similar
to those in our patient. The variant c.868 A>C in PROM] is a missense variant in exon 10, which
converts serine to arginine. This functional domain of this variant also contains previously
reported variants of unknown significance. The variant ¢.1559C>T is a missense variant in exon
15, which changes threonine to methionine. There is a previously reported pathogenic frameshift
variant as well as a reported missense variant of unknown significance located in the same
functional domain as variant ¢.1559C>T.

As for crumbs-1 (CRBI), this gene is known to cause many different ophthalmic
phenotypes, which have a wide variety of clinical features with no genotype correlation (Quinn,
Pellissier, & Wijnholds, 2017). CRBI is strongly linked to Leber Congenital Amaurosis (LCA)
and early-onset retinitis pigmentosa (RP) as well as early-onset rod-cone dystrophy (EORCD)
and cone-rod dystrophy (CRD) (Ehrenberg et al., 2013). The variant in our patient, ¢.3202A>G,
a missense mutation in exon 9 changing threonine to alanine, has been previously reported three
times in ClinVar to be pathogenic causing LCA, pigmented paravenous chorioretinal atrophy and
recessive retinitis pigmentosa. Although I did not identify another obvious variant in CRB], it
could be in the non-coding region, or incorrectly filtered out by my filters (i.e. it is falsely
predicted to be a low or moderate likelihood of pathogenicity, or a de novo change not present in
one parent). To follow up on this it would be important to remove all variant filters and examine
for any changes in the CRBI gene in this patient. Therefore, it is possible that the above variant
in this gene in our patient could be causing another ophthalmic phenotype that has not yet been

seen.
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It is also possible that these candidate variants are not the causative pathogenic variants in
this individual. Other inheritance patterns may also require investigation such as homozygous
autosomal recessive mutations, one inherited recessive mutation and one acquired de novo
mutation, a de novo autosomal dominant mutation or an X-linked mutation. In addition, because
exome sequencing was undertaken, it is possible there is a causative mutation in the non-coding
regions of a gene. It is also possible that the causative gene for this disorder is not in an already
known retina-expressed gene and in a gene with unknown expression. In order to investigate
homozygous recessive mutations, the first step in Figure 2.1 could be modified to filter only the
homozygous, and filtering would continue as described. To investigate an X-linked mutation,
the filters would be adjusted to contain only patient and mother in step two of Figure 2.1. The
filtering would require adding a step to filter only for variants on the X chromosome and
continue filtering as described.

Definitively assigning the genetic cause of disease requires further investigation of
candidate genes. With autosomal recessive disorders, examining segregation in the family
members will not be helpful. Therefore, after narrowing down suspect genes, investigating

whether protein is translated from the mutated transcripts would be an appropriate starting point.

4.7 Identifying structural rearrangements

DNA recombination is an important evolutionary process and it is essential for DNA
repair and replication. Occasionally when a gene pairs alongside its homologous chromosome
during meiosis or it’s complementary strand during DNA replication or repair, the sequence may
loop, break and be end-joined. This can cause the sequence to become inverted (Heyer &
Kanaar, 2004). The result is a balanced inversion, whereby frequently, little to no genetic

material is lost and the direction of the sequence is reversed.
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Traditional exon sequencing may miss these structural rearrangements, as demonstrated
by our inversion patient. Structural rearrangements present a particularly difficult diagnostic
challenge. Karyotyping and fluorescent in situ hybridization (FISH) have low sensitivity and
furthermore, they require the initial knowledge of the inversion for the assay design. Microarrays
can be used to narrow down breakpoints but they do not detect balanced rearrangements. Next
generation high-throughput DNA sequencing strategies have allowed the detection of balanced
chromosomal changes (Talkowski et al., 2011). Paired-end sequencing uses short reads (up to
500 bp) from both ends of millions of DNA fragments to detect and characterize rearrangements
(Campbell et al., 2008). In this strategy, small fragments have the advantage of greater
sensitivity for small intrachromosomal rearrangements and straightforward PCR confirmation
(Campbell et al., 2008). If slightly larger fragments are used instead of small fragments less than
500 bp, it becomes more difficult to sequence and annotate the breakpoints. Another strategy is
large-insert jumping libraries, which shear genomic DNA into a targeted insert size, those
fragments are circularized and then fragmented with the circularization junctions retained
(Hanscom & Talkowski, 2014). This derives short genomic fragments in which the ends are
separated by the size of the circle, which enables massively parallel sequencing of the ends of the
fragments and the size of the circle to provide information about the assembly of the genome
(Hanscom & Talkowski, 2014). Although our RNA analysis suggested a regulatory mutation or
potential upstream variant due to lack of transcript expression, diagnostic laboratories do not
have routine access to patient RNA. Therefore, these other new sequencing techniques are
becoming important diagnostic tools. The main disadvantage of most of these strategies is that
knowledge of where the inversion is occurring is important for diagnosis. Balanced inversions

are especially difficult as all the expected genetic material is present and without finding the
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inversion breakpoints, the genotype can appear normal on most assays. My diagnostic assay will
only detect this particular inversion, but there are likely other inversions in the CHM gene that

will need detection and can be identified by adapting this strategy.

4.8 Novel inversion mutation

The novel inversion mutation, c.-839 49+5528inv, was identified in the fourth patient in
this study. Unknown inversions present a particularly difficult diagnostic challenge as none of
the genetic material is missing. The typical short-range PCR-based assay will yield a false
negative result as primer pairs will still bind and amplify regions of the gene unless they
fortuitously span the inversion breakpoints. I have designed a diagnostic multiplex PCR to
accomplish identification of this particular inversion in future choroideremia patients. Southern
blots are typically used to detect inversion mutations, such as in haemophilia A families (Deutz-
Terlouw et al., 1995). DNA samples are digested with specific restriction enzymes, the
fragments are size separated by gel electrophoresis and following DNA transfer to a membrane a
probe is hybridized to the region in question (Deutz-Terlouw et al., 1995). Southern blot analysis
1s time consuming, labour intensive and expensive; therefore scientists have turned to next
generation sequencing (NGS) methods to detect inversions. Long-range PCR protocols can be
used to rule out deletions, but in order to be effective in diagnosing inversions; there must be
knowledge of the inversion location. This is the first inversion mutation characterized in the
choroideremia gene. The assay I designed will be much cheaper than a Southern blot
(approximately $5 vs $300) and faster (1 day vs 3-4 days). This makes it an ideal assay for

detecting a known inversion in a diagnostic laboratory.
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4.9 Genotype vs. phenotype

Many questions still remain in regards to a genotype-phenotype correlation within
choroideremia. It is suggested that because this is a monogenic disorder, all patients with a
mutation in this gene, resulting in lack of protein should have a similar phenotype but this is not
the case. All patients present with different severities and different ages of onset and the
individuals in this study are no different. The phenotypic variability could be due to a number
of factors: environmental, epigenetic or stochastic. Depending on the patient’s environment, job,
or lifestyle this could affect the severity of their symptoms of disease. It is possible that other
genes or proteins are involved in the mechanism of the disease (i.e. the other proteins involved in
membrane trafficking). Stochastic events taking place throughout development and aging, such
as unequal cellular divisions, may also lead to the variation observed in patients. One of our
novel mutations involves the region upstream of the gene and the newly characterized promoter
region being inverted, this patient’s phenotype is not markedly different than any other
choroideremia patient, suggesting that the mutation upstream of the gene does not change the

phenotypic outcome.

4.10 Clinical trials

Current clinical trials performed on patients with a complete loss of protein is considered
advantageous in terms of determining appropriate gene dosage (i.e. expression) levels. In
clinical trials for Leber Congenital Amaurosis (LCA), a misfolding mutation in RPE65 cannot be
treated through gene therapy because the misfolding, mislocalization and aggregation of mutant

protein causes cytotoxic effects (Li et al., 2014). A similar situation could occur with
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choroideremia gene therapy in patients with misfolding proteins. The importance of having a
molecular diagnosis and understanding of the patient’s mutation is increasingly important with
the idea of treatment. The aim of gene therapy would be to successfully prevent further death of
photoreceptor cells and therefore, treating a patient with very few healthy photoreceptor cells left
would be hard to consider as a success. The ideal candidate for gene therapy is one who is just
in the early stage of visual deterioration of their visual acuity. Patients with many remaining
viable photoreceptor cells are most likely to be successful candidates, although this usually
means they are younger in age, before deterioration has occurred. With knowledge of family
history and genetic diagnosis, these individuals would be more easily selected. No preference
should be given to one particular type of genetic mutation over another, as no genotype

phenotype correlation has been established (Freund et al., 2016).

4.11 X-inactivation

The fluorescence graphs produced were of expected size from the PCR products. This
assay allows an easily measurement of X-inactivation in the Chm mouse model. The scheduling
of model mice fell behind and the assay has not yet been completed on the mice in this study.
More work may need to be done when the mice are ready if the Posse de Chavez laboratory
wishes to use only one set of primers. Trials will need to be run on carrier female mice to
determine what the PCR amplification bias is and that difference can then be accounted for in the
resulting fluorescent graphs. Other laboratories working with this mouse knockout model of
choroideremia could use the assay. This assay is expected to permit comparison of fluctuations
in biochemical responses with the degree of X-inactivation present (i.e. provides a sensitive

measure of REP-1 expression).
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4.12 Future directions

There are still many questions when it comes to choroideremia and gene therapy. With
next generation sequencing becoming more affordable and accessible it may become the
standard to sequence the entire genetic region of the CHM gene to screen for any mutations that
may be found in the expansive non-coding region of the gene, which takes up 97% of CHM. Our
research demonstrates how important it is to also consider mutations in non-coding regions that
can be disease causing. There are approximately 14 patients (4.5%) remaining in our research
database with phenotypic symptoms of choroideremia and who lack protein expression through
immunoblot analysis but for whom mutations in the coding region have not been identified. We
improved the diagnostic sensitivity of testing for choroideremia by 4% in our research
population of choroideremia families by assessing the non-coding regions of the CHM gene.

Many questions remain in terms of gene therapy in choroideremia patients. Notably, the
percentage of normal REP-1 function that is required to stop the progression of visual
degeneration and the number of viral particles required for injection. There may also be other
possibilities for treatment. Other proteins in the pathway could be targeted to improve vesicular
transport in the eye and ultimately improve vision. Other interesting avenues to look into would
be REP-2 and whether it can be modified to also compensate for REP-1 in the layers of the eye,
in which REP-2 is not normally expressed. The Rab proteins specifically affected by loss of
REP-1 may also lead to a possible treatment option. This may compensate for the lack of REP-1
and restore or prevent future loss of vision.

Understanding the genotype of Patient A and B and the introduction of a splice acceptor

could also allow for patient specific therapies. Exon skipping may be applicable to this
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particular mutation and allow for therapy by agents that induce skipping of the errant sequence
from being incorporated into mRNA. Designing an antisense oligonucleotide that binds to the
new splice acceptor site would silence it and allow splicing to occur normally (Nakamura, 2017).
This therapy is currently being implemented in muscular dystrophy patients (Nakamura, 2017).
Another possibility would be editing out the area around this single base mutation using a
CRISPR/Cas9 method. Creating guide RNA to direct Cas9 to cut the DNA on either side of the
point mutation and then allowing the cell to repair the cut in the DNA through homologous end
joining, the mutation would be successfully edited out and no aberrant splicing would occur
(Hess, Tycko, Yao, & Bassik, 2017).

Patient C requires more investigation. It is possible that the mode of inheritance is not
compound heterozygous and could be another inheritance pattern, producing additional
candidate genes for analysis. In order to investigate our candidate genes further, a first step
would be to sequence the mutations in order to verify their presence. Next, protein analysis by
western blot would assess protein expression and would provide insight into expression changes,
or the production of an aberrant protein. This would give some indication of whether the
mutation is disease causing or not. Functional assays could be designed in cultured cell lines

including the mutated transcript to determine if the mutation is affecting cell viability.
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Classification of candidate variants in Patient C

To examine and classify the candidate variants in Patient C following filtering, variants
were investigated in Alamut ® (Interactive Biosoftware). Summary window of variant
c.1175T>C in COL1841 including MAF, predictions for pathogenesis from Align GVGD, SIFT,
MutationTaster and PolyPhen-2 shown in Figure Al. Results from Polyphen-2 prediction
software using HumDiv and the variant’s conservation through different species are shown in
Figure A2. Splice prediction using several software algorithms (SSF, MaxENT, NNSPLICE,
GeneSplicer and Human Splice Finder - HSF) are shown in Figure A3. These analyses were
summarized according to ACMG guidelines and a variant classification form was completed,
determining this variant to be of unknown significance (VUS) (Figure A4).

Summary window of variant ¢.4060C>T in the COLI8A1 gene including MAF,
predictions for pathogenesis from Align GVGD, SIFT, MutationTaster and PolyPhen-2 shown in
Figure AS. Results from Polyphen-2 prediction software using HumDiv and the variant’s
conservation through different species are shown in Figure A6. Splice prediction using several
software algorithms (SSF, MaxENT, NNSPLICE, GeneSplicer and Human Splice Finder - HSF)
are shown in Figure A7. These analyses were summarized according to ACMG guidelines and a
variant classification form was completed, determining this variant to be benign due to the high
MAF in some ethnicities (Figure AS).

Summary window of variant c.868 A>C in PROM1 including MAF, predictions for
pathogenesis from Align GVGD, SIFT, MutationTaster and PolyPhen-2 shown in Figure A9.
Results from Polyphen-2 prediction software using HumDiv and the variant’s conservation
through different species are shown in Figure A10. Splice prediction using several software

algorithms (SSF, MaxENT, NNSPLICE, GeneSplicer and Human Splice Finder - HSF) are
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shown in Figure A11. These analyses were summarized according to ACMG guidelines and a
variant classification form was completed, determining this variant to be of unknown
significance (VUS) (Figure A12).

Summary window of variant ¢.1559C>T in the PROM1 including MAF, predictions for
pathogenesis from Align GVGD, SIFT, MutationTaster and PolyPhen-2 shown in Figure A13.
Results from Polyphen-2 prediction software using HumDiv and the variant’s conservation
through different species are shown in Figure A14. Splice prediction using several software
algorithms (SSF, MaxENT, NNSPLICE, GeneSplicer and Human Splice Finder - HSF) are
shown in Figure A15. These analyses were summarized according to ACMG guidelines and a
variant classification form was completed, determining this variant to be of unknown
significance (VUS) (Figure A16).

Summary window of variant ¢.3202A>G in CRB/! including MAF, predictions for
pathogenesis from Align GVGD, SIFT, MutationTaster and PolyPhen-2 shown in Figure A17.
Results from Polyphen-2 prediction software using HumDiv and the variant’s conservation
through different species are shown in Figure A18. Splice prediction using several software
algorithms (SSF, MaxENT, NNSPLICE, GeneSplicer and Human Splice Finder - HSF) are
shown in Figure A19. These analyses were summarized according to ACMG guidelines and a
variant classification form was completed, determining this variant to be of unknown

significance (VUS) (Figure A20).
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Figure A1: COL18A1 variant c.1175T>C Alamut features. COLI8A41 variant ¢.1175T>C

features analysis from Alamut software with reported MAF and pathogenic predictions from
Align GVGD, SIFT, MutationTaster.
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Figure A2: Polyphen-2 summary of variant ¢.1175T>C in COL18A41. Results from
Polyphen-2 prediction software using HumDiv and the variant’s conservation through different
species.
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Alamut Visual Splicing Predictions
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Figure A3: Variant ¢.1175T>C in COL18A1 splice predictions. Alamut splice predictor for
variant ¢.1175T>C in COL18A1, any large changes in entropy suggests changes in splicing.
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Figure A4: ACMG variant summary classification form for ¢.1175T>C in COL18A41.
Resulting classification of this variant is unknown significance.
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Figure A5: COL18A1 variant c.4060T>C Alamut features. Features analysis from Alamut
software for variant ¢.4060T>C in COL18A1 with reported MAF and pathogenic predictions
from Align GVGD, SIFT, MutationTaster.
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Figure A6: Polyphen-2 summary of variant ¢.4060T>C in COL18A41. Results from
Polyphen-2 prediction software using HumDiv and the variant’s conservation through different
species.
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Figure A7: ¢.4060T>C in COL18A1 splice predictions. Alamut splice predictor for variant
c.4060T>C in COL18A1, any large changes in entropy suggests changes in splicing..
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Variant Review

[~ Pathogenic |:\ 1 PVS & 1 or more PS

[ ]2ormorePs

[]1Pvs&2o0rmore PM

[]1PS &3 or more Pm

[]Jr1pvs&1Pmet PP []1PVs&2ormore PP

[ ]1PS&2PM&2 ormore PP

[~ Likely Pathogenic [J1Pvs&1pm

D 3 or more PM

[]1ps&iorapem

[[]2PM&20r more PP

[ ]1PS&2ormorePp

[]1PM&4or more PP

v Benign 1BA

D 2 or more BS

[~ Likely Benign [J1Bs&isp

D 2 or more BP

[~ Uncertain Significance [[] criteria not met

D criteria is contradictory

Evidence for Pathogenicity

PVS1- null variant (nonsense, fs, +/-1 or 2, start codon,

]

Evidence against Pathogenicity

BA1 -allele freq >5% in EXAC, ESP, 1000G

U exon(s) deletion) where LOF is known mechanism
[] BS1 -allele freq >expected
PS1 - same aa change as previously published
D c s ¥R D BS2 - Observed in healthy adult (homoz for AR, het for AD,
[] PS2 - confirmed de novo, no FHx hemi XL) for a full penetrant disease
O PS3 - well-established functional studies supports damaging O BS3 - well-established functional studies show no damaging
effect effect
PS4 - prevalence of variant in affecteds>>>controls (in case- [] BS4 - Lack of segregation in affected family members
] control studies). <<NOTE: If no case-control studies,
consider this to be a PM2>>
[ BP1 - missense variant in a gene where truncating variants
PM1 - mutational hot spot and/or critical well-est are disease-causing
] functional domain without benign variation ' BP2 - observed in trans with a pathogenic variant for a fully
. |:| penetrant AD disease; or in cis with a pathogenic variant
] PM2 - absent from or low freq in controls (EXAC, ESP, any inheritance pattern
1000G) BP3 -in-frame del/ins in a repetitive region no known
0 PM3 - for recessive disorders, in trans with pathogenic U function
variant
. . i D BP4 - Insilico evidence support neutrality
PM4 - altered protein length (in-frame nonrepeat del/ins; ) . _
D run through) D BP5 -variant found in a case with an alternate molecular
PMS5 - Novel missense change at aa; different missense basis:for disesise
D change determined to be pathogenic D BP6 - B;putable $0L'JIFCbe| rn:cently.reports variant as benign,
evidence unavailable for review
PM6 - assumed de novo
D 0 BP7 - synonymous variant, no splice alteration predicted,
nucleotide not highly conserved
[] PP1 -cosegregation in multiple affected family members
PP2 - missense variant in a gene with low rate of benign
] missense variation, in which missense variants are a
common mechanism Notes:
[] PP3 -Insilico evidence supports deleterious effect
] PP4 - patient's phenotype or FHx is highly specific for a
monogenic disorder
: Completed by: [
D PP5 - Reputable source recently reports variant as P Y

pathogenic, evidence unavailable for review

Page 2 of 2

[]1PS&1PM&4ormore PP

Figure A8: ACMG variant summary classification form for ¢.4060T>C in COL18A1.
Resulting classification of this variant is benign.
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Variant Ciccurrences

Variant Features
abM&: | Chré(GRChS7):g. 160200807 =5
cDhA: MM_006017. 2{PROM1 )i c. 8684 =C
Location: |Exon 10
Type: Substitution
Coding Effect: Missense

S AALAA p.5erza0Arg

Classification: | 5 Classes >

Class: Class 3-Unknown pathogenicit: =

Pathogenicity class is NOT automatically computed

Cormment:

Report and Expart

Summary Expart ta: Excel -

Known Yariations
dbsnP: |rs182096110 | 1000 Genomes | ¥ Yalidated Suspect |

Mimor Allele: |G | Freq: [0.004 | Count: (021 Clin. signif.: Freqgs

ExfC: | ALL:C=0,27%-AFR:0. 16%5-AMR: 0, 74%-EA5: 2, 14%5-5A5: 0. 0065%:-MFE: 0, 00090%-FIMNi0%, | g

ESP: |EA: G=0.01% - A4 G=0.22% ESP Report
GoML: HGEYD:

HGMD: Phenotype: =
Clinvar: |RCY000313919.1 / RCYO00400435.1 [ REVOOOSE5161.1 [/ RCYOD0361771. 1 f RCVOOD303463.1
PubMed Extracts LSDE List LOND Gor 'SJ e

Missense Predictions

Invoke Manuallly Aukomatically computed
G Align GYGD... Class C0 (GY: 261,33 - G0: 13.17)
s OIFT... Tolerated {score: 0.31)
s MutationTaster... | |Polymorphism (p-walue: 13

sad PalyPhen-2. .,
KD,

wtl

Splicing Predictions

Splicing

Check predictions in the Splicing Window: Window

Figure A9: PROM1 variant c.868A>C Alamut features. PROM ] variant c.868A>C features
analysis from Alamut software with reported MAF and pathogenic predictions from Align

GVGD, SIFT, MutationTaster.

127



PolyPhen-2 report for 043490 5290R
Query

Protein Acc Position AAq Af; Description

Canonical: Rechame: Full=Prominin-1; AltName: Full=Antigen AC133;
043490 290 5 R AltMame: Full=Frominin-like protein 1; Althame: C0O_antigen=C0133; Flags:
Precursar; Length: 865

Results
Prediction/Confidence PoiyPhen-2 v2.2.2r398
HumbDiy

This mutation is predicted to be POSSIBLY DAMAGING with 3 score of 0.736 (sensitivity: 0.85;
specificity: 0.92)

0.00 0.20 0.40 0.60 0.80 1.00
HumVar
Details
[=] Multiple sequence alignment UniProtKB/UniRef100 Release 2011 12 (14-Dec-2011)
Y
PL, ———--LWVHEFSSET N5
PL, ————3WVRETSET NS
PL.————3VERPTSET N5
P ——-LVQPGVWET 55
Pl —-———-3VEPEVATT N
P ———-AVPPVATT N
BV —-———TVPPAAAT NI
ENNE ————-TAEPVQOI DS
BV ————TWVPPARAT NI
Pl —-———-3VPEVATT N
P ————-AVPPWVATT N
PO ————-LVOPGWVET 335
PN =———=3YVPPVATT N
PM ————S5ECMJVTAT ND
855D —==TSDPASKTEDS
NEND ———-ASDPASEI D3I
555D -———TSDEASKI DSE™

Figure A10: Polyphen-2 summary of variant ¢.868A>C in PROM]1. Results from Polyphen-2
prediction software using HumDiv and the variant’s conservation through different species.
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SpliceSiteFinder-like

L]

MaxEnt$can 10-13]
HHSPLICE 5 i S
GeneSplicer 10-24]
Human $plicing Finder | j0-u0) ] 1 1 1 1
20 B50 260 [E70 22D o0 oo0 LI 030
Reference $equence fAAGAGCTTGCACCARCALL Cﬂ'ACA CAGCTTAGCAGCAGTCTGACCAGCGT GAARACTAGCCTGCGGT CATCTCTCAAT GACCCTCTGTGCTTGGT GE
SpliceSiteFinder-like | j0-u0]
MaxEntScan 10-15]
WHSPLICE 3 L
GeneSplicer 12:21]
Human Splicing Finder |u-mnﬂ il i} I | I | I I} il
oo an oo 0 o g 0 gog o
Branch Points u-mn] 0 D J 0o [| |:| [I D DD D
SpliceSiteFinder-like | |0-.00)
MaxEntScan 10-12]
HNSPLICE 5 LA
Genelplicer 10-24]
Human $plicing Finder | j0-u00) 1 ] 1 1 1
24 =50 250 =70 220 o0 so0 L 930
Mutated Sequence AAGAGCTTGCACCAACAAAGTACACAGCTTAGCAGCCGTCTGACCAGCGTGAARACTAGCCTGEGGTCATCTCTCAAT GACCCTCTGTGCOTTGGET GE
SpliceSiteFinder-like | jo-ug)
HaxEnt$can 10-14)
HHSPLICE 3 L Y
Genesplicer 10-21]
Human Splicing Finder |u-mui il i} 1 | I | 1] 1] g lnteracrive
oo af] Gog o d g oog™ ™ Il biosoftware
Branch Points u-mu 0 D 0 0o [| |:| [l D [ID D
Gene: PROMI - Transcript NM_008017.2 - Variant ¢868A>C |
Anlysis range’ € 78516 (Intron 9) - ¢ 968 (Exon 10) [199 bps]
i
Donor Sites
S8F MaxEnt NNSPLICE GeneSplicer HSF
[0-100] [012] [0-1 [0-15] [0-100]
Threshoki 70 20 204 20 | z68
|Exon 10 - 806
Exon 10 - €.850
|Exon 10 c.868 66.75 = 66.31 (0.7%)
Exon 10 - 870 —Gi A2
=7307
=7114
Exon 10 - ¢ 937 =73.76
Acceptor Sites
SSF MaxEnt NNSPLICE GeneSplicer
[0-100] [0-16] [0-1] [0-18]
Threshoki 70 20 04 0
Exon 10 - c.785 N =T7786 =272
|Exon10-c.703
Exon 10 = . 796
Exon 10 - ¢.803
|Exon 10~ c.305
Exon 10- €814
Exon 10 - c 425
|Exon 10 - ¢.835
|Exon 90 = ¢ 837
|Exon10- c.852
|Exon 10~ c.850
Exon 10— c. 864
|Exon 10 - c.867 78.32 » 78.26 (0.7
Evon 10- €870 80.44 > —
|Exon 10— c.79 7953 = 81,60 (-2.6%)
|Exon 10 - 0. 801 =67.15
[Bron10-c930 =004 =7409

Figure A11: PROM]1 variant ¢.868A>C splicing prediction. Alamut splice predictor for
variant ¢.868 A>C in PROM|1, any large changes in entropy suggests changes in splicing.
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Variant Review

Gene: IPROM1 Transcript: |NM7006017.2
HGVS
nomenclature <DNA: |c.868A>C protein: |p.Ser290Arg

Historic nomenclature:

Classification |Uncenain Significance Patient ID IPatientC
DFirSt Review Previously Reviewed: | Change in Classification? |n/a
Disease Specific Databases ., |n/a L — l_

additional databases can be added in
"Other Information” if applicable

HGMD In/a Times Reported:

LSDB 1 |enter DB (if applicable)

result 1 In/a Times Reported:

LSDB 2 |enter DB (if applicable)

result 2 |n/a Times Reported:
Alamut version [2.7.1 dbSNP rs ’#182096110
GRCh )
MAF 0.25% Population lAggregated
[] ExAc []ESP [] 1000 Genomes
Align GVGD Class: |CO (Less Likely CO --> C65 Most Likely)
SIFT Change: |T0|e:‘ated Score: [0.31
Mutation Taster Change: |polymorphism p-value: |1

Polyphen-2 HumVar: |Probab1y Damaging Sensitivity: |0.85 Specificity:|0.92
Splicing Predictions [~ No splice change predicted [~ Splice change predicted

Iwhich programs? (if change predicted)

Other Information

(i.e Google Search
Literature Search,
other databases)

Page 1 of 2
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Variant Review

[~ Pathogenic |:\ 1 PVS & 1 or more PS

[ ]2ormorePs

[]1Pvs&2o0rmore PM

[]1PS &3 or more Pm

[]Jr1pvs&1Pmet PP []1PVs&2ormore PP

[ ]1PS&2PM&2 ormore PP

[~ Likely Pathogenic [J1Pvs&1pm

D 3 or more PM

[]1ps&iorapem

[[]2PM&20r more PP

[ ]1PS&2ormorePp

[]1PM&4or more PP

[~ Benign RED

D 2 or more BS

[~ Likely Benign [J1Bs&isp

D 2 or more BP

v Uncertain Significance [[] criteria not met

criteria is contradictory

Evidence for Pathogenicity

Evidence against Pathogenicity

D PVS1- null variant (nonsense, fs, +/-1 or 2, start codon, D BA1 -allele freq >5% in ExAC, ESP, 1000G
exon(s) deletion) where LOF is known mechanism
[] BS1 -allele freq >expected
D PS1 - same aa change as previously published )
D BS2 - Observed in healthy adult (homoz for AR, het for AD,
[] PS2 - confirmed de novo, no FHx hemi XL) for a full penetrant disease
O PS3 - well-established functional studies supports damaging O BS3 - well-established functional studies show no damaging
effect effect
PS4 - prevalence of variant in affecteds>>>controls (in case- [] BS4 - Lack of segregation in affected family members
] control studies). <<NOTE: If no case-control studies,
consider this to be a PM2>>
BP1 - missense variant in a gene where truncating variants
) e di - i
PM1 - mutational hot spot and/or critical well-est. are disease f:ausmg . . .
] BP2 - observed in trans with a pathogenic variant for a fully

[

functional domain without benign variation

PM2 - absent from or low freq in controls (ExAC, ESP,
1000G)

PM3 - for recessive disorders, in trans with pathogenic

PP3 -Insilico evidence supports deleterious effect

PP4 - patient's phenotype or FHx is highly specific for a
monogenic disorder

PP5 - Reputable source recently reports variant as
pathogenic, evidence unavailable for review

O o O

penetrant AD disease; or in cis with a pathogenic variant
any inheritance pattern
BP3 -in-frame del/ins in a repetitive region no known

Completed by: [

M function
variant - i .
. . i BP4 - Insilico evidence support neutrality
PM4 - altered protein length (in-frame nonrepeat del/ins;
L] run through) 0 BPSb- vgrifantdf'ound in a case with an alternate molecular
. : A asis for disease
D PMS5 - Novel missense change at aa; different missense ) )
change determined to be pathogenic 0 BP6 - Reputable source recently reports variant as benign,
evidence unavailable for review
[] PM6 - assumed de novo ] - ) )
0 BP7 - synonymous variant, no splice alteration predicted,
nucleotide not highly conserved
[] PP1 -cosegregation in multiple affected family members
PP2 - missense variant in a gene with low rate of benign
] missense variation, in which missense variants are a
common mechanism Notes:

Page 2 of 2

[]1PS&1PM&4ormore PP

Figure A12: ACMG variant summary classification form for ¢.868A>C in PROM1I.
Resulting classification of this variant is unknown significance.
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Y8 variant NmM_006017. Z2{PROM1 ):c.1559C =T [Unsaved]

Yariank Qiccurrences

edMutationTaster... | | Palymarphism {p-value: 1)
| i PolyPhen-2..,
GdKD, .,

|

Splicing Predictions

Report and Export
: Check predickions in the Splicing Window: Splicing
Summaty Expott to: | Excel - i i

Figure A13: PROM]1 variant c¢.1559C>T Alamut features. PROM] variant c.1559C>T
features analysis from Alamut software with reported MAF and pathogenic predictions from
Align GVGD, SIFT, MutationTaster.

Variant Features Known variakions

gDMA: | Chrd(GRCh37)0,16002135G =4 dbsSHP: §r53?1416551 1000 Genomes alidated Suspeck w{
cDMA! MM _00E017, 2(PROMI1 )ic, 1559C =T Minor Allle: Freq: Count; | Clin. signif.: [ Freqs
Location: |Exon 15 ExAC: | ALLiT=0. 0053%-AFR 0. 033%-AMR0. 0030%-EAS: 0L 0055%-5A5: 0%-NFE: 0, 0036%-F1 | G
Type: :Substitution ESF: |E&: A=D0.00% - Al A=0.05% ESP Report
Coding Effect: | Missense GaklL: | | HGWD: | || G

ZABIAR p.Thr520Met HizMD: | Phenotype: | -,

) Clindars [ ]
Classification: | 5 Classes b
PubMed Extracts LSO List LOVD Goc Jg!';:‘
Class: Class 3-Unknown pathogenicit: =
Pathogenicity class is MOT automatically computed Missense Predictions
T .In\:-:ke Manuallly . Automatically computed
'.'.i‘.ﬁ.lign GWiEDn,, ';|.a.SS_C_D“('§V:_26E_|.?9 e FED: 8.0_9_)_
fasd SIFT... Tolerated (soare: 0.11)
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PolyPhen-2 report for 043490 T520M

Ciuery
Protein Acc Peosition AAq ARy Description

Cananical; RecMame: Full=Prominin-1, Althame: Full=Antigen AC133;
243490 220 T f o AltMame: Full=Frominin-like protein 1, Althame: CD_antigen=C0D133,; Flags:
Frecursor, Length; 862

Results
Prediction/Confidence PolyPhen-2 v2.2.2r398
HumbDiv
This rutation is predicted to be BENIGN  with a score of 0.031 (sensitivity: 0.95; specificity: 0.82)

0,00 0.20 0.40 0.60 0.80 1.00
Hum¥ar
Details
[=] Multiple sequence alignment UniProBB/UniRef100 Reiease 2011_12 (14-Dec-2011)

S cEce

ol

=

= .=. “E::h:‘

HREED o0 Do 0™ E = ]|

[

Shown are 75 amino acids surrounding the mutation position (marked with a black box). An interactive wersion of the
complete alignment is also available.

3D Yisualization PDB/DSSP Shapshot 03-Jan-2012 (78304 Structures)

Figure A14: Polyphen-2 summary of variant ¢.1559C>T in PROM1. Results from Polyphen-
2 prediction software using HumDiv and the variant’s conservation through different species.

133



Alamut Visual Splicing Predictions

“ane PROMA
alysis rans

Transcript NM_ 7.2 Vanant €188
1480 (Exon 15) - c.1878+81 (Intron 15) [199 bps]

i< range €.
Donor Sites
SR SSF = 0 T MaxEnt NNSPLICE GeneSplicer
[@-100] m-12) ©-1] 18]
70 o 04
=78 545 ass
Acceptor Sites
ssF MaxEnt | NMSPLICE GeneSplicer HSF
[o-100] o-18) -1 0-15) [o-100]
= o 2o+ zes
7212 = T1.46 oo

7234 = 7172 (00

Figure A15: PROM]1 variant c¢.1559C>T splicing prediction. Alamut splice predictor for
variant ¢.1559C>T in PROM1, any large changes in entropy suggests changes in splicing.
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Variant Review

Gene: IPROM1 Transcript: INM7006017.2
HGVS
nomenclature <DNA: Ic.1559C>T protein: Ip.ThrSZDMet

Historic nomenclature:

Classification |Uncenain Significance Patient ID |PatientC
I:‘First Review Previously Reviewed: | Change in Classification? |n/a
Disease Specific Databases . v., |nfa Tiries Reported: I_

additional databases can be added in
"Other Information” if applicable

HGMD In/a Times Reported:

LSDB 1 |enter DB (if applicable)

result 1 In/a Times Reported:

LSDB 2 |enter DB (if applicable)

result 2 |n/a Times Reported:
Alamut version [2.7.1 dishiP rs ’#371416551
GRCh
MAF 0.0058% Population [Aggregated
[] ExAc []ESP [] 1000 Genomes
Align GVGD Class: |CO (Less Likely CO --> C65 Most Likely)
SIFT Change: |T0|erated Score: [0.11
Mutation Taster Change x |p0|ym0rphlsm p-value: 1.0

Polyphen-2 HumVar: |Benign Sensitivity: [0.95  Specificity: |o.sz

Splicing Predictions [ No splice change predicted [ Splice change predicted

Iwhich programs? (if change predicted)

Other Information

(i.e Google Search
Literature Search,
other databases)

Page 1 of 2
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Variant Review

[~ Pathogenic |:\ 1 PVS & 1 or more PS

[ ]2ormorePs

[]1Pvs&2o0rmore PM

[]1PS &3 or more Pm

[]Jr1pvs&1Pmet PP []1PVs&2ormore PP

[ ]1PS&2PM&2 ormore PP

[~ Likely Pathogenic [J1Pvs&1pm

D 3 or more PM

[]1ps&iorapem

[[]2PM&20r more PP

[ ]1PS&2ormorePp

[]1PM&4or more PP

[~ Benign RED

D 2 or more BS

[~ Likely Benign [J1Bs&isp

D 2 or more BP

v Uncertain Significance [[] criteria not met

criteria is contradictory

Evidence for Pathogenicity

Evidence against Pathogenicity

D PVS1- null variant (nonsense, fs, +/-1 or 2, start codon, D BA1 -allele freq >5% in ExAC, ESP, 1000G
exon(s) deletion) where LOF is known mechanism
[] BS1 -allele freq >expected
D PS1 - same aa change as previously published )
D BS2 - Observed in healthy adult (homoz for AR, het for AD,
[] PS2 - confirmed de novo, no FHx hemi XL) for a full penetrant disease
O PS3 - well-established functional studies supports damaging O BS3 - well-established functional studies show no damaging
effect effect
PS4 - prevalence of variant in affecteds>>>controls (in case- [] BS4 - Lack of segregation in affected family members
] control studies). <<NOTE: If no case-control studies,
consider this to be a PM2>>
BP1 - missense variant in a gene where truncating variants
) e di - i
PM1 - mutational hot spot and/or critical well-est. are disease f:ausmg . . .
] BP2 - observed in trans with a pathogenic variant for a fully

[

functional domain without benign variation

PM2 - absent from or low freq in controls (ExAC, ESP,
1000G)

PM3 - for recessive disorders, in trans with pathogenic

PP3 -Insilico evidence supports deleterious effect

PP4 - patient's phenotype or FHx is highly specific for a
monogenic disorder

PP5 - Reputable source recently reports variant as
pathogenic, evidence unavailable for review

O o O

penetrant AD disease; or in cis with a pathogenic variant
any inheritance pattern
BP3 -in-frame del/ins in a repetitive region no known

Completed by: [

M function
variant - i .
. . i BP4 - Insilico evidence support neutrality
PM4 - altered protein length (in-frame nonrepeat del/ins;
L] run through) 0 BPSb- vgrifantdf'ound in a case with an alternate molecular
. : A asis for disease
D PMS5 - Novel missense change at aa; different missense ) )
change determined to be pathogenic 0 BP6 - Reputable source recently reports variant as benign,
evidence unavailable for review
[] PM6 - assumed de novo ] - ) )
0 BP7 - synonymous variant, no splice alteration predicted,
nucleotide not highly conserved
[] PP1 -cosegregation in multiple affected family members
PP2 - missense variant in a gene with low rate of benign
] missense variation, in which missense variants are a
common mechanism Notes:

Page 2 of 2

[]1PS&1PM&4ormore PP

Figure A16: ACMG variant summary classification form for ¢.1559C>T in PROM1.
Resulting classification of this variant is unknown significance.
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‘ariant Qccurrences

‘ariant Features Known Yariations
gDMNA: Chri{GRCh37g. 1974041950 =35 dbshE: 1000 Genomes Yalidated Suspect
cDMA: MM _201 255, 20CREL )i, 52024 =G Minar Allels: Freq: Count: Clin. sigrif.: Fregs
Location: |Exon®9 ExAil:
Tvpe: Substitution ESF: ESP Report
Coding Effect: Missense GoML: HEVD: s
Aomains | |p ThrioggAl HEMD: Fhenotype:
Clinvar: |REVOOOD3E7 3511} RCVOD0Z90051.1 [ RCYOODZ00952. 1
Classification: | 5 Classes v =
PubMed Extracts| | LSDE List LOVD Google
Class: Class 3-Unknown pathogenicitr
Pathogenicity class is MOT automatically computed Missense Predictions
Rmmert: Invoke Manuallly Automatically computed
wxd Align GYGD.., Class C0O (@Y 58,02 - GD: 0.00)
S SIFT .. Tolerated (score: 0.24)
wes MubabionTasker,,, | | Disease causing (p-value: 0,997)
sei PalyPhen-2...
KD,
ol

Splicing Predictions
Report and Export
Splicing

Check predictions in the Splicing Window: Window

Surmmary Export ko Excel -

Figure A17: CRBI1 variant ¢.3202A>G Alamut features. CRB/ variant ¢.3202A>G features
analysis from Alamut software with reported MAF and pathogenic predictions from Align
GVGD, SIFT, MutationTaster.
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PolyPhen-2 report for P82279 T1068A
Cluery

Protein Acc  Position Afq AA; Description

Canonical, RecMame: Full=Crumbs homolog 1; Flags: Precursor; Length:

PE2279 1065 T
1406
Results
Prediction/Confidence PolyPhen-2 v2.2.2r398
HumbDiv

This rutation is predicted to be BEMIGN  with a score of 117 (sensitivity: 9.93; specificity: 0.86)

0.00 0.20 0.d0 0.60 0.80 1,00
Hum¥ar
Details
[=] Multiple sequence alignment UniProt{8/:UniRef100 Release 2011_12 (14-Dec-2011)

LEVDNETEFWTE
LEVDNETEEW
LEVDNETEEV
2 EVDNOTEEW
LEVDNOTEE VTS
YEVDNQTPEV

YEWVDHNOTEFVTE

PATIMN IKGLOG

HHHAHHHHHHEHAHAHAHEAEH

LEVDNQTEEV GATEN T EGLOG
LEVDNQTEEV RASMNMOEL0G
YEWVDNQTEEV RASMNMOGETOG
L EVDHNOAFFV! RAVIE-TOGLES
| EVDNOAPEY EAVE-TOGLES
| EVDNOTEEV RA TN TEELOG
L EVDNOTEFRV RAIMNTEGLOG
L EVDNOAPSV RAIENSOGLES
EVDNOAPSY RATENS OGLES
OVDEQTPEV ETTIEFMN G O

Shown are 7S amino acids surrounding the mutation position (marked with 3 black box). An interactive version of the

complete alignment is also available.
3D Yisualization PDB/DSSP Snapshot 3-Jan-2012 (78304 Structures)

utions

Figure A18: Polyphen-2 summary of variant ¢.3202A>G in CRBI1. Results from Polyphen-2

prediction software using HumDiv and the variant’s conservation through different species.
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Gene CRB1 - Transcript. NM_201253.2 - Variant ¢.3202A>G
Analysis range: ¢.3099 (Exon 9) - ¢.3306 (Exon 9) [207 bps]

Donor Sites

SSF MaxEnt NNSPLICE GeneSplicer HSF
[0-100] [0-12) 1] [0-15] [0-100]
Threshald 270 20 =04 20 206
Eron 9- 3101 =7001
Exon9- ¢.3108 =723
Bron G- c.3149 =145 — =049 =76,15
Bvon9- c.5152 =7367
Evon 9- c. 3193 =67.05
Exon9-c.3243 =7532
Exon 9~ c.5284 o =7221
Acceptor Sites
$SF MaxEnt NNSPLICE GeneSplicer HSF
[0-100] [0-16] -1 [0-15] [0-100]
Theeshoid 270 20 204 20 266
Exen-c 5123 =8437 =6.96 =066 1.63 = 1.74 (+6.5%) =87432
Exon 9= c 5142 =73.06 =293 =8376
Exon 9- 08150 =320 =83.00
Exon 8- c 3192 =8117 =278 =§5.07
(Bxon9= ¢.3210 73.73 = 73.80 (+0.1%)
Exon 9-¢.3226 =8140 =274 =73.56
Evon 9~ 0.3230 =7641
Bxon 9-c.3251 =7244 =7438
Evon 90— 03256 ) =76.75
Exon 9= c.3257 =6562
Evon9-c.0274 =7201
Exon 903254 =7254
Exon 9- ¢ 3294 =66 92
Exon 9 ¢ 3302 =7091

Figure A19: CRBI1 variant ¢.3202A>G splicing prediction. Alamut splice predictor for

variant ¢.3202A>G in CRB, any large changes in entropy suggests changes in splicing.
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Variant Review

Gene: |CRB'I

HGVS

Transcript: [NM_201253.2

nomenclature <DNA: |C3202A>G

protein: |p.Thr1 068Ala

Historic nomenclature: ,

Classification

|Uncertain Significance

Patient ID |Patient 2

[:]First Review Previously Reviewed: I Change in Classification? |n/a
Disease Specific Databases ;v |Unc|assified ©  Times Reported: |3
additional databases can be added in
"Other Information" if applicable
HGMD In/a Times Reported:
LSDB 1 Ienter DB (if applicable)
result 1 ’n/a Times Reported:
LSDB 2 ‘enter DB (if applicable)
result 2 |n/a Times Reported:
Alamut version |2.7.1 dbSNE s ’#886045787
GRCh
MAF |0.000006 Population |
[] ExAc [] ESP [] 1000 Genomes
Align GVGD Class: |CO (Less Likely CO —> C65 Most Likely)
SIFT Change: ’TO]erated v Score: [0.24
Mutation Taster Change: |disease causing  © p-value: [0.997

Polyphen-2

HumVar: ]Benign

© Sensitivity: |0.93 Specificity: [0.86

Splicing Predictions

Other Information

(i.e Google Search
Literature Search,
other databases)

[~ No splice change predicted [ Splice change predicted

Iwhich programs? (if change predicted)

Page 1 of 2

140



Variant Review

[~ Pathogenic |:\ 1 PVS & 1 or more PS

[ ]2ormorePs

[]1Pvs&2o0rmore PM

[]1PS &3 or more Pm

[]Jr1pvs&1Pmet PP []1PVs&2ormore PP

[ ]1PS&2PM&2 ormore PP

[~ Likely Pathogenic [J1Pvs&1pm

D 3 or more PM

[]1ps&iorapem

[[]2PM&20r more PP

[ ]1PS&2ormorePp

[]1PM&4or more PP

[~ Benign RED

D 2 or more BS

[~ Likely Benign [J1Bs&isp

D 2 or more BP

v Uncertain Significance [[] criteria not met

criteria is contradictory

Evidence for Pathogenicity

Evidence against Pathogenicity

D PVS1- null variant (nonsense, fs, +/-1 or 2, start codon, |:| BAL1 - allele freq >5% in ExAC, ESP, 1000G
exon(s) deletion) where LOF is known mechanism
[] BS1 -allele freq >expected
PS1 - same aa change as previously published )
D BS2 - Observed in healthy adult (homoz for AR, het for AD,
[] PS2 - confirmed de novo, no FHx hemi XL) for a full penetrant disease
O PS3 - well-established functional studies supports damaging O BS3 - well-established functional studies show no damaging
effect effect
PS4 - prevalence of variant in affecteds>>>controls (in case- [] BS4 - Lack of segregation in affected family members
] control studies). <<NOTE: If no case-control studies,
consider this to be a PM2>>
BP1 - missense variant in a gene where truncating variants
) e di - i
PM1 - mutational hot spot and/or critical well-est. are disease f:ausmg . . .
] BP2 - observed in trans with a pathogenic variant for a fully

[

functional domain without benign variation

PM2 - absent from or low freq in controls (ExAC, ESP,
1000G)

PM3 - for recessive disorders, in trans with pathogenic

PP3 -Insilico evidence supports deleterious effect

PP4 - patient's phenotype or FHx is highly specific for a
monogenic disorder

PP5 - Reputable source recently reports variant as
pathogenic, evidence unavailable for review

O o O

penetrant AD disease; or in cis with a pathogenic variant
any inheritance pattern
BP3 -in-frame del/ins in a repetitive region no known

Completed by: [

M function
variant - i .
. . i BP4 - Insilico evidence support neutrality
PM4 - altered protein length (in-frame nonrepeat del/ins;
L] run through) 0 BPSb- vgrifantdf'ound in a case with an alternate molecular
. : A asis for disease
D PMS5 - Novel missense change at aa; different missense ) )
change determined to be pathogenic 0 BP6 - Reputable source recently reports variant as benign,
evidence unavailable for review
[] PM6 - assumed de novo ] - ) )
0 BP7 - synonymous variant, no splice alteration predicted,
nucleotide not highly conserved
[] PP1 -cosegregation in multiple affected family members
PP2 - missense variant in a gene with low rate of benign
] missense variation, in which missense variants are a
common mechanism Notes:

Page 2 of 2

[]1PS&1PM&4ormore PP

Figure A20: ACMG variant summary classification form for ¢.3202A>G in CRBI.
Resulting classification of this variant is unknown significance.
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