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Next-generation sequencing (NGS): Overview

INTRODUCTION

History of DNA sequencing — Main players’ first commercial products and M&A
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lllumina sequencing: Basic Principle

A. Library Preparation

Genomic DNA  e——

l Fragmentation

Adapters

Sequencing
Library

NGS library is prepared by fragmenting a gDNA sample and

ligating specialized adapters to bath fragment ends.

https://youtu.be/fCd6B5HRazZ8

Flow Cell
B. Cluster Amplification

Bridge Amplification
Cycles

Flow Cell

Clusters

Library is loaded into a flow cell and the fragments are
hybridized to the flow cell surface. Each bound fragment
is amplified into a clonal cluster through bridge amplification.



lllumina sequencing: Basic Principle

C. Sequencing D. Alignment and Data Anaylsis

TR ATGGCATTGCAATTTGACAT
TGGCATTGCAATTTG
_ AGATGGTATTG
Sequencing Cycles Heads GATGGCATTGCAA
GCATTGCAATTTGAC
ATGGCATTGCAATT
AGATGGCATTGCAATTTG
Digital Image
Jremag peterence  AGATGG TATTGCAATTTGACAT
Data is exported to an output flle enome

Cluster 1 > Read 1: GAGT...

Cluster 2 > Read 2: TTGA...

Cluster 3 > Read 3: CTAG...

Cluster 4 > Read 4: ATAC... Text File
Sequencing reagents, including fluorescently labeled nucleo-
t|de§, are added and the f.'rSt. base Is mcorporated._ The flow Reads are aligned to a reference sequence with bioinformatics
cell is imaged and the emission from each cluster is recorded. . .

o . . . . software. After alignment, differences between the reference
The emission wavelength and intensity are used to identify . .
genome and the newly sequenced reads can be identified.

the base. This cycle is repeated “n” times to create a read
length of “n” bases.

https://youtu.be/fCd6B5HRazZ8 5



Read structure & information: FASTQ file

Paired-End Reads Alignment to the Reference Sequence
Single-end reads
—
[razemsa] [ —
ee 2l 1 |
R R P T e rofarence R E ——
iequen(e R Fanc T - —
T
Paired-end reads Read 2
_— _-
= zssmra .

e - Short-read sequencing

e S e Feference
sequence
sequenced  unknown  sequenced Read Iength: 30'150 bp
fragment  sequence  fragment
I 200 - 1000bp I
FASTQ file AEd SBHZEH d4E[= @A HO[H (raw data)
starting sequence
symbol - _— identifier

T@HWI-EAS3X_10102_2 120 19829 1823#0/2 ~
TCTAACTCTTACTTAGCATAGCTGTTAAAATTTTTGAGTT.
_~+(optionally the same identifier)
sequence end DEAEE:B:BESEEEED=:DEA:-AESDDBDFFEDEEDFAE

start QS " quality
score

sequence



Read Mapping to Reference Genome: BAM file

Read ‘FEO|A H#HO| YEE MMFd5t7| 2T HOIH X2 1

: Reference Genome Sequence

-

-
‘ 35bp identiﬁed|

~N
N
~N
~N
330 - 430 bp unknown sequence | 35bp identified I

CTAGCTGATAGCTAGCTAGCTGATGAGCCCGA

B2, 78T, 260 bp 62,787,270 bp 62,787,280 bp

Depth of coverage = 17

Short Read (30-100 bp)

5 -ACTGGTCGATGCTAGCTCGATAGCTAGCTAGCTGATGAGCCCGATCGCTGCTAGCTCGACG-3

Reference Genome (3,000,000,000 bp)




Comparison with Reference Genome: VCF file

IGV: Bam file HEEl Read= 25 EH BHO| BEE 20 =0[&= 18
N N B B - | |
p22.3 p2l3 pl33 = plz qll qilz q2l1
38 bp N
rus0s 0 b0 Variant 7| =2| Sl M ™M H 47}X]
. <+—— Nucleotide distribution
Alternative sequence
/ chr1:114,505,000G A

<+—— Mapped reads @ @ @ @

@® Chromosome
@ Position
G T A C C G AT T G T«4—— Referencesequence (3 Reference Allele

h 1 @ Alternative Allele




Adding interpretable information: Annotation

7|2 Variant Y22 2H, AIR0| 8§ 7tsot §EE 715t I8 > 2| 4 H=ZEof =&E EH

rr

[Variable annotation database] chr1:114,505,000 G A
Cytoband 1p13.2

Gene name HIPK1

Transcription ID NM 198268.3

Exon, Intron information Exoﬁg

Coding sequence change c.2043G>A

Amino acid change p.Pro681=

Variant classification Synonymous variant
Population allele frequency 25.95% (EAS)

Pathogenic report Benign

Reference Genome (GRCh37/hg19, HGVS nomenclature)
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RiskCare cancer panel ZAE 1A RiskCare cancer panel Z4At5 11 A

T T — T —

=HAY 9 M4 g HASIEIY  2018-10-06
R R Ho4ME  10-20181006- 1069 HEoengy 2018-11-20

Test background

RiskCare ZiM= FH4 2o] SRS 12317 916t HALZM, FUE, Uag, HEY BF HSH Ofe 250 RN poy

JEYE AHFR WA(EITA) 7| £} A1B10055832 sleto] Wad AL BlpEE PRA ABE DT + YSUCH B8 §0| HE Lol WAL XA EXstE B 24
WD 2R, O] (0] WS AR, wo S X0 R FEel go] HEE AP BO| HA 2o AHTH HE L,

¥ HME O FEX2) DF coding exon B 01 invron (+10 bp) FUE MM U HEESS PABLC R84 ¥ FEaAT

BARO LEHoE YO WARAL & MO ZHEX G2 FHAN 00 Y YR A D BEE07 YE S BE 5
SIELICH 2 24 Wik B4 BRI A 010} 3D, 37} AAT WY ¢ WSO sjAste| 4Y0| e
Positive SRc42 2HT6)M Pathogenic varant?} WE gaL ch Test methods ACMG CIaSSification Reference Genome

B4+HE HUNM DNAE FSSI0] AMMOY2MBRAS2 O A2 AAMEE E*tslll GRCh37/UCSC hglol )Iil_‘s
YIMEAR YU Wo)varant)§ BEBLC) WHE =_=ﬂ_0|5~| 2015 ACMGIAMP guidelinel{ﬁenel Med 201517.405-24)0 A3}

HaE 0] (pathegenic, likely pathogenic, uncertain significance, kely benign, benign)§ [H 5, likely benign U benign= 2
m PRE ol ME R 2 @gSlA Rauch Woo] BEY MM 3O B0 AIH oY F9D public databaseC|S R, Ol REE
FEel TES Bd WA ¢ USUCL £ HM HEUAXNER Y UM BUANM coverage 995% (minimum depth

HGVS nomenclature >200)8) LICk A 3} pathogenic &&= likely pathogenic variant7h W21E! 2 Sanger B7|MY B AF AlWSI0] ORI

Identified pathegenic variants

Analyzed genes
Chromasomal Reference DA Aming acid Zygo assificat
o] position sequence change change I umber sity o i
Arc ATM BARDI B EMPRIA BRCAL BRCAZ BRIPI CORT COHI
BRCAZ 3%%309 M 000059.2 CE0CT P AG2484Ter 20358972 Heterozygous  Pathogenic okNZA CHEKZ EPCAM ML MRET1 FpeT P o,
PME2 PTEN RADS RADSIC RADSID Svapd STRIZ TPS3 WHL
Interpretation Limitation
7| BRHe BRCAZ GHEI A 74809 R) W2 CF} T2 KEE|0| 24940 8) 0p0|i 491 Arginine0] FH TECE HEHMA premature B A M deep intronD] R|X|8HE variant sequence repeat U RHEL copy 0] Wolh fa CRU0] THNA Ho0, CBA By
termination| = nonsense WHO| 7} BIEE| S &L CL O] U43746 transeripto] T70EC-TH 2H2 WO YU CE O] B0 WU AP TE M= 2RI YA ¢ ASLCL HOIP mosaicisml] EHMHE AP & HMS HERREPY BHHM HEEX 2E + REUD GRR
7ol WIS A BOAD SR0E HHcel gM 2WY-Hay E5AHEOC BANA founder mutstion= 8 WS Bl 9 S(PMID 475 S (large deletion/duplication}ty o # & 90|, §HA A Birearangement)S 0] HAWMS T = WY + S UCH
9361038, 16455195, 19656164, 23190084, 22798144, 25863477 pathogenic vamantTj L|Ck BHA} O @i} 21Zo] HAG a2t HagLct
MHHAME DB 5HY A5 Family test, germline variants (Sequencing) £ AME 23] 314 7) B B Th S
1 Database
Online Mendelisn [nheritance in Man (OMIM®), The Human Gene Mutation Database (HGMD), Clinvar, ENIGMA (Evidence-
Additinnal ﬁndi ngs based Metwark for the Imterpretation of Germbine Mutant Alleles), BIC (Ereast Cancer Information Core), 1000 Genomes,
dbSMP, Exome aggregation consortium (ExAC), Exome Sequencing Project (ESP), Korean Reference Genome Database (KRGDE)
Chromosomal Reference DNA Amina acid
Gene position sequence change change rs number Iygosity Classifieation 2. BH

Richards 5, et al. Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the
Mo identified varant American College of Medical Geneties and Genomics and the Association far Molecular Patholagy, Genetics in medicine : afficial
journal of the American College of Medical Genetics. Genet Med. 2015 May17(5405-24.
Pagen RA, Adam MP, Ardinger HH, et al. editors. GeneReviews™ [Intermet] Seattle (WA): University of Washingten, Seattle;
1993-2017. Available from: hitps:/fwwwncbinimnihgov/books/NEKL11E/
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Reference Genome
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The human genome assembly was produced as part of the Human Genome Project (HGP). The
previous assembly (NCBI38) was the last one produced by the HGP and was described in

2004 (PMID: 15496913); this was the starting point for the GRC. The assembly is based largely on
assembling overlapping clone sequences.

Human Reference

Human assembly information

GRCh38 (latest version)

Current major assembl GRCh38 . .
! Y Genome Reference Consortium human version38
Regions with alternate loci 178
Assembly N50 67,794,873 bp
Remaining gaps 875 I Sl hg:l.ﬂl: AmE= GRCh37

Med 2015/17:405-24)08 22|40

Patch release version p13 : GRC human version37
5], hkely benign 9 benign= &2
Patches released FIX: 113, NOVEL: 72 ic database(| o @, Ojajst Res
IMore human assembly statistics TAINOA STH WG, R UCSC hg19
Y . AlHSI0] G oIRILICH UCSC human genome version19

*De novo assembly

Genome Reference Consortium https://www.ncbi.nlm.nih.gov/grc/ 11



Reference Genome

Reference GenomeO| off SR3t7}? » ASsH FA9| Genomea &0QIE &= S,
Identified pathogenic variants
Gene ch':;m““‘ “::;’u:ﬂ“f; :E‘:‘:"g' ‘““;L“::‘;‘;i" rs number Iygosity  Classification
ERCAZ SCEEEEE hihd 0000593 E B0 T sArgEdB-’l-ch ma0353972 H:-'.i:rn::.rguus Pathagenic
chr13:32930609
GRCh37 BRCA2 NM_000059.3: ¢.7480 C>T, p.R2494X
GRCh38 Intergenic @ <, Reference allele: G

FHEXS| fKX|= HEIjA QI Z40]| oty
Reference GenomeS 7|&ZC 2 7|&%l MLHA 2|X| > VersionOf| 2} PositionO| EH2t2.

12



HGVS nomenclature

Human Genome Variation SocietyOi| A H|2tot H0| 7|&2| 5& 2<%

Identified pathogenic variants

Chramesomal Reference DMA Amino acid

Gene i IS number Zygosi Classification
pogition sequence change change ity
BRCAZ 3%1;1 3;'“ WM_D00059.3 4800 =T pArg.ZdSﬂ-ch ma035a972 Hc:e:'u:y\guui Pathagenic

\

Number mRNA (NM) > Transcription ID
“c.” for a coding DNA reference sequence
“p.” for a protein reference sequence

rs number: reference SNP number (dbSNP)

Reporting mutations

m Standardized nomenclature to promate portability, enduring meaning, and accuracy

m Human Genome Variation Soclety (HGVS): www.hgvs.org/mutnomen/

BRAF mutatlon analysls:
Mutation detected In codon 600, exon 15 (GTG to GAG) of the BRAF gene that would change
the encoded amino acld from valine to glutamate (p.Val600GIu)

NM_004333.4 (BRAF): c. 1799T>A p. V60O0E

L I T J |_|_| i ] L j
- - - ¢ T -+
HGNC “c" od jidine to " ratein Valine to
St gene "ot | | adengaine at mANA upimu:t glutamate at
symbaol Sequence position 1799 {predicted) codon 600

HGVS - http://varnomen.hgvs.org/recommendations/general/

Current Build 154
Released April 21,2020

rs80358972

Organism Homo sapiens Clinical Significance Reported in ClinVar

Position chr13:32356472 (GRCh38.p12) @ Gene : Consequence BRCA2 : Stop Gained

Alleles CA/C>T Publications 14 citations
#MitVarEa

Variation Type SNV Single Nucleotide Variation

T=0.000016 (2/125568, TOPMED) Genomic View See rs on genome

T=0.00001 (1/78700,
PAGE_STUDY)

T=0.0001 (1/8762, ALFA Project)
(+2 more)

Frequency

Gene: BRCA2, BRCA2 DNA repair associated (plus strand)

Molecule type * Change ::;t:lr[lcoodon] SO Term

BRCA2 transcript NM_000059.4:¢c.7480C>A R[CGA]>R[AGA] Coding
Sequence

Variant

BRCA2 transcript NM_000059.4:¢c.7480C>T R[CGA]=*[TGA] Coding
Sequence

Variant

NP_000050.3:p.Arg2494= R (Arg) > R (Arg) Synonymous

Variant

breast cancer type 2
susceptibility protein

breast cancer type 2 NP_000050.3:p.Arg2494Ter R (Arg) = * (Ter) Stop Gained

susceptibility protein

dbSNP - https://www.ncbi.nlm.nih.gov/snp/ 13



ACMG classification

American College of Medical GeneticsO| Al K| Qtst #10| sf{M 9| 7| &=

5-Tier system

VOUS

- -

Identified pathegenic variants

Chramosomal Reference DMA Amino acid

Gene pr re number Zygo Classification
position sequence change change sity
gcaz  SMOE NMoo00s9a e 7480C-T pArgioTer  n30ISEUTD  Heterozygeus  Pathogenic
n - Educational use only ion: 830 ntation Ghi
Verdict
Pathogenic
Transcript NM_000 3. cancnical, protein length 3419, gene BRCAZ, nonsense variant w
Rules
Ervst @ PS1 @ PS?2 @ P33 @ ps4 @ PM1 @ PM3 @
Very Strong ~
PM4 @ PM5 @ PME © Pl @ P2 @ v PP3 © PP4 @ Errs @
Supporting Very Strong ~
BAl @ B51 @ Bs2 @ Bs3 @ B54 @
BPI @ BPZ @ BP3 @ BP4 @ BP5 @ BP6 @ BP7 @

Automated criteria

Rule Explanation
PPS ClinVar classifies this variant as Pathogenic, rated 3 stars, reviewed by expert panel.
ME Y  Using strength Very Strong because of the evidence presented by Clinvar.

Null variant (nonsense) affecting gene BRCA2, which is a known mechanism of disease (gene has 3,724 known pathogenic variants which is greater than
rinirnum of 3), associated with Breast-ovarian cancer, familial, susceptibility to, Pancreatic cancer, susceptibility to, 2, Glioma susceptibility 3, Fanconi
anemia, complementation greup D1, Wilms turnor and Medulloblastoma.

PV51
Very Strong

GnomAD exomes hormozygous allele count = O is less than 3 threshold for recessive gene BRCA2 (good gnomAD exomes coverage = 92.9).
Variant not found in gnomAD genomes (good gnomAD genomes coverage = 31.0)

Slppppgurh'rg Pathogenic computational verdict based on 4 pathogenic predictions from DAMNM, EIGEN, FATHMM-MKL and MutationTaster vs no benign predictions.

https://varsome.com/variant/hg19/chr13-32930609-C-T



ACMG classification

American College of Medical GeneticsO| A] X| QS BH0] 8f A o] 7|

L 2

Likely Pathogenic
[ pathogenic

Bvus

Conflicting Reports

.Benlgn

Likely Benign

gnomAD

4.6M missense

ClinVar
100K missense

[ACMG classification &2 112{ ALE

O 22| B#0|(>50%)= VUSE =& (Variant of Uncertain Significance)

> O 2+0[ #0|o| o|0|F T=517|7F {3,
> VUSE 2&FEl ¥0| & 28 = Pathogenic EE+& Benign €& QU

Genet Med 2015; 17(5):405-423.
Am J Hum Genet 2017;101(3):315-325.

o

[PathogenicE Supporting St= Finding]

Variant Class: Stop-gain, Frameshift, Splicing variant
Extremely rare population frequency (‘84 Q7 ETHO|A ALl EXHSHA| ¢i= HOl)
Variant occurred in highly conserved regions (57t E2&0| ZE |X|2| H#O|)

De novo variant (R 20| A &L X = HO|) > 715 AL ER
Defective in vitro Functional Assay > 0| 7| &3 ZAI 22
[Benign= Supporting St= Finding]

Variant Class: Synonymous variant

Common variant: Allele frequency > 1% (84 Q17 R THO|M S35HA EXYH= HOl)
Variant occurred in variable regions

15



Annotation Database =&

HO| ME0| Annotation DatabaseE 0| &5t0], |ot= MEE F7}, LSt Bioinformatics tools O|-&
[Gene annotation DB] : Gene name, HGVS annotation data
refGene, knownGene, ensGene, UCSC_gene

[dbSNP DB] : rs number annotation data
avsnpl53

[Population frequency DB] : ‘S & @1 Q151 TITHOJ| A S HO| Q| BIE HE
EXAC, gnomAD, esp6500, 1000G, KRGDB

[in-silico prediction tools] : missense H0|2| 7| & H =} 0| % tool > score
SIFT, Polyphen-2, CADD, MutationTaster, FATHMM, DANN, GERP++, PhyloP

[Clinical information DB] : & Xl| 2tX} case report database
ClinVar, InterVar, COSMIC, HGMD

ANNOVAR: https://annovar.openbioinformatics.org/en/latest/



Genotype-phenotype correlation

https://www.omim.org/ https://www.orpha.net/
E orphanet Ok = Comsars

YEARS The portal for rare diseases and
orphan drugs

M | M " Rare diseases are rare, but rare

Human Genetics Knowledge dlisease patients are nUMerous

for the World
o | > [ o [ » ] 8

imientory. lssfication | | Invertory of orphan Directory of patient Directory of
ugs crganisations

Online Mendelian Inheritance in Man® g Lot Pl and

genes involved

Access our Services

An Online Catalog of Human Genes and Genetic Disorders B Vs & I
Updated July 13, 2020 Directory of expert \Directory of medical Directory of ongaing | Colletion of thematic
e e el B, regsties e o
and biobanks.

Search OMIM for clinical features, phenotypes, genes, and more... Q
Q Search a disease

DECIPHER oout 8omse~ DDD(UK)
GRCh37

https://hpo.jax.org/app/ B Mapping the clinical genome

Downloads ~ Documentation

Join DECIPHER

Be part of the sharing community

Explore DECIPHER

It's free and you don't need fo log in

DECIPHER is used by the clinical community to Projects affiliated to DECIPHER can deposit and
share and compare phenotypic and genolypic data share patients, variants, and phenotypes ta invite
The DECIPHER database contains data from collaboration and facilitate diagnosis. Once
36,507 patients who have given consent for broad deposited, you can use DECIPHER to identify and
The Human Phenotype Ontology data-sharing; DECIPHER also supports more prioritise potential matches, and you can request
limited sharing via consortia. Have a look at the natifications as soon as new matches arive.
limbors, As well as influencing individual patient outcomes,
Anyone can browse publicly-available patient data use of DECIPHER has contributed to over 2200
The Human Phenotype Ontalogy (HPO) provides a standardiz: of phenotypic abnormalities encountered in human disease. Each term in the HPO on DECIPHER and request to be put in contact with published articles since 2004. It's still free, and you
c abnormality, such as Atrial septal def The HPO is currently being devel sing the medical literature, Orphanet, DECIPHER, and the respensible clinician. Why? Because sharing are in control of what data to make public.

rms and over 156,000 annotations to hereditary d s. The HPO project and others have d benefits everyone

genomic diagnostics, and translational research. The HPO is a flagship product of the Monarch Initi

ntegration of biomedical and model organism data with the ultimate goal of improving biomedical Explore DECIPHER's genome browses

central component of ane of the 13 driver projects in the Global Alliance for Genomics and Health

emanti
research. The HPQ, as a part of the Monarch Initiative, is
) strategic roadmap.

Search all open-access DECIPHER data Find out more

https://decipher.sanger.ac.uk/
17



Genotype-phenotype correlation: OMIM

Other entities represented in this entry:

BREAST CANCER, FAMILIAL,

SUSCEPTIBILITY TO, 2, INCLUDED
OVARIAN CANCER, FAMILIAL, SUSCEPTIBILITY TO, 2,

* 600185 INCL.UDED

BRCA2 GENE; BRCA2

Phenotype-Gene Relationships

Phenotype Phenotype Gene,
o MIM mapping MIM
Alternative titles; symbols Location Phenotype number  Inheritance key Gene/Locus numk
FANCD]_ GENE :FANCDI 13q13.1 {Breast- 612555 AD 3 BRCA2 600187
. familial, 2}
HGNC Approved Gene Symbol: BRCA2
Cytogenetic location: 13q13.1  Genomic coording#es Clinica nopsis
(GRCh38): 13:32,315,507-32,400,267 (from NCB) )
Gene-Phenotype Relationships
» TEXT

s » Clinical Features
mapping
Location Phenotype Inheritance Kkey » Inheritance

13g13.1 {Breast cancer, male, 114480 AD, My 3 [, Mapplng
susceptibility to}
{Breast-ovarian cancer, * 612555 AD 3 > PathogeneSIS
familial, 2 .
il 2 b Clinical Management
{Glioblastoma 3} 613029 3
[Medulloblastoma} 155255 3 » Molecular Genetics
{Pancreatic cancer 2} 613347 3 > POPUIatlon Genetics
{Prostate cancer} 176807 AD, SMu 3 v See Also:
Fanconi anemia, 605724 AR 3 .
complementation group D1 Breast Cancer Linkage Consortium (1999)
Wilms tumor 194070 ADSMu 3

18



Further Resources

Further resources

Illumina sequencing & 2|: https://youtu.be/fCd6B5HRaZ8

Genome Reference Consortium: https://www.ncbi.nlm.nih.gov/grc/
HGVS nomenclature: http://varnomen.hgvs.org/recommendations/general/
dbSNP: https://www.ncbi.nlm.nih.gov/snp/

ANNOVAR: https://annovar.openbioinformatics.org/en/latest/
OMIM: https://www.omim.org

Orphanet: https://www.orpha.net/

Human Phenotype Ontology: https://hpo.jax.org/app/

DECIPHER: https://decipher.sanger.ac.uk/

Hum Mut 2016; 37(6):564-569.

Genet Med 2015; 17(5):405-423.

- QI S22 F0tC| 29| = (Towards Precision Medicine)

https://2wordspm.com/

E-mail: joonji422@yuhs.ac



