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Abstract

The Monogenic Architecture of Retinal and Neurological Diseases

Winston Lee

Monogenic diseases, or single-gene disorders, are clinical manifestations that can be traced to
genetic variation in a single gene that alters the biologically intended (wildtype) function of its
protein (or mMRNA) product. Although the causal gene and its function are well-understood in
many monogenic diseases, this knowledge alone often does not fully encapsulate the extensive
clinical spectrum of phenotypes seen in patients. This is due in part to the numerous types of
pathogenic variants that can arise in a single gene, all of which can have distinct effects on
disease expression. Understanding the relationship between the vast number of possible
genotypes and corresponding disease phenotypes defines a gene’s monogenic disease
architecture—an important but poorly understood concept that can yield informative mechanistic
and clinical insight. This doctoral dissertation integrates traditional sequencing approaches with
in-depth characterization of patient phenotypes to elucidate the monogenic disease architecture
of three etiologically distinct disorders: retinal degeneration caused by autosomal recessive
variation in ABCA4 and neurodevelopmental disease entities caused by autosomal dominant
variants in CERT1 and PUML1. Genetic modifiers are identified as a significant factor in the
penetrance of the major disease-causing allele of ABCA4 and several other genetic
inconsistencies are resolved to create a coherent genotype-phenotype model for the disease.
Insight from this model is then applied to demonstrate the effect of allele differences in disease

progression and evaluation of treatment efficacy in patients. A large cohort of affected



individuals with CERT1 variation is assembled to (1) validate the causal role of CERTL1 in
disease, (2) delineate the precise mechanism of CERT protein dysfunction in sphingolipid
metabolism and (3) demonstrate therapeutic efficacy of an inhibitor compound for a newly
described syndrome. Finally, the mutational spectrum of PUML1 is expanded to previously
unattributed variant classes with unexpected pathophysiological consequences to patients. Not
only do the findings in this dissertation advance the prospects of delivering personalized,
precision medicine to patients, the overall impact underscores the importance of this integrated
approach in reconciling knowledge gaps between observations at the molecular and organismal

level.



Table of Contents

List of FIQUres and TabIeS........c.ooiiiioiicc e vii
LiSt Of ADDIEVIALIONS ..ot enes IX
ACKNOWIBAGEMENTS ...ttt se e be e sbe e s e sreenteenee e Xii
[ =Te [ToF=1 £ o] o USSR xiii
Chapter 1 INTrOQUCTION........ccuiiiiiiiiiiee bbbt se e sb e 1
1.1 OVEIVIBW ...tttk b bbbt s et et bbb bbbt et e bbbt b 1
1.2 Monogenic disease arChiteCUIE ...........coveiviiieii e 1
1.3 ABCA4: protein function, pathophysiology, and in vivo models ............c.ccccoveviiicieeieennenn, 2
1.4 Challenges Facing Genotype-Phenotype Correlation StUdIes ...........cccccvvveieeieiiieieese e, 5
1.4.1 Scale Of HEtErOGENEITY ........eiiieiiiieieitee e 5
I [ [0l S]] (=] o 1= SRS 6
1.4.3 Paucity of CritiCal DetailS..........ccoiiiiiiiiiiiiieeee s 8
1.5 Study Rationale and GOAIS ...........couiiiiiiiieiesie e 11
Chapter 2 Assembly of Study Cohorts, Genetic Methods, and Clinical Phenotyping ......... 12
2.1 Recruitment of StUdY SUDJECES .......ocvveie e 12
2.2 Molecular Analysis OF ABCAZ ........c.oocui ettt 12
2.3 Whole EXOME SEQUENCING .....cviieieiieeiecie ittt sttt ste et sae e s este s s teesteesaesneenas 13
2.4 Variant PriofitiIZALION ........couiiiieiei ettt b et 14
2.4.1 MiINOr allele TrEQUENCY ......ccui i 14
2.4.2 Prior diSease aSSOCIALION .........civeiueiieieerieerieseeseeee s ste et e e neesneesteeneesreesseeneesreeneas 15
2.4.3 Variant ClasSifiCatION ..........cccueiieiiiie et 15
2.4.4 FamMilial SEGrEYALION ......ccuiiiiiiiiiiiieieie et 16
2.4.5 INSHICO PrediClioN .......civiiie e sre e s 18
2.5 Retinal and FUNAUS TMAGING ...eoiviiiieiie ettt 20
2.6 Spectral domain-optical coherence tomograpny .........ccccveviiiiiiiie i 22
2.7 EleCtroretinOgrapiy ......c.viiieiie et 23
Chapter 3 Cis-acting modifiers in the ABCA4 locus contribute to the penetrance of the
major disease-causing variant in Stargardt diSEASE ..........cccevveieerieereeiiesieere e see e 26
T80 A [ 0o [ od 1 o] PSSR 26
BT (=11 ] | PR SR 28



3.2.1 The deep intronic variant, ¢.769-784C>T, is enriched among p.(Gly1961Glu) alleles 28
3.2.2 Harboring the additional ¢.769-784C>T variant on the p.(Gly1961Glu) allele resulted

IN INCreased CHINICAl SEVEIILY ........cviiiiieci e re s 31
3.3 DIHSCUSSION ..ttt sttt stttk bbbkt b bttt b e bt bt bt e b e e s e et et et et e nbe b beare s 37
3.4 MaterialS & METNOGS. .........oiieiiee ettt ns 42
3.4.1 Patient cohort and clinical eValuation..............ccocveieiieiiiie i 42
3.4.2 Retinal imaging @nalySiS........uoiiiiiiiiiieiesie st 43
3.4.3 SEQUENCING ANAIYSIS. .. .eiiiieiiiiieitieie ettt e st sreeaeenee e 44
Chapter 4 Characterization of Hyper-Pigmentary Chorioretinopathy Phenotype of ABCA4
....................................................................................................................................................... 45
o I o T [FTox o] SRR 45
A2 RESUIES ..ottt bbbt b et bbbt ens 47
4.2.1 Disease prevalence, fundus characteristics and oculomotor abnormalities.................. 47
4.2.2 Non-recordable and maculopathy-specific full-field electroretinogram responses...... 48
4.2.3 Degeneration of the macula and pathognomonic ABCA4 disease features on ultra-
WIAETIEI TMAGING ... b 50
4.2.4 Enrichment of homozygosity and familial consanguinity ............c.ccoceveieiencicncnnn 53
4.2.5 Whole-exome SequeNnCINg aNalYSIS.......ccoiiiiiiiiiiiiiieiesie e 56
G D 1T 11 o oSSR 59
4.4 Materials & MENOUS. ........oiiiiiieicee ettt ens 61
4.4.1 Study subjects and ethics apProval..........ccccceiiiiiiiiiiccece e 61
4.4.2 Electroretinogram tESHING ........coveviiiieieeie et 62
4.4.3 REtiNAl IMAGING......cuiiiiiieie ettt re e re et e et e e s reenreenee e 62
4.4.4 MOIECUIAr ANAIYSIS......ociiieieiiecie ettt et re e 62
Chapter 5 A genotype-phenotype correlation matrix for ABCA4 disease based on long-
tErM PrognNOSTIC OULCOMIES .....cvviieieie ettt et e tessaera e et e teseestenreeneens 64
T80 A 11 0o [ od 1 o] PSSR 64
T (=11 ] | 3SR 66
5.2.1 Four clinically defined prognostic outcomes of ABCA4 disease...........cccoceervereereeenne. 66
5.2.2 Classification of p.(Gly1961Glu), p.(Asn1868lle), and a potentially new class of rare
NYPOMOIPRIC BHEIES........ee bbb 68
5.2.3 Classification of PVS1 and severe non-PVS1 alleles...........ccoooviiiiiiniininnicce, 70
5.2.4 Classification of moderate Variants ..........ccccoueereieiieiisie e 72
5.2.5 Construction of a genotype-phenotype correlation matriX.........cccccvevvveiieeiieiineinnnn, 73



B3 DISCUSSION .ottt ettt e oo e ettt e e e e e e e e e et e e e e e e ee e e e eeeeeeeeesasenrnreeeeeeeaaaans 75

5.4 MaterialS & MELNOUS. .......ccuiiiiiieiee bbbt ane s 79
5.4.1 Study participants and clinical characterization .............ccccovveviveiesiiese e 79
5.4.2 MOIECUIAr @NAIYSES ........ooviiiiiiiie s 80
5.4.3 StAtISHICAl ANAIYSIS.......oiviiiiitiiieeee s 81

Chapter 6 Genotype is a Significant Factor in Determining the Measurability of Atrophic
LeSioNS IN ABCAZ QISEASE ......eeivieieiitieieeie sttt sttt ee st e st seesbeebeaneesbeebeaneesreeneeenee e 82

LG T0 A [ 1 0o U od o] TSRS 82

8.2 RESUILS ...t bbbttt are s 83
6.2.1 Individuals with “measurable” DDAF lesions comprise a small fraction of ABCA4
(0L T=T USSR 83
6.2.2 The genotypic profile of the target cohort skews toward milder alleles ...................... 86
6.2.3 DDAF growth rates are significantly different across genotypes...........cccoceevvevvernnenne. 87
6.2.4 PVS1 alleles are associated with a distinct and heterogeneous, immeasurable form of
DIDAF bt bRttt R et ettt e e R b et ene et e 89
6.2.5 DDAF lesions associated with milder alleles are morphometrically less complex...... 91
6.2.6 Outer retinal tubulation are associated with DDAF lesions associated with rare and
frequent hypomorphic allele geNOtYPES..........coiiiiiiiiiiiee e 93

LTRGBS oSt o PR SR 95

6.4 MaterialS & METNOGS. .........ciieiee e nte e ereenes 97
6.4.1 Study subjects and ethiCs apPPrOVAl ..........ccooiiiiiiiiieee s 97
6.4.2 MOIECUIAr @NAIYSIS.......ciuieiiciic et ere e s 98
6.4.3 Retinal image acquisition and analysiS...........cccccvevieiieieiie i 98
6.4.4 StatiStical ANalYSIS.........ccveiiiecice e 100

Chapter 7 CERT1 mutations perturb human development by disrupting sphingolipid
POMEBOSTASIS ...ttt b bbbt sttt sttt reenes 101

78 A {1 oo [ od o SRRSO 101

T2 RESUITS ..ttt et et e st e e e s e s se e te e s eeete e teeneeaseenneeneenreenreeneens 102
7.2.1 Characterization of human CERT1-associated phenotypes ..........cccoceverenenenerennnns 102
7.2.2 Genotype-Phenotype Correlations............coovieiiiinieieie e 105

T TN ES1] o] SRR SSSSN 108

7.4 Materials & METNOGS. .........oiiiiee et 110
7.4.1 Subject identification and clinical characterization.............ccccocvevieiiic i 110
7.4.2 Sequencing and genetiC @NalySES.........oiiieiiiiiieiie e 111



7.4.3 PathOgeniCity @NalyYSIS ........vcuiiieieeie e re e 112
Chapter 8 Expanding the Genetic and Clinical Landscape of PUM1-associated diseases. 113

8L INIFOUUCTION ...ttt bbbt s et et bbbt beene e 113
B2 RESUITS ..ttt ettt ettt ettt n e Rt teeRe e te e e ere e re et s 114
8.2.1 STUAY CONOIT......oiiiieiee bbb 114
8.2.2 Expanded genotypic profile of PADDAS: large deletions, intragenic duplications and
SPIICE VATTANTS ...ttt bbbttt sb et 114
8.2.3 Phenotypic characterization of p.(Argl147Trp)-associated PADDAS..........ccccceeuee.. 116
8.2.4 Inherited loss-of-function alleles and intra-familial heterogeneity of PADDAS........ 117
8.2.5 Expanded genotypic profile of PRCA: additional missense and a pathogenic
SYNONYMOUS VAITANT.......eivieitieieiieite et s et e ste et esteetessaesteeaessaesteenbesseesaaeneeneesreennens 119
8.2.6 De novo hypomorphic variants cause an early-onset form of PRCA.............cccce... 121
8.2.7 Spatial distribution of large deletions and intragenic PUM1 variants....................... 121
B.2.8 DISCUSSION . ....vttitiesiesiesie et st st e st et e e e e st sttt st e s e s et e b e st e s be st e s beese e st e st e besbesbesbesrenneas 123
8.3 MaterialS & METNOGS. .........eiieiiee e esre e 127
8.3. 1 HUMAN SUDJECES ...ttt bbbttt 127
8.3.2 Sequencing and genetiC aNalYSIS ......cc.oiiieriririeieiee e 127
Chapter 9 Conclusions and FUture DIFECTIONS...........ccueveierieiereiisieseeee s 131
Short-term impact: prognostication and treatment ProSPeCtS..........cccceeveeveereiiieieeresieseennens 131
Long-term impact: genetic penetrance and MOdifiers..........c.cccovevveii v 135
A new direction for genomic MEAICINE ........ceeiviiiiiice e 137
RETEIEINCES ...t bttt bbbttt ns 138
Appendix A: Gene-Specific Pathogenicity Score Calibration Protocol ..o 159
Appendix B: Supplemental Figures and Tables...........ccoiiiiiiiiiie e 171
Supplemental Figure 1 (Chapter 3): Pedigrees of unaffected homozygous p.(Gly1961Glu)
cases iN tWO ABCAZ FaMILIES. .....oovveecieiee e 171
Supplemental Figure 2 (Chapter 5): Retinal phenotype of the rare hypomorph
P.(Arg2030GIn) variant of ABCAZ QISEASE. ......ccueiuiriiriiiieieieie et 172
Supplemental Figure 3 (Chapter 5): Retinal phenotype of the rare hypomorph p.(1le1562Thr)
Variant Of ABCAZL (ISEASE. ... .ccuveieirieieeieeiese et eee s e e e eesae e tesreesteesteaneesseesteaseesseesseaneesseenes 173

Supplemental Figure 4 (Chapter 8): Gene-disease heat map of the recurrent disease-
associated genes encompassed by large genomic deletions in patients with PUM1-associated
NEUrodeVeloPMENTAl ISEASE. ........ciiiiiiiieieie e bbb 174

Supplemental Figure 5 (Chapter 8): Predicted cryptic splice donor in Exon 2 of PUML. .. 175



Supplemental Table 1 (Chapter 3): Cohort of 150 STGD1 patients with homozygous and
compound heterozygous p.(Gly1961GIu) alleles..........ccoveiiiieiieiiiecieceee e 176

Supplemental Table 2 (Chapter 3): Demographic, clinical and genetic characteristics of
patients homozygous for ¢.5882G>A p.(Gly1961Glu) and compound heterozygous for
p.(Gly1961Glu) and ¢.4139C>T p.(Pro1380Leu) in ABCAA.......cocoevveveiieceece e 180

Supplemental Table 3 (Chapter 4): Demographic, clinical and genetic summary of patients
with ABCA4-associated retinitis pigmentosa 19 (RP19, #601718).......c.cccccecvevivivevreciieseene. 181

Supplemental Table 4 (Chapter 4): List of identified variants from whole exome sequencing
identified in the affected son, P1.1, (retinitis pigmentosa) of Patient 1. ...........c.c.ccoevevivrnnee. 183

Supplemental Table 5 (Chapter 5): Demographic, clinical and genetic characteristics of
individual ABCAA4/Stargardt patients in the study COnOrt. .........c.cceeveiiiieii e, 184

Supplemental Table 6 (Chapter 5): Summary of predicted pathogenicity and classification
criteria of all ABCA4 variants identified in the study Cohort. ..o 187

Supplemental Table 7 (Chapter 6). Genotype associations associated with selection filters.
................................................................................................................................................. 193

Supplemental Table 8 (Chapter 7): Summary of molecular and clinical symptoms of 27
individuals With CERTL MULALIONS. .......civiiirieiie et 194

Supplemental Table 9 (Chapter 7): Genetic and phenotypic summary of other subjects with
CERT1 variants abstracted from various public access databases and not included in this
O] 1< PSP T PRSP U PP 196

Supplemental Table 10 (Chapter 7): Summary of sequencing methodology and results of
OtNEr GENETICS ANAIYSES. ...ttt bbbttt bbbt 197

Supplemental Table 11 (Chapter 8): Demographic, genetic and clinical characteristics of 62
patients with PUM1-associated disease in the study CONOrt. ...........cocviiiiiiiiicice 200

Supplemental Table 12 (Chapter 8): The genomic coordinates, size and encompassed genes
of the copy-number variants (CNV) identified in patients with PUM1-associated disease.... 203

Supplemental Table 13 (Chapter 8): Pathogenicity analysis of single nucleotide variants
(SNV) and small insertation-deletions identified within the PUML locus.............cccccvevurnene. 205

Supplemental Table 14 (Chapter 8): Analysis of probability the synonymous variant,
€.1941C>T, p.(Gly647=) causes skipping of exon 13 based on the Ex-SKIP algorithm. ...... 206

Supplemental Table 15 (Chapter 8): Residual Variation Intolerance Score (RVIS) analysis of

all genes encompassed within large deletions identified in patients in the study cohort. ....... 207
Appendix C: Statistical CalCUlAtiONS.............cooiiiiiiiic e 209
Prognosis categories in ABCA4: age, age of onset and best-corrected visual acuity difference
CcomPAriSONS (CRAPLEI 5) ..oviiieiiiiiie e et e e eneas 209
Distribution of allele combinations across ABCA4 prognosis categories (Chapter 5)........... 212

Comparison of atrophy classifications in ABCA4: DDAF, h-DDAF and others (Chapter 6). 213

\Y



Comparison of linear growth rates between ABCA4 genotypes (Chapter 6)..........cccccevvenene 215

Correlation between DDAF growth rates and circularity index in ABCA4 (Chapter 6)........ 217
Association between mild alleles and outer retinal tubulation..............c.ccooeveviiiniiniiinnins 219
Appendix D: Clinical case descriptions (Chapter 8) ..........cccoovieriiiniiieieeieerese e 220
Appendix E: Longitudinal Analysis of a Resolving Foveomacular Vitelliform Lesion in ABCA4
[ T= - SRR 255
BACKGIOUNG ...ttt bbbt e bbb 255
CHNICAI PRENOTYPE. ... bbbt 256
Electrophysiology: EOG and ffERG reCcordingsS.........ccceveiieiieiiiieie e 259
Total retina, OS+, ONL+ and RPE layer thiCKNESS ..........ccccccviiieiieiiiicseece e 262
En face analysis: 1Se and RPE JQYEIS........cc.ooiiiiiiiiiece e 263
Long-term progression and diSEase OULCOIME ..........ccveveiieiieeriesieieesiesiese e sre e ee e e 264
EXOME SEQUENCING BNATYSIS. ... .itiiiiiiieiieiieie ettt b e 266
Etiological correlation with the ABCA4-associated optical gap phenotype..........ccccocvvvreenne. 268
[ 1111 5] o] o OSSR R 273
Materials & MELNOGS. .........couiiieii et eneenes 277
Appendix F: Identification of a pathogenic 1,500 bp Alu insertion in ABCA4 ............ccccovnene 283
Appendix G: Statistical Determination of Disease Severity in ABCA4 disease...........c.c.c..... 291
Appendix H: Definition and graphical representation of monogenic disease architecture........ 293

Vi



List of Figures and Tables

Figure 1. Anatomical illustration of the hUMan eYe...........cccveve e 3
Figure 2. Canonical pathway of the visual cycle with (A) functional and (B) non-functional

Y 210 SO S 4
Figure 3. Phenotypic spectrum 0f ABCAZ dISEASE........cccuerreiieiieiieieieeseesie s sie e e e e aee e e 6
Figure 4. Phenotypic discordance in ABCAA4 disease as evidence of genetic modifiers............... 8
Figure 5. Pipeline for gene-specific calibration of pathogenicity score thresholds. .................... 20

Figure 6. Semi-automated segmentation of spectral domain-optical coherence optical coherence
tomography (SD-OCT) scans and thickness quantification of the total receptor+ (TREC+) layer

IN @ NEAITNY FELINA. ....ccuiiieee e e et e et e s e e sbeestesneesaeeee s 23
Figure 7. Representative post-processing of ffERG recordings (light-adapted 3.0 cd-s/m? rapid
(0 o A i [T ] o TSRS 25
Figure 8. Most frequent haplotypes in STGD1 patients carrying the ¢.5882G > A,
P-(GIYL96LGIU) VAITANT. ...ttt bbbttt bbb 29
Figure 9. Summary of genotypes in the p.(Gly1961Glu) study CONOIt..........cccceveieriiiiininnnnnn 30
Figure 10. Clinical phenotype of patients homozygous for the p.(Gly1961Glu) allele............... 33
Figure 11. Clinical phenotype of patients compound heterozygous for p.(Gly1961Glu) and
Po(PTOL3BOLEU). .ttt bbbt bbbt e et bbbt b e 36
Figure 12. Consequent vision loss and the direction of degeneration in maculopathies compared
to “typical” retinitiS PIGMENTOSA. ......ecviivirtiriieiieieieste ettt bbbt ne et b enes 46

Figure 13. Funduscopic documentation of retinitis pigmentosa-related features in patients with
ABCAA4-associated retinitis pigmentosa 19 (RP19, #601718). .......ccoovviririninieene e 48

Figure 14. Full-field eletroretinogram recordings in patients with ABCA4-associated RP19. ... 50

Figure 15. Kaplan-Meier curve showing central vision loss in RP19 compared to other ABCA4

AISEASE PALIENTS. .....eivieie ettt et e s be e sae e e e b e et e e st e aae e teenr e reenre e e areenas 51
Figure 16. Macular-based degeneration iNn RPL19...........cccoiieiiiie i 52
Figure 17. Detection of lipofuscin-laden flecks and peripapillary sparing in RP19 patients. ..... 53
Figure 18. Consanguineous pedigrees With RP19. ... 55
Figure 19. Runs of homozygosity (ROH) analysis 5 patients with RP19..............cccccoeiiiiinnn 57
Figure 20. Haplotypes segregating in a family segregating RP19 (P1) and “typical” RP........... 58
Figure 21. Figure 22. Clinical characteristics of 4 prognostic outcomes observed in 112 patients

(=50 years of age) with ABCA4 diSEASE........cccviriiiiiiiiiiiiic s 67
Figure 22. Classification and phenotypic characterization of mild ABCA4 alleles. ................... 69

vii



Figure 23. Clinical and genetic characteristics of moderate ABCA4 alleles............ccccceevevnennnns 72

Figure 24. Prognostic probabilities (%) of all possible combinations for each allele class......... 73
Figure 25. Genotype-phenotype correlation matrix based on the long-term prognostic outcomes
of 112 genetically confirmed patients with ABCA4 diSEaSE. .........cccevvevveieiieiieie e 75
Figure 26. Selection criteria or Filter 2 and Filter 3...........cccooieie i 84
Figure 27. Measured and estimated DDAF growth rates in ABCA4 disease. ..........cccceeveveennnns 86
Figure 28. Proportional shifts in the filtering process between the Starting and Target cohorts. 87
Figure 29. Genotype associations associated with selection filters. ...........ccccooeveiiiiiiinnnn 88
Figure 30. Measured and estimated DDAF growth rates between genotypes in ABCA4 disease.
....................................................................................................................................................... 89
Figure 31. Structural distinction between DDAF and h-DDAF in ABCA4 disease.................... 90
Figure 32. Morphometric analysis of DDAF circularity and correlation to growth rates. .......... 91
Figure 33. Spatial distribution and morphology of outer retinal tubulation (ORT) in Stargardt
(ABCAAL) QISBASE. ...ttt bbbt s e bbbt bbbt e b b e e et b e n e 94
Figure 34. Clinical characterization of individuals with pathogenic variation in CERTL1......... 103
Figure 35. Craniofacial and peripheral dysmorphologies in CerTra Subjects.............ccoccvvruenne. 105
Figure 36. Missense variants in CERT1 lead to a neurodevelopmental syndrome. .................. 106
Figure 37. Copy number variants (CNV) spanning PUML. ..........c.ccccoveiiiic i 115

Figure 38. Lollipop plot of coding variants across the PUM1 protein (NP_001018494.1)....... 116

Figure 39. Facial photographs (frontal) showing characteristic features of p.(Arg1147Trp)
VaraNt OF PUML. ...ttt bbbttt sbe st nnenneas 117

Figure 40. Familial pedigrees showing the segregation of variable Pumiliol-associated
developmental disability, ataxia, and seizure (PADDAS) phenotypes and heterozygous loss of

function alleles in four FAMITIES. .........cooiiiiiee e 118
Figure 41. Predicted effect and splicing outcomes of the synonymous (silent) variant,
C.1941C>T, P.(GlYBA7=) INPUMIL... .ottt 120
Figure 42. Location of missense variants within the RNA-binding homology domain (HD) of
PUMVL. ettt ettt e b e e 2t e Re e st e Rt et e e et et et e R e e R e e Rt e Rt et et e tenreereereeneenes 122

Figure 43. Position of the premature truncation codon introduced by the ¢.3267_3270del,
p.(His1090Profs*16) variant relative to the nonsense mediated decay-sensitive (NMD+) and -
resistant (NMD-) portions of the post-processed PUM1 mRNA transcript (NM_001020658.2).

..................................................................................................................................................... 126
Figure 44. Monogenic disease architecture of ABCA4 ..........ccoiiiiiiiiieiiee s 132
Figure 45. Monogenic disease architecture of PUML...........cccooiiiiiiinineinneeee s 136

viii



List of Abbreviations

ABCA4: ATP-binding cassette, sub-family A, member 4 (human)
AMD: age-related macular degeneration
ANOVA: Analysis of Variance

AO: Age of onset

BCVA: Best-corrected visual acuity

BEM: Bull’s eye maculopathy

BP: Base pair

BPS: Bone-spicule pigment

CADD: Combined annotation dependent depletion
CER: Ceramide

CERTL1: Ceramide transporter 1

CerTra: Ceramide Transporter syndrome

CF: Counting fingers

Cl: circularity index

CNV: Copy number variant

DA: Dark-adapted

DDAF: Definitely decreased autofluorescence
EEG: Electroencephalogram

ER: Endoplasmic reticulum

EXAC: Exome Aggregation Consortium

FET: Fisher’s exact test

ffERG: Full-field eletroretinogram

GOF: Gain-of-function

gnomAD: Genome Aggregation Database

h-DDAF: Heterogeneous- definitely decreased autofluorescence



HM: Hand motion

IQR: Interquartile range

LA: Light-adapted

LCA: Leber’s congenital amaurosis

LOF: Loss-of-function

MAF: Minor allele frequency

MIM#: Mendelian Inheritance in Man #

MRI: Magnetic resonance imaging

NGS: Next-generation sequencing

NMD: Nonsense-mediated decay

OD: Oculus dexter (right eye)

ORT: Outer retinal tubulation

OS: Oculus sinister (left eye)

PADDAS: PUM1-associated developmental delay and seizures
PRCA: Pumiliol-related cerebellar ataxia

PTC: Premature truncation codon

PUML1: Pumilio homolog 1 (human)

PVS-1: very strong evidence of pathogenicity, tier 1 (denoting complete loss of function variant)
QDAF: Questionably decreased autofluorescence

ROC: Rapid-onset chorioretinopathy

ROH: Runs of homozygosity

RP: Retinitis pigmentosa

RP19: Retinitis pigmentosa 19

RPE: Retinal pigment epithelium

SD: Standard deviation

SD-OCT: Spectral domain-optical coherence tomography
SM: Sphingomyelin

SNV: Single nucleotide variant



STGD1.: Stargardt disease 1
SW-AF: Short wavelength-autofluorescence
TREC+: Total receptor+

WES: Whole exome sequencing

Xi



Acknowledgements

First and foremost, | would like to thank Prof. Rando Allikmets, Ph.D. who has not only
supervised my research these past 10+ years, but who has also been like a father to me. You have
influenced me more than anyone else in my life, both professionally and personally. I’m looking
forward to many more years of work and friendship.

| also owe a big debt of gratitude to my second graduate supervisor, Prof. Vincenzo A.
Gennarino, Ph.D. Thank you for giving me a chance to step out of my comfort zone and learn
new things. | will never forget how you discovered PUML1 disease as a post-doc. This story
inspires me every day to think independently and work relentlessly.

None of the work on retinal disease in this dissertation would have been possible without the
immense contribution of Jana Zernant, Ph.D., a legend in the ABCAA4 field, my academic partner
in crime and a very close friend.

| am also extremely grateful to Prof. Stephen H. Tsang, M.D., Ph.D. for the innumerable ways
you have influenced me. You are the reason I first stepped foot into the retinal field and a big
part of why | hope to dedicate my life to working on inherited retinal diseases. Thank you for
sharing a small slice of your encyclopedic knowledge me.

The availability of patients studied in this dissertation would not have been possible without
collaborations with Dr. Gerald A. Fishman, M.D., Dr. Stanley Chang, M.D., Dr. Peter Gouras,
M.D., among others. Although it goes without saying, | feel an immense amount of gratitude
towards all patients and family members who | have interacted with over the past several years.
Knowing and talking to all of them has taught me more than anything | could ever read out of a
clinical textbook.

I would like to show immense appreciation to members of both the Allikmets lab and Gennarino
lab who along with both P.1.’s have essentially been family (away from home). | must especially
thank Takayuki Nagasaki, Ph.D. for the advice, encouragement and bioinformatics wisdom.
Likewise, the immense CERT1 project would not have been possible without the collaboration of
Prof. Giovanni d’Angelo, Ph.D. and Vicky Brandt.

Lastly (but certainly not least), | have to acknowledge my committee members, Prof. Angela
Christiano, Ph.D., Prof. Xin Zhang, Ph.D. and Prof. Krzysztof Kiryluk, M.D. for their time,
expertise and guidance through this long process. Finally, | want to sincerely thank both Prof.
Mimi Shirazu-Hiza, Ph.D. and Jooyeon Kim for being there for me during a difficult period these
past 4.5 years. I’m not sure I would have pulled through without both of you.

Xii



Dedication

To my mom and my wife.

Xiii



Chapter 1 Introduction

1.1 Overview

The intricacies of disease can be traced from the observable scale of the human body all the way
down to the precise sequence of nucleotides in DNA encased within the nucleus of a cell. This
ability to understand disease at such a fundamental level is the basis for modern medicine;
however, progress on this front can often move at a slow and incremental pace. A reason for this
may be attributed to the fact that questions in basic science are often tackled without a more
nuanced understanding of disease manifestation at the clinical level. Monogenic disorders, for
instance, are often naively characterized by the overly simplistic concept of “one gene -- one
disease” whereas in reality, dysfunction of a single gene can lead to a vastly heterogeneous
spectrum of disorders that differ in clinical etiology and treatment response. The gap between
the existing mechanistic knowledge of a disease and its clinical manifestation in patients can be
quite large and, as with most things in nature, there is almost never a straight line between cause
and effect. For rare, monogenic disorders, correlative studies not only fill this gap but also

provide a detailed map to navigate the vast genetic complexities found in almost all diseases.
1.2 Monogenic disease architecture

Monogenic diseases, or single-gene disorders, are clinical manifestations that can be traced to
genetic variation (or mutation) in a single gene that alters the biologically intended (wildtype)
function of its protein (or mRNA) product. Understanding the biological context of a gene
provides important details—cell type or tissue of origin, biological pathways, etiological
consequences, etc.—all of which furthers our understanding of its pathogenic consequences.

Although the causal gene is unknown for many inherited disorders, there are numerous



monogenic diseases for which the precise and fundamental cellular function is well-established.
Often, however, this fundamental understanding does not track with the resulting clinical
phenotypes seen in patients. A common discrepancy is the breadth of variability across
individuals with the same monogenic disorder. This is in part attributable to the numerous
possible variants (and types of variation) that can occur in each gene, all of which can have a
distinct effect on the corresponding phenotype. For autosomal recessive diseases that result from
pathogenic variation on both alleles, the variability in possible phenotypic outcomes can
potentially increase by an additional order of magnitude. Understanding a disorder by its
“monogenic disease architecture” —that is, the relationship between all possible pathogenic
variation and resulting clinical phenotypes—provides a global perspective that yields both
mechanistic and clinical insight about a gene that may otherwise be unapparent at a local level
(see Appendix H). Furthermore, understanding a monogenic disease from this perspective will
help elucidate genetic irregularities or inconsistencies (e.g., genetic modifiers, auxiliary gene
functions and pathways, phenotypic discordances, etc.) that may not be explainable by
underlying genotype alone. This doctoral dissertation is devoted to understanding and
untangling the complex monogenic disease architecture of three mechanistically well-

characterized genes: ABCA4, CERT1 and PUML1.

1.3 ABCAA4: protein function, pathophysiology, and in vivo models

Pathogenic variation in the ABCA4 gene is the underlying cause of the most common monogenic
inherited retinal dystrophy in the world.>? The disease is predominantly characterized by
progressive loss of central vision due to the degeneration of photoreceptors and retinal pigment

epithelium (RPE) cells beginning in the macula (Figure 1).2 In the more than two decades since



ABCA4 was first cloned by Rando Allikmets, Ph.D. in 1997, the scientific community at large
has gained an unprecedented understanding of its disease pathophysiology. The large 6.8 kb
ABCA4 gene encodes the ATP-binding cassette (ABC) transporter protein that is expressed in
both rod®# and cone® photoreceptors—the specialized neurons in the retina responsible for
capturing light in the initial step of visual phototransduction--and is localized to the rim and

incisures of outer segment disc membranes.®
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Figure 1. Anatomical illustration of the human eye.

The process of visual phototransduction relies on the regeneration of the vitamin A derivative
molecule, 11-cis-retinal, which occurs in a series of biochemical reactions in the visual cycle
(Figure 2A). In brief, 11-cis-retinal is a chromophore bound to an outer segment membrane-
bound G-protein-coupled receptor--rhodopsin (in rods) and photopsin (in cones)--to form the
light-sensitive complex responsible for triggering visual phototransduction. The absorption of

light results in the photoisomerization of 11-cis-retinal to all-trans-retinal and consequent release
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from rhodopsin (or cone opsin) into the photoreceptor disc lumen. The released all-trans-retinal
is then bound by ABCA4 and “flipped””® across the disc membrane out into the outer segment
cytosol where it is converted to all-trans-retinol by RDH8. All-trans-retinol is transported out of
photoreceptors into the adjacent RPE by the aptly named interphotoreceptor retinoid-binding
protein (IRBP).° Within the RPE, all-trans-retinol is esterified by lecithin retinol acyltransferase
(LRAT)® and converted to 11-cis-retinol by the retinoid isomerohydrolase 65 (RPE65).112
Finally, 11-cis-retinol is then oxidized into the 11-cis-retinal by retinoid dehydrogenase 5
(RDH5) and shuttled back into the photoreceptor outer segment disc lumen by IRBP to re-enter

the visual cycle.
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Figure 2. Canonical pathway of the visual cycle with (A) functional and (B) non-functional ABCA4.

The dysfunction of ABCAA4 results in the accumulation of all-trans-retinal (Figure 2B) and
subsequent irreversible formation of cytotoxic bisretinoids comprising lipofuscin.®>*" Over time,

the constituent components of lipofuscin, mostly the all-trans-retinal dimer N-retinyl-N-
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retinylidene ethanolamine (A2E), become cytotoxic and trigger degeneration resulting in vision
loss.?>181% Although this pathophysiological process begins in photoreceptors, RPE
degeneration precedes photoreceptor degeneration in the disease in most cases due to the regular
process of RPE phagocytizing outer segment tips.?>?* Pathologic A2E/lipofuscin accumulation
has been visualized in vivo and quantitatively measured in both patients with Stagardt/ABCA4
disease'®?%24 and knockout (KO) mice (Abcad™).2>? |t should be noted that mice do not
recapitulate the retinal degeneration phenotype due difference in retinal anatomy, specifically the
absence of a macular region. More recently, a naturally occurring canine model (Labrador
retriever) homozygous for two complete loss-of-function (LOF) alleles of ABCA4, ¢.4176insC,
p.Ph1393Leufs*1395, was described.?” Canine retinas have a cone-rich streak analogous to the
human macula and unsurprisingly, diffuse degeneration was found in conjunction with

accumulation of RPE lipofuscin accumulation in this region.??

1.4 Challenges Facing Genotype-Phenotype Correlation Studies

1.4.1 Scale of Heterogeneity

Despite this abundance of fundamental knowledge about the visual cycle described above, we remain far
from understanding how ABCA4 dysfunction precisely gives rise to the large breadth of clinical
phenotypes in patients. The first hurdle in tackling genotype-phenotype correlations is an issue of sheer
scale. While the consequence of having no functional ABCA4 protein in the visual cycle is clear, disease
manifestation varies considerably depending on the type of variant and combination of alleles in an
individual. To date, more 2,300 pathogenic variants have reported across the 50 exons and within the
deep, non-coding intronic regions of the ABCA4 locus.2®® Mathematically, this number already allows
over 5 million possible allelic combinations (2,300 "% = 5 290,000 possible genotypes). Virtually all
mutation classes are represented in ABCA4 including missense, nonsense, indels, canonical and

noncanonical splice site changes and splice-affecting deep-intronic variants.®** Large structural variants



include multi-exonic deletions, duplications and even Alu insertions.**3*” The effect of protein-truncating
or complete LOF variants is clear; however, they make up only ~23% of total variants/alleles and 33% of
unique variants/alleles. Missense variants, on the other hand, which vary considerably in severity, make
up 50% of the unique variants/alleles and 61% of total variant/allele composition.? Correspondingly, a
conservative list of clinical phenotypes attributable to ABCA4 includes: Stargardt disease, fundus
flavimaculatus,®*#° cone-rod dystrophy, optical gap or occult macular dystrophy,**2 bull’s eye
maculopathy, generalized choriocapillaris dystrophy,*3#* early-onset sever retinal dystrophy,* late-onset
pericentral macular dystrophy,*64” early-onset pattern dystrophy, vitelliform macular dystrophy (see

Appendix E),* among others (Figure 3).

Figure 3. Phenotypic spectrum of ABCA4 disease.

1.4.2 Inconsistencies
While ABCA4 disease? is complicated enough under the standard assumptions of human

genetics, a significant fraction of the disease exists outside of this understanding. The most

2 <“ABCA4 disease” collectively refers to all clinical entities caused by pathogenic variation in the ABCA4 gene:
Stargardt disease 1, Cone-rod dystrophy, ROC, bull’s eye maculopathy, etc.
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prominent example is the recent discovery of conditionally penetrant, “extremely” hypomorphic
alleles,® most notably the p.(Asn1868lle) variant.*64%50 The pathogenicity of this variant as a
causal allele has been puzzling due to the contradicting observations that its allele frequency in
the general population is too high to be pathogenic (~7% among non-Finnish Europeans), yet
somehow more frequent in cases versus controls in several studies.®>* While the disease
association proposed by these studies was largely due to linkage disequilibrium (LD) with other
highly penetrant pathogenic variants,> our lab uncovered the precise conditions of pathogenicity,
which occurs only when this allele is present in combination with a severe ABCA4 allele in
trans.*® The resulting phenotype is a late-onset form of Stargardt disease characterized by
preserved central vision due to sparing of the fovea, an anatomical phenomenon that is not fully

understood.*647

Another long-standing unresolved issue is the penetrance of the p.(Gly1961Glu) variant, the
most common pathogenic allele in ABCA4 found in ~20% of affected cases of European
descent® and up to 50% of cases of South Asian descent.*® Correspondingly, the frequency of
p.(Gly1961Glu) is also exceedingly high in certain healthy populations (~0.4% in non-Finnish
Europeans and 5.65% in the Horn of Africa).>>®" This allele also gives rise to discordant
phenotypes among individuals with the same genotypes (Figure 4), pointing to the broader issue
impeding genotype-phenotype correlations, specifically the existence of genetic modifiers.
Modifiers are defined here as cryptic variants that significantly influence phenotypic expression

(disease heterogeneity or severity) but have no singular effect themselves. Modifiers can either

b Note: The use of the term “hypomorph” or “hypomorphic” here and throughout the text specifically denotes a mild
autosomal recessive allele that is pathogenic in patients only when inherited in trans to a severe or complete loss-of-
function allele as defined by Zernant et al. (2017) J Med Genet. Jun;54(6):404-412), this is in contrast to the
historical usage to denote any mutation that causes a partial loss of gene function.
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be intragenic (cis-modifiers) or extragenic (trans-modifiers)® and indeed examples of both have
been found in ABCA4 disease.*®°8%° Accounting for both incomplete penetrance and variable

expression is therefore crucial, especially for the most frequent pathogenic allele in a disease.

Discordant phenotype

s N
Healthy Mild disease Severe disease

ABCA4 W7 ABCA4 p(Gly1961Glu) ABCA4 p.(Gly1961G1u)
\ \ Y
Allele 1D Allele 1 DD Allele 1D
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ABCA4 wrt ABCA4 r (Pro1380Leu) ABCA4 » (Pro1380Leu)

Figure 4. Phenotypic discordance in ABCA4 disease as evidence of genetic modifiers.

1.4.3 Paucity of Critical Details

Unlike ABCA4 disease, which suffers from “too much known complexity”, there is deep clinical
knowledge gap for many other genes that are otherwise functionally well-characterized and
potentially treatable. One example is the ceramide transport 1 gene (CERT1) (also known as

COL4A3BP). CERT1 (NM_005713.2), which encodes the important inter-organelle lipid

¢ Note: Here, cis- and trans- are used to differentiate modifier variants within (cis) (i.e., coding, non-coding,
regulatory sequences) and outside (trans) of a gene, respectively. In other parts of the text, cis and trans are used to
denote the gametic phase of variants in a genotype (i.e., two variants on the same allele are in cis and two variants
on opposite alleles are in trans relatively to one another.



transporter CERT that is responsible for transferring ceramide (Cer) from the endoplasmic
reticulum (ER) to the trans-Golgi for conversion to sphingomyelin (SM) during sphingolipid
metabolism.-62 Unlike the transport of all-trans-retinal by ABCA4 in the visual cycle,
sphingolipid metabolism is a strictly regulated process. Once sufficient rates of SM production
are reached, CERT is phosphorylated and rendered inactive to avoid a detrimental
overproduction of SM.%3®* The consequence of a complete depletion of CERT is unknown,
however, conditional KO mice have been generated (Col4a3bp™aKOMPIWEsiy that do not appear to
have significant phenotypes (https://www.mousephenotype.org/data/genes/MGI:1915268,
accessed February 2023). CERT contains several domains with specific functional roles and
knowing the type of variation that causes disease and its spatial distribution relative to these
domains would be highly informative of its pathophysiology. Therapeutically, confirming a
GOF (dominant negative) mechanism could open the door to pharmacological use of known
CERT inhibitors such as N-(30hydroxy-1-hydroxymethyl-3-phenylpropyl)dodecamide (HPA-

12).65

While the disease etiology caused byABCA4 and CERT1 variation can be roughly distinguished
as either a LOF and possible GOF problem, respectively, there are genes such as PUML in which
both an overabundance and depletion is known to be problematic.%¢¢” The PUM1 gene encodes
Pumilio-1 (PUM1), a member of the PUMULIO/FBF (PUF) family® that is evolutionarily
conserved from humans (H. sapiens) to D. melanogaster.® PUML1 is a ubiquitously expressed
RNA-binding protein (RBP) that post-transcriptionally regulates specific mMRNA targets’ in a
manner that is crucial to the maintenance and function of neurons in the brain.%” Elevated levels

of PUM1 reduce dendritic arborization (branching) in both induced pluripotent stem cell (iPSC)-



derived neurons’* and HEK293T cells.”> On the other hand, completely knocking out PUM1

leads to mitotic errors during cell division.”>"

The connection between pathogenic variation in PUM1 and disease has been clear since it was
first discovered by Vincenzo A. Gennarino, Ph.D. Homozygous KO (Pum1™) are born at low
Mendelian ratios while heterozygous KO mice (Pum1*’) are relatively small in size, have
seizures and motor dysfunction.®” This haploinsufficiency model is also reflected in the human
disease phenotype. The most common types of variants are heterozygous de novo genomic
deletions spanning the PUM1 locus which result in a clinical phenotype called Pumiliol-
Associated Developmental Disability, Ataxia and Seizure syndrome (PADDAS).”? Biallelic
patients have not been reported. Four cases heterozygous for the de novo p.(Argl147Trp)
missense variant have been described as having features consistent with PADDAS.">7¢7® This
variant falls outside of the functional RNA-binding domain (RBD). Another variant inside the
RBD, specifically the p.(Thr1035Ser) variant, was found to segregate with a condition distinct
from PADDAS in a three-generation family with multiple affected individuals.”? This phenotype
was described as a late-onset pure cerebellar ataxia, termed PUM1-related cerebellar ataxia
(PRCA). Even more intriguing, in vitro studies revealed that this etiological discordance was
attributable to only a 25% difference in PUML levels. These perplexing observations raise
numerous questions. How can such a small difference in gene dosage have such etiologically
distinct consequences of a single gene and what other types of pathogenic variants exist, and do

they cause disease phenotypes other than PADDAS or PRCA?

d These are the central hypotheses addressed in Chapter 8.
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1.5 Study Rationale and Goals

The primary goal of this doctoral dissertation is to address critical knowledge gaps in 3
etiologically distinct monogenic diseases attributed to variation in ABCA4, CERT1 and PUM1 by
analyzing genotype-phenotype correlations based on in-depth characterization of disease features
and underlying genetic variation identified by sequencing in patients. Defining these
relationships would have direct and immediate implications for treatment for 2 of the diseases.
There are quite a few treatment options in the clinical trial pipeline for ABCA4 disease
(clinicaltrials.gov), however, the disease heterogeneity impedes our ability to stratify which types
of patients can be treated and how to reliable assess the efficacy of such treatments. An existing
inhibitor compound may be repurposed as an intervention for a monogenic disease caused by
overactive CERT function, however, both the existence of such a disease and this precise
mechanism remains to be confirmed. Resolving the Mendelian complexities would allow us to
establish coherent variant-level knowledge so that treatment can be properly designed for

individual patients.
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Chapter 2 Assembly of Study Cohorts, Genetic Methods, and Clinical
Phenotyping

2.1 Recruitment of study subjects

All prospective study procedures related to human subjects were performed in accordance with
the established tenets of the Declaration of Helsinki. Prior to subject enrollment in studies
performed at the Department of Ophthalmology (Chapters 3-6), written informed consent (or
assent from minors below 18 years of age) was obtained from all subjects (both patients and
family members when available) in accordance with protocols #IRB-AAAI19906 and #IRB-
AAABG6560 that have been approved by the Institutional Review Board of Columbia University
Irving Medical Center. The study in Chapter 3 also included subjects enrolled from the Pangere
Center for Inherited Retinal Diseases at the Chicago Lighthouse who were also consented under
protocol #IRB-AAAI19906. All subjects enrolled and studied in Chapters 7 and 8 were
consented under protocol #IRB-AAAS7401 which has also been approved by the Institutional
Review Board of Columbia University Irving Medical Center. Enrollment of these subjects in
Chapters 7 and 8 was primarily conducted through GeneMatcher (Appendix A). All
correspondence and personally identifiable data obtained (clinical photographs, MRI, etc.) were

stored on encrypted devices and transmitted via the secure CUIT email server.

2.2 Molecular Analysis of ABCA4

Genetic confirmation of ABCA4 disease entails the identification of at least 2 pathogenic
variants using a combination of direct sequencing approaches. In a typical cohort diagnosed
with Stargardt disease, next-generation sequencing (NGS) of the ABCA4 gene uncovers 2
pathogenic variants in 60-70% of cases, 1 pathogenic variant in 15-20% of cases and no ABCA4

variants in the remaining cases. Our direct sequencing approach starts with the amplification of
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all 50 exons and flanking intronic regions with tagged PCR primers using an amplicon tagging
protocol (Access Array; Fluidigm, South San Francisco, CA,;
http://www.fluidigm.com/products/access-array.html). This was followed by NGS on the Roche
454 platform (Roche Applied Science, Penzberg, Upper Bavaria, Germany). Sequences of the
barcoded samples were then analyzed using the NextGENE software (SoftGenetics, State
College, PA) to map reads against the reference genome (GRCh37/hg19) and to identify all
variants for further processing. The remaining 1 and 0 ABCA4 variant cases were then further
assessed for the presence of non-coding intronic variants by Illumina Truseq Custom Amplicon
target enrichment strategy and sequencing (Illumina, San Diego, CA). This design targeted the
genomic region chrl:94,456,700-94,591,600 which spans the entire ABCA4 locus as well as
~4.9kb and ~1.7kb of the 5’ and 3’UTR sequences, respectively. Further technical details for
both the NGS and locus sequencing protocol can be found provided in two previously published

articles from our lab.347°

2.3 Whole Exome Sequencing

In Chapter 2, whole exome sequencing (WES) was outsourced to either Macrogen, Psomagen
(Rockville, MD) or the Baylor College of Medicine Human Genome Sequencing Center (BCM-
HGSC). Library preparation, exome capture and sequencing platforms differed across each
center, however, the standard workflow is as follows: Standard exome capture libraries were
generated using the Agilent SureSelectXT Low Input Target Enrichment (Magrogen), Agilent
SureSelect Human All Exon V8 (Psomagen) or the Baylor custom array HGSCCORE designed
based on NimbleGen VCRome 2.1 (Roche NimbleGen, Madison, http://sequencing.roche.com/).
Depending on the specific array employed, typical exome capture covered 30-70Mb of target

regions. NGS sequencing of enriched libraries at both centers was performed using either the

13



Illumina HiSeq or NovaSeq platforms (Illumina, San Diego, http://www.illumina.com). In all
samples, sequencing achieved a minimum mean read depth of 10x. Raw sequencing reads were
then filtered to remove low-quality readers and artifacts. To standardize across different
sequencing methods, all data pre-processing, variant calling, alignment and calling steps were
performed according to the Institute of Genomic Medicine (IGM) pipeline at Columbia
University.8° Processed reads were converted to FASTQ format and mapped against the human
reference genome (hg19) with the short-read aligner software, the Burrow-Wheeler Aligner
(BWA).8! Single nucleotide variants (SNV) and small indels were called from the aligned data
using GATK according to best practice recommendations.®? Finally, all resulting variants were
compiled into the standard variant call format (VCF) for annotation and further analysis. VCF
files and/or other variants lists are annotated with ANNOVAR®* variant-based and gene-based

datasets available on https://annovar.openbioinformatics.org/.

2.4 Variant prioritization

The pathogenicity of all autosomal recessive variants was determined by standard parameters
such as minor allele frequency in the general population, prior disease association, variant
class/type, familial segregation and in silico predictions. For ABCA4 variants, we also consider
its enrichment in our large genetic database of >800 genetically confirmed ABCA4 disease cases
relative to the general population in gnomAD under the assumption that variants significantly

enriched in patient populations may be more likely to be pathogenic.

2.4.1 Minor allele frequency
The minor allele frequencies (MAF) of all SNV and small indels are derived from gnomAD
database (v2.1.1) which contains the sequenced exomes of 125,748 and genomes of 15,708 (total

= 141,456) presumably healthy individuals, respectively (https://gnomad.broadinstitute.org/).
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When applicable, the available ethnicity-specific allele frequencies are used for specific ethnic
patient subgroups although the overwhelming majority of our cohort is of non-Finish European
(NFE) descent. As a standard rule, we set the MAF threshold for pathogenicity in autosomal
recessive variants at <0.005 (or 0.5%) based on the generalization that highly penetrant variants
that cause Mendelian (monogenic) disease are very rare in the healthy population. We do not,
however, consider this a fixed MAF threshold, given the existence of incompletely penetrant
alleles in ABCA4*4" and PUM1,"? as well as other diseases with much higher MAF’s.

Adjustments to the MAF threshold are made on a gene-by-gene basis.

2.4.2 Prior disease association
A variant’s prior disease association of a variant is primarily verified using several aggregate

clinical databases. ClinVar (https://www.ncbi.nlm.nih.qgov/clinvar/) is used for initial cross-

referencing. For variants in ABCA4, we also reference our own internal database of >800
genetically-confirmed ABCA4 disease cases, as well as the Leiden Open Variation Database
(LOVD) (https://databases.lovd.nl/shared/genes/ABCA4), which contains >2,300 known
pathogenic variants in ABCA4 as of 2023.3° For variants associated with neurological disease,
we primarily reference Decipher (https://www.deciphergenomics.org/) and the internal database
of the Human Genome Sequencing Center of Baylor College of Medicine (private access).
Further clinical and genetic databases referenced are provided in the Methods sections of the

respective study chapters of this dissertation.

2.4.3 Variant classification
Based on the general assumption that most disease-causing variants affect protein coding regions
of a gene, the priority ranking for pathogenicity of variant class/types is as follows (from least

likely to most likely to be pathogenic): synonymous (silent) — missense — frameshift/non-
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frameshift — nonsense (stop gain/loss) — canonical splice site substitutions/changes (x1 or 2
position) — large genomic deletions/insertions. The latter 4 variant classes are assumed to result
in null or complete LOF allele and using the “PVS1” acronym defined by according to the
standards and guidelines for the interpretation of sequence variants by the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. The PVS1
acronym denotes the criterion for variants with very strong evidence of pathogenicity (tier 1) (see

Table 2 in Chapter 5).%°

2.4.4 Familial segregation

One of the most important pathogenicity criteria considered for both the autosomal recessive and
autosomal dominant diseases in our studies is the segregation of alleles and phenotypes in
families. Whenever possible, first degree relatives (parents, siblings, and children) are fully
examined and genetically screened along with the proband to verify the gametic phase of
variants identified after sequencing (see Appendix Figure E7). In the absence of relatives,
phasing may be statistically inferred based on observed variant co-occurrence in gnomAD
(https://gnomad.broadinstitute.org/variant-cooccurrence). Individual allele and haplotype
frequencies are obtained and the relative coefficient of linkage disequilibrium (D) is calculated
for both variants (see full calculation in Appendix Figure E8). For hypothetical variants C>T

and G>A, individual haplotype counts presented in a 2x2 contingency table:

A G
T o
C Y )
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The coefficient of linkage disequilibrium (D) is defined as the difference between the observed
and expected haplotype frequencies, where -1 < D < 1. A negative value of D indicates that the
two alleles are less likely to be inherited together than expected by chance, while a positive value

of D indicates that they are more likely to be inherited together than expected by chance.
D = P(a) — P(A)P(T)

Since the range of possible values of D depends on the frequencies of the alleles it refers to,
comparisons between different pairs of alleles may be unreliable. As such, normalizing D by
dividing it by the theoretical maximum difference between the observed and expected haplotype

frequencies to determine D’ addresses this issue:

D

D' =

Dmax

where,

B max{—P(A)P(C),—(1 — P(A))(1 —P(C))} whenD <0
Pmaz = {min{P(A)(l —P(0)),(1—-PA)PO)} whenD > 0

The range of D’ is 0 <D’ <1 such that a value of 0 indicates complete linkage disequilibrium
indicating that the variants are likely allelic, whereas a value of 1 indicates complete linkage

disequilibrium indicating that the variants are biallelic.

In addition, we subsequently calculate a correlation coefficient (R?) between the two variants as

follows:

DZ
~ P(A)P(G)P(T)P(C)

RZ

Statistical significance is determined by calculating a X? statistic (df = 1):
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For calculations with very small sample sizes (e.g., number of cases is no greater than 15 (and
consequently Naeles < 30), one should apply Yates's correction for continuity to the X2 test,
where 0.5 is subtracted from the numerical difference between the observed and expected

frequencies:

2 |(Nauietes(a X 8 —y X B) _0'5)2
=), @)D

This statistical approach is applied in certain cases, however, the family-based approach is
nevertheless preferred. Familial segregation is additional factor in the analysis of the autosomal
dominant diseases in Chapter 7 (CERT1) and Chapter 8 (PUML1) since most pathogenic variants
in these cases are not expected to be inherited but instead, occur de novo in the proband.
Exclusion of inheritance is important however we cannot strictly rule out pathogenicity of

inherited variants given the possible existence of non- or incompletely penetrance alleles.

2.4.5 In silico prediction

The pathogenicity of missense variants is comparatively more challenging to assess. For these
variants, we consider a combination of factors based on the predicted effect of biochemical
changes and the position of the altered amino acid relative to functionally and/or structurally
critical domains of the protein. The biological importance of variant positions is based on

quantitative estimates such as the ratio of nonsynonymous to synonymous variants missense
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tolerance ratios observed across the general population (dN/dS)®®87 in proteins or the level of
DNA sequence conservation using phyloP.28 Pathogenicity based on the chemical and structural
impact on the protein are predicted using several composite deep learning algorithms: CADD
(PHRED scale 0 to 48),2%% REVEL (likelihood ratio 0 to 1),%! Eigen (probability score -4.09 to
6.31),%2 and M-CAP (percentile range 0 to 1)°®. As a general guideline, we abide by the
recommended pathogenicity thresholds of 0.025 for M-CAP, 0.5 for REVEL, 0.5 for Eigen and
20 for CADD-PHRED. For deep intronic variants or those adjacent to canonical splice sites (> +
2), possible effects on splicing are predicted using tools such as such as MaxEntScan® and

Human Splicing Finder,® SPIDEX,% SpliceRover,®” EX-SKIP® and SpliceAl.*

As with allele frequency thresholds, these pathogenicity prediction thresholds may not reflect
some genetic phenomena such as incomplete penetrance. As such, prediction scores are adjusted
on a gene-by-gene basis. For autosomal dominant diseases caused by de novo variation, we
developed a custom analysis pipeline that calibrates pathogenicity thresholds against the
distribution of predicted scores of singleton” missense variants for a respective gene (i.e.,
missense variants with an allele count =1 in the gnomAD database) (Figure 5). It has been
estimated that up to 5% of the general population harbors variants associated with autosomal
dominant disease but will not or has not yet developed symptoms;*® hence their inclusion in
databases of healthy, unaffected individuals. Given this observation, considering the

distribution of singleton missense variants provides a more conservative cut-off for de novo

¢ Specifically, the dN/dS ratio quantifies selective pressures by comparing the rate of substitutions at
silent/synonymous sites (dS), which are presumed to be neutral, against the rate of substitutions at non-silent/non-
synonymous sites (dN), which likely undergo selection.

fVariants found in one (a single) individual (allele count = 1).
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variants exhibiting incomplete penetrance, such as the p.(Thr1035Ser) variant in PUM1.”> More

details and codes for this calibration procedure are available in Appendix A.101:102
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Figure 5. Pipeline for gene-specific calibration of pathogenicity score thresholds.?

2.5 Retinal and Fundus Imaging

The retinal phenotyping protocol includes three principal fundus imaging modalities: color
photography, fundus autofluorescence imaging and optical coherence tomography (OCT).
Pupils were maximally dilated to a minimum of 7-8 mm in diameter using topical 1%

tropicamide and 2.5% phenylephrine prior to all image acquisition. Color and red-free

9 See Appendix A for full protocol. The text and figures from this protocol have been recently published (Lee et al.
STAR Protocols. 2022 Feb 2;3(1):101150).
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photographs of the fundus of 30° x 30° and 50° x 50° field magnification were captured using

the FF450P"s Fundus Camera (Carl Zeiss Meditec).

The evaluation of ABCA4-related disease features in our studies are primarily based on
autofluorescence imaging, especially short wavelength-autofluorescence (SW-AF) which has an
excitation wavelength of 488-nm and emits in the range of 500-nm to 680-nm.1% This specific
mode of autofluorescence predominantly emanates from the complex mixture of bisretinoids in
photoreceptor and RPE lipofuscin.® While SW-AF provides high resolution images of most
retinal diseases affecting the photoreceptor and RPE layers, it is especially informative as a tool
for studying ABCA4 disease. The absolute levels of autofluorescence can be precisely
quantified'® and indeed, elevated SW-AF, as well as the long wavelength, near-infrared-
autofluorescence (NIR-AF, 787-nm, emission >830-nm), have been measured in vivo in patients

and mouse models of ABCA4 disease.?%%6

SW-AF images of 30° x 30° and 55° x 55° field magnification were acquired using the confocal
scanning laser ophthalmoscope Spectralis HRA+OCT (Heidelberg Engineering, Heidelberg,
Germany). NIR-AF images of 30° x 30° and 50° x 50° field magnification were acquired on the
confocal scanning laser ophthalmoscope HRA2 (Heidelberg Engineering, Heidelberg, Germany).
Both SW-AF and NIR-AF images were acquired as “high-resolution” (1536x1536 pixels) and
pixel histogram-normalized (histogram-stretch) in order to better visualize the distribution of
autofluorescence intensity throughout the image. In Chapter 4, green autofluorescence images
(532-nm excitation) and pseudo-color fundus photographs were acquired with the Optos 200Tx
(Optomap Daytona, United Kingdom) instrument (see Chapters 3 and 4 Methods for additional

specifications).
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2.6 Spectral domain-optical coherence tomography

Optical coherence tomography (OCT) renders in vivo cross sections of the retina providing near
cellular level visualizations of tissue architecture at a resolution of about 10-15 micrometers,1%
OCT differs from other tomographic scanning modalities such as ultrasound in that the latter
measures acoustic waves whereas the former measures light. The manner of detection has varied
since the inception of OCT ranging from Time and Fourier domains. The OCT data acquired in
this study use spectral domain-OCT (SD-OCT), which captures at a speed of approximately
27,000-70,000 A-scans per second (axial resolution ~10um, transverse resolution ~20um) to
diminish the likelihood of movement artifacts when imaging live patients.’®® The SD-OCT scans
in these studies are also captured simultaneously alongside corresponding infrared-reflectance
(IR-R) images of the fundus using the Spectralis HRA+OCT (Heidelberg Engineering,
Heidelberg, Germany). The SD-OCT capture protocol for each eye of each subject includes a 9
mm horizontal line scan (normalized, high-resolution) aligned and 19-line raster scan aligned at

the anatomical fovea. Custom raster scan patterns used are specified in the Methods section of

each individual study.

The range and depth of a standard SD-OCT scan includes all cellular layers of the retina from the
vitreoretinal interface to the RPE/choroid interface (Figure 6). The thickness of various retinal
layers can be assessed by segmenting each of these layers directly in each scan. Both manual
and automatic segmentations exist, however, we use a custom “semi-automated” approach of
automatic segmentation and manual correction (if needed).'®® The cellular layers quantified in
our studies are total receptor+ (TREC+) which corresponds to the total length of photoreceptors

and apical tips of RPE (Figure 6).1” For segmentation, TREC+ is defined as the distance
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between the Bruch’s membrane/choroid interface and the inner nuclear layer (INL)/outer

plexiform layer (OPL) boundary (Figure 6).

Healthy control

+=INL/OPL

I

4=BM/Ch

C TREC+ thickness profile

Figure 6. Semi-automated segmentation of spectral domain-optical coherence optical coherence tomography (SD-
OCT) scans and thickness quantification of the total receptor+ (TREC+) layer in a healthy retina."
2.7 Electroretinography
Full-field electroretinograms (fFERG) were recorded using the Diagnosys Espion (E®)
Electrophysiology System (Diagnosys LLC, Littleton, MA, USA) in accordance with the
recommended protocol of the International Society for Clinical Electrophysiology of Vision
(ISCEV).1%® A total of six evoked responses were recorded in all patients (rod-specific dark-

adapted 0.01, mixed rod and cone dark-adapted 3.0, dark-adapted 10.0, oscillatory potentials,

" (A) Automated segmentation of all retinal layers visible on SD-OCT was performed by the HEYEX software
(Heidelberg Engineering). (B) The TREC+ layer spanning photoreceptor attributable layers are demarcated by the
inner nuclear layer/outer plexiform (INL/OPL, orange line)(Inset B*) interface and Bruch’s membrane/choroidal
(BMI/Ch, red line) interface boundaries. Mis-segmented regions were manually corrected as necessary. (C)
Thicknesses were obtained at 0.5 mm interval positions (blue line markers) out to 3 mm eccentricity from the fovea.
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single flash light-adapted 3.0 and light-adapted 30-Hz flicker); however only four were
specifically evaluated for our studies of ABCA4 disease. Pupils were maximally dilated to a
minimum of 7-8 mm in diameter using topical 1% tropicamide and 2.5% phenylephrine prior to
testing. Dawson-Trick-Litzkow (DTL) electrodes (silver impregnated fiber) over the cornea with
ground electrodes attached to the forehead were used in almost all cases; any data recorded with

Burian-Allen (BA) contact lenses are specified in the Methods section of the individual study.

Patients were dark-adapted for a minimum of 40 minutes prior to performing the scotopic
protocol and light-adapted for at least 10-15 minutes prior to performing the photopic protocol.
The scotopic protocol was performed using the rod-specific dark-adapted dim flash 0.0 cd-s/m?
(DA 0.01) to evoke the mass response of ON-bipolar cells of the rod system (b-wave amplitude
in uV) and the dark-adapted (maximal) bright flash 3.0 cd-s/m? (DA 3.0) for recording the mixed
rod and cone responses (b-wave minus a-wave amplitude in uV). The photopic protocol was
performed using the light-adapted 3.0 cd-s/m? rapid 30 Hz “flicker” (30-Hz Flicker) and the
light-adapted 3.0 cd-s/m? single flash to assess generalized cone pathway function. Implicit time
delays (in milliseconds), particularly in response to the 30-Hz Flicker are indicative of
generalized cone dysfunction. All evoked responses are presented as flash strength in candela-
seconds (cd-s) per meter squared (m?) or cd-s/m2. During acquisition, 30-50 single traces are
recorded for each stimulus in each eye (Figure 7A). During post-acquisition processing, outlier
traces (if any) are manually removed. Remaining single traces are averaged and extracted for

analysis (Figure 7B).
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Figure 7. Representative post-processing of ffERG recordings (light-adapted 3.0 cd-s/m? rapid 30 Hz flicker).

ffERG classifications in Chapter 5 were assigned according to electrophysiological attributes
described by Lois et al.1®® Group 1 is characterized by no detectable loss in scotopic or photopic
function; Group 2 is characterized by photopic loss, but normal scotopic function; and Group 3
exhibits deterioration of both scotopic and photopic function. Normative amplitude and implicit

time ranges for each stimulus were provided by the Diagnosys system software.
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Chapter 3 Cis-acting modifiers in the ABCA4 locus contribute to the
penetrance of the major disease-causing variant in Stargardt disease

3.1 Introduction

Variation in the ABCA4 gene! causes a spectrum of recessive macular disease phenotypes,
ranging from severe, rapid-onset chorioretinopathy (ROC)!* to late-onset maculopathies
resembling age-related macular degeneration (AMD).*® This phenotypic heterogeneity is
attributable to the >2,300 known pathogenic variants in coding sequences® and by many
hypomorphic alleles in the ABCA4 locus in both exons and (deep) introns.*47 As such, the
ABCAA4 locus represents a model for extensive genetic complexity underlying a Mendelian
disorder.3>*” Some of the hypomorphic alleles are very frequent (minor allele frequency (MAF)
up to 7%) in certain populations and manifest only under certain conditions; i.e. the strength of
the allele in trans becomes a deciding factor.*®4” More recently, an emerging group of variants
has been determined to be modifiers, which do not result in pathogenicity alone, but instead

increase the penetrance of some alleles in certain allelic configurations. 324650

The ¢.5882G > A p.(Gly1961Glu) variant is the most frequent disease-causing allele in

Stargardt/ ABCA4 disease found in ~20% of patients of European descent,* and >50% of cases
in South Asia.>® Its origin can be traced to the ‘Horn of Africa’, where its MAF is estimated to be
~5.65% based on a genotyping data from a small ethnic diaspora group.>>°” Historical migration
out of this region has spread p.(Gly1961Glu) throughout other continents but the allele frequency
has dropped significantly.>® The MAF for this variant is 0.004 in non-Finnish Europeans and
much lower, or almost nonexistent, in many racial and ethnic groups and geographical locations,
including East Asia, West Africa and Native American populations, suggesting that the variant is

causal in all, or at least most, populations (https://gnomad.broadinstitute.org/; accessed February
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2023). Due to its high population frequency, the pathogenicity of the p.(Gly1961Glu) variant
has been questioned:;>” however, it appears mostly as a fully penetrant allele and the most
frequent ABCA4 disease-associated allele in almost all populations studied. The suggested
pathogenicity is also supported by the fact that the population frequency of p.(Gly1961Glu) has
dropped significantly during population migration, suggesting evolutionary pressure. One
question has dominated the discussion—there are fewer than expected homozygous
p.(Gly1961Glu) cases detected in STGD1 cohorts (based on population frequencies) suggesting
low penetrance.®® At the same time, the clinical and genetic data are not consistent with the
functional analyses, where the p.(Gly1961Glu) amino acid change has profound effects on the

ATPase and transport activities of the ABCA4 protein, 11112

It is also evident that some additional variants, both coding and non-coding, in the ABCA4 locus
have occurred on chromosomes carrying p.(Gly1961Glu); however, the haplotype spanning the
3’ end of the gene is the same in all individuals, suggesting a single founder occurrence of the
mutation (Figure 7).%° While in several cases other coding missense variants have been
identified on the same chromosome with p.(Gly1961Glu),>® the analysis of possible disease-

associated intronic variants in cis with the mutation has not been comprehensively performed.

We had initiated the analysis of the entire ~140-kb ABCA4 locus, including all exons, introns,
and 5 and 3’ regulatory regions, several years ago.3* The analysis revealed many possibly
disease-causing alleles in non-canonical splice sites and deep intronic regions, which have been
functionally investigated.324%13 One of these potentially disease associated variants is ¢.769-
784C > T, which was described as a hypomorphic (i.e. very mild) variant.3>* It was suggested
that this variant, similar to the ¢.5603A > T p.(Asn1868Ile) and c.4253 +43G > A variants, ¢4’

expresses only when in trans from a deleterious ABCA4 variant. It is unlikely, however, that the
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variant is disease-causing, even as a hypomorph, for two reasons. First, the ¢.769-784C >T
variant, with one exception, has not been identified ‘alone’; i.e. without any other known
disease-causing allele in cis.®23 In these studies the ¢.769-784C > T variant was always in Cis
with p.(Asn1868lle) (7), which has been shown to be pathogenic when “alone”.*® Second, ¢.769-
784C > T resulted in the insertion of a pseudo-exon in ~ 30% of ABCA4 mRNA derived from the
relevant allele in iPSC-derived photoreceptor precursor cells, which is close to the threshold for
ABCA4 pathogenicity.3>* Nevertheless, the question about whether the ¢.769-784C > T variant

could be a modifier, remained unresolved.

We analyzed 12 homozygous p.(Gly1961Glu) cases in 2012 and determined that half of these
had another coding variant in cis on at least one of the two alleles.>® At the time only coding
sequences of ABCA4 were analyzed, leaving the information of intronic variation obscure. In this
chapter, we performed the analysis of a large cohort of patients with the p.(Gly1961Glu) variant
in heterozygosity and homozygosity for the entire ABCA4 locus to reassess the possibility of cis-

modifiers influencing the penetrance of the p.(Gly1961Glu) allele.
Text and figures from this chapter have been recently published: Lee et al. Hum Mol Genet
. 2021 Jun 26;30(14):1293-1304.

3.2 Results

3.2.1 The deep intronic variant, ¢.769-784C>T, is enriched among p.(Gly1961Glu) alleles

Of the 644 biallelic cases, 150 were compound heterozygous or homozygous for the
p.(Gly1961Glu) variant (Supplemental Table 1). Of these, 23 also harbored the ¢.769-784C > T
variant, of which 22 were heterozygous and one homozygous for both p.(Gly1961Glu) and

€.769-784C > T variants, comprising a complex allele ¢.[769-784C > T;5882G > A]
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(Supplemental Table 2, Figure 8 and Figure 9). Both variants were always on the same
chromosome, suggesting that c.769-784C > T appears on the p.(Gly1961Glu) haplotype in ~15%

of p.(Gly1961Glu) alleles (Figure 8).
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Figure 8. Most firequent haplotypes in STGDI patients carrying the ¢.5882G > A, p.(Gly1961Glu) variant.!

In addition to the ¢.769-784C > T variant, two other variants, ¢.769-6109C > T and

¢.3328 + 645T > C, defined a specific haplotype. The ¢.769-784C > T variant is suggested to
moderately affect splicing by in silico analysis and has shown to result in pseudo-exon insertion
in ~30% of MRNA from the relevant allele.®® The ¢.769-6109C > T and ¢.3328 + 645 T >C

variants are not predicted to affect splicing by in silico analysis (http://www.interactive-

" The intronic sequences of the ABCA4 gene in all compound heterozygous and homozygous for the ¢.5882G > A,
p.(Gly1961Glu) variant STGD1 patients were analyzed for possible modifying and haplotype-tagging variants. All
¢.5882G > A chromosomes share the same DNA segment in the in the 3' region of the gene, tagged by three frequent
variants ¢.5682G > C, ¢.5814A > G and ¢.5844A > G. These common variants with MAFs of 0.22-0.18 are benign,
non-pathogenic variants with no functional effect, including on splicing. The most frequent haplotype, present in
~80% of all chromosomes, did not contain any modifying variants. Fourteen percent of all chromosomes contain the
deep intronic modifier variant in Intron 6, ¢.769-784C > T (red), and the other two haplotype tagging variants c.769-
6109C>T and ¢.3328 + 645 T > C. The remaining 6% of chromosomes carry, in addition to the p.(Gly1961Glu)
variant (shown in bold), the ¢.67-3166C > T and ¢.3758C > T, p.(Thr1253Met) (green) variants.
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biosoftware.com), therefore, pending functional confirmation, these variants are considered

haplotype-tagging and not pathogenic.

The ¢.769-784C > T variant was found almost exclusively in cis with the p.(Gly1961Glu)
variant. An earlier study from the Netherlands reported this variant in cis with the p.(Asn1868lle)
variant.32 Of particular interest is the observation that the haplotype containing both ¢.769-

784C > T and p.(Gly1961Glu) variants was present in 6/10 cases homozygous for

p.(Gly1961Glu) (Figure 9, Supplemental Table 2).

A Summary of p.Gly1961Glu Genotypes in the Study Cohort

Op.Gly1961Glu homozygotes

Bp.Gly1961Glu compound
heterozygotes with non-deleterious
varant in trans

mp.Gly1961Glu compound
heterozygotes with deleterious
variant in trans

B Fractions of p.Gly1961GIu Patients harboring ¢.769-784C>T

p.Gly1961Giu homozygotes p.Gly1961Glu compound p.Gly1961GIu compound
heterozygotes with non- heterozygotes with deleterious
deleterious variant in trans variant in trans

®c.5882G>A ®c.[769-784C>T,5882G>A]

Figure 9. Summary of genotypes in the p.(Gly1961Glu) study cohort.i

I Out of 644 total biallelic patients, 150 (34.7%) harbored the p.(Gly1961Glu) variant.J (A) Within this group, 10
(7%) patients were homozygous while the remaining are compound heterozygotes. In more than half of the
compound heterozygotes (n= 85, 56%), the mutation in trans was a known or expected complete LOF allele (PVS1)
as compared to the remaining 56 (37%) compound heterozygotes whose allele in trans is likely not a complete LOF
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In five cases, one of the two alleles contained the ¢.769-784C > T variant in addition to the
p.(Gly1961Glu); and in one case, both alleles contained the complex allele. Two cases did not
have the ¢.769-784C > T or any other variant on either allele; three cases had another exonic
variant on the same allele with the p.(Gly1961Glu). These include the previously described
p.([Thr1253Met;Gly1961Glu]) allele® in one homozygous patient and five compound
heterozygous patients of Ashkenazi Jewish descent, the p.([Tyr850Cys;Gly1961Glu]) allele in
one homozygous and one compound heterozygous patient, and the
p.([Gly1748Arg;Gly1961Glu]) allele in one homozygous patient (Supplemental Table 2). The
contribution of the ¢.769-784C > T variant for enhanced penetrance in homozygous
p.(Gly1961Glu) cases is also supported by allele segregation data in 58 families. The c.[769-
784C > T;5882G > A] complex allele segregated with the disease in all 12 families. The single
c.5882G > A; p.(Gly1961Glu) allele segregated in 44 out of 46 families. The two remaining
families had one unaffected individual each who were homozygous for the p.(Gly1961Glu)

variant without any cis-modifiers (Supplemental Figure 1).

3.2.2 Harboring the additional ¢.769-784C>T variant on the p.(Gly1961Glu) allele resulted
in increased clinical severity

Demographic, clinical and genetic characteristics of all homozygous p.(Gly1961Glu) cases are
summarized in Supplemental Table 2. The mean age of onset (AQ) of all homozygous
p.(Gly1961Glu) patients (n=10) is 42.7 years (median =43 years, range = 21-60 years,

SD = 12.3) which is significantly delayed compared to other compound heterozygous

p.(Gly1961Glu) patients (mean =22.1, median =20 years, range = 5-60 years, SD=11.4)

allele. (B) The deep intronic ¢.769-784C > T variant was in cis with p.(Gly1961Glu) in 6 out of 10 homozygotes.
Among compound heterozygotes, a significantly smaller fraction of those with deleterious alleles in trans had the
€.769-784C > T variant on the p.(Gly1961Glu) allele (5.9% vs 21.4% in non-deleterious alleles; FET, P =0.006).
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(P <0.005). Best-corrected visual acuities at initial examination ranged from 20/20 to 20/80 in
both eyes. Fundoscopic examinations were largely unremarkable with the exception of mild
changes in the central macula. Multimodal imaging of the retina identified more distinguishable
characteristics of retinal degeneration. Patient 1, a 61-year-old woman, exhibited a relatively
larger lesion of chorioretinal atrophy in only one eye (OS) and was the only patient to retain
sparing of the fovea late in life. The remaining patients presented with either round bull’s eye
maculopathy (BEM) lesions or diffuse foveal atrophy surrounded by small, nascent
autofluorescent flecks at the edge of atrophy. Normal photopic and scotopic recordings on full-
field electroretinogram (ffERG) testing were detected in all homozygous p.(Gly1961Glu)
patients, indicating no generalized dysfunction of the cone and rod systems, respectively

(Supplemental Table 2).

While the disease phenotypes of affected homozygous p.(Gly1961Glu) patients were relatively
similar, differences in lesion morphology were observed between homozygous patients with and
without the ¢.769-784C > T variant. Homozygous p.(Gly1961Glu) patients with the ¢.769-

784C > T variant consistently exhibited lesions of diffuse foveal atrophy with no discrete borders
and nascent autofluorescent flecks (Figure 10E-10G, insets, 10H), whereas patients without
€.769-784C > T variant, including Patient 7 (homozygous for the complex
p.[(Tyr850Cys;Gly1961Glu)] allele), exhibited apparent BEM lesions with a round, well-

delineated border, and a notable absence of flecks (Figure 10A-10C, insets, 10D).
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Figure 10. Clinical phenotype of patients homozygous for the p.(Gly1961Glu) allele.

In compound heterozygotes, the ¢.769-784C > T variant is ~3.6 times more often on the complex
allele with p.(Gly1961Glu) when in trans from a non-deleterious variant. It is in trans from
21.4% of those chromosomes (12/55) vs. 5.9% of deleterious alleles (5/85; (Fisher’s exact test,

P =0.006) (Figure 9), adding to the evidence that the complex allele is more penetrant than the

k Comparison of phenotypes of patients homozygous for p.(Gly1961Glu), both without (A, B, C, D) and with (E, F,
G, H) the ¢.769-784C > T variant. (A—C) Autofluorescence images of patients homozygous for p.(Gly1961Glu)
exhibit bull’s eye maculopathy lesions with characteristic smooth, uniform borders (insets, yellow arrowheads). (D)
Contours of all lesions associated with homozygous p.(Gly1961Glu) without the ¢.769-784C > T variant. (E-G)
Autofluorescence images of patients homozygous for p.(Gly1961Glu) and also harboring the ¢.769-784C > T
variant, indicated as ¢.769-784C > T (+), exhibit lesion-centric flecks (white arrows) and a complex pattern of
diffuse retinal pigment epithelium atrophy with no distinct border (insets). (H) (D) Contours of all lesions associated
with homozygous p.Gly1961Glu without the ¢.769-784C > T variant. All contours are represented as right eyes,
centered at the fovea (). The position of the optic nerve for each eye is provided. Near-infrared autofluorescence,

NIR-AF.
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p.(Gly1961Glu) alone (Figure 8). Additional data were revealed after exploring the alleles in
trans from p.(Gly1961Glu) in compound heterozygotes. The p.(Pro1380Leu) variant is
frequently identified in trans from the complex c.[769-784C > T;5882G > A] allele. Our entire
cohort of 645 bi-allelic STGD1 cases includes 17 compound heterozygotes (2.6%) of
p.(Pro1380Leu) and p.(Gly1961Glu). Of these, five cases (29.4%) harbor the ¢.[769-

784C >T;5882G > A] complex allele (Supplemental Table 2). Previously, the p.(Pro1380Leu)
variant had been considered a ‘severe’ mutation.*® Frequent pairing with the complex c.[769-
784C>T;5882G > A] allele suggests that it may not be a ‘severe’ mutation, but a ‘moderate’ one
instead. This was also confirmed by our most recent functional analyses, where the ‘moderate’
status for this variant was confirmed.*'* The explanation for the frequent occurrence of these
compound heterozygotes is also likely expected, since both, the p.(Pro1380Leu) and the
p.(Gly1961Glu) variants are frequent among the Ashkenazi Jewish population with MAFs

0.0023 and 0.023, respectively.

Fundoscopic examinations of these compound heterozygous patients revealed a spectrum of
features consistent with previously described phenotypes of ABCA4 disease. The age of onset
varied extensively (mean = 20.8 years, median = 17.0 years, range = 948 years, SD=11.2
years). Measured BCVA was also variable (20/20-20/400), however ffERG testing was
consistently normal in all patients (Supplemental Table 2). When separating patients who are
compound heterozygous for p.(Gly1961Glu) and p.(Pro1380Leu) according to the presence or
absence of ¢.769-784C > T, those without the intronic variant (n = 11) exhibited macular-
confined atrophy with very few flecks proximally distributed around the central lesion (Figure
11A-11C). In contrast, those with the additional c.769-784C > T variant (n = 6) appeared to have

a disproportionately more severe phenotype characterized by a large non-uniform coalescing
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regions of chorioretinal atrophy (Figure 11D-11F) and an aggressive pattern of confluent flecks
across the macula and well into the mid-periphery. Analysis of retinal layer thickness also
revealed significant differences between both groups. Each compound heterozygous patient
showed thinning of photoreceptor-attributable layers in the macula relative to thicknesses found
in healthy individuals (below 95% confidence interval); however, those with the ¢.769-784C > T
showed more thinning of both photoreceptor/RPE (Figure 11G) layers, indicating a profound
accelertation in disease progression. Consistent with these findings were significant differences
in functional loss. Compound heterozygous patients with ¢.769-784C > T presented with poorer
BCVA (P=0.003, Figure 11H) and more attenuated 30 Hz flicker responses (P =0.007, Figure
111). The exact modifying effect of the previously described® p.(Thr1253Met) allele, seen in
9/150 patients with the p.(Gly1961Glu), remains to be established. The disease presentation in
two patients, compound heterozygous for the p.([Thr1253Met;Gly1961Glu]) and
p.(Pro1380Leu) variants, was milder. They exhibited significantly delayed age of onset

(P <0.0001) compared to all other p.(Gly1961Glu) patients, foveal sparing and generally milder
disease features. While this may suggest that the p.(Thr1253Met) allele is ‘protective’, the small
number of patients with this genotype in this study does not allow us to draw definitive

conclusions.
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Figure 11. Clinical phenotype of patients compound heterozygous for p.(Gly1961Glu) and p.(Pro1380Leu).'

' (A-C) Autofluorescence images of compound heterozygous patients exhibit macular-confined lesions of diffuse
RPE and extended chorioretinal atrophy. (D—F) Autofluorescence images of compound heterozygous patients with
€.769-784C > T, indicated as ¢.769-784C > T (+), exhibit large, coalescing lesions of chorioretinal degeneration and
confluent accumulations of pisciform flecks extending out to the posterior pole (yellow arrowheads). (G) Analysis
of photoreceptor/RPE layer thickness in the macula of healthy eyes (black), eyes of patients compound heterozygous
for p.(Gly1961Glu) and p.(Pro1380Leu) (blue), and eyes of patients compound heterozygous for p.(Gly1961Glu)
and p.(Pro1380Leu) harboring the ¢.769-784C > T allele (red). Mean thicknesses (solid lines) and upper and lower
95% confidence intervals (dotted lines) 3 mm from the fovea in the nasal and temporal directions are provided for
each group. (H) Statistical comparison of best-corrected visual acuity (BCVA) in compound heterozygous eyes with
(red) and without (blue) ¢.769-784C > T (*, P <0.05). (I) Statistical comparison of 30 Hz flicker amplitudes in
compound heterozygous eyes with (red) and without (blue) ¢.769-784C > T (**, P <0.005). Statistical differences
were determined by non-parametric Mann—Whitney U tests.
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3.3 Discussion

Our findings shed significant light on the controversy regarding the penetrance of the most
frequent disease-causing ABCA4 variant, p.(Gly1961Glu). Earlier studies had suggested that the
variant is not disease-causing due to the high MAFs in some geographical regions of the world,
particularly the Horn of Africa, where the MAF of the p.(Gly1961Glu) is as high as 10% in the
general population.>®>® Therefore, if the variant was fully penetrant, the disease prevalence
would be at least 1:100, which is 50—100 times more than what is observed.>” In support of this
notion, we identified two homozygous for p.(Gly1961Glu) cases, who are parents of STGD1
patients and yet express no disease features (Supplemental Figure 1). At the same time, we
studied two homozygous affected individuals in whom we did not find any other ABCA4 variants
in cis in the entire ABCA4 locus since we identified definitive cis modifiers, i.e. patients who
harbor additional deep intronic and coding variants on the same allele, in 8/10 affected
homozygous patients. The deep intronic variant identified in six of these cases, ¢.769-784C > T,
has been previously shown to have a splicing effect on ~30% of ABCA4 transcripts derived from
this allele, and as such, can be recognized as a modifier variant for the p.(Gly1961Glu) allele.
Furthermore, a significantly larger proportion of the c.[769-784C > T;5882G > A] complex allele
is found in compound heterozygous patients harboring non-deleterious variants in trans (21%)
compared to known or expected complete LOF alleles (PVS1) (5%; FET, P=0.006). In other
words, a highly penetrant allele in trans from p.(Gly1961Glu) often offsets the requirement of
€.769-784C > T, or any other cis-modifier, for disease penetrance. We also demonstrate that the
likely more penetrant complex allele ¢.[769-784C > T;5882G > A] enhances disease expression

in cases where the variant in trans is not considered deleterious, e.g. p.(Pro1380Leu).
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Although it is likely that the penetrance of the p.(Gly1961Glu) allele requires additional disease-
causing or -modifying variants on at least one of the two chromosomes in homozygosity, a few
documented homozygous affected cases remain (Supplemental Table 1) where no other
apparent disease-causing variant in cis can be found after sequencing of the entire ABCA4 locus.
It is possible that other variants such as large CNVs or cis-modifiers, similar to ¢.769-784C > T,
exist, especially in specific subpopulations of European and non-European descent. Our data
indicate that modifying variants are present, due to a likely founder effect, in specific
subpopulations. For example, the ¢.[769-784C > T;5882G > A] and the ¢.[3758C > T;5882G > A]
alleles are found in patients of Ashkenazi Jewish descent. We have identified many other, much
rarer complex alleles (Supplemental Table 1, which are found in single cases in some
populations prohibiting statistical analyses, but that are also likely specific to subpopulations.
The absence of large-scale ABCA4 screening data in such populations does not allow making
definitive conclusions in this regard. For example, in our study of ABCAA4 disease in South
Asians,*® we did not encounter the c.[769-784C > T;5882G > A] complex allele in any of the 16
patients with p.(Gly1961Glu), including one who was homozygous for p.(Gly1961Glu). A
subsequent analysis of the locus (deep intronic) sequences for the available 11 alleles did not
find any frequent modifiers, although the allele number available for analyses is (very) small.
Several deep intronic variants were on the same chromosome with the p.(Gly1961Glu) in the
homozygous case. Of these, only the ¢.4635-575 T > C variant, which is absent from gnomAD
and was present on 3/11 alleles, could be considered a candidate for a modifier, although no
significant splicing effects were predicted for this variant. Another variant, ¢.3329-240 T>C,
was detected in two compound heterozygous cases, which is 14x higher than the highest

gnomAD MAF, and it is predicted to create an exon splicing enhancer motif according to ESE
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Finder (SC35). Therefore, this variant could also be considered a putative modifier pending the
analysis in larger cohorts and functional studies in vitro.®>57 Since rare variants on the
p.(Gly1961Glu) allele have been identified in coding sequences before® and also in this study,
similar alleles are likely to exist in deep introns. In summary, our data suggest that there are no
other frequent modifiers on the p.(Gly1961Glu) allele in non-Finnish European population. Since
the possible remaining cis-modifying variants in ABCA4 coding and non-coding sequences are
very rare, unequivocally proving the modifying effect of the remaining cis-modifiers from both

coding and, especially, non-coding sequences would be complicated.

Finally, it is also possible that in (very) rare cases homozygous p.(Gly1961Glu) alleles without
any cis-modifiers can still result in disease expression under environmental pressure, such as an
advanced age, excess of vitamin A, extensive UV exposure, etc. We had suggested previously
that some of the late onset ABCA4 disease patients can be mistakenly classified as AMD.* This
is true for cases with the hypomorphic alleles, such as the p.(Gly1961Glu) and p.(Asn1868lle)
variants. From the analysis of 924 AMD cases, we identified one homozygous p.(Gly1961Glu)
patient and two bi-allelic patients with the p.(Asn1868Ile) variant in trans, where the
p.(Gly1961Glu) presented without any cis-modifiers, including the ¢.769-784C > T variant.
Therefore, one can hypothesize that the p.(Gly1961Glu) variant without cis-modifiers, in
homozygosity or in trans from other hypomorphic alleles can, in very rare cases, cause disease

expression at a very advanced age.

The p.(Glu1961Glu) variant in the ABCA4 gene is still the most enigmatic mutation. It is, by far,
the most prevalent disease-causing allele, which results in a specific phenotype regardless of the
allele in trans. STGD1 usually presents as a juvenile-onset macular dystrophy associated with

rapid central visual impairment, progressive bilateral atrophy of the foveal retinal pigment

39



epithelium and the frequent appearance of yellowish flecks, defined as lipofuscin deposits,
around the macula and/or in the central and near-peripheral areas of the retina.**® While most
STGD1 patients exhibit elevated autofluorescence,?>2>1% patients with the p.(Gly1961Glu) allele
show only marginal or often not significant elevation compared to normal eyes. Instead, these

cases consistently present with a BEM phenotype,*°

which is defined as a circularly confined
region of atrophy beginning in the central macula. In both compound heterozygous and
homozygous state, the p.(Gly1961Glu) mutation results in BEM characterized by rapid ablation
of foveal cone photoreceptors,*? but otherwise slow progression and slow lipofuscin
accumulation.?2%° Homozygous p.(Gly1961Glu) patients with ¢.769-784C > T exhibited a more
complex pattern of degeneration characterized by a heterogeneous border and the presence of
flecks. Conversely, the lesions of homozygous p.(Gly1961Glu) patients without ¢.769-784C > T
were distinctly more uniform and presented with no apparent flecks indicating a marked
difference in disease progression (Figure 9).120-122 The effect of ¢.769-784C > T was more
evident in a stronger mutational background, such as in compound heterozygous cases for

p.(Gly1961Glu) and p.(Pro1380Leu), where patients carrying the complex allele exhibited more

advanced chorioretinal atrophy, fleck accumulation and visual deterioration (Figure 10).

In patients, the c.[769-784C > T;5882G > A] complex allele occurs on only 15% of all
p.(Gly1961Glu) chromosomes; therefore, it is not necessary for disease expression in most
compound heterozygous cases. While the allele in trans in those cases is preferably deleterious,
or at least ‘severe’, many patients, especially of late disease onset, have moderate or even mild
variants in trans. It is estimated that the ¢.769-784C > T variant affects splicing of ~30% of
MRNA derived from this allele; therefore, it causes moderate reduction of available functional

ABCA4 protein. Indeed, we also show a marked difference in clinical severity in patients who
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harbor this variant with p.(Gly1961Glu), especially in compound heterozygosity (Figure 10).
The exact functional consequences of p.(Gly1961Glu) are not known. Expression levels of
p.(Gly1961Glu) mutant are comparable to wt ABCA4 in transfected HEK293T cells, and this
variant is retained in the membrane of vesicles as is the wt protein.!** However, this mutant
cannot bind N-Ret-PE and shows precipitous loss of ATPase activity;**214 j.e. the variant is
devoid of most any functional activity, which likely result from adverse effects of detergent

solubilization of this mutant protein.'!*

Limitations of our study include relatively small numbers of homozygous p.(Gly1961Glu) cases
and patient enrollment in two tertiary retinal disease clinics at Columbia University (New York,
NY) and The Chicago Lighthouse (Chicago, IL). Therefore, patient ethnicities are representative

of two large US metropolitan areas and not of all populations around the world.

In summary, our study explains the paucity of observed homozygous p.(Gly1961Glu) cases in
STGD1. We show a statistical enrichment of additional exonic and deep intronic variants,
especially ¢.769-784C > T, on the p.(Gly1961Glu) allele of most homozygous and some
compound heterozygous patients and, accordingly, a difference in the disease phenotype of
patients with each respective genotype. Taken together, these data indicate that the singular
effect of p.(Gly1961Glu) in homozygosity may not exceed the threshold for pathogenicity
without the addition of a cis-acting modifier such as ¢.769-784C > T. In compound
heterozygosity, the penetrance of a single p.(Gly1961Glu) allele may be dependent on, or

influenced by, the relative strength of the opposite allele.
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3.4 Materials & Methods

3.4.1 Patient cohort and clinical evaluation

All study subjects were consented before participating in the study under the protocol
#AAAI9906 approved by the Institutional Review Board at Columbia University. The study-
related procedures adhered to tenets established in the Declaration of Helsinki. Complete
ophthalmic examinations were provided by a retinal specialist, including slit-lamp and dilated
fundus examinations. Clinical assessments were made from clinical examination notes, retinal
imaging data and research questionnaires. Spectral domain-optical coherence tomography (OCT)
scans and corresponding infrared reflectance fundus images were acquired using a Spectralis
HRA + OCT (or HRA + OCT) (Heidelberg Engineering, Heidelberg, Germany). Fundus
autofluorescence (AF) images were obtained using a confocal scanning-laser ophthalmoscope
(Heidelberg Retina Angiograph 2, Heidelberg Engineering, Dossenheim, Germany). Fundus
autofluorescence (AF) images were acquired by illuminating the fundus with an argon laser
source (488 nm and 787 nm excitation).*2® Full-field electroretinograms (ffERG) were
recorded using the Diagnosys Espion Electrophysiology System (Diagnosys LLC, Littleton, MA,
USA). Prior to acquisition, pupils were maximally dilated and measured before testing using
tropicamide (1%) and phenylephrine hydrochloride (2.5%); and the corneas were anesthetized
with proparacaine 0.5%. Silver impregnated fiber electrodes (DTL; Diagnosys LLC, Littleton,
MA) and Burian-Allen contact lens were used with a ground electrode on the forehead.
Normative amplitude and implicit time ranges for each stimulus were provided by the Diagnosys
system software. All procedures were performed using extended testing protocols outlined by the
International Society for Clinical Electrophysiology of Vision (ISCEV) standard.'% ffERG

classifications were assigned according to electrophysiological attributes described by Lois et
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al.1® Group 1 is characterized by no detectable loss in scotopic or photopic function; Group 2 is
characterized by photopic loss, but normal scotopic function; and Group 3 exhibits deterioration

of both scotopic and photopic function.

3.4.2 Retinal imaging analysis

Retinal layer thickness was assessed in single 9-mm high-resolution SD-OCT scans through the
fovea. Total receptor+ (TREC+) was defined as the distance between the Bruch’s
membrane/choroid interface and the inner nuclear layer (INL)/outer plexiform layer (OPL)
boundary.®” The boundaries of TREC+ were identified using the automated segmentation
program in the HEYEX software (Heidelberg Engineering, Heidelberg, Germany) with manual
correction when necessary. Mean thickness, including upper and lower 95% confidence
intervals, for all compound heterozygous Gly1961Glu and Pro1380Leu patients were measured
at 0.5 mm interval positions in the temporal and nasal directions from the fovea (13 positions
total) (Figure 6). TREC+ thickness was compared to an age-matched (age 30—60 years) cohort
of healthy controls. Thickness plots (mean of grader measurements) were generated in R
(https://www.r-project.org) through RStudio (https://www.rstudio.com). Measurements were
performed by two independent graders (WL and PYYS). Intraclass correlation coefficients (ICC),
calculated using the irrlCC package (https://cran.r-project.org), showed excellent intergrader
agreement for patients (ICC > 0.9667) and controls (ICC > 0.9996). Lesion contour analysis was
performed on 30° fundus autofluorescence images collected with the Spectralis HRA + OCT.
Lesion contour analysis was performed on 30° fundus autofluorescence images collected with
the Spectralis HRA + OCT. All images were normalized according to the internal scaling factor
of the image and the border of each lesion was traced using the magic wand tool in the FIJI

software (National Institute of Mental Health, Bethesda, MD, USA). Left eyes were flipped
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along the vertical meridian so that both eyes are represented together (i.e. the nasal retina is left

of center for both eyes) aligned at the fovea.

3.4.3 Sequencing analysis

Sequencing of the ABCA4 gene was performed using 454 Titanium method (Roche) or Illumina
TruSeq Custom Amplicon protocol.®*"® Sequencing of the entire ABCA4 genomic locus in
genetically confirmed STGD1 patients harboring p.(Gly1961Glu) variants was performed using
single molecule molecular inversion probes (smMIPs) library preparation and the Illumina
NextSeq500 sequencing platform.®® The variants’ segregation with the disease in available

families was analyzed by Sanger sequencing.

All variants and their allele frequencies were compared to the gnomAD data set
(http://gnomad.broadinstitute.org; accessed November 2020). Variants with similar frequencies
to the ¢.5882G > A variant in the study cohort were determined to be on the same major
¢.5882G > A haplotype. Remaining variants were assessed for their phase, allele frequency and
possible pathogenicity. The possible effect of non-coding ABCA4 variants on splicing was
analyzed using five different algorithms (SpliceSiteFinder, MaxEntScan, NNSPLICE,
GeneSplicer and Human Splicing Finder) via Alamut software (http://www.interactive-
biosoftware.com) and SpliceAl.®® New, less frequent haplotypes harboring the ¢.5882G > A

variant and modifying cis-variants were identified.
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Chapter 4 Characterization of Hyper-Pigmentary Chorioretinopathy
Phenotype of ABCA4

4.1 Introduction

Pathogenic variation in ABCA4! is the underlying cause of a group of inherited retinal
degenerative disorders ranging from severe early-onset cone-rod dystrophy to adult-onset
maculopathy.? While each of these conditions are clinically distinct in many ways, all are,
etiologically, macular diseases—that is, disease onset and degeneration begins in the macula and
progresses outwards toward the peripheral retina. The symptomatic manifestation for patients
with maculopathy begins with a central blind spot that enlarges as the disease progresses over
time (Figure 12). Interestingly, pathogenic variants in ABCA4 have also been described in
patients purported to have retinitis pigmentosa,?13 a condition that is the etiological inverse of
maculopathies with respect to cellular degeneration (Figure 12). Retinitis pigmentosa (RP) is an
umbrella term denoting a group of autosomal recessive, dominant and X-linked disorders caused
by more than 60 different genes (https://web.sph.uth.edu/RetNet/).14%41 Most RP-associated
encode proteins that play an essential role in the structure and function of rod photoreceptors in
the retina.1*%!*! Rods are specialized neurons responsible for vision in low light while cones are
responsible for vision in bright light and color distinction. The anatomical distribution of rods
and cones in the human retina are such that rods are more numerous in the periphery whereas
cones more numerous towards the center in the macula. Dysfunction of RP-associated genes
results in the degeneration of rods followed by cones in later stages of the diseases.**1%! As a
result, all patients with RP experience the characteristic symptom of nyctalopia and, contrary to

maculopathies, gradual “constriction” of the visual field over time (Figure 12).
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Figure 12. Consequent vision loss and the direction of degeneration in maculopathies compared to “typical”
retinitis pigmentosa.

From a clinical perspective, the inclusion of RP among the other phenotypic entities of ABCA4
may seem unusual; however, there are several genes known to cause both RP and maculopathy
(or related cone-rod dystrophy) disorders including PROM1,°914-144 RpGR, 145146 pRpH2,147-149
RP1L1,150151 BEST], 152153 AlPL1,1%* GUCY2D,™51% CRX,*"158 among others. Furthermore,
ABCAA4 is expressed in both cone and rod photoreceptors in the retinae of humans and other
vertebrates.>® A meta-analysis of the RP19 literature however reveals, at best, a questionable
connection between ABCA4 and “typical” RP. In many reports, for instance, the degeneration in
patients involves the macula. In the earliest thorough description of RP19,? several of the
reported patients simultaneous had degeneration in the macula. Several other subsequent reports
similarly characterized RP19 in such a manner using paradoxical terminology such as “RP with

macular involvement”33136.138 or “retinitis pigmentosa inversa”.!*® Patients with typical RP
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have also been included in such studies although, tellingly, such cases are often genetically

unsolved or monoallelic (heterozygous) for pathogenic variants in ABCA4,137:159.160

Despite this precarious evidence, RP continues to be regarded as a phenotypic entity of ABCA4
in both genetic and clinical databases OMIM (https://www.omim.org/entry/601691), ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar), Orphanet (https://www.orpha.net/), etc. Accurate
curation of these databases and the corresponding literature is imperative as they are essential
resources for not only clinicians, but also other professionals in the field including clinical
geneticists interpreting genetic testing results and basic scientists developing therapies for retinal
diseases. The aim of this chapter is to comprehensively characterize the clinical phenotype and
underlying genetic disposition of patients with RP19 to conclusively establish an empirical

consensus on the relationship between RP and ABCA4.

4.2 Results

4.2.1 Disease prevalence, fundus characteristics and oculomotor abnormalities

A cohort of 23 individuals (from 19 families) out of our database of genetically-confirmed
ABCA4 disease was identified (5.5%, 23/415) as having diagnostic features of RP19 (1) bone-
spicule pigment deposition, (2) arteriolar attenuation and (3) waxy disc pallor (Figure 13A-13F).
Clinical, demographic, and genetic characteristics are summarized in Supplemental Table 3.
Visual deterioration was reported in within the first decade of life in ~3/4 of patients (mean = 8.5
years, range 6-13 years, IQR = 2) and all were differentially diagnosed with RP at some point in
their clinical histories. In addition, nearly half also had ocular motor issues (Supplemental
Table 3). Nine patients had acquired nystagmus (37.5%) of which 7 were horizontal (P1, P3,
P5, P7, P8, P10 and P16) and 1 was rotary (P17). Four patients had intermittent (P3, P9 and

P17) and persistent (P4) gaze deviations, specifically right exotropia. Strabismus was noted in
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P16. Six patients (P3, P9, P10, P15, P17 and P18) had posterior subcapsular cataracts all of
where detected between 20-30 years of age. Ocular histories in several other patients included

ocular migraines and discomfort, photopsias and light-aversion (photophopia).

Patient 4 Patient 6

Patient 9 Patient 15

Patient 8 Patient 16

Figure 13. Funduscopic documentation of retinitis pigmentosa-related features in patients with ABCA4-associated
retinitis pigmentosa 19 (RP19, #601718).

4.2.2 Non-recordable and maculopathy-specific full-field electroretinogram responses
Full-field electroretinogram testing (fFERG) reliably measures the characteristic pattern of early

rod degeneration and is therefore a useful tool for distinguishing RP from other macular or cone-
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driven retinal diseases such as ABCA4-associated maculopathy. Cone and rod ffERG were
recorded in 16 out of the 24 patients, in all of whom revealed generalized retinal dysfunction
(Figure 14). Notably, none of the recordings in 16 patients exhibited a rod-cone ERG pattern
consistent with typical retinitis pigmentosa. Both rod-associated scotopic and cone-associated
photopic responses were non-recordable in 3 patients (P3, P6 and P8). Of the remaining 12
patients, photopic responses were extinguished in all except 2 patients (P14 and P19). Under
photopic conditions, light-adapted 3.0 cd.s.m™ (LA 3.0) single flash B-wave amplitudes in P14
were slightly below normal: 51.0 pV OD and 45.0 uV OS. LA 3.0 B-waves amplitudes in P19
were normal in both eyes (64.1 uV OD and 108.7 uV OS). The LA 3.0 cd.s.m™ 30 Hz flicker
(peak-to-trough) amplitudes were likewise reduced in P19 (38 uV OD and 25 pV OS) and
normal in P19 (67.3 uV OD and 69.8 uV OS). Both LA 3.0 single flash and 30 Hz flicker
responses were significantly delayed in P14 and P19. Following dark adaptation, rod-specific
DA 0.01 and maximal (white flash) responses were normal in only one patient (P19).
Recordable but attenuated DA 0.01 cd.s.m™ B-waves in P4, P5, P10, P11, P12, P13, P14, P15,
P16 and P17 ranged from 29.0 pV to 100.0 pV in both eyes. DA 3.0 cd.s.m™ maximal
(combined rod and cone) responses varied from 35.0 to 209 uV. No patients had electronegative

B-to-A wave ratios.
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Figure 14. Full-field eletroretinogram recordings in patients with ABCA4-associated RP19.™

4.2.3 Degeneration of the macula and pathognomonic ABCA4 disease features on ultra-

widefield imaging

The onset of degeneration beginning in the peripheral retina typically spares central vision in
patients with RP until very late in disease;'** however, all 24 patients had profound central vision
loss attributable to extensive atrophy in the macula. Best-corrected visual acuity (BCVA) in 14
patients was hand motion (HM) to counting-fingers (CF) and not correctable beyond 20/200 in

all others (Supplemental Table 3). Collectively, the visual prognosis in these patients was
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significantly worse than all other ABCA4 disease patients combined (n=391) (P<0.0001, log-

rank test) (Figure 15).

Deterioration of central vision in RP19
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Figure 15. Kaplan-Meier curve showing central vision loss in RP19 compared to other ABCA4 disease patients.

To assess the spatial distribution of degeneration in peripheral retina, ultra-widefield (UWF)
pseudo-color (red and green reflectance) and medium wavelength (532-nm excitation)
autofluorescence images were acquired. Outside the macula (Figure 16A-16D, dotted circle),
disease changes were localized primarily to the posterior pole—although in some cases extended
as far as the equatorial regions (P1, P8, P10 and P18). Nevertheless, UWF imaging was

consistent with a macular-driven or cone-rod dystrophy in all cases.
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Figure 16. Macular-based degeneration in RP19.

Consistent with the underlying ABCA4 variation in these patients, the fundus in less progressed
cases exhibited a “beaten bronze” appearance indicative of lipofuscin accumulation.61%2 To
better visualize this and other ABCA4-associated features, short-wavelength autofluorescence
(SW-AF) imaging was acquired in all patients. Confluent lipofuscin-laden fleck deposits were
apparent in non-atrophic regions (particularly in the periphery) (Figure 17A and 17B, insets).
Residual peripapillary sparing was detectable in most (19/24, 79%) (Figure 17A and 17B) but

not all cases (Figure 17C and 17D).
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Patient 15

Patient 17 Patient 7

Figure 17. Detection of lipofuscin-laden flecks and peripapillary sparing in RP19 patients.

4.2.4 Enrichment of homozygosity and familial consanguinity

Direct sequencing of the ABCA4 locus identified two pathogenic variants in ABCA4 in all cases
(Supplemental Table 3 and Table 1). Although a portion of the alleles were null or protein-
truncating variants, there was a higher-than-expected fraction of missense variants represented
given the severity of this phenotype. Excluding familial alleles, genotypes consisting of two
alleles with missense variants were found in 10 out of 19 (52.6%) unrelated cases. This biallelic
missense percentage exceeds that of other comparatively severe ABCA4 disease phenotypes
such as rapid-onset chorioretinopathy (1/15 (6.7% biallelic missense).*° In addition, 13/19
(68.4%) of the unrelated genotypes in this cohort are homozygous. This percentage is
significantly higher (P<0.0001, two-tailed FET) compared to the original cohort of 415 screened
in which the percentage of homozygous genotypes was 5.4% (21 homozygous allele genotypes

out of 391 unrelated genotypes).
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Table 1. Summary of predicted pathogenicity and classification criteria of all ABCA4 variants identified in patients

with RP19
Allele VEP Allele
cDNA (NM_000350.2) Protein SpliceAl
count annotation frequency
Stop
C.93G>A p.(Trp31*) 2 rs1191816747 3.98E-06 - - 0.81 37 -
gained
€.223T>G p.(Cys75Gly) 2 Missense - Absent 0.666 0.909 0.85 25.5 -
Splice Acceptor loss at -1bp
c.571-1G>T p.(?) 2* rs61748533 Absent - - 113 257
acceptor (Ascore = 99%)
€.1804C>T p.(Arg602Trp) 2 Missense rs61749409 4.38E-05 0.498 0.934 0.59 35 -
Splice Donor loss at +1bp
€.2160+1G>C p.(?) 2* rs61749427 3.98E-06 - - 1.23 26.7
donor (Ascore = 100%)
€.2894A>G p.(Asn965Ser) 2 Missense 15201471607 1.35E-04 0.551 0.779 0.61 259 -
€.2947A>G p.(Thr983Ala) 1 Missense rs1368508052 3.98E-06 0.691 0.874 0.48 241 -
€.3210_3211dup (p.Ser1071CysfsTerl4) 1 Frameshift rs387906385 1.99E-05 - - - - -
€.3259G>A p.(Glu1087Lys) 1 Missense 1561751398 1.19E-05 0.738 - 1.13 32 -
Stop
€.3988G>T p.(Glu1330%) 6* - Absent - - 0.08 36 -
gained
c.4139C>T p.(Pro1380Leu) 1 Missense rs61750130 2.34E-04 0.391 0.867 0.7 28.1 -
C.4667G>A p.(Arg1556Lys) 2 Missense 151385119665 Absent 0.931 0.852 0.81 33 -
Acceptor loss at -1bp
Splice (Ascore = 85%);
€.4849-1G>A p.(?) 1 rs61750156 2.39E-05 - - 121 34
acceptor Donor loss at -1170
(Ascore = 65%)
C.4919G>A p.(Arg1640GIn) 1 Missense rs61751403 3.18E-05 0.343 0.771 0.82 33 -
Donor loss at +2bp
Splice (Ascore = 93%);
€.5018+2T>C p.(?) 2 161750562 Absent - - 1.15 25.5
donor Donor gain at -99bp
(Ascore =29%)
¢.5186T>C p.(Leul729Pro) 1 Missense rs61750567 4.18E-06 0.346 0.79 0.58 28.4 -
€.5318C>T p.(Alal773Val) 4 Missense 15760549861 7.56E-05 0.123 0.79 0.83 32 -
Stop
€.6088C>T p.(Arg2030*) 2 rs61751383 2.78E-05 - - 0.54 45 -
gained
c.6112C>T p.(Arg2038Trp) 2 Missense rs61750643 1.59E-05 0.331 0.941 0.75 31 -
Stop
€.6658C>T p.(GIn2220%) 1 rs61753046 5.17E-05 - - 1.06 48 -
gained
c.[66G>A;859-9T>C] p.(?) 1 - - - - - - - -
¢.[1622T>C;3113C>T] p.([Leu541Pro;Ala1038Val]) 5* - - - - - - - -
€.[4594G>A;5603A>T] | p.([Asp1532Asn;Asn1868Ile]) 2 - - - - - - - -
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In-depth family histories collected from each patient also revealed familial consanguinity in
12/13 of these unrelated homozygous patient/genotypes (Table 1, Figure 18). The
consanguineous families of two patients also included additional individuals with apparent
retinal dystrophies. The older son of P1 (who married her paternal second cousin) is affected
with typical retinitis pigmentosa (Figure 18B, Figure 20C). The family history of P18 included
a paternal uncle with unspecific retinal dystrophy, however, this individual was not examined

(Figure 18D).
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Figure 18. Consanguineous pedigrees with RP19.

The prevalence of consanguinity in this group and several other underlying observations led us to
question whether this unusual disease phenotype may be modified by or the result of additional

pathogenic variation outside of ABCA4. It is apparent that the core etiology of RP19 is not
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typical RP; however, most of the auxiliary features expressed by this group—bone-spicule
pigment deposition, nystagmus, early-onset cataracts, among other-- are nevertheless
considerable phenotypic deviations from ABCA4 disease. Moreover, the predominant
composition of missense alleles in this cohort is incongruous with the severe nature of this

phenotype relative to other ABCA4 disease phenotypes.

4.2.5 Whole-exome sequencing analysis

To identify possible variation outside of the ABCA4 locus, we performed whole exome
sequencing (WES) on 12 patients and relatives (when available). Given the consanguinity in this
cohort, we first tried to identify a shared locus (or loci) between multiple patients by identifying
the presence of consecutive homozygous regions or “runs of homozygosity” (ROH). As
expected, consanguineous cases had, on average, larger ROH (255.9 Mb) than non-
consanguineous cases (62.5 Mb). There were no shared ROH regions between all 12 patients
nor among only the consanguineous cases at the default minimal percentage of homozygous
variants (MPHYV) threshold of 88%. The only shared ROH region among multiple patients was a
1.05 Mb region at chromosome 15 at a MPHYV threshold of 50% in 5 patients (P1, P2, P7, P9 and
P10) (Figure 19A). This peak was no longer detectable after raising the MPHV threshold back
to 88% (Figure 19B). This shared 1.05 Mb ROH encompassed 3 genes, RBFOX1, METTL22
and ABAT, neither of which are known to be associated with retinal disease. There were also no

obviously pathogenic variants in these 3 genes in the other 9 patients.
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Figure 19. Runs of homozygosity (ROH) analysis 5 patients with RP19.

Given the absence of a possible shared locus between multiple patients, we analyzed cases
separately for pathogenic variants in individual candidate genes. We generated an annotated list
of variants for each patient for further analysis based on the following initial criteria: (1) minor
allele frequency (MAF) < 0.5% in gnomAD (general population; last accessed January 2023), (2)
detected in coding, canonical splice site (+/- 2 nucleotides from the exon boundary) regions (3)
missense, nonsense or frameshift coding effect and (4) found in retinal disease (RetNet,
https://web.sph.uth.edu). The average number of variants found in each patient ranged from 7 to
43 (mean = 16.6). Putatively pathogenic variants in a candidate gene (other than ABCA4) were
only found in one patient, P9, who was homozygous for the missense variant, c.671C>T
(p.Pro224Leu) (MAF = 0.0000437) (CADD-PRED = 28.6) in the ROML1 gene, which encodes
the rod outer segment membrane protein. ROM1 has been previously reported to cause digenic
RP163 and, in fact, this specific variant has been reported to be causal in an individual with

ADRP.% \We also have two cases (one published (Ma et al.)*®®) in which the homozygous
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frameshift variant ¢.712delC (p.Leu238Cysfs*78) causes a late-onset ABCA4-like maculopathy
phenotype. We re-analyzed the list variants for each patient increasing the MAF filter to <2%,
covering non-coding variants up to +/- 10 and extending the ontology criteria to include genes

known to be expressed in retinal tissue but found no additional candidate genes.

Given the unique family history of P1, (Figure 18B) we also performed and analyzed WES in
her affected son (P1.1). We did not find any RP-related genes that were maternally inherited
however there were several paternally inherited variants including a heterozygous canonical
splice site variant, ¢.119-2A>C, in NR2E3 (Supplemental Table 4, Figure 20). The functional
effect of this specific variant (Exon 2 skipping) has been described in patient with enhanced S-
cone syndrome (ESCS, MIM# 268100),%¢ the phenotype primarily associated with NR2E3;
however, families with both autosomal recessive and dominant RP have also been
described.'8"1%8 This variant is unlikely to be causal since the RP phenotype in the son is
inconsistent with autosomal dominant RP and the father from whom the variant segregated is

unaffected.
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Figure 20. Haplotypes segregating in a family segregating RP19 (P1) and “typical” RP.
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4.3 Discussion

This study had two main goals. First, we conclusively determined that RP19 is not in fact typical
RP but rather a severe maculopathy with secondary RP- and LCA-like features. Some of these
include ocular motor issues like nystagmus and early-onset posterior subcapsular cataract (most
common type associated with RP).1° Like other cases of LCA and RP, this nystagmus is likely
not congenital but acquired given the pattern seen in our patients. While there is no known
connection between ABCA4 and extra-ocular issues, the underlying cause in this case may be
psychophysical, wherein the early precipitous loss in central vision results in issues with fixation.
Like other cases, this may be treatable using established low vision therapy. There are no known
connections between ABCA4 variants and the formation of early onset PSC. Likewise, the
etiology of PSC in RP is also uncertain although elevated aqueous flare.1® Other risk factors
include diabetes mellitus, hypertension, high myopia, asthma, history of steroid intake, and
intraocular inflammation however none are certain.!’>"2 Moving forward we propose a revising

the RP19 nomenclature for this phenotype to “hyper-pigmentary chorioretinopathy” (HPC).

The presence of the RP “triad” of features in ABCA4 disease is not entirely unusual. Both
thinning of the retinal vascular arcades and optic disc pallor are commonly observed in very
advanced stages of degeneration in the fundus. Pigmentary deposition is also observed (albeit
infrequently) in ABCA4 disease. This specific pigmentary deposit however localizes exclusively
with active lesions of atrophy and are less morphologically distinct (i.e., not bone-spicule shaped
in appearance).t>™ The bone-spicule pigment type that is pathognomonic to RP and seen in
HPC is exceedingly rare in ABCA4 disease. The etiology of bone-spicule pigment (BSP)
formation is largely unknown however the current understanding is that it originates from

deteriorating RPE and migrates to the surface of the fundus.t’>7® Interestingly, despite it being
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a diagnostic hallmark, BSP deposition is not a ubiquitous feature in all RP. Large-scale meta-
analyses have found that BSP are found more common among RP associated with photoreceptor-
specific genes. This has led to the hypothesis that BSP migration from RPE is contingent upon
the rapid death of adjacent photoreceptors, which would otherwise impede its anterior movement
toward the surface of the retina. Extending this theory to ABCA4 disease opposes the view that,
at least in the HPC sub-phenotype, RPE death occurs subsequently to photoreceptor death.
Further studies will be needed to confirm this mechanism, particularly the precise genetic

etiology of HPC.

While all HPC patients in this study have two confirmed pathogenic ABCA4 alleles, three
specific observations support hypothesis that this rare and unusual phenotype may be modified
by additional variation beyond the ABCA4 locus. First are the presence of auxiliary features
which are not characteristic of ABCA4 disease. Second, is the discordantly high proportion of
biallelic missense genotypes in this cohort (52.6%). The severity of missense alleles can be
comparable to null alleles, notably those that occur in trans to hypomorphic allele genotypes
proportion in HPC is profoundly higher than other severe ABCAA4 diseases phenotypes (cone-rod
dystrophies, advanced choriocapillaris degeneration and rapid-onset chorioretinopathy
(ROC)).1° The stronger evidence for the consequential presence of additional variation is the
enrichment of consanguineous individuals. The inherent risk of expressing recessive diseases
among consanguineous families is a known phenomenon and indeed, families segregating
multiple affected relatives and individual with co-morbidities have been widely described.’"178
It is important to note, however, that our study does not provide direct evidence for this
phenomenon in HPC. We can just make the preliminary conclusion that if such variation does

exist, it is likely to vary between individuals. The scope of our analyses can also be extended to
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non-coding variation and structural variants. Pathogenic deep intronic and structural variants are
rare but still make up a sizeable portion of disease in the population.*” There is growing
evidence supporting the role of mutational burden on phenotypic diversity. The small number of
individuals with HPC and diverse ethnic makeup of our cohort would make association testing

challenging.

In summary, we have comprehensively characterized the rare ABCA4 disease phenotype,
erroneously categorized as retinitis pigmentosa 19 (MIM# 601718). This disorder has diagnostic
features of typical RP such as bone-spicule pigment deposition, early-onset cataracts and
acquired nystagmus, however, it is etiologically a cone-rod disorder with considerable
degeneration which begins in the macula within the first decade of life. We propose revising the
retinitis pigmentosa 19 nomenclature to “hyper-pigmentary chorioretinopathy” to avoid

confusion in the field.

4.4 Materials & Methods

4.4.1 Study subjects and ethics approval

Written and signed informed consent to participate in this study were obtained from all
individuals described in this study. All procedures were performed according the institutional
review board-approved protocol #AAAI9906 at Columbia University Medical Center. The study
adhered to all tenets set out in the Declaration of Helsinki. All patients enrolled in the study
underwent a complete ophthalmic examination, which included slit-lamp and dilated-fundus
examinations, best-corrected visual acuity (Snellen) measurement and assessment of clinical

histories.
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4.4.2 Electroretinogram testing

Full-field electroretinograms (ffERG) were recorded using the Diagnosys Espion (E3)
Electrophysiology System (Diagnosys LLC, Littleton, MA, USA) in accordance with the
recommended protocol of the International Society for Clinical Electrophysiology of Vision
(ISCEV).18 pupils were maximally dilated to a minimum of 7-8 mm in diameter using topical
1% tropicamide and 2.5% phenylephrine prior to testing. Dawson-Trick-Litzkow (DTL)
electrodes (silver impregnated fiber) over the cornea with ground electrodes attached to the
forehead were used in all patients. Normative amplitude and implicit time ranges for each

stimulus were provided by the Diagnosys system software.

4.4.3 Retinal imaging

Imaging across all the modalities was conducted after maximum pupil dilation (>7 mm) with 1%
tropicamide and 2.5% phenylephrine hydrochloride. Short-wavelength (488 nm) and near-
infrared autofluorescence (787 nm) images as well as spectral domain OCT (SD-OCT) scan
images were acquired using the Spectralis HRA+OCT scanning laser ophthalmoscope
(Heidelberg Engineering). Ultra-widefield (optomap) color and 532-nm autofluorescence images

were acquired using the Optos 200 Tx scanning laser ophthalmoscope (Optos PLC).

4.4.4 Molecular Analysis

Genomic DNA was extracted and purified from peripheral blood lymphocytes from each patient,
and whole-exome sequencing was performed by Psomagen using SureSelect Human All Exon
V8 (Agilent). The sequence reads were aligned with the Human Genome version 19 (hg19)
reference genome using Burrows-Wheeler Aligner and processed using Genome Analysis
Toolkit according to the best practice recommendations. After variant calling, we narrowed our

analyses to variants of genes previously associated with retinal disease
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(https://web.sph.uth.edu/RetNet) at a minor allele frequency (MAF) of <0.2 based on the
gnomAD database. We then performed functional annotation of 221 resulting variants with
ANNOtate VARiation (ANNOVAR)® using pathogenicity scores from the donsfp 4.2a data
set.181182 The phase of ABCA4 variants identified in each patient was either confirmed using
parental screening imputed based on their cooccurrence patterns in the general population

(https://gnomad.broadinstitute.org/variant-cooccurrence).
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Chapter 5 A genotype-phenotype correlation matrix for ABCA4 disease based
on long-term prognostic outcomes

5.1 Introduction

Pathogenic variants in the ATP-binding cassette, sub-family A, member 4 (ABCA4), gene are the
underlying molecular cause of a large and complex group of autosomal-recessive retinal
degenerative disorders characterized by progressive loss of central vision.* The most well-known
phenotype is the eponymous Stargardt disease (STGD1, MIM #248200);#82 however, advances
in genetic screening capabilities, aided by high-resolution diagnostic imaging technology, have
broadened the phenotypic profile of ABCA4 disease to an expansive clinical spectrum
encompassing severe adolescent-onset to mild late-onset retinal disorders.'®® This phenotypic
heterogeneity is matched by an equally extensive array of pathogenic variations across the
approximately 140 kb—spanning ABCA4 locus (1p22.1). To date, more than 2,300 disease-
causing variants have been identified in patients.>® Consistent with the model that clinical
phenotypes are dependent on the residual activity of ABCA4 protein,'?>8 variants resulting in
null alleles, such as stop-gain, frameshift, canonical splice site, and large copy number variants,
have been documented in the most severe phenotypes, such as cone-rod dystrophy, rapid-onset
chorioretinopathy (ROC), and even generalized choriocapillaris dystrophies with retinitis

pigmentosa-like features.*34412°

More recently, the complex genetic architecture of milder ABCA4 disease manifestations has
been uncovered. The most frequent pathogenic allele, ¢.5882G>A [p.(Gly1961Glu)], is
associated with a slowly progressing disease trajectory in patients who often present with
41,4248

transient phenotypes, such as bull’s eye maculopathy and occult macular dystrophy.

Despite being highly prevalent in patients, the disease penetrance of this allele has been disputed
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as its frequency in the general population is also relatively high; minor allele frequency [MAF] is
~0.5% in Europeans and in certain ethnic groups is much higher.5%°” We recently resolved this
controversy, for the most part (Chapter 3), by showing that the contribution of an additional
deep intronic variant, ¢.769-784C>T,31% present in cis, is required for clinical penetrance,
particularly in homozygotes. Alleles causing late-onset ABCA4 disease, such as ¢.5603A>T
[p.(Asn1868lle] and ¢.4253+43G>A, occur at even higher frequencies in the population of
European descent (up to 7% MAF) and, unlike p.(Gly1961Glu) and other disease alleles, are
only clinically penetrant under the condition that the allele in trans is sufficiently

deleterious.*6:47:185

Steady progress in defining genotype-phenotype correlations has been made, and the addition of
such knowledge to the medical repertoire has inarguably elevated the clinical care of patients.
Studies to date have often relied on cross-sectional cohorts of a patient population that include all
age groups. As a result, the correlated “phenotype” studied is often a stage-specific feature, e.g.,
bull’s eye maculopathy or occult macular dystrophy. Such information, while no doubt useful at
the diagnostic stage, is not informative of an individual patient’s long-term prognosis. To address
this issue, we constructed a genotype-phenotype correlation matrix based on the most temporally
advanced phenotypes of 112 patients aged 50 years or older who have 2 confirmed pathogenic
variants in ABCA4 coupled with comprehensive clinical characterization. We also reclassified
many frequent disease-causing alleles, thereby further clarifying the impact of ABCA4 variants
on clinical outcome. Our findings provide structure to the complex genotype-phenotype
correlation landscape of ABCA4 disease and establish a quantitative approach for predicting the

prognosis of individual patients by clinicians and genetic counselors and for assessing the
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severity of pathogenic variants. The prognostic matrix will also aid in selecting specific patient

groups for clinical trials, depending on the specific therapeutic application.

Text and figures from this chapter have been recently published (Lee et al. Journal of Clinical

Investigation Insight. 2022 Jan 25;7(2):e156154).

5.2 Results

5.2.1 Four clinically defined prognostic outcomes of ABCA4 disease

Demographic, clinical, and genetic characteristics of all 112 patients in the study are summarized
in Supplemental Table 5; supplemental material available online with this article;
https://doi.org/10.1172/jci.insight.156154DS1 Clinical data from the most recent visit for each
patient were used in the study. Each patient was categorized into 1 of 4 prognosis categories
based on the observable spatial progression of ABCA4-associated disease features in the fundus
(Figure 21A) by age 50 years or older. Patients categorized as having prognosis 1 (n = 28) had
the mildest disease outcome (in the cohort), manifesting early retinal pigment epithelium atrophy
within the central macula without any apparent pisciform flecks. Patients with prognosis 2 (n =
31) were at a more progressed stage of chorioretinal atrophy across the macula and developed
nascent flecks that appeared outside the vascular arcades (Figure 21A, yellow arrowheads). All
patients with prognosis 3 (n = 20) had multifocal regions of chorioretinal atrophy, which, in
some cases, extended beyond the macula and exhibited a pattern of highly confluent flecks in
non-atrophic regions. Patients with prognosis 4 (n = 33) progressed to the stage characterized by

the large atrophic, coalescing lesions across the entire posterior pole.
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Figure 21. Figure 22. Clinical characteristics of 4 prognostic outcomes observed in 112 patients (>50 years of age)
with ABCA4 disease.”

" Each prognosis was defined according to observable spatial progression of disease features detected at the most
recent visit in each patient. (A) Representative autofluorescence images and clinical descriptions of patients in each
prognosis classification. Extramacular development of flecks in prognosis 2 is indicated by yellow arrowheads. The
position of the optic nerve is encircled by the dotted yellow line. The fields of view are 55° in all autofluorescence
images except P28 (30°). (B) Ridgeline plots of the distribution of ages at which visual symptoms of all patients
were first reported for each prognosis category (bandwidth = 5.83). (C) Density plots of the best-corrected visual
acuity (BCVA) of the least-impaired eye of all patients (bandwidth = 0.246). BCVAs were presented in logMAR
units with corresponding Snellen equivalents (20/20, counting fingers [CF] and hand motion [HM], red arrows)
provided. (D) Proportion of ffERG groupings according to the classification by Lois et al. (37) for each prognosis
category. ffERG, full-field electroretinogram; group 1, normal responses; group 2, attenuation of cone responses;
group 3, attenuation of cone and rod responses; logMAR, logarithm of the minimum angle of resolution.

67



There were no significant differences in the mean age of patients between prognosis groups
(Appendix C). The mean age of symptomatic onset was earliest among patients with prognosis 4
(17.1 years) compared with the milder prognostic groups, which had peak distributions at 41.7
years (prognosis 1) and 40.9 years (prognosis 2) due to the large number of late-onset disease
cases in these latter groups (Figure 21B, Appendix C). Best corrected visual acuity (BCVA)
from the most recent visits was also poorest among patients with prognosis 4, of whom
approximately 40% were assessed by counting fingers or by an assessment for even worse visual
acuity (P < 0.00001; Figure 21C, Appendix C). Comparatively, BCVA distributions were
multimodal among patients with prognoses 1 to 3, most of whom had 20/200 (logMAR 1.00) or
worse and 20/20 in cases with foveal sparing. Full-field electroretinogram responses were largely
unremarkable in prognoses 1 and 2 (Figure 21D). Significant defects were found in prognosis 3
(50% Lois Group 2) and prognosis 4 (93% Lois Group 3, see Methods). There were no
significant differences in mean age of patients across prognosis groups (P = 0.254) (Appendix

Q).

5.2.2 Classification of p.(Gly1961Glu), p.(Asn1868lle), and a potentially new class of rare
hypomorphic alleles

Genotypes consisting of the major disease-causing allele, p.(Gly1961Glu), and the frequent
hypomorphic allele, p.(Asn1868lle), were the most prominent variants among the mild
phenotypes, together accounting for 56% of patients with prognosis 1 and prognosis 2 (Figure
22A). Despite the advanced age of this cohort, 3 patients (patients 12, 18, and 20) presented with
early-stage bull’s eye maculopathy. As we have previously shown, p.(Asn1868lle) is highly
associated with foveal sparing, which is a major contributing factor to the delayed symptom

onset age in most patients (Figure 22B).46
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Figure 22. Classification and phenotypic characterization of mild ABCA4 alleles.®

° (A) Mild ABCAA4 alleles identified in patients with mild prognoses included p.(Gly1961Glu) and 2 hypomorphic
allele subgroups: frequent hypomorphs, which consisted of p.(Asn1868lle), and rare hypomorphs, which consisted
of p.(A1038V), ¢.4253+43G>A, p.(Pro1486Leu), p.(Thri526Met), p.(1le1562Thr), and p.(Arg2030GIn). (B)
Horizontal (6 mm) spectral-domain optical coherence tomography (SD-OCT) scan showing structural preservation
of the fovea in patient 22, an allele-specific subphenotype common among p.(Asn1868lle) genotypes. (C) Scatter
plot of average age of onset (years) versus average best corrected visual acuity (BCVA) of the least deteriorated eye
in patients within all patients/genotypes with p.(Gly1961Glu) (blue), frequent hypomorph p.(Asn18681le) (green),
rare hypomorph (green), and all other allele combinations (black) in the study cohort. Horizontal and vertical bars
represent +95% confidence intervals. BCVAs are provided as logMAR units with corresponding Snellen equivalents
listed above the axis. (D) Survival analysis showing the probability of the least affected eye retaining better than
Snellen 20/400 in patients with p.(Gly1961Glu) (blue curve) or with rare and frequent hypomorphic alleles (green
curve) and all other patients (black curves). Color-matched dotted lines represent 95% confidence intervals for each
individual curve.
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Among the remaining patients in the mild prognosis categories, we identified another group of
patients with 6 recurring alleles, p.(Alal038Val), ¢.4253+43G>A (18), p.(Pro1486Leu),
p.(Thr1526Met), p.(1le1562Thr), and p.(Arg2030GIn), that have features in common with
p.(Asn1868lle), most notably, delayed symptom onset due to foveal sparing (Supplemental
Table 5 and Supplemental Figure 2). Disease features in the fundus of these cases were
confined to a definable area around the vascular arcades in a reticular appearance studded along
the peripheral boundary with elongated “tails” projecting eccentrically in a radial pattern

(Supplemental Figure 2; and Supplemental Figure 3).

Generalized dysfunction of the cone and rod systems was not detected on ffERG testing
(Supplemental Figure 2). Although each of these variants is exceedingly rare in the general
population (0.005 > MAF > 0.00005), unaffected homozygotes have been reported for
p.(Alal038Val), p.(1le1562Thr), and ¢.4253+43G>A, resulting in some cases in conflicting
interpretations of pathogenicity. Furthermore, as has been observed with p.(Asn1868lle), the
alleles in trans in these genotypes are mostly loss-of-function alleles, including an 8.4 kb deletion
identified in patient 58 (Supplemental Figure 3). Considering these differences, we separated
these mild ABCA4 alleles into 3 classes: p.(Gly1961Glu), frequent hypomorph, and rare

hypomorph.

5.2.3 Classification of PVS1 and severe non-PVS1 alleles

The distribution of PVSL (i.e., null or loss-of-function alleles) (Table 2) was skewed toward the
most severe clinical phenotypes though at a lower-than-expected proportion. Genotypes with a
PVS1 allele comprised about 33.3% of prognosis 4 cases while the remaining approximately
66.7% consisted mostly of missense variants and, in part, functionally validated deep intronic

and synonymous variants. The majority of these missense alleles have been observed to be the
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causal allele in trans from p.(Asn1868lle) (Supplemental Table 5).4647 Using our current data

set, we further classified 5 additional alleles, p.(Thr1019Met), p.(Alal598Asp),

p.([Asp1532Asn;Asn1868lle]), p.([Gly863Ala;Asn1868lle]), and ¢.5714+5G>A, as severe based

on their recurrence in compound heterozygous and/or homozygous patients with prognosis 3 or

prognosis 4. To distinguish these severe non-PVS1 alleles from moderate/milder alleles, we

grouped them into a separate “severe” subclass (Table 2).

Table 2. Classification criteria and list of all pathogenic ABCA4 alleles in the study cohort.P

Allele class Classification criteria Alleles
p.(Gly1961Glu) (Allele-specific) p.(Gly1961Glu)
hg;i?#(??;h (Allele-specific) p.(Asn1868lle)
Rare Mild prognostic association and p.(Ala1038Val), c.4253+43G>A, p.(Prol486Leu), p.(Thri526Met),
hypomorphic allele features (late-onset
hypomorph : p.(11e1562Thr), p.(Arg2030GIn)
symptoms, foveal sparing)
p.(Arg24His), p.(lle214Asn), p.(Leu257Arg), ¢.859-9T>C, p.(Trp339Gly),
p.(Lys346Thr), p.(Arg508Cys), p.(Arg602Gin), p.(GIn623Arg), p.(Arg653His),
p.(Phe655Cys), p.(Val675lle), p.(Leu844Arg), p.(Thr972Asn), p.(Val989Ala),
No intrinsic indication of severity (variant p.(Ser1096Leu), p.(Arg1108Cys), p.(Arg1108His), p.(Thrl112Asn),
Moderate effect on protein); determined by functional p.(Thrl1171le), p.(GIn1332_Cys1339dup), p.(Arg1640GiIn), p.(Ser1696Asn),
studies to be moderate; undetermined p.(Leul784Arg), p.(Met1882lle), p.(Val1896Asp), p.(Arg2040GIn),
clinical association p.(Arg2077Gly), p.(Arg2106Cys), p.(Arg2107His), p.(Cys2150Tyr),
p.[Cys1490Tyr;Asn1868lle], p.([Leu257Aspfs*3,Gly1961Glu]),
p.([Thr1253Met;Gly1961Glu]), c.4539+2001G>A,
€.[4539+2028C>T;302+68C>T]
p.(Argl8Trp), p.(Cys54Tyr), p.(Gly88Arg), p.(Arg602Trp), p.(Cys641Arg),
. . . p.(Arg653Cys), €.2382+179G>A , p.(Ala848Asp), p.(Asn965Ser),
Observed in trans t;)tigfsomorph'c allelein p.(Gly1203Arg), p.(Pro1380Leu).t p.Pheld17del, p.(Tyr1557Cys),
P p.(Argl705Trp), p.(Phel714Ser), p.(Leu2027Phe), p.(Arg2077Trp),
p.(Glu2096Lys), p.[Leu541Pro;Alal1038Val], p.[Trp1408Arg;Arg1640Trp]
Severe Validated in functional studies in €.768G>T,t ¢.1100-6T>A, ¢.3050+5G>A, ¢.4253+5G>T, p.(GIn1513Arg),

HEK?293T and patient-derived cell lines

C.4773+3A>G, ¢.5196+1056A>G, ¢.5461-10T>C, c.6342G>At

Associated with Prognosis 3 and Prognosis
4

p.(Thr1019Met),i p.(Alal598Asp),1 p.[Gly863Ala,Gly863del;Asn1868lle],
p.[Asp1532Asn;Asn1868lle],1 ¢.5714+5G>A

Null or loss-of-function variants (nonsense,
PVS19 frameshifts, canonical +/- 1 or 2 splice
sites, large multi-exonic deletions)

p.(Asnl14Lysfs*38), p.(Ser84Thrfs*16), p.(Asp202Thrfs*39),
€.570+331_768+4523del, p.(Leu296Cysfs*4), p.(Val521Serfs*47),
p.(Trp663*), p.(Arg681*), c.2160+1G>C, ¢.2587+2T>C, p.(Serl071Cysfs*14),
p.(Trp1408*), p.(Cys1502*), ¢.4539+1G>T, ¢.4540-2A>G,
p.(Leul534Trpfs*1), c.5018+2T>C, p.(1le1687Phefs*15), p.(Val1706%*),
p.(Vall764Trpfs*14), p.(Arg2030%*), p.(Ala2044Valfs*25), p.(Arg2149%*),
p.(GIn2220%*), c.6148-698_6670del

P Variants in bold were found in 2 or more patients in the study. ¥Synonymous variants validated by Braun et al.
(2013) and Sangermano et al. (2018) to have the following effects: ¢.768G>T (p.(Leu257Valfs*17)) and c.6342G>A
(p-([Val2114_Ser2129delfs*5,=])). tHomozygous in individual with Prognosis 3 or Prognosis 4. Classification
criteria for all individual alleles are provided in Supplemental Table 6.

% The PVSL classification was used in accordance with the ACMG/AMP Standards and Guidelines for the

Interpretation of Sequence Variants.
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5.2.4 Classification of moderate variants

After classifying 65% of alleles in the study cohort as either hypomorphic, mild or severe, a
remaining group of 36 unique variants (35%, 56 total alleles) did not meet any of the
aforementioned classification criteria. These alleles were uniformly distributed across prognosis
categories as compared with the other classified allele groups, which skewed accordingly toward
mild or severe prognoses (Figure 23A). The coding effect in 93% of these alleles was missense
(Figure 23B). The 3 non-missense variants in this group were an exonic in-frame duplication, a
deep intronic 15-nucleotide deletion, and the ¢.859-9T>C variant, for which prior midi-gene
studies in HEK293T cells have shown a moderate effect as the variant results in 75% of wild-
type ABCA4 RNA.*3 Considering the nonspecific genetic attributes of these alleles and their

collectively uniform distribution across prognosis categories, we classified them into a moderate

group.

A Prognostic distribution of ABCA4 alleles B Coding effect of “Moderate” alleles

f In-frame duplication
p.(GIn1332_Cys1339dup)

4

g 8

Non-coding substitutions
c.859-9T>C

c.4539+2001G>A
c.[4539+2028C>T;302+68C>T]

Allele count

10 4 Missense 93%

og 1 Prognosis 2 og 3 og 4

Op.(Gly1961Glu) PVS1

Figure 23. Clinical and genetic characteristics of moderate ABCA4 alleles.”

" (A) Distribution of p.(Gly1961Glu) and hypomorphs (white bars) and moderate (gray bars) and severe/PVS1 (red
bars) alleles across prognosis categories. (B) Coding effect of alleles designated as moderate in patients with
ABCA4 disease.
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5.2.5 Construction of a genotype-phenotype correlation matrix

We generated probability matrices representing correlations among the 4 clinical prognosis
categories (prognoses 1-4) and all possible genotypic combinations for the following allele
classes: p.(Gly1961Glu), frequent hypomorph, rare hypomorph, moderate, severe, and PVS1

(Table 2 and Figure 24).

™ Vv 5 ™ ~ ] d
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wiete 1+ [T < <« neer —  EEE £ &
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pAGly1961Glu) | 0%

Frequent hypomorph | 0% 0% 0% 0% Frequent hypomarph
Rare hypomorph | 0% 0% 0% 0% Rare hypomorph

Allele 2 Allele 2
OtheriModerate | 0% 0% 0% 0% Other/Moderate

Severe [0 a3%  13% 0% Severe
PVS1 LIECN 33% 0% PVS1

~ W =) b
C ;&8 F
ey
Allele 1 — EEETEHITLING] Q@Q Q& Q~ Allele 1 — PVS1

p(CGly1961Glu) | 0% 0% 0% 0% p.(Gly1961Glu)
Frequenthypomorph | 0% 0% 0% 0% Frequent hypomorph
Rare hypomorph | 0% 0% 0% 0% Rare hypomorph

Allele 2 Allele 2
Other/Moderate | 0% 0% 0% 0% Other/Moderate
Severe | 9% BEIIEM 27% 0% Severe
PVS1 | 20% QENECN 0% 0% PVS1

Figure 24. Prognostic probabilities (%) of all possible combinations for each allele class.®

Genotypes consisting of a p.(Gly1961Glu), frequent hypomorphic, or rare hypomorphic allele
had the mildest prognostic outcomes, with most cases having either prognosis 1 or prognosis 2

(Figure 24A-24C). Genotypes of these 3 allele classes were also the least heterogeneous in

S (A) p.(Gly1961Glu), (B) frequent hypomorph, (C) rare hypomorph, (D) moderate, (E) severe and (F) PVS1.
Percentages represent the observed fraction of patients across each prognosis category for a given allele 1 and allele
2 combination.
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terms of prognostic distribution (P = 0.1164, 2-sided Fisher’s exact test [FET], see Appendix C)
compared with both moderate and severe/PVS1 genotypes (P < 0.001, 2-sided FET, see
Supplemental Data 4). This is due, at least in part, to the absence of homozygotes and cases
with other mild allele combinations. The apparent non-penetrance, coupled with the consistent
clinical phenotype, suggests that the p.(Gly1961Glu) allele exhibits a form of “clinical
dominance” whereby the allele in trans, while necessary for disease expression, has minimal to
no effect on the phenotypic variability. The frequent and rare hypomorphic alleles require a
“severe”, mostly deleterious, allele in trans and therefore represent haploinsufficiency cases,

where the disease expresses only after certain functional deficiency threshold is reached.

Conversely, all prognosis categories were represented in moderate, severe, and PVS1 allele
combinations, and the additive severity of the allele in trans strongly correlated with the
prognostic severity for these allele combinations. For instance, moderate allele genotypes with
another moderate allele in trans gave a 43% probability of having prognosis 1 whereas having a
p.(Gly1961Glu) allele in trans increased the prognosis 1 probability to 83%, and having a severe
or PVS1 allele in trans reduced the prognosis 1 probability to 0% to 12% and increased the
probability of prognoses 3 and 4 to 44% to 55% (Figure 24D). Similar trends appeared for both
severe and PVS1 genotypes. Prognosis correlations between PVS1 and severe allele genotypes
were also remarkably similar, suggesting very little clinical distinction between the 2 allele
classes (Figure 24E and 24F). To simplify these observations for clinical applicability, we
excluded allele combinations that were not present in patients for any prognosis, thereby
collapsing each allele matrix into only those representing the genotypes of all patients across the

study cohort (Figure 25).
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ABCA4 Genotype-Phenotype
Correlation Matrix

Allele 1 Allele 2 Prognosis 1 Prognosis 2 | Prognosis 3 | Prognosis 4
Moderate 17% 0% 0%
p-(Gly1961Glu) Severe 33% 0% 0%
PVS1 0% 0%
Frequent Severe 13% 0%
hypomorph PVS1 33% 0%
PVS1 0% 0%
Rare hypomorph
Severe 27% 0%
Moderate 43% 14% 29% 14%
Moderate Severe 12% 16% 28% 44%
PVS1 0% 17% 33%
Severe 0% 0% 9% 91%
Severe
PVS1 0% 0% 0% 00%

Figure 25. Genotype-phenotype correlation matrix based on the long-term prognostic outcomes of 112 genetically
confirmed patients with ABCA4 disease.!

5.3 Discussion

Advances in genomic medicine in recent decades have allowed genetic testing in the clinic to be
a routine option for patients with monogenic diseases. While this has undoubtedly improved the
standard of care for patients, the utility of a genetic result rarely extends beyond diagnostic
confirmation. The underleveraging of variant level insight in the clinic is attributable to the lack
of concrete genotype-phenotype correlations, which are difficult to assess for several reasons.
First, Mendelian disorders like ABCA4 disease are both rare and profoundly heterogeneous.
Prior studies have noted strong trends with specific alleles;1%121.186-189 however, most cohorts are
typically insufficient in size and scope to make conclusions that are applicable to clinical care.

Moreover, cross-sectional study cohorts themselves are demographically heterogeneous,

! Percentages represent the observed fraction of patients across each prognosis category for a given allele 1 and allele
2 combination. For the list of unclassified variants, see Table 1 or Supplemental Table 2.
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particularly in terms of age, adding further limitations, such as unknown disease trajectory and

clinical outcome of younger patients.

The large clinical and genetic repository we have built over 20+ years has allowed us to
overcome most of these issues. Using the well-characterized clinical data of an age-restricted
(>50 years of age) cohort of 112 patients, we were able to precisely dissect apart the complex
genotype-phenotype correlation landscape of ABCA4 disease in a quantitative manner that can
be immediately used to assess and predict the long-term prognosis of patients following genetic
testing. The correlation matrix can be improved upon by the addition of more cases in follow-up
studies to increase statistical power and accommodate other ABCA4 variants not described in this
study. These data also provide precise insight into magnitude differences in disease severity
between different alleles, which should be considered in the selection of patients for clinical

trials.

These data can also be used to clinically classify the pathogenicity of different ABCA4 alleles.
Analyzing patients with the mildest prognoses, for instance, identified a class of rare
hypomorphic variants that exhibit clinical overlap with p.(Asn1868lle) cases, including slowly
progressing disease and persistent sparing of the fovea. Results of prior functional and clinical
studies of these variants were also consistent with mild characterization. For instance, transgenic
expression of human p.(Alal038Val) in both Xenopus laevis tadpole retinae and HEK293T cells
revealed no observable defects in subcellular localization.®*”% The latter study also showed that
p.(Alal038Val) mutant structure closely resembles the wild-type ABCAA4 structure using single-
particle analysis (cryo-electron microscopy).'*®® The clinical phenotypes of all well-characterized

patients harboring p.(Ala1038Val),* p.(Arg2030GIn),**1% p (Pro1486Leu),>®
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p.(Thre1526Met), 159191192 and p.(11e1562Thr)!%1% alleles in the literature are also consistent

with milder disease in general and with specific hypomorphic features.

These and other mild ABCAA4 alleles, including p.(Gly1961Glu) and the frequent hypomorph
p.(Asn1868lle), also exhibit some collective characteristics that are inconsistent with most
autosomal-recessive diseases. Under an additive pathogenicity model that has been proposed for
ABCA4,'% patient phenotypes are expected to vary according to the combined effects of both
ABCAA4 alleles, and indeed, the phenotypic outcomes of moderate and severe/PVS1 alleles vary
widely depending on the allele in trans (Figure 25D-25F). Mild alleles, however, appear to be
“clinically dominant” in that all genotypes are invariably mild in overall severity (long-term
prognosis), and additionally, each respective allele has unique and consistent sub-phenotypic
features (e.g., optical gap in cases with the [p.(Gly1961Glu)] variant) irrespective of the type of
allele in trans. This phenomenon may be partially explained by the non-penetrance of mild
genotypes resulting in more “homogeneous” genotype combinations in observed cases. The
underlying mechanisms resulting in sub-phenotypes, while of diagnostic value for solving cases

without genetic confirmation, remain unknown.

Our analysis also reclassified several non-PVSL1 alleles as clinically severe, such as the
¢.5714+5G>A substitution in intron 40, which was previously reported to have a “moderate”
effect as it results in approximately 39% correctly spliced mMRNA in HEK293T cells.®
Consistent with other clinical studies,?>1%:19.197 e also found the variant to be exclusively
associated with severe phenotypes (compound heterozygous in 2 patients with prognosis 3 and 3
patients with prognosis 4), which led us to conclude that the allele is at least clinically severe in
patients. Several other missense alleles were also classified as severe, including p.(Alal598Asp),

p.(Thr1019Met), and p.([Asp1532Asn;Asn1868lle]), based on their recurrence in patients
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(including homozygotes) with prognoses 3 and 4. These, and a large group of other missense
alleles, comprised an unexpectedly large proportion of genotypes leading to the most severe
prognostic outcomes. This observation should caution against the common interpretation that

most missense variants, at least in the ABCA4 gene, are less severe than PVS1 variants.

This study has several limitations. While the patient cohort is large considering the rarity of this
disease, not all possible ABCA4 genotypes are represented. Notably, some biallelic PVS1
genotypes, which are known to underlie the most severe ABCAA4 disease phenotypes, such as
retinitis pigmentosa-like, ROC, and cone-rod dystrophy,*344110.125.198 \yere not included.
Prognostic assessment in these cases, however, is usually unambiguous as visual deterioration
begins early in life and the disease progresses rapidly. The 4 prognostic classifications defined in
the study may also not fully represent the breadth of clinical outcomes in ABCA4 disease.
Further studies based on our study design in larger, preferably multiethnic, cohorts of more
comprehensively characterized patients would help address many of the current limitations and
critically advance precision medicine for ABCAA4 disease. In summary, we constructed a
genotype-phenotype matrix based on the long-term prognostic outcomes of 112 genetically
confirmed patients with ABCA4 disease. Two major disease-causing variants of ABCA4,
p.(Gly1961Glu) and p.(Asn1868lle), accounted for more than half of the genotypes (patients)
with the mildest prognoses. We also identified a potentially new class of rare hypomorphic
variants among cases with mild prognoses, with similar phenotype to p.(Asn1868lle) cases.
Cases with the p.(Gly1961Glu) allele exhibit “clinical dominance” in their consistent clinical
features irrespective of the allele in trans. We identified a large group of missense variants that
are associated with the more severe prognoses and clinically reclassified others, including

€.5714+5G>A, that were previously suggested to be non-severe. The genotype-phenotype
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correlation matrix provides prognostic probabilities based on underlying ABCA4 genotype and
can be used as a tool to assess disease severity in patients and as a framework for design of and

selection of patients for clinical trials.

5.4 Materials & Methods

5.4.1 Study participants and clinical characterization

Patients diagnosed with Stargardt or ABCA4-associated disease were recruited from the
Department of Ophthalmology at Columbia University Irving Medical Center. In total, 112
unrelated patients harboring 2 pathogenic variants in ABCA4 and >50 years of age were included
in the study. The lower age limit threshold of 50 years was chosen to ensure that all major
genotype groups were accommodated in the analysis, particularly patients with the common
hypomorphic allele, p.(Asn1868lle), whose median age of symptom onset is approximately 35
years (IQR 28-48 years). Each patient underwent a complete ophthalmic examination by a
retinal physician, which included slit-lamp and dilated fundus examination, BCVA (Snellen),
color fundus photography, fundus autofluorescence (AF, 488 mn, 532 nm, and 787 nm), SD-
OCT scanning, and ffERG testing. Conversion of CF and HM to logMAR units was calculated in
accordance with Schulze-Bonsel et al. (35). In short, CF was replaced with the calculated
decimal acuity of 0.014, which corresponds to approximately Snellen 20/1500 or logMAR 1.875;
HM was replaced with the decimal acuity of 0.005, which corresponds to approximately Snellen

20/4000 or logMAR 2.300.

Imaging across all modalities was conducted following pupil dilation (>7 mm) with tropicamide
(1%) and phenylephrine hydrochloride (2.5%). Fundus AF (488 nm) images and 9 mm
horizontal foveal SD-OCT scans were acquired with the Spectralis HRA+OCT (Heidelberg

Engineering). Ultra-widefield AF images were acquired with an Optos 200 Tx (Optos PLC).
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ffERGs were recorded on silver-impregnated fiber electrodes (DTL, Diagnosys LLC) on the
Espion Visual Electrophysiology System (Diagnosys LLC) in accordance with International
Society for Clinical Electrophysiology of Vision (ISCEV) standards.*®® ffERG classifications
were assigned according to electrophysiological attributes described by Lois et al.!® Group 1 is
characterized by no detectable loss in scotopic or photopic function; group 2 is characterized by
photopic loss but normal scotopic function; and group 3 exhibits deterioration of both scotopic

and photopic function.

Prognosis classifications (prognoses 1, 2, 3, or 4) were determined by 2 independent graders
using 55° AF (488 nm) images of each eye for all study patients. In patients with interocular
discordance, the prognosis classification was assigned according to the more advanced eye.
Discordant evaluations between graders were adjudicated by an additional grader. Notes from
the corresponding clinical exam, which included direct and indirect ophthalmoscopy details,
were reviewed to confirm the final prognosis group assignment in each patient. All 3 graders

were blinded to the ABCA4 genotype of each patient at the time of prognosis classification.

5.4.2 Molecular analyses

Screening of the ABCA4 gene was performed by next-generation sequencing as previously
described.3*"® All detected possibly disease-associated variants were confirmed by Sanger
sequencing and analyzed with Alamut software (Interactive Biosoftware). Segregation of the
new variants with the disease was analyzed in families if family members were available.
Functional annotation of variants was determined using computational software including
ANNOVAR using pathogenicity scores of M-CAP, REVEL, Eigen, and CADD-PHRED (v1.6).
As a general guideline, pathogenic consequences are predicted for variants with scores over

0.025 for M-CAP, 0.5 for REVEL, 0.5 for Eigen, and 20 for CADD. The allele frequencies of all
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variants were compared to those in the Genome Aggregation Database (gnomAD, accessed

October 2021).

5.4.3 Statistical analysis

A detailed summary of all statistical calculations is provided in Appendix C. Comparison of
mean characteristics between prognosis categories was determined by a 1-way ANOVA test with
post hoc Tukey’s honestly significant differences and Kruskal-Wallis tests. Significance was set
at o level less than 0.05. Density plots were generated using the ggridges package in R version
4.0.4. FETs for count data (2 x 3 contingency table) were used to compare the distributions of

mild, moderate, and severe allele combinations across prognosis categories.

Study approval. All study procedures were defined under protocol AAAI9906 approved by the
Institutional Review Board at Columbia University Irving Medical Center. The study adhered to

tenets set out in the Declaration of Helsinki.
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Chapter 6 Genotype is a Significant Factor in Determining the Measurability

of Atrophic Lesions in ABCA4 disease

6.1 Introduction

Stargardt disease is a profoundly heterogeneous disorder due to the large and complex landscape
of pathogenic variants in the ABCA4 gene. Although there are no FDA-approved treatments thus
far, several therapeutic options have been and are currently in clinical trials.1%?% As is the case
with any scientific experiment, clinical trials need to be well-designed and properly controlled in
order to reliably assess treatment efficacy. While the double-blind placebo approach has been
relatively successful for many approved treatments, it is difficult to estimate how many failed

trials have been due to confounding factors.

There are several unique challenges in designing an effective clinical trial for ABCA4 disease.
The first is the selection of a primary outcome measure. Unlike many systemic disorders,
visualizing disease manifestation requires the aid of tools such as an ophthalmoscope to visualize
the fundus. Similarly, the documentation of disease progression requires sophisticated imaging

modalities. Symptomology in ABCA4 disease, while singular, is entirely subjective.

The currently approved outcome measure for ABCA4 disease is growth rate of chorioretinal
lesions.1%°2% Several studies have previously characterized the different types of atrophic
changes for ABCA4 disease;*+?9-207 however, the type relevant to clinical trials have been called
“definitely decreased autofluorescence” (DDAF).2%6297 While this nomenclature may be
problematic given our understanding of autofluorescence and ABCA4 disease,?*® we will
proceed with this term for simplicity. DDAF is an atrophic stage characterized by an apparent

loss of both photoreceptors and RPE based on SD-OCT imaging.?°62%” Growth rates of DDAF
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are highly variable and some studies have assessed several contributing clinical factors.?1:187

None however have thoroughly investigated the underlying contribution of genotype.

Given the combined challenges posed by genetic heterogeneity, this study evaluates how
genotype effects various aspects of a clinical trial that uses DDAF growth rate from the selection

of participants, measurement considerations and putative differences in progression rate.

6.2 Results

6.2.1 Individuals with “measurable” DDAF lesions comprise a small fraction of ABCA4
disease

The Starting Cohort consisted of 415 patients with at least 2 confirmed disease-causing variants
in ABCA4. We then screened for individuals that had “quantifiable” DDAF lesions through 3
consecutive filters: Filter 1 selects for patients with DDAF lesions in one or both eyes, Filter 2
selects for patients (from the output of Filter 1) with DDAF lesions that are entirely visible
within a standard 30° SW-AF image (Figure 26A) (lesions extending outside this magnification
are excluded, Figure 26B) and Filter 3 selects for patients (from the output of Filter 2) with
DDAF lesions that are well-delineated along its entire perimeter (Figure 26C). DDAF lesions

with obscure borders are excluded (Figure 26D).
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A Aggregate DDAF visible within 30° SW-AF image B DDAF extends outside 30° SW-AF image
1 1

Patient 153 Patient 183

Well-delineated DDAF border(s)

AN

Unmeasurable

Unmeasurable

Patient 213 Patient 30

Figure 26. Selection criteria or Filter 2 and Filter 3.

Out of 415 patients, 216 (52.0%) had a DDAF lesion in at least one eye at baseline (Filter 1). As
expected, those with DDAF were significantly older (mean age = 48.4 years, SD = 16.2) than
those without DDAF (mean age = 28.6 years, range 10-83 years, SD = 13.3) (P<0.0001, Mann-

Whitney U test) (Table 3).

Table 3. DDAF vs. Other lesion types.

Age at visit (years)

. Patients Female/Male
Lesion type e
() ratio Mean  Median Min Max  SD IQR
DDAF 216 (52%)  110/106 (1.04) 484 48.0 10.0 830 162 23.0
O“:;; lesﬁ"’“ 199 (48%) 114/85 (1.34) 28.6 26.0 5.0 720 133 16.9
Cohort total 415 224/191 (1.17) 38.8 37.0 5.0 830 179 28.0
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Of these 216, 122 patients had DDAF lesions visible within a standard 30° SW-AF image (Filter
2) and 79 (out of 122) well-delineated DDAF lesions comprising the final Target Cohort (mean

age = 51.9 years, range 24-80 years, SD = 12.0) (P<0.0001) (Table 4).

Table 4. Filter 1 and Filter 2.

; Age at visit (years)
DDAF lesion DDAF lesion border Patients (n)
Size Mean Median Min Max SD IOR
>30° SW-AF 94 (43.5%) 51.6 525 17.0 83.0 17.1 310
image
<30° SW-AF Ambiguous 43 (19.9%) 34.8 32.0 10.0 72.0 14.2 19.0
Image Well-delineated 79* (36.6%) 51.9 52.0 24.0 80.0 12.0 13.0

DDAF total 216

Follow up imaging was available for 46 (out of 79) patients/eyes that comprise the Progression
Cohort. The mean time interval between the baseline and follow up visit in this group was 4.0
years (SD = 2.8 years) and the DDAF growth rate ranged from 0.113 mm?/year to 3.18 mm?/year
(mean = 1.06 mm?/year, SD = 0.75) (Figure 27). A square root transformation was applied to
the baseline and follow up sizes to obtain the linear progression rates: range, 0.034 mm/year to

0.487 mm/year (mean = 0.197 mm/year, SD = 0.102).
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Figure 27. Measured and estimated DDAF growth rates in ABCA4 disease.

6.2.2 The genotypic profile of the target cohort skews toward milder alleles

ABCA4 genotype categories were defined according to our previous study (see Materials &
Methods). The genotype fractions in the Starting Cohort were: p.(Gly1961Glu) (20.5%),
p.(Asn1868lle) (10.4%), Rare hypomorphs (7.7%), Other ABCA4 alleles (39.5%), 1 PVS1 allele
(17.8%) and 2 PVS1 alleles (4.1%). These percentages, however, did not remain consistent
across the screening (filtering) process for patients with reliably quantifiable DDAF lesions.
Specifically, there was an “inversion” in the mild-to-severe genotype ratio between the Starting
and Target cohorts—that is, the milder genotypes, p.(Gly1961Glu), p.(Asn1868lle) and Rare
hypomorphs collectively accounted for ~1/3 of the Starting Cohort and ~2/3 for the Target
Cohort whereas the remaining, comparatively more severe genotypes comprised ~2/3 and ~1/3

of the Starting and Target cohorts, respectively (Figure 28A). It should also be noted that
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p.(Gly1961Glu) became the most frequent genotype in the Target Cohort, alone accounting for
~25% (22 patients) while PVS1 genotypes were almost entirely eliminated (2 patients remain)

(Figure 28B).

B
o
[=]

A o B s

IS
<3
=3

9.5%
80% 40%

W
&
(=}

w
is]
ts]

30%

)
o
B3

250

Total cases
} =& (Gly1961Glu)
200 ~#-—p.(Asn1868lle)

20% === Rare hypomorphs

Genotype proportion (%)
Total number of cases (n)

F
o
5

== Other alleles
1 PVS1 allele
=B=2 PV51 allele

150

Genotype proportion (%)

62.0%

100

10%

20% 38.6%
50

0% 0

N v
5 &
0% & & S
Starting Cohort  Target Cohort é\x\q cg:‘
g
=)

Figure 28. Proportional shifts in the filtering process between the Starting and Target cohorts.

6.2.3 DDAF growth rates are significantly different across genotypes

Several specific trends help to explain the genetic profile of the Target Cohort. Filter 1 screens
for individuals with DDAF lesions and thus selects against mild allele genotypes like
p.(Gly1961Glu) genotypes in which the prevalence of DDAF is the lowest (31.8%, P<0.0001)
and conversely, for severe genotypes such as 2 PVS1 alleles (82.4%, P<0.05) (Supplemental
Table 7). The large proportion of mild allele genotypes in the final Target Cohort however, is
determined by the last two filters which select for DDAF lesions that are smaller (i.e., those that
are entirely visible within a 30° SW-AF image) (Filter 2) and with well-defined borders that can

be reliably segmented for quantification (Filter 3). Both of these qualities are significantly
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positively associated with mild allele genotypes (OR>1) and negatively associated with other and

severe allele genotypes (OR<1) (Table 8) (Figure 29).

Starting Cohort Selection criteria Genotype Association
N =415
« DDAF absent | DDAF present—

i ° p.(Gly1961Glu)

l ! = éar; hy;‘:;:r-n;r-phs
i —— Other ABCA4 allele
' Only patients with ; R — ‘”;i**?ft allele
Filter 1 o | DDAF lesions oy —— 2PVST alleles
e 0.10 1.00 10.00 100.00
Odds ratio
N =216
. «— DDAF>30° ' DDAF<30°—
' Only patients with | o i
Filter2 ) : DDAF lesions visible 3 » _
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| | : —————
777777777777777777777777 0.01 0.10 1 ;]0 10.00 100.00 1000.00
N =122 Odds ratio
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. well-delineated DDAF |
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N = 79 0.01 0.10 1.00 10.00 100.00
Odds ratio

Figure 29. Genotype associations associated with selection filters.

After stratifying the linear DDAF growth rates in the Progression Cohort, we found significant
differences among genotypes (P < 0.00001, one-way ANOVA; P = 0.00442, Kruskal-Wallis
Test) (Figure 30) (Appendix C). Pairwise differences were significant between p.(Gly1961Glu)
(0.096 mm/year) versus Rare hypomorphs (0.226 mm/year) (P < 0.01) and Other ABCA4 alleles
(0.226 mm/year) (P = 0. 00001), and between p.(Asn1868lle) (0.187 mm/year) and Other

ABCAA4 alleles (0.226 mm/year) (P = 0.00255) (Appendix C).
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Figure 30. Measured and estimated DDAF growth rates between genotypes in ABCA4 disease.

6.2.4 PVS1 alleles are associated with a distinct and heterogeneous, immeasurable form of

DDAF

We found several other significant genotype associations related to the morphometric complexity
of individual DDAF lesions. While the majority of DDAF lesions were generally unifocal,
enclosed regions of homogenously dark autofluorescence (Figure 31A), a distinct form of

DDAF characterized by poorly delineated amalgamations of smaller coalescing lesions was
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found in a subgroup of at least 30 individuals (Figure 31B).
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Figure 31. Structural distinction between DDAF and h-DDAF in ABCA4 disease."

This DDAF subtype, which we designate as heterogeneous-DDAF (h-DDAF), was found among
the earliest age groups (mean age = 27.5 years, range 10-49 years), including all individuals
below age 20 years. Genetically, h-DDAF lesions were almost exclusively associated with
severe genotypes, particularly those consisting of 2 PVS1 alleles (76.5%, P < 0.001, 2x3 FET)

(Table 5).

“Yellow arrowheads indicate regions hyper-transmission of the OCT signal due to complete loss of outer retinal
layers (neuroretina and RPE).
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Table 5. DDAF and h-DDAF prevalence across ABCA4 genotypes.

ABCA4 genotypes DDAF h-DDAF Other lesion types ~ Total
p.(Gly1961Glu) 27 (31.8%) 0 (0%) 58 (68.2%) 85
p.(Asn1868lle) 23 (53.5%) 0 (0%) 20 (46.5%) 43

Rare hypomorphs 21 (65.6%) 0 (0%) 11 (34.4%) 32

Other alleles 77 (47%) 8 (4.9%) 79 (48.2%) 164
1 PVS1 allele 37 (50%) 9 (12.2%) 28 (37.8%) 74
2 PVS1 allele 1(5.9%) 13 (76.5%) 3 (17.6%) 17

Cohort total 415

6.2.5 DDAF lesions associated with milder alleles are morphometrically less complex
Among lesions with more well-defined shapes, we observed that those found in eyes with mild
allele genotypes were more uniformly round in appearance whereas lesions in eyes with more

severe genotypes exhibited more complex shapes (Figure 32A).

A DDAF contour B DDAF circularity vs. growth rate
0.6
* p.(Gly1961Glu) r=-0.3824(P<0.01)
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Figure 32. Morphometric analysis of DDAF circularity and correlation to growth rates.
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To assess this quantitatively, we determined the circularity index (CI, 4n*area/perimeter?) (0 <
CI <1, where 1 = perfect circle) for each lesion at the baseline visit in the target cohort (n=79).
Cl ranged from 0.248 (Patient 350) to 0.973 (Patient 267); however, on average, DDAF lesions
in eyes with p.(Gly1961Glu) were the most uniformly circular (CI = 0.866) and those with other

ABCAA4 alleles were the least uniformly circular (Cl = 0.640) (Table 6).

Table 6. Circularity index of DDAF lesions in ABCA4 disease.

ABCA4 genotypes Patients/eyes Mean age Baseline perimeter Baseline area (mm?2) Mean circularity
(n) (years) (mm) [SD] [SD] index [SD]
p.(Gly1961Glu) 22 51.2 10.86 [5.39] 10.44 [9.64] 0.873 [0.105]
p-(Asn1868Ile) 14 48.7 7.36 [4.93] 5.02[6.12] 0.765 [0.195]
Rare hypomorphs 13 522 7.80[3.99] 4.61[4.81] 0.746 [0.109]
Other alleles 28 49.1 13.07 [5.88] 10.00 [7.88] 0.683 [0.180]
1 PVSI allele 1 40.3%* 17.28* 6.96* 0.293*
2 PVSI allele 1 24.9% 18.17* 19.22% 0.732*

Given the apparent relationship between genotype, lesion shape (Cl) and DDAF growth rate
(Tables 6 and 7), we calculated significant negative correlation coefficients between Cl and
DDAF growth rates (Pearson’s r =-0.39, P = 0.007655) (Spearman’s rho = -0.44, P = 0.00195)
indicating that more uniformly circular lesions progress more slowly relative to those of more
complex shapes (Figure 32B). No significant correlation was found between CI and baseline

DDAF lesion size (P = 0.530).

Table 7. DDAF growth rates across ABCA4 genotypes.

Patients/  Mean age Mean bas?line Mean surface Mean linfsar ) Mean‘
ABCA4 genotypes eyes (n) (years) DDAF 2s1ze progl;essmn progression c1r'cular1ty

(mm?) (mm*/year) (mm/year) index

p.(Gly1961Glu) 9 455 4.576 0.355 0.096 0.866
p-(Asn1868lle) 9 48.8 3.819 0.73 0.187 0.763
Rare hypomorphs 11 52.6 4.355 1.05 0.226 0.746
Other alleles 16 50.4 11.554 1.62 0.236 0.64
1 PVSI allele 1 40.3* 6.957* 1.61* 0.269* 0.293*

2 PVS1 allele 0 - - - - -

All 46 494 6.854 1.061 0.197 0.726
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6.2.6 Outer retinal tubulation are associated with DDAF lesions associated with rare and
frequent hypomorphic allele genotypes

Out of 415 patients in the Starting cohort, outer retinal tubulation (ORT) were observed in 18
(4.3%) patients. Most of these patients were generally older with a mean age of 59.4 years
(range 31-71 years), reported recent onset of visual symptoms and had relatively preserved
vision. On individual SD-OCT scans, ORT varied in size from approximately 100 um to 500 um
in diameter and were typically observed traversing the outer nuclear layer (ONL) above the RPE.
Displacement of the overlying outer plexiform and inner nuclear layers occurred with larger
ORT. Morphologically, ORT cross-sections were uniformly round or ovoid with hyper-
reflective material within the internal cavities (Figure 33A and 33D, insets a-f). ORT typically
occurred at the borders of DDAF; however, many were found in areas further away from the
lesion borders (Figure 33B, 33C, 33E and 33F). The transverse length ORT across the fundus

also varied and complex branching was observed in several patients (Figure 33B and 33E).
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Figure 33. Spatial distribution and morphology of outer retinal tubulation (ORT) in Stargardt (ABCA4) disease.’

Three hypomorphic ABCA4 alleles, p.(Asn1868lle), p.(11e11562Thr) and p.(Arg2030GIn),
accounted for 10/16 (62.5%) genotypes. Each of the three genotypes was found to be
significantly enriched in the cohort, individually (P<0.05) and combined as a group (P<0.0001)

(Appendix C). There was a notable absence of the common p.(Gly1961Glu) allele. The

V (A, D) Fundus autofluorescence images of right and left eyes of patients 6 and 15, respectively. The positions of
several representative ORT are indicated (yellow arrowheads) in each image with corresponding spectral domain-
optical coherence tomography scans below (insets a-f). (B, E) Spatial distribution and configuration of the ORT
cavitary network mapped onto infrared reflectance images of the same eye in patients 6 and 15. Individual pink
lines represent the horizontal diameter and corresponding position of observed on serial SD-OCT scans. (C, F)
Location of ORT relative to the borders of atrophic lesions (dotted lines) observed on autofluorescence imaging.
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remaining genotypes consisted of both severe and non-hypomorphic variants in patients who

presented with ORT at a significantly younger age (44.5 years, P<0.001) (Appendix C).

6.3 Discussion

Assessing the growth rate of atrophic (or DDAF) lesions has been the only primary outcome
measure for multiple clinical trials of macular diseases including age-related macular
degeneration (AMD) and Stargardt disease as approved by the FDA (clinicaltrials.gov).1%2%

For most cases included in these two disorders, however, the incidence, onset and morphology of
atrophic lesions can vary significantly between individuals,?”2%%-211 thereby affecting the types
of patients available for clinical trials. For instance, geographic atrophy is only found in a subset
of dry AMD?*? and can present in different patterns.?!-2'3-27 Fyrthermore, visible differences
have been noted between atrophy in ABCA4 disease and AMD suggesting etiological

differences between both entities.?!

The choice of using atrophy in ABCA4 disease trials appears logical at first, given that it is an
easily distinguishable manifestation of tissue loss in the retina and believed to be prevalent
among patients.?%® In the cross section of patients included in this study, >50% of patients
presented with some kind of atrophy of the fundus. Other large cross-sectional studies have
reported similar observations.'?2" However, after several practical considerations, the
remaining pool of directly applicable individuals was found to be much smaller than expected

(~20%, 84/418) and with very specific genotypic and demographic profiles.

Based on the results of this study, clinical trials using DDAF growth as an endpoint according to
the autofluorescence images standard 30° image field will inevitably assemble a cohort in which
more than half of the patients will have genotypes consisting of one of the milder ABCA4 alleles.

The underlying reasons for this are two-fold. The first, and the most significant, is the technical
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limitation of image size. While patients with more severe ABCA4 alleles develop atrophy
sooner, the faster progression in these cases results a large proportion of cases with lesions that
are too large to measure in a standard fundus image. Wider field imaging modalities are
available, including the 55° lens for the Spectralis+OCT module; however, studies have shown
that measure accuracy decreases with larger images.'® Secondly, DDAF lesions in patients with
mild ABCA4 alleles are inherently more reliably measurable. Considering both criteria, an over-

representation of mild allele cases is therefore unsurprising.

Demographically, most patients with “measurable” DDAF were concentrated in the 41-60 year
age group with none below 24 years of age. Atrophy in younger individuals were observed but
the numbers were very small and the atrophic lesions were neither well-demarcated nor
organized enough for objective assessment. Most of these individuals belong to the previously
described rapid-onset chorioretinopathy (ROC) phenotype group'*® characterized by severe
ABCAA4 alleles and onset of symptoms in the first decade followed by a precipitous loss of vision.
The “fast-progressing” nature of this phenotype may suggest that these patients appear to be
ideal candidates for clinical trials, which desire to demonstrate the most robust results in the

shortest period of time; however, an endpoint other than DDAF will be needed.

Choosing an ideal endpoint for ABCAA4 disease is indeed challenging. While there are many
existing imaging and functional modalities, there is likely none that will encompass the entire
spectrum of heterogeneous disease such as those attributable to ABCA4. Based on the findings
of this study, the DDAF endpoint may also be hindered by time, given the known rates of growth
(~0.6-2.0 mm?/year),121:201.204218 and the fact that most patients included will be on the milder
end of the severity spectrum. Depending on the type of treatment being evaluated, it is also

unclear what the short-term therapeutic effects will be on DDAF. For instance, it is not clear at
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what threshold of bisretinoid accumulation commits the cell to degeneration resulting in DDAF.
Visual cycle modulation or A2E sequestration may fix an upstream problem but may not
alleviate deleterious effects already imparted on the cell. Therefore, even with long-term
efficacy, existing lesions may continue to grow over the evaluation period of a trial. For such
situations, more specialized methods such as quantitative autofluorescence (qAF)?%193:21° may be
a better indicator, or should at least be considered in conjunction with other acceptable

endpoints.

In summary, the current study demonstrates that while atrophy, specifically DDAF, is a
relatively common feature of ABCA4 disease, there are far fewer cases available for clinical trial
selection than expected, when considering technical considerations such as measurability and
imaging capacity. It is important to note that further exclusion criteria such as systemic health
and geography, among others, will likely further reduce this pool of available candidates. Based
on the criteria of this study, most patients will also likely have mild allele genotypes which could
potentially extend the timeframe necessary to show efficacy. Depending on the type of treatment
being evaluated, the quantification of DDAF may not be the ideal endpoint for ABCA4 disease

and other, more encompassing, modalities should be considered.

6.4 Materials & Methods

6.4.1 Study subjects and ethics approval

Written and signed informed consent to participate in this study were obtained from all
individuals described in this study. All procedures were performed with approval by the
institutional review board protocol #AAAI9906 at Columbia University Irving Medical Center.
The study adhered to all tenets set out in the Declaration of Helsinki. All patients enrolled in the

study underwent a complete ophthalmic examination, which included slit-lamp and dilated-
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fundus examinations, best-corrected visual acuity (Snellen) measurement and assessment of

clinical histories.

6.4.2 Molecular analysis

Direct sequencing of the ABCA4 gene was performed as previously described.3*"® All detected
possibly disease-associated variants were confirmed by Sanger sequencing and analyzed for
pathogenicity based on familial segregation, allele frequency and in silico predictions. Phase was
either confirmed by screening of familial samples or imputed based on observed co-occurrence
in the general population (https://gnomad.broadinstitute.org/variant-cooccurrence) if family
members were available. Functional annotation of variants was determined using computational
software including ANNOVAR using pathogenicity scores of M-CAP, REVEL, Eigen, and
CADD-PHRED (v1.6). As a general guideline, pathogenic consequences are predicted for
variants with scores over 0.025 for M-CAP, 0.5 for REVEL, 0.5 for Eigen, and 20 for CADD-
PHRED. The allele frequencies of all variants were compared to those in the Genome

Aggregation Database (accessed October 2021).

6.4.3 Retinal image acquisition and analysis

All genetically confirmed patients with a well-captured 30° field short-wavelength
autofluorescence (SW-AF, 488-nm excitation) images and fovea-centered spectral domain
optical coherence tomography (SD-OCT) from the Spectralis HRA + OCT scanning laser

ophthalmoscope (Heidelberg Engineering) were included in the study (n=415).

Definitely decreased autofluorescence (DDAF) lesions were defined based on Strauss et al.?%
and confirmed by the presence of “choroidal hyper-transmission” on corresponding SD-OCT
scans from the same visit (Filter 1). The distinction between DDAF lesions with well-defined or

obscure borders (Filter 3) was made by two independent graders (WL and PYS). Disagreements
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between the two primary graders were adjudicated by a third independent grader (SHT). All
graders were masked to patient genotypes each of the selection steps (cohort assembly, Filter 1,
Filter 2 and Filter 3). The area (in mm?) and perimeter (mm) of DDAF lesions were also
measured by two independent graders (WL and PYS) using the RegionFinder function (HEYEX
software, Heidelberg Engineering). DDAF growth rate was calculated as the difference between
follow up and baseline DDAF size (mm?). To account for the effect of the baseline lesion size
on the growth rate, the linear growth rate was determined by square root transformation of the
baseline and follow up visits. In this analysis, graders were masked to both genotype and time-
point (visit 1 vs. visit 2). The study eye was determined at random. Intraclass correlation
coefficients (ICC), calculated using the irrlCC package (https:// cran.r-project.org), showed
excellent intergrader agreement for all area (ICC > 0.8999) and perimeter (ICC > 0.9008)

measurements.

Lesion contour analysis was performed on 30° SW-AF images of both eyes of all patients with
“measurable” lesions (n=79, 158 eyes) using a custom plugin in the FIJI software (National
Institute of Mental Health, Bethesda, MD, USA). All images were normalized according to the
internal scaling factor of the image (given in pixels/um). Left eyes were flipped along the
vertical meridian so that both eyes are represented together (i.e. the nasal retina is left of center

for both eyes) aligned at the fovea. Circularity index was determined as follows:

4 (DDAF area)
DDAF perimeter?

Circularity index =

Where the circularity index (CI) (also known as isoperimetric quotient) is the ratio between 4n
times measured area of the DDAF lesion and DDAF perimeter squared. CI values range from 0

to 1, where 1 is a perfectly uniform circle.
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The presence of outer retinal tubulation (ORT) was assessed in volumetric SD-OCT raster scans
in both eyes of each patient. Transverse mapping of ORT onto corresponding positions in
fundus images were performed manually using the spatial correlation tool in the HEYEX
software (Heidelberg Engineering, Heidelberg). Lesion perimeters were outlined and merged
with ORT positions using the pixel thresholding function and alignment function, respectively, in
FI1JI (National Institute of Mental Health, Bethesda, MD, USA). Image proportions were
maintained according to the intrinsic scaling factor (pixels/um) of each fundus autofluorescence

image.

6.4.4 Statistical analysis

A detailed summary of all statistical calculations is provided in the Appendix C. Comparison of
means were determined by both 1-way ANOVA test with post hoc Tukey’s honestly significant
differences and Kruskal-Wallis tests for non-normal distributions. Significance level was set at a
level less than 0.05. Correlation between CI and square root transformed DDAF area were

assessed using Pearson’s correlation coefficient (r) and Spearman’s rank correlation coefficient

(p, rho).
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Chapter 7 CERT1 mutations perturb human development by disrupting
sphingolipid homeostasis

7.1 Introduction

Sphingolipids play numerous essential roles in membrane structure, signal transduction, and brain
development and function 2222, The central nervous system is particularly affected by disturbances in
sphingolipid production or clearance: defective production can cause hereditary sensory neuropathy,
spastic paraplegia, or infantile epilepsy syndrome, whereas toxic accumulation of sphingolipids underlies
a number of devastating inborn errors of metabolism such as Gaucher disease, Farber disease, Niemann-
Pick type A, Krabbe, Tay-Sachs, and Sandhoff diseases 222224, Sphingolipid metabolic fluxes therefore
must be tightly regulated through homeostatic circuits 2%, A key checkpoint in sphingolipid biosynthesis
occurs at contact sites between the endoplasmic reticulum (ER) and the trans Golgi membrane, where the
Ceramide Transporter (CERT) transfers ceramide (Cer) from the ER to the trans Golgi for its conversion
to sphingomyelin (SM) 2%, When sufficient rates of SM production are reached, CERT is phosphorylated

and undergoes a conformational change that renders it inactive 27,

Given the central position of CERT in sphingolipid metabolism, its malfunction should be detrimental to
human health, and particularly to neural function. Thus far, one case report and several case-control
screening studies have described associations between variants in CERT1 (ceramide transporter 1), the
gene that encodes CERT, and neurological abnormalities 2222%¢, Nonetheless, there has not been a
systematic assessment of the mutational landscape of CERT1 in humans, and whether or how CERT1

mutations cause neurological disease remains to be proven.

In this chapter, we characterized 31 unrelated individuals with 22 distinct missense variants in CERT1, 18
of which have not been previously reported. These patients have a syndromic presentation characterized
by infantile hypotonia; mild dysmorphologies (affecting the face, hands or feet); variable degrees of

intellectual disability, motor and speech delays; increased pain tolerance; and seizures.
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Text and figures from this chapter have been recently published (Gehin, Lone, Lee and Capolupo et al. J

Clin Invest. 2023 Mar 28:e165019. doi: 10.1172/JCI1165019.

7.2 Results

7.2.1 Characterization of human CERT1-associated phenotypes

Most of the CERT1 variants reported so far have been associated with intellectual disability,?’
but the clinical phenotype has been comprehensively characterized for only one of these
individuals, who bears the p.(Ser135Pro) variant.?3® We therefore sought additional affected
individuals harboring CERT1 variation from multiple international disease consortia and
databases. We identified 50 individuals who carry a potentially pathogenic missense variant in
CERT1 (Supplemental Table 8 and Supplemental Table 9). Notably, we did not identify any
cases with protein truncating variants or large CNV. We obtained thorough clinical histories for
31 patients (Supplemental Table 8, Appendix D): 27 reported here in present study cohort,
three who were initially included in genetic screening consortia for intellectual
disability,?2%:231238.239 and the patient who had been previously characterized.?® Familial
segregation confirmed that CERT1 variants occurred de novo in 93% (25/27) of cases. Biparental
samples were not available for S1, S19, S20, or S24. The p.(Val326Phe) variant in S21 was
inherited from her reportedly unaffected father, whereas the p.(Ala449Val) variant in S26 was

inherited from her mother, who was diagnosed with intellectual disability.

The detailed clinical information we were able to gather revealed cognitive, motor, and speech
delays of variable degrees of severity. Of the subjects for whom we had neonatal information,
only four were of average weight at birth; most were born slightly to significantly underweight.

Similarly, only four of the subjects did not present some form of apparent developmental delay
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by the end of the first year of life (4/26, 15%), with the latest onset being at age four. Fifteen (out
of 24) had neonatal feeding difficulties, often accompanied by hypotonia or failure to thrive.
These were likely early manifestations of what would later become frank motor delays, affecting
26 out of 29 subjects (Figure 34A). Intellectual disability ranged from mild to profound, as per
the criteria of the Diagnostic and Statistical Manual of Mental Disorders (5" edition) (DSM-V)
(Figure 34B); the latter subjects are nonverbal, lack age-appropriate daily living skills and
require safety supervision. Neurobehavioral abnormalities frequently led to a diagnosis of autism
spectrum disorder (ASD) (19/27, 70%); some patients displayed stereotypic hand movements
(14/18), self-injurious behavior (9/19), high pain tolerance (9/18), disrupted sleep patterns (9/21),
attention deficit-hyperactivity disorder (ADHD) (10/19), or aggression (6/20). Multiple seizure
semiologies were reported (16/29). Neuroimaging frequently revealed a thin corpus callosum,

ventriculomegaly, delayed myelination, and cerebellar atrophy.
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Figure 34. Clinical characterization of individuals with pathogenic variation in CERT1."

" (A) Range of severity in motor delays compared to the 75th percentile (light grey) and 25th percentile (dark grey),
adapted from values published by the Denver Developmental Screening Test I1. Open and closed circles indicate
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Subtle facial dysmorphisms included anteverted nares with depressed or broad nasal bridge,
enlarged earlobes, synophrys, micrognathia, dental anomalies (protruding incisors and diastema),
and palatine ridges. Anomalies affecting the hands, feet, or digits included 3rd/4th finger
syndactyly, club foot, or hallux varus (sandal gaps); the first metatarsal also tended to be short,

while the fifth fingers tended to be long (Figure 35).

delayed sitting and walking ages, respectively; asterisks indicate the subject needs sitting or walking support. Open
arrows indicate subjects who are currently immobile or have not yet developed independent walking. Clusters
mutations belong to are indicated. (B) Heatmap displaying the degree of intellectual disability (ID), speech delay
(SD), and motor delay (MD) of patients bearing frequent CERT1 mutations. See Supplemental Table 2 for scores.
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Figure 35. Craniofacial and peripheral dysmorphologies in CerTra subjects.”

7.2.2 Genotype-Phenotype Correlations
The majority (27/31, 87%) of variants from our enrolled patients occurred in the region between

the PH and START domains (Figure 36), as was the case for previously reported variants.?

The first four serine residues of the SRR (132-SMVSLVSGASGYSATSTSS-150) are hotspots
for mutations (Cluster 1): Ser-132 (n=7; four enrolled), Ser-135 (n=4; two enrolled), Ser-138

(n=4; two enrolled), Ser-141 (n=1; one enrolled) (Figure 36). An alanine substitution at Thre-

* Enlargement of craniofacial dysmorphologies in patients showing: (A) anteverted nares, (B) synophrys, (C)
protruding incisors, (D) large ear lobes, (E) micrognathia, and (F) hand and foot abnormalities.
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166 was found in five subjects in our cohort (four enrolled; Cluster 2). Between residues Asp-
240 to Gly-254 (Cluster 3), missense variants were found at Asp-240 (n=1), Gly-243 (n=4, four
enrolled), Thr-247 (n=1, one enrolled), and Thr-251 (n=1, one enrolled). Four variants
p.(Val326Phe), p.(Ala329Pro), p.(Leu330Val), and p.(Leu330Pro) are located at the C-terminal

end of the CERT FFAT motif (Cluster 4).
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Figure 36. Missense variants in CERT1 lead to a neurodevelopmental syndrome.Y

¥ Schematic representation of functional domains in CERT. The N-terminal Pleckstrin Homology (PH) domain
interacts with phosphoinositide phosphatidylinositol-4-phosphate [Ptdins(4)P] on the trans Golgi. The serine rich
region (SRR) is the target of protein kinase D (PKD) and casein kinase 1y2 (CSNK1G2) phosphorylation. The
FFAT (two phenylalanines in an acidic tract) motif interacts with integral membrane proteins VAP-A and VAP-B
on the ER (82), and a C-terminal (StAR)-related lipid transfer (START) domain extracts ceramide from the ER
membrane and delivers it to the trans Golgi. The schematic shows coding variants in CERT1 (NP_005704) in our
cohort of 31 subjects above the gene diagram and other individuals identified from clinical databases (Decipher v9.
31, Clinvar and VKGL) below it. Colors indicate the age of onset; grey, no information available. The distribution
of gnomAD singleton missense variants for healthy subjects is plotted below.
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For the variants that recurred in multiple subjects, we were able to sketch out broad genotype-
phenotype correlations. The most severe phenotypes—with congenital or perinatal onset,
profound to severe intellectual disability, and the greatest motor delay—resulted from mutations
at Ser-132 and Ser-135 (Figure 34 and Figure 36). Subjects bearing mutations at Ser-138, Thr-
166, or Gly-243 tended to not have perinatal difficulties and achieved early developmental
milestones (S8 did not show difficulties until 4 years of age) but then regressed or slowed in their
development. Seizures likely contribute to the developmental delays: neither subject with a
p.(Ser138Cys) mutation had seizures and have only moderate ID, but S13, the most severely
affected of the p.(Thrl66Ala) carriers, has an epileptic encephalopathy that apparently halted her
development at 19 months. All variants associated with more severe phenotypes were predicted
to be deleterious by CADD-PHRED, REVEL, M-CAP, and Eigen. Approximately half of the
variants among the more moderately affected had inconsistent pathogenicity predictions across
algorithms. On average, variants among patients had significantly greater CADDv1.6, M-CAP,
REVEL and Eigen pathogenicity scores than gnomAD singleton missense variants (P<0.001,

Mann-Whitney U-test).

Variants p.(Asp59Glu) (16), p.(Thrl66Ala) (20) and (Phel82Leu) (10) were previously
identified in ASD cohorts (Supplemental Table 9). To determine the extent to which CERT1
mutations contribute to autism, we conducted a targeted de novo analysis interrogating the
Simons Foundation Powering Autism Research (SPARK) initiative database, which includes
genomic data from nearly 35,000 ASD individuals. No de novo protein-altering variants were
observed in the Simons exome cohort. Denovo-db (v.1.6.1) confirmed the negative findings for
the exome cohort but identified one de novo genome missense mutation (pos=74721285, T>C,

€.880A>G, p.(Thr294Ala), exon 6) in one out of 516 trios. This analysis, along with the fact that

107



none of the subjects in our cohort was diagnosed with ASD as a primary condition, indicates that
CERT1 variants are unlikely to be a significant contributor to autism but instead cause a
recognizable neurodevelopmental syndrome distinct from ASD, which we will refer to as

Ceramide Transporter (CerTra) syndrome.

7.3 Discussion?

In this study we report that multiple de novo heterozygous variants in CERT1 cause an autosomal
dominant developmental syndrome we named CerTra, which is characterized by various degrees
of developmental delay, motor delay, cognitive impairment, behavioral abnormalities, and
seizures. Several CerTra mutations reduce or abolish the capability of CERT to be inactivated in
response to excessive sphingomyelin production. This leads to uncontrolled ceramide transfer
out of the ER, with several consequences: i) reduced ceramide at the ER relaxes the homeostatic
inhibition of serine palmitoyltransferase 24241 resulting in increased de novo sphingolipid
synthesis; ii) reduced ceramide at the Golgi, the site for glucosylceramide synthesis, impairs
glycosphingolipid production; and iii) excessive CERT activity likely competes with ceramide
desaturase activity at the ER, leading to the transfer of a significant amount of dhCer to the trans
Golgi and production of dhSM. Elevated dihydro-sphingolipid levels cause neuropathology. For
example, biallelic loss-of-function mutations in DEGS1, which catalyzes the final conversion of

dhCer to Cer, results in increased dihydro-sphingolipid levels, causing a multisystem

Z The following discussion covers data obtained as a joint effort by the research group of Giovanni d’Angelo, Ph.D.
(Ecole Polytechnique Fédérale de Lausanne) and Thorsten Hornemann (Universitat Ziirich). In addition to the
analysis described, we also investigated the effect of CerTra mutations on CERT function, regulation, and structure.
We found that several CerTra mutations disrupt CERT autoregulation, leading to a gain in CERT activity, increased
de novo sphingolipid synthesis in the ER, and skewed metabolic flux towards the production of potentially
neurotoxic compounds. We found that CERT gain of function in Drosophila melanogaster led to head and brain size
defects and to impaired locomotor activity, which we corrected by pharmacological inhibition of CERT.
Biochemical characterization of disease-causing CERT1 mutations led us to identify a new structured region within
CERT that is essential to its autoregulation and to sphingolipid homeostasis.
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neurological disorder of both the central and peripheral nervous system characterized by
hypomyelination and leukodystrophy (MIM# 618404) 242243 Recessively inherited loss-of-
function mutations in alkaline ceramidase 3 (ACER3) also result in increased dihydro-
sphingolipid formation and a leukodystrophy phenotype (MIM# 617762) 244, Impaired
glycosphingolipid synthesis is a further cause of neuropathology: loss-of-function mutations in
ST3GAL5 or BAGALNT1, which encode two key enzymes in ganglio-series glycosphingolipid
synthesis (i.e., GM3 and GM2 synthases), cause neurodevelopmental regression (MIM# 609056)
and spastic paraplegia (MIM# 609195), respectively 24-250, Recently, a specific group of
mutations in serine palmitoyltransferase subunits were reported to cause childhood-onset
amyotrophic lateral sclerosis 251253 and hereditary spastic paraplegia 2°*. All identified mutations
disturbed the homeostatic control of de novo sphingolipid synthesis, resulting in greatly elevated

sphingolipid levels.

Several CerTra mutations cause lipid metabolic derangements similar to those associated with
the above listed conditions, nonetheless, the molecular mechanisms of CERT dysregulation
appear to be varied. Mutations in the SRR directly impair CERT-inactivating phosphorylation,
while mutations in the coil-coil domain (CCD) hinder the conformational change that follows
this event. We have not directly addressed the effects of other mutations close to the FFAT motif
or in the PH and START domains. These mutations likely affect CERT interaction with VAP
proteins 2°° and the final events of CERT inactivation that involve intramolecular interactions
between the PH and START domains 2%6. Four consecutive variants (p.(Arg366Tgr),
p.(lle381Val), p.(Glu424Gly), and p.(Ala449Val)) do not affect CERT localization nor
phosphorylation state. When analyzed in greater depth these variants present some doubts about

their actual pathogenicity: i) each of them is associated with a single patient and they are not part
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of a recognizable cluster of mutations; ii) p.(lle381Val) has been found in one healthy subject;
iii) p.(Ala449Val) has been found in a subject whose parents (both) presented with intellectual
disability independently of the mutational state of CERT1,; iv) p.(Arg366Thr) has been found in a
subject where the very little information we have would point towards a very mild phenotype.
Further studies will be required to assess the actual role of these variants and, more in general, to
untangle the cellular mechanisms by which sphingolipid metabolism disruption leads to CerTra
syndrome. Nonetheless, the characterization of this new disease entity and of the most frequent
variants associated with it has already revealed unforeseen operating principles of sphingolipid
homeostasis, led to the definition of a new structural region in CERT, and delineated a possible

use of CERT inhibitors for the treatment of CerTra patients.

7.4 Materials & Methods

7.4.1 Subject identification and clinical characterization

Initial screening and identification of anonymized individuals harbouring CERT1 variation was
conducted through the following public databases and tools: ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/), Decipher 7, GeneMatcher 28, and VKGL-NL
Rotterdam (https://www.vkgl.nl/nl/) (Supplemental Table 10). Each patient underwent a full
clinical examination by a neurologist and/or medical geneticist. Clinical data were directly
abstracted from medical records provided by the referring clinician(s) which included behavioral
assessment and electroencephalograms (EEG). Developmental delay and cognitive ability tests
were performed on subjects using the following tests: Gesell Developmental Schedules, Chinese
National Health Commission Developmental Evaluation Scale, Wechsler Intelligence Scale for
Children, Peabody Picture Vocabulary Test-4 (PPVT-4) and Bayley Scales of Infant

Development I1. When possible, standardized assessment of impairment in conceptual, social,
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and practical domains in each subject was made in accordance with the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition (DSM-5) and noted to be mild, moderate, severe or

profound. Degrees of intellectual disability (ID) by verbal and nonverbal 1Q scores are classified
as follows based on verbal and nonverbal 1Q scores: mild (IQ 50-55 to ~70), moderate (1Q35-40

to 50-55), severe (1Q 20-25 to 35-40), and profound (IQ <20-25).

To characterize the craniofacial/skeletal dysmorphia, we performed a deep phenotyping analysis
for all the patients whose families agreed to share photos. This was done by the team of Eva
Bermejo-Sanchez at the Institute of Rare Disease Research (IIER), Madrid (Spain).
Dysmorphology analyses were performed blind to the variant detected for each patient. Each
parameter was compared to age-, sex-, and ethnicity-matched healthy cases. Briefly, a detailed
reading of all the clinical reports was performed to extract a first list of dysmorphic features that
was then used to evaluate all the subjects. All the available photographs were assessed based on
those features, giving a matrix of 96 rows that were scrutinized for all patients. Thus, the same
traits were assessed by the same observer using homogeneous criteria for all the patients. See

Supplemental Clinical Appendix for all the features for each patient.

7.4.2 Sequencing and genetic analyses

A table summarizing all genetic testing procedures and results is provided in Supplementary
Table 10. Before the identification of CERT1 mutations by trio or singleton exome sequencing,
most patients underwent extensive genetic screenings that included karyotyping, aCGH, CAG
and CGG repeat expansion and metabolic testing, none of which was significant. All subjects
underwent various diagnostic screening procedures including standard-of-care tests for
neurodevelopmental diseases such as karyotyping, chromosomal microarray or panel

sequencing, and testing for Fragile X syndrome.
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CERT1 variants were identified by either research or clinical diagnostic whole exome
sequencing. Methodology and analysis pipelines for each are provided in detail in
Supplementary Table 10. Allelic segregation was verified in all except four subjects (S1, S19,

S20 and S24) for whom familial samples were not available.

7.4.3 Pathogenicity analysis

All identified variants were analysed in accordance with ACMG Guidelines for variant
interpretation and classification 2°°. Minor allele frequencies (MAF) of all CERT1 variants were
obtained from The Genome Aggregation Database (gnomAD) 2%°, BRowse All Variants Online
(BRAVO) (https://bravo.sph.umich.edu) and the 1,000 Genomes Project
(https://www.genome.gov/27528684/1000-genomes-project). Functional annotation of variants
was carried out with ANNOtate VARiation (ANNOVAR) ?%* using pathogenicity scores of M-
CAP 262 REVEL %2 Eigen 2% and CADD 2%, As a general guideline, pathogenicity is predicted
for variants with scores over 0.025 for M-CAP, 0.5 for REVEL, 0.5 for Eigen and 20 for CADD.
Prediction scores of CerTra variants were compared to other missense variants found in singleton
cases amongst the general population in gnomAD (i.e., missense variants reported in only one

healthy individual in the gnomAD database).
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Chapter 8 Expanding the Genetic and Clinical Landscape of PUM1-associated
diseases

8.1 Introduction

The PUM1 gene encodes the ubiquitously expressed RNA-binding protein Pumilio homolog 1
(PUM1) which has critical role in post-transcriptional processes fundamental to the development,
maintenance and homeostasis of various cell types throughout the body, particularly
neurons.®”"%7* The importance of PUM1 in neurons is punctuated by the finding that Pum1-
haploinsufficient mice (Pum1*") progressively develop ataxia and subsequent Purkinje cell
degeneration over time.%” The phenotype in knockout mice (Pum1™”) is comparative more severe
and, interestingly, etiologically distinct. Specifically, Pum1” progeny born at a significantly low
Mendelian ratio, are considerably smaller in size, have seizures, and exhibit more pronounced
cerebellar degeneration.®” This phenotypic heterogeneity is recapitulated in patients, where mild
heterozygous missense variants such as p.(Thr1035Ser) that reduce PUML1 levels by ~25% result
in an adult-onset pure cerebellar ataxia phenotype known as PRCA (PUM1-related cerebellar
ataxia), and large genomic deletions reducing its levels to ~40-60% underlie a more severe,
early-onset neurodevelopmental disorder known as PADDDAS (PUMZ1-associated

developmental delay and seizures).5’

Many diseases are known to exhibit clinical heterogeneity however the degree to which
PADDAS and PRCA differ due to such modest alterations in gene dosage is unprecedented.
Understanding this phenomenon requires investigation at multiple levels including elucidation of
the full clinical landscape of possible disease variation and phenotypes in patients. Since the
publication of the original cohort of patients, a few additional sporadic cases with PADDAS

(n=4),"27""® PRCA (n=2),%% West syndrome (n=1)%%¢ and an epileptic Dravet-like syndrome
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(n=1)"® have been described. To accelerate disease characterization in this rare but important
disease, we recently spearheaded a multicenter project to collect and study all affected
individuals in the world harboring pathogenic variation in PUM1. Although the study is
ongoing, we have identified over 60 sporadic and familial cases, the analysis of which

extensively expands our current knowledge of the disease landscape.

8.2 Results

8.2.1 Study cohort

In total, 62 affected individuals (from 54 families) with putatively pathogenic variants in PUM1
were included in the study. Demographic, genetic and clinical characteristics are summarized in
Supplemental Table 11. The mean and median age (years) at the most recent clinical
examination were 20 and 9 years, respectively (range 0.1-81 years, IQR = 30). The age
distribution was heavily skewed towards individuals below 20 years of age (B2 = 3.49). The
female-to-male ratio was 28/26 (1.08). In addition to PADDAS and PRCA, several other distinct
clinical entities were represented in this cohort including an apparent adolescent-onset form of
PRCA (mean onset age = 6.25, SD = 5.6) and isolated developmental delay without ataxia. Both
de novo and inherited heterozygous variants in PUM1 were identified as the strongest or only
possible causal variant in each patient following a diagnostic genetic screening (See Methods)

(Supplemental Table 12 and Supplemental Table 13).

8.2.2 Expanded genotypic profile of PADDAS: large deletions, intragenic duplications and
splice variants

As originally described,”? the prominent phenotype causing PADDAS are copy number variants
(CNV), specifically large deletions spanning the PUM1 the locus. The current study includes 6

additional simplex (non-familial) cases (S15, S16, S17, S58, S67 and S68) with PADDAS
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features harboring de novo PUM1-spanning chromosomal deletions (Figure 37, Supplemental

Table 12).

PUM1

Chr 1 I

28.00 30.00 32.00 34.00 36.00

Genomic coordinates (Mb)

Subject 1> 4.84
Subject 20 2.00
Subject 3» 3.91
Subject4» 0.28
Subject5» 0.59
Subject&p» 2.59
Subject 7» 1.78
Subject 8» 5.60
Subject 9» 2.05
Subject 15» 3.53
Subject 160 1.95
Subject 17» 4.35
Subject41» 0.01
Subject41.1p» 0.01
Subject 58» 243
Subject 67» (duplication) 001 |
Subject 68» 259
Subject89» 0.49
Subject 70» 0.49

Figure 37. Copy number variants (CNV) spanning PUM1.22

All six subjects were documented to have developmental delay (intellectual disability, speech
delay, etc.), cerebellar features (ataxia, gait abnormalities or incoordination), congenital
dysmorphia and seizures. The earliest symptoms in each case were epileptic spasms or tonic-
clonic seizures first noted around infancy (post-natal to 4 months) apart from Subject 68, who
experienced his first generalized tonic seizure at approximately 8 years of age. Four additional
non-CNV loss-of-function (LOF) variants in patients with PADDAS were identified a including
a 9.04kb intragenic duplication chr1:31409393:31418428:DUP (StrVCTVRE score = 0.836) in
Subject 67 (Figure 37, Supplemental Table 12), canonical splice site duplication,

c.1158+1 1158+2dup (SpliceAl Ascore = 1, donor loss) (Subject 18) (Figure 37), stop-gain at

@ | arge genomic deletions (pink) and duplications (blue) including PUM1 (minimal region in yellow shaded area)
on chromosome 1p35.2 (shown in red) were identified in 19 patients. S41 and S41.1, and S69 and S70 are related
individuals (17 independent alleles).
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exon 15, p.(Arg837*) (Subject 38) (Figure 38)’" and a 4 nucleotide deletion variant in exon 21
(c.3267_3270del) resulting in a frameshift resulting in premature downstream termination codon

(p.(His1090Profs*16)) (Figure 38).
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Figure 38. Lollipop plot of coding variants across the PUM1 protein (NP_001018494.1).%

8.2.3 Phenotypic characterization of p.(Argl147Trp)-associated PADDAS

This study also includes 3 novel cases harboring the p.(Arg1147Trp) missense variant, in
addition to the 4 previously documented sporadic cases,’>’%"8 increasing the current total
number of known de novo p.(Arg1147Trp) alleles to n=7. The clinical phenotype of these 7

cases were largely consistent with the PADDAS phenotype similar to those with LOF variation

b The eight homology domains (HD) (dark blue) and low complexity regions (light blue) are shown. The
distribution of missense variants across PUM1 in gnomAD are shown in gray (valleys indicate constrained regions).
Plot of the missense tolerance ratio (MTR) across PUML1 is presented above according to EXAC v2. Green denotes
regions of neutrality (MTR > 1) whereas red denotes regions of intolerance (MTR within bottom 25th percentile).
The 3 amino-terminal repression domains (RD) of PUM1 (Enwerem et al.) are shown in orange. (C) The exonic
positions of the two non-coding variants, ¢.363+1G>A and ¢.1158+1_1158+2dup, and their corresponding location
on the PUML protein.
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(large deletions, frameshift, stop-gain, etc.) however, there are several comparatively distinct
features among p.(Arg1147Trp) cases. While growth delay and short stature are documented but
infrequent features in PADDAS, it is consistent and significant feature in all p.(Arg1147Trp)
cases. The height of Subject 37 at age 15, for instance, was measured at 82 cm which falls 3
standard deviations below the population average. Comparatively, the frequency of short stature
is significantly enriched among p.(Arg1147Trp) cases relative to both other PADDAS cases and
the entire cohort (FET, P<0.005). Ocular ptosis and craniofacial dysmorphia including
anteverted nares, hair dysplasia and low-set ears, were also distinct features noted in all

p.(Argl147Trp) cases (Figure 39).

Subject 12 Subject 14 Subject 72

.

l

q

Figure 39. Facial photographs (frontal) showing characteristic features of p.(Arg1147Trp) variant of PUM1.%

8.2.4 Inherited loss-of-function alleles and intra-familial heterogeneity of PADDAS
We further identified 4 unique families segregating apparent LOF alleles across multiple affected
individuals exhibiting discordant PADDAS phenotypes (Figure 40). The proband (S19) of

Family A (Figure 40A), is a 4-year-old boy with infantile intellectual disability, mild gait

¢ Features shown include bilateral ptosis (unilateral in Subject 72) (white arrows), hair dysplasia, anterverted nares
and low-set ears relative to the eye-line. Photograph of S72 was adapted from Figure 1A of Ye et al.
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disturbance, short stature, hypotonia, facial dysmorphia and ventricular septal defect who
inherited the non-coding ¢.363+1G>A variant from his moderately affected mother (S20), in
whom the variant occurred de novo. This ¢.363+1G>A occurs early (near N-terminal) in the
peptide and is predicted to abolish the canonical splice donor of exon 2 (SpliceAl Ascore = 0.99,
donor loss; SF2/ASF site lost). This generational pattern of a PADDAS case(s) inheriting a LOF
variant from a comparatively less affected parent was observed in the three remaining families:
Family B (chr1:31409179:31421689:DEL) (Figure 40B), Family C (p.(His1090Profs*16))

(Figure 40C), and Family D (chr1:31394262:31883885:DEL) (Figure 40D).

Familial Form of PUM1-Associated PADDAS

B S41. Sz C D Sz 1 S70
+/+ | +/M2 M4/+ | +/+
Nn
S50 —( )
Nn

Sz D S411 M3/+ | +/+ Nn S69

+/M2 D vgr+
SD

Sz SD
S
S48 S49 z
sp | +/ M1

M3/+ M3/+ +/+

D
PUM1 variant Clinical phenotype SD -
M1: c.363+1G>A, p.(?) Nn: Neonatal abnormalities Sz
M2: chr1:31409179:31421689:DEL ID: Severe intellectual disability
M3: ¢.3267_3270del, p.(His1090Profs*16) - Motor delay
M4: chr1:31394262:31883885:DEL SD: Speech delay

Sz: Seizure
: Hypotonia

Figure 40. Familial pedigrees showing the segregation of variable Pumiliol-associated developmental disability,
ataxia, and seizure (PADDAS) phenotypes and heterozygous loss of function alleles in four families.

4 (A) The affected boy (S19, age 4.5 years) and mother (S20, age 31 years) of Family A segregating the canonical
splice site variant, ¢.363+1G>A (M1). (B) The affected girl (S41, age 6 years) and mother (S41.1, age 34 years) of
Family B segregating a 12.51 kb intragenic deletion (M2). (C) The affected monozygotic boys (S48 and S49, age 6
years) and mildly affected father (S50, age 41 years) of Family C segregating the ¢.3267_3270del,
p.(His1090Profs*16) frameshift variant (M3). (D) The affected infant girl (S69, age 1.5 years) and father (S70, age
24 years) of Family D segregating a 0.49 Mb deletion (M4). Allele status (M/+, +/+) is listed under individuals who
were genetically screened; + denotes a wild-type allele.
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8.2.5 Expanded genotypic profile of PRCA: additional missense and a pathogenic
synonymous variant

We identified 6 novel cases (S34, S35, S45, S46, S59 and S62) exhibiting classical PRCA
features. Consistent with the affected individuals (Family X) with p.(Thr1035Ser), the average
onset of progressive cerebellar ataxia in these new cases began at a mean age of 45.5 years
(range = 33-61 years) and magnetic resonance imaging (MRI) of the brain showed characteristic
patterns of diffuse moderate cerebellar atrophy, with preservation of the cerebral and brainstem
structures, in all cases. The PUM1 variants were all missense substitutions apart from a
synonymous variant, p.(Gly647=), identified in S62. The variant occurs in the middle of Exon
13 where the substitution (¢.1941C>T, GGC to GGT) is predicted to activate a strong cryptic
splice donor (SpliceAl Ascore = 0.91, donor gain, SpliceSiteFinder-like = 72.8, MaxEntScan =
6.7, NNSPLICE = 0.9, GeneSplicer = 4.6 and Human Splice Finder = 79.9) (Figure 41A).
While the effect of this variant is predicted to induce skipping of exon 13 (Figure 41B,
Supplemental Table 13) however alternative splicing at this activated upstream donor could
also result the partial excision of Exon 13 (Figure 41B). The comparable strengths of both

donor sites could also result in a mixture of mMRNA isoforms.

¢ According to the sequencing data from this patient, 1 out of 103 reads (~1%) from this allele shows a 147-bp
downstream excision consistent with all in silico predictions alternative splicing at the activated cryptic donor. A
mini-gene experiment performed by Salvatore Botta in the lab shows ~200bp deletion at the beginning (5 end) of
exon 13 which shifts the reading frame and results in a premature stop codon in small proportion of cases. This
latter finding is conflicts the in silico predictions.
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Figure 41. Predicted effect and splicing outcomes of the synonymous (silent) variant, ¢.1941C>T, p.(Gly647=) in

PUML.

As with p.(Thr1035Ser), all 6 of these variants exhibit incomplete penetrance as evidenced by

the presence of alleles in the general population (gnomAD) or familial segregation. The

p.(Gly647=), p.(His1050Tyr) and p.(Met746Val) alleles were inherited from unaffected parents,

although positive family history

was noted for Subject 46.

ff According to the sequencing data from this patient, 1 out of 103 reads (~1%) from this allele shows a 147-bp
downstream excision consistent with all in silico predictions alternative splicing at the activated cryptic donor. A
mini-gene experiment performed by Salvatore Botta in the lab shows ~200bp deletion at the beginning (5 end) of
exon 13 which shifts the reading frame and results in a premature stop codon in small proportion of cases. This
latter finding is conflicts the in silico predictions. (A) Reference (top) and mutant (Subject 62) (bottom) splice
window showing exon 13 (light blue) and intron 13. The position of ¢.1941C>T substitution is highlighted in red.
Blue bars at the exon 13-intron 13 boundary indicate the predicted strength of the canonical 5° donor site; blue bars
within exon 13 in the mutant splice window (dotted circle) indicate the strength of a cryptic donor site activated 2bp
upstream of the ¢.1941C>T substitution (SpliceAl Ascore = 91%, donor gain at +2bp). (B) Schematic representation
of WT and two predicted aberrant splicing outcomes due to the ¢.1941C>T variant. Insets indicate the comparable
strengths of the canonical 5> donor site and activated cryptic donor sites according to the prediction algorithms
SpliceSiteFinder-like, MaxEntScan, NNSPLICE and GeneSplicer. Possible mRNA products include (1) normal
splicing of all exons, (I1) partial 147 bp excision of exon 13 and (l11) outright skipping exon 13 (EX-SKIP).
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8.2.6 De novo hypomorphic variants cause an early-onset form of PRCA

Interestingly, several de novo missense variants (p.(Lys151Arg), p.(Gly95Arg) and
p.(Met955lle)) were found in small group of patients with a distinctly early-onset form of PRCA
(S23, S61 and S74). Early cerebellar signs including gait abnormalities, dysarthria, tremors and
chorea were noted as early as infancy and early adolescence, after which ataxia and cerebellar
atrophy progressively manifests in early adulthood. It should be noted that the p.(Arg1139Trp)
variant, which has been described in two separate patients, 2% also exhibit progressive
cerebellar ataxia phenotypes albeit with discordant onset ages (due to differences in ethnicities)
and is thus considered PRCA-associated variant. Eye movement and gaze disorders, specifically
nystagmus and saccadic pursuits were found to be more prevalent in both the early- and adult-
onset forms of PRCA, collectively, (57%, 4/7) compared to all other patients in the cohort (25%,

4/16).

8.2.7 Spatial distribution of large deletions and intragenic PUML1 variants

Large genomic deletions spanning multiple genes/loci, in addition to PUM1, made up the largest
class of variation; however, cases with deletions only comprised ~25% (16/62) of the cohort.
The size of these 16 large deletions ranged from ~9kb to ~5.6mb and collectively spanned a
region 5.7mb in size on chromosome 1 (1p35.3-1p35.1) that encompasses a total of 69 coding
genes. Among these 69 coding genes, 6 have known associations to disease-- AK2 (MIM#
267500), HPCA (MIM# 224500), LCK (MIM# 615758), EPB41 (MIM# 611804) and MECR
(MIM# 617282) however, disease associations are do not overlap with the known phenotype of
PUML1 (Supplemental Figure 4) nor were any of these reported disease features found in our
patients.. It was not possible to rule out additive effects from these genes and others

encompassed in the deletions, however PUML1 is the most intolerant to variation (RVIS score = -
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1.02 (8.1%), Supplemental Table 13). There was no apparent association between clinical

severity and size of deletions.

The majority of coding variants occurred outside of the RNA-binding domain specifically in
clusters within the 3 repression domains (RD) domains?®’ (Figure 38, Figure 42A). Missense
variants within the RNA binding domain, (p.(GIn879Arg), p.(Met955lle), p.(Thr1035Ser),
p.(Glu1035GIn), p.(His1050Tyr) and p.(Arg1139Trp)), were found in patients with PRCA with
the exception of p.(Asn973Asp) and p.(Arg1139Trp). The p.(Asn973Asp) variant is responsible
for non-specific nucleotide binding with mRNA target through a van der Waals interactions over
a distance of 3.4 A?® (Figure 42C). The effect of p.(Arg1147Trp) is unclear however the
disproportionately high de novo recurrence rate at this position (7 independent alleles, P =) is

highly indicative of pathogenicity.

A Missense variants in PUM1-HD B Evolutionary trace of C  PUM1-HD interaction with RNA
PUM1-HD residues

Arg-1139 Glu-1036
| ] Thr-1035

A

His-1050 Tyr-1046

His-1050
g ———( 61013 ] »HD5
A | Cys-1009

HD4

. Asn-973

- Met-955

— (o)

PUM1-HD

<«Less important More important»

Figure 42. Location of missense variants within the RNA-binding homology domain (HD) of PUM1.98

9 (A) residue positions of the seven missense variants within the crystal structure of PUM1-HD (3Q0P):
p.(Arg1139Trp), p.(Glu1036GlIn), p.(Thr1035Ser), p.(His1050Tyr), p.(Asn973Asp), p.(Met955lle) and
p.(GIn879Arg). (B) RNA-binding HD of PUM1 color coded by the relative rank of functional and structural
“importance” among protein homologs sequence positions (Evolutionary Trace). (C) Schematic representation of
interaction between residues (gray), including Asn-973 (pink), with a representative segment of an mRNA target
(CycBreverse) in green. Stacking interactions are indicated by blue arrows, hydrogen bonds are indicated by solid
blue lines and van der Waals interactions are indicated by dotted blue lines. This diagram is partially adapted from
Gupta et al.
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8.2.8 Discussion

Many of the results in this study are preliminary however several key findings have significant
implications in the field of molecular diagnostics. Prior to this study, the genotypic profile of
PUML1 predominantly consisted of large genomic deletions. In this updated cohort, we now find
that large deletions comprise ~25% of known pathogenic variation. The coding variants
identified in the prior study also occurred within or in proximity to HD repeats suggesting
possible disruption of RNA-binding function. While we did identify more variants within this
domain, variants were also found in N-terminal low complexity regions. These N-terminal
variants were not uniformly distributed but, interestingly, occurred in two large clusters in
stretches of residues corresponding to possible domains recently identified to be involved in

CNOT deadenylase-dependent repression.2®’

Missense variants identified in the HD repeats were largely associated with PRCA, including the
substitution p.(Glu1036GIn) which occurs at the residue directly adjacent to the known PRCA
variant, p.(Thr1035Ser). Although, none of these variants occur on the three residues of the
tripartite recognition motif, the p.(Asn973Asp) has been shown to participate in non-specific
binding with certain mMRNA target molecules via van der Waals interactions. The individual
with this variant (S24) was affected with a more severe developmental delay phenotype whereas
those with missense variants situation far from the RNA-binding interface were found in
individuals with milder, classical PRCA phenotypes. This genotype-phenotype correlation is
consistent with the functional importance of RNA-interfacing residues relative to more distally

situated residues in the HD repeat domains (Figure 42B).
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Not all intragenic variants appear to be related to RNA-binding. One of the more interesting
variants identified is the synonymous variant, p.(Gly647=). This variant was identified in a 69-
year-old man and his brother who both affected by a recent-onset of ataxia. While the clinical
phenotype and familial segregation of this variant is consistent with pathogenicity, the exact
mechanism is not known. The role of synonymous variants in disease is becoming better
understood with time. Mechanisms include phenomena such as codon usage or codon bias found
in Alzheimer’s disease. Synonymous variants can also alter critical nucleotide sequences which
can affect splicing in pre-mRNA, particularly enhancer sequences near the boundaries of exons
and introns. The p.(Gly647=) variant in this occurs in the middle of exon 13 at a relatively un-
conserved nucleotide (phyloP100 = 2.662); however it does appear activate a cryptic splice
donor site of equal (or greater) strength to the canonical 5’ donor site. Splicing at this cryptic
donor site would lead to a 143 bp excision (or truncation) of exon 13. The ultimate protein
product (if any) would depend on several factors such as whether the effect shifts the reading
frame possible resulting in an early terminal codon or a partially truncated but functional protein.
Given the phenotype in the patients, the most likely outcome is a mixture of correctly spliced and

mutant product which is corroborated by the sequencing data reported for this patient.

Perhaps the most interesting finding across the cohort is the incomplete penetrance and variable
expressivity seen in a number of variants, particularly the LOF variants segregating in the 4
families. We cannot be certain about the variable expressivity of these variants without further
functional analyses, but it is plausible that some may not result in a null allele. For instance,
although the ¢.363+1G>A variant in S19 and S20 (Figure 40A) obliterates the canonical Exon 2
donor, an alternative splice donor exists 96 bp upstream of the exon junction (Supplemental

Figure 5). The strength of this alternative splice donor (SpliceRover score = 99.1%) is
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comparable to the canonical splice donor (SpliceRover score = 99.6%) and increases in strength
in the mutant (¢c.363+1G>A) sequence (SpliceRover score = 99.5%). It therefore plausible that
alternative splicing at this upstream donor rescues the splicing of (a moderately truncated) Exon
2 resulting in a functional (or partly function) PUML1 protein product. In another example, the
€.3267_3270del, p.(His1090Profs*16) variant is expected to result in a premature termination
codon (PTC) at the penultimate exon (exon 21 of 22) that is predicted to undergo nonsense
mediated decay (NMD), a quality control process by which a cell triages faulty transcripts
entering the cytoplasm.?®® However, its location in the protein may suggest that it may escape
NMD. According to the exon junction complex (EJC)-dependent model of NMD, any transcript
with a PTC 50-55 bp upstream of the final exon-exon junction is predicted to be NMD-sensitive
(NMD+).2’% On the other hand, transcripts within 50-55 bp of the final exon-exon junction or
anywhere in the last exon are predicted to be NMD-resistant (NMD-). The EJC-dependent
model is well-supported by a preponderance of experimental evidence, and indeed the 50 bp rule
accurately predicts NMD sensitivity in approximately 85% of cancer-related variants?’274
however a number of exceptions have been reported.?”™ Specifically, NMD-resistant range is
extended to PTC across the entire penultimate exon which would certainly include the case of
€.3267_3270del, p.(His1090Profs*16) since it occurs within several nucleotides of this NMD-
resistant window (Figure 43). Escaping NMD could result in a mutant protein product with

potent gain-of-function activity although further studies are necessary to validate this.
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Position of the premature termination codon

(PTC) resulting from ¢.3267_3270del frameshift
Annotated exons of PUM1

NM_001020658.2 Exon 21
[T 1T T T TT T T T 1 T T 1T 1]

|
| Y
o Exont 1000 2000 3000 Exon 22
Coding position (nucleotide)

5

Nonsense mediated decay-sensitive (NMD+)

Nonsense mediated decay-resistant (NMD-)

Figure 43. Position of the premature truncation codon introduced by the ¢.3267_3270del, p.(His1090Profs*16)
variant relative to the nonsense mediated decay-sensitive (NMD+) and -resistant (NMD-) portions of the post-
processed PUM1 mRNA transcript (NM_001020658.2).""

This study has several limitations worth consideration. The pathogenicity of each variant needs
to be confirmed by identifying more cases or functional studies (ideally both). While each of
these variants were identified as the leading candidate gene, the accuracy of this is sensitive to
the type of genetic analysis used in each case. There are also several of the variants in this study
exhibit features that are inconsistent with pathogenicity. For instance, 3 missense variants are
over-represented in gnomAD, p.(Lys151Arg) (8 heterozygotes), p.(Ala52Gly) (6 heterozygotes)
and p.(lle417Val) (6 heterozygotes). Given the mild phenotype and late-onset of symptoms, it is
conceivable that the individuals in gnomAD may be erroneously classified as “healthy” which is
a known caveat of such databases.?’® Given the additional penetrance in this disease, extra
caution should be taken when considering the allele frequency of PUML1 variants at the

population level.

In summary, we have established the largest repository of PUM1 patients to date which consists

of 62 individuals (from 54 families) from around the world. The genetic spectrum is quite large

fh This variant is predicted to undergo NMD according to its position outside of NMD- region. Given its position in
the penultimate exon (exon 21) and relative proximity to the 50-55 bp from the final exon-exon junction, there is a
possibility of NMD escape which explain the phenotype variability of patients harboring this variant in the study.
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and associated with a higher-than-expected degree of heritability. While most variants occur de
novo, many of these variants exhibit either incomplete penetrance or variable expressivity across
multiple affected individuals within a family. Remarkably, some of the familial incompletely
penetrant variants include expected LOF variants such as large deletions, canonical splice site
and frameshift variants. In addition to PADDAS and PRCA, we also identified several other
clinical entities, most notably an early onset form of PRCA. Additional analyses are needed
however they results significantly expand both the genotypic and clinical profile of PUM1-

associated disease.

8.3 Materials & Methods

8.3.1 Human Subjects

All study procedures were defined under protocol #AAAR7750 approved by the Institutional
Review Board at Columbia University Irving Medical Center. Written informed consent was
obtained from all subjects prior to study enrollment. The study adhered to tenets set out in the
Declaration of Helsinki. Each patient underwent a full clinical examination by a neurologist
and/or medical geneticist. Clinical data were directly abstracted from medical records provided
by the referring clinician(s) which included behavioral assessment and electroencephalograms
(EEG). Developmental delay and cognitive ability tests were performed in subjects using the
following tests: Gesell Developmental Schedules, and Bayley Scales of Infant Development I1.
Magnetic resonance imaging records were obtained electronically (image file, DICOM) for most

subjects and independently reviewed by investigators at CUIMC and referring co-investigators.

8.3.2 Sequencing and genetic analysis
All subjects underwent various diagnostic screening procedures including standard-of-care tests

for neurodevelopmental diseases such as karyotyping, microarray or panel sequencing, as well as
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targeted candidate gene testing: CGG repeat expansion of FMR1, direct sequencing of MECP2,
among others. All identified variants were analyzed in accordance with ACMG Guidelines for
variant interpretation and classification.®> Minor allele frequencies (MAF) of all PUML1 variants
were obtained from The Genome Aggregation Database (gnomAD). Functional annotation of
variants was carried out with ANNOtate VARiation (ANNOVAR) using pathogenicity scores of
M-CAP, REVEL, Eigen and CADD. As a general guideline, pathogenicity is predicted for
variants with scores over 0.025 for M-CAP, 0.5 for REVEL, 0.5 for Eigen and 25 for CADD.
The pathogenicity of large CNV assessed using the Structural Variant Classifier Trained on
Variants Rare and Exonic (STRVCTVRE) algorithm.?”” Variants with STRVCTVRE scores >
0.37 are predicted to be pathogenic. Structural analysis of the PUMILIO-homology domain was
performed using the crystal structure resolved by Liu et al (PDB: 3QO0P).2"® Residues on this
structure were color coded according to Evolutionary Trace (ET) scores.?”® The predicted effect
on splicing was assessed using SpliceSiteFinder-like, MaxEntScan, NNSPLICE, GeneSplicer,°
and ESEfinder?! provided by the Interactive Biosoftware Alamut® software, SpliceAl and
SpliceRover. Using SpliceRover, splice donors near the 3’ end of Exon2 were identified in the
following partial sequence:
GTGTTGGTGGAATGAGCGTTGCATGTGTCTTGAAGAGAAAAGCAGTGCTTTGGCAG
GACTCTTTCAGCCCCCACCTGAAACATCACCCTCAAGAACCAGCTAATCCCAACATG
CCTGTTGTTTTGACATCTGGAACAGGGTCGCAAGCGCAGCCACAACCAGCTGCAAAT
CAGGCTCTTGCAGCTGGGACTCACTCCAGCCCTGTCCCAGGATCTATAGGAGTTGCA
GGCCGTTCCCAGGACGACGCTATGGTGGACTACTTCTTTCAGAGGCAGCATGGTGAG
CAGCTTGGGGGAGGAGGAAGTGGAGGAGGCGGCTATAATAATAGCAAACATCGAT

GGCCTACTGGGGATAACATTCATGCAGAACATCAGGTAAAAAAAAGTTCACTATTTT
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AGCTTTGACATTCCTTTATAATCACTGTCCACTTAGGATATCTGCTTTCAATGAATGT

CTTTAAAAACTTAAATTGCTGATTTCATTTGGTACAAACAGTTACTTGTTATAAAGGT

TGATCATTGTAATACTGTTACTGGGTCATTTATCATTCTGGTGCTAAATAGTAAATAG

CCAATTCATTCATTCATTCATTCATTTGAGACAGAGTCTTGCTCTGTCACCCAGGCTG

GAGTGTAGTCGCCTGATCTCGGCTTGATCTCGGCTCACTGCAGCTGCTGCCTCCCAG

GTTCAAGCAGTTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGACTACAGGTGTGCACC

ACCACGCCTGGCTGATTATGTATTTTCAGTAGAAACAGGGTTTCACCATGTTGTCCA

GGCTGGCCTCGAACTCCTGACCTCAAGTGATCTGCCCGCTTCGGCCTCCCAAAGTGC

TGGGATTACAGTTGTGAGCCACCCACGCCCGGCCTATAGAATGCATTTTTTTTTTTTI

TTAAGACGGAGTCTCACTCTTTTGCCCAGGCTGGAGTGCACTGGCGCGATCTCTGCT

CACTGCAAGCTCCGCCTCCCAGGTTCATGCCATTCTCCTGCCTCAGCCTCCCGAGTA

GCTGGGACTACAGGTGCCCGCACCATGCCTGGCTAATTTTTTGTATTTTTTTTGGTAG

AGACGGGGTTTCACTGTGTTAGCCAGGATGGTCTCTATCTCCTGACCTCGTGATCCA

CCCATCTCGGCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCACTGCGCCCGGLCT

ACAACGCATTTTTAAGAACACTTTTTTTGGAACAAAGGATTCTTTTTTTTACTGTTGA

CATAAGAACTGCTAGGGTTGTTTATAGGATAGATACATATTTTTGAATCTTTTCTCTT

GGGTGTGGGTGACTTGATTTTAAGATGTTGTAGTTGAAAGTAGGGGGAAGTTGATAA

CATCAGCTGCTCAAGTGAAATTTATTTGAAATGGGACTGATATATTGTGTCAGAGAG

AAGTGGTTGTGGCTTTTAGGTTTTAACCACCTTTGTCCTCTTGTTATTGTTTAATTTTT

AATTTTAACATGTTCAGTCTTATTAATCTAAAACCATAGTGGGAATCATAGCATATTT

TACTGAGAAGAGAGGTTAGCCTTATCCATGTTTCCTGATTTCTTGATAATGACCAAC

CAAAAGATTAGACTGTTTTGATCAGGGTATTCTTTGAAATTGGGTATAGGTTGAATT

TGGAAAGGTTCATTTTGTGTCACCCGTCAGTACTGATTAGCGAGAACTGACATTTTT
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CATTAGGCTTCTAGTGCTTCTGTTTTACTTCAGAAAAAATCAGGTACAAACATACCT

GCAAGTCTGATTTTATTATACTTCCTCTGATCCCCCCAAAAGTGAACCATAGTTGTTT

[TTTTTTTTTTTTTTTTTTTGAGATGGAGTCTC

The probability of exon skipping by the ¢.1941C>T, p.(Gly647=) variant was assessed by EX-
SKIP.% Partial PUM1 sequences compared using EX-SKIP were: WT (reference):
TAACAACCTGGCATCCAGTTCTTTCTACGGCAACAACTCTCTGAACAGCAATTCACA
GAGC and MUT (c.1941C>T):
TAACAACCTGGCATCCAGTTCTTTCTACGGTAACAACTCTCTGAACAGCAATTCACA

GAGC.
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Chapter 9 Conclusions and Future Directions

Short-term impact: prognostication and treatment prospects

Genotype-phenotype correlation studies have broad applications in the clinic as a more precise
tool for molecular diagnoses. The disease spectrum of ABCA4 disease is so wide that a
molecular diagnosis offers very little relevant information regarding long-term symptom
development. While the severity of ABCA4 disease does track with the class of variation found
in patients, for instance, genotypes with LOF alleles give rise to the more severe disease
phenotypes, the overwhelming majority of genotype are difficult to assess. Most ABCA4
variants are missense alleles, which include all the mild variants (p.(Gly1961Glu) and
hypomorphs) and many severe alleles. In fact, our results in Chapter 5 found that many of these
“severe” missense variant are indistinguishable from PVS1 (LOF) alleles in their long-term
effect on phenotype. Not all missense alleles, especially those that are rare, have been accounted
for, which is a limitation of this study. Nevertheless, the advantage of such studies is that they
can be scaled up and built upon, as data from more patients are acquired to increase the rigor of

predictions.
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Figure 44. Monogenic disease architecture of ABCA4

ABCAA4 disease has been an attractive target for therapeutic intervention due to it being the most
common form of retinal degeneration and the suitability of the eye for the implementation of
novel therapies.” Nevertheless, approved therapy nor cure exists for ABCA4 disease. The are
several active or emerging clinical trials of therapeutic compounds designed to slow or arrest
disease progression in patients, specifically ALK-001 (NCT02402660) and LBS-008
(NCT05266014) which counteract the toxicity and/or accumulation of bisretinoids.?8228 Neither
these compounds are not intended to reverse vision loss as photoreceptor (a type of neuron)
degeneration is an irreversible process’. As such, both trials are required by the FDA to
demonstrate efficacy by comparing the progression rates of atrophic lesion growth in the retina

between treated and placebo groups. Due to relatively slow natural rate of progression of these

i As an organ, the eye is well-suited for novel therapies because it is easily accessible, compartmentalized, and
immune-privileged.

Il Reversing vision loss due to the degeneration of photoreceptors and/or RPE in the retina requires stem cell
replacement therapy. Both Bone marrow-derived stem cell (NCT01920867) and human embryonic stem cell (hESC)-
derived RPE cell (NCT02903576) have been attempted in recent years neither of which advanced beyond interim
safety assessment.
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lesions (~0.6-2.0 mm?/year),21201.204218 jnclysion criteria favor “fast progressors” who are often
younger patients in order to convincingly show efficacy within the trial timeframe of 1-3 years.
Despite the heterogeneous spectrum of ABCA4 disease, none of these trials regard genotype as
considerable factor. The genotype-phenotype framework we developed in Chapter 5 allowed us
to convincingly show (in Chapter 6) significant differences in growth rates between major
genotypes which could skew results if treatment groups are not properly randomized. We also
show that the current inclusion criteria will firmly select for study participants with mild
genotypes which is not ideal due to the slow-progressing nature of these phenotypes and the
possibility that these cases may not benefit from further reduction of lipofuscin
accumulation.???® The results in these two chapters therefore warrant urgent revisions to the

design of several ongoing clinical trials for ABCA4 disease.

Similarly, our goal in Chapter 7 was partially motivated by the fact that there is a known CERT
inhibitor that could be therapeutically repurposed; however, this is contingent on several key
pieces of theoretical knowledge which are (1) whether or not CERTL1 is indeed a monogenic
disease and (2) if the disease mechanism involves an aberrantly constitutive activation of CERT
function. We were able to answer this question simply by identifying the type of CERT1
variation pathogenic in patients and their precise location within the CERT protein. We
performed an unbiased and geographically unlimited search of patients all over the world.
Across two years, we identified 31 patients in whom we were able to obtain comprehensive
clinical information and confirm the causality of the underlying CERT1 variant. Unlike other
disorders such as ABCA4 disease, the variant profile consisted only of heterozygous missense
variants. The absence of LOF variants in patients is an indicator of tolerance to loss of

function,?® which is also corroborated by the relatively high proportion of LOF variants in the
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general population (LOEUF = 0.36%).%8% The distribution of missense variants was also
revealing. Pathogenic variants often cluster in functional domains of genes in which LOF is the
primary genetic etiology.?®® In ABCA4 for instance, ~70% of missense variants occur in either
the exocytomasmic domains (ECD) or nucleotide binding domains (NBD) (NBD1 = 17%, NBD2
= 13%, ECD1 = 26%, ECD2 = 13%).2%% In CERT1, 27/31 (87%) of the missense variants
occurred in several clusters within the unstructured intervening region of the protein rather than
in the important functional PH and START domains (Figure 37). The largest of these variant
clusters occurs specifically within the serine rich region (SRR), the regulatory domain where
CERT is deactivated by multisite phosphorylation of the serine residues contained within. We
found that variants in the SRR collectively underlie the most severe phenotypes across all
patients but, specifically, the recurring variant p.(Ser132Leu) is the most severe relative to other
SRR variants. The sequential phosphorylation of serine residues in the SRR by Casein kinase
1y2 (CK1v2)®7 requires the initial phosphorylation (or priming) of Ser-132 protein kinase D
(PKD).54288.289 sing these results, we teamed up with collaborators and conceived additional
experiments that led to a large study in which we resolved structurally this intervening region,
verified the pathogenicity (via disruption of CERT and sphingolipid homeostasis) of all missense
variants found in patients, generated a drosophila model that recapitulates the disease phenotype
and demonstrated pre-clinical efficacy of HPA-12 as a potential treatment strategy for CerTra

syndrome.

KThe LOEUF (Loss-Of-Function Expected Upper bound Fraction) score in gnomAD is a metric that estimates the
proportion of loss-of-function (LoF) variants expected to be tolerated in a given gene. The LOEUF score ranges
from 0 to 1, with higher scores indicating a greater expected tolerance to LoF variants. There is no absolute
thresholds for LOEUF however studies have recommended using LOEUF <0.35 as a filter for genes intolerant to
LOF.[Cummings et al.] Although the LOEUF for CERT1 is borderline, it is higher than genes like PUM1 (LOEUF
=0.13, pLI = 1) in which LOF intolerance has been validated by low Mendelian ratio of Pum1” mice.[Gennarino et
al.]
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Long-term impact: genetic penetrance and modifiers

Beyond disease relevance, our results in Chapters 3 (ABCA4) and 8 (PUML1) highlight the
prevalence of incomplete penetrance and variable expressivity in two very different Mendelian
diseases. While the phenotypic discordance in ABCA4 is not as etiologically distinct as in
PUML1, the effect of the ¢.769-784C>T variant is still quite pronounced between individuals with
and without this additional modifier variant. In Chapter 5, the effect of ¢.769-784C>T on the
p.(Gly1961Glu) allele can be the deciding factor between rather favorable Prognosis 1 and quite
grim Prognosis 3. The mild phenotype of p.(Gly1961Glu) in patients has been known for some
time. The precise disease mechanism caused by this variant is still mostly unknown; however,
collaborative studies quantifying fundus autofluorescence!®*2!° from our department have shown
that lipofuscin levels among p.(Gly1961Glu) patients are only marginally elevated (if at all),
which suggests that treatment approaches aimed at reducing lipofuscin accumulation would be
efficacious in such patients.>® However, we now know that at least some specific
p.(Gly1961Glu) genotypes; i.e. those modified by c¢.769-784C>T variant, could benefit from this

type of treatment.

Our findings in the expanded PUML1 disease cohort in Chapter 8 in some ways mirror the
penetrance observations of ABCA4 alleles (Figure 44) (Figure 45); however, understanding the
underlying etiology in PUM1-associated disease is likely outside the scope of sequencing
studies. Although ABCAA4 has an important constituent role in the visual cycle, its function of
transporting all-trans-retinal out of the outer segment disc lumen is largely independent and non-
redundant (Figure 2). This explains why significant disease modifiers identified thus far have
been intragenic (cis).*¢1% We recently identified common haplotype in PRPH2, a protein

responsible for the structural integrity of outer segment discs,?%*?°! as a potential trans-modifier
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for ABCA4 disease. While PRPH2/ROM1 complex and ABCAA4 share the same subcellular
localization and could, therefore, physically interact, the functional relationship in this case
remains unknown.® PUMZ1, on the other hand, functions within a complex interactome
containing multiple binding partners including its paralog PUM2.2%? These interactions along
with the large group mRNA targets regulated by PUM1 will require a multifaceted approach
involving both in vitro and in vivo studies currently being undertaken in the lab. Nevertheless,
our study identified several novel lines of inquiry. The precise function and structure of the N-
terminal (low-complexity) region of PUM1 has been largely unknown compared to the well-
characterized RNA-binding HD repeat domains. Our analysis identified clusters of putatively
pathogenic variants in this part of the protein that spatially correlates with a binding region

involved with CCR4-NOT-dependent repressive activity (Figure 39).25

PADDAS

© PRCA (Early-onset)

@ PRCA (Late-onset)

Figure 45. Monogenic disease architecture of PUM1
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A new direction for genomic medicine

Like most other accounts of scientific research, the advancement of knowledge contributed by
this dissertation is incremental across three very different and specific areas of medicine.
Nevertheless, the broader impact of this dissertation points to the need for a consequential shift
in genomic medicine. The practice of assigning of pathogenicity to variants identified by
diagnostic sequencing should account for phenomena such as penetrance and known genetic
modifiers. Gene-specific molecular diagnoses should also consider phenotypic differences at the
variant level provide more informative results to clinicians and patients. While this new
direction will indeed be challenging, it is necessary struggle if we wish to truly deliver on the

promise of precision medicine.
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Appendix A: Gene-Specific Pathogenicity Score Calibration Protocol

Summary: ldentifying a disease gene and determining its causality in patients can be
challenging. Here we present an approach to predicting the pathogenicity of deletions and
missense variants for an autosomal dominant gene. We provide online resources for identifying
patients and determining constraint metrics to isolate the causal gene among several candidates
encompassed in a shared region of deletion. We also provide instructions for optimizing
functional annotation programs that may be otherwise inaccessible to a non-expert or novice in
computational approaches. 02102

The text and figures from this protocol have been recently published (Lee et al. STAR Protocols.
2022 Feb 2;3(1):101150).

Assess population constraint metrics and mutation tolerance sensitivity scores for all genes

encompassed in the overlapping region of deletions

In this step, users will use a series of web-based tools to obtain constraint metrics and dosage
sensitivity scores for a group of genes within a shared region encompassed by large deletion
variants identified in patients. Comparing pathogenicity metrics will assist users in distinguishing

which among the deleted candidates is the most likely shared causal gene in all patients.

1. Obtain pre-calculated scores using each of the URL provided below:
a. pLland Missense Z-score

i. Goto URL: https://gnomad.broadinstitute.org/

ii.  Choose EXAC in the dropdown menu
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iii.  Enter single Entrez gene ID
iv.  Scores provided under “Constraint”

V.  Repeat for each respective gene

b. EvoTol (evolutionary intolerance)?®

i. Goto URL: http://www.evotol.co.uk/

ii.  Enter comma delimited list of Entrez gene ID for all genes of interest
iii.  “EvoTol percentile” scores will be tabulated and graphed. (Note: Score may

not be available for genes that are not expressed above)

c. RVIS (residual variation intolerance score)?%

i. Goto URL: http://genic-intolerance.org/

ii.  Enter comma delimited list of Entrez gene ID for all genes of interest

iii.  RVIS scores provided with percentiles in parentheses

Each gene can be assessed as to whether its score falls within the predicted range for
pathogenicity. For instance, genes with pLI scores > 0.9 are interpreted as extremely intolerant to
loss-of-function 2°>2%_ A description of each score and recommended pathogenicity thresholds
are provided in Appendix Table Al. In addition, the scores for all genes can be directly
compared to one another and ranked relative to each other, especially in situations where

multiple genes are predicted to be pathogenic.

Returning to the example in Gennarino et al. (2018), PUM1 was determined to be the most likely

160


http://www.evotol.co.uk/
http://genic-intolerance.org/

causal gene within the deleted regions (Appendix Figure A2) because (1) its loss of function
measures consistently surpassed the pathogenicity threshold, and, more importantly, (2) its effect

was greater than that of any of the other 15 deleted genes (Appendix Figure 1B-1F).

Use ANNOVAR and dbnsfp (version 4.2a) dataset to annotate genetic variants with

pathogenicity scores

In this step, PC/Apple i0OS users will use a Perl programming language based genetic annotation
program, ANNOVAR® (through an installed or intrinsic Perl interpreter), to obtain functional
and pathogenic predictions for a list of variants found in patients. Rather than downloading the
entire dataset of numerous functional prediction scores for annotation, which would require local
disk space beyond the average capacity of individual work station (>100 TB), annotations will
come from a “lightweight” but comprehensive dataset, dbnsfa 18297 (~50-60 Gb), containing all

potential nonsynonymous and splice-site SNVs in the human genome.

Note: the scripts provided for annotating the p.(Arg1147Trp), p.(Arg1139Trp), p.(Thr1035Ser)
and gnomAD singleton variants are for demonstration purposes. Users should modify and adapt

this script according to their own needs.

2. Install (or activate) Perl language interpreter
a. Windows/PC users:

I.  Visit the URL: https://strawberryperl.com/ and install program according to

operating system (64 bit or 32 bit)
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ii.  Verify installation:

perl -v

b. Apple iOS users: a Perl interpreter comes pre-installed. Perl scripts can run by

directly invoking the interpreter:

perl myprogram.pl

3. Install ANNOVAR annotation program
a. Visitthe URL:
https://www.openbioinformatics.org/annovar/annovar_download_form.php
b. Submit registration form and a download link will be emailed to you

c. Unzip file into your base directory

4. Download dbnsfp 4.2a dataset into the humandb folder
a. Open the command (CMD) prompt
b. Set working directory to annovar program folder
c. Running the following command will download 2 zipped folders:
I.  hgl9_dbnsfp42a.txt.gz

ii.  hgl9_dbnsfp42a.txt.idx.gz

perl annotate variation.pl -buildver hgl9 -downdb -webfrom annovar

Critical: the hg19 assembly was used here in accordance with the procedures in Gennarino et al.

the -buildver argumentin annotate variation.pl command can be changed to
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hg18 and hg38 accordingly.
d. Manually unzip folder using any generic decompression program (see Key
Resources Table)
e. Move the respective files in each folder (hg19_dbnsfp42a.txt and

hgl9_dbnsfp42a.txt.idx) into the humandb folder

5. Create .txt file listing the genomic location and nucleotide change of each patient variant.

Required (tab-separated) column values for each variant are: chromosome number, start

position, end position, reference nucleotide, alternate nucleotide. Headers should not be

included in the input file. Depending on the number of variants, this may be done
manually using any text editing software (see Key Resources Table).
Note: ensure that the coordinates are consistent with the reference genome build

of the annotation data—which in this case is hg19.

6. Place the .txt input file into the annovar folder. (For this example, we will name the file

“PUM]1 subject variants.txt” (See Data S1)

7. Run the table_annovar.pl script to annotate this file:

perl table annovar.pl PUMl subject variants.txt humandb/ -buildver hgl9 -
out PUMl subject variants output -remove -protocol refGene,dbnsfp42a -
operation gx,f -nastring . -csvout -polish -xref example/gene xref.txt

Critical: the hg19 assembly was used here in accordance with the procedures in Gennarino et al.
the -buildver argumentin table annovar.pl command can be changedto hgl8 and
hg38 accordingly.
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a. The file “PUMI subject variants output.hgl9 multianno.csv” (Data S2) will be

generated in the user’s working directory

Extract and annotate singleton missense variants in PUM1 from the healthy population for

comparison to patient variant scores

8. Extract a list of all singleton variants (allele count = 1) from population database

a. GotoURL:
https://gnomad.broadinstitute.org/gene/ENSG00000134644?dataset=gnomad_r2_1

b. Download a .csv file of all PUML1 variants by clicking the “Export variants to
CSV” button on this URL page. (Note: downloaded file name is date- and time-
stamped and therefore will vary for users. For this protocol, a sample file named:
“gnomAD v2.1.1_ENSG00000134644_2021 10 17 _00_08_13.csv” will be used
and is provided as Data S3)

c. Singleton missense variants can be manually extracted from this file using any
spreadsheet application (Excel) or text editor by setting the following column
filters:

i.  VEP Annotation = “missense_variant”

ii. Allelecount=1

9. After filtering, the values from the Chromosome, Position, Reference and Alternate

columns in this file can then be extracted to create a (table_annovar.pl) input file in the
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format described above.

10. Alternatively, this entire process can be performed in a single step using the statistical
computing program R and the scripts provided:

a. Install the latest version of R and RStudio (version 4.1.1 recommended, see Key
Resources Table) and open RStudio application.

b. Import the .csv file into RStudio in one of two ways:
i.  File>Import Database>From Text(base)...
ii.  Run the following read.csv command (Note: adjust the relative path for

“read.csv” function to the directory containing the

“enomAD v2.1.1_ENSG00000134644_2021 10 17 00 08 13.csv file”,

Data S3):

gnomAD v2.1.1 ENSG00000134644 2021 10 17 00 08 13 <-
read.csv ("~/gnomAD v2.1.1 ENSG00000134644 2021 10 17 00 08 13.csv")

c. The following script will extract all singleton missense variants and generate a .txt

input file (in this case, named
“PUM1_gnomad_singleton_missense_annovar_input.txt”’) (Data S4) in working

directory of RStudio ready for annotation with ANNOVAR:
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PUM1 gnomad singleton missense annovar input <-

subset (

gnomAD v2.1.1 ENSG00000134644 2021 10 17 00 08 13,
Allele.Count == & VEP.Annotation == "missense variant",
select = c(

Chromosome,

Position,

Position,

Reference,

Alternate))

write.table (
PUM1 gnomad singleton missense annovar input,

file = "PUM1 gnomad singleton missense annovar input.txt",
Sep — H\t”,
row.names = FALSE,

col.names FALSE,
quote = FALSE)

d. The file “PUM1_gnomad_singleton_missense_annovar_input.txt” (Data S4) will
be generated in the working directory

e. Place this file in the “annovar” folder

11. Annotate this file with the following table_annovar.pl command:

perl table annovar.pl PUMl gnomad singleton missense annovar input.txt
humandb/ -buildver hgl9 -out PUMI gnomad singleton missense annovar output
-remove -protocol refGene,dbnsfpd42a -operation gx,f -nastring . -csvout -
polish -xref example/gene xref.txt

a. Thefile
“PUMI1 gnomad_singleton_missense_annovar_output.hgl9 multianno.csv”

(Data S5) will be generated in the user’s working directory

Quantification and Statistical Analysis
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Functional predictions, based simply on sequencing results from an individual, can help
distinguish likely causal variants from non-causal (benign) variants. The current protocol
provides users access to these resources and bioinformatic tools to gauge the pathogenicity of

variants among a cohort of patients with shared clinical features.

All functional prediction scores have recommended pathogenicity thresholds (i.e., numerical cut-
offs beyond which variants are predicted to be likely pathogenic or benign). The manner in
which these thresholds are defined varies according to each algorithm. Methods such as
REVEL®, are random forest classification algorithms trained to distinguish variants as
pathogenic or benign based on data deposited in known clinical databases (ClinVar)?%8. Many
algorithms base their pathogenicity scores on loss-of-function variants, which of course is not the
only mutation type. Statistically comparing the score of one or more variants of an autosomal
dominant gene to the confidence interval or inter-quartile range of the distribution of scores of
singleton variants from the (presumably unaffected) general population provides a conservative

measure for users to assess pathogenicity.
Limitations

Computational predictions, of course, have their limits, as they represent statistical simulations
of biological effects. Different algorithms can produce contradictory predictions for the same
variant. Predictions therefore need to be considered in conjunction with other factors such as
functional studies and the nature of the phenotype. Please refer to de Prisco et al. STAR
Protocols (submitted, STAR-PROTOCOLS-D-21-00615R1) for an approach to functional

studies.
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Appendix Table Al. Description and recommended pathogenicity thresholds for gene-based

constraint metrics and intolerance scores for the assessment of multiple genes encompassed with

large copy-number variants in patients.

Algorithm

Description

Threshold interpretation

Reference

Dichotomous metric that reflects the
probability of loss of function

pLI> 0.9 = Extremely

(Samocha et al., 2014)

of a gene relative to other genes

(Genes are ranked from
most to least intolerant)

pLI |nt0|era_nce bas_ed_ on. predicted prot_eln Otol intolerant (Lek et al., 2016)
truncating variation: nonsense, splice
acceptor and splice donor variation
Standard deviation of the # of observed
rare (<1% MAF) missense SNP's from _
R Z-score >0 = More
. the mean of the predicted number of
Missense Z- expected rare (<1% MAF) missense St05 Intolerant (Samocha et al., 2014)
score L, . ° Z-score <0 = Less (Lek et al., 2016)
SNP's for a given gene. (Synonymous -
. - intolerant
variants typically have Z-score close to 0
and o/e close to 1)
Percentile ranking of a gene's . Top 25th percentile =
. . : Percentile
EvoTol evolutionary intolerance relative to other o Intolerant
. - (priority S (Rackham et al., 2015)
percentile genes based on the number of damaging ] Top 1 percentile = Most
- . - ranking) -
versus non-damaging variants in dbSNP. intolerant
Percentllg rankmg_ of agene's intolerance Bottom 25th percentile =
to functional variation relative to other .
enes based on observed versus expected Percentile Intolerant
RVIS percentile g - P (priority (Petrovski et al., 2013)
frequency of loss-of-function variants ranking) (Genes are ranked from
from the NHLBI-ESP6500 data set in 9 most 5 loast ntoleran)
EXAC (release 0.3).
Lower percentile = More
intolerance (increased
; ; ; conservation)
DCGERP Percentile estlmaFe reflgctmg how Percentile (Davydov et al., 2010)
. conserved the protein-coding sequence : (Cooper et al., 2005)
percentile estimate

(Petrovski et al., 2015)

Abbreviation: pLI, probability of being Loss-of-function Intolerant; EvoTol, Evolutionary
Intolerance; RVIS, Residual Variation Intolerance Score; pcGERP, protein-coding Genomic
Evolutionary Rate Profiling; MAF, minor allele frequency;
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Appendix Figure Al: Comparison of constraint metrics and mutational intolerance scores
amongst genes encompassed in the overlapping regions of deletions. (A) Alignment of
deletions from nine patients with NDD spanning the PUM1 and other loci on chromosome
1p35.2; Mb, megabases. Dashed lines indicate the minimal region spanning PUM1, figure
adapted from (Gennarino et al., 2018). Bar graphs of constraint metrics and variant intolerance
algorithms: (B) EvoTol (C) EXAC pLlI, (D) RVIS (E) EXAC missense Z-score and (F) pcGERP.
The dotted pink arrow (and shaded region) delineates the recommended threshold in which
variants are predicted to be deleterious.
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Appendix Figure A2: Re-calibrated pathogenicity thresholds for CADDv1.6, REVEL, M-
CAP and Eigen based on the distribution of singleton missense variants in gnomAD.
Pathogenicity scores for disease-associated PUM1 variants. CADD-PHRED (v1.6), REVEL, M-
CAP and Eigen pathogenicity scores of PUM1 variants, p.(Arg1147Trp) (red arrowhead),
p.(Arg1139Trp) (pink arrowhead) and p.(Thr1035Ser) (blue arrowhead), relative to the
distribution (box plot) of PUML1 singleton (ultra-rare) variant scores found in gnomAD (gray
circles). The dotted pink arrow (and shaded region) delineates the recommended threshold in
which variants are predicted to be deleterious.
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Appendix B: Supplemental Figures and Tables

Supplemental Figure 1 (Chapter 3): Pedigrees of unaffected homozygous p.(Gly1961Glu)
cases in two ABCAA4 families."

Unaffected homozygous p.(Gly1961Glu) cases

1 ‘
M1/M3

M1: ¢.5882G>A, p.(Gly1961Glu)
M3: ¢.5917delG, p.(Val1973*)

1
M1/+

M1: c.5882G>A, p.(Gly1961Glu)
M2: c.6479+1G>A, p.(?)

' (A) The proband in Family A (red arrow), a 31-year old woman, was bi-allelic for p.(Gly1961Glu) and a canonical
splice site variant, ¢.6479+1G>A (SpliceAl Ascore = 0.94, donor loss). Spectral domain-optical coherence
tomography (SD-OCT) revealed a lesion of outer retinal atrophy in the central macula (SD-OCT, A 11-2) although
her mother (yellow arrow), a 56-year-old woman homozygous for p.(Gly1961Glu), reported no history of ocular
symptoms and exhibited no apparent disease changes in the fundus at the time of examination. (B) The proband (red
arrow) in Family B was a 12-year-old girl recently diagnosed with Stargardt disease. The proband was compound
heterozygous for p.(Gly1961Glu) and a single nucleotide deletion, ¢.5917delG, that interrupts the reading frame and
results in a premature truncation, p.(V1973*). The mother (yellow arrow) was confirmed to be homozygous for
p.(Gly1961Glu) but reported no history of ocular symptoms and likewise, exhibited no apparent disease changes on
fundus examination at 50 years of age.
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Supplemental Figure 2 (Chapter 5): Retinal phenotype of the rare hypomorph p.(Arg2030GIn)
variant of ABCA4 disease.™™

N
<
=
Q9
T p.(Arg2030GIn)
a
p.(Leu2027Phe)
()]
(3p]
=
(9]
s p.(Arg2030Gin)
= p.(Glu2096Lys)
C Scotopic Rod Maximal 30-Hz Flicker Photopic
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mm Macular 30° autofluorescence and 55° autofluorescence images and horizontal (9 mm) SD-OCT scans of the (A)
left eye of patient 42 and (B) left eye of patient 40. SD-OCT scans with enlarged insets (2 mm) of the fovea show
preservation of outer retinal layers resulting in 20/20 vision in the eyes of both patients. (C) Unimpaired full-field
scotopic (dark-adapted 0.01 rod), maximal (dark-adapted 3.0 combined rod and cone), 30 Hz flicker, and photopic
(light-adapted 3.0 single flash cone) electroretinogram responses of the right and left eyes of patient 39 and
representative waveforms from an age-matched healthy control eye.
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Supplemental Figure 3 (Chapter 5): Retinal phenotype of the rare hypomorph p.(1le1562Thr)
variant of ABCA4 disease.™
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" Color fundus photographs, autofluorescence images, and horizontal (9 mm) SD-OCT of the (A) left eye of patient
29 and (B) right eye of patient 58. SD-OCT scans with enlarged insets (2 mm) of the fovea show preservation of
outer retinal layers resulting in unimpaired 20/20 vision in the eyes of both patients. (C) Pedigree showing
segregation of the p.(1le1562Thr) and large 8.4 kb deletion alleles in patient 58. Pileup of whole-genome sequencing
reads showing the approximate size and genomic position of the ABCA4 deletion, which spans the entire length of
exon 6.
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Supplemental Figure 4 (Chapter 8): Gene-disease heat map of the recurrent disease-associated
genes encompassed by large genomic deletions in patients with PUMZ1-associated

neurodevelopmental disease.”®

Gene-Disease Class Heatmap

Congenital, Hereditary, and Neonatal Diseases and Abnorma....

Nervous System Diseases

Nutritional and Metabolic Diseases 1

Immune System Diseases 1

Hemic and Lymphatic Diseases 1

Pathological Conditions, Signs and Symptoms 1

Digestive System Diseases

Chemically-Induced Disorders

Neoplasms

MeSH Disease Class

Oterhinclaryngologic Disesses 1

Mental Disorders

Male Urogenital Diseases 1

Endocine System Diseases 1

Behavior and Behavior Mechanisms 1

Percentage
0

<0

20

= 5

10

°° Diseases on the y-axis are grouped by MeSH disease classes. Color scale is proportional to the percentage of

diseases in each MeSH class.

174



Supplemental Figure 5 (Chapter 8): Predicted cryptic splice donor in Exon 2 of PUM1.PP

A

WT sequence

B

Patient sequence

Exon 2

GTGTTGGTGGAATGAGCGTTGCATGTGTCTTGAAGAGAAAAGCAGTGCTTTGGCAGGACTCTTTCAGCC
CCCACCTGAAACATCACCCTCAAGAACCAGCTAATCCCAACATGCCTGTTGTTTTGACATCTGGAACAG
GGTCGCAAGCGCAGCCACAACCAGCTGCAAATCAGGCTCTTGCAGCTGGGACTCACTCCAGCCCTGTCC
CAGGATCTATAGGAGTTGCAGGCCGTTCCCAGGACGACGCTATGGTGGACTACTTCTTTCAGAGGCAGC
ATG‘AGCAGCTTGGGGGAGGAGGAAQlGGAGGAGGCGGCTATAATAATAGC AAACATCGATGGCCTA
CTGGGGATAACATTCATGCAGAACATCAG.AAAAAAAAGTTCAC TATTTTAGCTTTGACATTCCTTTA
TAATCACTGTCCACTTAGGATATCTGCTTTCAATGAATGTCTTTAAAAACTTAAATTGCTGATTTCATT
TGGTACAAACAGTTACTTGTTATAAAGGT TGATCATTGTAATACTGTTACTGGGTCATTTATCATTCTG
GTGCTAAATAGTAAATAGCCAATTCATTCATTCATTCATTCATTTGAGACAGAGTCTTGCTCTGTCACC
CAGGCTGGAGTGTAGTCGCCTGATCTCGGCTTGATCTCGGCTCACTGCAGCTGCTGCCTCCCAGGTTCA
AGCAGTTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGACTACAGGTGTGCACCACCACGCCTGGCTGATT
ATGTATTTTCAGTAGAAACAGGGTTTCACCATGTTGTCCAGGCTGGCCTCGAACTCCTGACCTCAAGTG
ATCTGCCCGCTTCGGCCTCCCAAAGTGCTGGGATTACAGTTGTGAGCCACCCACGCCCGGCCTATAGAA
TGCATTTTTTTTTTTTTTTAAGACGGAGTCTCACTCTTTTGCCCAGGCTGGAGTGCACTGGCGCGATCT
CTGCTCACTGCAAGCTCCGCCTCCCAGGTTCATGCCATTCTCCTGCCTCAGCCTCCCGAGTAGCTGGGA
CTACAGGTGCCCGCACCATGCCTGGCTAATTTTTTGTATTTTTTTTGGTAGAGACGGGGTTTCACTGTG
TTAGCCAGGATGGTCTCTATCTCCTGACCTCGTGATCCACCCATCTCGGCCTCCCAAAGTGCTGGGATT
ACAGGCGTGAGCCACTGCGCCCGGCCTACAACGCATTTTTAAGAACACTTTTTTTGGAACAAAGGATTC
TTTTTTTTACTGTTGACATAAGAACTGCTAGGGTTGTTTATAGGATAGATACATATTTTTGAATCTTTT
CTCTTGGGTGTGGGTGACTTGATTTTAAGATGTTGTAGT TGAAAGTAGGGGGAAGT TGATAACATCAGC
TGCTCAAGTGAAATTTATTTGAAATGGGACTGATATATTGTGTCAGAGAGAAGTGGTTGTGGCTTTTAG
GTTTTAACCACCTTTGTCCTCTTGTTATTGTTTAATTTTTAATTTTAACATGTTCAGTCTTATTAATCT
AAAACCATAGTGGGAATCATAGCATATTTTACTGAGAAGAGAGGTTAGCCTTATCCATGTTTCCTGATT
TCTTGATAATGACCAACCAAAAGATTAGACTGTTTTGATCAGGGTATTCTTTGAAATTGGGTATAGGTT
GAATTTGGAAAGGTTCATTTTGTGTCACCCGTCAGTACTGATTAGCGAGAACTGACATTTTTCATTAGG
CTTCTAGTGCTTCTGTTTTACTTCAGAA

>puml

TCAGGTACH

ACAT
ACTTCCTCTGATCCCCCCAAAAGTGAACCATAGTTGTTTTTTT
CTC

TTTTT

TTTTTTTTTTTGAGATGGAGT

>puml Exon 2

GTGTTGGTGGAATGAGCGTTGCATGTGTCTTGAAGAGAAAAGCAGTGCTTTGGCAGGACTCTTTCAGCC
CCCACCTGAAACATCACCCTCAAGAACCAGCTAATCCCAACATGCCTGTTGTTTTGACATCTGGAACAG
GGTCGCAAGCGCAGCCACAACCAGCTGCAAATCAGGCTCTTGCAGCTGGGACTCACTCCAGCCCTGTCC
CAGGATCTATAGGAGT TGCAGGCCGTTCCCAGGACGACGCTATGGTGGACTACTTCTTTCAGAGGCAGE
ATG.SAGC AGCTTGGGGGAGGAGGAAGTGGAGGAGGCGGCTATAATAATAGCAAACATCGATGGCCTA
CTGGGGATAACATTCATGCAGAACATCA AAAAAAAGTTCACTATTTTAGCTTTGACATTCCTTTA
TAATCACTGTCCACTTAGGATATCTGCTTTCAATGAATGTCTTTAAAAACTTAAATTGCTGATTTCATT
TGGTACAAACAGTTACTTGTTATAAAGGTTGATCATTGTAATACTGTTACTGGGTCATTTATCATTCTG
GTGCTAAATAGTAAATAGCCAATTCATTCATTCATTCATTCATTTGAGACAGAGTCTTGCTCTGTCACC
CAGGCTGGAGTGTAGTCGCCTGATCTCGGCTTGATCTCGGCTCACTGCAGCTGCTGCCTCCCAGGTTCA
AGCAGTTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGACTACAGGTGTGCACCACCACGCCTGGCTGATT
ATGTATTTTCAGTAGAAACAGGGTTTCACCATGTTGTCCAGGCTGGCCTCGAACTCCTGACCTCAAGTG
ATCTGCCCGCTTCGGCCTCCCAAAGTGCTGGGATTACAGTTGTGAGCCACCCACGCCCGGCCTATAGAA
TGCATTTTTTTTTTTTTTTAAGACGGAGTCTCACTCTTTTGCCCAGGCTGGAGTGCACTGGCGCGATCT
CTGCTCACTGCAAGCTCCGCCTCCCAGGTTCATGCCATTCTCCTGCCTCAGCCTCCCGAGTAGCTGGGA
CTACAGGTGCCCGCACCATGCCTGGCTAATTTTTTGTATTTTTTTTGGTAGAGACGGGGTTTCACTGTG
TTAGCCAGGATGGTCTCTATCTCCTGACCTCGTGATCCACCCATCTCGGCCTCCCAAAGTGCTGGGATT
ACAGGCGTGAGCCACTGCGCCCGGCCTACAACGCATTTTTAAGAACACTTTTTTTGGAACAAAGGATTC
TTTTTTTTACTGT TGACATAAGAACTGCTAGGGTTGTTTATAGGATAGATACATATTTTTGAATCTTTT
CTCTTGGGTGTGGGTGACTTGATTTTAAGATGTTGTAGT TGAAAGTAGGGGGAAGTTGATAACATCAGC
TGCTCAAGTGAAATTTATTTGAAATGGGACTGATATATTGTGTCAGAGAGAAGTGGTTGTGGCTTTTAG
GTTTTAACCACCTTTGTCCTCTTGTTATTGTTTAATTTTTAATTTTAACATGTTCAGTCTTATTAATCT
AAAACCATAGTGGGAATCATAGCATATTTTACTGAGAAGAGAGGTTAGCCTTATCCATGTTTCCTGATT
TCTTGATAATGACCAACCAAAAGATTAGACTGTTTTGATCAGGGTATTCTTTGAAATTGGGTATAGGTT
GAATTTGGAAAGGTTCATTTTGTGTCACCCGTCAGTACTGATTAGCGAGAACTGACATTTTTCATTAGG
CTTCTAGTGCTTCTGTTTTACTTCAGAAAAAATCAGGTACAAACATACCTGCAAGTCTGATTTTATTAT

ACTTCCTCTGATCCCCCCAAAAGTGAACCATAGTTGTTTTTTITITT

TTTTTTTGAGATGGAGT

CTC

sequence 63+1G>A Nucleotides Positi
Canonical splice donor GT +1 0.980828 Canonical splice donor AT +1 0
Cryptic splice donor GT -96 0.9959 Cryptic splice donor GT -96 0.995306

PP (A) Partial wild-type (WT) PUM1 sequence of Exon 2 (gray shading) and Intron 2 showing the canonical splice
donor (¢.363+1G) at the 3” end of Exon 2 (SpliceRover score = 99.6%) and the cryptic splice donor (SpliceRover
score = 98.1%). (B) Partial PUM1 sequence showing the loss of the canonical splice donor due to the ¢.363+1G>A
substitution (circled in red) and the increased strength of the upstream cryptic donor (SpliceRover score = 99.5%).
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Supplemental Table 1 (Chapter 3): Cohort of 150 STGD1 patients with homozygous and
compound heterozygous p.(Gly1961Glu) alleles.

Allele 1 Allele 2 2nd allele
Patient # €.769-784 deleterlous_l
expressed with
Protein Protein hypomorph

1 +/- c.5882G>A p.(Gly1961Glu) c.5882G>A p.(Gly1961Glu)

2 +/- c.5882G>A p.(Gly1961Glu) c.5882G>A p.(Gly1961Glu)

3 +/- c.5882G>A p.(Gly1961Glu) c.5882G>A p.(Gly1961Glu)

4 +/- c.5882G>A p.(Gly1961Glu) c.5882G>A p.(Gly1961Glu)

5 ++ c.5882G>A p.(Gly1961Glu) c.5882G>A p.(Gly1961Glu)
p.([Thr1253Met;Gly1961

6 +/- c.5882G>A p.(Gly1961Glu) ¢.[3758C>T;5882G>A] Glu])
p.([Tyr850Cys;Gly1961GI

7 -I- €.[2549A>G;5882G>A] p.([Tyr850Cys;Gly1961Glu]) .[2549A>G;5882G>A] u])

8 -I- .[5242G>A;5882G>A] p.([Gly1748Arg;Gly1961GIu]) c.5882G>A p.(Gly1961Glu)

9 -I- c.5882G>A p.(Gly1961Glu) c.5882G>A p.(Gly1961Glu)

10 -I- c.5882G>A p.(Gly1961Glu) c.5882G>A p.(Gly1961Glu)

11 +/- c.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)

12 +/- c.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)

13 +/- c.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)

14 +/- c.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)

15 +/- c.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)

16 +/- c.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)

17 -I- .[3758C>T;5882G>A] p.([Thr1253Met;Gly1961Glu]) €.4139C>T p.(Pro1380Leu)

18 -I- .[3758C>T;5882G>A] p.([Thr1253Met;Gly1961Glu]) €.4139C>T p.(Pro1380Leu)

19 -I- €.[3758C>T;5882G>A] p.([Thr1253Met;Gly1961GIu]) €.4139C>T p.(Pro1380Leu)

20 -I- c.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)

21 -I- c.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)

22 -I- c.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)

23 -I- c.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)

24 -I- c.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)

25 -I- c.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)

26 -I- c.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)

27 -/- c.5882G>A p.(Gly1961Glu) c.4139C>T p.(Pro1380Leu)

28 +/- c.5882G>A p.(Gly1961Glu) ¢.5603A>T p.(Asn1868lle)

29 +/- c.5882G>A p.(Gly1961Glu) €.4070C>T p.(Ala1357Val)

30 +/- c.5882G>A p.(Gly1961Glu) €.6448T>C p.(Cys2150Arg)

31 +/- c.5882G>A p.(Gly1961Glu) C.286A>G p.(Asn96Asp)

32 +/- c.5882G>A p.(Gly1961Glu) c.183G>A p.(Met61lle)
p.([Asp1532Asn;Asn18681

33 +/- c.5882G>A p.(Gly1961Glu) .[4594G>A;5603A>T] le])
p.([Gly863Ala;Asn1868lle

34 -I- .[3758C>T;5882G>A] p.([Thr1253Met;Gly1961GIu]) ¢.[2588G>C;5603A>T] )
p.([Phe647Alafs*22,Phe64

35 -I- ¢.[3758C>T;5882G>A] p.([Thr1253Met;Gly1961GIu]) €.1938-619A>G 7Serfs*22,=])
p.([Asp1532Asn;Asn1868I

36 -I- c.5882G>A p.(Gly1961Glu) ¢.[4594G>A;5603A>T] le])

37 -I- c.5882G>A p.(Gly1961Glu) €.1908G>T p.(GIn636His)

38 -/- c.5882G>A p.(Gly1961Glu) c.5087G>A p.(Ser1696Asn)

39 -I- c.5882G>A p.(Gly1961Glu) €.1208A>T p.(Asp403Val)

40 -I- c.5882G>A p.(Gly1961Glu) €.1964T>G p.(Phe655Cys)

41 -I- c.5882G>A p.(Gly1961Glu) €.2453G>T p.(Gly818Val)

42 -I- c.5882G>A p.(Gly1961Glu) c.5114G>T p.(Arg1705Leu)

43 -I- c.5882G>A p.(Gly1961Glu) €.3364G>A p.(Glul122Lys)
p.([=,1le23Alafs*24,His55

44 -I- c.5882G>A p.(Gly1961Glu) €.160+5G>C Asnfs*63])

45 -I- c.5882G>A p.(Gly1961Glu) €.2919-826T>A p.([Leu973Phefs*1,=])

176



46
47
48
49
50
51
52
53
54
55
56
57
58
59
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61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
)
o1
92
23
94

c.5882G>A
C.5882G>A
C.5882G>A
C.5882G>A
C.5882G>A
c.5882G>A
C.5882G>A
C.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
C.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
¢.5882G>A
c.5882G>A
¢.5882G>A
¢.5882G>A
¢.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A

p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
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c.634C>T
¢.[4216C>T;5603A>T]
C.2947A>G
€.3385C>T
C.6449G>A
.[4594G>A;5603A>T]
€.6098T>A
c.1819G>T
€.[4216C>T;5603A>T]
€.6079C>T

c.634C>T

€.634C>T
€.71G>A(;)6079C>T
€.3407G>T

c.634C>T

c.4793C>A

C.641T>A
¢.[2588G>C;5603A>T]
¢.3065A>G
c.4217A>G
¢.[1A>G;6089G>A]
€.3050+5G>A
¢.[1622T>C;3113C>T]
€.4841_4843del
c.161G>A

€.3322C>T
C.6342G>A
€.2382+1G>A
c.5316G>A

c.161G>A
¢.[5461-10T>C;5603A>T]
€.5917del

€.3322C>T
¢.[1622T>C;3113C>T]
¢€.[1622T>C;3113C>T]
c.564del

C.4234C>T
¢.[1622T>C;3113C>T]
¢.[1622T>C;3113C>T]
C.45G>A

€.6229C>T
¢.[1622T>C;3113C>T]
C.4734del

¢.4537dup

€.1622T>C
¢.[5461-10T>C;5603A>T]
C.4539+1G>T
¢.[1622T>C;3113C>T]
C.454C>T

p.(Arg212Cys)
p.([His1406Tyr;Asn1868II
e])

p.(Thr983Ala)
p.(Arg1129Cys)
p.(Cys2150Tyr)
p.([Asp1532Asn;Asn1868I
le])

p.(Leu2033His)
p.(Gly607Trp)
p.([His1406Tyr;Asn1868I|
e])

p.(Leu2027Phe)
p.(Arg212Cys)
p.(Arg212Cys)
p.(Arg24His(;)Leu2027Ph
e)

p.(Gly1136Val)
p.(Arg212Cys)
p.(Alal598Asp)

p.(1le214Asn)
p.([Gly863Ala;Asn1868lle
)

p.(Glu1022Gly)
p.(His1406Arg)

p:E?eu973_Hilel7delins
Phe)
p.([Leu541Pro;Alal038Va
)}

p.(Asn1614del)
p.(Cys54Tyr)
p.(Arg1108Cys)

p(?)

()

p.(Trpl772%)
p.(Cys54Tyr)
p.(Thr1821Aspfs*6)
p.(Val1973%)

p.(Arg1108Cys)
p.([Leu541Pro;Alal038Va

)
p.([Leu541Pro;Alal038Va
)

p.(Glu189Serfs*12)

p.(GIn1412*)
p.([Leu541Pro;Alal038Va
|

p.([Leu541Pro;Alal038Va
)}

p.(Trpl5%)

p.(Arg2077Trp)
p.([Leu541Pro;Alal038Va

)

p.(Leu1580%)
p.(GIn1513Profs*42)
p.(Leu541Pro)
p.(Thr1821Aspfs*6)

p(?)
p.([Leu541Pro;Alal038Va
)

p.(Arg152*)

yes

yes




95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141
142

c.5882G>A
C.5882G>A
C.5882G>A
c.5882G>A
c.5882G>A
C.5882G>A
C.5882G>A
c.5882G>A
c.5882G>A
C.5882G>A
C.5882G>A
C.5882G>A
c.5882G>A
¢.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
¢.[2549A>G;5882G>A]
c.5882G>A
c.5882G>A
c.5882G>A
¢.[3758C>T;5882G>A]
¢.5882G>A
c.5882G>A
¢.[3758C>T;5882G>A]
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A

c.5882G>A

c.5882G>A

c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A
c.5882G>A

p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.([Tyr850Cys;Gly1961Glu])
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.([Thr1253Met;Gly1961Glu])
p.(Gly1961Glu)
p.(Gly1961Glu)
p.([Thr1253Met;Gly1961GIu])
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)

p.(Gly1961Glu)

p.(Gly1961Glu)

p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
p.(Gly1961Glu)
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¢.[1622T>C;3113C>T]
€.5196+1056A>G
¢.[5461-10T>C;5603A>T]
€.3050+5G>A

€.1804C>T
¢.[1622T>C;3113C>T]
C.4234C>T

€.6005+1G>T
€.6387-1G>T
¢.[3608G>A;4537del]
c.1988G>A

€.160+2T>C
¢.5018+2T>C
¢.[4469G>A;5603A>T]
€.[1140T>A;1622T>C;4328G>A]
€.1100-1G>A
€.4540-2A>G
€.6729+5_+19del
¢.[5461-10T>C;5603A>T]
.[4469G>A;5603A>T]
€.6148-698_ ¢.6670del
c.6119G>A
¢.3050+5G>A
¢.[5461-10T>C;5603A>T]
€.4462T>C

€.3007C>T
€.2191_2199del
c.6479+1G>A

€.1957C>T
€.67-1845_c.160+345del
€.6729+5_+19del
€.5917del
¢.[1622T>C;3113C>T]
€.3995_4018dup(;)2791G>A(;)
4000C>G
€.5196+1056A>G
¢.5318C>T

¢.3050+5G>A
¢.[1622T>C;3113C>T]
€.1622T>C

c.5196+1G>A

C.4947del
¢.[1622T>C;3113C>T]
C.[4469G>A;5603A>T]
€.2894A>G

C.4234C>T

€.3050+5G>A
¢.[1622T>C;3113C>T]
C.4253+5G>T

p.([Leu541Pro;Alal038Va
)}

p.(Met1733Valfs*2)
p.(Thr1821Aspfs*6)
p.(Leu973_His1017delins
Phe)

p.(Arg602Trp)
p.([Leu541Pro;Alal038Va
)}

p.(GIn1412*)

p.(?)

p.(?)
p.([Gly1203Glu;GIn1513A
rgfs*13])

p.(Trp663*)

p.(?)

(?)
p.([Cys1490Tyr;Asn1868II
e])
p.([Asn380Lys;Leu541Pro
;Arg1443His])

p-(2)
p-(2)
p.(Phe2161Cysfs*3)

p.(Thr1821Aspfs*6)
p.([Cys1490Tyr;Asn1868II
el)

p-(?)

p.(Arg2040%)
p.(Leu973_His1017delins
Phe)
p.(Thr1821Aspfs*6)
p.(Cys1488Arg)
p.(GIn1003*)
p.(Phe731_Leu733del)
p-(?)

p.(Arg653Cys)

p.(?)
p.(Phe2161Cysfs*3)

p.(Val1973*)
p.([Leu541Pro;Alal038Va
|

p.(GIn1332_Cys1339dup)(

(Val931Met)(;)(Pro1334Al
a)

p.(Met1733Valfs*2)

p.(Alal773Val)
p.(Leu973_His1017delins
Phe)
p.([Leu541Pro;Alal038Va
()

p.(Leu541Pro)

p.(9)

p.(Glu1650Argfs*12)
p.([Leu541Pro;Alal038Va

)}
p.([Cys1490Tyr;Asn1868lII
el)

p.(Asn965Ser)

p.(GIn1412*)
p.(Leu973_His1017delins
Phe)
p.([Leu541Pro;Alal038Va
)}

p.([1le1377Hisfs*3,=])

yes
yes
yes
yes

yes

yes

yes

yes
yes
yes

yes

yes
yes

yes

yes

yes




143 -I- c.5882G>A p.(Gly1961Glu) €.5044_5058del p.(Val1682_Val1686del) yes

144 -/- c.5882G>A p.(Gly1961Glu) €.1909_1922del p.(Met637Leufs*12) yes

145 -I- c.5882G>A p.(Gly1961Glu) ¢.[5461-10T>C;5603A>T] p.(Thr1821Aspfs*6) yes
p.([Leu541Pro;Alal038Va

146 -/- c.5882G>A p.(Gly1961Glu) ¢.[1622T>C;3113C>T] 1) yes
p.(Leu973_His1017delins

147 -I- c.5882G>A p.(Gly1961Glu) €.3050+5G>A Phe) yes
p.(Leu973_His1017delins

148 -/- ¢.[3758C>T;5882G>A] p.([Thr1253Met;Gly1961Glu]) €.3050+5G>A Phe) yes

149 -/- c.5882G>A p.(Gly1961Glu) C.2564G>A p.(Trp855*) yes

150 -I- €.5882G>A p.(Gly1961Glu) ¢.[5461-10T>C;5603A>T] p.(Thr1821Aspfs*6) yes

Nucleotide positions and protein translation correspond to CCDS747.1 and NP_000341.2, respectively.
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Supplemental Table 2 (Chapter 3): Demographic, clinical and genetic characteristics of
patients homozygous for ¢.5882G>A p.(Gly1961Glu) and compound heterozygous for
p.(Gly1961GIlu) and ¢.4139C>T p.(Pro1380Leu) in ABCA4.

Age at Age of BCVA OD BCVA OS

Disease ‘ ffERG

gatiens examination onset 5 Allele 1 Allele 2
# ) (years) Duration
1 F 69 43 18 20/200 20/400 1 €.[769-784C>T;5882G>A] c.5882G>A
2 F 21 nla 20/25 20/40 1 ¢.[769-784C>T;5882G>A] c.5882G>A
3 M 60 60 0* 20/70 20/70 n/a €.[769-784C>T;5882G>A] c.5882G>A
4 F 62 48 15 20/200 20/150 1 €.[769-784C>T;5882G>A] c.5882G>A
5 M 45 38 7 20/800 20/25 n/a ¢.[769-784C>T;5882G>A] .[769-784C>T;5882G>A]
6 M 42 n/a 20/25 20/30 n/a ¢.[769-784C>T;5882G>A] .[3758C>T;5882G>A]
7 M 45 35 10 20/50 20/25 1 ¢.[2549A>G;5882G>A] c.[2549A>G;5882G>A]
8 F 48 nla nla nla nla ¢.[5242G>A;5882G>A] c.5882G>A
9 M 32 21 11 20/80 20/100 1 €.5882G>A c.5882G>A
10 F 51 51 0* 20/30 20/30 1 €.5882G>A c.5882G>A
1 M 45 14 31 20/125 20/125 1 €.[769-784C>T;5882G>A] €.4139C>T
12 M 47 18 29 20/400 20/400 1 ¢.[769-784C>T;5882G>A] C.4139C>T
13 M 63 10 53 20/300 20/150 1 €.[769-784C>T;5882G>A] €.4139C>T
14 M 57 16 41 20/400 20/200 1 ¢.[769-784C>T;5882G>A] C.4139C>T
15 M 34 31 3 20/40 20/50 n/a €.[769-784C>T;5882G>A] €.4139C>T
16 nla nfa nla nla nla nla ¢.[769-784C>T;5882G>A] c.4139C>T
17 F 59 39 20 20/70 20/100 1 ¢.[3758C>T;5882G>A] C.4139C>T
18 F 53 48 5 20/50 20/50 1 ¢.[3758C>T;5882G>A] €.4139C>T
19 M 27 n/a nla nla nla ¢.[3758C>T;5882G>A] c.4139C>T
20 M 60 nla nla nla nla €.5882G>A C.4139C>T
21 M 13 9 4 20/125 20/100 1 €.5882G>A €.4139C>T
22 F 17 15 2 20/150 20/150 1 €.5882G>A C.4139C>T
23 F 23 18 5 20/40 20/30 n/a €.5882G>A €.4139C>T
24 F 69 10 59 20/200 20/200 1 €.5882G>A €.4139C>T
25 F 57 15 42 20/125 20/200 1 €.5882G>A €.4139C>T
26 F 33 24 9 20/150 20/150 1 €.5882G>A €.4139C>T
27 M 29 20 9 20/60 20/50 n/a €.5882G>A €.4139C>T

n/a = not available; predicted amino acid substitution for cis modifying variants = ¢.769-784C>T
p.([=,Leu257Aspfs*3], c.2549A>G p.(Tyr850Cys), ¢.3758C>T p.(Thrl253Met), ¢.5242G>A
p.(Gly1748Arg). *Disease duration (DD) were calculated by subtracting the age at examination
from the patient’s self-reported age at which symptoms manifested.
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Supplemental Table 3 (Chapter 4): Demographic, clinical and genetic summary of patients with ABCA4-associated retinitis
pigmentosa 19 (RP19, #601718).

Age ‘ ABCAA allele 1 ABCA4 allele 2 Augxiliary ocular issues
Age of Race/ Consangui
(year onset Ethnicit 5 A Ocular
s) (year y iy Protein Protein Ol | AN Photppho discomfor
) or segment bia t
Horizonta
|
1 F 26 9 Yemen | NLP | NLP Yes 535.94 .6112C>T p.Arg2038Trp €.6112C>T p.Arg2038Trp "yStzgm” c'efe't/Q” - No
(exotropia
. Clear/Qu
2 F 35 10 Indian HM HM Yes 326.31 C.93G>A p.Trp31* c.93G>A p.Trp31* WNL et - N/A
3 F| 10 6 Russian | 280 | cF Yes e ¢5318C>T Alal773Val ¢.5318C>T Ala1773val Nystagmi |~ Mild - NIA
0 0 : p- : P- s+R(X)T | PSCOU
" 20/30 c.[66G>A;859- 5 " Clear/Qu Ocular
4 M 29 7 Indian CF 0 No 39.9 9T>C] p.? €.6658C>T p.GIn2220 R(X)T et Yes migraines
(not
5 F 32 9 Iranian HM CF Yes assesse €.5018+2T>C p.? ¢.5018+2T>C p.? Nystilgmu Cleiaert/Qu Yes Sharp pain
d)
6 F| 45 9 Haitian CE.@ CE,@ No 8.89 C.2947A>G p.Thr983Ala C5186T>C p.Leul729Pro : c'eiae' t/Q“ Yes :
Nystagmu
7 F 44 9 Hispanic | HM | HM Yes 176.41 €.1804C>T p.Arg602Trp €.1804C>T p.Arg602Trp S Clear/Qu - -
: ) ) : ) (horizonta iet
)]
Nystagmu
Caucasia (not s Clear/Qu
8 F 33 11 HM HM No assesse €.4139C>T p.Pro1380Leu €.4919G>A p.Arg1640GIn A . Yes N/A
n d) (horizonta iet
|
Intermitte
. 20/40 . nt pain;
9 F 39 8 Russian 0 HM Yes 152.25 C.4667G>A p.Arg1556Lys C.4667G>A p.Arg1556Lys Exotropia PSC OU Yes photopsias
; fatigue
. - - Nystagmu
10 M 44 7 Egyptian HM CF Yes 264.06 €.3988G>T p.Glu1330 €.3988G>T p.Glu1330 s PSC OU - N/A
2040 | 20/40 (not
11 F 15 7 Egyptian 0 0 Yes assesse €.3988G>T p.Glu1330* €.3988G>T p.Glu1330* - N/A = N/A
d)
2040 | 20/40 (not
12 M 17 7 Egyptian 0 0 Yes assesse €.3988G>T p.Glu1330* €.3988G>T p.Glu1330* - N/A = N/A
d)
, 20/15 | 2040 (not Clear/Qu
13 F 60 13 Indian 0 0 Yes assesse C.2894A>G p.Asn965Ser €.2894A>G p.Asn965Ser - et - -
d)
. (not Pressure
14 M 26 7 CaUﬁaﬁa 20340 C;@ No assesse ¢.571-1G>T p.? €.2160+1G>C p.? No Cle;’a:t/Qu Yes behind
d) eyes
Caucasia CF@ Nysl;lgmu Severe
15 F 22 9 . HM No 7171 ¢.571-1G>T p.? €.2160+1G>C p.? A PSC OU Yes ocular
n 2 (horizonta migraine
|
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16 14 Polish 20/40 20/40 No 92.38 c.[1622T>C;3113 p.[Leu541Pro;Ala1038V p.E1087K Strabismu Clear/Qu _
0 0 ! C>T] al] . s iet
El (not Rotary
17 2 7 Sa"’/adm HM | HM No assesse | c.3210_3211dup p.Serl071Cysfs*14 €.4849-1G>A p.? “ys;afm“ PSC OU -
German 9 exotropia
(not Horizonta
18 30 8 Indian HM HM Yes assesse €.6088C>T p.Arg2030* €.6088C>T p.Arg2030* PSC OU -
d) nystagmu
S
. (not
19 13 8 Dog:]'”'C ZO(/)3° 20(’)20 Yes assesse .223T>G p.Cys75Gly €.223T>G p.Cys75Gly No -
d)
Photopsias
20 46 13 Italian cg@ 20(’)20 Yes 182.1 ¢571-1G>T ) c.571-1G>T p.? - C'efe't/Q“ (bluelyello
w)
21 9 Polish 20/20 20/20 No 09.84 c.[1622T>C;3113 p.[Leu541Pro;Ala1038V ¢.[1622T>C;3113 p.[Leu541Pro;Ala1038V ~ ~ ~
0 0 >T] al] >T) al]
(not X X . N
2 17 Polish 20/20 20/20 No assesse c.[1622T>C;3113 p.[Leu541Pro;Ala1038V ¢.[1622T>C;3113 p.[Leu541Pro;Ala1038V ~ ~ ~
0 0 d) >T] al] >T) al]
African-
. 20/40 20/80 ¢.[4594G>A;5603 p.([Asp1532Asn;Asn18 ¢.[4594G>A;5603 p.([Asp1532Asn;Asn18 _ Clear/Qu _
3 50 18| America | 0 es 154.06 AST] 68lle]) AST] 68lle]) iet

n
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Supplemental Table 4 (Chapter 4): List of identified variants from whole exome sequencing identified in the affected son, P1.1,
(retinitis pigmentosa) of Patient 1.

VEP
annotation

Allele
frequency

ACMG

SpiliseAl classification

OMIM phenotypes (Inheritance)

‘ dbSNP ‘

Protein Zygosity ‘

Cone-rod dystrophy 3 (AR)
Fundus flavimaculatus (AR)
ABCA4 €.6112C>T p.(Arg2038Trp) Heterozygous Missense rs61750643 1.59E-05 0.331 0.941 0.75 31.0 - Pathogenic Retinal dystrophy, early-onset severe (AR)
Retinitis pigmentosa 19 (AR)
Stargardt disease 1 (AR)

Exon 2

NR2E3 €.119-2A>C | p.val4lAalfs*23 | Heterozygous Splicing - 5.00E-04 - - 0.61 24.0 (f_"g%';"r‘gt Pathogenic

al.)

Enhanced S-cone syndrome (AR)
Retinitis pigmentosa 37 (AR, AD)

Cone-rod dystrophy 10 (AR)

SEMA4A c.1451G>A p.(Gly484Ala) Heterozygous Missense rs148744804 6.00E-04 0.016 0.671 0.35 234 - Likely benign Refinitis pigmentosa 35 (AD, AR)

Cone-rod dystrophy 12 (AD, AR)
Macular dystrophy, retinal, 2 (AD)
Retinitis pigmentosa 41 (AR)
Stargardt disease 4 (AD)

PROM1 C.869G>A p.(Arg290GIn) Heterozygous Missense rs748149698 1.63E-05 0.007 0.018 -1.10 7.9 - Likely benign

ADAM9 c.1501A>G p.(Asn501Asp) Heterozygous Missense rs140137562 5.69E-05 0.009 0.092 -0.21 225 - Likely benign Cone-rod dystrophy 9 (AR)

Cranioectodermal dysplasia 4 (AR)
Nephronophthisis 13 (AR)
WDR19 €.2648C>T p.(Ala883Val) Heterozygous Missense - (absent) 0.015 0.102 -0.44 217 - Likely benign Senior-Loken syndrome 8 (AR)
Short-rib thoracic dysplasia 5 with or without
polydactyly (AR)
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Supplemental Table 5 (Chapter 5): Demographic, clinical and genetic characteristics of
individual ABCA4/Stargardt patients in the study cohort.

) ABCAA4 allele 1 ABCA4 allele 2 BCVA (Snellen Clinical
Patient Sex Age AO | G —— 7 5
DNA change protein DNA change ‘ protein change oD oS SR
1 M | 60 | s5 C5882G>A p.(Gly1961Glu) 78 4c>°+f§§§'ze> Al p'(["‘;“fg?lgﬁ%‘;s)*3'6' 2070 20/70 | Prognosis 1
2 M 50 19 €.5141T>C p.(Phe1714Ser) c.4577C>T p.(Thr1526Met) Gr?”p 20/40 20/70 Prognosis 1
3 M 65 48 .3607G>A p.(Gly1203Arg) .5603A>T p.(Asn1868lle) G“I’“p 20120 20/25 | Prognosis 1
2 E 54 8 ¢.[3758C>T;5882G>A p.([Thr1253Il\L$t;Gly196 €.4139C>T p.(Pro1380Lev) Grcl)up 20/50 20/50 Prognosis 1
5 F 50 49 | c[1622T>C;3113C>T] p'(["eus“\}zﬁ‘;;A'aloas .5882G>A p.(Gly1961Glu) 20/25 20/40 | Prognosis 1
6 F 60 43 €.4249_4251del p.(Phe1417del) .5603A>T p.(Asn1868lle) G“I’”p 20/150 | 20/150 | Prognosis 1
7 F 52 35 c.52C>T p.(Arg18Trp) €.2966T>C p.(Val9g9Ala) G“I’“p 20120 20120 | Prognosis 1
8 M | 53 | 46 10T>°C'Eg‘ég§‘A>T] p'([tq;lzslﬂ;’p‘;':fgllfjh C.5603A5T p.(Asn18681le) Grow | 20120 20020 | Prognosis 1
9 M 53 42 C.4670A>G p.(Tyr1557Cys) .5603A>T p.(Asn1868lle) G"I’“p 20/200 | 20/150 | Prognosis 1
0 || 0| | ety | Pmmey | e etemcr | | o | s | oot
11 F 67 15 €.4139C>T p.(Pro1380Leu) .5882G>A p.(Gly1961Glu) G"I’“p 201125 | 20/200 | Prognosis1
12 F 68 48 .5882G>A p.(Gly1961Glu) 78 4C>Cfgggg_ze> Al p'(["*;“lzgilgslz‘is)w'e' Gr‘l’“p 20/80 20/80 Prognosis 1
13 F 74 35 €.6320G>A p-(Arg2107His) €.6320G>A p.(Arg2107His) 20/100 20/100 Prognosis 1
14 F 70 | =5 °'[4594G>']“;56°3A>T p'([ASDlggﬁg';”:AS”lB C5882G>A p.(Gly1961Glu) GrOUP | 20100 | 20100 | Prognosis 1
15 M | 52 | 30 €.3050+5G>A p'("eugﬁ—PHhi:)lO”de" C.5882G>A p.(Gly1961Glu) GrOUP | 20100 | 2080 | Prognosis 1
16 M 51 30 €.6229C>G p.(Arg2077Gly) €.6320G>A p.(Arg2107His) Prognosis 1
17 F 54 18 C.641T>A p.(lle214Asn) c.5882G>A p.(Gly1961Glu) 20/200 20/200 Prognosis 1
18 M 54 35 €.4139C>T p.(Pro1380Leu) .5603A>T p.(Asn1868lle) G"I’“p 20/20 20120 | Prognosis 1
19 M 56 51 ¢.3995_4018dup p'(G'”1332p—)Cy31339d“ €.5882G>A p.(Gly1961Glu) 20/30 20/30 | Prognosis 1
20 F 71 18 €.4139C>T p.(Pro1380Leu) .5882G>A p.(Gly1961Glu) G"I’“p 20/200 | 20/200 | Prognosis 1
21 F | 50 | 14 | cli622T>C3113C5T] p'(['-eUS“é:ﬁ‘;?A'ams ¢5882G>A p.(Gly1961Glu) Group Prognosis 1
2 F 51 | 50 | c[1622T>C;3113C>T] p'([Le“‘r’“\}:IE‘;?A'al°38 C.5603A>T p.(Asn18681le) Grow | 20550 20125 | Prognosis 1
23 F 60 | 39 C'[3758C>T5882@>A p'([Th’lzlsgl“u"ﬁt?G'yl% 4139C>T p.(Pro1380Lev) GrowP | 2070 | 20100 | Prognosis 1
2 M | 51 | 30 °'5116de'—ill7de"”“ p.(Val1706%) C5882G>A p.(Gly1961Glu) G"I’“p 20/150 | 20/150 | Prognosis 1
25 F 68 | 43 C.5882G>A p.(Gly1961Glu) - 4c>°f%§§’ze> Al p'(["e;‘é?lgﬂ;s)*B’G' G"I’“p 200200 | 20/400 | Prognosis 1
26 M 66 50 €.1988G>A p.(Trp663*) C.4253+43G>A p.([=11e1377Hisfs*3]) G"I’“p 20/40 20120 | Prognosis 1
27 F 57 | 45 | cl42227>Ca018C5T] p'([T’pl‘g’Tﬁ’;]’)g?Argle“ C5603A5T p.(Asn1868Ile) 2020 20020 | Prognosis 1
28 F | 56 | 50 | c[1622T>C;3113C5T] p'([Le“‘r’“\}:I;‘;?A'al°38 C5603AST p.(Asn1868lle) 2020 | 20/30 | Prognosis 1
29 M 64 30 €.2041C>T p.(Arg681%) €.4685T>C p.(11e1562Thr) G"I’“p 20/25 20125 | Prognosis 2
30 F 70 22 C.1988G>A p.(Trp663*) €.3113C>T p.(Ala1038Val) G"I’“p 20/30 20/40 | Prognosis 2
31 F 54 31 €.1921T>C p.(Cys641Arg) .5603A>T p.(Asn1868lle) G“I’“p 20/150 | 20/400 | Prognosis 2
32 M 79 19 C.4539+1G>T p.(?) .5882G>A p.(Gly1961Glu) G“I’“p 20/400 | 20/400 | Prognosis 2
33 F 52 45 c.161G>A p.(Cys54Tyr) €.4253+43G>A p.([=,11e1377Hisfs*3]) Gr(;up 20/40 20/400 Prognosis 2
34 M 56 42 €.1804C>T p.(Arg602Trp) €.6320G>A p.(Arg2107His) G“I’“p 20/150 | 20/400 | Prognosis 2
35 F 50 36 C.4538A>G p.(GIN1513Arg) €.6316C>T p.(Arg2106Cys) G’I"I“p CF CF Prognosis 2
36 M 52 45 €.2966T>C p.(Val9g9Ala) c.3211_3212insGT p.(Ser1071Cysfs*13) G“I’“p 20125 | 20/125 | Prognosis 2
37 M 52 48 €1522C>T p.(Arg508Cys) .4223G>A p.(Trp1408*) G“I’“p 20/25 20125 | Prognosis 2
38 M 68 50 €.4139C>T p.(Pro1380Leu) .5603A>T p.(Asn1868lle) G"I’“p CF 20/150 | Prognosis 2
39 F 60 58 €.6089G>A p.(Arg2030GIn) C.6286G>A p.(Glu2096Lys) G“I’“p 20/25 20/30 | Prognosis 2
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40 M 61 45 c.4139C>T p.(Pro1380Leu) ¢.5087G>A p.(Ser1696Asn) ) 20/80 20/100 Prognosis 2
4 M 50 46 €.2023G>A p.(Val675lle) .5646G>A p.(Met1882l1e) Gr|°|“p 20/80 20/100 | Prognosis 2
42 M 62 60 ¢.6079C>T p.(Leu2027Phe) c.6089G>A p.(Arg2030GIn) 20/20 20/20 Prognosis 2
43 F 65 2 .5882G>A p.(Gly1961Glu) .6449G>A p.(Cys2150Tyr) Gr‘l’“p 20/200 | 20/400 | Prognosis 2
44 F 52 45 €.2543C>A p.(Ala848Asp) €.3113C>T p.(Ala1038Val) G“I’”p 20/200 | 20/200 | Prognosis 2
45 M 74 68 ¢.5603A>T p.(Asn1868lle) €.6658C>T p.(GIn2220%) 20/25 20/25 Prognosis 2
46 F 72 47 | c[1622T>C;3113C>T] p'([LeUS“\}:ﬁ‘;;A'alO38 .5603A>T p.(Asn1868lle) G“I’”p 20/400 | 20/400 | Prognosis 2
a7 M 72 32 ¢.5196+1056A>G p.(Met1733Valfs*2) €.5882G>A p.(Gly1961Glu) 20/400 | 20/200 | Prognosis 2
48 M 75 40 .5882G>A p.(Gly1961Glu) €.6445C>T p.(Arg2149%) Gr‘l’“p 20/200 | 20/200 | Prognosis 2
49 F 57 | 30 c.42_48del p'(T’plS—Tr)"lede'fS% ¢3113C>T p.(Ala1038Val) GO | 20100 | 20080 | Prognosis 2
50 F 57 48 .2382+179G>A p.(?) c.4577C>T p.(Thr1526Met) G“I’”p 20/25 20/30 Prognosis 2
51 M 82 65 c.1100-6T>A p.(Thr367Serfs*6) c.6316C>T p.(Arg2106Cys) CF 20/400 Prognosis 2
52 M 58 30 C.4457C>T p.(Pro1486Leu) €.6079C>T p.(Leu2027Phe) Gr‘l’“p 20/20 20/20 | Prognosis 2
53 F 56 45 €.4253+5G>T p.(11e1377Hisfs*3) C.A685T>C p.(11e1562Thr) G“I’“p 20/70 CF Prognosis 2
54 M 53 26 C.262G>A p.(Gly88Arg) .5603A>T p.(Asn1868lle) Gr?“p 20/100 | 20/100 | Prognosis 2
55 F 61 52 €.247_250dup p.(Ser84Thrfs*15) C.5603A>T p.(Asn1868lle) Gr?“p 20/125 20720 | Prognosis 2
56 F 78 | 20 C5882G>A p.(Gly1961Glu) C.6342G>A pA([VzLZI;LS]foi]e)erZQ GrOUP | 20400 | 20400 | Prognosis 2
57 M 62 30 €.3050+5G>A p'(Le“97rfS—PHth)lol7de" .5882G>A p.(Gly1961Glu) Gr?“p 20/125 | 20/150 | Prognosis 2
58 F s1 | 45 | CO70*33L_T6BHAS23d p.0%) C4685T>C p.(1le1562Thr) Grow | 20120 20120 | Prognosis 2
59 F 56 50 C.5603A>T p.(Asn1868lle) €.6229C>T p.(Arg2077Trp) G“I’“p 20/40 20/30 Prognosis 2
60 M 53 48 ¢.1805G>A p.(Arg602GIn) C[4469G>A5603A> | p.([Cys1490Tyr;Asnl | Group 20/25 CF Prognosis 3
| 868lle]) I
61 M 68 57 c.161G>A p.(Cys54Tyr) C.4685T>C p.(11e1562Thr) 20/30 20/30 Prognosis 3
62 F 50 25 C.1868AG p.(GIn623Arg) €.2041C>T p.(Arg681*) 20/25 20720 | Prognosis 3
= -
63 M 51 10 cA577C>T p.(Thr1526Met) C.5714+5G>A p'(["G'“g?)“"e“fs 3 Prognosis 3
64 F 66 14 €.3287C>T p.(Ser1096Leu) €.6108_6130dup p.(Ala2044Valfs*25) 20/400 20/400 Prognosis 3
) p.([Gly863Ala,
65 F 55 | 38 ¢.1964T>G p.(Phe655Cys) 2 [25880;]95603” Gly863del;Asn186811 20/400 | 20/125 | Prognosis 3
el)
66 M | s3 C770T>G p.(Leu257Arg) C5714+5G>A p'([:'G'“g?fm‘e“fs*s 20/400 | 20/300 | Prognosis 3
67 F 50 40 .4457C>T p.(Pro1486Leu) C.AT93C>A p.(Ala1598Asp) Grﬁ“p 20/25 CF Prognosis 3
68 F 54 30 €.2587+2T>C p.(?) €.6320G>A p.(Arg2107His) CF 20/30 Prognosis 3
69 M 59 35 €.5113C>T p.(Arg1705Trp) .5603A>T p.(Asn1868lle) Grﬁ“p CF 20120 | Prognosis 3
70 M 54 15 €.3323G>A p.(ArgL108His) €.4139C>T p.(Pro1380Leu) G"I’“p 20150 | 20/150 | Prognosis3
71 M 70 55 €.5018+2T>C p.(?) .5603A>T p.(Asn1868lle) G“I’“p 20/100 | 20/400 | Prognosis 3
€.[4594G>A;5603A>T p.([Asp1532Asn;Asn18 €.[4594G>A;5603A> p-([Asp1532Asn;Asnl Group .
72 F 74 13 1 68lle]) 1] 86811e]) I 20/400 20/800 Prognosis 3
73 F 50 8 €.2966T>C p.(Val989Ala) €.5289del p.(Vall764Trpfs*14) Prognosis 3
C.[2588G>C;5603A>T p.([Gly863Ala, )
74 F 58 23 Gly863del;Asn1868lle]) €.3335C>A p.(Thri112Asn) CF CF Prognosis 3
75 M 68 62 €.1957C>T p.(Arg653Cys) .5603A>T p.(Asn1868lle) G“I’“p 20/20 20120 | Prognosis 3
76 F 52 48 c.1015T>G p.(Trp339Gly) €.6320G>A p.(Arg2107His) G"I’“p 20/30 20/40 | Prognosis 3
€.[4594G>A;5603A>T p.([Asp1532Asn;Asn18 c.[769- p.([Leu257Aspfs*3,Gl Group .
” Mo 76 68lle]) 784C>T;5882G>A] y1961Glu]) I 20/60 | 20/40 | Prognosis 3
c.[769- p.([Leu257Aspfs*3,Gl Group .
78 M 63 10 c.4139C>T p.(Pro1380Leu) 784C>T:5882G>A] y1961GIu]) ) 20/300 20/150 Prognosis 3
c.[769- p.([Leu257Aspfs*3,Gl Group .
79 M 57 16 €.4139C>T p-(Pro1380Leu) 784C>T;5882G>A] y1961GIu]) | CF CF Prognosis 3
80 M | 53 | 10 ¢.859-9T>C p'([:'PhEZ%—Arg“szde ¢.885del p.(LeuzosCystsa) | S0P CF CF Prognosis 4
¢.[2588G>C;5603A>T p.([Gly863Ala, Group ]
81 M 54 27 Gly863del;Asn186811e]) c.4506C>A p.(Cys1502*) I 20/400 CF Prognosis 4
82 M 50 10 c.3322C>T p.(Arg1108Cys) c.4139C>T p.(Pro1380Leu) Group 20/400 20/400 Prognosis 4
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Group

83 M 83 20 c.3322C>T p.(Arg1108Cys) c.4139C>T p.(Pro1380Leu) m HM HM Prognosis 4
84 F 57 17 €.3322C>T p.(Arg1108Cys) €.4139C>T p.(Pro1380Leu) GFI‘I’IUP 20/400 | 20/400 | Prognosis 4
85 F 76 19 c.4139C>T p.(Pro1380Leu) c.4139C>T p.(Pro1380Leu) HM 20/800 Prognosis 4
86 M 60 13 ¢.604del p.(Asp202Thrfs*39) C.5714+5G>A p'([:'G'“%E]‘?Le”fs*s Gr|<|>|Up 20/400 | 20/300 | Prognosis 4
87 M 55 17 C.4793C>A p.(Alal598Asp) CAT93C>A p.(Ala1598Asp) Grl?lu" HM 20/400 | Prognosis 4
88 M 63 29 €.4139C>T p.(Pro1380Leu) C.5714+5G>A p'([:'G'“lsfi?"e”fs*s GFI‘I’IUP 20/400 | 20/400 | Prognosis 4
89 F 55 11 CAT93C>A p.(Ala1598Asp) C.4919G>A p.(Arg1640GIn) 20/400 | 20/400 | Prognosis 4
9% M | 74 | 14 | CI2588G>C5603A>T Glys%égfll;)fsesﬁsgél D ¢.6088C>T p.(Arg2030%) HM CF Prognosis 4
91 F 69 8 C.161G>A p.(Cys54Tyr) €.2160+1G>C p.(?) GFI‘I’IUP HM HM Prognosis 4
% F 52 13 €.2894A>G p.(Asn965Ser) C.6119G>A p.(Arg2040GIn) Grl?lu" 20/200 20/50 | Prognosis 4
93 F 52 5 C.768G>T p.(Leu257Valfs*17) €.4539+2001G>A p'([z'Argg)“"e“fs*S Grlcl’lu" 20/400 | 20/400 | Prognosis 4
94 F 55 27 ¢.5059del p.(11e1687Phefs*15) €.5351T>G p.(Leul784Arg) Gr|<|>|up 20/400 CF Prognosis 4
95 M | 75 | 25 ¢.3050+5G>A p'("e“97n35—Pthl°l7de" ¢ [4594G>T']“356°3A> p‘([ASnggﬁgi”;As”l GO | 20400 | 201200 | Prognosis 4
96 M 60 7 €.4139C>T p.(Pro1380Leu) c.4601del p.(Leul534Trpfs*1) Grl‘l’;’p CF CF Prognosis 4
97 M 69 17 C.768G>T p.(Leu257Valfs*17) €.6320G>A p.(Arg2107His) Gm‘p 20/400 | 20/400 | Prognosis 4
98 M 62 11 €.3056C>T p.(Thr1019Met) €.3056C>T p.(Thr1019Met) Gm‘p CF 20/400 | Prognosis 4
99 M 70 17 .161G>A p.(Cys54Tyr) CATT3+3A>G p‘([Ty’lSEm'afS*lS‘ GFI‘I’IUP HM HM Prognosis 4
100 F 56 21 €.2915C>A p.(Thr972Asn) C.5714+5G>A p'([:'G'“é?)“"e“fs*s Gm‘p CF 20/400 | Prognosis 4
101 F 53 33 ¢.1037A>C p.(Lys346Thr) €.3350C>T p.(Thr11171le) CF CF Prognosis 4
102 M 70 10 ¢.[4594G>A;5603A>T p.([AsplggIZI,eA];'n;Asnls C. [4594G?]A;5603A> pA([Aspégglzlgin;Asnl GrI(I)Iup 20/400 20/200 Prognosis 4
103 F 68 18 €.4139C>T p.(Pro1380Leu) e [459461']“35603” p‘([ASF’égglzlgin;AS”l CF HM Prognosis 4
104 F 62 13 €.2894A>G p.(Asn965Ser) €.2894A>G p.(Asn965Ser) Gm‘p 20/150 | 20/400 | Prognosis 4
105 F 50 | 18 10T>%Eg‘ég§'A>T] p'([ﬁqglzglﬁ;{)i'sffgllfjh ¢.6079C>T p.(Leu2027Phe) 20/400 | 20/400 | Prognosis 4
106 M 68 8 €.3056C>T p.(Thr1019Met) C.5687T>A p.(Val1896Asp) GFI‘I’IU” HM HM Prognosis 4
107 M 57 10 €.4540-2A>G p.(?) €.6320G>A p.(Arg2107His) Grl?lu" CF CF Prognosis 4
108 F 69 18 €.1958G>A p.(Arg653His) €.6088C>T p.(Arg2030%) G’I‘I’Iu" CF CF Prognosis 4
109 M 52 51 C.71G>A p.(Arg24His) c.1561del p.(Val521Serfs*47) GFI‘I’IU” CF 20/40 | Prognosis 4
110 M 64 27 c.2531T>G p.(Leus44Arg) ¢ [2538G;]C;5603A> Gly%ég?ile){;ggﬁgéml Grlflu” 20/400 | 20/400 | Prognosis 4
e
111 M 66 5 | ¢ [3021)62%%1%4 53942 | (Argl514Leufs*36) ¢.6148-698_6670dlel p.(?) Gﬁ’,“” HM HM Prognosis 4
112 F 51 6 €.4139C>T p.(Pro1380Leu) €.4139C>T p.(Pro1380Leu) Group CF CF Prognosis 4
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Supplemental Table 6 (Chapter 5): Summary of predicted pathogenicity and classification criteria of all ABCA4 variants identified
in the study cohort.

Allele Coding MAF Homozygotes REVEL SPIDEX SpliceAl

Study

) Classification criteria Reference
classification

LD Lo count effect (gnomAD) (gnomAD)

Null variant (nonsense,
p.(Trpl5_T frameshift, canonical +/~1 or Richards et al
c.42_48del hri6delfs*2 Exon 1 1 Frameshift - - - - - - - PVS1 2 splice sites, initiation (2015) .
3) codon, single or multi-exon
deletion)
Observed in trans to
¢52C>T p'(A’ngr Exon 1 1 Missense 1.50E-05 0 0.328 0771 | 0006 | 246 ; Severe hypomarphic allele in Zer?zagi%t al.
P patient
C71G>A p'(Agz“H' Exon 2 1 Missense | 0.000184 0 0.280 081 0.67 283 -0.765 - Moderate -
Observed in trans to Zernant et al
c1616>A | POYSTY | g 4 Missense 3.54E-05 0 0.823 0.98 0.87 3 019 . Severe hypomorphic allele in (2017); Fadaie et
r patient; Observed exon al. (2019)
skipping (HEK293T) |
Null variant (nonsense,
frameshift, canonical +/—1 or .
C'241—250d p.(?se*risé)Thr Exon 3 1 Frameshift - - - - - - - PVS1 2 splice sites, initiation Rldzggilsst;t a.
P codon, single or multi-exon
deletion)
Observed in trans to
.262G>A p'(G'gy)BBA’ Exon 3 1 Missense 3.98E-06 0 0.737 0846 | 0927 | 287 0.119 . Severe hypomarphic allele in Zer?;gi;)‘ al.
patient
Null variant (nonsense,
frameshift, canonical +/~1 or .
¢.604del pf"lffssﬁg‘;? Exon 6 1 Frameshift - - - - - - - PVS1 2 splice sites, initiation R'dz;gjfsit al.
codon, single or multi-exon
deletion)
C.641T>A p.(IIenZ)14A$ Exon 6 1 Missense - - - - - - - - Moderate =
Donor Loss at -0
bp (Ascore = No residual RNA observed
c.768G>T p'gl‘filiﬁ;v Exon 6 2 Synor;ymou 8.49E-05 0 - - - - -2.024 0.42); Donor Severe in midi-gene analyses Sange(rzrr;)alréc; etal.
Gain at -35 bp (HEK?293T)
(Ascore = 0.71)
Null variant (nonsense,
¢.570+331_ frameshift, canonical +/—1 or Richards et al
768+4523d p.(?) Intron 5 1 ? - - - - - - - - PVS1 2 splice sites, initiation (2015) .
el codon, single or multi-exon
deletion)
c.770T>G p.(Ler;)257A Exon 7 1 Missense - - - - - - - - Moderate =
p.([=.Phe28 75% residual RNA observed
€.859-9T>C 7_Arg452d Intron 7 1 ? 7.83E-05 0 - - - - -0.785 - Moderate in midi-gene analyses Sange(rzrr(l)iré(; etal.
el]) (HEK293T)
Null variant (nonsense,
frameshift, canonical +/~1 or .
c.885del p'(":f;‘ff)sc Exon 8 1 Frameshift | 1.99E-05 0 ; . . ; ; . PVSL 2 splice sites, initiation R'ngg’fs‘;‘ a.
Y codon, single or multi-exon
deletion)
¢1015T>G p'(T’I?ng Exon 8 1 Missense 7.96E-06 0 0.866 0.85 0.74 26.8 03 - Moderate -
¢.1037A>C p'“‘ﬁ?‘m Exon 8 1 Missense 7.96E-06 0 0.773 0.85 0.59 238 0.732 - Moderate -
No residual RNA observed
CG%,—EJAO p(;p?gs Intron 8 1 ? 3.98E-06 0 - - - - -0.43 no mRNA Severe in midi-gene analyses Sange(rzrr;)iréc): etal
(HEK293T)
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p.(Arg508C

¢.1522C>T v5) Exon 11 Missense 0.000166 0.171 0.656 0.457 243 -0.962 - Moderate -
Null variant (nonsense,
frameshift, canonical +/—1 or .
c.1561del p.(ValSZlS Exon 12 Frameshift - - - - - - - PVS1 2 splice sites, initiation Richards et al.
erfs*47) . . (2015)
codon, single or multi-exon
deletion)
Observed in trans to
€.1804C>T p'(A;‘-‘?OZT Exon 13 Missense 4.38E-05 0.498 0.93 0.59 256 -1.568 - Severe hypomorphic allele in Zer(”zagi%t al.
P patient
¢.1805G>A p'(A:ﬁ)GOZG Exon 13 Missense 2.136-05 0.426 0.85 0.48 26.1 -1.689 - Moderate -
.1868A>G p.(G:g;BZBA Exon 13 Missense - - - - - - - Moderate -
Observed in trans to
€.1921T>C P-(Cys641A Exon 13 Missense - - - - - - - Severe hypomorphic allele in Zernant et al.
rg) N (2017)
patient
Observed in trans to
€.1957C>T p'(Arg)G53C Exon 14 Missense 1.61E-05 0.774 0.85 0.93 32 0.508 - Severe hypomorphic allele in Zer?;g;;)t al.
Y patient
¢.1958G>A p'(A’ig)553H Exon 14 Missense 357E-05 0779 | 0889 | 0581 | 257 03 - Moderate -
€.1964T>G p'(Pr;,Z(;SSC Exon 14 Missense 0.000391 0.805 0.93 0.84 28.6 0.427 - Moderate -
Null variant (nonsense,
Acceptor Gain at frameshift, canonical +/—1 or Richards et al
€.1988G>A p.(Trp663*) Exon 14 Nonsense - - - - - - -2 bp (Ascore = PVS1 2 splice sites, initiation :
A ! (2015)
0.37) codon, single or multi-exon
deletion)
€.2023G>A p.(v:|)675|| Exon 14 Missense 7.57E-05 0.685 0.71 0.93 26.9 -0.41 - Moderate -
Null variant (nonsense,
frameshift, canonical +/—1 or .
* A
.2041C>T p'(A?Ggl Exon 14 Nonsense 7.96E-06 ; ; 043 35 2,525 . PVSL 2 splice sites, initiation R'CQ%’;S?‘ a.
codon, single or multi-exon
deletion)
Null variant (nonsense,
. frameshift, canonical +/—1 or .
C'Zl§g+1e p.(?) Intron 14 igf“:; 3.98E-06 ; ; 1.229 34 -1.976 PVSL 2 splice sites, initiation R'C'E;gjfs? a.
codon, single or multi-exon
deletion)
€.2382+179 Donor Gain at Observed in trans to
. GoA p.(?) Intron 15 ? 0.000892 - - - - - 179bp (Ascore = Severe hypomorphic allele in Current study
0.01) patient
€.2531T>G p.(L$;§44A Exon 16 Missense - - - - - - - Moderate -
Observed in trans to
€.2543C>A p.(Alai)348A Exon 16 Missense - - - - - - - Severe hypomorphic allele in -
P patient
Null variant (nonsense,
. frameshift, canonical +/—1 or .
0'255(7;21— p.(?) Intron 16 igfl?; - - - - - - - PVS1 2 splice sites, initiation Rlctggjlss;t a.
codon, single or multi-exon
deletion)
Observed in trans to
C.2804A>G p'(Aer‘)%‘r’s Exon 19 Missense 0.000124 0.551 0.78 0.61 25.7 -1.087 - Severe hypomorphic allele in Zer?;g;;)‘ al.
patient
€.2915C>A p'(T:r’gnA Exon 19 Missense 3.58E-05 0.666 0.85 1.00 265 0.942 - Moderate -
€.2966T>C p'(Vf;)gggA Exon 20 Missense 0.000297 0.288 0.84 0.27 235 0777 - Moderate -
p.(Leu9d73_ Donor Loss at5 No residual RNA observed
C'30§2+SG His1017deli Intron 20 ? 1.59E-05 - - - - -3.259 bp (Ascore = Severe in midi-gene analyses Sange(rzrgiréc): etal.
nsPhe) 0.89) (HEK293T)
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p.(Thr1019

Associated with poor

€.3056C>T Exon 21 3 Missense 3.18E-05 0.611 0.96 1.10 28.8 -1.358 - Severe Current study
Met) prognoses
ca1acsT | PAAILOSE | ggn 3 Missense | 0001755 0.651 053 | 007 | 222 0825 - Rare -
Val) hypomorph
Null variant (nonsense,
frameshift, canonical +/—1 or .
¢3211 321 p.(Serto71 Exon 22 1 Frameshift - - - - - - PVS1 2 splice sites, initiation Richards et a.
2insGT Cysfs*13) 3 N (2015)
codon, single or multi-exon
deletion)
(Ser1096 Acceptor Gain at
€.3287C>T P. Leu) Exon 22 1 Missense 3.98E-06 0.839 0.88 0.79 29.2 -1.396 -23 bp (Ascore = Moderate -
0.26)
¢3322C>T p'(ACrgsl)lOB Exon 22 3 Missense 0.000127 0.797 0.89 0.81 32 -1.982 - Moderate -
€.3323G>A p.(A;_l"%lOB Exon 22 1 Missense 1.59E-05 0.868 0.84 0.64 31 -1.473 - Moderate -
Close to Exon 23
€.3335C>A p(Thri112 Exon 23 1 Missense - - - - - - boundary, Moderate -
Asn) possible splice
defect
€.3350C>T p.(Tt:;llﬂ Exon 23 1 Missense - - - - - - - Moderate -
(Gly1203 Donor Loss at 0 Observed in trans to
€.3607G>A P. A?l ) Exon 24 1 Missense - - - - - - bp (Ascore = Severe hypomorphic allele in Current study
9 0.35) patient
p.(GIn1332 y
€3995.401 | "Cuo330d | Exon27 1 In-frame ; ; - ; - - - Moderate -
8dup up) duplication
Observed in trans to
4139C>T p‘(Pqulfeo Exon 28 20 Missense 0.000234 0.301 0.87 0.70 252 -2.554 - Severe hypomorphic allele in Zer?;gi;)t a
patient
Null variant (nonsense,
frameshift, canonical +/—1 or .
€.4223G>A p'(TT)MOB Exon 28 1 Nonsense - - - - - - PVS1 2 splice sites, initiation R'dz%jlss(;t a.
codon, single or multi-exon
deletion)
Observed in trans to
.4249_425 p.(Phel1417 Exon 28 1 In-frame R R R ~ R R ~ Severe hypomarphic allele in Zernant et al.
1del del) deletion patient (2017)
Donor Loss at5 No residual RNA observed
C'42§?I.+SG p.(ilslislfg)m Intron 28 1 ? - - - - - - bp (Ascore = Severe in midi-gene analyses Sange(rzrgiré(; etal.
0.44) (HEK293T)
Expresses milder, late-onset
C.4253+43 p.([=.11e137 5 R R ~ R R Donor loss at 43 Rare (foveal sparing) disease only Zernant et al.
G>A THisfs*3]) Intron 28 2 ’ 0.004694 bp (Ascore = 0.6) hypomorph when in trans to deleterious (2018)
allele
casszesT | PrO48E | pyhnag 2 Missense 0.000122 0.59 088 | 0591 | 246 1.394 - Rare -
Leu) hypomorph
Null variant (nonsense,
frameshift, canonical +/—1 or .
C.4506C>A p'(C{S)lSOZ Exon 30 1 Nonsense 5.15E-06 ; ; 0.792 45 -3.602 PVSL 2 splice sites, initiation R'°Q§§f5§‘ a.
codon, single or multi-exon
deletion)
Donor Loss at -1 Exon elongation observed in
C4538A>G p'((i;‘l)‘r’le' Exon 30 1 Missense ; 0313 0.79 0.16 2 -1.381 bp (Ascore = Severe midi-gene analyses Sange(rz’gi’g etal.
9 0.73) (HEK293T)
Null variant (nonsense,
. Donor Loss at 1 frameshift, canonical +/—1 or .
C'45§2_+1G p.(?) Intron 30 1 igfléﬁ - - - - - - bp (Ascore = PVS1 2 splice sites, initiation Rldz%jlssit a.
0.77) codon, single or multi-exon
deletion)
€.4539+200 p.([=,Argl5 Variant results in
. 14Leufs*36 Intron 30 1 ? 3.18E-05 - - - - - Moderate pseudoexon insertion Albert et al. (2018)
1G>A 3 N
)] (patient-derived
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photoreceptor precursor
cells) in ~15% of RNA (85%
correct RNA)

Acceptor Loss at

Null variant (nonsense,
frameshift, canonical +/—1 or

C4540- p.(?) Intron 30 Splice 3.98E-06 - - 1.01 33 2.223 -2 bp (Ascore = pPVS1 2 splice sites, initiation Richards et al.
2A>G defect 3 . (2015)
0.94) codon, single or multi-exon
deletion)
caszresT | PMMS26 | gy Missense 6.36E-05 0.566 0.887 055 24.3 0.286 - Rare -
Met) hypomorph
Null variant (nonsense,
frameshift, canonical +/—1 or .
c.4601del p-_l(_lr-efllsii§4 Exon 31 Frameshift - - - - - - PVS1 2 splice sites, initiation Rlcfggilssit al.
P codon, single or multi-exon
deletion)
Observed in trans to
CA6T0A>G p'(Té’;sl)Sm Exon 33 Missense 3.98E-06 0.897 0.92 0.86 289 -1.007 - Severe hypomorphic allele in Zerz‘zagi%t a
patient
casgsT>c | P-(1EIS62T 1y g3 Missense 0.001248 0174 | 0736 | 004 233 0.865 - Rare -
hr) hypomorph
Donor Loss at 3
p.([Tyr1557 bp (Ascore = 25% residual RNA observed
c.47Zé+3A Alafs*18,=] Intron 33 ? 8.13E-05 - - - - -2.423 0.23); Donor Severe in midi-gene analyses Sange(rzrr(l)iré()) etal.
) Gain at -22 bp (HEK293T)
(Ascore = 0.31)
C.4793C>A p'(AA':;)F’% Exon 34 Missense 2.4E-05 0.182 0.69 0.08 22 2.871 - Severe ASSOC‘;?;Z‘:];"S':; poor Current study
(Arg1640 Acceptor Gain at
C.4919G>A p. G?n) Exon 35 Missense 3.18E-05 0.343 0.77 0.82 32 -1.565 -2 bp (Ascore = Moderate -
0.56)
Null variant (nonsense,
. Donor Loss at 2 frameshift, canonical +/—1 or .
¢:5018+2T p.) Intron 35 Splice - - - - - - bp (Ascore = PVS1 2 splice sites, initiation Richards et al.
>C defect N N (2015)
0.93) codon, single or multi-exon
deletion)
Null variant (nonsense,
frameshift, canonical +/~1 or .
¢.5059del ptglelfesiﬁlBS;P Exon 36 Frameshift - - - - - - PVS1 2 splice sites, initiation Rlctggjlssit a.
codon, single or multi-exon
deletion)
¢5087G>A p'(iesrr}f% Exon 36 Missense 3.9E-05 0.756 0.69 0.79 28.7 0.779 - Moderate -
(Arg1705 Observed in trans to
¢.5113C>T P T?p) Exon 36 Missense 1.07E-05 0.710 0.92 0.48 26.2 -1.004 - Severe hypomorphic allele in Current study
patient
Null variant (nonsense,
c.5116del_ frameshift, canonical +/—1 or .
5117delins p.(ViI)l706 Exon 36 Nonsense - - - - - - PVS1 2 splice sites, initiation R'dzglgfs? a.
TA codon, single or multi-exon
deletion)
(Phe1714 Observed in trans to
¢.5141T>C P Ser) Exon 36 Missense - 0.62 0.91 0.93 0.622 - - Severe hypomorphic allele in Current study
patient
Cryptic Donor Intron elongation observed
c.SézG:GlOS p'\(/’\;?;}(g?’ Intron 36 ? - - - - - - Strongly Severe in RNA derived from patient Braun et al. (2013)
activated keratinocytes
Null variant (nonsense,
frameshift, canonical +/—1 or .
¢.5289del Qr(rV?slgf)‘l Exon 37 Frameshift - - - - - - PVS1 2 splice sites, initiation Rldz%jlss? a.
P codon, single or multi-exon
deletion)
¢5351T>G p'('-Ae:‘gl)m Exon 38 Missense 7.95E-06 0.288 0.85 0.79 28.9 1.236 - Moderate -
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p.([Thr1821

Variant results in exon

c.[5461- art: ' ¢
10T>C:560 Valfs*13,T Intron 38 2 2 0.00022 0 R R ~ R .1.588 ~ Severe skipping (patient-derived Sangermano et al.
3A5T] hr1821Aspf photoreceptor precursor (2016)
s*6]) cells)
Expresses milder, late-onset
p.(Asn1868 . ) R R (foveal sparing) disease only Zernant et al.
¢.5603A>T Ile) Exon 40 18 Missense 0.042191 364 0.40 0.03 22.7 1.38 Hypomorph when in trans to deleterious (2017)
allele
€.5646G>A p.(l\/lli};LSBZ Exon 40 1 Missense 2.78E-05 - 0.127 0.84 0.64 24.7 -2.072 - Moderate -
C.5687T>A p'(\ﬁs';)g% Exon 40 1 Missense 3.98E-06 0 0072 | 0558 | 0489 | 224 2.729 - Moderate -
39% residual RNA observed
C.5714+5G p.([=,Glul8 Donor Loss at 5 in midi-gene analyses Sangermano et al.
. SA 63Leufs*33 Intron 40 5 ? 0.000297 0 - - - - -2.202 bp (Ascore = Severe (HEK?293T); associated with (2018); Current
)] 0.31) poor prognoses (current study
study)
€.5882G>A p'(%!?’ul)%l Exon 42 18 Missense 0.004564 10 - 0.76 035 28.4 2133 - p'(G'yul)%lG' -
(Leu2027 Observed in trans to
€.6079C>T p. Phe) Exon 44 3 Missense 0.000198 0 0.123 0.95 0.86 285 0.516 - Severe hypomorphic allele in Current study
patient
Null variant (nonsense,
frameshift, canonical +/—1 or .
¢.6088C>T p.(ArgZO?»O Exon 44 2 Nonsense 2.78E-05 0 ; ; 0.54 45 -3.287 . PVSL 2 splice sites, initiation R'C'Eg’fs? a.
codon, single or multi-exon
deletion)
c6089G>A | PAATG2030 | oy g 2 Missense 0.000354 0 0.122 0.86 0.62 25 -0.296 - Rare -
Gln) hypomorph
c.6119G>A p‘(AG’?nZ)MO Exon 44 1 Missense 0.000311 1 0.305 0.1 052 26.2 -0.392 - Moderate -
Null variant (nonsense,
frameshift, canonical +/—1 or .
C'G%J%i—m p\'/(flf':fgé)" Exon 44 1 Frameshift ; ; ; ; . ; ; . PVSL 2 splice sites, initiation R'C'E;g’fs? a.
P codon, single or multi-exon
deletion)
¢6229C>G p.(péglz)on Exon 45 1 Missense 3.98E-06 0 0.663 0.95 0.76 291 -1.808 - Moderate -
Observed in trans to
¢6229C>T p'(AT’?pz)on Exon 45 1 Missense 3.98E-06 0 0.506 0.95 0.79 31 -0.786 - Severe hypomorphic allele in Zer?;gi;)‘ a.
patient
(Glu2096 Observed in trans to
€.6286G>A P Lys) Exon 46 1 Missense 7.98E-06 0 0.392 0.96 117 32 -0.371 - Severe hypomorphic allele in Current study
Y patient
c.6316C>T p'(pg)?sz)loe Exon 46 2 Missense 0.000131 0 0.368 0.89 0.89 32 -0.273 - Moderate -
¢.6320G>A p.(A;_l{'%Z)lO? Exon 46 8 Missense 0.002027 4 - 0.88 0.84 2 -0.319 - Moderate -
Donor Loss at -
p.([Val2114 Synonymou 44 bp (Ascore = Partial exon excision
€.6342G>A | _Ser2129de Exon 46 1 4 Sy 1.77E-05 0 - - - - -0.656 0.6); Donor Gain Severe observed in RNA derived Braun et al. (2013)
Ifs*5,=]) at 3 bp (Ascore = from patient keratinocytes
0.68)
Null variant (nonsense,
frameshift, canonical +/—1 or .
€.6445C>T p.(Ar*g;2149 Exon 47 1 Nonsense 1.99E-05 0 - - 0.95 54 -3.602 - PVS1 2 splice sites, initiation R'dz%jlss? a.
codon, single or multi-exon
deletion)
C.6449G>A p.(CTy;rZ)ISO Exon 47 1 Missense 2.83E-05 0 0525 0.92 0.80 32 0.964 - Moderate -
Null variant (nonsense, .
¢.6658C>T p.(GLr;zzzo Exon 48 1 Nonsense | 5.17E-05 0 - - 1.056 49 -3.09 PVS1 frameshift, canonical +/~1 or R'dzggjfs? a.

2 splice sites, initiation
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codon, single or multi-exon
deletion)

Null variant (nonsense,

c.6148- frameshift, canonical +/—1 or Richards et al
698_6670d p.(?) Intron 40 ? - PVS1 2 splice sites, initiation .
- ) (2015)
el codon, single or multi-exon
deletion)
p.([Leu541 R Observed in trans to
c.[1622T>C . Exonl2;E (complex : . : Zernant et al.
:3113C>T] Pr%'@ilaﬁog' xon 21 allele) Severe hypomog;’t'i“:'fna"e'e n (2017)
p.([Gly863
c.[2588G> Ala, Exon (complex Associated with poor
C;5603A>T Gly863del; 17;Exon allefe) - Severe prognoses P Current study
1 Asn1868lle 40
D
p.([Trp1408 Exon Observed in trans to
Cll[gfgg?r(]: Arg;Argl64 28;Exon (C;)Irlgfe!; x - Severe hypomorphic allele in Zer?;gi;)t al.
’ 0Trp]) 35 patient
c.[4469G> p.([Cys149 Exon
A;5603A>T 0Tyr;Asn18 30;Exon (c;)lrlzfg;ex - Moderate -
] 68lle]) 40
€.4539+2028C>T results in
pseudoexon insertion
c.[302+68C Intron 3 :
>T;4539+2 pl‘_(A;gfg’é“ 30;Intron (C"ITF'EX ; Moderate . (patient-derived Albert et al. (2018)
028C>T] eufs*36) 3 allele) pl oto_receptor precursor
cells) in 30% RNA (70%
correct RNA)
c.[4594G> p.([Asp153 Exon . .
A;5603A>T 2Asn;Asnl 31;Exon (complex - Severe Associated with poor Current study
] 868lle]) 20 allele) prognoses
c.[769- p-([Leu257 Intron (complex
784C>T;58 Aspfs*3,Gl 6 Exon 42 allefe) - Moderate Lee et al. (2021)
82G>A] y1961Glu]) '
p.([Thr1253 X
c.[3758C>T . Exon25;E (complex :
5882G>A] Mel"g:}ﬁ% xon 42 allele) Moderate
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Supplemental Table 7 (Chapter 6). Genotype associations associated with selection filters.

Allele-specific Presence of DDAF Comparison relative to other genotypes Age (years)
ABCA4 genotypes total (n) (Allele-specific %)
OR [95% CI] p-value Mean Median Min Max SD IQR
p.(Gly1961Glu) 85 27 (31.8%) 0.35[0.21; 0.58] <0.0001 54.0 50 26 80 14 22
p.(Asn1868Ile) 43 23 (53.5%) 1.07 [0.57;2.01] 0.8418 57.8 56 29 74 12.5 18
Rare hypomorphs 32 21 (65.6%) 1.84[0.86; 3.92] 0.114 52.6 52 27 75 12.5 18
Other alleles 164 85 (51.8%) 0.99 [0.66; 1.46] 0.9425 47.6 48 13 85 16.1 25
1 PVS1 allele 74 46 (65.2%) 1.65[0.99; 2.77] 0.0562 45.0 47 10 80 17.7 24
2 PVSI1 allele 17 14 (82.4%) 4.53 [1.28; 16.00] 0.019 31.4 28 19 49 10.1 14
Allele-specific DDAF <30° SW-AF Comparison relative to other genotypes Age (years)
ABCA4 genotypes total (n) (Allele-specific %)
OR [95% CI] p-value Mean Median Min Max SD IQR
p.(Gly1961Glu) 27 26 (96.3%) 25.19 [3.35; 189.41] 0.0017 53.1 50 26 80 13.5 22
p.(Asn1868Ile) 23 16 (69.6%) 1.88 [0.74; 4.77] 0.163 52.4 54 29 72 10.9 11
Rare hypomorphs 21 17 (81.0%) 3.64 [1.18; 11.22] 0.001 51 47 27 75 12.9 20.5
Other alleles 85 44 (51.8%) 0.73[0.42; 1.26] 0.2606 40.6 41 13 78 14.4 22.5
1 PVSI allele 46 17 (37.0%) 0.36[0.18; 0.71] 0.0032 39.8 47 10 66 16.9 25
2 PVSI allele 14 2 (14.3%) 0.11 [0.02; 0.52] 0.0052 24 24 23 25 1.4 -
ABCA4 genotypes A":(l);slp(ic)iﬁc delill)nl:z:fdv:zllll-ele- Comparison relative to other genotypes Age (years)
specific %) OR [95% CI] p-value Mean Median  Min  Max  SD  IQR
p.(Gly1961Glu) 26 22 (85.6%) 3.76 [1.20; 11.77] 0.023 52.7 50 26 80 13.4 17
p-(Asn1868Ile) 16 14 (87.5%) 4.42[0.95;20.44] 0.058 51.6 53.5 29 72 11.6 13
Rare hypomorphs 17 13 (76.5%) 1.92 [0.59; 6.30] 0.282 55.5 52 41 75 10.6 17.5
Other alleles 44 20 (45.5%) 0.27[0.12; 0.59] 0.001 49.9 53 24 78 12.7 15
1 PVSI1 allele 17 9 (52.9%) 0.56 [0.20; 1.58] 0.276 52 52 43 66 6.7 7.5
2 PVSI allele 2 1 (50.5%) 0.54 [0.03; 8.83] 0.665 25% - - - - -
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Supplemental Table 8 (Chapter 7): Summary of molecular and clinical symptoms of 27 individuals with CERT1 mutations.%

Infan

Fail Sel Craniof

ftile_ ure R el f- Pain Sleep acial/ Gl (D
Eedl to wrr egtua! sl Agar ] insens distur Skeletal symp e_
ng disabi otypy ession Py dysreg
diffic ur itivity bances dysmor ulation S
| ulties | " | s e I ] .
1 f 8 ;ﬁ?{ﬂ ZZ%T 533 + - - + - + + +++ - + + + + - + + _
2 m | 24 | 2mos 323_(; 52{3 ngSo - + - + : . : - Fl’t?lses 7 - - + + + + +
sml s | [ e |t | L Do e oo e B B R I I A I I
O I IR - el e I O B I I I B - - : :
s ml o o |5 2| ow L N R (OO S - | - - . -
o || B | | e | % | now O R R IR DSOS . .
L B e I e - e O e o T T E o B B e - e I e e O I A
8 m 50 n‘:gs 4iéc 58%33 ngio + - - - + ++ - + + + + + - +
9 m 3.6 6 mos 4&?5 581C3 ngSO + - + - - + ++ + - + + + - - + + + +
10 m 9 :Sg 1(;}&6 ngso B + * *
1 f 3 nigs :Sg 1('3}’-\6 ngSO - + B - + * B - * + -
2 gm 5 rr%gs :SGG 1(;}&6 ngSO - - - * * * * * - - - - - - - - + - + +

% The transcript CERT1 hg19:NM_005713.3 is considered here for cDNA. S1, S19, S20, S24: parental samples not available; ASD: autism spectrum disorder;
ADHD: attention deficit hyperactivity disorder. In most columns "+" means yes, "—" means no, and empty box means no information available. Where there are
quantified gradations of severity, as with intellectual disability, we use "+" to mean mild; "++" moderate; "+++" severe; "++++" profound. Regarding Speech
Delay, "-" means no delay; "+" means mild with short sentences; "++" means moderate (several words); "+++" means severe (only 1-2 words); "++++" means
completely non-verbal. In the Motor delay column please refer to Figure 1c for the sitting and walking age. We consider febrile seizure, frequent infections,
dermatographia, and/or allergies as possible signs of immune dysregulation. Please see also Supplementary Clinical Appendixes for more details regarding each
patient. AA: amino acid. Amino acids are represented as single letter code where: G=Glycine; R=Arginine; S=Serine; C=Cysteine; E=Glutamic Acid;
T=Threonine; A=Alanine; L=Leucine; P=Proline; V=Valine; F=Phenylalanine; Y=Tyrosine; I=Isoleucine.
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Supplemental Table 9 (Chapter 7): Genetic and phenotypic summary of other subjects with
CERT1 variants abstracted from various public access databases and not included in this project.

Subject ID Zygosity Source
285350 mosaic in DECIPHER v9.31 abnormality of the cerebral ventricles,
mother global developmental delay,
macrocephaly, overgrowth, preauricular
pit, spotty hyperpigmentation,
ventriculomegaly

VCV000521299.1 c.-75C>T 5'UTR de novo Het ClinVAR hereditary/inborn disease

VCV000548566.1 c.-114G>T 5 UTR n/a Het ClinVAR Mental retardation, autosomal dominant
34 (MIM# 616351)

VCV000689370.1 c.-162_-152del 5 UTR de novo Het ClinVAR neurodevelopmental abnormality,
microcephaly and spastic paraparesis

JASD_Fam0207 c.177T>G D59E de novo Het Takata, A, et al., Cell Rep., autism spectrum disorder

2018
VCV000801357.1 €.349-12dup nla nla Het ClinVAR Mental retardation, autosomal dominant
34 (MIM# 616351)
€.392G>A G131D de novo Het Homsy et al., Science, 2015 Congenital heart disease

257812 €.395C>T S132L de novo Het de Ligt, J., etal., N. Engl. J. Mental retardation, autosomal dominant
Med., 2012 (7) 34 (MIM# 616351)

258712 €.395C>T S132L de novo Het de Ligt, J., etal., N. Engl. J. Mental retardation, autosomal dominant
Med., 2012 (7) 34 (MIM# 616351)

261651 €.395C>T S132L de novo Het de Ligt, J., etal., N. Engl. J. Mental retardation, autosomal dominant
Med., 2012 (7) 34 (MIM# 616351)

265277 €.404C>G S135C de novo Het DECIPHER v9.31 abnormal corpus callosum morphology,
agenesis of corpus callosum,
gastroesophageal reflux, global
developmental delay, recurrent urinary
tract infections

Fam_86872 c.404C>T S135F de novo Het Heldbig, K., etal., Genet. Med. epileptic encephalopathy

2016 (18)

265676 c.413C>G S138C n/a Het DECIPHER v9.31 constipation, delayed speech and language
development, drooling, intellectual
disability, profound, Intermittent
hyperventilation, postnatal microcephaly

SSC12779 C.496A>G T166A de novo Het De Rubeis, S., et al., Nature autism spectrum disorder

2014; Kosmicki, JA., et al.,
Nat. Genet. 2017; Lim, ET., et
al., Nat. Neurosci. 2017;
Satterstrom, FK., et al., Cell
2020 (96-98)
DEASD_0027_001 ¢.544T>C F182L de novo Het De Rubeis, S., et al., Nature autism spectrum disorder
2014 (96)

COL4A3BP_000005 c.718G>A D240N nla Het VKGL-NL_Rotterdam Mental retardation, autosomal dominant
34 (MIM# 616351)

264615 c.761G>T G254V de novo Het DECIPHER v9.31 depressed nasal bridge, epicanthus,
moderate global developmental delay,
single transverse palmar crease, sleep
disturbance, upslanted palpebral fissure

VCV000634569.1 ¢.1301T>G V434G nla Het ClinVAR Mental retardation, autosomal dominant
34 (MIM# 616351)

VCV000592133.1 €.1335del A446Lfs*30 nla Het ClinVAR Mental retardation, autosomal dominant
34 (MIM# 616351)
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Supplemental Table 10 (Chapter 7): Summary of sequencing methodology and results of other

Subject

genetics analyses.

Recruitment/
Source

CERT1 variant

Sequencing
approach

Capture Sequenc
reagent er

Karyo
type

Fragil
eX

Targeted
gene/panel
screening/
SNP array

olic

Subject 1 GeneMatcher CERT1:NM_005713:¢.279 singleton- Agilent HiSeq20 - - - - -
T>G:p.S93R based WES SureSelect 00
(research XT2 All (Illumina
laboratory) Exon V4
(XomeAna
lyzer)
Subject 2 GeneMatcher CERT1:NM_005713:c.395 trio-based Agilent HiSeq20 Norma - Normal Negative Negati
C>T:p.S132L WES SureSelect 00 1 (46, (SLC9AG, ve
(clinical XT2 All (Illumina XY) UBE3A).
diagnostic Exon V4 Subtelomer
laboratory) ic MLPA
(normal).
Subject 3 GeneMatcher CERT1:NM_005713:¢.395 - - - Norma Norm Normal - -
C>T:p.S132L 1 (46, al (31
XY) CGG
repeat
s)
Subject 4 GeneMatcher CERT1:NM_005713:¢.395 trio-based Agilent Hlumina - - arr[GRCh37] 1D gene -
C>T:p.S132L WES SureSelect 7021.12(87668378_877 | panel (1000
(clinical XT 39123)x1, mat genes):
diagnostic capture negative
laboratory) library
Subject 5 GeneMatcher CERT1:NM_005713:c.395 trio-based Nextera Norma Norm Normal - -
C>T:p.S132L WES Rapid 1 (46, al (31
(research Capture XY) CGG
laboratory) Exomes - repeat
Illumina s)
Subject 6 Murakami, CERT1:NM_005713:c.403 trio-based - - - - - - -
H. etal., T>C:p.S135P WES
Plos One (clinical
(2020) diagnostic/r
esearch
laboratory)
Subject 7 GeneMatcher CERT1:NM_005713:c.403 trio-based - NovaSeq - Norm Normal locus
T>C:p.S135P WGS 6000 al (31 SNRPN
(research (llumina CGG normal
laboratory) ) repeat
s)
Subject 8 de Ligt, J, et CERT1:NM_005713:c.413 trio-based Agilent SOLID 4 - Norm - NEK5 -
al., N. Engl. C>G:p.S138C WES SOLID- System al (31 c.1377C>T
J. Med. (research Optimized (Life CGG p.(=)
(2012) laboratory) SureSelect Technolo repeat (benign)
Human gies) s)
Exome Kit
(2.50Mb)
Subject 9 GeneMatcher CERT1:NM_005713:c.413 trio-based Agilent HiSeq - - - - -
C>G:p.S138C WES SureSelect X®
(clinical Human All | (lllumina
diagnostic Exon V6 )
laboratory) kit
Subject lossifov, I., et CERT1:NM_005713:c.496 WES SeqCap HiSeq20 - - - - -
10 al., Nature A>G:p.T166A EZ Human 00
(2014) Exome (Illumina
Library )
v2.0
(Roche
NimbleGe
n)
Subject GeneMatcher CERT1:NM_005713:c.496 MIP - - - - - - -
11 A>G:p.T166A
Subject GeneMatcher CERT1:NM_005713:c.496 trio-based Agilent HiSeq25 Norma Norm maternally inherited Negative Negati
12 A>G:p.T166A WES SureSelect 00 1 (46, al (31 duplication 10q24 (SCN1A) ve
(clinical Target (llumina XY) CGG
diagnostic/r Enrichmen ) repeat
esearch tve s)
laboratory)
Subject GeneMatcher CERT1:NM_005713:c.496 trio-based TruSEQ Norma Norm Normal Negative Negati
13 A>G:p.T166A WES/WGS (Illumina 1 (46, al (31 (MECP2), ve
(clinical o XX) CGG normal
diagnostic/r NovaSeq repeat methylation
esearch -6000 s) pattern (at
laboratory) (Nlumina 15¢11-q13)
Subject GeneMatcher CERT1:NM_005713:c.727 trio-based Agilent Hlumina - Norm Normal Negative Negati
14 G>A:p.G243R WES SureSelect HiSeq20 al (31 (MEF2C, ve
(clinical XT 00TM at CGG MECP2,
diagnostic Human All BGI- repeat FOXG1,
laboratory) Exon Europa s) CDKLS5,
50Mb Kit CLN1,CLN
2)
Subject Hamdan, CERT1:NM_005713:c.727 trio-based Agilent HiSeq20 - - - -
15 F.F., etal, G>A:p.G243R WES SureSelect 00
Plos Genet. (research V4 exome (Nlumina
(2014) laboratory) capture kit
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Subject GeneMatcher CERT1:NM_005713:c.728 singleton- Agilent HiSeq20 - - Normal - -
16 G>A:p.G243E based WES SureSelect 00
(research XT2 All (Illumina
laboratory) Exon V4 )
(XomeAna
lyzer)
Subject GeneMatcher CERT1:NM_005713:c.740 trio-based SureSele Norma - Normal Panel for -
17 C>T:p.T2471 WES NovaSeq6 ct Human 1 (46, Rett/Rett-
(research 000 All Exon XX) like
laboratory) (llumina) V7 syndrome
(Agilent) negative
(MECP2,
MEF2C,
CDKLS5,
FOXG1,
SMCI1A,
TCF4,
SHANKS,
SATB2,
STXBP1,
SCN1A,
SCN2A,
SCNB8A,GR
IN2A,
GRIN2B,
HCN1,
SLC6AL,
WDR45,
ST3GALS5,
MFSD8).
MLPA
15q11.2
(normal)
Subject GeneMatcher CERT1:NM_005713:c.751 MIP - - - - - -
18 A>G:p.T251A
Subject GeneMatcher CERT1:NM_005713:c.872 singleton- Agilent HiSeq20 - - - - -
19 A>G:p.Y291C based WES SureSelect 00
(research XT2 All (llumina
laboratory) Exon V4 )
(XomeAna
lyzer)
Subject GeneMatcher CERT1:NM_005713:c.887 singleton- Roche- NextSeq5 Norma Norm Normal N/A Negati
20 C>G:p.T296R based WES Nimblegen 00 1 (46, al (31 ve
(clinical SeqCap (llumina XY) CGG
diagnostic EZ repeat
laboratory) MedExom s)
e
Subject GeneMatcher CERT1:NM_005713:¢.976 trio-based Agilent HiSeq40 - - arrXp21.2(29,584,944x MECP2 -
21 G>T:p.V326F WES Sure 00 2,29,594,080- negative,
(research Select All (Illumina 20,708,100x3,29,717,00 UBE3A
laboratory) exon V6 1x2)dn negative,
ID/ASD
panel (74
genes)
negative.
Normal
(chri5q
methylation
).
Subject GeneMatcher CERT1:NM_005713:¢.985 trio-based Truseq_vl NextSeq5 Norma - Normal MECP2 -
22 G>C:p.A329P WES .2_45Mb 00 1 (46, €.603G>A,
(clinical (1llumina) (Mlumina XX) p.-A201A
diagnostic ) (likely
laboratory) benign). 2
variants in
MOCS2
(compund
heterozygo
us).
Subtelomer
ic MLPA
(normal);
SAICAR
test
(normal);
glycosylati
on defects
and
biotinidase
(normal).
Subject GeneMatcher CERT1:NM_005713:c.989 - - - Norma Norm 15011q11.2(20262224- - Negati
23 T>C:p.L330P 1 (46, al (31 | 22751244)*3 (likely ve
XX) CGG benign)
repeat
s)
Subject GeneMatcher CERT1:NM_005713:¢.1097 singleton- Agilent HiSeq20 - - - - -
24 G>C:p.R366T based WES SureSelect 00
(research XT2 All (Mlumina
laboratory) Exon V4 )
(XomeAna
lyzer)
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Subject GeneMatcher CERT1:NM_005713:c.1141 MIP - - -
25 A>G:p.I1381V
Subject GeneMatcher CERT1:NM_005713:c.1346 | singleton- Kit xGen NextSeq Normal
26 C>T:p.A449V based WES Exome 500

(clnical Panel (illumina

diagnostic v1.0(IDT)

laboratory)
Subject GeneMatcher CERT1:NM_005713:c.1499 | singleton- Human HiSeq25 Normal
27 C>T:p.P500L based WES Core 00

(diagnostic Exome (llumina

laboratory) (Twist )

Bioscience

Subject GeneMatcher CERT1:NM_005713:c.934 - - - -
28 G>C:p.G312R
Subject GeneMatcher CERT1:NM_005713:c.998 - - - -
29 C>G:p.L330V
Subject GeneMatcher CERT1:NM_005713:c.421 - - - -
30 A>C:p.S141R
Subject GeneMatcher CERT1:NM_005713:¢.1271 - - - -
31 A>G:p.E424G
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Supplemental Table 11 (Chapter 8): Demographic, genetic and clinical characteristics of 62 patients with PUM1-associated disease

in the study cohort.

PUML1 variant

Inheritanc
e

Intelle
ctual
disabili
ty

Spe
ech
dela

Seizu
res

MRI
abnorma
lities

EEG
abnorma
lities

Hypot
onia

Cryptorch
idism

Hear
ing
issue
s

Card
iac
issue
s

Gastrointe
rtinal
disturbanc

Facial
dysmor
phia

Subj Deletion (4.84
ect 1 Mb) yes yes yes yes yes
Subj Deletion (2.00 es es
ect 2 Mb) b Y
es::"tb:];, Meal 16 Delet’i\jlr;)(S.Ql de novo yes yes no yes yes no no yes yes yes yes
S&bz{ Delet[lﬁg)(o.zs yes yes yes yes yes yes yes
Subj Deletion (0.59
ect5 Mb) yes yes
Subj Deletion (2.59
ect 6 Mb) yes yes yes
S:tb; Meal 2 Delet’ljg)(l.m yes yes yes yes yes yes yes
Subj Fem Deletion (5.60 d
ect 8 ale 05 Mb) e novo yes yes no yes yes yes no yes yes
S;bé F:i? 7 Delet,'jg)(z'% de novo yes yes WNL yes yes no yes yes yes
Subj
ect F;‘;? 8 25 p.(Arg:)l)l39Tr de novo no no WNL yes yes no yes yes no
10
Subj
ect Zﬁ? 9 0.5 p.(Ar%l)147Tr de novo yes yes yes yes yes yes yes yes yes yes yes
11
Subj | g p.(Arg1147Tr
ect e 25 0.25 : D) de novo yes yes yes yes yes yes yes yes yes yes yes yes yes yes no no yes yes
12
Subj
ect F;I(T 10 p.(Argl)147Tr yes yes yes yes yes yes
13 P
Subj
ect Meal 17 3 p.(Arg:)l)147Tr de novo yes yes yes yes yes no yes yes yes yes yes
14
Subj .
ect Meal 15 0.3 Deletrl\zg)(&ss de novo yes yes yes yes yes no no no yes
15
Subj Fem Deletion (1.95
ect ale 5 15 Mb) yes yes no yes yes no yes no no no yes no no no no no
16
Subj .
ect Meal 145 0.1 Delet"\jg)(“'% de novo yes yes yes yes yes yes yes no no yes
17
Subj
ect I;elgn 9 c.lgiSzzt_plls ma(treur)rt\al) yes yes yes no no no no no no yes
18
Subj Mal Affected
ect e 4.5 0 €.363+1G>A mother yes yes no yes yes yes yes no no yes yes yes yes no yes yes
19 (S20)
Subj Fem Moder
ect ale 31 0 €.363+1G>A de novo ate yes yes yes no yes yes no yes yes yes no no yes no yes
20
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Subj

ect Fe;m 9 P-(ArgLL47TY de novo yes yes yes

21 ale p)
Subj

ect Mal 49 35 P-(ArgL139Tr de novo no yes yes yes yes

2 e [9)
Subj

ect F:iem 51 12 p.(Lys;SlArg de novo no yes yes yes yes

23
Subj

ect Fae|21 p.(Asn)973Asp M;ttier no no

24
Subj

ect Néal 5 5 p.(Arg;%lBGln yes yes yes yes no
25
Subj

ect ':iem 74 52 p.(Cys)?, 02Tyr no no no yes no yes yes no
34
Subj

ect p.(GIun1)03GGI no

35
Subj

ect 0.1 p.(Arg580%) de novo yes

36
Subj

ect Néal 15 0.1 p.(Ar%1)147Tr de novo yes yes yes yes no yes yes yes yes yes
37
Subj

ect Meal 18 1 p.(Arg837%) de novo yes yes yes WNL yes yes no no yes
38
Subj

ect Meal 3 15 p.(GIu)792Lys de novo yes yes no yes no no yes no no No no yes no no yes
40
Subj Fem Deletion Affected

ect ale 6 0.1 (12.51 kb) mother yes yes yes yes yes yes no yes no yes yes yes
41 : (S41.1)
Subj .

ect Fem 34 15 Deletion de novo Mild no yes yes no yes no no no no no no no
Mn1 ale (12.51 kb)
Subj Fem

ect ale 4 p.(Asp16Tyr) de novo yes yes no yes yes yes yes yes no yes no no no no yes
44
Subj -

ect Meal 37 33 p'(Hlsrl)OSOTy L:jnfaaftfﬁge no yes yes no yes no
45
Subj

ect l;elren 62 42 p.(Met)7 46Val lénnz:g;cetre No no no yes No yes yes no no no no no no no yes no
46
Subj

ect F;I(T 4 p.(Ala52Gly) Lénnz:r)f&c;e Mild yes yes

47
Subj . Affected

ect Nl\al 6 0.1 p(Hflssji)g)O Pro father Mild yes yes WNL yes yes no no no no yes no no no yes yes
48 (S50)
Subj . Affected

ect Néal 6 2 p(Hflssilog)O Pro father no yes no no no no no no mild no no no no yes
49 (S50)
Subj .

ect Mal 41 8 P-(His1090Pro Mild no no no no no no yes no no no yes
50 e fs*16)
Subj

ect Meal 4 0.1 p.(Pro66Leu) de novo yes yes no yes yes no no yes yes no no no yes
51
Subj

ect Faelgn 13.2 0 p.(Arg)840Trp de novo yes yes yes yes no yes no no yes no yes
52

201




Subj

Affected

ect '::;21 59 30 p.(Thrl)OBSSer father No yes yes yes

53 (S56)
Subj Affected

ect Fem 58 30 p(Thr10355er father No yes yes yes

54 ale ) (S56)
Subj Affected

ect Fem 52 40 p-(Thr1035Ser father No yes yes

55 | ale ) (S56)
Subj Affected

ect Meal 81 50 p.(Thrl)OBSSer father No yes

56 (S56)
Subj .

ect Mal 2.5 0.3 Deletion (2.43 de novo yes WNL yes

58 e Mb)
Subj

ect Néal 67 61 p.(lle417Vval) yes yes yes no no yes no no no yes no
59
Subj

ect Meal 25 15 p.(Asp78Asn) de novo yes no no yes no no no no no no no no
60
Subj

ect ':;‘;21 43 10 p.(Gly95Arg) de novo yes yes yes

61
Subj

ect Mal 69 48 p.(Gly647=) Affected yes yes yes

62 e father
Subj .

ect Fem 55 15 P-(His1090Pro de novo yes Yes yes yes yes yes yes yes no yes no yes no no no no no
63 ale fs*16)
Subj
Mal Affected

%zt e 3 p.(Val396lle) mother yes yes yes yes
Subj

ect 11 p.(Pro299His) l.ijnfaffﬁcte yes yes yes yes yes

6 ather
Subj -

Fem Duplication

%c; ale 3 0.1 (9.05 kb) de novo yes yes yes yes yes yes
SUbj | ppg Deletion (2.59

ect 20 8 de novo yes yes yes yes yes yes yes yes
68 e Mb)
Subj . Affected

ect ';EI? 15 0 Deletrl\gg)(OAQ father yes yes WNL yes no no yes no yes yes yes yes
69 (S70)
Subj .

ect Mal 24 8 Deletion (0.49 no yes yes yes no no yes yes
70 e Mb)
Subj

ect Mal 4 35 p.(LeLi387Cys no yes yes WNL yes no no no no no no no no no yes yes no
71 e fs*13)
Subj

ect Felm 3 0.3 P-(ArgLL47TY de novo yes yes yes yes yes yes yes yes yes
72 ale p)
Subj

ect Faelgn 7 1 p.(GIn??QArg no yes no WNL no no no yes no no yes no no no no no
73
Subj

ect F;;n 6.5 0.5 p.(Met955lle) de novo no mild no WNL yes yes yes no yes no no no
74
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Supplemental Table 12 (Chapter 8): The genomic coordinates, size and encompassed genes of
the copy-number variants (CNV) identified in patients with PUMZ1-associated disease.

‘ Inheritance Genomic coordinates ‘ Size (bp) STR;E(;:;VRE Genes included in CNV
Subject 70 (unknown) chr1:31394262:31883885:DEL 489624 0.820 FABP3, NKAIN1, PUM1, SERINC2, SNRNP40, ZCCHC17
Subject 69 Paternal chr1:31394262:31883885:DEL 489624 0.820 FABP3, NKAIN1, PUM1, SERINC2, SNRNP40, ZCCHC17

A3GALT2, ADGRB2, AK2, AZIN2, BSDC1, CCDC28B, COL16A1,
DCDC2B, EIF3I, ENSG00000212673, ENSG00000267885,
ENSG00000268950, FABP3, FAM167B, FAM229A, FNDCS,

HCRTR1, HDAC1, HPCA, IQCC, KHDRBS1, KIAA1522, KPNAG,

Subject 68 de novo chr1:31241410:33828389:DEL 2586980 0.945 LCK, MARCKSLL, NKAINL, PEFL, PHC2, PTP4A2, PUML, RBBP4,
RNF19B, S100PBP, SDC3, SERINC2, SNRNP40, SPOCD1, SYNC,
TINAGL1, TMEM39B, TMEM54, TMEM234, TRIM62, TSSK3,
TXLNA, YARS1, ZBTB8A, ZBTB8B,ZBTB8OS, ZCCHC17, ZNF362
Subject 67 de novo chr1:31409393:31418428:DUP 9036 0.836 PUM1
: . . . EPB41, LAPTM5, MATN1, MECR, NKAIN1, PTPRU, PUM1, SDC3,
Subject 58 de novo chr1:29265023:31691213:DEL 2426191 0.813 SRSF4, TMEM200B
Subject 41.1 de novo chr1:31409179:31421689:DEL 12511 0.839 PUM1
Subject 41 Maternal chr1:31409179:31421689:DEL 12511 0.839 PUM1
ADGRB2, BSDC1, CCDC28B, COL16A1, DCDC2B, EIF3I,
ENSG00000212673, ENSG00000268950, EPB41, FABP3,
FAM167B, FAM229A, GMEB1, HCRTR1, HDACL, IQCC,
Subject 17 de novo chr1:28666871:33012401:DEL 4345531 1.000 KHDRBS1, KPNAG, LAPTMS, LCK, MARCKSL1, MATN1, MECR,

NKAIN1, OPRD1, PEF1, PHACTR4, PTP4A2, PTPRU, PUML,
RAB42, RCC1, SDC3, SERINC2, SNRNP40, SPOCD1, SRSF4,
TAF12, TINAGL1, TMEM39B, TMEM200B, TMEM234, TRNAU1AP,
TSSK3, TXLNA, YTHDF2, ZBTB8A, ZBTB8B, ZCCHC17

COL16A1, ENSG00000268950, FABP3, HCRTR1, LAPTMS,
Subject 16 (unknown) chr1:30199705:32145611:DEL 1945907 0.882 MATN1, NKAIN1, PEF1, PUM1, SDC3, SERINC2, SNRNP40,
TINAGL1, ZCCHC17

ADGRB2, COL16A1, ENSG00000268950, EPB41, FABP3, GMEBL1,
HCRTR1, LAPTM5, MATN1, MECR, NKAIN1, OPRD1, PEF1,
Subject 15 de novo chr1:28835332:32362980:DEL 3527649 1.000 PTPRU, PUM1, RAB42, RCC1, SDC3, SERINC2, SNRNP40,
SPOCD1, SRSF4, TAF12, TINAGL1, TMEM200B, TRNAU1AP,
YTHDF2, ZCCHC17
ADGRB2, BSDC1, CCDC28B, COL16A1, DCDC2B, EIF3I,
ENSG00000212673, ENSG00000268950, FABP3, FAM167B,
FAM229A, HCRTR1, HDACL, 1QCC, KHDRBS1, KPNAG, LAPTMS,
Subject 9 de novo chr1:31091243:33142346:DEL 2051104 0.947 LCK, MARCKSL1, MATN1, NKAIN1, PEF1, PTP4A2, PUML,
RBBP4, SDC3, SERINC2, SNRNP40, SPOCD1, TINAGL1,
TMEM39B, TMEM234, TSSK3, TXLNA, ZBTB8A, ZBTB8B,
ZBTB8OS, ZCCHC17
A3GALT2, ADGRB2, AK2, AZIN2, BSDC1, CCDC28B, COL16A1,
CSMD2, DCDC2B, EIF31, ENSG00000212673, ENSG00000267885,
ENSG00000268950, EPB41, FABP3, FAM167B, FAM229A, FNDC5,
GMEB1, HCRTR1, HDAC1, HMGB4, HPCA, 1QCC, KHDRBS1,
KIAA1522, KPNA6, LAPTMS, LCK, MARCKSL1, MATN1, MECR,
Subject 8 de novo chr1:28743173:34340430:DEL 5597258 1.000 NKAIN1, OPRD1, PEF1, PHACTR4, PHC2, PTP4A2, PTPRU,
PUM1, RAB42, RBBP4, RCC1, RNF19B, S100PBP, SDC3,
SERINC2, SNRNP40, SPOCD1, SRSF4, SYNC, TAF12, TINAGL1,
TMEM39B, TMEM54, TMEM200B, TMEM234, TRIM62,
TRNAUIAP, TSSK3, TXLNA, YARS1, YTHDF2, ZBTB8A, ZBTB8B,
ZBTBB8OS, ZCCHC17, ZNF362, ZSCAN20

ADGRB2, BSDC1, CCDC28B, COL16A1, DCDC2B, EIF3lI,
ENSG00000212673, ENSG00000268950, FABP3, FAM167B,
FAM229A, HCRTR1, HDACL, IQCC, KHDRBS1, KPNAG, LAPTMS5,
LCK, MARCKSL1, MATN1, NKAIN1, PEF1, PTP4A2, PUML, SDC3,
SERINC2, SNRNP40, SPOCD1, TINAGL1, TMEM39B, TMEM234,
TSSK3,TXLNA, ZCCHC17

Subject 7 (unknown) chr1:31113947:32897001:DEL 1783055 0.949

A3GALT2, ADGRB2, AK2, AZIN2, BSDC1, CCDC28B, COL16A1,
DCDC2B, EIF3I, ENSG00000212673, ENSG00000267885,
ENSG00000268950, FABP3, FAM167B, FAM229A, FNDC5,
HCRTR1, HDAC1, HPCA, IQCC, KHDRBS1, KIAA1522, KPNAG,
LCK, MARCKSL1, NKAIN1, PEF1, PHC2, PTP4A2, PUM1, RBBP4,
RNF19B, S100PBP, SDC3, SERINC2, SNRNP40, SPOCD1, SYNC,
TINAGL1, TMEM39B, TMEM54, TMEM234, TRIM62, TSSK3,
TXLNA, YARS1, ZBTB8A, ZBTB8B, ZBTBBOS, ZCCHC17, ZNF362

Subject 6 (unknown) chr1:31239605:33825029:DEL. 2585425 0.945

Subject 5 (unknown) chr1:31284806:31872758:DEL 587953 0.824 FABP3, NKAIN1, PUM1, SDC3, SNRNP40, ZCCHC17

Subject 4 (unknown) chr1:31442430:31720099:DEL 277670 0.779 NKAIN1, PUM1

ADGRB2, COL16A1, ENSG00000212673, ENSG00000268950,
EPB41, FABP3, GMEB1, HCRTR1, KHDRBS1, KPNAG, LAPTMS5,
MATN1, MECR, NKAINL, OPRD1, PEF1, PHACTR4, PTP4A2,
PTPRU, PUM1, RAB42, RCC1, SDC3, SERINC2, SNRNP40,
SPOCD1, SRSF4, TAF12, TINAGL1, TMEM398, TMEM200B,
TRNAU1AP, YTHDF2, ZCCHC17

Subject 3 de novo chr1:28716929:32629424:DEL 3912496 1.000
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Subject 2

(unknown)

¢chr1:30073835:32064524:DEL

1990690

0.837

ENSG00000268950, FABP3, LAPTMS, MATN1, NKAIN1, PUM1,
SDC3, SERINC2, SNRNP40, TINAGL1, ZCCHC17

Subject 1

(unknown)

chr1:28751378:33588455:DEL

4837078

1.000

ADGRB2, AK2, AZIN2, BSDC1, CCDC28B, COL16A1, DCDC2B,
EIF31, ENSG00000212673, ENSG00000267885, ENSG00000268950,
EPB41, FABP3, FAM167B, FAM229A, FNDC5, GMEB1, HCRTR1,

HDAC1, HPCA, IQCC, KHDRBS1, KIAA1522, KPNAG, LAPTMS,

LCK, MARCKSL1, MATN1, MECR, NKAIN1, OPRD1, PEF1,
PHACTR4, PTP4A2, PTPRU, PUML1, RAB42, RBBP4, RCC1,
RNF19B, S100PBP, SDC3, SERINC2, SNRNP40, SPOCD1, SRSF4,
SYNC, TAF12, TINAGL1, TMEM39B, TMEM54, TMEM2008B,
TMEM234, TRNAU1AP, TSSK3, TXLNA, YARS1, YTHDF2, ZBTB8A,
ZBTB8B, ZBTB8OS, ZCCHC17
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Supplemental Table 13 (Chapter 8): Pathogenicity analysis of single nucleotide variants (SNV)
and small insertation-deletions identified within the PUML1 locus.

Allele Allele Allele
(NM_OC(I)31’(\)‘§)658.2) Protein Location (C;Eg; f(;%l:ﬁzg ( gﬁg‘;ﬁrg\D phyloP100 SpliceAl
cohort) exomes) exomes)
€.3415C>T p.(Arg1139Trp) Exon 21 2 (not found) - 3.296 0.067 0.552 0.385 25.1 -
€.3439C>T p-(Arg1147Trp) Exon 22 7 - - 7.766 0.072 0.593 0.943 32 -
€.363+1G>A p.(?) Intron 2 1(2) (not found) - 6.803 - - 1173 34 Spggﬁ‘gf l%::"a'f flzz%’
c.452A>G p.(Lys151Arg) Exon 4 1 0.00003254 8 7.803 0.02 0.265 0.753 217 -
c.2917A>G p.(Asn973Asp) Exon 18 1 (not found) - 7.871 0.041 0.498 0.603 25.6 -
C.2453G>A p.(Arg818GIn) Exon 15 1 (not found) - 7.820 0.017 0.251 0.488 26.6 -
€.905G>A p.(Cys302Tyr) Exon 7 1 0.000004096 1 5.558 0.016 0.103 0.576 28.7 -
€.3106G>C p.(Glu1036GIn) Exon 19 1 0.000004063 1 7.778 0.01 0.223 0.477 247 -
€.2509C>T p.(Arg837*) Exon 15 1 0.00000398 1 2422 - - 0.957 38 -
€.2374G>A p.(Glu792Lys) Exon 15 1 (not found) - 7.808 0.03 0.261 0.812 32 -
c.46G>T p.(Asp16Tyr) Exon 2 1 (not found) - 7.487 0.091 0.457 0.456 28.4 -
€.3148C>T p.(His1050Tyr) Exon 20 1 (not found) - 9.797 0.014 0.54 0.585 28.7 -
C.2236A>G p.(Met746Val) Exon 14 1 0.00000398 1 8.042 0.007 0.245 0.315 233 -
€.155C>G p.(Ala52Gly) Exon 2 1 0.00002437 6 4.052 0.003 0.063 0.139 225 -
c.197C>T p.(Pro66Leu) Exon 2 1 (not found) - 5.615 0.004 0.05 0.016 22.7 -
€.2518C>T p.(Arg840Trp) Exon 15 1 (not found) - 10.003 0.018 0.557 1.051 32 -
€.3103A>T p.(Thr1035Ser) Exon 19 1(4) 0.000008127 1 6.174 0.011 0.142 0.095 23 -
¢.1249A>G p.(lle417Val) Exon 8 1 0.0000239 6 3.971 0.007 0.094 0.019 22.8 -
C.232G>A p.(Asp78Asn) Exon 2 1 (not found) - 7.320 0.019 0.15 0.491 28.3 =
C.283G>A p.(Gly95Arg) Exon 2 1 (not found) - 5.190 0.012 0.23 0.647 27.6 -
1941C>T p.(Gly647=) Exon 13 1 (not found) . 2.662 - - - 16.41 Spggﬁ’grl &‘;If]";f :zg;%'
c.1186G>A p.(Val396lle) Exon 8 1 0.00000813 2 5.542 0.015 0.139 0.573 24.6 =
c.896C>A p.(Pro299His) Exon 7 1 (not found) - 9.133 0.016 0.393 0.901 28.3 -
¢.1158+1_1158+2dup p.(?) Intron 7 1 (not found) - 8.871 - - - ; S"'if;;‘;, core :ZL‘LO%'
€.1738C>T p.(Arg580%) Exon 12 1 (not found) - 4.086 - - 0.996 39 -
€.3267_3270del p.(His1090Profs*16) Exon 21 2(4) (not found) - 9.873 - - - - (no predicted effect)
SpliceAl Ascore = 100%,
¢.1150del p.(Leu3s7Cysfs*13) | Exon8 1 (not found) - 212 - - - . Spﬁfg:{’i&"g;gzi:‘;llob@ "
acceptor gain at Obp
€.2636A>G p.(GIn879Arg) Exon 16 1 (not found) - 7.871 0.0108 - 0.552 244 -
€.2865G>A p.(Met955lle) Exon 18 1 (not found) - 7.653 0.01012 - 02_73 231 -
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Supplemental Table 14 (Chapter 8): Analysis of probability the synonymous variant,
€.1941C>T, p.(Gly647=) causes skipping of exon 13 based on the Ex-SKIP algorithm.
E FEASZ FEASE 1E - - ESS/ESE
Sequence J hex2 hex3 g

(count) ‘ (count) ‘ (count) (count) (sum) (count) (sum) (count) (sum) (total) (total) (ratio)
WT 1 2 1 5 93.867 6 -7.511 3 3 22 284.869 21 27.794 15 49 0.31
MUT 1 2 1 5 93.867 6 -8.583 3 3 17 235.476 20 25.544 15 43 0.35
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Supplemental Table 15 (Chapter 8): Residual Variation Intolerance Score (RVIS) analysis of
all genes encompassed within large deletions identified in patients in the study cohort.

%EXAC EXAC LoF Edge Case (%OE-

%EXAC v2 RVIS

ratio)

A3GALT2 NA (NA) NA 0.99935 NA (NA) NA (NA)
ADGRB2 -1.52 (3.47%) 5.68% 0.000113 -0.9966 (13.2942%) N (12.2793%)
AK2 0.22 (68.13%) 93.11% 0.438909 0.8556 (83.0890%) N (52.9728%)
AZIN2 7.61E-05 (53.98%) 62.57% 0.133098 0.2449 (61.0655%) N (69.3973%)
BSDC1 -0.47 (23.25%) 30.61% 0.025544 -0.2590 (37.4976%) N (72.6452%)
CCDC28B 0.26 (70.06%) 52.89% 1 0.2688 (62.0821%) N (83.1297%)
COL16A1 0.58 (82.18%) 69.13% 0.001914 0.7012 (78.7977%) N (63.0637%)
DCDC2B 0.26 (70.44%) 83.80% 57.63% 0.3209 (64.3695%) N (46.2977%)
EIF3I -0.16 (41.25%) 20.22% 28.48% -0.5819 (24.6530%) N (2.0205%)
FABP3 0.19 (66.57%) 56.36% 40.07% -0.0800 (45.6598%) Y (61.9232%)
FAM167B NA (NA) 75.91% 91.88% 0.5015 (71.7986%) Y (63.0695%)

FAM229A NA (NA) NA NA NA (NA) NA (NA)
FNDC5 -0.25 (35.42%) NA 41.66% 0.0923 (53.9883%) Y (51.0855%)
HCRTR1 0.15 (64.74%) 62.88% 13.09% 0.4289 (68.8759%) N (24.7496%)
HDAC1 -0.69 (14.97%) 17.40% 5.52% -0.7644 (19.0909%) N (8.6957%)
HPCA -0.1 (46.2%) 32.05% 55.43% -0.2537 (37.7419%) Y (16.7661%)
1QCC 7.61E-05 (53.98%) 80.71% 26.14% 0.7761 (81.0166%) N (74.8162%)
KHDRBS1 -0.25 (35.42%) 18.44% 0.138107 -0.6188 (23.3822%) N (12.2214%)
KIAA1522 0.43 (77.33%) 47.06% 0.000496 0.7071 (79.0029%) N (33.6826%)
KPNA6 -0.45 (24%) 20.50% 0.63% -0.6762 (21.6813%) N (5.0426%)
LCK 0.44 (77.7%) 53.32% 0.08% -0.2404 (38.3284%) N (5.7662%)
MARCKSL1 -0.27 (33.97%) 53.48% 24.91% 0.1079 (54.6823%) Y (95.8895%)
NKAIN1 0.06 (58.26%) 57.27% 20.16% 0.1695 (57.6931%) Y (17.3450%)
PEF1 -0.27 (34.32%) 42.86% 13.02% 0.0163 (50.2444%) N (39.0146%)
PHC2 -0.48 (22.78%) 14.84% 3.23% -0.8928 (15.9042%) N (30.9500%)
PTP4A2 -0.01 (52.85%) 48.02% 22.54% -0.1283 (43.3236%) Y (5.8878%)
PUM1 -1.02 (8.1%) 2.45% 1.64E-07 -1.7581 (4.2815%) N (8.5683%)
RBBP4 -0.23 (36.86%) 28.85% 8.58% -0.3963 (31.6813%) Y (0.5095%)
RNF19B -0.78 (12.77%) 11.75% 23.82% -0.8275 (17.4585%) N (31.2279%)
S100PBP -0.29 (33.2%) 28.43% 0.04% -0.5240 (26.6471%) N (46.0082%)
SDC3 -0.02 (52.25%) 81.99% 15.77% 0.7621 (80.6256%) N (39.1015%)
SERINC2 0.18 (66.17%) 87.57% 61.42% 1.0325 (86.8817%) N (94.9227%)
SNRNP40 -0.36 (28.63%) 21.53% 4.75% -0.8355 (17.2239%) N (18.6765%)
SPOCD1 1.45 (95.15%) 49.29% 4.85% 0.3199 (64.3109%) N (58.4612%)

SYNC 1.48 (95.31%) NA 32.93% NA (NA) NA (NA)
TINAGL1 -0.69 (15.12%) 23.85% 6.41% -0.3887 (31.9453%) N (60.6669%)
TMEM39B -0.82 (11.68%) 41.10% 12.61% -0.1848 (40.6647%) N (55.5260%)
TMEM54 0.06 (58.74%) 70.43% 42.42% 0.6692 (77.6735%) N (36.8321%)
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TMEM234 0.55 (81.22%) 53.77% 64.01% 0.1151 (55.0733%) Y (48.3877%)
TRIM62 -0.31 (32.06%) 37.64% 74.67% -0.1765 (41.0459%) N (52.2318%)
TSSK3 -0.27 (34.6%) 53.39% 0.057689 -0.2472 (38.0059%) N (77.2361%)
TXLNA -0.29 (33.34%) 59.33% 0.02% -0.2776 (36.6764%) N (18.0918%)
ZBTBSA -0.49 (22.36%) 56.41% 5.49% 0.0418 (51.5054%) N (21.4149%)
ZBTBSB 0.13 (62.74%) NA 75.05% NA (NA) NA (NA)
ZCCHC17 0.06 (58.26%) 33.42% 5.47% -0.3111 (35.2395%) N (60.9564%)
EPB41 -0.6 (18.19%) 49.05% 0.09% 0.1115 (54.8778%) N (37.6136%)
LAPTM5 0.28 (71.41%) 78.26% 6.29% 0.4239 (68.6510%) N (48.7582%)
MATN1 -0.75 (13.58%) 64.27% 48.68% 0.4943 (71.5445%) N (52.0292%)
MECR 0.71 (85.63%) 56.41% 10.23% -0.0453 (47.2630%) N (46.1240%)
PTPRU -1.78 (2.28%) 1.86% 2.39E-05 -1.4210 (6.7840%) N (28.9874%)
SRSF4 0.06 (58.85%) 34.43% 0.23% 0.0315 (51.0068%) N (7.7288%)
TMEM2008 NA (NA) NA 60.57% NA (NA) NA (NA)
GMEB1 -0.47 (23.25%) 12.19% 0.96% -0.9443 (14.4282%) N (10.7393%)
OPRD1 -0.14 (43.29%) 25.06% 0.767051 -0.0947 (44.9853%) N (66.8500%)
PHACTR4 -0.44 (24.53%) 29.33% 0.015068 -0.1943 (40.2933%) N (40.5083%)
RAB42 0.72 (85.92%) 57.58% 0.994676 0.1296 (55.7674%) Y (95.6001%)
RCC1 -0.56 (19.54%) 14.17% 0.098523 -0.7533 (19.4721%) N (16.0250%)
TAF12 0.17 (65.33%) 64.03% 0.085929 0.1509 (56.8035%) Y (8.1920%)
TRNAU1AP -0.23 (37.11%) 25.47% 0.009062 -0.3781 (32.4047%) N (11.3298%)
YTHDF2 -0.01 (53.51%) 12.07% 0.000627 -0.9131 (15.2981%) N (11.6714%)
ZBTB8OS 0.13 (62.74%) 60.09% 0.008074 0.1109 (54.8387%) Y (83.1355%)
CSMD2 -1.92 (1.92%) 0.94% NA -1.7400 (4.4086%) N (NA)
HMGB4 0.68 (85.04%) 78.10% 0.697905 0.7247 (79.6285%) N (92.6533%)
ZNF362 0.04 (56.92%) 25.65% 0.076676 -0.5450 (25.8944%) N (5.4247%)
ZSCAN20 -0.53 (20.91%) 14.51% 0.001005 -0.4277 (30.4203%) N (31.0369%)
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Appendix C: Statistical Calculations

Prognosis categories in ABCA4: age, age of onset and best-corrected visual acuity difference
comparisons (Chapter 5)

Summary statistics and comparison of age (years) at examination between patients in Prognosis
categories of ABCA4 disease:

Prognosis Ntrial Mean SD Median MAD IQR Trimean
1 28 57.9 7.6 55.0 6.9 14.2 56.6
2 31 61.4 9.7 60.3 12.0 16.3 60.5
3 20 59.1 8.4 56.1 8.3 13.6 57.9
4 33 61.8 8.6 60.0 10.7 13.9 61.0

Abbreviations: SD, standard deviation; MAD, median absolute deviation; IQR, interquartile
range.

One-Way ANOVA Test between Prognosis 1, 2, 3 and 4

F-ratio P-value
1.37478 0.254411

Kruskal-Wallis Test between Prognosis 1, 2, 3 and 4

H-statistic P-value
4.4582 0.21605

Post Hoc Tukey HSD

Pair-wise comparisons P-value
Prognosis 1 : Prognosis 2 0.43374
Prognosis 1 : Prognosis 3 0.95585
Prognosis 1 : Prognosis 4 0.34532
Prognosis 2 : Prognosis 3 0.75007
Prognosis 2 : Prognosis 4 0.99863
Prognosis 3 : Prognosis 4 0.65598
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Summary statistics and comparison of age of symptomatic onset between patients in Prognosis
categories of ABCA4 disease:

Prognosis Ntrial Mean SD Median MAD IQR Trimean
1 24 41.2 11.4 44.5 8.2 14.2 43.3
2 29 40.9 12.1 45.0 10.4 17.0 422
3 17 315 17.6 30.0 23.7 33.0 30.8
4 32 17.1 9.6 17.0 10.4 10.2 16.1

Abbreviations: SD, standard deviation; MAD, median absolute deviation; IQR, interquartile
range.

One-Way ANOVA Test between Prognosis 1, 2, 3 and 4

F-ratio P-value
25.0399 < 0.00001

Kruskal-Wallis Test between Prognosis 1, 2, 3 and 4

H-statistic P-value
43.1082 < 0.00001
Post Hoc Tukey HSD
Pair-wise comparisons P-value
Prognosis 1 : Prognosis 2 0.99989
Prognosis 1 : Prognosis 3 0.03759
Prognosis 1 : Prognosis 4 <0.0001
Prognosis 2 : Prognosis 3 0.04461
Prognosis 2 : Prognosis 4 <0.0001
Prognosis 3 : Prognosis 4 0.00061

Statistically significant (P<0.05) values in bold
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Summary statistics and comparison of best-corrected visual acuity (logMAR equivalent) of the

“better eye” between patients in Prognosis categories of ABCA4 disease.

Prognosis Ntrial Mean SD Median MAD IQR Trimean
1 26 0.4 0.4 0.5 0.6 0.8 0.4
2 31 0.6 0.5 0.6 0.6 0.9 0.6
3 18 0.7 0.7 0.5 0.6 1.0 0.6
4 33 1.6 0.6 1.3 0.4 0.7 15

Abbreviations: SD, standard deviation; MAD, median absolute deviation; IQR, interquartile

range.

One-Way ANOVA Test between Prognosis 1, 2, 3 and 4

F-ratio P-value

26.94054 < 0.00001

Kruskal-Wallis Test between Prognosis 1, 2, 3 and 4

H-statistic P-value
46.847 < 0.00001
Post Hoc Tukey HSD

Pair-wise comparisons

P-value

Prognosis 1 : Prognosis 2
Prognosis 1 : Prognosis 3
Prognosis 1 : Prognosis 4
Prognosis 2 : Prognosis 3
Prognosis 2 : Prognosis 4
Prognosis 3 : Prognosis 4

0.55288
0.40099
<0.0001
0.99452
<0.0001
<0.0001

Statistically significant (P<0.05) values in bold

211



Distribution of allele combinations across ABCA4 prognosis categories (Chapter 5)

2x3 Fisher Exact Test for count data comparing distributions of mild, moderate and severe allele

combinations across Prognosis categories:

Mild allele combination cases

Allele 1 Mild Prognosis1 | Prognosis2 | Prognosis3 | Prognosis 4
Mild 0 0 0 0
Allele 2 Moderate 5 1 0 0
Severe 17 23 6 0

Two-sided P-value

Two-sided P-value (Monte Carlo simulation

based on 200 replicates)

0.1177 0.1164
Moderate allele combination cases
Allele 1 Moderate ‘ Prognosis1 | Prognosis2 | Prognosis3 | Prognosis 4
Mild 5 1 0 0
Allele 2 Moderate 3 1 2 1
Severe 3 6 11 17

Two-sided P-value

Two-sided P-value (Monte Carlo simulation
based on 200 replicates)

0.0007353 0.001499
Severe allele combination cases
Allele 1 Severe Prognosis1 | Prognosis2 | Prognosis3 | Prognosis 4
Mild 17 23 6 0
Allele 2 Moderate 3 6 11 17
Severe 0 0 1 15

Two-sided P-value

Two-sided P-value (Monte Carlo simulation
based on 200 replicates)

0.0004998
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Comparison of atrophy classifications in ABCA4: DDAF, h-DDAF and others (Chapter 6)

Summary statistics and comparison of age (years) at examination between h-DDAF, DDAF and
Other (QDAF or none).

Type Ntrial Mean SD Median MAD IQR Trimean

DDAF 186 51.7 144 52.1 14.6 19.7 52.2
h-DDAF 30 27.6 11.3 25.8 11.8 16.6 26.7

Other 199 28.6 13.3 26.0 12.5 16.9 26.5

Abbreviations: SD, standard deviation; MAD, median absolute deviation; IQR, interquartile
range.
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One-Way ANOVA Test between h-DDAF, DDAF and Other (QDAF or none)

Df Sum Mean F Pr(>F)
Sq Sq value
Lesion type 2 55632 | 27816 | 152.2 148.9 <2e-16 ***
Residuals 412 76963 187

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Post Hoc Tukey HSD
diff Iwr upr p adj
h-DDAF - DDAF -24.1100086 | -30.435280 | -17.784737 0.000000
Other - DDAF -23.1509551 | -26.429769 | -19.872141 0.000000
Other - h-DDAF 0.9590535 -5.337457 7.255564 0.9317052

diff: difference between means of the two groups; Iwr, upr: the lower and the upper end point of
the confidence interval at 95% (default); p adj: p-value after adjustment for the multiple
comparisons.
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Comparison of linear growth rates between ABCA4 genotypes (Chapter 6)

Comparison of linear (square-root transformed) DDAF growth rates (mm)between ABCA4
genotypes:

One-Way ANOVA

p.(GIyl%lGlu)‘ p.(Asn1868lle)  Rare hypomorphs Other ABCA4 alleles Total
17 46

n 9 9 11
>X 4,994 7.111 11.067 21.071 44.243
Mean 0.5549 0.7901 1.0061 1.2395 0.962
X2 3.1957 6.5389 11.5659 27.5081 48.8086
Standard
deviation 0.2304 0.3392 0.2077 0.2949 0.3728

Result details:

Source SS df MS
Between-genotypes 3.0878 3 1.0293
Within-genotype 3.1677 42 0.0754
Total 6.2555 45

Interpretation: The f-ratio = 13.64678 and p-value <0.00001 indicating a significant difference
in the linear DDAF growth rates between ABCA4 genotypes.
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Post Hoc Tukey HSD

moss [ genym
p%G(lAy\ﬁ%gslﬁ)e)v ) m; - 832 0.24 Q=281 (p = 20952)
péaﬁéyﬁjsgﬁé%ss | m; : 22? 0.45 Q =5.39 (p =.00244)
Siver ABCA alleles mi - (1)22 0.68 Q =8.17 (p = .00000)
re hypomorphe m; - 282 022 Q=258 (p =.27674)
Other ABGA4 alees mj - (1);?1 0.45 Q=537 (p = .00255)
Rartypomorpee | M3-10L Q=279 21520

Interpretation: Significant pairwise differences exist between p.(Gly1961Glu) and Rare
hypomorphs (p = .00244) and Other ABCA4 alleles (p < 0.00001), as well as p.(Asn1868lle) and
Other ABCA4 alleles (p = .00255) in the linear DDAF growth rates between ABCA4 genotypes.

Kruskal-Wallis Test
H statistic = (12/(N(N+1)) * (3T?/n) - 3(N+1) = 0.006 * 26065.325 - 138 = 13.1033
P-value =.00442
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Correlation between DDAF growth rates and circularity index in ABCA4 (Chapter 6)

Pearson correlation coefficient (r)

o ZXi-X)(i-§)
V(E(Xi - X)2Z(Yi - §)°)

Pearson correlation between untransformed DDAF growth rate (mm?2/year) and circularity index:

-2.5497
"= 1.69%25.5000) 03883
P-value 0.007655
Covariance -0.05666
Sample size (n) 46
Statistic -2.7953

Interpretation: Results of the Pearson correlation indicated that there is a significant very small
negative relationship between X and Y, (r(44) = .388, p = .008).

Pearson correlation between transformed DDAF growth rate (mm/year) and circularity index:

-0.3404
r= =-0.3824
V(1.69%0.4688) 0.38
P-value 0.008715
Covariance -0.007565
Sample size (n) 46
Statistic -2.7456

Interpretation: Results of the Pearson correlation indicated that there is a significant very small
negative relationship between X and Y, (r(44) = .382, p = .009).
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Spearman rank correlation between untransformed DDAF growth rate (mm?/year) and circularity

index:

mm*2 year

0.5 10 15 20 25 30

00

Spearman’s rho (rs) -0.44481

P-value (2-tailed) 0.00195

S 23427.67
Scatterplot
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Circularity Index

Interpretation: By normal standards, the association between the two variables would be

considered statistically significant

Spearman rank correlation between untransformed DDAF growth rate (mm?/year) and circularity

index:

mm*2fyear

0.5

0.4

0.3

0.2

0.1

Spearman’s rho (rs) -0.45443
P-value (2-tailed) 0.00151
S 23583.68
Scatterplot
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0I4 OIS O.IE 1.0
Circularity index

Interpretation: By normal standards, the association between the two variables would be

considered statistically significant
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Association between mild alleles and outer retinal tubulation
Redundant familial alleles (siblings) were removed from the original cohort resulting in a total count of 413
unrelated cases for statistical analyses. Significance level (o) was defined as P < 0.05.

2x2 Fisher’s Exact Test for count data comparing genotype enrichment among Stargardt (ABCA4) disease patients
with outer retinal tubulation (ORT).

p.(Asn1868lle) + Odds ratio
Genotypes p.(11e1562Thr) + Other ABCA4 [95% confidence interval]
p.(Arg2030GIn)
ORT 10 6 0.000006973 11.7[3.7-41.0]
Interpretation — ORT are significantly associated with
no ORT 49 348 all hypomorphic ABCA4 alleles: p.(Asn1868lle),

p.(11e1562Thr) and p.(Arg2030GIn).

Odds ratio
Genotypes p-(Asn1868lle) Other ABCA4 [95% confidence interval]
ORT 5 11 0.03856 3.4[0.8-11.1]
Interpretation — ORT are significantly associated with
no ORT 47 350 the hypomorphic ABCA4 allele p.(Asn1868lle).

p.(11e1562Thr) + Odds ratio
BT E p.(Arg2030GIn) QAT AECAD [95% confidence interval]
ORT 5 11 8.969E-07 84.7 [12.3 - 969.5]
Interpretation — ORT are significantly associated with
no ORT 2 395 the hypomorphic ABCA4 alleles p.(1le1562Thr) and

p.(Arg2030GIn).

Mann-Whitney U test comparing age at ORT detection between patients with hypomorphic and other ABCA4
genotypes. Density plot: blue = patients with hypomorphic alleles ABCA4 alleles, p.(Asn1868lle), p.(11e1562Thr)
and p.(Arg2030GIn); red = all other ABCA4 alleles; dotted lines = mean age.
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Appendix D: Clinical case descriptions (Chapter 8)

Subject 1: Subject 1 is an 8-year-old Caucasian girl of Dutch descent born after normal
pregnancy and delivery at term (40 weeks + 3 days). She was small at birth, with weight and
length of 2.4kg and 45cm, respectively. Infantile feeding difficulties were noted. Sleep
disturbances were reported during early childhood. Motor, speech, and mild intellectual delays
were evident upon examination. She began walking at 16 months with a broad-based gait; she
was able to run at 5 years of age. Behaviorally, she exhibits physical and emotional aggression,
head-banging, and features suggestive of ADHD and autism spectrum disorder (ASD). Her
behavioral issues require continuous supervision. The parents report short sleep cycles (she falls
asleep around 8pm and awakens at around 3am). At the most recent examination (age 8 years),
her 1Q was estimated to be 55. Speech was limited to 1-2- word sentences. She remained smaller
than average: weight 22.2kg (-2.1 SD), height 118.8cm (0.4 SD). Microcephaly was suspected
by her most recent occipitofrontal circumference (OFC) of 47.5cm (-2.5 SD). A brain MRI
showed mild encephalopathy although this was attributed to an environmental cause. Variant 4-
finger crease was noted in her right hand. Otherwise, the patient was considered to be in good
physical health. Whole exome sequencing (WES) of the patient identified the missense variant,
€.279T>G (p.S93R), in CERT1 (NM_005713.3). Parental samples were not available for testing.
The inheritance is presumed de novo as there is no family history of disease. Despite the fact that
this variant is predicted to be weakly pathogenic by in silico algorithms and occurs in a weakly
conserved position along the protein (PolyPhen2 (HVAR =0.872)), it is not found in the general
population according to gnomad.broadinstitute.org and bravo.sph.umich.edu (assessed

September 2021).
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Subject 2: Subject 2 is a 24-year-old Caucasian man (Danish ancestry) with a history of
developmental delay and infantile-onset febrile seizures. He was born through normal vaginal
delivery at term (birthweight: -1 SD). Developmental delay was noted at 8 weeks. Febrile
seizures began at 10 months (twice convulsive status epilepticus), and he continued to have
seizures until approximately 22 years of age. Seizures were typically focal to bilateral tonic-
clonic and impaired consciousness. Due to bouts of severe epilepsy, constant surveillance was
needed especially at night. Attacks generally require immediate hospitalization and intensive
care. Gross motor delay was apparent from the record of late sitting (42 months) and support-
dependent walking at 6 years of age. There is no growth delay but the patient is generally
hypotonic. An IQ score was never formally calculated but is estimated to be below 20 according
to the DSM-V scale. A history of behavioral issues include self-injury (arm-biting), which
became less frequent at age 15- 17 years. His parents report excessive involuntary movements,
persistent shaking and a propensity for object mouthing. An absence of eye contact and good
visual memory are noted but a formal diagnosis of ASD has never been made. His parents report
the patient as having a high pain threshold. An interpretation of periventricular leukomalacia
(PVL) was made from an MRI at age 7 years, but computed tomography (CT) scanning at age 19
years did not show demyelination or other signs of leukodystrophy; rather, it showed moderate
central to frontal as well as diffuse cerebral atrophy. Brain EEG waveform patterns showed
diffuse slowing, variable localization, no epileptic discharges nor photosensitivity. Together, all
tests are consistent with global cerebral atrophy. At the most recent examination (age 23 years),
the patient showed relatively normal growth parameters, but remains non-verbal, still requires
support for walking, and show stereotypic features. On a functional level, the patient requires

assistance with routine activities such as eating and using the bathroom. Craniofacial/skeletal
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features: high forehead, slightly down-slanted palpebral fissures, midface hypoplasia,
medial/central flaring of eyebrows, brushy and broad eyebrows, synophrys, downslanting
palpebral fissures, swelling lower eyelids, groove below lower eyelids, short nose, anteverted
nares, broad/bulbous nasal tip, short columella, long philtrum, cupid's bow upper lip, large ears,
hypoplastic antitragus, large ear lobe, pes valgus, hallux varus (sandal gap), broad/short and
hammer toes, overriding toe(s), hypoplastic/short nails on toes, broad distal phalanges (toes), and
hypermobile DIP-joints in both hands. Direct sequencing of the SLC9A6 and UBE3A genes was
negative for disease-causing mutations. Karyotyping, aCGH, metabolic screening and
subtelomeric MLPA were also normal. Whole exome sequencing (WES) of the patient and both
parents identified a de novo missense variant, ¢.395C>T (p.S132L) (rs1064794019), in CERT1
(NM_005713.3) in the patient. This variant is absent in the general population according to
gnomAD (gnomad.broadinstitute.org) and BRAVO (bravo.sph.umich.edu), last accessed
September 2021. This variant has been reported in at least 5 other individuals with similar
clinical features: three individuals in two large case-control studies, one individual submitted by
geneDX (accession: SCV000567600.3)
(https://www.ncbi.nlm.nih.gov/clinvar/variation/419654/) and another included in the present

study (Subject 3).

Subject 3: Subject 3 is an 18-year-old Caucasian man of British ancestry born by normal vaginal
delivery at 39 weeks (birthweight: 3kg). As an infant, he had feeding difficulties and failed to
thrive, sleep disturbance, requiring percutaneous endoscopic gastrostomy (PEG) and
fundoplication. He was diagnosed with neonatal global developmental delay and had febrile
seizures at 18 months of age, and began having focal and myoclonic seizures from 21 months of

age. Fine motor dysfunction includes possible sensory issues, as the patient was unable to grab
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objects until 6 years of age. Patient was unable to sit without support until 4 years and 6 months
and learned to walk with the support at age 8, before becoming immobile at age 12 years.
Although an 1Q score was never formally calculated, the intellectual disability is clinically
estimated to be profound. Systemically, the patient has a history of gastrointestinal disturbances
characterized by episodes of severe constipation and of diarrhea. The cause is uncertain although
the patient previously had malrotation for which he underwent Ladd’s procedure. There have
also been recurrent urinary tract infections. He has exotropia of the right eye but no other
significant visual impairment aside from myopia and astigmatism. The patient has mild scoliosis
and osteoporosis. Occipital frontal circumference (OFC) measurement taken at age 13 years was
52.2 cm (2nd percentile) and his weight was 40 kg (25th centile). A slight prominence of the
temporal horn of the right lateral ventricle and a rather generously-sized fourth ventricle with
widely open foramina were noted on MRI at 5 years. At age 17 years, the patient continued to
have tonic-clonic and absence seizures, with the former requiring hospitalization at times. A
brain EEG recording at this age showed diffuse slowing of background rhythm, although no
epileptiform activity was noted. His repeat brain MRI performed at 18 years revealed subtle
asymmetry in the size of cerebellar hemispheres. Frontal lobes appear small relative to the
remainder of the brain, and there is thinning of the corpus callosum, slightly enlarged ventricles,
ex vacuao changes and an apparent absence of subcortical white matter throughout (see
Supplemental Figure 1B). Currently, at age 18 years, growth parameters are within normal limits
but the patient remains immobile and requires complete supervision in daily living.
Brachycephaly with occipital flattening and mild turricephaly was also noted.
Craniofacial/skeletal dysmorphia include: sloping forehead, synophrys, short nose, anteverted

nares, cupid's bow upper lip, large ears and lobes, prominent ears, uplifted ear lobe, hypoplastic
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antitragus, temporal narrowing/ narrow front, brachycephaly, occipital flattening, turricephaly,
micrognathia, palpebral ptosis, pronounced philtrum, diastema of upper central incisors, lateral
thickenings under the lower lip, 3rd- 4th fingers syndactyly, gothic palate/ marked alveolar
ridges, gum hypertrophy. Karyotyping, Fragile X repeat expansion testing and aCGH were
normal. Whole exome sequencing (WES) of the patient and both parents identified a de novo
missense variant, ¢.395C>T (p.S132L) (rs1064794019), in CERT1 (NM_005713.3). This variant
is absent in the general population according to gnomAD (gnomad.broadinstitute.org) and
BRAVO (bravo.sph.umich.edu), last accessed September 2021. This variant has been detected in
at least 5 other individuals with similar clinical features: three individuals in two large case-
control studies, one individual submitted by geneDX (Accession: SCV000567600.3)
(https://www.ncbi.nlm.nih.gov/clinvar/variation/419654/) and another included in the present

study.

Subject 4: Subject 4 is a 13-month-old boy of Dutch descent diagnosed with severe global
developmental delay and noted clinical abnormalities at birth. He was delivered at 37 weeks +
6/7 days by uncomplicated cesarean section at a birth weight of 2.97kg (10th-50th percentile).
He exhibited feeding difficulties and failure-to-thrive (weight-to-height = -2.1 SD). At 10
months, was evaluated according to the Bayley Scales of Infant Development-111 and
developmental age was found to be equivalent to 1 month. He exhibited delays in motor
milestones (head control=hold at 45 degrees, gross=0.2 months and fine=0.4 months) and as
such can neither sit nor walk. His verbal ability is currently limited to making noises. He is
generally a quiet and passive infant. Behaviorally, he makes no eye contact or social smile and
adopts a typical posture gazing at his right hand (see photograph on the right). Brain EEG was

normal. He is hypertonic and stiff after waking but after a while becomes more active and
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normotonic. Currently, weight-to-height falls at -2.13 SD, height 0.46 SD and OFC -0.73 SD.
Metabolic screening has been normal. There are no apparent systemic issues although there is
suspected sensorineural hearing loss and suspected cerebral visual impairment. At the most
recent examination, he was noted to have a lock of hypopigmented (white) hair and very dry
skin. Dysmorphic features: prominent forehead, short nose, anteverted nares, midface
hypoplasia, cupid's bow upper lip, broad/bulbous nasal tip, hypoplastic alae nasi, palpebral
ptosis, swelling lower eyelids, long philtrum, full upper eyelids, full cheeks, protruding
columella, everted lower lip, medial/central flaring of eyebrows, epicanthal folds, short palpebral
fissures, hammer toes, 2nd-3rd toes proximal syndactyly, temporal narrowing/ narrow front,
pronounced philtrum. Genetic work up included analysis of copy number variation by aCGH
which identified a deletion at arrffGRCh37] 7921.12(87668378_87739123)x1, mat. A trio-
exome-based intellectual disability panel (1000 genes) identified de novo variant, ¢.779C>T

(p.S132L), in CERT1 (NM_005713.3). This variant is also pathogenic in Subjects 2, 3, and 5.

Subject 5: Subject 5 is a 20-year-old man of German descent with noted developmental delay at
0 months. He was delivered at 36 weeks + 4 days at a birth weight of 3.12kg grams, length of 48
cm (0.71 SD) with no other reported neonatal issues. He was diagnosed with severe intellectual
disability and epilepsy at early but unknown age. Infantile cerebral palsy was noted. At the most
recent examination, he appears to be hypotonic and short in stature. His current weight is 46 kg
(-2.7kg), height 165 cm (-1.8SD) and OFC 55.5 cm (-0.66 SD). His intellectual disability is
severe (estimated 1Q range 20-35 according to the DSM-V scale) and he is non-verbal. There
was profound motor delay, as he only began to walk, with assistance, at 7 years of age.
Currently, his gait is noted to be ataxic. Hypomyelination was noted in neuro-imaging. A cMRI

at 4 years of age showed increased subcortical T2- weighted intensity throughout the cerebrum,
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with occipital dominance (see panel below, and Supplemental Figure 1B). Prominent Virchow-
Robin spaces were also noted, some of which were microcystic in the occipital region in both
hemispheres. EEG recordings showed seizure susceptibility; he has had one documented seizure.
No progression was found in follow-up imaging within the last 10 years. He has high tolerance
for pain and multiple allergies. Dysmorphic/skeletal features: high forehead, anteverted nares,
cupid's bow upper lip, hypoplastic alae nasi, protruding columella, everted lower lip, hammer
toes, flared nares, micrognathia, long face, hallux varus (sandal gap), deep-set eyes, epicanthus,
hypoplastic ear lobe, broad/short toes, hypoplastic/short nails on toes, broad eyebrows, short
distal phalanx in toes, brachycephaly, occipital flattening, scoliosis. Trio-based exome
sequencing performed in both Subject 5 and his parents identified the de novo variant ¢.779C>T

(p.S132L) in CERT1 (NM_005713.3). This variant is also pathogenic in Subjects 2, 3, and 4.

Subject 6™: Subject 6 is a 23-year-old woman of Japanese descent born to unaffected non-
consanguineous parents. She was born at full term (gestational age = 37 weeks, 5 days)
following an uneventful pregnancy but was small (birth weight = 2.46 kg, height = 44.0 cm,
OFC = 33.2 cm). Severe delay in developmental milestones were noted, along with hypotonia
and failure to thrive. Although she attained head control at 6 months of age, she was unable to sit
without support until age 4 years. She was treated for febrile seizures at age 5, which were
believed to have been triggered by a bout of influenza. MRI of the brain at this age showed
delayed myelination in the cerebrum and corpus callosum hypoplasia. At 6 years old she was
unable to stand or speak meaningful words and her I1Q was estimated to be below 35. Follow-up

brain MRI at age 23 confirmed leukodystrophy, which was especially apparent in the frontal

" This patient was reported by Murakami et al., (26), and the following clinical details were confirmed by the
authors.
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lobe. Physical examination at this time identified other systemic complications related to growth,
central nervous system, and muscular tonus. Craniofacial/skeletal dysmorphia include: short
nose, anteverted nares, diastema of upper central incisors, uplifted ear lobe, midface hypoplasia,
groove below lower eyelids, upslanting palpebral fissures, hypertrichosis, bushy eyebrows,
hypotelorism, long palpebral fissures, flat nasal bridge, flared nares, short philtrum. She also
develop scoliosis and torticollis. Trio exome sequencing identified a de novo variant, ¢.403T>C,

(p.S135P), in CERT1 (NM_005713.3). This variant is also pathogenic in Subjects 7.

Subject 7: Subject 7 is a 2-year, 3-month-old Caucasian girl with developmental delay
conceived by intracytoplasmic sperm injection (ICSI) and born from an otherwise healthy
bichorial biamniotic pregnancy. She was delivered vaginally at 34 weeks at a birth weight of
1.98 kg (-1.7 SD), length 43 cm (-1.7 SD) and OFC 31 cm (-1.2 SD). She exhibited infantile
feeding difficulties due to gastro-esophageal reflux and failure-to-thrive. Examination at 6
months revealed global delay. Her developmental milestones were thus far are head-holding (3
months) and sitting (19 months). She has not yet begun to walk. There is also apparent speech
delay. She is considered to have severe intellectual disability, though she is still too young to be
evaluated for 1Q. Behaviorally, she exhibits autistic behaviors such as stereotypic and repetitive
behavior and anxiety in response to changes in environment but, unlike some other CerTra
patients, shows no sign of aggression or automutilation. At 9 months of age, MRI of the brain
showed delay in myelination and dilated ventricles, without abnormalities in head size. EEG of
the brain was normal. Neurologically, the patient has not yet had any documented seizures and
does not suffer from sleep disturbances. Examination of the fundus was normal although she is
astigmatic. There are no apparent neurosensory issues such as hearing loss or abnormal

sensitivity to pain. At her current age she remains short in stature and appears hypotonic. Her
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most recent growth parameters are weight 9.,4kg (1%), 82 cm (-2 SD) and 47 cm (-1 SD). With
the exception of developmental delay and gastro-esophageal reflux, she is otherwise systemically
healthy. Blood count, ionogram was normal. TSH and immunoglobulin tests were also normal.
Craniofacial/skeletal dysmorphia include: epicanthus, anteverted nares, low set ears, thin
upperlip, micrognathia, buccal hypotonia. Single transverse palmar crease in the hands was also
noted. Family history is negative for significant disease. Fragile X (CGG expansion), array-CGH
testing and analysis of the SNRPN locus were negative. Trio genome sequencing of the Subject 7
and both parents identified a de novo ¢.403T>C, (p.S135P) in CERT1 (NM_005713.3) in the
proband. This variant is absent from the general population (gnomAD) and is predicted
deleterious by in silico algorithms: M-CAP = 0.108, REVEL =0.516, CADDv1.6 = 27.9 and

Eigen = 0.853. This variant was also reported in Subject 6.

Subject 8%: Subject 8 is a 50-year-old Caucasian man of Dutch descent. He was born by vaginal
delivery at full term; birthweight was reportedly normal but subsequent infantile feeding
difficulties were noted. Development was normal (walking age ~1 year old) until 4 years of age,
after which there was a reported regression in speech (few-words) and motor development.
Immediate family history was negative except for a nephew (sister’s son) who reportedly had
pervasive developmental delay-not otherwise specified (PDD-NQOS). At his most recent
examination (age 50 years), the patient appears to have moderate intellectual disability (formal
IQ score was not calculated but is estimated to be between 36-49 according to DSM-V) and
behavioral issues such as general anxiety, aggression, hypersensitivity to touch, and self-

injurious behavior, which are consistent with autism spectrum disorder (ASD). His weight is

S Subject 8 is a case that was included in de Ligt et al. from a large screening for intellectual disability. The
following information was summarized from the article along with further clinical details we obtained from the
clinicians.
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79.4kg; height is 177.7cm and OFC 55.8cm (20th percentile). Systemically, the patient is
generally healthy. Brain MRI or EEG were performed. There is no history of epilepsy or
seizures. Basic metabolic screening, including carbohydrate-deficient transferrin for congenital
disorders of glycosylation (CDG), was normal. Mild facial dysmorphia were noted: deeply set
eyes, a long face and a prominent forehead. Fragile X and aCGH testing were normal. Whole
exome sequencing identified a de novo missense variant, ¢.413C>G (p.S138C), in CERT1
(NM_005713.3). This variant is absent in the general population from both gnomAD
(gnomad.broadinstitute.org) and BRAVO (bravo.sph.umich.edu), assessed September 2021. This
variant has been detected in another subject in our cohort (Subject 9), who is currently only 21
months old but already exhibits anxiety and repetitive behaviors that might develop into an ASD

phenotype. Unlike Subject 8, however, Subject 9 experienced developmental delay early in life.

Subject 9: Subject 9 is a 3.5-year-old Caucasian boy of Polish descent. He was born at term (40
weeks) by vaginal delivery with no perinatal complications. He was slightly smaller than average
size: birth weight was 3.35 kg (10th — 50th percentile), length 51cm (10th — 50th percentile) and
OFC 34 cm (10th — 50th percentile). Microcephaly was noted in infancy. Infantile feeding
difficulties were also noted, but this was likely due to an allergy to cow’s milk leading to
precipitous drop in weight at 3 months. Neurodevelopmental issues and moderate intellectual
disability were noted at 6 months. Brain MRI and EEG testing at 13 months were normal. Self-
supported sitting did not occur until 10 months. At 21 months, he shows speech delay and he is
hypotonic. General growth parameters are now somewhat above average—weight 12.5kg (90th)
and height 87cm (75th percentile)}—but OFC at 50cm (90th — 97th percentile) suggests acquired
macrocephaly. Repetitive movements were observed and he reportedly suffers from anxiety and

timidity in unfamiliar places and need daily support. He also experiences sleep disturbances.
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Apparent craniofacial/skeletal dysmorphia include: high and prominent forehead, temporal
narrowing/ narrow front, high frontal hairline, hair growth in the lateral parts of the front,
retrognathia/micrognathia, cupid's bow upper lip, hypoplastic ear lobe, broad/bulbous nasal tip,
full cheeks, lateral thickenings under the lower lip, everted upper and lower lips, medial/central
flaring of eyebrows, swelling lower eyelids, groove below lower eyelids, lateral flaring of
eyebrows, short columella, prominent ears, uplifted ear lobe, down-slanting palpebral fissures,
anteverted nares, long philtrum, hammer toes, hypoplastic/short nails on toes, broad distal
phalanges (toes), hallux varus (sandal gap), clubfeet, overriding toe(s), broad/short toes, 2nd-3rd
toes proximal syndactyly, short distal phalanx in toes, clubfeet Whole exome sequencing (WES)
of the patient and both parents, performed at a diagnostic laboratory (MEDGEN), identified a de
novo missense variant, ¢.413C>G (p.S138C), in CERT1 (NM_005713.3). This variant is absent
in the general population according to gnomAD (gnomad.broadinstitute.org and

bravo.sph.umich.edu; assessed September 2021) and is also reported in Subject 8 in this study.

Subject 10%: He is a 9-year-old boy with behavioral issues; intellectual disability (VIQ = 54;
NVIQ = 47); and seizures. Short stature and growth delays were not reported. Trio WES
identified de novo variant ¢.496A>G (p.T166A) in CERT1 (NM_005713.3). This variant has

been detected in three more individuals enrolled in this study (Subjects 11, 12, and 13).

Subject 11: Subject 11 is a 3-year old girl. At the age of one year she presented with motor
delay; autism spectrum disorder (ASD); ADHD; mild to moderate intellectual disability (PPVT
1Q score = 49). She did not have speech delay, seizures, feeding difficulties, hypotonia, short

stature, or gastrointestinal problems. Her brain MRI was normal. Apparent craniofacial

" Subject 10 is a case that was included in lossifov et al. (28), after screening for autism spectrum disorder.
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dysmorphia include: cupid's bow upper lip, hypoplastic ear lobe, full cheeks, lateral thickenings
under the lower lip, medial/central flaring of eyebrows, swelling lower eyelids, groove below
lower eyelids, short columella, upslanting palpebral fissures, prominent chin, broad eyebrows.
Molecular Inversion Probe (MIP) screening in the patient and parents identified a de novo
variant, c.496A>G (p.T166A), in CERT1 (NM_005713.3), which is also in Subjects 10, 12, and

13.

Subject 12: Subject 12 is a 5-year-old Caucasian boy of German descent delivered by C-section
at the 37th week (birth weight 2.7 kg; length 51cm; OFC 33cm) with an otherwise unremarkable
pre- and perinatal history. He presented at 10 months with mild motor delay and recurring febrile
seizures. The patient learned to sit and walk at 10 and 18 months, respectively. An evaluation at
37 months revealed his developmental age to be 22 months according to the Bayley Scales of
Infant Development. At 5 years of age, he continues to exhibit mild speech delay, although he is
able to speak in complete sentences. There are no overt behavioral abnormalities, but he was
reported to have difficulty concentrating. In total, the patient suffered from seven febrile seizures
(three of which were complicated). Brain MRI and EEG recordings were normal. The most
recent physical exam found weight and height in the lower centiles (16 kg, 3rd-10th percentile;
105cm, 3rd-10th percentile) and OFC between the 10th and 25th centile (50 cm). Aside from
mild recurrent bronchopulmonal infections, the patient is otherwise healthy. Mild
craniofacial/skeletal dysmorphic features: prominent forehead, hypoplastic ear lobe, full cheeks,
medial/central flaring of eyebrows, swelling lower eyelids, upslanting palpebral fissures,
prominent chin, skull/facial asymmetry, prominent ears, protruding columella, flared nares,
arched eyebrows, overriding toe(s), temporal narrowing/ narrow front. Metabolic screening,

karyotyping and Fragile X repeat expansion testing were normal. A maternally-inherited
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duplication of 10924 was found in chromosomal microarray analysis. Direct sequencing of the
sodium voltage-gated channel alpha subunit 1 (SCN1A) gene, which is associated with febrile
seizures, was negative. Whole exome sequencing (WES) of the patient and both parents
identified a de novo missense variant, c.496A>G (p.T166A) in CERT1 (NM_005713.3). This
variant is absent in the general population according to both gnomAD
(gnomad.broadinstitute.org) and BRAVO (bravo.sph.umich.edu), but occurs at a weakly
conserved position in the protein and is predicted to be moderately pathogenic by in silico
pathogenicity algorithms: CADD-PHRED = 23.7, Eigen = 0.3585. This variant was found to be

pathogenic in three other subjects in the present study.

Subject 13: Subject 13 is a 9-year-old Caucasian girl of Irish descent who was born with cleft lip
and palate at term (39 weeks + 5 days) via normal vaginal delivery. She had several neonatal
complications: feeding difficulties, pharyngeal incompetence, and episodes of stiffening at day 2
of life. Feeding difficulties continued even after repair of the cleft lip. At 6 months of age she
had abnormal movements with eye-rolling episodes that were self-resolving (likely seizures). By
9 months of age she exhibited cognitive and developmental delays, and by 18 months developed
autistic features. She was able to sit without support at 9 months, crawl at 15 months and walk at
19 months. She did not babble, point, or clap, and further development stalled after 19 months of
age. She has some gait ataxia, falls frequently if not supported, and requires a special chair. At
age 4, she was formally diagnosed with autism spectrum disorder (ASD) likely because of
repetitive movements (head-banging) and obsessive behaviors; she involuntarily clenches at
times while alert. She also experiences sleep disturbance. At the same age she was diagnosed
with epileptic encephalopathy and later on with severe intellectual disability. She appears

agitated at times but has a very friendly disposition and social smile; there is no aggressive
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behavior. She communicates without clear words or gestures by smiling, crying, or staring
through the corners of her eyes. She has healthy skin generally with freckles, but has
dermatographia (e.g., red marks noticeable when body is gently lifted up, sore after bandages
etc.). However, she has a high pain threshold. Hearing assessment was found to be normal
although she had grommets inserted to relieve fluid build-up in the ear. Brain MRI at age 2 years
of age was normal although her EEG showed bursts of generalized spike and slow wave activity.
She experiences various types of seizures, multiple times throughout the day. Two episodes
required admission to the ICU for intubation/ventilation. The range of seizures over the years
include jerky movements, myoclonus, absence, tonic seizures, cluster seizures, and status
epilepticus. Antiepileptic drugs have been tried (Phenobarbital, Levetiracepam, Valproate,
Phenytoin, Ethosuccimide, Topiramate, Clobazam, Clonazepam, Midazolam, Lacosamide,
Zonisamide, Rufinamide, Brivaracetam, Topiramate, Gabapentin), as well as a trial of a
ketogenic diet, all without much success. Extensive metabolic, genetic and endocrine work-up
was unrevealing. A follow-up MRI brain at 8 years of age revealed diffuse supra- and
infratentorial brain atrophy and thinning of the corpus callosum, with an appropriate myelination
pattern for her age. Observed craniofacial/skeletal dysmorphia included: prominent chin, high
and prominent forehead, temporal narrowing/ narrow front, cupid's bow upper lip, hair growth in
the lateral parts of the front, tapering fingers, brachydactyly, prominent ears, lateral flaring of
eyebrows, pronounced philtrum, short philtrum, tubular nose, long face, thickening of all parts of
the ear (except the earlobe), hammer toes, hypoplastic/short nails on toes, broad distal phalanges
(toes), broad/short toes, 2nd-3rd toes proximal syndactyly, short distal phalanx in toes. Whole
genome sequencing (WGS) of Subject 13 and both parents identified a de novo variant in the

patient, c.496A>G (p.T166A) in CERT1 (NM_005713.3), which was subsequently confirmed by
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Sanger sequencing. This variant was found to be pathogenic in three other subjects in the present

study (Subject 10, 11, and 12).

Subject 14: Subject 14 is an 8-year-old girl of Dutch and Moroccan parentage. The maternal
uncle was reported to have had trisomy 13. Perinatal history was unremarkable (gestation: 40+1,
Apgar score 7-8-9) although the newborn was on continuous positive airway pressure (CPAP)
for a short period of time; birth weight was 3.4 kg (0 SD). She did not exhibit feeding difficulties
or failure-to-thrive. Developmental delay was noted from 4 months of age with emerging
behavioral abnormalities including head banging, aggression, wrist-biting, hand-wringing, hand-
flapping, severe bruxism in subsequent years. Delays in motor development were apparent in late
sitting and walking ages at 15 months and 2 years 8 months, respectively. Developmental
regression caused loss of her first words. A formal diagnosis of autism spectrum disorder (ASD)
was made along with intellectual disability (estimated 1Q range was 20-35 according to the
DSM-V scale). She had a febrile seizure at 7.2 years of age (tonic-clonic insult during onset of
illness) for which she was prescribed paracetamol (to suppress fevers); episodes of staring have
been noted for several years. Patient underwent a 24-hour EEG one month later, which showed
asymmetry and frequent epileptic activity with a maximum in the right parietal area Brain
MRI/MRS in 2012 and in 2018 after her first epileptic insult did not reveal structural
abnormalities but interpretation might have been hindered by movement artefacts. The results
were reviewed by a pediatric neuroradiologist who noted no cerebellar abnormalities, normal
myelination for her age, normal white matter. Symmetric hyperintense areas at the ventral
mesencephalon were noted on Diffusion-Weighted Imaging (DWI), but their significance is
unclear and may be to imaging artifacts. A second evaluation of the MRI by a radiologist at

Columbia University Irving Medical Center (CUIMC) confirmed normal myelination patterns
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with the added observation of normal basal ganglia, questionable subtle asymmetry in size of
cerebellar hemispheres (right<left), small frontal lobes relative to the remainder of the brain and
mild thinning of the corpus callosum. At the most recent examination at age 8 years, the patient
exhibited severe intellectual disability and cortical visual impairment (~20% vision estimated).
The patient is currently non-verbal. Her cognitive level was estimated to be at 9-11 months of
age. The patient has a high pain threshold and skin xerosis. She appears to be hypotonic and
petite (-2.18 SD) with growth delay. Her Occipital Frontal Circumference (OFC) is -0.8 SD.
Craniofacial/skeletal dysmorphic features: prominent and high forehead, widow’s peak, temporal
narrowing front, dolichocephaly, midface hypoplasia, medial/central flaring of eyebrows,
synophrys, epicanthal folds, full cheeks, short nose, anteverted and flared nares, short columella,
full lips, everted lower and upper lip, cupid’s bow upper lip, diastema of upper central incisors,
lateral thickenings under the lower lip, large ears, hypoplastic tragus, hypoplastic ear lobe,
broad/short and hammer toes, 2nd-3rd toes proximal syndactyly, hypoplastic/short nails on toes.
Genetic analyses were performed at age 2 years beginning with direct sequencing of the
following candidate genes: MEF2C, MECP2, FOXG1, CDKL5, CLN1 and CLNZ2; no known
disease-causing mutations were found. Fragile X testing, aCGH, extensive metabolic and
lysosomal tests were normal. Whole exome sequencing (WES) of the patient and both parents
identified a de novo missense variant, c.727G>A (p.G243R), in CERT1 (NM_005713.3) (See
Sanger sequencing traces). This variant was also detected in Subject 15 in our study but is absent
in the general population according to gnomAD (gnomad.broadinstitute.org) and BRAVO
(bravo.sph.umich.edu), last accessed September 2021. In 2016, the whole-exome sequencing
(WES) result of the patient was published as part of a large study of 2,104 trios that sought to

identify genes underlying intellectual disability.
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Subject 15"": Subject 15 is a 17-year-old boy diagnosed with severe global developmental delay,
severe intellectual disability, self-mutilation, and aggression. Perinatal history was unremarkable
except for feeding difficulties. He reportedly began experiencing febrile seizures at the age of 3
years; unprovoked focal motor seizures occurred at age 5 years, which were treated with
clobazam. He did not walk until age 5 years. He has episodes of agitation and self-injurious
behavior alternating with periods of apathy, which are treated with risperidone, paroxetine and
valproate. He has a left renal agenesis and mild right vesicoureteral reflux. Brain computed
tomography (CT) showed mild ventriculomegaly and mild periventricular leukomalacia. At the
most recent examination at the age of 17, he had begun using utensils for eating although he
could not get dressed by himself. He has now been off anticonvulsants and seizure-free for
several years. His speech was limited to a few words; he understands simple commands. His
weight was 53.7 kg (10th percentile), height 163.7 cm (3rd -10th percentile) and head
circumference 57.3 cm (98th percentile). He had poor eye contact. Craniofacial/Skeletal features
noted during examination included: large/broad distal phalanges in fingers, and broad distal
phalanges (toes). Chromosomal microarray revealed a maternally-inherited 0.069 Mb duplication
on chromosome 15¢26.3 although his mother was examined and was phenotypically normal.
STXBP1 mutation analysis and metabolic studies (plasma lactate and ammonia measurements,
plasma amino acids chromatography) were normal. Whole exome sequencing (WES) of the
patient and both parents was performed after which a de novo missense variant, c.727G>A,

(p.G243R) in the CERT1 (NM_005713.3) gene was identified. This variant is absent in the

U The genetic analysis and clinical characteristics of this patients were previously reported in a large case-control
study of moderate to severe intellectual disability.
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general population according to gnomAD (gnomad.broadinstitute.org) and BRAVO

(bravo.sph.umich.edu), last accessed September 2021.

Subject 16: Subject 16 is a 5-year-old Caucasian boy of Dutch descent. He was born
prematurely (36 weeks) by vaginal delivery. His birth weight was 2.5kg, length 45cm and
occipital frontal circumference (OFC) 33cm. Neonatal feeding difficulties and failure-to-thrive
were noted and he was placed on a nasal tube for 1 week. He had early-onset (age 1 year)
moderate to severe developmental delay and seizures. Independent (unaided) walking began at
30 months. His IQ is estimated to be below 55; at 5 years of age, his developmental age was
estimated to be approximately 12 months, giving a developmental quotient score of 20 (DQ =
CAJ/DA). Severe speech delay and cerebral visual impairment (CVI) were noted along with
myopia. The patient exhibits features of autism spectrum disorder and ADHD. He suffers from
insomnia, has difficulty falling asleep and often awakes in the middle of the night (around
3:00AM). At the most recent examination, weight, height and OFC were +0.5 SD, -2 SD, and -1
SD, respectively. The patient has severe constipation which requires colonic lavage. Metabolic
screening showed low amino acid levels. The patient is also IgA-deficient and suffers from
frequent infections. His skin has a yellow hue. Focal motor seizures are controlled with
oxcarbazepine; EEG recordings detected a normal background rhythm and no epileptic
discharges. Relevant findings from brain MRI include delayed myelination. Craniofacial/Skeletal
features noted during examination included: high forehead, micrognathia, medial/central flaring
of eyebrows, broad eyebrow, upslanting palpebral fissures, swelling lower eyelids, groove below
lower eyelids, broad nasal root, short nose, anteverted and flared nares, broad/bulbous nasal tip,
short and protruding columella, thin upper lip, prominent ears, hypoplastic antitragus, uplifted

ear lobe, hypoplastic/ short nails on fingers, pes planovalgus. Array-CGH testing was normal.
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Whole exome sequencing of the patient and his parents identified a de novo variant, c.728G>A
(p.G243E), in the CERT1 gene (NM_005713.3). This variant occurs at a highly conserved
position along the protein (PolyPhen2 (HVAR = 0.999). It is absent in the general population
according to gnomAD (gnomad.broadinstitute.org) and BRAVO (bravo.sph.umich.edu), last
accessed September 2021, and is predicted to be deleterious by various in silico pathogenicity

algorithms: CADD=27.3, M-CAP=0.023, and Eigen=0.7437.

Subject 17: Subject 17 is a 4-year-old Caucasian girl of Italian descent. She was born at term by
vaginal delivery and was on the smaller side: birth weight of 3.18 kg, length of 50 cm and OFC
of 33 cm. Her neonatal history noted hypotonia and feeding difficulties that included poor
suction and later chewing difficulties, though there was no failure to thrive. Gross motor
milestones were severely delayed. Head-holding was achieved at 18 months and sitting without
support at 4 years of age. Cognitive delays were not quantified but she appeared to have severe
intellectual disability (estimated 1Q range 20-35 according to DSM-V scale) and no verbal
ability. She exhibits repetitive hand-washing behavior. There is no history of seizures.
Neurosensory issues include increased tolerance to pain, problems with smell and taste and
possible unspecified mild hearing impairment. The most recent physical exam noted general
hypotonia and low weight for her age (10.1 kg, <3 percentile) but not short stature (90 cm, 25-
50th centile). She still has feeding difficulties. Brain MRI at age 3 years showed hypoplasia of
the corpus callosum and abnormality of the pons, diffuse paucity of supratentorial white matter
with abnormal signal seen most marked in the periatrial white matter (Supplemental Figure 1B).
Craniofacial/skeletal dysmorphias included: high and prominent forehead, cupid's bow upper lip,
protruding columella, micrognathia, long face, hypoplastic ear lobe, broad eyebrows,

broad/bulbous nasal tip, full cheeks, epicanthal folds, temporal narrowing/ narrow front, high

238



frontal hairline, bushy eyebrows, lateral thickening under the lower lip, malar hypoplasia,
everted upper lip, hypoplastic antitragus, hair growth in the lateral parts of the front,
dolichocephaly. The patient also show marked dermatoglyphs on the soles and lumbar
kyphoscoliosis. Initial genetic screening consisted of a diagnostic gene panel for Rett or Rett-like
syndromes MECP2, MEF2C, CDKL5, FOXG1, SMC1A, TCF4, SHANKS3, SATB2, STXBP1,
SCN1A, SCN2A, SCN8A, GRIN2A, GRIN2B, HCN1, SLC6A1, WDR45, ST3GAL5 and MFSD
which was negative. Multiplex ligation-dependent probe amplification (MLPA) of 15q11.2 was
normal. Trio exome sequencing of Subject 12 and both unaffected parents identified a de novo
missense variant, ¢.740C>T (p.T2471), in CERT1 (NM_005713.3). The variant is predicted to be
deleterious by several algorithms and is absent from the general population on both gnomAD

(gnomad.broadinstitute.org) and BRAVO (bravo.sph.umich.edu), last searched September 2021.

Subject 18: Subject 18 is a one-year-old boy with severe intellectual disability and severe speech
delay (per Gesell Development Schedules), growth delay with musculoskeletal issues, and
hypotonia. At this young age, there is as yet no history of seizures, visual impairment or hearing
loss. No dysmorphic features have been reported. Brain MRI and EEG were normal. Molecular
Inversion Probe (MIP) screening in the patient and parents identified a de novo variant,

C.751A>G, (p.T251A), in the CERT1 gene (NM_005713.3).

Subject 19: Subject 19 was identified as having moderate intellectual disability; epileptic
seizures; developmental regression. Singleton screening identified c.872A>G (p.Y291C) in

CERTL (NM_005713.3).

Subject 20: Subject 20 is a 7-year-old African-American boy of Nigerian descent delivered by
C-section at 41 weeks + 5 days (birthweight was 3.95 kg, 80th centile). Perinatal history was

unremarkable. The patient exhibited normal motor development: head control at 4 months,

239



sitting without support at 6 months, and independent walking at 1 year. The presenting symptom,
at two years, was myclonic astatic epilepsy (Doose syndrome). Brain MRI was normal but EEG
recordings showed mild irritative activity in temporal areas of both hemispheres. The patient was
treated with valproic acid, zonisamide and risperidone and stopped having seizures after 5 years
of age. Other neurological issues included non-epileptic paroxysmal events related to emotional
frustration. At the time of examination (7 years and 8 months), the patient exhibited mild speech
delay and mild to moderate intellectual disability, with features consistent with ADHD
(restlessness and impulsivity). There were no musculoskeletal abnormalities. Growth parameters
were normal: weight 34.7kg (91st percentile), height 129cm (61st percentile) and OFC 55cm
(96th percentile). Dry skin (xerosis) was noted. Observed craniofacial/skeletal dysmorphia
included: prominent forehead, high frontal hairline, hair growth in the lateral parts of the front,
temporal narrowing/ narrow front, retrognathia/ micrognathia, medial/central flaring of
eyebrows, bushy eyebrows, broad eyebrows, arched eyebrows, upslating palpebral fissures, full
cheeks, flat nasal bridge, flared nares, broad/bulbous nasal tip, short columella, long philtrum,
smooth philtrum, full lips, cupid's bow upper lip, diastema of upper central incisors, prominent
chin low-set ears, hypoplastic ear lobe, tapering fingers, few palmar creases, brachydactyly
Serology and metabolic screening were normal. Karyotyping (46, XY) and Fragile X (31 CGG
repeats) testing were normal. Array-CGH analysis was also normal. Whole exome sequencing of
the patient identified presence of a de novo missense variant, ¢.887C>G (p.T296R), in CERT1
(NM_005713.3) gene. A maternal sample was not available and the father is deceased. The
inheritance is presumed de novo as there is no family history of disease. Although this variant
occurs at a moderately conserved position along the protein (PolyPhen2 (HVAR = 0.872) and is

predicted to be only weakly pathogenic by in silico algorithms, it is not found in the general
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population according to gnomad.broadinstitute.org and bravo.sph.umich.edu (assessed

September 2021).

Subject 21: Subject 21 is a 12-year-old Caucasian girl of Italian and Albanian descent with a
history of developmental delay and ataxia. She was born at term (40 weeks and 3 days) by
vaginal delivery; perinatal history is unremarkable. Her birth measurements were at the low end
of normal: weight was 3.2kg, length was 50cm and OFC 34.5cm. She exhibited infantile feeding
difficulties and regression of weight, growth, and OFC at around 8-9 months of age. She had
mild motor delay, learning to sit without support at 9 months and walk at 18 months. She has an
ataxic gait. At her most recent examination (12 years of age), the patient showed limited bi-
syllabic speech and, based on this, was estimated to have moderate intellectual disability. She
exhibits repetitive/obsessive hand-washing, self-injurious hand-biting, aggression, ADHD
(hyperactivity) and other features consistent with autism spectrum disorder (ASD). Behavioral
issues were noted at infancy but grew less frequent by 10 years of age. There is no history of
seizures. She is underweight (21 kg, 3rd percentile) and has microcephaly (51 cm), also observed
in infancy. Brain MRI was normal (last MRI performed in 2016). Apparent craniofacial/skeletal
dysmorphia include: micrognathia, cupid's bow upper lip, hypoplastic ear lobe, broad/bulbous
nasal tip, full cheeks, epicanthal folds, lateral thickenings under the lower lip, everted upper lip,
hypoplastic antitragus, dolichocephaly, hypoplastic alae nasi, everted lower lip, deep-set eyes,
medial/central flaring of eyebrows, pronounced philtrum, uplifted ear lobe, short philtrum,
downslanting palpebral fissures, tubular nose, broad nasal root, full lips, large ears, hammer toes,
hypoplastic/short nails on toes, prominent upper central incisors, broad distal phalanges (toes).
Array-CGH testing identified a 114kb duplication at Xp21.2 (arr Xp21.2(29,584,944x2,

29,594,080 - 20,708,100x3, 29,717,001x2). The duplication includes part of the ILIRAPL1 gene
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(exon 6). Quantitative PCR confirmed the duplication to be de novo, but aCGH and qPCR are
not able to establish if this anomaly is a tandem duplication or an insertional unbalanced
translocation. A tandem duplication would cause an effective alteration of the ILLRAPL1 gene.
Unfortunately, the family moved to another country and are not available for further study.
Direct sequencing of the MECP2 and UBE3A genes were negative. A gene panel consisting of
74 intellectual disability-autism spectrum disorder genes was performed (full citation below),
with negative results. Whole exome sequencing (WES) of the patient and both her parents
identified a paternally inherited missense variant, ¢.976G>T (p.V326F), in CERT1
(NM_005713.3) (Appendix Figure D1A). This variant is highly deleterious according to
several in silico algorithms (PolyPhen2 HVAR = 0.964, CADD-PHRED = 34, REVEL =0.37
and Eigen = 0.7073) and is predicted to have putative effects on splicing (Appendix Figure
D1C-Appendix Figure D1E). The variant results in substitution of a highly conserved
nucleotide (phyloP: 7.52 [-20.0;10.0]) (Appendix Figure D1B) and is not found in the general
population according to gnomad.broadinstitute.org and bravo.sph.umich.edu (assessed

September 2021).
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Appendix Figure D1."Y
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W n silico analysis of the ¢.976G>T (p.V326F) variant in CERT1 (NM_005713.2) in Subject 10 who exhibited an
intermediate CerTral disease phenotype. (A) Sanger sequencing confirmed inheritance of the variant by Subject 10
(red arrow) from her phenotypically unaffected mother. (B) The variant results in substitution of a highly conserved
nucleotide (phyloP: 7.52 [-20.0;10.0]) and amino acid residue (valine-236, black arrow), up to D. melanogaster. (C)
The variant effect is predicted to introduce a binding site for the pre-mRNA-splicing factor SRp40 putatively
resulting in aberrant splicing of exon 9 (Alamut v2.3.1). (D) Model illustrating alternatively spliced mRNA
products resulting from the ¢.976G>T (p.VV326F) variant. Preference for the significantly stronger downstream
exonic acceptor site (SSF-like score = 74.2), compared to the weaker canonical acceptor site (SSF-like = 7.21) may
result in excision of 16 amino acid residues (311-327) from the 5 end of exon 9. (E) The predicted excision (green
bracket) spatially corresponds to a region of the CERT protein that is highly intolerant to genetic variation, and at
the tertiary level, completely abolishes the FFAT motif spanning residues 321-327 (black bracket).
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Subject 22: Subject 22 is an 8-year-old Caucasian (Spanish) girl of a consanguineous marriage
(the father's maternal grandmother and the mother's maternal grandfather were first cousins). It
was noted by the 5th month of pregnancy that the fetus was small-for-gestational-age (SGA).
Normal vaginal delivery occurred at the 38th week (induced 3 days prior). Birth weight was 2.5
kg (10th percentile), length 48 cm (10th -25th percentile) and OFC 32 cm (10th percentile);
neonatal jaundice, facial dysmorphisms, failure-to-thrive and hypoglycemia were noted.
Neurological symptoms were first noted at 4 months of age (scarce movement, no smile,
inability to fix and follow). The patient was able to sit at 12 months and began walking between
15 months and 2 years of age, but her seizures, despite being controlled by levetiracetam,
appeared to interfere with her continued development. She has severe intellectual disability (does
not speak), sleep disturbance, and exhibits various behavioral issues including
ADHD/hyperactivity, self-injury (anxiety-induced face-hitting), stereotypy (body-rocking) and
other characteristics consistent with autism spectrum disorder (ASD). Frequent vomiting
occurred from infancy but stopped after switching to a gluten- and casein-free diet. Due to
feeding difficulties continuing from infancy, the patient was placed on an extended regimen of
hypercaloric supplementation that seems to have enabled gains in height and head circumference
(i.e., skeletal growth) while weight has lagged behind (see table below). At the last examination
(8 years, 3 months), the patient remained hypotonic. Neurosensory testing revealed mild right
hypoacusia and mild-moderate left hypoacusia. Hearing loss was also noted in her twin sister,
mother (partial) and maternal-grandmother. She also shows delayed visual maturation that is
likely linked to her overall developmental delay. Brain MRI revealed delayed myelinization,
especially in the frontal and temporal lobes. Brain EEG recordings were largely unremarkable,

but a video-EEG during sleep showed scarce epileptiform anomalies in left frontotemporal and
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temporal regions. Lastly, she has mild tricuspid insufficiency and scalp nevi. The most recent
assessment of craniofacial/skeletal dysmorphia include: high forehead, synophrys, short nose,
anteverted nares, cupid's bow upper lip, hypoplastic antitragus, micrognathia, diastema of upper
central incisors, uplifted ear lobe, midface hypoplasia, medial/central flaring of eyebrows,
groove below lower eyelids, broad/bulbous nasal tip, pes valgus, hair growth in the lateral parts
of the front, lateral flaring of eyebrows, arched eyebrows, epicanthal folds, short palpebral
fissures, upslanting palpebral fissures, deep-set eyes, hypoplastic alae nasi, smooth philtrum,
prominent upper central incisors, low-set ears, hypoplastic helix, hypoplastic ear lobe, short
upper limbs (<3rd centile), lower limbs are normal but appear to have scant muscular mass
distally, hypoplastic/ short nails on fingers, hypertrichosis, distal scant muscular mass in the
lower limbs, broad/short and hammer toes, hypoplastic/short nails on toes, 2nd-3rd toes proximal
syndactyly, hypothenar hypoplasia, few palmar creases, low-set and widely-spaced nipples.
Karyotyping was normal. No significant CNV’s were detected from aCGH testing except a few
polymorphic CNV. Subtelomeric multiplex ligation-dependent probe amplification (MLPA)
testing was normal. SAICAR, glycosylation and biotinidase screening were also normal. Direct
sequencing of the MECP2 gene detected a synonymous variant, c.603G>A, p.A201=
(rs267608504). The variant is likely benign due to its conservative change and occurrence in the
general population at a minor allele frequency of 0.00005. Whole exome sequencing (WES) of
the patient and both parents identified variation in two candidate genes. Compound heterozygous
variants were detected in the MOCS2 gene. A de novo missense variant, ¢.985G>C (p.A329P),
was identified in CERT1 (NM_005713.3). This variant is absent in the general population
according to both gnomAD (gnomad.broadinstitute.org) and BRAVO (bravo.sph.umich.edu),

last assessed September 2021. This variant occurs at a highly conserved position in the protein
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and is predicted to be highly pathogenic by several in silico pathogenicity algorithms: CADD =

32, Eigen = 0.68.

Subject 23: Subject 23 is a 5-year-old girl of Chinese descent with a family history of mild
intellectual disability in a cousin. She was born at term (36 weeks and 6 days) following an
uncomplicated pregnancy, with birth weight of 2.3kg (10th - 50th percentile), length 50cm (50th
percentile) and OFC 32.8cm (10th percentile). Maternal Thyroid Stimulating Hormone (TSH)
was elevated before conception, but thyroxine restored normal thyroid lab results during
pregnancy. First trimester screening was reported to be low risk. The fetal morphology scan at 20
weeks was normal. Oligohydramnios prior to delivery led to a C-section. The newborn was
admitted to the NICU for neonatal pneumonia. Neonatal echo and hearing screening were
normal. Follow up hearing test revealed concerns about hearing in her right ear, the details of
which are uncertain. At 6 months of age she was diagnosed with asymmetry and developmental
delay. At age 2 years, her developmental quotient (DQ) was measured to be 37 (25<DQ<39),
which falls in the severe range of the evaluation scale developed by the Chinese National Health
Commission. She exhibits severe autistic behaviors and aggression. Walking age was 20 months.
At 3 years of age, she has a vocabulary of about 5 words. There has been no regression. There
are no unusual hand movements. She grabs food but does not feed herself. Sleep is normal. At 3
years of age her weight was measured to be 12.1 kg (10th percentile), height 88.5cm (10th
percentile). At this point, microcephaly was noted, with a measured OFC of 46 cm (2nd
percentile). Episodic seizures were noted at the most recent examination. Cardiovascular system
and skin were normal. Brain MRI and EEG were normal. She had a unilateral inguinal hernia
which was repaired. Urine metabolic screening was normal. At her last examination (5 years) her

weight was 19kg (50th-70th percentile), height 115cm (50th- 70th percentile), and OFC 46¢cm
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(2nd percentile). Craniofacial/Skeletal features noted during examination: sloping forehead,
brachycephaly, occipital flattening, micrognathia, bushy and broad eyebrows, epicanthal folds
(ethnic), groove below lower eyelids, anteverted nares, short columella, cupid's bow upper lip,
diastema of upper central incisors, gothic palate/ marked alveolar ridges, large ears, hypoplastic
and uplifted ear lobe. Metabolic screening, karyotyping/chromosomal microarray and Fragile X
testing were normal. A triplication at chromosome 15, 15q11.2 (20262224-22751244)*3, was
identified by aCGH. Whole exome sequencing of the patient and parents identified a de novo
missense variant, ¢.989T>C, (p.L330P) in CERT1 (NM_005713.3) gene. This variant is absent in
the general population according to gnomAD (gnomad.broadinstitute.org) and BRAVO
(bravo.sph.umich.edu), last accessed September 2021. The variant occurs at a highly conserved
position along the protein and is predicted to be deleterious across several in silico pathogenicity

algorithms: M-CAP = 0.084, CADD = 30, REVEL =0.674 and Eigen = 0.7185.

Subject 24: The little clinical information available on Subject 24 notes him or her to have
ADHD; impulsivity; hyperactivity; mild intellectual disability; myopia; high forehead; low-set

ears. Singleton screening identified ¢.1097G>C (p.R366T) in CERT1 (NM_005713.3).

Subject 25: Subject 25 is a 3-year old boy who recently presented with autism spectrum disorder
(ASD); mild intellectual disability; behavioral issues; and mild speech delay. Molecular
Inversion Probe (MIP) screening in the patient and parents identified a de novo variant,
€.1141A>G, (p.1381V), in the CERT1 (NM_005713.3) gene. This variant was found in an
individual (female) of European (non-Finnish) descent in the general population at a minor allele
frequency of 0.00000398 in gnomAD (https://gnomad.broadinstitute.org/variant/5-74695182-T-

C?dataset=gnomad_r2_1 (assessed April 2020).
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Subject 26: Subject 26 is a 2-year, 5-month old girl of Spanish (Mediterranean) descent whose
parents also have developmental delay. Clinical abnormalities were noted prenatally. She was
born by vaginal delivery at term (40 weeks and 5 days) following an uncomplicated pregnancy
but was smaller than average: birth weight was 2.8kg (-1.62 SD), length was 47 cm (-2.15 SD)
and head circumference was 33 cm (-1.62 SD). She was hypotonic during infancy but did not
exhibit feeding difficulties or failure to thrive. She was diagnosed with ventricular septal defect
postnatally. She has achieved major motor milestones: head-holding (3 months), sitting (10
months) and independent walking (24 months). Speech was limited to approximately 5
discernible words at 2 year and 5 months of age. Behaviorally, she exhibits occasional outbursts
and stereotyped/ repetitive movements that are consistent with mild autism spectrum disorder
(ASD). She has difficulty falling asleep and precocious awakenings, both of which are partially
responsive to melatonin. Gastrointestinal issues include constipation. Recent lab tests revealed
anemia. Neuro-imaging was not performed. As of the most recent examination at 2 years, 5
months, she has made some gains in growth parameters: weight is 13 kg (-0.7 SD), height 88 cm
(-1.37 SD) and OFC 48.5 cm (-1.08 SD). Both fine and gross motor skills remain impaired. She
has mild craniofacial/skeletal dysmorphisms: cupid's bow upper lip, brachydactyly, tubular nose,
flared nares, full cheeks, medial/central flaring of eyebrows, upslanting palpebral fissures,
broad/bulbous nasal tip, swelling lower eyelids, protruding columella, lateral thickening under
the lower lip, groove below lower eyelids, hypoplastic alae nasi, hypoplastic/short nails on
fingers. aCGH testing was negative for copy number variants. Singleton whole exome screening
identified the variant, ¢.1346C>T (p.A449V), in CERT1 (NM_005713.3) which was
subsequently found to be inherited from her developmentally delayed mother by Sanger

sequencing. A history of schizophrenia was noted in her maternal grandmother in whom genetic
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screening for this CERT1 variant is currently being arranged. The ¢.1346C>T (A449V) variant is
predicted to be deleterious by Mutation Taster, LRT and Fathmm and is reported in one healthy

male of Latino/American admixture in gnomAD (MAF = 0.000004121).

Subject 27: Subject 27 is a 3.5-year old girl of Caucasian and Filipino descent who was born at
term (39 wks+4 days) by vaginal delivery at a birth weight of 3.28kg, length 52cm and OFC of
33cm (3rd-10th centile) with an otherwise unremarkable neonatal history. During early infancy,
she suffered from transitory feeding difficulties and exhibited failure to thrive, resulting in a
body mass index (BMI) in the 3rd percentile. She was noted to have global developmental delay
at 5 months of age. She was delayed in meeting gross motor milestones: head-holding (10
months) and sitting (14 months). Although she learned to walk at 36 months, she exhibited a
wide, possibly ataxic gait. At a recent examination (3 years and 6 months old), her height was
normal for her age (95.4 cm), but she was moderately underweight (11.2 kg, <5th centile); OFC
measurement (45.5 cm, <3rd percentile) at this time indicated microcephaly. She had severe
intellectual disability (54%, Griffiths scale), was non-verbal and showed stereotypic behavior
suggestive of autism spectrum disorder (ASD). There was no history of seizures or sleep
disturbances, although she appeared to have a high pain tolerance. A functional heart murmur
was also noted although ultrasound tests were normal. She is otherwise healthy. Trio exome
sequencing of Subject 13 and both unaffected parents identified a de novo missense variant,
€.1499C>T (p.P500L), in the CERT1 (NM_005713.3). The variant occurs within the functional
START domain of CERT1 and is predicted to be deleterious by several prediction algorithms. It
is absent from both gnomAD (gnomad.broadinstitute.org) and BRAVO (bravo.sph.umich.edu),

last checked September 2021.
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Subject 28: Subject 28 is a 12-year and 10-month old Caucasian boy whose early history was
unremarkable. He was born at 40 weeks by vaginal delivery at a birth weight of 3.6 kg and
normal birth length and OFC. Sitting and independent walking occurred at 8 and 18 months,
respectively. He presented with mild motor and speech delays noted at approximately 2 years of
age. His first words were delayed and his ability to use multiple words together occurred
between ages 3-4 years. Intellectual disability became apparent over time but is relatively mild.
A Wechsler Preschool & Primary Scale of Intelligence-1V (WPPSI-1V) full scale intelligence
quotient fell <1 percentile at age 4 years and 6 years. He exhibits no significant behavioral
anomalies with the exception of ADHD. As of his most recent examination at the age of 12
years, there has been no apparent regression. He is hypotonic and has constipation and
headaches. His weight at age 11- years, 9-months was 29.5kg (z = -1.48), height at age 10-years,
10-months was 139.6cm (z = -0.4) and OFC at 9-years, 2-months was 53.5cm (z = -0.76). A
hyper-pigmented macule (2.5 x 0.7 cm) was noted on skin on the abdomen; otherwise, there is
no unusual hue. Mild facial dysmorphia include large ears, deep set eyes, long tubular nose with
hypoplastic nasal alae, a thin upper lip (see accompanying frontal and lateral facial photographs).
There is an accessory nipple. Family history includes a sibling with autism spectrum disorder
(level I) and normal cognition, and other family members with dyslexia. Fragile X and array-
CGH screening were negative. A gene panel test of >2,600 genes identified the de novo
occurrence the variant, ¢.934G>C (p.G312R) variant in CERT1 (NM_005713.3). The variant is
absent from gnomAD
(https://gnomad.broadinstitute.org/gene/ENSG00000113163?dataset=gnomad_r2_1) and is

predicted deleterious by multiple pathogenicity algorithms (CADDv1.6 = 28.9; M-CAP = 0.153).
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Subject 29: Subject 29 is a 16-year old girl of Indian descent who was born 36 weeks+5 days by
spontaneous vaginal delivery at a birth weight of 2.79 kg (75th — 97th percentile), length 47.5 cm
(10th percentile) and OFC of 31.5 cm (3rd percentile). She was noted to be hypotonic. She
exhibited motor delays at around 1 year of age but acquired walking by 16 months. At 2 years of
age, she was diagnosed with autism spectrum disorder by a psychologist primarily on the basis of
stereotyped behaviors, and she had her first seizure, reportedly tonic-clonic. Despite her
relatively mild early delays, she has developed severe global developmental delay and severe
intellectual disability (she is non-verbal), possibly due to seizures. Her seizures were treated with
levetiracetam (Keppra). At age 11, an EEG study showed epileptiform discharges in the right
frontal-temporal region (during sleep), but as of her most recent examination at 15 years of age,
she had been seizure-free for the past year. She continues to exhibit stereotypical behaviors such
as hand flapping. She has profound visual field defects in the right eye and is suspected to have
cortical blindness, since her anterior and posterior segments appear healthy. External ocular
exam revealed right gave vs left field preference, full extraocular movements and visual field full
to confrontation. She has maintained her small stature: at age 15, her height was 139.5 cm (<3rd
percentile), weight 32.7 kg, (<3rd percentile), OFC 51 cm (3rd percentile). An MRI of the brain
at this time showed mild thinning of the anterior part of the corpus callosum with slightly
reduced frontal parietal cerebral volume. MR spectroscopy of the ventricles showed a medium-
sized lactate peak, of indeterminate significance. A small, incidental arachnoid cyst over the left
frontal convexity was noted but not thought to exert any mass effect. The patient was diagnosed
with congenital adrenal hyperplasia (CAH, 21-hydroxylase deficiency); she has occasional
abdominal pains and headaches, ambiguous genitalia, and salt wasting. The CAH could also

contribute to her small stature, which is proportional (whereas some CerTra patients are
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underweight for their height). Metabolic testing including plasma acylcarnitine and plasma
amino acids were normal. Hgb (low MCV) and K levels are occasionally low. Family history is
reportedly negative for ID or developmental delay syndromes. Genetic screening by BluePrint
Genetics identified a de novo heterozygous missense variant ¢.1372C>G, p.(Leu458Val) in
CERT1, a hemizygous ¢.955C>T, p.(GIn319%*) variant in CYP21A2, inherited from her father and
a CYP21A2 deletion from her mother. These latter mutations of the gene that encodes the steroid
21- hydroxylase, which is involved in the synthesis of aldosterone and cortisol, is consistent with

the congenital adrenal hypoplasia.

Subject 30: Subject 30 is a 14-year-old boy of Caucasian descent who was born at term (38.5
weeks) by vaginal delivery at a birth weight of 7 Ibs and 19 inches in length. He presented with
global developmental delays between 6 and 8 months of age. He sat at 10 months and walked
with an unsteady gait at 17 months, at which time developed seizures. At most recent
examination his intellectual disability is estimated to be severe to profound. He is non-verbal but
makes frequent repetitive vocalizations. He exhibits repetitive behavior consistent with ASD,
and he is treated with lorazepam (Ativan) for generalized anxiety disorder. He has episodes of
emesis when anxious or distressed and hits his chin when irritated. He has generalized
convulsive epilepsy, but seizures are infrequent and controlled with lacosamide (Vimpat) at
adjusted doses over the years. The EEG performed in 2008 was normal; repeat EEG (performed
a year later in 2009) revealed excessive slowing in the right hemisphere without epileptic
activity; a subsequent EEG (performed in 2013) revealed significant dysfunction on the left
hemisphere with epileptic tendencies arising from both cerebral hemispheres and an asymmetry
on the background with slower frequencies noted over the left hemisphere. The most recently

EEG (in 2018) did not reveal any epileptic, focal or diffuse abnormality while the patient was
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awake, even while having abnormal movements. His most recent weight was 43.1 kg (11th
percentile, Z=-1.25, based on CDC data), height 166 cm (45th percentile, Z=-0.14, based on
CDC data), and OFC 54.2 cm (32nd percentile, Z=-0.46, based on Nellhaus data). There is a
history of constipation, urinary tract infections with pain and microscopic hematuria. Renal
ultrasound and brain MRI have been unrevealing. Metabolic testing showed normal CBC with
differential, comprehensive metabolic panel, Vitamin D, thyroid function studies, pyruvic acid,
lactic acid, creatine kinase, total and free carnitine, plasma amino acids, acylcarnitine profile,
oligosaccharides, mucopolysaccharidosis urine electrophoresis, urine organic acids, plasma and
urine GAA levels, and spinal fluid amino acids, lactic acid, and neurotransmitters; plasma and
urine creatine levels were elevated but repeat urine testing on a morning void revealed normal
urine creatine levels. Global Metabolomic Assisted Pathway Screening (Global MAPS) revealed
no significant perturbations of metabolic pathways. Facial dysmorphisms include palpebral
fissures and almond-shaped eyes with mild epicanthal folds bilaterally. Infraorbital creases are
noted bilaterally. Flat nasal bridge with short nasal tip. The mouth is typically held open. Pes
planus were noted in the feet and hair exhibits normal texture and distribution. Karyotyping,
Fragile X screening and array-CGH screening were negative. A Syndromic Autism panel was
normal. Epilepsy panel testing revealed one maternally inherited variant in the SCN11A gene
that is likely not pathogenic nor clinically significant. Direct sequencing of ARX, MECP2,
UBE3A and SHANK3 were negative. Prader-Willi/Angelman syndrome methylation studies were
also negative. Trio exome sequencing identified a de novo missense variant, p.S141R, in CERT1

(NM_005713.3).

Subject 31: Subject 31 is a 6-year-old boy of Indian descent diagnosed with epileptic

encephalopathy and developmental delay beginning at 9 months of age. He was born at term (38
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weeks) by vaginal delivery at a birth weight of 2.5 kg. Feeding difficulties and failure to thrive
were noted during the neonatal and infantile periods. Head-holding occurred at 9 months, sitting
at 12 months and walking at 18 months. He exhibits moderate intellectual disability, speech
delay (some verbal ability) and motor delays. No regression has been noted. Behaviorally, he
exhibits ADHD, aggressive behavior, self-injurious behavior and repetitive movements
consistent with autism spectrum disorder. Most recent OFC measurement (47 cm) is consistent
with microcephaly, although we have no information on his height and weight. Brain MRI was
normal. Brain EEG showed generalized epileptiform discharges. Seizures were reported to be
generalized tonic-clonic (1-2 episodes/week) and myoclonic jerks 5-7 times/day. The patient has
been treated with valproate sodium, levetriacetam, and clobazam and has sleep disturbances. He
has exotropia. There are no apparent deviations in pain tolerance. Other than constipation, there
are no other significant systemic issues. Metabolic, blood/serology, hormone (TSH) and
urinalysis testing was normal. The face was noted to be long but otherwise not dysmorphic; there
are no observable abnormalities of the hands and feet. Karyotyping, Fragile X screening, array-
CGH and gene panel testing were negative. Trio exome sequencing identified a de novo

missense variant, p.E424G, in CERT1 (NM_005713.3).
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Appendix E: Longitudinal Analysis of a Resolving Foveomacular Vitelliform
Lesion in ABCA4 Disease™"

Background

Pathogenic variation in the gene encoding the ATP-binding cassette, sub-family A, member 4
(ABCAA4) protein is the underlying cause of a retinal degenerative disorder characterized by
progressive deterioration of central vision over time.> To date, >1,500 disease-causing variants
have been identified in patients who exhibit a wide range of clinical phenotypes depending on
the severity of the causal variants.>*®® Mild, hypomorphic variants result in a slow progressing,
late-onset maculopathies in which the preservation of central vision persists into 5" and 6™
decades of life while variants resulting in complete loss-of-function (nonsense, frameshift,
canonical splice site) are associated with severe chorioretinopathies that begin at early
adolescence and rapidly progress to widespread degeneration across the posterior pole in a short

period of time.?28

ABCA4 disease exhibits many characteristic disease features that have become valuable
diagnostic aids for ophthalmologists in the clinic. In addition to the expanding degenerative
lesion in the central macula, other recognizable features include heterogeneous patterns of
yellow, pisciform flecks across the fundus, peripapillary sparing,?® and specific retinal imaging
findings such as a dark choroid on fundus angiography®® and increased levels of fundus
autofluorescence.?>?* Although widely regarded as pathognomonic characteristics of ABCA4
disease, some of these features may also be found to varying degrees in other genetically distinct

disorders. For instance, both yellowish flecks and peripapillary sparing are present in certain

"W Text and figures from this chapter have been recently published (Lee et al. Ophthalmology Retina. 2022
Sep;6(9):847-860).
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variants of PRPH2-associated pattern dystrophy (MIM# 169150).3" Likewise, rare
complications typically associated with other non-inherited conditions such as choroidal

304 and macular holes3%°:3% have also

neovascularization,3°23% pigment epithelial detachments
been documented in ABCA4 disease. Consolidating the clinical landscape of both common and
infrequent sub-phenotypes for a disease elevates patient care in the clinic and advances research

efforts at the forefront of medicine.

This report details the longitudinal examination of a 25-year-old man who presented to the clinic
with bilateral vitelliform lesions and recent history of central vision loss. The patient was
followed over a 35-month period during which electrophysiological testing and serial retinal
imaging was performed to monitor the clinical course of the lesions in both eyes. Exome
sequencing analysis was performed and known pathogenic ABCA4 variants were identified as the
underlying cause of disease. Retinal imaging data were quantitatively analyzed to identify
features that distinguish this rare manifestation of ABCA4 disease from other vitelliform

associated diseases.

Clinical phenotype

A 25-year-old Caucasian man (Patient 1, Appendix Table 1) presented to the clinic with a
referring diagnosis of autosomal dominant Best vitelliform macular dystrophy (VMD2, MIM#
153700). Progressive deterioration of central vision reportedly began at 20 years of age.
Systemic history was unremarkable and no family history of retinal disease was noted. Best-
corrected visual acuity (BCVA) was Snellen 20/60 in both eyes after correcting for mild
refractive error (OD: plano; OS: +0.50 —0.25 x 142). Intraocular pressures (IOP) were 16 mmHg
in the right eye and 13 mmHg in the left eye. Slit-lamp examination of the anterior segment was

unremarkable.
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Appendix Table E1.%

Snellen BCVA - N ABCA4 variant 1 ABCA4 variant 2
ptical
Patient duration gap
(years) cDNA change Protein change cDNA change Protein change
(NM_000350.2) (NP_000341.2) (NM_000350.2) (NP_000341.2)
1 25 20 20/60 20/60 2.9 .5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)
c.[1622T>C;3113C> p.([Leu541Pro;Ala
2 24 20 20/40 20/40 .5882G>A p.(Gly1961Glu) 1 1038val])
4 ¢.[1622T>C;3113C> p.([Leu541Pro;Ala
3 34 25 20/30 20/30 .5882G>A p.(Gly1961Glu) - 1038val])
s c.[1622T>C;3113C> p.([Leu541Pro;Ala
4 34 25 20/30 20/30 ¢.5882G>A p.(Gly1961Glu) 7 1038val])
¢.[2470A>G;3113 p.([1le824Val;Alal
5 18 16 20/50 20/60 1] 038vall) €.247_250dup p.(Ser84Thrfs*15)
6 14 14 20/60 20/40 53 .5882G>A p.(Gly1961Glu) ¢.1622T>C p.(Leus41Pro)
c.[769- p.([Leu257Aspfs*3
7 25 24 20/80 20/50 2.7 784C>T;]5882G>A Gly1961GIu]) €.286A>G p-(Asn96Asp)
8t 2 | 21 | 2010 20/50 784c>C'T[-75%%2<3>A P-([Leu257Aspfs*3 C.286A>G (Asn96Asp)
1 \Gly1961GIu]) : P P
s c.[1622T>C;3113C> p.([Leu541Pro;Ala
9 24 14 20/150 20/150 14 €.5882G>A p.(Gly1961Glu) I 1038Val])
s ¢.[1622T>C;3113C> p.([Leu541Pro;Ala
10 20 14 20/80 20/70 25 €.5882G>A p.(Gly1961Glu) I 1038Val])
11 24 20 20/40 20/80 €.5882G>A p.(Gly1961Glu) c.4234C>T p.(GIn1412*)
12 28 23 20/30-1 | 20/30-1 13 ¢.5882G>A p.(Gly1961Glu) ¢.3065A>G p.(Glu1022Gly)
13 27 | 15 | 20m00 | 20100 31 784c>C'T[-75%%26>A P-([Leu257Aspfs*3 C.6448T>C (Cys2150Arg)
: : \Gly1961GIu]) : p-{Cy 9
14 23 18 20/40 20/30 €.5882G>A p.(Gly1961Glu) €.4139C>T p.(Pro1380Leu)
15 12 10 20/150 20/100 14 C.6449G>A p.(Cys2150Tyr) .2461T>A p.(Trp821Arg)
16 24 21 20/50 20/100 17 C.5882G>A p.(Gly1961Glu) C.5196+1056A>G p'(Memf"’VH'fs*z
17¢ 27 17 20/100 20/80 50 .5882G>A p.(Gly1961Glu) €.1622T>C p.(Leus41Pro)
18¢ 24 15 20/80 20/80 50 .5882G>A p.(Gly1961Glu) €.1622T>C p.(Leus41Pro)
19 23 22 20/40 20/30 €.5882G>A p.(Gly1961Glu) €.5318C>T p.(Ala1773Val)

* Demographic, clinical and genetic characteristics of the index case and other patients exhibiting the optical gap
phenotype of ABCA4 disease. M, male; F, female; AO, age of onset; BCVA, best-corrected visual acuity; OD, right
eye; OS, left eye; F/U, follow-up; 1, sibling pairs (P3 and P4; P7 and P8; P9 and P10; P17 and P18); Patient 1 is the
proband described in the study. Gametic phase (i.e., biallelic compound heterozygosity) of the ABCA4 variants was
confirmed by parental screening in: P2, P5, P6, P7, P8, P9, P10, P11, P13, P14, P15, P16, P17 and P18. The

following patients have been previously described in Noupuu et al (Invest Ophthalmol Vis Sci. 2014 Oct

9;55(11):7217-26): P2, P3, P7, P8, P9, P10, P13, P14, P15, P16, P17, P18 and P19.




A dilated funduscopic exam showed normal optic nerves, healthy retinal vessels and no disease
changes in the periphery. Examination of the macula revealed round sub-retinal lesions
approximately 1 mm in diameter filled at the base with a dense, egg-yolk-like deposited
substance in both eyes (Appendix Figure E1A, inset). The deposit exhibited an intense
autofluorescence signal and was consistent in appearance with vitelliform fluid (Appendix
Figure E1B, inset) at the vitelliruptive (scrambled egg) stage in the right eye and
pseudohypopyon stage in the left eye. Horizontal SD-OCT scans through the fovea showed a
focal disruption of the photoreceptor-attributable inner segment ellipsoid (I1Se) band resulting in
a cavitated, hyporeflective subretinal space between the RPE and neurosensory retina (Appendix
Figure E1C). In a more inferiorly positioned SD-OCT scan, the vitelliform fluid was reflective
displaced the overlying external limiting membrane, outer nuclei and inner retinal layers

(Appendix Figure E1D).
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Appendix Figure E1YY

SD-OCT (juxtafoveal)

Electrophysiology: EOG and ffERG recordings

¥ Clinical presentation of a foveomacular vitelliform lesion in 25-year-old Caucasian man with confirmed ABCA4
disease. Ultra-wide field photograph (A) and 532-nm autofluorescence image (B) of fundus in the left eye and
enlarged insets showing the sub-foveal lesions with vitelliform fluid (white arrows). (C) Horizontal spectral domain-
optical coherence tomography (SD-OCT) scans through the fovea showing focal loss of the inner segment ellipsoid
band resulting in a cavitated optical gap lesion. (D) Horizontal SD-OCT scan through the vitelliform fluid
accumulation at the base of the lesion (inferior to the fovea).
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Electrooculogram (EOG) testing was performed and showed notable light rise following the dark
adaptation phase in both eyes, from 12.5uV to 18.9uV in the right eye and 13.3uV to 20.5uV in
the left eye (Appendix Figure E2A). The average Arden ratio (light peak-to-dark trough)
between both eyes was 1.62. Full-field ERG (ffERG) testing also showed no significant

generalized dysfunction of the cone and rod systems across the retina (Appendix Figure E2B).
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2z Electrooculogram (EOG) and full-field eletroretinogram (ffERG) testing results in a patient with foveomacular
vitelliform-associated ABCA4 disease. (A) EOG recordings in the patient showing a light rise from dark trough to
light peak (red triangles) in both eyes. (B) Full-field scotopic (dark-adapted 0.01 rod), maximal (dark-adapted 3.0
combined rod and cone), 30-Hz flicker and photopic (light-adapted 3.0 single flash cone) electroretinogram
responses of the right and left eyes of the patient and representative waveforms from an age-matched healthy control
eye. Abbreviations: uV, microvolts; deg, degrees (polar angle, where entire ocular globe =~ 360° or 2x; the typical
(monocular) visual field of a human eye ranges ~120° across the vertical meridian and ~160° across the horizontal
meridian at the posterior pole); ms, microseconds.



Total retina, OS+, ONL+ and RPE layer thickness

Retinal layers on horizontal SD-OCT scans were segmented in both eyes and compared to the
respective mean thicknesses + 2 standard deviation intervals of healthy individuals/eyes (n = 25)
(Appendix Figure E3A-E3D). Outer segment (OS+) layer thickness in both eyes were within
normal limits. This layer was disrupted at the location of lesion in the fovea (Appendix Figure
E3B). Significant thinning of the outer nuclear layer + outer plexiform layer (ONL+) was
observed inside the lesion and, notably, within a ~1-2 mm radius outside of the foveal lesion
(Appendix Figure E3C). No significant thinning was apparent in the RPE layer (Appendix

Figure E3D).
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aaa Assessment of total retinal, outer nuclear layer + outer plexiform layer (ONL+), outer segment+ (OS+) and RPE
thickness along horizontal spectral domain-optical coherence tomography (SD-OCT) scans of both eyes in the
patient and 25 healthy individuals/eyes. Solid and dotted gray lines are the mean thickness values of healthy eyes +
2 standard deviations, respectively. Pink shaded regions denote the location of the visible lesion in the fovea.
Thicknesses were plot as a function of eccentricity from the fovea, 3 mm in the nasal (positive values) and temporal
(negative values) directions. ONL+ is defined as the distance between the external limiting membrane (ELM)and the
proximal edge of the outer plexiform layer (OPL); OS+ is defined as the distance between BM and the anterior
boundary of the ellipsoid zone band.
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En face analysis: 1Se and RPE layers

On en face maps of 1Se reflectivity in both eyes, an elliptical hyper-reflective halo was observed
surround the non-reflective central lesion in the fovea (Appendix Figure E4A). No significant
regions of abnormal reflectivity were apparent at the RPE layer (Appendix Figure E4B). When
compared to other imaging modalities, this peri-lesional abnormality was not visible on SW-AF
(Appendix Figure E4C) but manifestly apparent on NIR-AF as a homogeneous region of

hyperautofluorescence (Appendix Figure E4D).

Appendix Figure E4°®

En Face SD-OCT

ISe layer reflectivity §. RPE layer reflectivity

Autofluorescence

bbb Multi-modal imaging of the macula in the right eye of the patient with foveomacular vitelliform-associated
ABCAA4 disease. (A) 8mm x 8mm en face map of the photoreceptor-attributable inner segment ellipsoid (1Se) layer
constructed from the transverse analysis of 97 spectral domain-optical coherence tomography (SD-OCT) scans. The
en face map is overlaid onto a near-infrared reflectance image. Yellow arrows point to the edge of an abnormal
region of reflectance around the foveal lesion. (B) 6mm en face map of the retinal pigment epithelium layer showing
no apparent regions of abnormal reflectivity. (C) Short wavelength-autofluorescence (SW-AF, 488-nm) and (B)
near infrared-autofluorescence (NIR-AF, 787-nm) images of the right eye. Yellow arrows in the NIR-AF image
point to the edge of a homogeneous region of increased autofluorescence around the foveal lesion.
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Long-term progression and disease outcome

The patient was monitored over a 35-month period to assess longitudinal changes. BCVA
remained relatively stable throughout the course of follow up although the left eye slightly
improved from 20/60 to 20/50 after 30 months (Appendix Figure E5A). Serial SD-OCT scans
through the fovea showed no changes to the optical gap lesions in the fovea aside from the
variable appearance of small, punctate spots across 4 visits in both eyes (Appendix Figure
E5B). After months from initial presentation, the lesion in the left eye become vitelliruptive and
most of the vitelliform fluid had resolved in the right eye (Appendix Figure E3C). At this time,
small, well-delineated foci exhibiting an intense autofluorescence signal were observed inside
the lesions on autofluorescence imaging. These foci were hyper-reflective on SD-OCT scans
and traversed both photoreceptor-attributable layers. At 19 months, these intraretinal
hyperreflective foci were no longer visible in the right eye and began migrating towards the inner
retina in the left eye (Appendix Figure E3C). At this visit, an optical coherence tomography
angiography (OCTA) map of the choriocapillaris layer showed a bright visibility of large,
underlying choroidal vessels within the lesion in the right eye (Appendix Figure E3A). This
underlying vessel visibility was less pronounced in the lesion of the left eye, in which two
obstructive spots were present. After 30 months, vitelliform fluid had completely resolved in

both eyes leaving empty optical gaps with residual hyperreflective puncta traversing the ELM.
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¢ | ongitudinal analysis of the patient with foveomacular vitelliform-associated ABCA4 disease over a 35-month
examination period. (A) Timeline providing the best-corrected visual acuity (BCVA) and vitelliform stage in the
right (OD) and left (OS) eyes. 6mm x 6mm optical coherence tomography angiography (OCTA) of the
choriocapillaris layer of the right and left eye were acquired 19 months from the baseline visit. (B) Enlarged
horizontal SD-OCT scans through the fovea in both eyes across four visits from baseline to 30 months. (C) Enlarged
horizontal SD-OCT scans through the vitelliform fluid accumulation at the base of the lesion (inferior to the fovea)
across four visits from baseline to 30 months.



Exome sequencing analysis

Whole exome sequencing was performed in the patient and variant filtering was restricted to

genes previously associated with retinal disease (RetNet, https://sph.uth.edu/retnet/). At an

initial minor allele frequency (MAF) filter of < 0.2, variants in two vitelliform-associated genes
were identified: a homozygous missense variant, c.1609T>C (p.(Ser537Pro)), in BEST1 (MIM#
607854) and two heterozygous missense variants, ¢.1898G>A (p.Arg633His) and ¢.1876C>T
(p.Arg626Trp), in IMPG1 (MIM# 602870). These variants were not considered pathogenic due
to their extremely high MAF (>0.1) (Appendix Table E2). At MAF filter <0.01, 15
heterozygous variants in 12 genes remained of which half are associated with syndromic an/or
non-syndromic retinitis pigmentosa (Appendix Table E3). Considering the underlying
phenotype in the patient, the ¢.5882G>A (p.(Gly1961Glu)) and ¢.4139C>T (p.(Pro1380Leu))
variants in ABCA4 were determined to be the causal variants. Interestingly, a heterozygous
missense variant ¢.2644C>T (p.(Arg882Trp)) was identified in RP1L1 (MIM# 608581) which
causes a similar phenotype (occult macular dystrophy) although it was not predicted to be

pathogenic (CADD-PHRED =7.132, REVEL = 0.113, Eigen = -1.668).
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Appendix Table E294

Genomic
location

HGNS
protein

Variant
type

Variant
effect

rs17185413

RefSNP

REVEL

Eigen

BEST1 | NM_004183.3 | 11-61730553-T-C | ¢.1609T>C | p.(Ser537Pro) | Homozygous | Substitution Missense 0.1769 13.68 - 0.085 -1.195
IMPG1 | NM_001563.4 | 6-76640781-C-T | c.1898G>A | p.(Arg633His) | Heterozygous | Substitution Missense rs3734313 | 0.1875 17.8 - 0.071 -0.319
IMPG1 | NM_001563.4 | 6-76640803-G-A | ¢.1876C>T | p.(Arg626Trp) | Heterozygous | Substitution Missense rs10943299 | 0.1195 0.045 - 0.047 -2.376

Appendix Table E3°¢¢

Genomic

Variant

Variant

Gene Transcript ID [ t'DGI\\l/: HGNS protein Zygosity type effect RefSNP
ABCA4 NM_000350.2 Chr 1:94473807 | c.5882G>A | p.(Gly1961Glu) | Heterozygous | Substitution | Missense rs1800553 0.0048 28.4 - 0.76 0.346
ABCA4 NM_000350.2 Chr 1:94496666 | c.4139C>T | p.(Prol380Leu) | Heterozygous | Substitution | Missense rs61750130 | 0.0002 25.2 0.391 0.867 0.696
ADAM9 NM_003816.3 Chr 8:38869207 C.226G>A p.(Glu76Lys) Heterozygous | Substitution | Missense rs61753672 | 0.0065 19.17 - 0.059 -0.617
ALMS1 NM_015120.4 Chr2:73676961 | ¢.3304C>G | p.(Prol102Ala) | Heterozygous | Substitution | Missense | rs200257398 | 0.0006 15.28 0.014 0.036 -0.35
ARHGEF18 | NM_001367823.1 | Chr19:7447680 €.725G>A p.(Ser242Asn) Heterozygous | Substitution | Missense | rs545108657 | 0.0005 11.73 0.015 - -
CEP290 NM_025114.4 Chr 12:88454728 | ¢.6401T>C | p.(lle2134Thr) Heterozygous | Substitution | Missense | rs117852025 | 0.0075 24.6 - 0.406 0.807
EYS NM_001142800.2 | Chr6:65016935 | c.6119T>A | p.(Val2040Asp) | Heterozygous | Substitution | Missense | rs201580493 | 0.0017 26.6 0.107 0.296 0.27
EYS NM_001142800.2 | Chr6:65596611 | ¢.2971C>T | p.(Leu991Phe) | Heterozygous | Substitution | Missense | rs201819948 | 0.0004 13.17 0.074 0.167 -0.976
EYS NM_001142800.2 | Chr 6:66204970 €.334G>A p.(Valli2lle) Heterozygous | Substitution | Missense | rs112609906 | 0.009 9.676 - 0.191 -0.778
GRM6 NM_000843.4 Chr5:178418555 | ¢.727G>T p.(Val243Phe) Heterozygous | Substitution | Missense rs17078894 0.005 25.8 - 0.604 0.573
IFT172 NM_015662.3 Chr2:27668298 | c.4933G>A | p.(Vall645lle) Heterozygous | Substitution | Missense | rs149117098 | 0.0007 215 0.006 0.031 -0.268
LAMAL NM_005559.4 Chr 18:7023207 | c.2657C>T | p.(Ala886Val) Heterozygous | Substitution | Missense | rs144738522 | 0.0021 29 0.033 0.33 0.429
RP1L1 NM_178857.6 Chr 8:10468964 | c.2644C>T | p.(Arg882Trp) Heterozygous | Substitution | Missense | rs148936402 | 0.0027 7.132 - 0.113 -1.668
TMEM126A NM_032273.4 Chr 11:85365174 | c.154A>G p.(Ser52Gly) Heterozygous | Substitution | Missense | rs140047528 | 0.0029 25.7 0.044 0.227 0.693
WFS1 NM_006005.3 Chr 4:6302799 ¢.1277G>A | p.(Cys426Tyr) Heterozygous | Substitution | Missense rs35218685 | 0.0026 19.7 0.474 0.49 -0.097

d4dd Genetic and functional annotation summary of variants in genes associated with vitelliform lesions identified from whole exome sequencing in the patient.

Pathogenicity thresholds: >20 for CADD-PHRED (v1.6), >0.025 for MCAP, >0.5 for REVEL and >0.5 for Eigen. Abbreviations: MAF, minor allele frequency
(https://gnomad.broadinstitute.org/); HGVS, human genome variation society; RefSNP, reference SNPs.
&€ Genetic and functional annotation summary of rare variants (<1% MAF) in genes associated with retinal disease identified from whole exome sequencing in

the patient.
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Etiological correlation with the ABCA4-associated optical gap phenotype

Following complete resolution of vitelliform fluid in the patient, the remaining hypo-reflective
subretinal space in the fovea was consistent in appearance with foveal cavitation, occult
maculopathy or optical gap lesions described in a subgroup of Stargardt/ABCA4 disease as well
as other inherited and non-inherited retinal conditions (Appendix Table E4). While no other
cases with vitelliform lesions were found in our initial internal screening of confirmed ABCA4
disease patients, we identified and further analyzed 18 additional cases exhibiting foveal optical

gap lesions (Appendix Table 1, Appendix Table E5).
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Appendix Table E4

Clinical Entity

OCT Description

Spinocerebellar Ataxia Type 7

Altered foveal lamination, abnormal area of low reflectivity

Aleman et al.3"’

SCA7
Stargardt disease ABCA4 Foveal optical gap Cellaet al.}*®
Well-defined disruption of the inner segment—outer segment (IS-
Occult macular dystrophy RP1L1 0S) junction of photoreceptors and the Verhoeff membrane (cone Park et al.3®
outer segment tips)
Achromatopsia CNGA3 . . )
Foveal bubble, optical empty cavity Thiadens et al.>®
Achromatopsia CNGB3
Blue cone monochromacy OPNILW Focal disruption of the inner segment ellipsoid (ISe) near the Carroll et al 220
Blue cone monochromacy OPN1MW foveal center
Occult macular dystrophy ABCA4 Foveal cavitation Sisk et al 3!
Cone dystrophy with supernormal KCVN2 Focal disruption of reflective band at I1S/OS junction Sergounslgtls et
rod electrogram al.
Occult macular dystrophy RP1L1 Focal disruption of the IS-OS junction Ahn et al 5%
Focal loss of foveolar photoreceptors, disruption of the inner
Spinocerebellar Ataxia Type 7 - segment/outer segment junction, and preservation of the external Watkins et al.®
limiting membrane
Stargardt disease ABCA4 Optical gap Noupuu et al.*?
Achromatopsia CNGA3
Achromatopsia CNGB3 Optically empty space Greenberg et al 3
Achromatopsia -
Achromatopsia CNGA3
Achromatopsia CNGB3
- Foveal morphology: inner segment ellipsoid (ISe) 316
Achromatopsia GNAT absence/disruption/hyporeflective Sundaram et al.
Achromatopsia PDEC
Achromatopsia -
Abrupt disruption of the inner—outer segment junction layer in the . 317
Cone dystrophy GUCY2D subfoveal photoreceptors Mukherijee et al.
. Fovea: changes at inner-segment ellipsoid zones, suggesting loss . 318
Cone-rod dystrophy POC1B of junctions between inner and outer segments Roosing et al.
Tamoxifen-induced retinopathy (no_n— Pseudocystic foveal cavitation Doshi et al.3*°
hereditary)
Achromatopsia ATF6 Optical gap Kohl et al 320
[Structural irregularities especially in the photoreceptor layer,
Maculopathy PRPH2 which is in the area of the outer segments of the cones in the Maertz et al %2
foveola are particularly pronounced]*
Stargardt-like macular dystrophy ELOVL4 Subretinal pocket Palejwala et al %%
Cone dystrophy/macular dystrophy GUCAIA Absent ellipsoid zone band yvnth thinning of the outer nuclear layer Manes et al 23
in the fovea
Tamoxifen-induced retinopathy (no_n— Hyporeflective foveal cayltathn and focal photoreceptor Lee et al 3%
hereditary) disruption

fi* Differential descriptions of foveal optical gap lesions on optical coherence tomography (OCT) in inherited and
non-inherited retinal degenerations. IDescription translated from German.
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Appendix Table E5999

cDNA - 7 Allele Coding MAF 7 CADD- Reported cases harboring
(NM_000350.2) Protein Location  countt | effect dbSNP (gnomAD) REVEL  Eigen | ppep | DANN variant

Simonelli et al.®?
Maugeri et al.32

0.94577046_94577 Xu et al 327

€.247_250dup p.(Ser84Thrfs*15) Exon 3 1 Frameshift rs1005271380 - - - - - - Fujinami et al 328

Jiang et al.3%°

Maggi et al.3%
Lee et al.33!

049dup

Maia-Lopes et al.>*?
Lambertus et al.3%
9.94577010T>C €.286A>G p.(Asn96Asp) Exon 3 1 Missense rs61748529 0.000007967 0.283 0.768 0.923 23.3 0.997 Nassisi et aIAS’-“:;‘
Salles et al.
Fujinami et al.%
Rozet et al 37
Fishman et al %%
Webster et al.5*
Briggs et al.®*®
Gerth et al.34
Wiszniewski et al.*3"
0.94528806A>G €.1622T>C p.(Leu541Pro) Exon 12 2 Missense rs61751392 0.0001627 0.58 0.983 0.999 26.8 0.999 Hargitai et allfg“1
Cellaet al.
Riveiro-Alvarez et al.**®
Fujinami et al.3%?
Bertelsen et al.*®
Zhang et al.*%°
Schulz et al.5®
Lewis et al 18
0.94520793A>T C.2461T>A p.(Trp821Arg) Exon 16 1 Missense rs61749433 0.00001062 0.512 0.87 0.962 28.6 0.997 Cideciyan et al.**
Sciezynska et al.>*
Zaneveld et al.**
9.94509017T>C €.3065A>G p.(Glu1022Gly) Exon 21 1 Missense - - 0.783 0.981 0.999 32 0.999 Jiang et als.jsg
Ohetal.
Lewis et al 18
Briggs et al.>*®
Shroyer et al.%
Oh et al 37
il 348
0.94496666G>A c.4139C>T p.(Pro1380Leu) Exon 28 2 Missense rs61750130 | 0.000233633 | 0.391 0.87 0.70 25.2 0.999 f"v'\‘lgaf]g oy
Chacén-Camacho et al.3*
Duncker et al.?®
Stone et al.2?
Lee et al.33!
Maugeri et al 3¢
Bertelsen et al.*®
Xu et al 327
Kousal et al.®*
0.94496571G>A c.4234C>T p.(GIn1412%) Exon 28 1 Nonsense rs61750137 0.000007073 - - - 51 0.998 Fujinami et aalz.g328
Jiang et al.
Schulz et al.5
Stone et al 352
Paavo et al.*

998 Summary of predicted pathogenicity and disease association of ABCA4 alleles identified in the study cohort. {Allele counts exclude familial cases in the
cohort. Pathogenicity thresholds: >20 for CADD-PHRED (v1.6), >0.025 for MCAP, >0.5 for REVEL and >0.5 for Eigen. Pathogenic scores are highlighted in
pink. Abbreviations: MAF, minor allele frequency (https://gnomad.broadinstitute.org/); HGVS, human genome variation society; RefSNP, reference SNPs.
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0.94484082T>C

€.5196+1056A>
G

p.(Met1733Valfs*2
)

Intron 36

rs886044749

Stone et al %52
Schulz et al.5®
Zernant et al.*”
Khan et al.3%

Del Pozo-Valero et al.*®®

0.94480241G>A

€.5318C>T

p.(Alal773Val)

Exon 38

Missense

rs760549861

0.00007557

0.123

0.932

01099

Chacon-Camacho et al 3%
Jiang et al.°
Schulz et al.5®

Del Pozo-Valero et al.*®®

Sun et al.3*

0.94473807C>T

€.5882G>A

p.(Gly1961Glu)

Exon 42

11

Missense

rs1800553

0.004564289

0.35

0.998

Lewis et al 18
Klevering et al.®%
Fishman et al.%%®
Wiszniewski et al.*3"
Kitiratschky et al.®®
Cideciyan et al.®"
Cella et al.}®
Burke et al.®
Fujinami et al .
Lee etal.3”
Schulz et al.5
Lee et al.%®
Birtel et al.3%8
Nassisi et al .3
Lee et al. 10
Lee et al.?8

0.94466423A>G

€.6448T>C

p.(Cys2150Arg)

Exon 47

Missense

rs61750656

0.000003976

0.528

0.941

0.988

0.998

Briggs et al.>*°
Simonelli et al.®®
Duncker et al.%6°

Jiang et al 3%

0.94466422C>T

€.6449G>A

p.(Cys2150Tyr)

Exon 47

Missense

rs61751384

2.82811E-05

0.525

0.80

32

0.998

Fishman et al %%
Schulz et al.5
Thiadens et al.**
Sisk et al.3*
Oh et al 37
Duncker et al.?
Cideciyan et al.1?

0.[94549781G>A;
94473807C>T]

c.[769-
784C>T;5882G
>A]

p.([Leu257Aspfs*3,
Gly1961Glu])

Intron 6;
Exon 42

(Complex
allele)

Sangermano et al.*
Runhart et al %%
Leeetal.

0.[94528806A>G;
94508969G>A]

c.[1622T>C;311
3C>T]

p.([Leu541Pro;Alal
038Val])

Exonl2;
Exon 21

(Complex
allele)

Maugeri et al.®®
Rivera et al.%?
Fishman et al.3%®
Wiszniewski et al.*3"
Schulz et al.5
Zhang et al.*%
Tracewska et al.*3®
Zolnikova et al 3%
Lee et al.?8

0.[94520784T>C;
94508969G>A]

c.[2470A>G;311
3C>T]

p.([lle824Val;Alal
038Val])

Exonl6;
Exon 21

(Complex
allele)

Both variants are predicted
pathogenic and have been
reported as individual disease-
causing alleles in patients:
€.2470A>G*°
C.3113C>T1‘53‘186‘190'284
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Like the index patient, most of these additional cases harbored ¢.5882G>A (p.(Gly1961Glu)) and
all together, the variant was highly enriched, occurring on one of the alleles in 17 out 19 (89.5%)
cases (FET, p = 5.01E-08). The presenting age of the patient, 25-years-old, was also well within
the range of the other optical gap cases from age 11.8 to 34.4 years (mean 23.3 years) (Appendix

Figure EGA).

Hyper-reflective puncta traversing the ELM, similar to the ones observed in the patient after
vitelliform resorption, were found in at least 2 other patients (P5 and P8). Variability in the size
and morphology of the optical gap lesions was noted on SD-OCT. Larger cavitated lesions in
which the ELM exhibits a rounded contour displacing the adjacent inner retinal layers like the
one found in the patient were also observed in at least five other cases (P11, P13, P15, P17 and
P18) (6/19, 31.5%) (Appendix Figure E6B). Significant changes in lesion morphology,
including cavitation, were not noted in at least 4 patients (P6, P7, P10 and P12) who were

followed longitudinally from early loss of the EZ band to incipient atrophy.
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Appendix Figure E6"™"
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Discussion

The present case expands the clinical spectrum of both ABCA4- and vitelliform-associated
diseases. Vitelliform lesions are most prominently associated with the bestrophinopathies, which
are a group of retinal disorders caused by pathogenic variants in the BEST1 gene.'®2%* The
presenting age and singular foveomacular lesion in each eye is most consistent with autosomal

dominant Best vitelliform macular dystrophy (VMD2, MIM# 153700). Aside from genetic

fhh Phenotypic analysis of optical gap lesions in the patient and 18 additional ABCA4 disease cases. (A)
Distribution of the initial ages (years) at which each patient presented with optical gap lesions. (B) Structural
variability of fully formed optical gap lesions in representative patients. (C) Proposed schematic diagram
illustrating the effect of vitelliform fluid on the observed structural variability of optical gap lesions in ABCA4
disease. ILM, inner limiting membrane; ELM, external limiting membrane; ISe, inner segment ellipsoid; RPE,
retinal pigment epithelium; BM, Bruch’s membrane.
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testing, which definitively confirmed ABCA4 disease, results of EOG testing provided one of the
first of several findings that were inconsistent with VMD2. While the Arden ratio (1.65) was
moderately subnormal for healthy eyes (>1.8 to 2), it exceeds the <1.5 threshold and range
typically reported in patients with VMD2.2®® The EOG has long been a reliable diagnostic test
for bestrophinopathies although occasional findings of “normal” EOG results in VMD2 have
been reported.®%:3%7 Electrophysiological testing in this patient was corroborative but ultimately
did not contribute to diagnostic confirmation. Routine genetic testing is becoming increasingly
available in clinics at diminishing costs. Following such recent trends, genetic testing may at
some point, supersede the diagnostic utility of electrophysiological tests like the EOG for

bestrophinopathies.

Abnormalities found outside of the foveomacular lesion in this patient which included
photoreceptor layer thinning, 1Se reflectivity changes on SD-OCT and the intensely bright region
of NIR-AF around the perimeter of the lesion are also inconsistent with disease localization in
the fundus of VMD2 patients. Levels of SW-AF (488-nm) and NIR-AF (787-nm) levels, as well
as the thickness of retinal layers, were thoroughly investigated by two studies in large cohorts of
VMD2.%68389 Among other findings, the authors showed that similar underlying disease changes
such as cellular layer thinning and lipofuscin accumulation do not occur in non-lesion areas. On
the contrary, subclinical detection of early structural and functional deterioration in non-lesion

areas of the fundus in ABCA4 disease patients is a very well-documented phenomenon.37%:371

Vitelliform lesions have also been described in patients with mutations in other genes such as
PRPH2 (MIM# 179605),%"2 IMPG1 (MIM# 602870)/IMPG2 (MIM# 607056),3"*37* ABCC6
(MIM# 603234),%" and non-inherited disorders such as age-related macular degeneration

(AMD).*"® Interestingly, many of these conditions mimic one another and ABCA4 disease in
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various ways. For instance, scattered hyperautofluorescent deposits found in each of these
conditions sometimes resemble one of the various fleck patterns ABCAA4 disease.? In PRPH2-
associated pattern dystrophy and recessive bestrophinopathy (MIM# 611809), these deposits and
other disease features have even been noted to exhibit the peripapillary sparing
phenomenon.®*377 While each of these conditions are genetically very distinct, the list of
clinical commonalities between them, which now includes development of vitelliform fluid,
strongly suggests that a mechanistic commonality may be shared between them, the implications

of which should be further explored in treatment options and genetic modifier studies.

The development of vitelliform lesions in ABCA4 disease, while an evidently rare clinical
observation, is actually congruous with its known disease mechanism. Dysfunction of the
ABCAA4 protein, which resides in photoreceptor outer segment disc membranes, leads to a
perpetual build-up of visual cycle retinoids and subsequent synthesis of A2E in the disc
lumen.3® This substance is then deposited in RPE cells where it accumulates as lipofuscin, the
presence of which is the principal cause cellular degeneration.*>® The precise composition of
vitelliform material likely varies depending on the disease setting however clinicopathologic
studies in patients with bestrophinopathy®"®-32 and adult-onset vitelliform macular dystrophy3*
386 confirm lipofuscin and un-phagocytized outer segment debris to be a major component.
Contrary to the milder, more macular-confined disease changes seen in conditions like VMD?2 or
AMD, the augmented accumulation of lipofuscin in ABCA4 disease is typically more
widespread and manifests heterogeneous features such as the confluent formation of flecks
across the posterior pole.?? Interestingly, flecks undergo similar time-dependent changes as

vitelliform lesions, whereby reflective subretinal deposits traversing photoreceptor-attributable

bands exhibit a strong autofluorescence signal that extinguishes as the subretinal deposits resorb
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overtime.*?°122 The precise etiological mechanism of fleck formation is largely unknown
although several compelling explanations have been proposed.*?>37 Whether or not fleck and
vitelliform formation are related pathological processes is indeed an intriguing question but
beyond the scope of this study. What can be said, however, is that the aggressive disease
changes characteristic of moderate to severe phenotypes of ABCA4 disease are likely not

conducive to the formation of subfoveal vitelliform lesions typically seen in diseases like VMD2.

An exception to this may be found in patients with milder, slow-progressing phenotypes of
ABCAA4 disease—specifically individuals, like the patient, with the c.5882G>A
(p.(Gly1961Glu))-associated optical gap phenotype. Both optical gap lesions and a mild disease
setting imparted by ¢.5882G>A (p.(Gly1961Glu)) genotypes provide an ideal cellular milieu for
the vitelliform lesion formation. Structurally, c.5882G>A (p.(Gly1961Glu)) optical gaps are
stable, enclosed subretinal spaces within which vitelliform fluid can be deposited and retained
for a period of time. This arrangement appears anatomically analogous to the occurrence of
acquired vitelliform lesions within the space of subfoveal tractional neuroretinal detachments

seen in patients with a epiretinal membranes. 8

Our analysis of additional ABCAA4 disease cases with optical gap lesions identified some features
that may be indicative of prior vitelliform deposition. Intraretinal hyper-reflective foci found in
the patient following the resorption of vitelliform fluid was also noted in several other cases.
Similar deposits, histopathological shown to contain lipofuscin and melanolipofuscin granules,
have been described in acquired vitelliform lesions.3* The shape and size of optical gap lesions
varied across patients with some, including the one found in the vitelliform patient, exhibiting a
an enlarged, cavitated shape. It is unclear how and why this cavitation occurs in some lesions

but not others. Based on our observations, the additional accumulation of vitelliform fluid in this
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space may be a contributing factor (Appendix Figure E6C). It should also be noted however
that similar cavitated optical lesions are also found in other retinal disorders (e.g., cone/cone-rod
dystrophies; see Appendix Table E4) which contradicts this hypothesis. Understanding the
mechanistic nuanced effect of vitelliform fluid in the retina is beyond the limitations of this study

and future studies in large patient cohorts will be necessary to address these questions.

In summary, we present an in-depth analysis of confirmed case of ABCAA4 disease who, to the
best of our knowledge, has the first documented foveomacular vitelliform lesion. This clinical
manifestation is phenotypically similar to those seen in other associated diseases and its
resolution, which we documented over a 35-month period progresses through characteristic
vitelliform stages. Aside from genetic testing, ABCA4-associated vitelliform lesions are likely
associated with the optical gap subphenotypes which we hypothesize is the reason their
infrequent documentation. Lastly, ABCA4-associated vitelliform lesions can be distinguished
from those of other conditions like autosomal dominant bestrophinopathy by EOG testing (Arden
ratio >1.55), as well as the presence of subclinical abnormalities in fundus areas eccentric to the

lesion.

Materials & Methods

All study subjects provided written and signed informed consent to participate in this study. All
study procedures are described in protocol #AAAI9906 which was approved by the Institutional
Review Board at Columbia University Medical Center. The study adhered to tenets set out in the
Declaration of Helsinki. The patient underwent a complete ophthalmic examination that
included slit-lamp and dilated fundus exam, best corrected visual acuity (BCVA,; Snellen), multi-
modal imaging and electrophysiological testing. Electrooculogram (EOG) and full-field

electroretinogram (ffERG) recordings were conducted using the Espion Visual
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Electrophysiology System (Diagnosys LLC, Littleton, MA, USA) according to International

Society for Clinical Electrophysiology of Vision (ISCEV) standards. 0838

Imaging across all modalities were conducted following maximum pupil dilation (>7mm) with
tropicamide (1%) and phenylephrine hydrochloride (2.5%). Short wavelength (488-nm) and
near infrared-autofluorescence (787-nm) images and spectral domain-optical coherence
tomography (SD-OCT) scans were acquired using the Spectralis HRA+OCT scanning laser
ophthalmoscope (SLO) (Heidelberg Engineering, Heidelberg, Germany). Ultra-widefield
(optomap) color and 532-nm autofluorescence images were acquired with an Optos 200 Tx SLO
(Optos PLC, Dunfermline, United Kingdom). Optical coherence tomography angiography
(OCTA) images were acquired using a Zeiss AngioPlex Cirrus HD-OCT 5000 (Zeiss Meditec
Inc, Dublin, California, USA). En face 3mm x 3mm images of the choriocapillaris (CC) layer
image were constructed from raster scans that were automatically segmented and manually

adjusted when necessary.

The thickness of the total retina, outer nuclear layer + outer plexiform layer (ONL+), outer
segment+ (OS+) and RPE layers were manually measured using the caliper tool in the HEYEX
software (Heidelberg Engineering) in both eyes each of family member and compared to the
mean * 2 standard deviations (SD) of 25 eyes of 25 healthy subjects (mean age, 47.5 years;
range, 13.5-84.4 years). TREC+ is defined as the distance between Bruch’s membrane (BM) to
the border of the outer plexiform/ inner nuclear layer; OS+ is defined as the distance between
BM and the ellipsoid zone. Measurements were carried out on horizontal SD-OCT scans (high-
resolution, 9 mm) at 0.5 mm intervals up to 3 mm along the nasal and temporal axes (17
positions total). The horizontal diameter of the hypoautofluorescent lesion in each eye was

measured, averaged and mapped on each thickness plot. En face images of the inner segment

278



ellipsoid (ISe) slab were generated using the transverse analysis module of the HEYEX software.
A dense raster scan of 97 high resolution B-scans were acquired in each eye and the contour of

the 1Se band was manually segmented for each individual scan.

Genomic DNA was extracted from peripheral blood lymphocytes from the patient and the whole
exome sequencing was performed by Psomagen (Rockville, MD) using the SureSelect Human
All Exon V8 (Agilent, Santa Clara, CA). Sequence reads were aligned to the hg19 reference
genome with BWA, and processed with GATK according to the best practices recommendations.
After variant calling, we narrowed our analyses to variants in genes previously associated with

retinal disease (https://sph.uth.edu/retnet/) at a minor allele frequency (MAF) < 0.2 based on the

gnomAD database (assessed December 2021). We then performed functional annotation on the
221 resulting variants with ANNOVAR (https://annovar.openbioinformatics.org/en/latest/) using
pathogenicity scores from the dbnsfp 4.2a dataset
(https://sites.google.com/site/jpopgen/dbNSFP). After filtering and evaluating variants from
genes associated with vitelliform lesions (Appendix Table 1), we further restricted the MAF
filter to <0.01 and evaluated the remaining 15 variants for causality (Appendix Table 2). The
phase of the ABCA4 variants identified in each patient were either confirmed by parental
screening (Appendix Figure E7) or imputed based on their co-occurrence patterns in the general

population (Appendix Figure E8, https://gnomad.broadinstitute.org/variant-cooccurrence).

279


https://sph.uth.edu/retnet/

Appendix Figure E7'

Phase determination of ABCA4 variants by familial segregation

MZ;M3/+ [ +M1 M5/+ ‘ +M4;M3
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+M2
M2;M3/M1 M5/M4;M3 Mi/m2
M1: c.5882G>A (p.(Gly1961Glu)) M4: c.2470A>G (p.(lle824Val)) M1: ¢.5882G>A (p.(Gly1961Glu))
M2: c.1622T>C (p.(Leu541Pro)) M3: c.3113C>T (p.(Ala1038Val))
M3: ¢.3113C>T (p.(Ala1038Val))

M2: ¢.1622T>C (p.(Leu541Pro))
M5: ¢.247_250dup (p.(Ser84Thrfs*15))

+M1;M6 M2;M3/+ [ +mM1 M+ | +/M8
M7/M1;M6  M7/M1;M6 +M1 MZ;M3/M1 MZM3/+ M2;M3/M1
M1: ¢.5882G>A (p.(Gly1961Glu))

M1: c.5882G>A (p.(Gly1961Glu))
M6: ¢.769-784C>T (p.(Leu257Aspfs*3))

M1: ¢.5882G>A (p.(Gly1961Glu))
M7: c.286A>G (p.(Asn96Asp))

M8: ¢.4234C>T (p.(GIn1412%))
M2: ¢.1622T=>C (p.(Leu541Pro))
M3: ¢.3113C>T (p.(Ala1038Val))

Mo+ | +/m1:Me 2 +IM1 M3+ |+
M9/M1;M6 M10/M1

M1: ¢.5882G>A (p.(Gly1961Glu)) M1: ¢.5882G>A (p.(Gly1961GIu)) MM MM

M6: c.769-784C>T (p.(Leu257Aspfs*3)) M10: c.4139C>T (p.(Pro1380Leu))

M9: ¢.6448T>C (p.(Cys2150Arg))

M1: c.5882G>A (p.(Gly1961Glu))

M13: ¢.5196+1056A>G (p.(Met1733Valfs*2))

M1/+ +/M2 M11/+ | +/M12
e ; M11/M12
M1+ MMz MIM2 M11: . 6449G>A (p.(Cys2150Tyr))
M1: c.5882G>A (p.(Gly1961Glu)) M12: ¢.2461T>A (p.(Trp821Arg))
M2: ¢.1622T>C (p.(Leu541Pro})

14 patients across 11 familial pedigrees.

il Phase determination of ABCA4 variants by familial segregation. DNA samples collected from parents and siblings
of patients were screened. The segregation of each ABCA4 variant on the maternal and paternal allele is shown for
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Appendix Figure E8

Genotype counts Haplotype counts Estimated probability
variants occur on
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5 5 C 250,290 | 19
¢.5882G>A (p.(Gly1961GIy)) —— & CIT --- 3 100%
E 'i T 1,181 0
3o (e
- bt
Patient 3 1-94528806-A-G 1-94528806-A-G
Patient 4 ATA AG GIG
< < A G
€.1622T>C (p.(Leus41Pro)) — @ GIG 124,564 - ) ‘
& o G 250,824 0 |
¢3113C>T (p.(Ala1038Val) —— S GIA --- 2 <1% |
] 2 A 385 37 |
Yy | | I |
I
1-94528806-A-G 1-94528806-A-G }
AA NG GIG |
& o o A ¢ |
¢.1622T>C (p.(Leu541Pra)) -
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iii Analysis of co-occurrence patterns in the general population of ABCA4 variants found in study patients in whom
familial screening for phase determination was not available. Analysis of co-occurrence patterns in the general
population of ABCA4 variants found in study patients in whom familial screening for phase determination was not
available. Genotype counts are presented in 3x3 tables listing the number of individuals (exomes) in the gnomAD
database (https://gnomad.broadinstitute.org/gene/ENSG00000198691?dataset=gnomad_r2_1, accessed March 2022)
with these genotype combinations. Red squares are individuals with variants falling on different haplotypes; blue
squares are individuals with variants falling on the same haplotype; purple squares are indeterminant. Haplotype
counts are estimated based on an expectation-maximization algorithm
(https://gnomad.broadinstitute.org/news/2021-07-variant-co-occurrence-phasing-information-in-gnomad/).
Percentages are based on expectation-maximization probability distributions.
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Thickness plots and standard deviation intervals of retinal layers in patients and healthy controls
were generated using the statistical computing software R version 4.0.4 (https://www.r-
project.org/). Thickness measurements were performed by two independent graders. Intraclass
correlation coefficients (ICC), calculated using the irrlCC package (https:// cran.r-project.org),
showed excellent intergrader agreement for the patient (ICC>0.9978) and controls
(ICC>0.9996). A Fisher's Exact Test (FET) for Count Data was used to assess the enrichment of

the ¢.5882G>A (p.(Gly1961Glu)) allele in patients with and without the optical gap phenotype.
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Appendix F: Identification of a pathogenic 1,500 bp Alu insertion in ABCA4*

The patient was a woman who presented in her early 20’s with disease characteristics in the
macula of both eyes consistent with recessive Stargardt disease (STGD1, MIM #248200). No

other systemic issues or family history were reported.

Direct sequencing of the ABCA4 locus revealed a single inherited pathogenic variant,
€.3322C>T, p.(Arg1108Cys) (CADD-PHRED = 32) (rs61750120) (Supplemental Table 6).
Targeted long-read sequencing using adaptive sampling on the Oxford Nanopore platform® was
performed in this patient in collaboration with investigators from the University of Washington

and Seattle

Children’s Research Institute."" A ~1,500 bp insertion was captured in two long reads

(Appendix Figure F1) with the following sequences:

> aeled45de-1f16-4804-886a-da0laaOb646¢c™m™

AAACGTGCCTGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCATTCAAACAAATA

TTTATTAAACACCTTCTTTCTTTAAATTCCAAATCTCTCATTGTTTGAGGCAGTCCAA

ATGC TCAGCTGTCCTAAGGCTGTTCTACTCTCCATACAAAGCTTTAGCTTCTCCAG

CATATCCCCATTACCACATCTCATTTTCCATCCAGGATTCTTCCTATTTCCATATTTTT

ACCTATTTTACTGAAATGATCTCTCCTGCTCTTCAATTAATTCAAATCTGAATCATTT

CTTCAAAGCCTGCTGAAGTCACCTCGCCCCCGGACCTC TGGCCTAATTGCCTTCAT

Kk Text and figures from this chapter have been recently published, in part, in Miller et al. (2021) American Journal
of Human Genetics. 2021 Aug 5;108(8):1436-1449.

" Danny E. Miller, M.D., Ph.D., Timothy Cherry, Ph.D. and Evan Eichler, Ph.D.

mmm Sequence in green corresponds to Repeat L2a, family L2 (LINE), sequence in blue corresponds to Repeat L2c,
family L2 (LINE) (131/148 bp (~89%) sequence identity) and sequence in red corresponds to Repeat AluJr, family
Alu (SINE) (265/298 bp (~89%) sequence identity).
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GCCATTCTGTGACATTATAATATTGGAGCTTAAGTTGCATTCCACACAAACACTTGA

TATTTCTTTGATTTGAATAGTTCTATTTTTATTATTGTTAATAGAGACAGGACCTTCCT

CTGTTTGGAGTGCAGGACACAACCATAGCTCACTGCAGCCTTGCAAACCTCTGGGCT

CATGTCCCTCCCTTCT TCAGTCTCTCAAGTATCTAGTACTACAAATATATGCCACC

ACACCCAGATACTTTTATTGTTTGTAGAGATAGGGTCTCACTTGGATGTTCAGTTAAT

CTCGAATTTACTTCATAATCCTCTCTCATCTCAGCCTCCCAAAGCACTGAGACTATAG

GCATCAGCCATCAAGTGCCTGGCCTTGTTCTCTTATTTTTGTTTTTTTTTT TTTTTTT

[TTTTTTTTTTATTATACTCTAGTTTTAGTACATGTGCACACGTGTGTAGTTAGTTACA

TATGTATACATGTGCTATGCTGGTGCGCTGCACCTCCACTAATGTAATATCTATGACT

AGGGCATATCTTCCCAATGCTATTTCTCTCTCGACCCCACCACAGTCCCCAGAGTGT

GATATTCCCTTCCTGTGTCCATGTGA TCTCTCATTGTTCAATTCCCACCCATGAGCA

GAGAATATGCGGTGTTTGGTTTTTTGTTCTTGCGATAGTTTACTGAGAATGATGGTTT

CAATTTCATCCATGTAAGTCCCTACAAAGGATATGAACTCATCATTTATGGCTGCAT

ATATTCCATGTGTATATGTGCCACACGCTTAATCCAGTCTATCATTGTTGGACATTTA

GTT ATCTGCTCTTTAAAGAGTCATAATAAAATGGCAATTGATGACGCCAAAGGTC

TCATAGCAATGATTTATAATTACTGGTAAGGCACCTGTGCAATGGGTATTTGCTGGG

TCAAATGGTATTTCTAGCCCTAGATCCCTGATGAATTCACATCTCCACAATGGTTGA

ACTAGTTTACAGTCCCACCAACAGTGCATGTGGCAGCAGTC TTTATTTCTCCGCAT

CCTCTCCAGCACCTGTTTCTGACTTTTAATGATTGCCATTTAACTGGAGGGAGATGAT

ATCTCATAGTGGGTTTTGATTTGCATTTACGCCAGTGATGATGAGCATTACTTTATGC

TTTGGCTGCATA
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>p56e36f4-2d00-4bc6-9656-598bb5he6f19™"

GTTTGTTTTTCATTCAACAAATATTGTTGTTTACCTTCTTTCTTTAAATTCCAAATTCC
TCATTGAGGGCAGTCCCATACTCAGCTGTCCAAGGCTGTTCTCTACAAGCTTAGTTTC
TCCAGCATCTAGCCACCAC ATCTCTGTTTTCTATCAGGATTCTTCCTATTTCCATAT
TTTACTCATTTGCTGAAATGATCTTCCTTTCCTCCACCAATTCAAATCTGAATCTATT
CCCAAAGCTAGCTGAAGTCACTCGCCCCCGGACCTGTCCTAATTGCCTTCATGCCAT
TCTGTGTGACATTGTTCTCTAATATTGAGCTTAAGTTGCATTCCCACACAAACA CT
TGATATTTCTTGATTTGAATAGTTCTATTTTAATGTGTTAGAGACAGGACCTTCCTCT
GTTTGGAGTGCAGTGACACAACCATAGCTCACTGCAGCCTTCAAGCTCCTATCAAGG
GGTCCTCAACTTCTTCAGTCTCTCAAGTGTCTAGTACTACAAATATATGCCACCACAC
CCAGATAATTTTTATTGTTTTGTAGAGATAGG GTCTCACGGTGGCTGTTCAGGCTG

GTCTCGAACTACAAGCTGGGCAATCCTCTCATCTCAGCCTCAGCACTTTGAGACTAT

AGGCATCGCGCCATCATGCCTGGCCTGTTCTCTTATTTTTGTTTAAATTTTTTTTTGTG

CTCTAAGTTTTGGGGTACATGTGCACATTGTGCAGGTTAGTTACATATGTATATGTAC

TGTGCTGGT CTTTGCACCCACTAATGTGTCATCTAGCATTGGGCATATCTCCCAAT

GCTGTCTCCCTCCCCTCCCGACCTTTGAGTCCCCAGGGTGATATTCCCCTTCCCTGTG

TCCATGTGATCTCATTGTTCAATTCCCACCTATGGTGAGAGGTGTTTGGTTTTATTTC

TTGATCAGTTTCACACTGAGAATGATGGTTTCCAATTTCATCCA TGTCCCTACAAA

GGATATGAACTCATCTCATTTTTATATGGCTGCATAGTATTCCATGGTGTATATTGCC

ACATTTTCTTAATCAATCTATCATTGTTGGACATTTGGGTTGGTTCCAAGTCTTACCT

ATTGAATAGTGCCGCAATAAACATGGCATGCAGCATAGCATGAGTAGCATGATTTAT

ACTCATTTGGGTGTATCTGGTA ATGGGATAGCTGGGTCAAATGTTCATGGTTCTAG

nn Sequence in purple corresponds to Repeat L1HS, family L1 (LINE) (698/799 bp (~87%) sequence identity).
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ATCCTGAGGAATCGCCACACTGACTTCCACAATGGTTTGAACTAGTTTACAGTCCAC
CAACAGTGTAAAAGTGTTCCTATTTCTCCGCATCCTCTCAACTTCCTGTTGTTCCCTG
ACTTTTTGTGATTGCCATTCTAACTGGTGTGAGATGATATCTACATGTGTTTGATTTG

CATTTCTCTGATGGCCAGTGAGCATTTCTTCATGTGTTTTTGGCTGCATAACGTGCG

CCT

Appendix Figure F1°°°

94120210 bp 120,220 by $4.120.230 by 94,120,240 bp #4120.250 b 94,1208 bp 00
I 1

[

Further analyses revealed this ~1,500 bp variant to be a composite retrotransposable element
insertion (Appendix Figure F1) consisting of AluJ short interspersed nuclear element (SINE)
and partial L2a, L2c, L2d2, and L1HS long interspersed nuclear elements (LINES) mapping to

Intron 1 of ABCA4.

While the pathogenicity of this insertion is of unknown significance (PM3, PP3 and PP4), in
silico analyses predicts aberrant splicing between Exons 1 and 2. The SV is ultra-rare, being

absent from all accessible population genetic databases (gnomAD, BRAVO). Specifically,

900 Integrated Genomics Viewer (IGV) display of long reads showing two reads (purple) that include the ~1,500 bp
insertion in intron 1 of ABCA4. Several reads on either side of the region include the insertion and are soft clipped.
Genomic region shown spans chr1:94,120,209 - 94,120,274,
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SpliceAl predicts a splice-altering consequence of the pre-mRNA by the introduction of a de
novo donor site by the insertion event (A score = 33%, high recall). The ~1,500 bp insertion
sequence itself contains two strong alternative splice donors and six alternative splice acceptors
(Appendix Figure F2). The relative strength of these alternative donors and acceptors indicates
a high probability of competition with canonical sites. One alternative donor site in particular
exhibits a stronger splice signal than the canonical donor site at the Exon 1-Intron 1 boundary is
the most probable site of alternative splicing leading to the inclusion of the 5' portion of the

intron in the final MRNA transcript.

Appendix Figure F2PrP

Splice donor  SpliceSiteFinder-like MaxEntScan NNSPLICE GeneSplicer Human Splice Finder

Canonical 81.70 8.90 1.00 5.20 84.70
Alternative 90.10 8.00 0.90 - 95.00
Alternative 81.50 7.20 0.80 0.60 90.80
Splice acceptor SpliceSiteFinder-like MaxEntScan NNSPLICE GeneSplicer Human Splice Finder
Canonical 95.25 10.87 0.99 12.03 92.11
Alternative 93.50 10.00 1.00 3.20 90.60
Alternative 88.54 7.30 1.00 1.50 79.83
Alternative 77.80 5.10 0.60 2.30 78.50
Alternative 83.20 5.80 0.70 - 85.80
Alternative 71.70 5.70 - 1.60 79.50
Alternative 74.60 5.90 0.60 - 78.30
PPP | _ength of color bars ( = donor, = acceptor) are proportioned to the respective scales of each algorithm:

SpliceSiteFinder-Like (0-100), MaxEntScan (0-16), NNSPLICE (0-1), Gene Splicer (0-15), Human Splice Finder
v.3.1 (0-100).
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We statistically determined the phase of these two variants by showing that a marker SNP,
rs2184339 (T>C), on the same allele as the Alu insertion is in linkage equilibrium with the
€.3322C>T, p.(Arg1108Cys) (rs61750120) using frequency data from 2,504 unrelated
individuals in the 1000 Genomes Project. Observed haplotype frequencies of SNPs rs61750120
and rs21843309:

C T
A 0 3
1003 | 4002

Individual allele frequencies for rs61750120 and rs2184339 are: P(A) = 3 out of 5,008 total
alleles = 0.001; P(C) = 1,003 out of 5,008 total alleles = 0.2. No individuals (haplotypes) were

found harboring both the A and C alleles: P(AC) = 0 out of 2,504 = 0.
D = P(AC) — P(A)P(C)
D =0-0.001x0.2
D = -0.0002

A coefficient of linkage disequilibrium (D) of -0.0002 indicates a weak or no linkage
disequilibrium between the two alleles being studied. The D statistic ranges from -1 to 1, where a
value of 0 indicates that the two alleles are in linkage equilibrium, meaning that their inheritance
is independent of each other.9%9 It's important to note that the interpretation of the D statistic

depends on the population studied and the frequency of the alleles being analyzed.™

99 A negative value of D indicates that the two alleles are less likely to be inherited together than expected by
chance, while a positive value of D indicates that they are more likely to be inherited together than expected by
chance. However, a D value close to zero, such as -0.0002, suggests that the two alleles are not strongly associated
with each other and are likely to be inherited independently.

" The coefficient of linkage disequilibrium D is not always a convenient measure of linkage disequilibrium because
its range of possible values depends on the frequencies of the alleles it refers to. This makes it difficult to compare
the level of linkage disequilibrium between different pairs of alleles.
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Normalizing D by dividing it by the theoretical maximum difference between the observed and

expected haplotype frequencies as follows:

D' = b

Dmax

where,

_ (max{—P(A)P(C),—(1 - P(A))(1 - P(C))} whenD <0
Pmax = {min{P(A)(l —P(0),(1-P(A))P(C)}  whenD >0

Given that D < 0, we set Dmax equal to max{-P(A)P(C), —(1- P(A))(1— P(A))} or
max{—P(A)P(C), —P(G)P(T)}, where P(G) and P(T) are the alternative (major) allele frequencies

of rs61750120 and rs2184339, respectively.

max {—0.0002, —0.7991}

_ —0.0002
©—0.0002

!

D'=1

The value of D depends on allele frequences making it difficult to interpret. An alternative to D'

is the correlation coefficient between pairs of loci (R), usually expressed as its square, R?:

D2
2 =
pa(l —p)pc(1 —pC)

_ (—0.0002)2
~0.001(1 - 0.001)0.2(1 — 0.2)

RZ

R? =0.00025025

We also run a contingency table test such as X? where the test statistic is computed based on the

observed and expected haplotype frequencies as if there is no linkage disequilibrium (Ho):
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N(a X8 —vXxB)?

(A)(G)(C)(T)
where,
C T
A 0=0 p=3

vy = 1003 0 = 4002

2 _ Naietes(a X 8 —y x B)?
e NOIGIG

vr 5,004(0 X 4002 — 1003 x 3)2
~ Z. (0 + 3)(1003 + 4002)(0 + 1003)(3 + 4002)

X?=0.751761198

This X? statistic gives a p-value = 0.3859 (df = 1), indicating no linkage disequilibrium between
rs61750120 and rs2184339 (i.e., p.(Arg1108Cys) and Alu insertion marker are estimated to be

on separate alleles).

For calculations with very small sample sizes (e.g., number of cases is no greater than 15 (and
consequently Naieles < 30), one should apply Yates's correction for continuity to the X test,
where 0.5 is subtracted from the numerical difference between the observed and expected

frequencies:**

2 |(Naietes(@a X 8 —y X B)| — 0'5)2
=), @@ O)T)

5 A Fisher’s exact test is also appropriate for such situations.
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Appendix G: Statistical Determination of Disease Severity in ABCA4 disease

To determine the principal clinical feature (covariates) that distinguish prognostic outcome
categories in Chapter 5, we performed a Cox proportional hazard model on a cohort of patients
(n=149) in whom the caontinuous and categorical variables were available: sex, age of onset
(AO, years), choroidal thickness, fleck distribution, and DDAF presence. We found that both

AO and fleck distribution were the largest predictors of disease severity:

covariates coef exp(coef) se(coef) z Pr(>|z])
sex 0.049535 1.050782 0.386003 0.128 0.89789
ao -0.074741 0.927984 0.017439 -4.286 1.82E-05 PRI
choroid 0.002021 1.002023 0.001907 1.06 0.289364
fleck 0.544367 1.723518 0.143544 3.792 0.000149 PRI
DDAF -0.043937 0.957015 0.017384 -2.527 0.01149 *

Signif. codes: © “***’ @9.001 “**’ 9.01 “*’ ©0.05 ‘.’ 0.1 <’ 1

We then assessed the time-dependent effect of these covariates by fitting this data to Aalen’s
additive regression model.™ We found that fleck distribution appears to have an increasing
effect on the hazard ratio over time, (Appendix Figure G1, green curve). In other words, the
importance of fleck distribution proportionally increases as a determinant of severity as we
progress to more advanced stages of the disease, while AO (Appendix Figure G1, red curve)
and the presence of a DDAF lesion(s) (Appendix Figure G1, turquoise cuve), although initially

significant, become less important.

 Assumption is that the cumulative hazard H(t) for an individual can be expressed as a(t) + X B(t), where a(t) is a
time-dependent intercept term, X is the vector of covariates for the subject (possibly time-dependent), and B(t) is a
time-dependent matrix of coefficients.
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Appendix Figure G1"*
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uu Estimated cumulative regression functions based on Aalen’s additive model showing the time-dependent effects
of covariates age of onset (ao), choroidal thickness (choroid), distribution of flecks in the fundus (fleck), DDAF (ga)
and sex on the hazard ratio in 149 patients with ABCA4 disease. Shaded regions around curves are 95% pointwise
confidence intervals.
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Appendix H: Definition and graphical representation of monogenic disease
architecture

Common linear representation of monogenic disease architecture for a given Gene X:

Gene X Mutation Disease

Realistic representation for autosomal dominant diseases:
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Realistic representation for autosomal dominant diseases:
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