Om opeaHu3auyuu
XpOMamuHa K
MOHUMAaHUro
OYHKUUOHUPOBAHUS
2eHOMOe8 3yKapuom

Anekcen KoHcTaHTMHOBKM LLlanTaH

A.0.-M.H., npodeccop, Yn.-kopp. PAH
Kadeapa GUONHXKEHEPUM
6UONOrMYecKNin GakynbTeT

MIY nmeHn M.B.JTomoHOCOBa

R Jlekyusi 6.
oA v I JKkcrniepuMeHmarsibHasi 3anu2eHoMuUKa. Anpenb 2024



CoaepxaHune nekuum

* MeToabl cekBeHnpoBaHus 1,2,3 NOKOMEHWI.
* [1pOeKT reHoM 4esioBeka.

* MeTo[bl CEKBEHNPOBAHNA B anUreHeTnke: bucynb@utHoe, Nano-pore, Chip-Seq,
Chip-Exo, Mnase-seq, ATAC-seq, CUT&TAG, CUT&RUN, Ribo-seq, Hi-C,
« OT npoekTa reHom yenoseka K 4/1-Hykneomy (Bktodas ENCODE)

* GWAS/EWAS
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CekBeHunpoBaHue no CeHrepy (1-oe NoKoneHme)

Frederick Sanger
OM CH CBE FRS FAA

Frederick . .
1958 s (1918- | = United Kingd "for his work on the structure of proteins,
anger nited Kingdom
& B g especially that of insulin"
2013)
"for his fundamental studies of the biochemistry
Paul Berg (b. g S 5 o
1926) == United States of nucleic acids, with particular regard to
recombinant-DNA"
Walter Gilbert
1980 ! == United States
(b. 1932)
"for their contributions concerning the
[ —— determination of base sequences in nucleic
Born 13 August 1918 Frederick acids"
Rendcomb, Gloucestershire, Sanger (1918- | £§= United Kingdom
England { 2013)

Died 19 November 2013 (aged 95)
Cambridge, England!'!

1951-52 — nocnepoBaTenbHOCTb MHCYNNHA



MeTopn CeHrepa 1977 oz

Chain termination method

dNTPs

Deoxynucleotide (dNTP)

@@ @con_o_ oo

H H
H H

H
Template New DNA DNA

Dideoxynucleotide (ddNTP) o W e

® o -

‘PQPQP.P
T 4 T @

primer &'




dye-terminating sequencing
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[lepBOe NoKoneHue

MeTtopa CaHrepa, dye-terminating sequencing, sequencing by synthesis, DNA
sequencing by capillary electrophoresis

OnvHa npouteHun 700-1000 HK. Mepsble 15-40 HK — HU3KOE KaA4ecTBO.

) Computer software interpests

the data to peoduce » gragh of

intensity vertas rus time, or =
g Electropherogras

CATAGCTGTTTCCTG?GTGTGAFK/




[1poeKT «[eHOM YenoBeKa»

Human Genome Project (HGP)
1990 - 2003

PaccuuTtaH Ha 15 nerT, ¢ 6rogxetom $3 MnpAa, 3aBepLUeH JOCPOYHO

a1 ¢

US Nt Fsearch
Courliss gt an
o

Landmarks in genetics and genomics

[

Human
Genome
S .
cancegt estalines PrOject
T R — sy [— N
il sy s et Y

Fist fun s gere — o ot s

Humen Geone
Oanaton FLGD) e

19FB

1994 1995 1996 1999 2000 2001 2002 2003

Finished
version of
human
genome
sequence
completed

1 9|93

“The HGP ends with

version o ice genome
‘sequence complted and published o bt

10000 flliength
“human cONAs sequenced
st Sange Intiute)

@ The Wellcome Trast

ongoneic astmatin
inhe warkp ammallan gt genome sequence completed
ene
olection
Single-nuceaidepolymarphism
SNP)ntativebegins

GTGCT

First gene for

breast cancer
(8RcAn mapped X

Bermuda principles for

rapid and open data relase estbished

GTCCT

Chinese National Human Genome Centers
estabished in Beiing and Shanghai

Execulive orde bans genetc
discrimination i US federal workpiace
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[1pOEeKT reHOM Ye/ioBEeKa: MeToabl U Noaxoabl

XCELERA ,

F. Collins

C. Venter

_ 1998
'BAC-by-BAC' approach -

1990

Hierarchical shotgun Whole-genome shotgun
3 E Genome 3 E
BACs= Contig of large insert clones
bacterial T  —
artificial ——
chromosome l l l Random fragmentation
s ~150 Kb
/ / z

Physical
l Sequencing and
map - T T AN
NeedeCLI-I-I“ E i 1 I,-,-,-,l,li f
L AciRing
R 3 Genome assembly 2
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https://www.nature.com/scitable/topicpage/dna-sequencing-technologies-key-to-the-human-828

31 mapTa 2022

I [
toyield its secrets ;.13 and relapse op.33486 | inanova explosion ;77

S ] \
1 $15
> 1APRIL 2022
SPECIAL ISSUE
g Clence AVAAAS

/A FILLING
- THEGAPS

™ Closing inon a complete
B - human genome .42

A Truly Complete Human Genome Sequence

COMPLETING THE HUMAN GENOME

Researchers have been filling in incompletely sequenced parts of the
human reference genome for 20 years, and have now almost finished it,
with 3.05 billion DNA base pairs.

Base pairs (billions)

2000 2004 2008 2012 2016 2020

0.3% of sequence might still have errors. Includes X but o
not Y chromosome. Count excludes mitochondrial DNA. onature

Human genome size ~ 3,117 billion base pairs (bp)



NGS sequencing

nature

LETTERS

Vol 452|17 April 2008|doi:10.1038/nature0688 4.

The complete genome of an individual by massively
parallel DNA sequencing

David A. Wheeler'*, Maithreyan Srinivasan®*, Michael Egholm?*, Yufeng Shen'*, Lei Chen', Amy McGuire’,
Wen He?, Yi-Ju Chen®, Vinod Makhijani’, G. Thomas Roth”, Xavier Gomes®, Karrie Tartaro™, Faheem Niazi’,
Cynthia L. Turcotte?, Gerard P. Irzyk®, James R. Lupski"™, Craig Chinault’, Xing-zhi Song’, Yue Liu', Ye Yuan',
Lynne Nazareth', Xiang Qin', Donna M. Muzny', Marcel Margulies’, George M. Weinstock', Richard A. Gibbs'*
& Jonathan M. Rothberg™t

The association of genetic variation with disease and drug res-  subject’s DNA, including single nucleotide polymorphisms (SNPs),
i in nucleic acid ies, have given  small insertions and deletions (indels), and copy number variation

;_;nx/l upu:nm:. for l!l(_ impact ._.[_ ‘genomic med,cme'. However,  (CNV). .
James Watson's genome sequenced at
Moore's Law high speed

National Human Genome
Research Institute

genome.gov/sequencingcosts

2008
454 Life Sciences
4 months
$1.5 min

20012002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

18



PecekBeHUpoBaHue

Reference sequence
Chri

Homozygous Hemizygous Translocation

Point mutation Indel deletion deletion Gain breakpoint
L ]

T
Copy number alterations
Nature Reviews Genet. 2010 Oct ;11(10):685-96.

[na goctoBepHoCcTU B MegnumnHckmx uenax 30-100-kpaTHoe nokpbITue,
30-100-kpaTHas rnydomHa cekBeHMpoBaHUA



TexHoNorMm MMKPOPEaKTOPOB, MAaCCUBHO-
napannenbHon paboTbl C K1OHaNAbHbIMMU
bnbnmorekamm AHK, «konoHmnamm» AHK

SIMULTANEOUS DETECTION OF TWO
INDEPENDENT DNA COLONIES

TEMPLATE 1 TEMPLATE 2

PROBE 1
(GREEN)

PROBE 2
(RED)
w w
E =
3 3
'S o
= =
w w
- =
| [ [ |
Kk ok ke ke de ok ok
NH NH NH NH NH NH NH NH
s s S S S S S S
o o o o] o o [e] o
GLASS SURFACE BOUND WITH COLONY PRIMERS
AND TEMPLATES CO-VALENTY VIA THE 5' -TERMINI
.
az United States Patent (10) Patent No.: US 7,115,400 B1
Adessi et al. (45) Date of Patent: *Oct. 3, 2006
(54) METHODS OF NUCLEIC ACID (56) References Cited
AMPLIFICATION AND SEQUENCING US. PATENT DOCUMENTS
(75) Inventors: Celine Adessi, Ambilly (FR); Eric 5.514,539 A % 5/1996 Bukh et al. ..ooccrrerccn 4355
Kawashim: n (CH); Pascal (Continued)

Mayer, Eloise (FR); Jean-Jacques
Mermod, Geneva (CH): Gerardo FOREIGN PATENT DOCUMENTS
Turcatti, Geneva (CH) EP 0543484 A2 5/1993

(73) Assignee: Selexa Ltd., Essex (GB) (Continued)



TexHONornm ceKBEHMPOBAHMA HOBOTO (BTOPOro) MOKOIEHUA
NGS — next generation sequencing
MaccmBHO-NapannenbHoe CEKBEHMPOBaAHUE
Massively parallel sequencing

Sequencing by synthesis

* NMupoceKkBeHUpPOBaHME — N0 TeXHONOrMK KomnaHum 454 Life Sciences/Roche
— [NepBada TexHon0rma Ha pbiHKe. C 2016 roga He noaaepr*KMBaeTCA.

* CeKkBeHMpoOBaHMe Ha OCHOBe obpaTMMon TepMuUHaUMK cnHTe3a AHK— no
TexHosormm komnaHui Solexa/lllumina.

— 90% BCero CeKBEHNMPOBAHMA BbINONHAETCA CEMYAC Ha 3TOM TEXHOIOTUN.
* MonynpoBoAHMKOBOE CeKBeHMpoBaHMe - lon Torrent

* DNBSEQ meTopa oT KomnaHum MGI Ha ocHoBe JHK-HaHowapos (CoolMPS Bepcus)

Sequencing by ligation

* SOLiD ot Applied Biosystems. He noaaepxunsaetca
* DNBSEQ meTtopg ot kKomnaHun MGI Ha ocHoBe JHK-HaHowapos (cPAS Bepcus)

Sequencing by binding (PacBio announced)




[lupocekBeHnpoBaHue/
MoHHOe nolynpoBOJJHUKOBOE CEKBEHUPOBaHUE

uuuuuuuu

Pyrophasphate

Pol ymerase

Hydrogen and pyrophosphate are released.

ion-sensitive field-effect transistor (ISFET)

MupodocdaTt gaeTekTnpyeTcs Yepes akTUBHOCTb o o
pogocepar AA Py P NoH YyBCTBUTEJIbHbIN NMONEBON TPaAH3NCTOP

noundepasbl .
pH-4yBCTBUTENbLHLIN TPAH3UCTOP
Template Ty ® rTferenge _—
\ / cti
e} electrode insulator
MNew Sequence LY . ATP
> L ,y L | »
1. Polymerase 2, Sulfurylase 3. Luciferase | Light Peak , electrolyte
source drain
channel
e —

Enzyme Apyrase
Labal ™




MupocekBeHnpoBaHue oT 454 Life Sciences

Jonathan Rothberg
k)

2005 roa — nepsbiii cekBeHaTop (GS20 — 25 M/IH. HT 3@ NPOroH)
2005 cekBeHMpoBaHbl reHOMbl Mycoplasma u Streptococcus

2007 rop, — ynyyweHHbIn cekseHaTop 454 GS-FLX

2008 — cekBeHUpoBaH reHom James Watson oo

Born April 28, 1963 (age 59)
New Haven, Connecf ticut

KomnaHusa 454 LS kynneHa Roche B 2007 roay.
2012 — FLX+
2006 — 2013 - ... — cekBeHMpOBaHUE reHOMA HeaHAepTabLa

C 2016 roaa TeXHONOMMA 3aKPbITa, HEKOHKYPEHTHOCNOCOOHA
(no cpaBHeHwuto ¢ lllumina, lonTorrent)

FLX+: 1 mnH npoyteHnin, oo 700 HT, 0.7 I'6, $8K, 10 yacos
3a NPOroH

XopoLuasi TO4HOCTb

OLWwnbKM B roMONONMMEPHbLIX MOBTOPax




MpumeHeHue:

e CekBeHupoBaHue de novo KopoTKux pparmeHTos AHK (180 n.o.);

® pecekBeHMpOBaHWe No6oro y4acTka reHoMa YenoBeka, Moge/bHbIX 06bEeKTOB, MUKPOOPraHU3MOoB M
BUPYCOB;

® KOJIMYECTBEHHbIA aHaIN3 4YacToT alesibHON BCTPEYaEMOCTH;

e MYTaUMOHHbIV aHaM3: UOEHTUUKALMA TOYEYHbIX OOHOHYKNeOoTUAHbIX 3aMeH (SNP), BcTaBoK 1 geneunii;
KONWYECTBEHHbIN aHanns metunuposanna JHK (moxeT 6biTb coBmeleH ¢ SNP TunuposaHvem);
BepnUKaLMA U BaNMOaUNA pesynbTaToB NojIHOreHOMHOro aHanumsaa.

TexHU4YecKUe XapaKTepUCTUKMU:

e Mpou3BogMTENbLHOCTE — OT 1 fo 48 ob6pasuos;
npobonoaroToBka — asTOMaTU3MpoBaHHaA Ha camoM npubope;
CEHCOPHbIM AMCNen yrnpaBneHus;

paamepsl, LW x I x B, cM — 25 x 30 x 30;

Bec, kr — 8,5.



MonynposBogHUKOBOE ceKBeHUpoBaHMe oT lon Torrent

Jonathan Rothberg

2007 rog — lon Torrent Systems — ocHOBaHa KOMNaHUA

2010/11 - nepsbint cekBeHaTop Personal Genome Machine (PGM)

2010 - KomnaHus npuobpeteHa Life Technologies, no3aHee n-r
ThermoFisher *pobegn

Rothberg in 2008
Born Anril 28 1983 (ana 59)

oM
®

2012 - cekBeHaTop lon Proton (B 1000 pa3 mouwHee PGM),

reHom yenoseka 3a $1000 (He 3a 04MH NPOTroH) ’ 4

*  [nwuHa pngos go 400 HT, BbICOKas CKOPOCTb, HET CITOXXHOM
XumMmun, geleBnsHa npuodopa,

* [losnMumoHupyeTcs AN 3agad ANarHOCTUKN — KaKOoMY
OOKTOpY B KAabMHET

*  OwmnbKn B roMononmMmepHbIX NOBTOPax, HET BO3MOXXHOCTU
NapHOKOHLEBOro CEKBEHNPOBAHUSA




lon GeneStudio S5 Systems

lon Torrent Genexus System

BbicTpoe Bpems oT
9KCrnepmuMeHTa ao
pesyrnbraTta

Bbicoknun ypoBeHb
aBToMaTmnsaumm

Xopow angd MmeguumMHCKUX
nccnenoBaHnm

Yunbl gatoT orpaHNYeHHoe
YMCNO MPOYTEHUN



SOLID (Sequencing by Oligonucleotide Ligation and Detection) ot ABI

2003 - polony sequencing technology (G. Church)

2006/08 roa — nepBbIt ceKBeHaTop no TexHonorum SOLID

2015 ... - cHATbI C NpoM3BOACTBA

2017 - 3aKoH4YeHa TexnogaeprKKa

» KopoTtkune pugbl (50-75 HT), oveHb gewweso ($0.13/M1H HT)

* Bbicokas TouHoCcTb 99.94%. Vcnonb3oBanca ans
pecekBEHMPOBaHUS, aHann3a sapuauum

* MeaneHHo — 1 3anyck — 0o 14 aHen

* Het npobnem ¢ romononnmMepHbIMU NOBTOPaMMU

* [lpobnembl ¢ NanMHOPOMHbLIMU CUKBEHCAMM

'3 applied
A bFi]{FJ]S}rstems

’i
ThermoFisher
SCIENTIFIC

Applied Biosystems™

5500xI Genetic Analyzer



NGS nnatpopma lllumina/Solexa

1998: Shankar Balasubramanian, David Klenerman
(Cambridge) founded Solexa company i Dq.V'md

Balasubramanian

o Q Shankar
N

TECHNOLOGY
PRIZE 2020

2005 cekBeHuMpoBaH reHom phiX-174 .

2006 — nepBbI cekBeHaTop (Genome Analyzer — 1 mnpga.
HT. 32 NPOroH)

2007 rog — acquired by Illumina

2007 - ... - aBontoymsa npubopos n TexHonornm. TexHonormsa
Ha YeTblipex pAtopecLEeHTHbIX MeTKax, Ha ABYX, Ha O4HOM +
No/NynNnpoOBOAHUKOBAA AeTeKLnA

JInHenka cekBeHaTOpPOB

AnuHa npouteHun: oo 150-300 HT.
B03MOXHOCTb NpoYTEHNS NPAMON U 0BpaTHOM Lienen Genome
(napHOKOHLUIEeBOEe ceKBeHupoBaHue, paired-end Analyzer
sequencing)




NGS nnatpopma lllumina/Solexa

Sequencing by synthesis
Bridge amplification
Dye terminator sequencing

1. PREPARE GENOMIC DNA SAMPLE 2, ATTACH DNA TO SURFACE 3. BRIDGE AMPLIFICATION

Adapter

it
ﬁ g B

Dense lawn
f primers
Adapters
|
\’t |
7 ] ( ) T 11z
F/a ‘ll|||||'|lll
s 11
; ! t |
.-:.‘;" &3 | | I 151
& "-i}% it | l
Randomly fragment genomic DNA Bind single-stranded fra Add unlabeled nucleotides and e
and ligate adapters to both ends of the the inside surface of the flow cell channels. nitiat, d-phase bridge amplif

fragments

4. FRAG! TS BECOME DOUBLE

Flow cell
[MpoTovHas a4enka

6. COMPLETE AMPLIFICATION

5. DENATURE THE DOUBLE-STRANDED
svur.}u MOLECULES
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NGS nnatdopma lllumina/Solexa

1.6 BILLION CLUSTERS
PER FLOW CELL
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Moarotosa 6mbanotekun (lllumina library prep)

Transposome

Adaptor

0, @ Assembly Tagmentation
—)

3 o c———

Adaptor e —

Transposomes

DNA l




TexHonorna DNBSEQ ot MGl
1999 — ocHoBaH Beijin Genomic Institute => BGI Group BGI**

2009 — Complete Genomics oTceKBeHMpOBana reHOM YesloBeKa C
MOMOLLLbIO CBOEWN NPONPUETAPHOM TeXHONOTrMK (CTaTbA B Science) m G I

2013 - BGI npnobpeteHa komnanma Complete Genomics
2014 — BGISEQ-1000 nepBbi ceKBEHATOP

2014 - ... panbHenwee pa3BUTUE TEXHOIOTUN

Mo3nymnoHupyeTca kak anstepHaTtmea lllumina, koTopas gelwesne u
ObicTpee

OnnHa pngos go 150 HT

[MapHOKOHLEBOE CEKBEHUPBOAHME

performances of the MGISEQ-2000 and DNBSEQ-T7 platforms are
comparable to that of the lllumina NovaSeq 6000



Library generation through RCA

d In-solution DNA nanoball generation . . . .
(Complete Genomics (BGI)) Rplllng circle ampllﬁcatlorj
Circular templates are amplified to generated long

Cleavage concatamers, called DNA nanoballs; intermolecular
Circular DNA interactions keep the nanoballs cohesive and
templates
are cleaved
downstream
of the adapter

separate in solution

sequence E .
Adapter ligation Iterative ligation & i ‘ /
One set of adapters Three additional ﬁ
is ligated to either rounds of ligation, *
end of aDNA circularization and
template, followed cleavage generate a Hybridization
by template circular template with DNA nanoballs are
circularization four different adapters immobilized on a

patterned flow cell

DNA nanoball




CoolMPS
sequencing by synthesis

[Adapier] )

\ \ ’
Ze \ » \Ze 3
@ N N i
3 \ » >N Regeneration of
Ze \ y. nucleotide with
@ =% . \:‘ natural “scar-
less” base
Incorporated Bind with labeled Wash AB Cleave and
“cold” nucleotides “base-specific- excess; wash off
with extension block-dependant” blocks and
blocks ABs Image ABs

Repeat Cycles

Figure 1: CoolMPS™ process overview. Bars ( ™= ) on the unlabeled (“cold”) nucleotides depict
removable 3’ chemical blocks. Antibodies specific for RTs with natural nucleobase are depicted with
three dve molecules to increase fluorescent sianal.






Sequencing by binding

2021: KomnaHust PacBio npunobpena Omniome
CBepxBblcokad TO4YHOCTb (Q407?)
2022 oKTABpb — KOMMEPYECKNUA NPOAYKT

* https://youtu.be/i mSaNBOVmQ



https://youtu.be/i_mSaNBOVmQ

MeToabl CeKBEHNPOBAHUNA TPETbEIO
NMNOKOJZIEHUA

* [laochl:
1) MoKHO cekBeHMpoBaTb A/IMHHbIE dparmeHTbl AHK
2) MOoXKHO nony4aTb AJIMHHbIE NpoYTeHui (g0 20 000 HT)

3) He obasaTenbHO amnNAndULMPOBaTb ANA CYNTbIBAHUA CUTHANa => Bosiee npocTas NpobonoaroTosKa
=> NOpTaTUBHbIE CEKBEHATOPbI

4) SnureHetnyeckan pasmeTka AHK coxpaHsetca (NanoPore)

MuHyCbl:
1) Cnabblih curHan, BbICOKMIM NPOLLEHT owKnboK

TexHoOnoOrum:

1) SMRT by Pacific Biosciences

2) Oxford Nanopore
3) Ilumina Infinity 20227



TexHonorna PacBio

2004 —ocHoBaHa Pacific Biosciences
2010 — nepBbin npnbop PacBio RS
2013 - PacBio RS 11

2015 - Sequel System

2019 - Sequel Il System

2020 - Sequel lle System

2022 — Revio System

OnpepeneHne CTpYKTYpHbIX Bapuauum reHoma
MoXeT cekBeHNpoBaTb aNUreHeTu4eckne
Moandomkaumm

MoxeT cekBeHupoBaTb PHK Hanpsamyto.

PacBi®

A PacBio RSII sequencer




TexHonorna PacBio

Single-molecule real-time (SMRT) sequencing

Pacific Biosciences — Real-time sequencing

Phospholinked hexaphosphate nucleotides

INTENRITY — ;

Epflucrescence detection

https://youtu.be/ 1ID8JyAbwEO
htto<//votuittt he/NHC.18PtYC Fe



https://youtu.be/_lD8JyAbwEo
https://youtu.be/NHCJ8PtYCFc

TexHonormna Oxford Nanopore

e 2005 — ocHoBaHa Oxford Nanopore Technologies

e 2014 — nepsblt npubop MinlON

MopTaTtnBHLIM NpNBOP

ToyHocTb 99,9%

OnpeaeneHune CTPYKTYpPHbIX Bapuauui reHoma
MoxxeT cekBeHMpOoBaTb ANUreHeTu4ecKne
Moandomkaumm

MoxeT cekBeHupoBaTb PHK Hanpsmyto.

Oxford

NANOPORE

Technologies




TexHonorma Oxford Nanopore
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https://youtu.be/RcP85JHLmMnNI



https://youtu.be/RcP85JHLmnI

Current (pA)

Current levels

0 10 20
Time (s)

https://www.youtube.com/watch?v=E9-Rm5A0ZGw

10.1038/s41565-022-01193-2


https://www.youtube.com/watch?v=E9-Rm5AoZGw

S
OO = Cells Spin column Gravity-flow column Magnetic bead Phenol—chloroform Dialysis
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HMW DNA 2
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l b
Fragmentation Sonication Needle Transposase Full-length cDNA synthesis
(optional) (<20 kb) extrusion cleavage

(60 kb) (100 kb)
Full-length poly(A)* RNA
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First-strand synthesis
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Size selection Electrophoresis Bead SRE
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l PCR amplification
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Loading and sequencing



Maximum run time

Theoretical 1D
maximum yield

Current 1D
maximum yield

Available channels

Flongle

N
16 hours
Up to 3.3 Gb

Upto2Gb

Up to 126

MinION

72 hours

Up to 40 Gb

Up to 30 Gb

Up to 512

GridION
(5 flow cells)

72 hours

Up to 200 Gb

Up to 150 Gb

Up to 2,560

PromethlON
(48 flow cells)

64 hours

Upto15Th

Upto86Th

Up to 144,000



The sequencing players at a glance

Type of
Company

tech
lllumina Short read
lllumina Long read
Oxford

Long read
Nanopore
Pacbio Long read
Pacbio Short read

Length of read

~500 bases
~10,000 bases

Up to 1 million bases, usually 5,000-
20,000

Up to 50,000 bases, usually ~25,000

~500 bases

Technology details

SBS-based

Infinity: in early research

Nanopore-based

SBS-based

SBB-based, acquired via
Omniome

SBS=sequencing by synthesis. SBB=sequencing by binding. Source: interviews.
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KpaTKo 06cyaAMM NAKOCbl U MUHYCbI Pa3HbIX METOA0B

Sequencing by synthesis

* [npoceKBeHMpPOBaHME — NO TexHoiorMmM KomnaHuu 454 Life Sciences/Roche
— lMepBada TexHon0rna Ha pbiHKe. C 2016 roga He noaaeprKMUBaAETCA.

* CeKBEHWpPOBaAHME Ha OCHOBE 0b6paTMMon TepMmuHaumm cuHtesa AHK— no
TexHonorm KomnaHui Solexa/lllumina.

— 90% BCero ceKBeHMPOBaHMA BbINONHAETCA CEYac Ha 3TOM TEXHONOTUN.

* [lonynpoBogHUKOBOE CeKBEHUpPOBaAHMeE - lon Torrent

DNBSEQ meToa ot KomnaHum MGI Ha ocHoBe JHK-HaHowapos (CoolMPS Bepcus)

Sequencing by ligation

* SOLID ot Applied Biosystems. He nogaeprkusaetcs
* DNBSEQ meTtopg ot kKomnaHun MGI Ha ocHoBe [AHK-HaHowapos (cPAS Bepcusa)

Sequencing by binding (PacBio)

TpeTbe NnoKoneHmne

SMRT ot PacBio

Nanopore Sequencing



[ pPoOonN3BoAaHblIE METOAbl CEKBEHUNPOBAHUA

RNA-seq

Moaudukauum OHK (bucynbdumntHaa koHeepcua, NanoPore)
ChIP-seq, ChlP-exo

[JocTtynHocTb xpomaTuHa (DNAse-seq, FAIR-seq, ATAC-seq)
MNo3numoHnposaHue Hykneocom (MNase-seq, Mnase-Exo 1)
Ribo-seq

DAM-ID

DAM-meTnnmposaHue

3C-meToapbl (HiC, Micro-C)

OHK-PHK

Single cell



CeKBeHupoBaHue PHK

KomnnementapHaa OHK (kOQHK,cDNA), kAHK 6nbnunoteku

mRNA
Oligoldt) primer

Incubate with reverse transcriptase
Y/ tosynthesize cDNA strand

mRNA
cDNA

When cDA strand is completed
hydrolyze RNA strand

N

cDNA

Incubate with DNA polymerase
to synthesize second DNA strand

(W

S1nuclease Double-stranded
cuts loop DNA

kHK moxeT ObITb cekBeHnpoBaHa no CaHrepy unn NGS



RNA-seq

| RNA Sequencing

(2 1solate RNA from samples chortsegments (3 mocona ramens
Ligate sequencing @ . @ Map sequencing reads to
adapters and amplify Perform NGS sequencing the transcriptome/genome

LTIy ___ —__
[T —_: :1
T -




RNA-seq Strategy Tissue

\/

Isolate RNA,
DNAse

¥

e

——— N
AVAVAN

Initial RNA pool

\ A\ \

cDNA
capture

. ) Total rRNA
Selection/depletion  gyp reduction

Resulting R % %

NA pool

PolyA
selection

~o~_  genomic DNA
———. immature RNA
== mature RNA
——— non-coding RNA
=cex  ribosomal RNA
=7 paired end reads

D. cDNA capture

A.Total RNA
Broad transcript representation® o VWAAGGCTA
High rRNAs MATACGTA
Abundant mRNAs dominate

1 High unprocessed RNA H

1 High genomic DNA

Limited transc?ir-)t- representation (targete-d-)
Very low rRNAs.

Abundant mRNAs de-emphasized
Moderate unprocessed RNA

Low genomic DNA!

B. rRNA reduction

C. PolyA selection

Broad transcript representation
Low rRNAs

Abundant mRNAs dominate

: High unprocessed RNA

| High genomic DNA

Limited transcript representation (polyA)
Very low rRNAs

Abundant mRNAs dominate

Low unprocessed RNA |

Very low genomic DNA |




Base modification BMCDS MsS W23s Wi6S

Fuu.lengg\l

l Polyadenylation A 3
Q A u
l - i
poly-dT | RT - firs strand R oo N
0 |
———r—=omm Tr1r17 | i
| TTTTTT : .
L | anopore
l Add motor protein § w
2 g
. oxo 2 8 7 o
oF Mapped reads to feature (%)

* Library loading




AHanun3 moandukaumm AHK

* [pumep onpegeneHune 5m-ymtosmHos B AHK, bucynbputHoe

CEeKBEHUpPOBaHUe
H
Bisulfite convert O/:,S;_OH "/é‘;o
-0 (@ RN
° 7
Sequence/PCR
Bucynedut (ruapocynbdur)

Compare with reference genome



Oxford Nanopre u PacBio

_-Modified base —— Modified
—— Unmodified

Unmodified base

Current

Positioninreference

Phospholinked hexaphosphate nucleotides

| o +- U L

G A T ouration time mC

_11 —— L

Fluorescence intensity

Limit of detection zo0e



ChlP-seq (Chromatin immunoprecipitation)

cynpa-HyKneocomMmHas
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ChlP-seq

e Chromatin immunoprecipitation (ChIP)

. Protein X @

Antibody X

2

Protein X

\/



nucleus

\

Shear DNA strands
by sonicating

P
.

X .

- o ‘&

cell lysate

Add bead-attached antibodies
to immunoprecipitate
target protein

\ ~ |

ATGCCIGACGIG

tﬁ unlink protein; purify DNA

[

f map to genome



ChlP-exo-seq

. chp

Exo =2 y

.
1
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H2A
H2AS1ph

H2AR3ci
H2AKSac
H2AKSac

H2AK 119ub
H2AT120ph
H2AK 121ub

H2AS137pk
H2AS139ph
H2AY142ph

H2B

H2BKSac

H2BKS5me1
H2BK12ac
H2BS14ph
H2BK15ac
H2BK16ac
H2BK20ac

H2BK46ac
H2BK120ac
H2BK120ub

H3
H3RZmel

H3R2ci
H3T3ph
H3K4aoc
H3K4mel

H3K4me3
H3S6ph
H3T6ph
H3R8ci
H3KSoc
H3K9me1

H3KSme3

H3S10ph
H3T11ph
H3K14ac
H3R17mel

H3R17ci
H3K18ac

H3K23ac
H3R26mel
H3R26¢ci
H3K27ac
H3K27mel

H3K27me3

H3S28ph
H3S31ph
H3K36aoc
H3K36me3
H3K36me1

H3Y41ph
H3T45ph
H3KS6ac
H3K79me1

H4

H4S1ph
H4R3mel

H4R3ci
H4KSac
H4K8aoc
H4K12ac
H4K16ac
H4K20mel
H4K20me3

H4K91ac
H4K91ub
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OnpepgeneHne AOCTYNHOCTU XPOMATUHA

A

DNase-Seq

Closed Chromatin DNase | Endanuclease

Opend Chromatin
r e
I/ DMase | Endonuclease cutting

%

Size selection

. A A Leave open Chromatin

Ampli
- T plify and Sequence
AT

Comparison with Whale Genome
and obtain Open Chromatin Sequence



OnpepgeneHne AOCTYNHOCTU XPOMATUHA

B

Closed Chromatin FAIR E'Seq
Ultrasound
Qpend Chromatin
+ z

Ultrasonlc Crushing

1 Chloroform extraction
‘ U Leave Closed Chromatin

-:%‘-3\\ Amplify and Sequence

Comparison with Whole Genome
and obtain Open Chromatin Sequence




OnpepeneHue 4OCTYNHOCTU XPOMATUHA
ATAC-Seq

Closed Chromatin Transposase compelx

Transposition

Assay for Transposase-Accessible
Chromatin using sequencing |

Sequence



OnpepgeneHne AOCTYNHOCTU XPOMATUHA

FAIRE

MNase

ST biisse
ATAC
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OnpeaeneHne AOCTYNHOCTU XPOMaTHHA

a DNase-seq b FAIRE-seq ¢ MNase-seq d ATAC-seq

’ Cell Lysis and .
X Nuclear Isolation .\ Crosslinking Crosslinking

and Cell Lysis and Cell Lysis $

Chromatin MNase
DNase Sheared by Digestion
Digestion Sonication
[ a8 vyl
DNA Isolation and .
Gel Extraction Accessible l
PTErPrPY DNA Isolation l —
E ~ I | (’ ‘. ‘% Isolation
= Protected DNA L
= — l Isolated 1 s
l A // A l
Library Library

lerary Library
Preparation Preparation

\ Preparatlon Preparation
8 Micrococcal Nuclease i p—— \ Deep
(MNase) (CH:0) Sequencing
‘ ‘ Chromatin-binding Hyperactive Tn5
Proteins Transposome

/ Sequencing
@ DNase | / Adapters




MNase-seq
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A B MNase

MNase—endonuclease cuts in linkers anky MNase (constant Exolll)
= ===

MNase—exonuclease

)%{ activity removes linkers

Exolll is more active

@ core particle

F \
MiM21 2/3 4 5 8 7 M2
# \

4 A

L A
E

MNase only 1 MNase—Exolll 12 MNase—Exolll

@]
W)

146 bp
147 bp

149 bp

"hump" at
~160 bp

% of DNA sequences of
a given length
(o2}
(s)]

80 120 160 200 80 120 160 200 80 120 160 200
DNA length, bp DNA length, bp DNA length, bp

Figure 1. Simultaneous digestion of yeast chromatin with MNase and Ex-
* 10.1093/nar/gkv943 olII results in a set of DNA fragments of discrete lengths, correspond-
ing to the nucleosome core particle and its intermediates. (A) Digestion



ChiP

CUT&TAG

HCrossIlnk and shatter i Specific
antibody

».Ué\h
i Protein A-Tn5

o Mgp

Specific
antibody i RMS“ @37°C
Precghece | L IYY
Extract DNA § Y Extract DNA

Adapter

ligation i’

Amplify i

library H ﬂﬁ:‘r::;fy

Sequence Sequence



1° Antibody

Nucleosomes

@ rotaing CUT&RUN

MNase

L +Ca?

Protease treatment,
andDNA purification

DNA
Fragments

Figure 1. CUT&RUN schematic (see text for details).



Performed Under
Native Conditions?

Chromatin
Fragmentation
Method

Cell Number
Requirements

Sequencing Depth
Required *

Integrated Library
Preparation?

Compatible Targets

Workflow Length

CUT&Tag vs. CUT&RUN vs. ChIP-Seq

CUT&Tag

Yes

Tnb5-based tagmentation

5,000-500,000 cells

2 million reads **

Yes, uses tagmentation

Primarily histone maodifications, some
transcription factors and co-factors

1-2 days

CUT&RUN

Yes

MNase digestion

500,000 cells

8 million reads

No, separate library prep required

Wide range of histone modifications,
transcription factors, and co-factors

1-2 days

ChIP-Seq

No

Sonication

1-10 million cells

20-50 million reads

No, separate library prep required

Wide range of histone madifications,
transcription factors, and co-factors

2-3 days



DamlID — anbtepHaTnsa ChlP-seq in vivo

nobasnaoT pecTpukTasy —
“MonekynspHble HOXHMLbI” —
oHa pexet [IHK Tonbko no
METUNUPOBAHHbIM
[ATLI-nocnepoBaTenbHOCTAM

[OHK metuntpaHcdepasza Dam metunupyer
[ATLlL nocneposaTtenbHocTu Ha [IHK B Tex Mectax
XPOMaTUHa, rae HaxoauTca rubpuaHblit 6enok,
COCTOSAWWMIA U3 MHTepecytoLero Hac benka u Dam

NpULLKXBAIOT afanTepbl

[06aBNAOT APYry0 PECTPUKTA3Y,
koTopas pexet [JHK Tonbko
No HEMETUIUPOBAHHbBIM
[ATLI-nocnepoBatenbHoCTIM

[ TONIbKO MOCNEA0BATENbHOCTU C ABYMS aAantepamu,
L TO €CTb IeXallye MexXay COCEAHUMM
v MeTunuposaHHbiMu [ATLL-caitamu,

Coo0000p0®®! Hapabatbisatorcs MNLLP 1 rotosatca
POOBOEHOHDOD K CEKBEHUPOBAHUIO

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6451315/
https://biomolecula.ru/articles/molekuly-i-epigenom#metody-izucheniia-dnk-i-khromatina



Ribo-seq — onpepeneHne mPHK, KOTOpbie aKTUBHO TPAHC/IMPYHOTCS

5 . T G mRNA
MRNA "o —y \ / »
» P f,’ 5 ' j}

Treat with a
\I/ ribonuclease
enzyme

oo - . -

3 8¢ 55

Treat with
a protease

Determine the sequence of the protected RNA fragments

Compare those sequences to the reference genome
to determine EXACTLY where the ribosomes were.



MeTtoabl AHK mnkpounnos

AHppen [lapbeBuyd Mup3a6ekoB

AFFYMETRIX,

WA

GeneChip

AFFYMETRIX,

MR

GeneChip®
t Mouse Genome
(/\ 43020 Array

=<
[ara poxaeHua 19 okTAbpA 1937

MecTo poXxaeHuA Baky, CCCP
[arta cmepTu 13 niona 2003 (65 neT)



lllumina Infium Methyltion Assay

Sample Locus: @

Bisulfite Whole genome
1 ylei! cG 3 conversion cG—2 amplification G 2
Unmethylated CG—2 e

locus

%FI
@— CAA®
<:| ;:”-\——GC_

Tl
O,

%IFI S
@—CGAJ'
T
illumina @_CG
(ot
(RRRELTERUE e anncaling
Single-base extension

Infinium MethylationEPIC BeadChip ("EPIC") interrogates over 850,000 methylation sites across the human genome



3-C-meToabl — onpepeneHune KoHtakros lHK B
reHome (3-yKnagka reHoma)

CHROMOSOME CONFORMATION CAPTURE



Capturing Chromosome
Conformation

Job Dekker,"* Karsten Rippe,? Martijn Dekker,® Nancy Kleckner®

15 FEBRUARY 2002 VOL 295 SCIENCE

EcoRI

digestion
-

t

formaldehyde induced

cross-link
intramolecular
ligation
detect ligation
product b
quantitative PCR reverse
S * - cross-links

— -



Chromosome Conformation Technologies

crosslink digest crosslinked ligation reverse
chromatin chromatin crosslinking
H H H
P '
« Y \
¢ 1
by ’
\‘ e
3C 4C 5C ChiP-loop ChIA-PET
Yl <t 577 3T3 !
e == = u
H H H HD H DH ——————
H H H
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- “ECLE? = 9

1. Start with cell 2.Crosslink chromatin 3. Fragment chromatin

or tissue samples LY 4. Repair

and biotinylate ends

Q \ J
- &
P %z A 7. Paired-end Sequencing 8. Bioinformatics

5. Ligate fragmented 6. Shear DNA &
chromatin pull down biotinylated DNA




Exonuclease
(T4 DNA polymerase)
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Dilute chromatin, ligation

Reverse crosslinking,
size selection

Biotin

e s X oy N

Biotin purification,
paired end library
- construction

Nuc 57  Nuc 108 +=
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https://doi.org/10.1016/j.cell.2015.05.048

(a) (b)
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10.1038/nmeth.4155

Log,, (normalized counts)

Single cell Hi-C

Nuclei remain intact

leatlon

ki

Bridge adaptor

dlgestlon ligation

‘Bulk’ pooled contact probability map

3.2

0.0

175 Mb

Patski chromosome 1
DR Q1L 220 Anntanta)
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(5]

Dilution +

++

Proximity
ligation

(6]

Inner barcodes flank
ligation junction

7 mm oo oxm
ooom - oo -

Affinity purification
and library prep

Outer barcodes flank the
molecule
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'\. . b, §
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Cell ID: Cell ID: Cell ID:
TCGTGGAC-CAGTCCAA AGTGGTGC-CAGTCCAA AGTACGCG-GTATCTAT
(72,340 contacts) (68,419 contacts) (59,472 contacts)



RNA-DNA interactomes, RedC method

Formaldehyde Restriction enzyme  RNA-DNA ligation Deproteinization, PCR amplification and
crosslinking digestion via bridge biotin pull down, and paired-end sequencing
reverse transcription

iotin

-
e Y-

cells DNA portion ~ RNA portion

10.1038/s42003-023-04853-8
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Finishing the Job:
Understanding Genome Organization

3D Nucleome
(2015-2022?)

Scale: cell nucleus &
chromatin domains

f}
\ 2 Epigenome
. . (2005-2015)
-A '3 -
r\\ 8p|gen0m,|..% — *"":QL.QQ Scale: nucleosome &

: epigenetic marks

— Genome
Project = “ .. Scale: DNA molecule & m National Institutes of Health
T Office of Strategic Coordination - The Common Fund

sequence



GENOMICS

ENCODE Project Writes Eulogy
For Junk DNA

SCIENCE VOL 337 7 SEPTEMBER 2012

\ Hypersensitive CH,CO (Epigenetic modifications)

sites x
.

RNA

ENCODE By the Numbers P | o+ polymerase
y .
S %
147 @ | O\ CHCO *
; \ _ Nk '
80% A L “ 1K,
20,687 e
18 400 Computational
. I,):x.a;: : ’ ChIP-seq predictions and || RNA-seq
eq
1640 RT-PCR
e "4 g' : Cene », Transcnpt
T — - : e — -
Long-range regulatory elements cis-regulatory elements
(enhancers, repressors/ (promoters, transcription
silencers, insulators) factor binding sites)

https://science.sciencemaq.org/content/337/6099/1159 86



https://science.sciencemag.org/content/337/6099/1159

CTpyKTypa reHOMma Ye/1I0BEKA U Bapuaumnu

Protein-coding genes

%
1 4 to 5 million SNPs in a person's genome

Introns

/ 26%

LINEs

20% \

SINEs
13%

~

Misc. unique sequences

LTR retro-transposons —~ 2%

8%

/ \ \Misc. heterochromatin
DNA Segmental 8%
transposons duplications
3% Simple 5%
sequence
repeats
3%

The total genetic- difference between
humans and chimps, in terms of number of
bases, sums to about 4% of the genome. That

2 SEPTEMBER 2005 VOL 309 SCIENCE

99% identity of the aligned sequence
96% identity between whole genomes 87



JOURNAL ARTICLE

On the Immortality of Television Sets: “Function”
in the Human Genome According to the Evolution-
Free Gospel of ENCODE 3

Dan Graur ™, Yichen Zheng, Nicholas Price, Ricardo B.R. Azevedo, Rebecca A. Zufall,
Eran Elhaik  Author Notes

Genome Biology and Evolution, Volume 5, Issue 3, March 2013, Pages 578-590,
https://doi.org/10.1093/gbe/evt028
Published: 20 February 2013  Article history v

Whatever your proposed functions are, ask yourself this question: Why does
an onion need a genome that is about five times larger than ours?”

—T. Ryan Gregory (personal communication)



Actually, the ENCODE authors could have chosen any of a
number of arbitrary percentages as “functional,” and.. . they
did! In their scientific publications, ENCODE promoted the
idea that 80% of the human genome was functional. The
scientific commentators followed, and proclaimed that at
least 80% of the genome is “active and needed” (Kolata
2012). Subsequently, one of the lead authors of ENCODE
admitted that the press conference mislead people by claim-
ing that 80% of our genome was “essential and useful.” He
put that number at 40% (Gregory 2012), although another
lead author reduced the fraction of the genome that is de-
voted to function to merely 20% (Hall 2012). Interestingly,
even when a lead author of ENCODE reduced the functional
genomic fraction to 20%, he continued to insist that the term
“junk DNA" needs “to be totally expunged from the lexicon,”
inventing a new arithmetic according to which 20% > 80%.
In its synopsis of the year 2012, the journal Nature adopted
the more modest estimate, and summarized the findings of
ENCODE by stating that “at least 20% of the genome can
influence gene expression” (Van Noorden 2012). Science
stuck to its maximalist guns, and its summary of 2012 re-
peated the claim that the “functional portion” of the
human genome equals 80% (Anonymous 2012). Unfortu-



« Arecent slew of ENCyclopedia Of DNA Elements (ENCODE) Consortium publications,
article signed by all Consortium members, put forward the idea that more than 80%
genome is functional. This claim flies in the face of current estimates according to
of the genome that is evolutionarily conserved through purifying selection is less
according to the ENCODE Consortium, a biological function can be maintained
selection, which implies that at least 80 - 10 = 70% of the genome is perfectly
deleterious mutations, either because no mutation can ever occur in these
because no mutation in these regions can ever be deleterious. This absurd conclusion
through various means, chiefly by employing the seldom used “causal role”
function and then applying it inconsistently to different biochemical properties, by
logical fallacy known as “affirming the consequent,” by failing to appreciate the
between “junk DNA” and “garbage DNA,” by using analytical methods that yield
biased errors and inflate estimates of functionality, by favoring statistical sensitivity
over specificity, and by emphasizing statistical significance rather than the
magnitude of the effect. Here, we detail the many logical and methodological
transgressions involved in assigning functionality to almost every nucleotide in the
human genome. The ENCODE results were predicted by one of its authors to
necessitate the rewriting of textbooks. We agree, many textbooks dealing with
marketing, mass-media hype, and public relations may well have to be rewritten.



* HepaBHee mHoxecTBOo nyb6ankaumin Koncopumyma ENCyclopedia Of DNA Elements (ENCODE),
0cobeHHO cTaTbs, NOANMUCAHHAA BCeMn YneHamn KoHcopumyma, BblABMHYNA MAED O TOM, 4To bonee
80% reHoma yenoBeka anaeTca PyHKUMOHANbHbIM. ITO 3aABAEHMNE UAET BPpa3pe3 C COBPEMEHHbIMMU
OLLeHKaMM, COrNacCHO KOTOPbIM 4015 reHOMa, 3BO/TIOLMOHHO 3aKOHCEePBUPOBAHHOIO NOCPEeACTBOM
oumnwarowero otbopa, cocrasnaetr meHee 10%. Takmum obpasom, cornacHo KoHcopunymy ENCODE,
bruonornyeckana GyHKUMA MOXKET NOALEPKUBATLCA HEONpeAeNeHHO A0roe Bpema 6e3 cenekunm, 4to
O3HauvaeT, 4YTo No KpanHen mepe 80—10 = 70% reHoma COBEPLUEHHO HEYA3BMMbI ONA BPeAOHOCHbIX
MyTauuMmn AMB0 NOTOMY, YTO HMKAKaA MyTauuMA HUKOTr4a He MOXKET MPOM30NTU B 3TUX
«YHKUMOHANbHbBIX ” AN NOTOMY, YTO HUKAKaa MyTaumsa B 3TUX PErMOHax HUKOrga He MoXKeT bbITb
BpeaHON. ITOT abcypaHbIn BbiBOA Obln caenaH pas/IMyHbIMKM cnocobamm, rnaBHbiM obpaszom nytem
MCNO/Ib30BaHUA PeAKO UCNOJIb3YEMOTo ONpeaeneHuns «KaysaibHom ponan» buonormyeckom GyHKUMHK, a
3aTem HenocneaoBaTe/IbHOro NPUMEHEHNSA €ro K Pa3INYHbIM BMOXMMNYECKMM CBOMCTBAM, MyTEM
COBepLIEHMA NOrMYECKOM OLLNOKKN, N3BECTHOM KaK «NOATBEPKAEHME CNeaCTBUAY», U3-3a
HecCnocobHOCTU OLEHUTb KatoveBoe pasnnume mexay «junk DNA» n «gargbage DNA», ncnonbsys
aHAIMTUYECKME METOAbl, KOTOPble AAl0T NpeaB3ATbie OWMOKN 1 3aBbIWAIOT OLLEHKMU
GYHKUMOHANbHOCTUY, OTAABaA NpeanoyTeHme CTaTUCTUYECKOM YyBCTBUTE/IbHOCTH, @ HE
cneundUYHOCTU, U NOAYEPKMBAA CTATUCTUYECKYIO 3HAYMMOCTDb, A He BesIMYMHY 3ddeKTa. 34ecb mbl
noapoHbHO ONMUCbIBAaEM MHOMKECTBO IOFMYECKUX N METOL00TMYECKMX OLUIMBOK, CBA3AHHDIX C
onpegeneHnem GyHKUMOHANBHOCTU MOYTU KaXKAOro HYKNeoTMaa B reHome Yyenoseka. OguH 13
aBTOpPOB npepackasan, uto pesynbtatel ENCODE noTpebytoT nepenmcbiBaHmA y4ebHUKOB. Mbl COrnacHbI
C TEM, YTO MHOTME Y4EOHUKN NO MAPKETUHTY, Wwymmxe B CMU mn cBa3am ¢ 06L1,eCTBEHHOCTbIO,
BO3MOXHO, MPUAETCA NepenmcaTsb.
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dbEap

GENOTYPES and PHENOTYPES
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EWAS of post-COVID-19 patients shows methylation differences in the immune-response
associated gene, IFI44L, three months after COVID-19 infection
Yunsung Lee,*' Espen Riskedal,* Karl Trygve Kalleberg,? Mette Istre,® Andreas Lind,* Fridtjof Lund-Johansen,’

Olaug_Reiakvam,® Arne V. L. Seraas,® Jennifer R. Harris,! John Arne Dahl,? Cathrine L. Hadley, and
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