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Sekvenovani

* Metody identifikujici pofadi nukleotidl v genomu i
specifickém useku DNA ¢i RNA

* RNA prepsana do cDNA -> analyza

e Existuji jiz i metody, které dokazi analyzovat nativni

RNA (Oxford Nanopore)

* Revoluce v molekularni biologii a mediciné

* Screening (biomarkery), diagnostika (mutace), hlubsi

porozumeéni patogenezi rdznych onemocnéni

* Masivné paralelni sekvenovani - neustale se rozvijejici

se obor od 70. let 20. stoleti
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Maxam-Gilbert sekvenovani

1976 Allan Maxam a Walter Gilbert

* Prvni vysoce vyuzivana metoda DNA sekvenovani

* Pracuje s vysoce toxickymi chemikaliemi

* Texchnologicka naroCnost zamezila vyuziti metody pro
masivneé paralelni sekvenovani

A) Radioaktivni znaceni (32P) 5" konce DNA

B) Chemicka reakce s Cinidly stépicimi DNA (A+G,G, C, C+T)

C) Gelova elektroforéza

D) Vizualizace autoradiograficky
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Masivné paralelni sekvenovani
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Amplified Molecule
Sequencing

Slow but good base and
accurate structure

Reads each single base
one at a time

-‘E

Fast reads but only good
base accuracy

Reads 300 base long
fragments

Processes millions of these
fragments at same time

illumina

ThermoFisher
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Single Molecule ;
o Sequencing o New Technologies

Fast reads but only good
structural accuracy

Reads 5,000 base long
fragments

Processes hundreds of
fragments at same time
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and structural accuracy
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Kurz amerického dolaru vuci koruné 24.10.2023

Masivneé paralelni sekvenovani vyvoj ceny 22,68 CZK/1USD

- Momentalné Ize osekvenovat lidsky genom az za jenom 399USD =>9 169 CZK v cenové AKCl bez DPH ©
- Vyrazny pokles ceny NGS umoznil postupnou implementaci metod NGS do zdravotnictvi

$100M o __ )
Moortv zakon - empirické pravidlo o
$10M : exponencialnim ristu vypocetniho vykonu
Moore's Law obvod( v elektronice, které roku 1965
vyslovil chemik a spoluzakladatel firmy
SIM Intel Gordon Moore.
“Pocet tranzistoru, které mohou byt
$100K umistény na integrovany obvod, se pri
' zachovani stejné ceny zhruba kazdych 18
mésicl zdvojndsobi.”
$10K

s1K Source: genome.gov/sequencingcosts
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Sekvenovani prvni generace

e 1977 Frederick Sanger

* Analyza pouze jednoho useku DNA

* Selektivni zac¢leriovani dideoxyribonukleotidu

* Nejpouzivanéjsi metoda DNA sekvenovani po nasledujici Ctyfi
dekady

e Stale vysoce vyuzivana pro specifické aplikace — dlouhé useky DNA
(> 500 nt), mutacni status pacient(, diagnostické kritéria, STR
profilovani, ovéreni NGS vysledk

* Applied Biosystems komercionalizace
Nizka cena, Ize identifkovat sekvence az 96 genu zaraz

- Lze sekvenovat pouze jednotlivé Useky DNA, nizkda kvalita identifikace
prvnich 15-40 bazi, kvalita ¢teni klesa po 700-900 bazich

o Sanger Sequencing

Slow but good base and
accurate structure

Reads each single base
one at a time
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Sangerovo sekvenovani — priklad vyuziti |

pacient s hepatopatii v batolecim véku a opakovanymi hypoglykémiemi, vysloveno podezreni na glykogendzu

(,,glycogen storage disease”)
Celoexomové sekvenovani -> nalezena varianta PHKA2 ¢.2470C>T/p.R824C v hemizygotnim stavu (X-vdzana recesivni

choroba)
varianta byla verifikovana metodou Sangerova sekvenovani
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Sangerovo sekvenovani — priklad vyuziti |

* Metodou Sangerova sekvenovani a byla provedena analyza zbyvajicich ¢lent rodiny
* Matka byla potvrzena jako prenasecka onemocnéni, u otce a bratra nebyla varianta nalezena

* Chlapec je na antihypoglykemickém rezimu v dobrém celkovém stavu, do budoucna mu tato informace muze
eventualné poslouzit pri planovani rodicovstvi — jeho dcery mohou byt pfenaseckami, chlapce bude mit zdravé
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Sangerovo sekvenovani
— priklad vyuziti Il

Mutovany gen IDH1 je
diagnostickym markerem
gliomd WHO 2/3.

Mutovany gen IDH je pozitivhim
prognostickym faktorem u
pacientd s gliomy a je spojen s
lepSim celkovym prezitim.
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Unruh, D. et al, 2019

IDH katalyzuje oxidaci
isocitratu na 2-oxoglutarat



Sangerovo sekvenovani
— priklad vyuziti Il

Mutovany gen IDH1 je
diagnostickym markerem
gliomd WHO 2/3.

Mutovany gen IDH je pozitivhim
prognostickym faktorem u
pacientd s gliomy a je spojen s
lepSim celkovym prezitim.
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Histology Diffuse astrocytic or oligodendroglial glioma
Midline
location
IDH - (iDHwid type ) (IDH wild type ) IDH wild type
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Oligodendroglioma, Astrocytoma, Astrocytoma, Glioblastoma, Diffuse Diffuse
Ir}tegrat'ed IDH-mutant and IDH-mutant, IDH-mutant, IDH wild type, hemispheric glioma, midline glioma,
diagnosis 1p/19g-codeleted, WHO grade 2 or 3 WHO grade 4 WHO grade 4 H3.3 G34-mutant, H3 K27M-mutant,

WHO grade 2 or 3 WHO grade 4 WHO grade 4

C MGMT promoter methylation )

Weller, M., et al. EANO guidelines on the diagnosis and treatment of diffuse
gliomas of adulthood. Nat Rev Clin Oncol 18, 170-186 (2021).




Sangerovo sekvenovani

— priklad vyuziti Il

Mutovany gen IDH1 je
diagnostickym markerem
gliomd WHO 2/3.
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DPCEITEC

Kéd pacienta:

Cislo protokolu:

Cislo FFPE bloku:

Obsah nad. bunék: 80 %
Vzorek pfijat: 21/12/2020

Vysledek vydan: 08/01/2021
Vysetreni: Mutaéni analyza kodonu 132 genu IDH1 a kodonu 172 genu IDH2 u zaslaného FFPE
vzorku

Vysledek:

U pacienta byla zjisténa mutace v kodonu R132 genu IDH1 - mutace R132C (c.394C>T), ale
nebyla zjisténa mutace v kodonu R172 genu IDH2.

Metodika vysetieni:
Ze zaslaného FFPE vzorku byla izolovana DNA a nasledné byla provedena analyza kodonu 132 genu IDH1 a
kodonu 172 genu IDH2 — amplifikace a sekvencni analyza exonu 4 genu IDH1 a IDH2.

Pfilohy
Sekvence genu IDH1 hodnocend v programu Mutation Surveyor

It _ssnc 5 Sitess 2risat> cuty0100es =

son

Sekvence genu IDH1 vydana sekvenatorem ABI 3500x|
TWAGTMTGGAYTTCAGAGAGCCATTATCTGCAAAAATATCCCCCGGCTTGTGAGTGGATGGGTAAAACCTATCATCATA
GGTYGTCATGCTTATGGGGATCAAGTAAGTCATGTTGGCAATAATGTGATTTTGCATGTTTTTTTTTTCWKGGCCCAAAA
ATTTCCAACTTGWATGKGTTTTATTCTTATCTTTTGGWATCTACMCCCWTTAAGCAAGGWWTRAAA

Unruh, D. et al, 2019
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Sekvence genu IDH2 hodnocend v programu Mutation Surveyor
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Sekvence genu IDH2 vydana sekvenatorem ABI 3500x|
CGTCTGCGAGTGCTCAGTCGGRGGGWGCCCAGGTCAGWGGATCCCCTCTCCACCCWGGCCTACCWGGTCGCCAWG
GGCGTGCCTGCCAATGGTGATGGGCTTGGTCCAGCCAGGGACTAGGCGTGGGATGTTTTTGCAGATGATGGGCTCCCG
GAAGACAGTCCCCCCCAGGATGTTCCGGATAGTTCCATTGGGACTTTTCCACATCTTCTTCAGCTTGAACTCTGTGAGGA
CAGAGATAATAGTGGTCCCACTGCAGCA

Vystup z méreni koncentrace a Cistoty DNA na spektrofotometru:

Koncentrace [ng/«d] A260/A280 A260/A230
1. eluce 810,6 2,00 2,22
2. eluce 167,3 1,94 2,34

Elektroforetické rozdéleni PCR produktli na agarézovém gelu.

Vyzadala:
Zhotovila:

MUDr. Katarina Muckova
Mgr. Dagmar Al Tukmachi, Ing. Mgr. Michaela Ruckova

Zkontroloval a vydal: Mgr. Jifi $ana, Ph.D., Mgr. Marek Vedefa



Sekvenovani nové (druhé) generace (NGS)

Pocatek vyvoje next generation sequencing (NGS)
metod v 90. letech 20. stoleti

Analyza mnoha molekul nardaz — genom, exom,
transkriptom, etc..

Miniaturizace a paralelizace sekvenacnich technologii
Klonalni amplifikace bud emulzni PCR nebo bridge PCR
Sekvenovani syntézou Ci ligaci

Fragmentace dlouhych molekul na kratsi useky

50 az 500 bazi

SOLID, Roche 454, lon Torrent, lllumina

e Amplified Molecule
Sequencing

Fast reads but only good
base accuracy

Reads 300 base long
fragments

Processes millions of these
fragments at same time

llumina ThermoFisher
.
2
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End repair & adapter ligation

>‘ “

[ )
L

* . ®@@ .

\ i i

Sequencing by ligation Pyrosequencing Proton detection sequencing

DNA ligase DNA polymerase

—_— 5 :
_I_l_'_‘—. PPi
T A C G
T O O ATP
A ; O O ‘ Luciferase
C O O Ligase
Jole® &

| ),
T

DNA polymerase

CTGTT

GACATAACACTA
HEAN LLLI

ATP-Sulfurylase

H+ H+

CTGTT

GACATAACACTA
LTI inging

Intensity

AT T

T Time

Athina Gkazi, PhD. An Overview of Next-Generation Sequencing, www.technologynetworks.com, Published: March 17, 2021, Last Updated: May 4, 2022
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Applied Biosystems SOLiIiD

* Princip: Seq by Oligo Ligation/Detection

* Klonalni amplifikace: emulzni PCR

» Ligdzy jsou vice selektivni nez polymerazy
* Dvojité Cteni bazi

Vysoka presnost 99,94% - vhodné pro detekci variant a

vzacnych jednonukleotidovych zameén (SNP), nizka cena

- NizSi vytézinost dat nez napf. lllumina, dlouha doba

sekvenovani 6-7 dni
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Roche 454

A AU DNA

Streptavidin

magnetic bead  giotinylated
7 primar

+—

B E DNA fragments

Add dTTP
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Amplification result:Beads with ROCHE 454

lots of dsDNA

ATCGATCGATCGATC -

Pivodné 454 Life Sciences, odkoupeno
Roche

Princip: vysokokapacitni
pyrosekvenovani

Klonalni amplifikace: emulzni PCR
Prodej ukoncen v roce 2017
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Thermo Fisher Scientific lon Torrent

- Princip: detekce protonu uvolnéného po zaclenéni baze do rostouciho retézce DNA

- Klonalni amplifikace: emulzni PCR
- RUzna délka cteni, pouze v mddu single read
- Vhodné pro de novo sekvenovani velkych genomu, doplnéni ostatnich NGS metod

Nizka cena, rychlost, maly pristroj

- Kratka délka ¢teni ~100-200 bazi, vyssi chybovost

A. B.
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pH Sensitive Chip Changes in pH detection



Hlumina

* Drive Solexa

*  Momentalné nejrozsirenéjsi technologie masivné paralelniho sekvenovani
* Princip: sekvenovani syntézou za pomoci reverzibilnich terminator

e Klonalni amplifikace: bridge amplification

* Stejna délka Cteni

e Single nebo Pair-end read méd

* 99% presnost

Sequencing Systems for Research

iSeq 100 MiniSeq MiSeq MNextSeq 550 MextSeq 1000 & 2000 NovaSeq 8000 NovaSeq X & X Plus



lllumina
vysoka presnost
mnozstvi publikaci vyuzivajici lllumina technologii

mnozstvi komeréné dostupnych kit pro rtizné aplikace

- vysoké porizovaci naklady
kratka délka cteni — max 300 bazi — pouze nékteré pristroje
komplikovana de novo assembly z lllumina NGS dat

dlouha doba sekvenovani 12h az 4 dny
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File size range

Analyza NGS dat

DNA sequencing reaction &
raw data acquisition Tera bYtES

v

Signal processing

v

Platform specific Basecalling
(FASTQ /unaligned BAM)

B T |

Demultiplexing (optional)
Platform independent \I'

Gigabytes

SNUQHCG- a-!lignment
(BAM files)
|
¥ v v v
Local Large structural CNV callers (gene
variation (fusion) amplifications and
Leahggmant  detection deletions)

SNV callers

Indel caller

4
List of genomic variants Megabytes /
(VCF files) Kilobytes

2022
Somak et. al. Next-Generation Sequencing Informatics. Archives of Pathology & Laboratory Medicine. 2016. DOI: 10.5858/arpa.2015-0507-RA



NGS modifikace

DNA RNA

RNA-seq

Transcriptome

——

Athina Gkazi, PhD. An Overview of Next-Generation Sequencing, www.technologynetworks.com, Published: March 17, 2021, Last Updated: May 4, 2022




Precizni medicina

Zameéreno
na organy
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Chemoterapie

MNadaor je lécen primarné
podle lokalizace v téle

2022

Stratifikace podle
biomarkeru
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Cilena léciva

Nadorova terapie je
vybirana na zakladé
obojiho, organové
lokalizacei biomarkerii

www.foundationmedicine.cz

Precizni
medicina
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Personalizovana
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genomového profilu

pacientova nadoru



Precizni medicina a NGS

* Nadorovd onemocnéni se vyznacuji vysokou genetickou heterogenitou — nizkd ucinnost lécby
* Precizni onkologie by s vyuzZitim NGS mohla v budoucnosti vyrazné zvysit Sance podani vhodné |écby vhodnému

pacientovi
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Vyuziti NGS v onkologii

wett  Functional effect
of mutation

Patient Technologies Data Analysis Integration and interpretation
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i Smallindels i l
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Network and !
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* Epigenomics

2022
Shyr, D., Liu, Q. Next generation sequencing in cancer research and clinical application. Biol Proced Online 15, 4 (2013). https://doi.org/10.1186/1480-9222-15-4



NGS Germinalni Exom — priklad vyuziti

e U 3meésicni holCicky byl diagnostikovan nador CNS, konkrétné atypicky teratoidni rhabdoidni tumor

* Vzhledem k tak nizkému véku bylo provedeno vysetreni nadorovych predispozic metodou celoexomového sekvenovani
s nalezem patogenni varianty SMARCB1 c.141C>A/p.Y47*

* Holci¢ka bohuzel zemrela cca do mésice od diagndzy, nicméné méla sestru, dvojCe - prezentovano jako dvojvajecné
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NGS Germinalni Exom — priklad vyuziti

Testovani dvojcete, tentokrat jiz cilené Sangerovou metodou
(diky jiz predchozi znalosti z vysokokapacitni metody jako je WES)
poukazalo na stejnou variantu geneticka indikovala dovysetreni
zygozity a potvrdilo se, Ze se jedna o jednovajecnd, ne
dvojvajecna dvojcata

U dvojcete se okamzité zahadjilo sledovani pomoci MRI a pfi jedné
z kontrol byl objeven rhabdoidni tumor ledviny, jeSté nez se stacil
klinicky manifestovat

Holcicka podstoupila resekci tumoru a je dale onkologicky |écena,
mimo jiné inhibitorem EZH2, 1ék byl nasazen na podkladé mutace
SMARCB1 zjisténé NGS.

V tomto pripadé tedy analyza nejen prispéla k casnému
sledovani, které prineslo v€asnou detekci onemocnéni a zahajeni
|éCby, ale zaroven se prinesla terapeuticky cil




NGS Genové fuze- priklad vyuziti
* trileta holCicka s diagnostikovanym nadorem CNS, uzavren jako difuzni stfredocarovy gliom

*  Komplexni molekuldrni analyza zahrnujici mimo jiné vysetreni fuznich geni metodou cileného RNA sekvenovani
odhalila pfitomnost fuze SPECC1L-NTRK

Before treatment initiation chromosome 22 PR

q11.23 q21.33

breakpoint breakpoint
22:24334573 9:84741392

12

s SPECCAL "= =~ __ NTRK2
T 7 - ENSTO0000314328 =T i = ENST00000277 120
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CTCATCAAGTCCTTTGACAGTGCATCTCAAGGTGCAAACCCAAATTATCCTGATGTAATTT

e | ihons notto scale

RETAINED PROTEIN DOMAINS
in—frame fusion

Zo0l mim
SUPPORTING READ COUNT
Spiit reads in SPECC1L =8
Split reads in NTRK2 = 52
Discordant mates =49

5t

SPECCIL NTRK2
Protein tyrosine kinase-




NGS Genové fuze- priklad vyuziti

* Pro pacienty se solidnimi nddory a NTRK fuzemi jsou schvaleny |é¢iva ze skupiny tzv. NTRK inhibitord, které maji velmi
signifikantni |é¢ebny efekt

* Holcicka je vice nez rok Ié¢ena kombinaci NTRK inhibitoru spolu s dalSimi IéCivy a momentalné je v radiologické remisi
(MRI snimek je z doby roku od zahajeni).

* Vysledek je velmi priznivy zejména vzhledem ke skutecnosti, Ze pacienti s difuznimi stredocarovymi gliomy maji 2leté
preziti 5-10 %, tato pacientka je po cca roce a tric¢tvrté v podstaté v remisi

After radiotherapy After 1 year of NTRKi + anti-PD-1

A
W

A

A} ~
126imm 9.6 mm




Sekvenovani treti generace generace

* Velice dlouha délka c¢teni

 Primé sekvenovani jednotlivych molekul DNA bez predchozi

fragmentace

* Lze primo detekovat modifikace bazi — metylace promoterd

* Pacific Biosciences (PacBio), Oxford Nanopore Sequencing

o Single Molecule
Sequencing
Fast reads but only good

structural accuracy

Reads 5,000 base long
fragments

Processes hundreds of
fragments at same time

N/ = :
;!qufc} @ PACBIO

{JNANOPORE

xﬂi‘




Oxford Nanopore

* Princip: zména proudu na membrané pfi prichodu nukleotid(l
e Analyza nativni DNA a RNA

* Real-time analyza sONA ™
+  Ultra-dlouhé ready 10-300 kb 5o Pomingy
* 92-97% pFesnost T e—

* Vyuziti pfedevsim pro metagenomiku, genotypizaci -
* V mediciné analyza fuznich genli — BCR-ABL u chronické _ Aryotietoecations
myeloidni leukémie =

s
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Wang, Y., Zhao, Y., Bollas, A. et al. Nanopore sequencing technology, bioinformatics and applications. Nat
Biotechnol 39, 1348-1365 (2021). https://doi.org/10.1038/s41587-021-01108-x



Pacific Biosciences

* Princip: Single Molecule Real-Time (SMRT)
* Zero Mode Waveguide (ZMW) — umozniuje sledovani aktivity jedné DNA polymerazy

As anchored
polymerases
Asingle molecule of DNA is incorporate
immobilized in each ZMW i labeled bases,
: I | light is emitted
P
% w : | 1 :
SMRT Cells contain millions of % E ' i
zero-mode waveguides (ZMWs) @"‘7 ! A ! -
& : i | i
év I | i I
) i i i i
& ! ] ' ! Directly detect
f - -« — ! DNA modiﬁcatic?ns
d@ : I : 1 during sequencing
* g : 1
SMRTbell® templates enable repeated § A C T i i
sequencing of circular template with - . 1
real-time detection of base incorporation \, & - 4
= - iy J i

Time

Nucleotide incorporation kinetics
are measured in real time

www.pachio.com



Nové technologie sekvenovani - Nanoball sekvenovani

* Princip: rolling circle replication
* Replikace DNA po malych fragmentech
e Urceni celé genomické sekvence organizmu

A. B. C.

Adapter Adapter
DNAP 7
Phi29 , ¢
DNA fragment
being sequenced 1
— eee——
Addition of adapters and
cleavagex3
CirDNA

CirDNA

www.rna-segblog.com



Nové technologie sekvenovani - Single cell sekvenovani

Sekvenace transkriptomu jednotlivych bunék
LepsSi porozuméni mikroprostredi
Lepsi porozuméni funkci jednotlivych bunécnych populaci v tkani

Isolate and sequence —

Tissue (e.g. tumor) individual cells —
A ® & —_—
£ ol — oo opmg
A B ®e 0
W - o’ -t P s Gene 1
@@@) Cell 1

Compare gene expression

Read Counts profiles of single cells

| lcena fcenz .. | : oo

s o m %o
m 1010 506 — £ 5l e

|Gene 3 (LI e i| ve
_ Cells Pﬂmipalcornpung‘nu

www.rna-segblog.com



Nové technologie sekvenovani - Spatial transcriptomics

* Identifikace genové exprese v prostorovém kontextu
* Fixace rezu tkané a sekvenace transkriptomu jednotlivych spotd bunék
* Lepsi porozumeéni architekture tkani, patogenezi riznych onemocnéni
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Rao, A., Barkley, D., Franga, G.S. et al. Exploring tissue architecture using spatial transcriptomics. Nature 596, 211-220 (2021). https.//dm.org/10.1038/s41586 -021-03634-9
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Sekvenacni metody - shrnuti

2022

Platform

Shotgun sequencing

Roche 454

[Burmina

ABI solid

ABLon torrent

Facific bioscience

Oxford nanopore

Sequencing rules

Dideoxy chain termination
method,
capillary electrophoresis

Pyrophosphate sequencing,
SBS,
Emulsion PCR

SBS,

Bridge PCR,

Reversible terminator

SBL,

Emulsion PCR,

Solid phase template shift,
Two base encoding
Semiconductor sequancing,
SBS,

Emutsion PCR

SMRT, 5BS

Nanopore sequencing
Single-molecule sequencing,
Direct detection of bases

Advantages

Accuracy 99.989%,

Reads 1,000 bp,

High accuracy of processing
repaated base,

De novo

Accuracy 99%,

Reads 400-600 bp,

Paralled sequencing
Accuracy 99%,

Reads 75-300 bp,

Parallel sequencing
Accuracy 99.94%,

Reads 40 bp,

Parallel sequencing, each base
for sequencing twice
Accuracy 99%, reads 200 bp,
Parallel sequencing

Mo light/fluorescence
detection system
Seaquencing without PCR
Detecting methylated bases
average reads 10-15kb

Sequencing without PCR,

Me light/fluorescence detection
system,

Detecting methylated bases
average reads 10-15kb, longest
to 40kb

Disadvantages

Low-throughput, high cast

Base insertion and deletion
emors

Base substitution emor

Prone to continuous base
interpretation errors

Difficutt to identify
homopolymers =8 bases,
Base insertion and
deletion emors

Random ermors (5-15%) for
a base, repeated
sequencing can comect
random emors

Random erors (5-15%) for
abase,

Repeated sequencing can
cormect random errars

Signal received

Fluorescence

Light

Fluorescence

Fluorescence

Blectrical signal

Fluorescence

Blectrical signal

SBS, sequencing by synthesis; SLB, sequence by ligation; ssDNA, single-stranded DNA; SMAT, single molecular real time sequencing. Solid (sequencing by aligonuckeotide Ligation

and Detection).
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