OTUKA reHOMHOrIo
pefakTUpoBaHUA

[Tpoxopyyk Erop

prokhortchouk@gmail.com

https://t.me/prokhortchouk
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«Old» DNA sequencing: milestones

1996 nepBbIN 2000 nepBbIN
reHoM 3yKapuoTt reHom pacTeHus
1977 nepshbiii (ApoxeKkn) (apabuponcuc)
reHom: dar 12 MB 125 MB
¢X174 1982 reHom 2001 reHom
5,386bp cara nAam6aa 5 yenoseka 3,3 GB
48,502bp 1995 nepBbIN
reHom 2007 nepBbIii
cukBeHc TPHK 6aKTepvw|_ UHAMBUAYaNbHbIA
Holley, 1965 tHaemophilus reHOM uenoseka
BaeB, 1967  / 1,83 MB Y  /

1940 1970 1980 1990 2000
MeToabl «<HOBOro»
MeTonb! Makcama- ABTOMaTHU4eckoe CeKBEeHMpPOBaHMS
Mmn6epra n CaHrepa CeKkBeHMpoBaHue B 2005- nupocekBeHupoBaHue 454
Kanunnsapax 2005 — SOLEXA/illumina

2005 - nurasHoe
cekBeHuposaHue (SOLID)
2010 - lon Torrent

2014- NanoPore
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- ARTICLE

Synthetic yeast project unveils cells with 50% artificial DNA

Designer chromosomes enable new studies of genome organization and evolution

S Total synthesis of Escherichia coli with a
recoded genome

Julius Fredens'*, Kaihang Wang"2*, Daniel de la Torre'**, Louise F. H. Funke'*, Wesley E. Robertson", Yonka Christova',
Tiongsun Chia', Wolfgang H. Schmied', Daniel L. Dunkelmann', Vaclav Berdnek', Chayasith Uttamapinant’?,
Andres Gonzalez Llamazares', Thomas S. Elliott! & Jason W. Chin'*

hitps://dol.org/10.1038/s41586-019-1192-5
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MHCTQyMeHTbI penakKTmpoBaHnd reHoma - UHCTpymMmeHT USMeHEHUA
reHeTN4eCKoro Koga opraHm3ma B UesyieBoM y4acCTke reHomMa

Cospgatoume aByLenovyeyHole He cospatolwine aByLenoYvyeyHble
pa3pbiebl OHK pa3pbiebl OHK

DSB

Meganuclease
» Monomerl __ ___ Monomer 2
» = 8
, 4 i B :
5'~NNNNNNNNNNNNNNNNNNN -3 Nickases
R 1 =
L
Zing finger nuclease DSB Zinc Finger domains T
y ) Cas9 D10A nickase Inaasctivated Hnr‘JcH dsoemain
__: -y —~NNNNNNNNNNNNNNNNNNN-3' Inactivated RuvC domain Cleaves non-target strand

V1 Cleaves target strand

3'-NNNNNNNNNNNNNNNN ==
[—" | A
Zinc Finger domains

TALEN TALE repeat domains DSB
oom [ll. Base editors &
~=or
3=

S'=NNNNNNNNNNNNNNNN o
~NNNNNNNNNNNNNNNNNNN-5 Ty L
r (Fok >0nm 0Bl Q3 &

TALE repeat domains

CRISPR-Cas9 “DSB
- u.LEbngNA CBE ABE

........

5'—~NNNNNNNNNNNNNNNN® C "'-...... NNNNNNNNNNNNNNNNNN-3'
o :.-E .....
: Cas9
Prime editors
https://blog.addgene.org/crispr-101-cas9-nickase-design-and-homology-directed-repair o 22 f
LU

https://www.synthego.com/blog/genome-editing-technigues#which-gene-editing-method-is-right-for-you
Lu et al., 2022
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PEOAKTUPYEM MOMynAunn

YHUYTOXaemM KomMapoB

Ak
e

Cas9 [] Cargo Cas9 J] Cargo

Allele 1 _
Repair

Allele 1
Cut site

X Cas9 |] Cargo

Allele 2 Allele 2

Normal inheritance Gene drive inheritance
Ak *k
S O I
%86?@& %%%J%é %ZL%K %g% %ZL%% %lg?&

Altered gene does not spread | Altered gene is always inherited




PEOAKTUPYEM 3UTOTHI

CO3OAEM XXMBOTHbBIE MOLOEJIA
SABOJIEBAHUI

* MogennpoBaHne MOHOIEHHbIX 3ab05ieBaHNM YeEoBeKka y
nabopaTopHbIX XXUBOTHbIX

» Co3gaHme XUBOTHBIX, YCTOMYMBBLIX K BUpycam/bakTepuam
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Ma CBUHEWN

Activation Inflammatory
signals proteins

Cell
membrane

Degradation
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Allele counting to test for association between SNP
genotype and case / control status

GG GT TT Total
Cases ro ry ry R
Controls So Sy S5 5
Total N ny ns, N
Observed allele counts
G T Total

Cases 2ro+r ri+2r; 2R

Controls 254+5; s1+2s, 25

Total 2ng+ny ni{+2n, Z2N




Allele counting to test for association between SNP
genotype and case / control status

TT Total

Cases ro ry ry R

Controls So 54 S5 >

Total ng Ny n- N

Observed allele counts Expected allele counts
G T Total G T

Cases 2ro+rs ri+2r- 2R 2R(2no+n1)/(2N)  2R(ni+2n>)/(2N)
Controls 250+5, s,+2s, 25 25(2ng+ny1)/(2N)  25(ny+2n,)/(2N)
Total 2ng+n, ny+2n, 2N




Allele counting to test for association between SNP
genotype and case / control status

GG GT L Total
Cases ro ry rs R
Controls Sy S, S, )
Total no n4 n- N
Observed allele counts Expected allele counts
G T Total G 2
Cases 2ro+ry ri+2ra 2R 2R(2no+n1)/(2N)  2R(n;+2n3)/(2N)
Controls 25,+5; 5,+25, 2S 25(2mo+ny)/(2N)  25(n;+2n5)/(2N)
Total 2ng+n, n,+2n- 2N

Chi-square test for independence of rows and columns (null hypothesis):

5 ""‘-"’:‘E;pEXp)Z ~ %2 with 1 df

PLINK --zssoc option  Other options (e.g. dominant/recessive models)

—--model



1
g T '."" =1 2 — .
Pn P((n)n |Xn-ﬂ) l+ exp(_ﬂTX") (]‘>

which can be transtormed to

P(() =1 |Xn ﬁ)
plé,=0|x,B)

log ﬁTXn ? (2)
The minor allele count x,,; of SNP i contributes linearly to the log-odds ratio with an effect
size f;. The likelihood for N patients is

N

20 = ploxp) = T[r-p) = T[S0 3)




Logistic regression: more flexible analysis for GWA studies

Similar to linear regression, used for binary outcomes instead of
continuous outcomes

Let Y, be the phenotype for individual /
Y. =0 for controls
Y.=1 for cases

Let X, be the genotype of individual 7 at a particular SNP

T X=0
GT  X,=1
GG  X=2

Add extra terms to adjust for potential confounders: e.g. ethnicity,
genotyping batch, genotypes at other SNPs
Let.  B=EY %6, 8,

logit(p) ~ [, + . X, + .C+ D +...

PLINK --logistic



BKITAL N'EHETUK HE NMPEBDBILLAET
40% OJ1A BCEX MHOIO®AKTOPHbIX
SABOJIEBAHUA

* MHOro reHoB BOBIEYEHO

* Hago yuynTbiBaTh BNUAHUE OKpYyXKatoLlen cpeabl
* PackpbITb NepcoHanbHble AaHHbIe

* ONEMEHT CIry4YanHOCTH

Mbl TOKA HE OUYEHb MOHUMAEM YTO PEOAKTVPOBATb, UTOBbI MONMYYATb
OU3AVMHEPCKUX MIOOEN

PASPEOAKTUPOBATD Y>KE HEJIb3A
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3
Primer-binding
site

Guide sequence

&

‘ Nicking of PAM strand Q Hybridization of primer-binding ° Reverse transcription
site to PAM strand

0 Hybridization of DNA strands and flap cleavage 6 Ligation and mismatch repair

7 X
5' 3 5 - - 5 -+ 3
3 5' 3 5 3 5
l?ﬂapcluvm OR l 5' flap cleavage OR
§ 3 §

5 3 5' 3

3
i il
3’ §' 3

3= 5 3 5"
X Edit is removed Enables editing > Edit is removed Edit is incorporated
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Messenger RNA
(adenosine, gray)
MIM[D(ID([ W
Guide RNA Edited messenger RNA
(cytidine, purple) (lnosme blue)

Ldl km

ADAR
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Gene editing landscape
Other /

Approach

In Vivo . . .
Ex Vivo . . . .

ADAR

Notes
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(3)
(4}

(s
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(7)
(8}
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Bo3mMoXHble ncxoabl peaakTupoBaHus, 00ycrioBrieHHbIe OPGTAPIET

pPa3fiMYHbIMU NYTAMU penapauum paspbiBoB

Single-stranded breaks

On-target indel EndoV-seq, Digenome-deq

¥

Detected by
TIDE, ICE, Decoder (Sanger seq)
CRISPResso2 (lllumina seq) o>

E ?Off-target allele
Indel « / \\\) o

Chromothripsis
it

= =

Large deletions

$

Detected by
Third generation sequencing
(Nanopore, PacBio)

Off-target

$

Detected by
GUIDE-seq, CHANGE-seq, etc.

Loss-of-heterozygosity Chromosome rearrangement Chromothripsis Chromosome loss

—

|

Detected by
FISH, Karyotyping, single-cell RNA sequencing, single-cell whole genome sequencing, etc.

Wen and Zhang, 2022 (10.1016/j.exphem.2022.03.002)

bl

OFF-Target mediated aberrations

ON-Target site r
[ =] _—
==
il

Translocation

OFF-Target site

ON-Target mediated aberrations

ON-Target site

F—Y :
[r—

e — K | el nversion

Homologous chromosomes

_— EelR Dcentric
| o | Acentric

Pucku:

1) WMHakTnBauumga onyxosieBbIX Cyrnpeccopos
2) AKTMBaLMA OHKOreHoB
3) OHKOreHHble TpaHcnokauum

Turchiano et al., 2021 (10.1016/j.stem.2021.02.002)
Rhiel et al., 2023 (10.3389/fgeed.2023.1130736)



[eHHaAa Tepanuga — Kakme KneTkn moanduympoBaTtb?

Kputepuu:
- Comartnyeckmne KneTku (naneveHme 6onesHn TonbKo y naumeHTa, a He y NOTOMKOB naumeHTa)
- BO3MOXXHOCTbL NpoBeaeHNsI reHETUYECKOU MoauMPUKaLINMKM ex vivo Ui Hannyme yHUKanbHbIX
MapKepoB.,
NO3BOSIAIOLLNX TAPreTHO AOCTaBATbL FEHETUYECKMA MaTepuar B KINEeTKU in vivo
-BocnpunmymBoCTb KNETOK K reHETUYECKON Moanuukaunm

- Yno6CcTBO KYNbTUBMPOBAaHMS

- ONbIT KNUHWYECKOW TpaHCNALUN



CornacHo Teopuu A. A. MakcumoBa, CTBONOBbIE KIETKN («Stammzelle» — no aemopy), CNOCOBHbI K

[eHHaa Tepanusa — Kakue KIeTku MoOANMULIMPOB: %

WHCTUTYT
AETCKOW FEMATONOMAN
u TPAHCNNAHTONOr AW
wmenn P. M. MNopbaveson

camMonogaepxaHuto, NoOfIMNOTEHTHOCTU MOOWNBLHOCTU, HAXOAATCHA B TECHOW CBSA3U C

MUKPOOKPYKEHNEM

| | Self-renewing stem cell
Correcting genetic defect ’

Making cells resistant to HIV B . B
Protecting cells from Myeloid R .—\ ~— . f  « Lymphgild
progenitor | / / progenitor
chemotherapy P 2N )
Generation of HSC-derived ‘//
CAR cells e ™ Thymus
S e
> } B lymphocyte ¥ ~ Natural killer
Erythroid ;& ah (NK) cell
CFU Tasagee f
Megakaryocyte T lymphocyte

Basophil Eosihophil Granulocyte-fhonocyte CFU—>
CFU CFU

l l Monocyte
v

“' ..’.' .. .o'.. .‘:‘,: o \%

(AP 0 © o3 e "o q =
B . *ﬁ: o b -.'. :0 -‘: \-) <

@ “w eo o ® -.' ¥ o Ve ' & N

Erythrocytes Platelets Basophil Eosinophil  Neutrophil Dendritic cell

Macrophage

CD3
4+

Blood stem cell derived
T cell / immunotherapy

From HP Kiem, 2019



o, [emonoatuyeckue crteorosble kneTku (FCK), BblaeneHHble N3 KOCTHOro Mo3ra, MoryT ObITb S

@ 7 MoaMULMPOBAaHbI ex vivo U NepeaaHbl 06paTHO peLMNUEHTY Ans NOnyYeHus »
7 (byHKUMOHanNbHbLIX, OKOHYaTENbHO ANdepeHUMPOBAHHbIX KITETOK omemTonora

(Patees | (weuropr | (wac) (" wonooye | [(mcen] [
@ &9

ABCD1 ADA ADA
ARSA IL2RG IL2RG
GBA WASP WASP
F10 RPS19 IDS BTK CD40LG
WASP IDUA FOXP3
TCIRG1

Autologic HSCs

IL-4,10,13
Ex vivo genome modification PRF1
FANC HSC TCR
Family CAR
@ A
Transplantation of [ Transduction or Editing of HSC to Produce Corrected Progeny ]
edited HSCs
0 O ZFN
= 30
7 TALEN
;,. ~ = CRISPR
' 5 20 Homologous

Recombination

Hematopoiesis from .
edited HSCs

-
o
1

Number of Clinical Trials

\
' *
~a

=N

o
1

Cancer Monogenic  Monogenic Viral inection
(Blood) (Non-blood)

Eshka et al., 2022

10.1101/2022.11.24.22282599 M O rga n et a I ) 20 17



https://pubmed.ncbi.nlm.nih.gov/?term=Morgan%20RA%5bAuthor%5d
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Double strand break
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Homology-directed repair (HDR)
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Non-homology end joining (NHEJ)

Precise DNA editing
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Guideseq

dsODN tag

. -
N .
~ -

s -

1 dsODN tag integration in live cells

dsDNA in
cell genome

l Genomic DNA isolation
l Random shearing

l End-repair, adapter ligation

:;im ‘ﬂ
: F . ~ \
S

...................................................

l dsODN-specific amplification

lndex 2 Oligo tag Index 1

—_ -= Final library
P5 Molecular index 9 P7

NNNNNNN— s

High-throughput sequencing

OPPTAPIET
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Guideseq

m Intended target site
< Known off-target site

VEGFA site 1

20-bp target site PAM
1 10 23
GG GG G GG G G NG NI Gc BTEETIG G
..H.. . H. ... ... T. .
.................... T ..
. .. .N..... . ...... M- .
-c-G‘ *gtt.tt-oo'-i—t—l—..
..---q.---.-.-....—._--l--
. - . : - ¢ ¢ « 5626 09as re
m.cH.......H.......H..
................. . .=. .
-- -------- ! --------- ---
.-oG..------ -------- ._I-
-A.c.@®. . ....... m-.. ...
..HE.N. ...... . ..... A ..
--lIlE... . B.\.......... M. .
.H.¢.. . H.H........ . .H. .
3 P e . H.=. .
N.....H.....H...HR.. .BR..
- - o_ttci-ttgG—C-entoolt*
.-;_G....---.-o- ----- G,"
HN..hN. .N......H..... M. .
--.-. . 8. ...... M- -.... . .
AR . . .AR. . .®B.......... .. .
... .. ... .. - -... M. .

GUIDE-seq

reads

<> 3,237
W 2,685
<> 1,935

<
<
<

819
597
375
324
249
246
241
118
58
50
a7
24
16
14
11

0@

OPPTAPIET
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ChangeSeq

Genomic DNA

l 1 - Tn5 mediated gDNA tagmentation

k & X
Randomly tagmented
gDNA ~400 bp
12 - Gap repair i T ® USEA erzye
. ¢ 5' ACGUAGATGTGTATAAGAGACAG 2
13 - USER enzyme/T4 PNK~:::: 3' TGCATCTACACATATTCTCTGTC 5

5 AGATGTGTATAAGAGACAG 3|

3' TGCATCTACACATATTCTCTGTC 5
nb-ME Q]

4 - Intramolecular ligation

5 Exonuclease degradation —  se——
of linear DNA -

© ©Clrculanzed gDNA

Cas9 cleavagé- sne 6 Cas9:sgRNA in vitro cleavage

7 Proteinase K ireatment
8 - A-tail

l 9 - Stem-looped sequencing adapter ligation

= 25

l 10 - USER enzyme mixture

11 - PCR amplification and high-throughput sequencing

» CHANGE-seq
v = reads

4
viv

DSB

OPPTAPIET
bl



ChangeSeq
Vs
Guideseq

Site 1 Site 2 Site 3

/
CHANGE-seq

GUIDE-seq GUIDE-seq

CHANGE-seq CHANGE-seq

EMX1 FANCF RFNZ2
GUIDE-seq
1
SHANGE-seq CHANGE-seq CHANGE-seq
Standard
Site 4 VEGFA Site 1

UIDE-seq

CHANGE-seq CHANGE-seq

VEGFA Site 2 VEGFA Site 3

GUIDE-seq GUIDE-seq

CHANGE-seq
Repetitive

CHANGE-seq

ODPTAPIET
bl



PasButue mogesnu Mbillen ¢ UMMyHoaedunuuni

@
e
s

WHCTUTYT
QETCKOW FEMATONOM AN
w TPAHCITAHTONOr AN
wmenn P. M. Mop6avesoi

IsaacsoN 1. H. and CATTANACH B. M.: Report. Mouse News Letter 27 (1962), 31.
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3. YBenu4yeHue BbIpaboTKM IpUTPOUNOHbBIX
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KIT B nogaep»kaHum apuTponoasa

Humanized
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mouse models
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= Learn and understand

-] Cosgun et al., 2014
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Human hematopoiesis after transplantation

Initial
A engraftment |
I
CMP/GMP'!

Early phase of reconstitution

ST-HSC/MPP

Hematopoietic output

A !

Steady-state hematopoiesis

HSC

1 12 24
Months after transplantation T

HSCT or GT

Comparable timepoint in mouse is ~16 weeks

Prime Editing in Hematopoietic Diseases and Beyond:

Efficacy and Safety
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[IpenmyLLl

€CTBa U orpaHnyeHund in vivo mogenm NBSGW

Npn OOKIMMHNYECKOWN pa3paboTKe KNETOYHbIX MPOAYKTOB
Ha ocHoBe [ CK ¢ pegaktnpoBaHMem reHoma

NpeumywiecTt

OrpaHuyeH

KIeT

=1~ |

[MopnepXuBaeT NPUXNBNEHNE

OK

YyerioBeKa Ha BbICOKOM yYpoBHe 6e3
KOHOAWLMOHNPOBAHUS

Bo3moxxHa onTumusaunsa an3amnHa

OOKIMMHUYECKUX nccneaoBaHum

[ToooepxmBaeT CepUnHyto
TpaHcnnaHTuauuio 'CK yenoseka

remc

BOCC

noAa/

nA
HoBaga mogenb

KneTo4HbIM coCTaB KOCTHOMO MO3ra nocrie
BOCCTaHOBIEHUS YCTaHOBIEH HE
OKOH4YaTernbHO, COCTaB

)NO3TUYECKOU
cpenbl He NOSTHOCTLIO NOBTOPAET
reMonoa3s YerioBeka

He nopaepxmBatoT LMPKYNALNIO 3perbixX
9pPUTPOLIMTOB YeroBeka

Cnabo nsy4yeHa gnHaMmumka

TaHOBIEHMUA
T-nmmdoumTOoB YeroBeka

OrpaHn4yeHo JonNrocpoyHoe

lepXXaHne
KIIETOK YernoBeka

Ha

MEHEE arpecCBHEIE HOBOODOPAa30BaHNs
HSC/HSPC Hea(pdeKTUBHO pa3BMBalOTCA

MoZOenax KCeHoTpaHcnnaHTara y




BbiBOAObI

* 3UroThbl YENOBEKA peaakTUpoBaTh HEMNb3A- BLICOKMU ododpTapreT

« 3UroThl YeroBeKa peaakTMpoBaTh HEmMb3sA- He peLleH 3TUYECKU
BOMpPOC

« 3UroThbl )KMBOTHbIX PEAKTUPOBAaTb MOXHO, HO OCTOPOXKHO

« CoMaTtuyeckme KNeTkn pegaktmpoBaTb MOXHO, HO HA4o0
NPOBECTU ABa YPOBHA OLIEHKM Be30nacHOCTU nepen
KNMUHNYECKNM UCMOSNb30BaHNEM- ododdTapreTbl U H BUBO
TYMOPOTeHes B

* Hospital exemption. [MonpaBkn B Ne61-®3

vikam
nnnnnnnnnnnnn




[E B POCCUN STO OENAIKOT

* Yutatenun, cekseHupoBaHue. MHoro, rae: PUL
buoTtexHonorum,

* Change Seq: AnekcaHap Ma3yp, 3AO ['eHoaHanuTuka

*[lncatenun: Bagum NoBopyH, MHCTUTYT CUHTETUYECKUI
buonorun

* PegakTtopsbl 3uroT mblwen: NMetp Ceprues, MI'Y um M.B.
JlomoHocoBa

* Pepgaktopsl [ CK: MapuHa NonoBa, rocnutans Pancol
[opbayveBOU



