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Next-generation Sequencing in Inherited Eye Diseases

ciMitiet ofttst ZgMESAEH Ctltstud AJ|s HEEFA

Institute of Vision Research, Department of Ophthalmology, Gangnam Severance Hospital, Yonsei University of College of Medicine, Seoul, Korea

Next-generation sequencing is widely used in inherited diseases and cancer genetics fields. Next-generation sequencing tech-
nology provides accurate diagnosis in genetically heterogeneous disorders such as retinitis pigmentosa, Leber congenital
amaurosis, or cone-rod dystrophy. However, the precise interpretation of variants produced by massively parallel sequencing is
somewhat difficult to most of ophthalmologists, and misinterpretation of these variants lead to unwanted devastating con-
sequences to the patients and their family. The molecular genetic findings need to be carefully evaluated in the context of the
clinical findings to avoid misdiagnosis. Gene therapy trials are already in the market for specific forms of Leber congenital
amaurosis. We are in the middle of exiting era of effective treatment for patients with inherited eye diseases, which was consid-
ered as incurable in the past. To success such a treatment, molecular diagnosis will become essential.
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19779t} Sanger et al'o 2] 7jEl DNA @7]4% & 714 E HA5H= exome sequencing, $-2 introng ZFH
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£ sk ok ZAlY A71AE A W E A (massively HolE e T4 FAA 18a AR oot &
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SPATA7 « SPATA7

¢.388C>T:p.GIn130Ter
¢.1160+1G>A

Leber congenital amaurosis
Visual acuity: Light perception

¢.388C>T:p.GIn130Ter
c.20_23delTCAG:p.Val7GlufsTer19
Rod-cone dystrophy

Visual acuity 1.0

Figure 1. Leber congenital amaurosis and rod-cone dystrophy phenotypes according to different SPATA7 mutations. (A, B) Fundus
photograph showed marbled fundus, and optical coherence tomography revealed degeneration of photoreceptor layer with minimal
remaining at the fovea. (C, D) Wide fundus photographs showed pigmentary retinopathy and optical coherence tomography revealed

that photoreceptor layer was remained in the central fovea.

o A2 kgt AAY A7IAD R4 0] o]go] H
om’ Zo|= ribonucleic acid (RNA)-seq} single
cell sequencing 7|H O 2 cell-level TH9]oll 41 2] expression
= & 4 Sle WRlol sdstel A9 vl YE(mechanism)
T—f%‘oﬂ chfsiA S-gol Har QIrk’ 20159 m]=tof 4]
Precision Medicine Initiative 2R E7} A|2Fz]H A w0k
ol FArse] S44 HRE dof T Afele] Wi u
% Mas AP A4S BE 543 9on], 1o ue
B3} AielEE ol AYEs QAEel At ofol
ABHE Ao] s Ao Aoz Az’ Ten
2 A G714 BAS wrelste] Waxel Rioa
A glont ok of Sl tgt atelse] ol
7b 3 AAolch uhebal, AT @714 HA e
71zZA 9] o]sfrt o3 AOF AZIE| T, next generation
sequencing (NGS) W9 78'1:}141} 1A, Hol 4o Q)
of oI8F o] ojuizt Aol Qx| AAsIA o La
7} 18 Zlojtk Eilof|A&= NGS dlo]gl7} UA] glo]g o
A AEFste] fAHo] 250 o2 dAIEY 7R
Nde 27hstkaL, Qrapasto] el 28, NGS ®He] et
A 9 Holo] A ofFA T AIA], QbAoA ofE
A S8 T 4 USA ko] A EIA} Firt.
Sequencing ZEtH|2| MEH
A E71AE B4 97 A== Tl illuminao]ch
MiSeq, NextSeq550, HiSeq 5= H|E3d}o] ZLo| A7}
%l NovaSeq o2 H71AQ &4 H|-go] grjHor doby
t}. Targeted panel sequencing, whole exome 2-> whole ge-
nomeo]| w2 ZulE MelsiA Q7]MA BHE shw 714
3o H|g o7 sl throughputE A& = Ut oi7f oF
1,0007 wRte] st= §AAE Adste] 714D &4

s
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3}= targeted panel F71AYE EAL oA o7 HA A&
o] 71538t Holko|m, retinitis pigmentsoa, congenital hear-
ing loss, Charcot- Marie-Tooth®of| A E3§ #-g-o] |31 Q]
6, benchtop XA MiSeq, NextSeq550°. 2 7|53}
t}. 3FA4E whole exome B2 whole genome F7]AE £
AL AatEls FHY o] @orw t7lj= HiSeq =2
NovaSeq& ©]-83t] 7|44 E4S 37 Hrh MiSeqt
HiSeq:> 4-Dye system©.= U] 79 @7|nitt A= oh&
T2 ARE3FA|FE NextSeq550} NovaSeqS C (cytosine)
& W7, T (thymine)-> %25, A (adenine)= F+ 79| &
3} 712]31 G (guanine)= FFo| ¢l FE2 BX|SICE AF
Lr)L o] HLE AHulo g £l oA F7AY BA
e A7 4 glon, dole e quliys 712 A%
I GARSRaL R 1% a1 )tk Long reads A A]91 PacBio
2} Oxford Nano+= ©}&7}R]+= error rate”} &=rhal o A A
sape] el fA ko] Yol AT A otk
wehA, 22 A A Bo] g 1714 24 7))
£ Addsid 9 ZAom YZHEHr(Table 1).
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Table 1. Technical specification of sequencing platform

S ine olatf. Total output Total reads Read length ~ Run time P
cquencing plattorm (bases per run)  (million per run) (bases) (days) urpose
Mlumina MiSeq 300 Mb -15 Gb 50 M 2 x 300 bp 0.2-2.7  Targeted panel or amplicon
sequencing
NextSeq 550  25-120 Gb 260 M-800 M 2x75bp 1.5-3 Midthroughput to highthroughput
versatile use
HiSeq X 1.6-1.8 Tb 6,000 M 2 x 150 bp <3 Only for large scale whole genome
sequencing
NovaSeq 0.2-3Tb 1,300-20,000 M 2 x 150 bp <2 Scalable platform, flexible
performance
ThermoFisher Ion Torrent  0.3-50 Gb 3-130M 2 x 200 bp 0.2-1 Diverse sequencing data with as
little as 10ng sample
PacBio Sequel system 500 Mb-16 Gb 55-880 M Upto60Kb  <0.1-0.3  Useful in the studies of de novo
assembly
Long reads sequecning
Nanopore MinION Up to 42 Gb Upto44M 230-300 kb 2 Portable sequencing instrument

Mb = mega base; Gb = giga base; M = million; bp = base pair; Tb = tera base; Kb = kilo base.

Table 2. Terms used in next-generation sequencing

Term Explanations

BAM SAM] binary version?] BAM 1t o], SAMo| o d BAM A 2 A3 stH £F S U 5 A

Coverage Sample DNAGIA B3 52 212k9] baseo] align 515 2557 e th2 o2 9 2L B A

FASTA/FASTQ FASTA 2t nucleic acid sequencel} protein sequenceE A A 3}+= format& ¥3t™, FASTQ+= nucleotide
sequence 7 B o} 10] g5}z quality score”} 2o 9l AT AL LE

GATK Genome Analysis ToolKit2] ¢F2} 2 broad instituteo]| 4] A &3} SNP/indel calling A] A}-8-3}= 5
bioinformatics analysis tool ¥

SAM Sequence alignment/map Z W © & 4] nucleotide sequence 7 2.9} reference sequence®] g & & o] = A B 7}
T Sl el Ey g e

Throughput A7 E EA A S8 AYAE = base ] F& WstH ol o A7|E ZFH(l, 7Gb 2 & whole exome
sequencing g 25 AP TIIL 511, 7 Giga base o] A H 7k AL E lth= &)

VCF Variant call format] eFx} 2 3 A 2] A] reference genomeof tjH]3lo] oj @ Ho] JHE 7HA] 1L Ql=X4]

e e E

BAM = binary alignment map; SAM = sequence alignment map; GATK = Genome Analysis Toolkit ; SNP = single nucleotide poly-

morphism; VCF = variant caller format.

7k Sl 31U FASTQ 49] Shle s Hick. Sae
DNA T 27191 2|=5-2 burrows-wheeler alignerE 535109
2 A A|(reference genome)ol] 2] =5 A Z(alignment/map-
ping)3l7 Ha,’ FEEE =8 BASH: UL A2
(mark duplicate), mismatch%]+= F-5-9] indel realignment®}
base quality score®] W} recalibration Y-S AA EA 0
0|84 4= Sli= BAM Y& AAsHA Hrt A9 o]&
= 4~ 9J= BAM 1} Yoj|A] reference genomel}= T}E &
a1 ke Wlol7h gl RS wlolxlek R4} local de
novo assembly 52 A4S 7 %]+ haplotypecallerE 53}
of Wol7} EAsh= 2ol thste] Hrh Aot A W
©2 genotypeo] thet HRE AL o]t 84
A2 Genome Analysis ToolKit2] best practice”} A =

S
ES
A

B upiog sola gk E3h o|ZA YAE variant
call format file oi2] W] sampleSS T4 BAztom
# false-positive@} H7|Ad &4 o] FEES ZE P
= TAY S AA B4 FAANA oEt FE
Hol7} glom o] KEO] Ho]7} heterozygote?1A] homo-
zygote JE{QIA] A7go] Frh

Variant annotation/filtering

o|gA ofg] 7HA o] A & AH U= BlolEo] o]
H 7]5S sk WHol52lA| EA|SH= IS variant anno-
tationo|2}al Skct §F AFFO] exome sequencing ZAIFE F
2-34F 7jj9} Wo|7t oA ==t o]2gt ¥o]&2] synon-
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ymous, missense, nonsense, splice site, $-2 intronic Ho]Ql
A BAE kAL, Lukl feho A o]t WMo} EshA
A% HolQlR] =& HolQlIA] minor allele frequencyS
Foto] 2lgtel. 1000 Genomes Project, ESP6500, EXAC,
gnomAD 59| W thito] SAA ol Lol A dulke
thof| 4 &] o] o] minor allele frequencyS &+¢13F 4=
], £3] o]¢ minor allele frequencyS 2+l o 2
Zo||A st ¥o]2] minor allele frequencyS 2215}
o] Sa3sth(Fig. 2). o5 E°l ow3t WolE #AsI3
o s Aalo] e =& dslo]n SAfs A

[e)

°

ehe 4 Aol A sl Wol7k AL of =8 7

=

e rlo o
e s o lo o

3

£

GnomAD browser

o
-

r{r e

3 Aol ow o
& A7), Holg 7
2| (penetrance), 3l XE!LO] ouh} =B Holx] 5o 2

IS ESR=S

v Hslo] gegich 53] A& databaseE gnomAD

browser2} EXAC Browser”} gggu:] =9l 1,722 9]

A EABH= T 2 £

A dlofefHo] A AH I}

7M1= o] AeH(Table 3). E3E °l gk Hol7} ofe] thE F
oAl & HEE o] Ql=A], 18ar WMoz} i) 7]
of ojudt FFE A=A d&she o7 7 =iER
HAZ 314 ®rHTable 4). PolyPhen29} SIFT AFoji=

missense O]} predictionSt 4= ¢JoH, Z|ZLof=

functional

Variant: 1-10042628-C-T: NMNAT1 ¢.709C>T

Population Frequencies

Population éclsll.el:let Nﬁ"r:llxeer H:;r::yet_;::::fes Fr:qI[feI:lcy
Overall 4 19952 0 0.0002005
Korean 4 3818 0 0.001048
Japanese 0 152 0 0.000
East
7 Asian il 14424 0 0.000
Female 3 9866 0 0.0003041
Male 1 10086 0 0.00009915
» South Asian 5 30616 0 0.0001633
Emgﬁf“ fmong 4 129102 0 0.00003098
» Latino 1 35438 0 0.00002822
+ African 0 24962 0 0.000
» Ashkenazi Jewish 0 10366 0 0.000
+ European (Finnish) 0 25122 0 0.000
» Other 0 7222 0 0.000
Total 14 282780 0 0.00004951

Table 3. Population, disease-specific, and sequence databases

Figure 2. Minor allele frequency of NMNATI
¢.709C > T variant in gnome aggregation dataset
(gnomAD) browser. The web browser displayed
minor allele frequency in different ethnic population.

Type of database Name of database Website
Population database Exome aggregation consortium http://exac.broadinstitute.org/
GnomAD browser http://gnomad.broadinstitute.org/

Exome server project

Korean reference Genome database

Inherited disease database ClinVar
HGMD Professional

Leiden open variation database

OMIM

http://evs.gs.washington.edu/EVS/
http://152.99.75.168/KRGDB
https://www.ncbi.nlm.nih.gov/clinvar/

https://portal.biobase-international.com/cgi-bin/portal/logi
n.cgi?redirect_url=/hgmd/pro/start.php?

http://www.lovd.nl/3.0/home

http://www.omim.org

HGMD = human gene mutation database; OMIM = online mendelian inheritance in man.
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analysis through hidden Markov models (FATHMM) &2
combined annotation dependent depletion (CADD) score”}
missense Ho] 2]9] nonsense ¥ 0|2} regulatory Ho| &=
%= scoring®]| 7H531o] pathogenicityE el o -85}
Al 2k B|uk o3t in silico (=computational) &=
T=of &gt oo &L o] 7HA 9 =S AL 1
AR = ZF2l?t pathogenicity ] S717F B= 212 ofym o
A shte] 84z sto] AR

Interpretation of variants

American College of Medical Genetics Standard and Guideline
A= HolES EF3I |4 uf 5714 2] pathogenic,
likely pathogenic, uncertain significance, likely benign, be-
nign© 2 BEsts sloj=ekel AAJsk gk o] Ffol
Sehele vo] sj4e] Qlof BEAPOR A glom,
NGS ol S|Asn HEES B QAOlEe WA
Qofof ok Fito|w, s =S A=sto] A/ dart
itk ol Wol7} 9l ) s W AwElo] ek

17} F HolQ1A] null variant@l%], ¢4t Fehof|A] Lu}
U E5HA ke = WolQlA] Foll whet s Holzt & 9
"7} Q= benign .2 RS S Z Q14| pathogenicityS 7}

=A AeE wi71A = 2H24e] WolE pathogenic}1 4]
opddA] ghetsh=t] W2 Algkel A2l Hr. InterVargh=
ZRW o7 oY Ho|So| tfdle] A= O & classification
g F1E st 23 Ao SRlsjop B Fikol

ﬂl

Table 4. In silico prediction algorithms

Z 23t c(http://wintervar.wglab.org).”* o]2|3t WO R E
e Hol5o] uncertain significance® FA| EH o]t

Ho| 52 JAH o R F|-slit RoB Qs wHu, Z
ol Ao %0194 A3 sjHoz WA 24714 10111
£ A% 982 dofok Ak Eek NGS WHoR:
A

Ashis 45 2719 Wolheis2 sk
A trans 2 EAS=A] 21D 4= Qi uFshd i

271¢] Wol7h M2 thE exonol EATh= %ﬂ Wil
NGS+= 100-150 bp2] &2 ¥7|AEe 2758 dHO
HAFO] genotypeS F+74 k= Z10]7] wiZolt). whEbAl, ‘i‘%‘
& BFolA 7SS st AR 2EFES

oA ZE Wol7t WHEEA & Y| gl 71
A A olekal 7HERE Wol7F LA 9h=A] ghelstolof
she, AAMA EA FAske deke] B9 Fru 2
AR I 78] Hol7t cis2 EASH=A] trans® EASH=A]
ol sfoF "l =EA 22 exono] 100-150 bp Ujoj 2
7M9] Hol7} ZAsh= A= =t o]t ¢ integrative
genomics viewer =2 2015 A2 ThE 2= = 7o H
o7} Sl=A] Felste] AHMA FAHsHE Hgkol A 27
9] Wo|7} cisZ2 EAS=A] transZ EA|5=%] &I 4=
9JtHFig. 3)."”

Jo

E33O| 7|2 U XA}

AN PR FUAANE Fol A B B4
31 ke ARl FU Aste] et 2ALE A3 S

Category Name Website Basis
Missense prediction SIFT http://sift.jevi.org Evolutionary conservation
PolyPhen-2 http://genetics.bwh.harvard.edu/pph2 Protein structure/function and
evolutionary conservation
Any substitution FATHMM http://fathmm.biocompute.org.uk Evolutionary conservation
Indel FATHMM-Indel http://indels.biocompute.org.uk
All including indel CADD http://cadd.gs.washington.edu Contrasts annotations of

Splice site prediction

Human Splicing Finder  http://www.umd.be/HSF/

http://genes.mit.edu/burgelab/maxent/Xmax

fixed/nearly fixed derived alleles
in humans with simulated variants

Position-dependent logic

Maximum entropy principle

entscan_ scoreseq.html

MaxEntScan
NNSplice
Noucleotide GERP
conservation prediction
PhyloP

http://mendel.stanford.edu/sidowlab/downlo
ads/gerp/ index.html

http://compgen.bscb.cornell.edu/phast/

http://www.fruitfly.org/seq_tools/splice.html ~ Neural networks

Genomic evolutionary rate profiling

Conservation scoring and
identification of conserved elements

SIFT = sorting intolerant from tolerant; FATHMM = functional analysis through hidden Markov models; CADD = combined annotation

dependent depletion; GERP = genomic evolutionary rate profiling.
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o] F83ih' ghbA o 2l Wub o, QFAANL, EUY Qlskar s ol o=ste s ek EojHA] ofod A}
T AloFEALE ZQER o} 5& AASHA ZAFsljoF HH U 252 g8 JHEE o2 olofr|shr] ko me olubA
SO A olol} R4, waAY Fol ghzA & Z4F 2ol T ole) iA] FukEl WAABES 2le)
p34.3 p33  p32.1 p3L.1 p22.2 p2ld  pl3.1 a1z q2L.1 q22 q24.1 q25.2 q3L2
41 bp
421,390 bp 197,421,400 bp 197,421,410 bp 1

CRBH e

¢.1576C>T:p.Arg526Ter
¢.1577G>C:p.Arg526Pro

(5
E
C
c
5 g
T
-
T
T
C
C
€
C
E
T
T
€
T
—
C
g Figure 3. CRBI c.1576C > T:p.Arg526Ter
and ¢.1577G > C:p.Arg526Pro variants

CoeC ek Coal R G e e e G A G CAACAGG G AT _Wwerepresented in different reads, visualized
h m 1 m m by Integrative genomics viewer. These

; 2 variants were present in trans, so seg-
; ‘ regation analysis is not needed. bp =
base pair.

CRB1

Figure 4. A 2-year-old girl presented at our clinic for bilateral congenital cataract. Targeted next-generation sequencing revealed
NHS ¢.1117C > T:p.Arg373Ter nonsense mutation. Nance-Horan syndrome (NHS) is inherited as X-linked dominant trait. (A, B)
A mutation in NHS gene causes congenital cataract and Hutchinsonian teeth.
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= Ao] @Ak kst W Ao gloA]
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$7h glom ofdl HAHel FAE 2 SHels) Fofof
Q1 olo] el EAYo] QA A B 47}
ghito|chFig. 4). WoF EHFO| 7] o] REsgion
A AR7E e 5 ohl AASH GaEs 42
of ST YL IS o,

otutofl Mol ME

7V oA QoA A8 4 Qe Eolrt retinitis
pigmentosa, Leber congenital amaurosis &<
A3} Hofo|t} A2 Leber congenital amaurosis®] 73
$- ok 80% Amo|m, " ofet Ao Aew Ake:
oF 70-80%2 LA Stk oot AMuge] 4 &
Ao gt AR At 2= o] A
4= Q= FEo] 9l7] wiEell NGS7F #44e] Zlwmof
Tgo] | Hoz AZE"” ool (infantile nystagmus)
A= bRl dov|= o] w9 thefslo]l NGS= &
A Zlko] ARk, Ak kAol Al AT A7k

YIS AT 5 e T AAAY A=RE 2
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=
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2

(& do 30 o T E
N oo

(<]

A4yt

o4 o AlsE AT - A AR AZE ER
A=A} unexplained optic neuropathyo A &= 2]-8-3]

2 5 918 Aolth AMEURe] H9- NGS FHHTE
o] oF 30-40% A== LA Jor, EA A Leber he-
reditary optic neuropathyl} dominant optic atrophy”} o}d
optic neuropathy2] -9 NGSE 2831 atypical Wolfram
syndrome©]L} Bosch-Boonstra-Schaaf optic atrophy syndrome
= qieto] ojga =R AgS e AE SE Y A

oz Az,

NGS2| &tA|™

NGS9] 52 T 7 100-150 bpe] S Q7| = o]
o]2 e FE oA HRE don polymerase chain
reaction (PCR) & 742 72t} E3} targeted panel &
714E9 EA7} exome sequencing®] 7-$- exoni} exon-in-
tron boundaryJt £40] 7] w]&o] deep intronic Ho|e}
regulatory ol HZo| o Ht}. Hybridization capture2}
PCR ZZ #AL AAA =7] wj&)] GC-rich region®] oj
3} coverageZ} Eojx|H, HHEEE H7|A o] 100-150 bp
oo r AA EAsh= Aol i A Hell thet mapping

z1 p2L2 p2l.1  pild  plL3 pll.22 plL1  qil.2

Q3.1 qi3.3  q2L1

q21.32 q22.1 223 q23

38,286,000 bp

5,858 bp
38,287,000 bp
1

38,288,000 bp

m 1 F I R H
m Wil ww I| l“l

| Fim omomnomm o1 od
i | TV T i | |
14 11
i H T ]

[TV T
1 W we wm
In W
L] [ m I m- |
I W W omyommn-
[} I LIRS

IDT xGene
exome
research
panel

RPGR exon 15

vV

Agilent
SureSelect
V6
exome
Figure 5. Poor coverage and low qual-

ity mapping in RPGR exon 15 due to
low-complex repetitive sequence. No
coverage with SureSelect V6 exome on

i

RPGR exon 15 (red arrows). IDT = in-

tegated DNA technologies; bp = base
pair.
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quality7} BojX|A| =t} o2 X-linked recessive retinitis
pigmentosa®] Y2l FZZ}Q1 RPGR -3-AA}2] exon 159] ©]
23t BEQ7F 24 5t=1| o] ¥ mutation hotspot O =
sk 919 @MY AL NGS oL I
A7) A" EA4817] o] HThFig. 5).°° E3L, segmental dupli-
cationo] EA5t= F-9|= F23E F7IA G sf=0] ofHrk
3L, A 7] F7IAEo] e S22 E| &= triplet expansion
o] ¥¢lo] &= Fuch’s endothelial dystrophy (CTG expansion
in TCF4 gene), spinocerebellar ataxia type 7 (CAG ex-
pansion in ATXN7 gene)?] 74 NGSZ A&3t Zcto] of
A7 Bk Ae G0l & "art Ak gebA, ol
3 BAolAl F1Ee] TAIHel NGS WS olgaid 71
8 A ik APLE Qlolof gk mhAeto®, A
A QrAT W 7 QPATe) R Zitto] 94 3

AR R SRR 97 WAL A Ao A RR o]ofA]

N
rhu

A A71AE EAo] A-8eke A 10do] AgtA|vt
oA = o] Qtafofl A A0 QFefut o ek 9w A
ol A-gstar glom LA HlolE 249 71z tste
FARE Aolth & 2Rk ¢h /e 7E NGS Ho]
w22 4T 1) 23 O ofdPt 48 4+ UES £gl B
Aow Az Q4o ksl g de T
Y e Y A8 S Sol AN, e, Ak 5o
2 ol S F SE gt BAE ol 7
Lw 28 o] B Ao AT skt St

LA TheFst otubA 2EY =
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