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How do we learn the order of molecular events in living systems?

Traditional method

Live-cell imaging
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History of DNA memory device

Site-specific CRISPR
recombinases (SSRs) integrases Base editing Prime editing
SCRIBE R$Ms TRACE CAMERA DOMINO DNA Typewriter ENGRAM
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Cas Nucleases and Base editors

DSB
(DNA double-strand break)

a Nucleases

Ruv(i:
5’ 3
3 HNI;l I 5’

llllllllllllllllllll

Cas9 nuclease

b Base editors
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Cas9 nickase
(RuvC mutant)
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NHEJ (non-homologous end joining)
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Prime Editing

€ Prime editors

Reverse
transcriptase

3 o Reverse I Precise
v e nucleotide
v
o 37 transcription R IﬂI[ changes,
3 5’ R insertions,
= e deletions and

Cas9 nickase
(HNH mutant)

b Prime editor (PE) and pegRNA

Reverse
transcriptase
domain

pegRNA 3’

5!

Cas9 nickase
domain

combinations

) f
Chen PJ, et al. Nat Rev Genet. 2023

Target DNA

pegRNA nick site
Protospacer PAM
( 5 ey
5’-- . 4 LR 03’
3... LY

Lo |
Edit position: +|1 +4 +12

L

I >
Prime editing range
; i . for SpCas?9 PEs
Prime editing scope:
All 4 transition point mutations
All 8 transversion point mutations
Insertions (1 bp to > 44 bp)
Deletions (1 bp to = 80 bp)
Combinations of the above

Anzalone AV, et al. Nature. 2019

Scaffold |
RT template
including edit

Primer binding
site (PBS)

Spacer
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Reverse =~
transcriptase

https://www.addgene.org/crispr/prime-edit/



Mechanism of Prime Editing

Reverse transcriptase copies
the edit into a 3' DNA flap

PE binds and nicks
genomic DNA

PBS hybridizes to nicked
genomic DNA

PBS RTT

RT

Cas nickase

Cas9 nickase

Cas nickase

pegRNA

Flap 5 flap

! ili i i i = |

encgd:Lapedit eqwhbra:tlon lacking idlt, dl;agraded

g veekrs yae Edit permanently incorporated
| — +
I e ] '

Second nick in Second nick in
PE3/PES5 systems PE3/PES5 systems _MW R,

Edit reverted to WT sequence

\ MLH1dn

Transiently expressed
in PE4 and PES systems

Doman JL, et al. Nat Protoc. 2022



DNA Typewriter

DNA Tape
Type guide 14-bp monomer : " —
20-bp spacer r%peats Prime editing target T
T T L
GGA | TGATGGTGAGCACG YyTGATGGTGAGCACG )TGATGGTGAGCACG ——d
K ; - > > Type guide Cas9
e T | nickase
Prime editing \W 3'-flap
5-bp insertion : &
e | Type guide intermediate I
CACG -GGA TGATGGTGAGCACG ) TGATGGTGAGCACG ) DNAbuige .
-1 BC Key|----------=-=--- —---PA intermediate
_ _ Prime editing Edited l
pegRNA Insertion temp|ate 5-bp insertion — EERNRNNNRRRNRNRNNRANE
Type guide —
I — New type guide
- in DNA Tape

NN | GG:Il TGATGGTGAGCACG)
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Ordered recording
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pegRNA 1 pegRNA 2 pegRNA 3
d 2xTAPE-1 = 3xTAPE-1
Directional Error modes Directional Error modes
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Insertion barcodes in NNGGA

- editing efficiency

¥ Type guide

TGAGCACG
sAGCACG >

‘ NN ‘GGA TGATGGTGAGCACG )TGA

BC Key ---

cells: HEK293T piggyBac (2xTAPE-1.
3xTAPE-1. 5xTAPE-1)

Transient transfection: pCMV-PE2-
P2A-GFP + 16x pegRNA

readout:PCR amplify DNA Tape +
sequencing

2XxTAPE-1:4.7%+0.5% |  axhibited
3xTAPE-1:5.2% +0.6% (— any editing
5xTAPE-1: 5.9% + 0.8%

~6%

- sequential fidelity
- symbol bias
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barcode-specific editing bias and pseudo-processivity

6%

Edit score

T
820<$06083hﬁt
Insertion barcodes in NNGG

20%

Ihtegrated 5xTAPE-1
(I transfection)

o

Episomal 5xTAPE-1

W
o

Site-sgecific Efficiency (%)

(pegRNA-TAPE construct)

Site-specific Efficiency (%)
- n
o o
Site-specific Efficiency (%)

EditScore;

Episomal 3xTAPE-I
(pegRNA-TAPE construct)

o

Site-specific Efficiency (%)

= log,

NP

¥, N

Integrated 5xTAPE-|
(16 serial transfections)

Sites

3

Rep-1 x Rep-2

Pearson’s r: 0.97 .

o
o

©
=

o
o
o

Unigram Frequency, Site-1 Rep-2
Unigram Frequency, Site-1 Rep-3

Rep-1 x Rep-3

Pearson’s r: 0.97 .

0.15

0.10

0.05

Unigram Frequency, Site-1 Rep-3

000 005 0.10 0.15
Unigram Frequency, Site-1 Rep-1

0.00
Unigram Frequency, Site-1 Rep-1

0.05

0.10 0.5

i

Sites

Rep-2 x Rep-3

Pearson’sr: 0.99 .

005 0.10 0.15
Unigram Frequency, Site-1 Rep-2

0

Unigram Frequency, Site-2

o

Editi Score, TAPE-1 Sitel
Paoled Pre-cloning

=
tn

o
=}

o
o
aq

o
=1
=

NipegRNA / Ej N;)egRNA

Site-| x Site-2

Pearson'sr: 0.99

000 005 0.0 0.5
Unigram Frequency, Site-1

TAPE-I
pooled pre- vs. post-cloning

Spearman’s p: 0.97

-10 05 00 05
Edit Score, TAPE-1 Site1
Pooled Post-cloning

o

=h

Unigram Frequency, Plasmid Pool

Unigram Frequency, Plasmid Pool
o

Site-1 x plasmid Pool
(pooled pre-cloning)

Pearson’s r: 0.87

0.15

010
-
.
-
0.05 e
00 .
000 005 010 015

Unigram Frequency, Site-1
Site-1 x plasmid Pool
(pooled post-cloning)
Pearson'sr: 0.27

015
0.10

0051 « .

0.00
000 005 040 0.15

Unigram Frequency, Site-1

Unigram Frequency, Plasmid Pool

Unigram Frequency, Plasmid Pool

editing efficiency
sequential fidelity
symbol bias

Corrected Site-1 frequencies
using post-cloning pool

Pearson’s r: 0.94

0.15
010

0.05

0.00

0.00 005 010 015
Corrected Unigram Frequency, Site-1

Corrected Site-| frequencies
using pre-cloning pool

Pearson's r: 0.67

0.15
010

0.05

0.00
0.00 005 010 015
Corrected Unigram Freguency, Site-1

12



Enhanced prime editing of DNA Tape

epegRNA: addition of degradation-resistant
secondary structure to the 3'end of the pegRNA

hMLH1dn: introduction of human MLH1

dominant-negative peptide (hMLH1dn) to favour
the intended edit

Engineered MLH1 protein enhances prime editing efficiency and precision

|| g IOOC; IO
Prime editor + MLH1dn === - - i B L
{ = ; Programmed i =S
gene edit ERERA

Editing byproducts

Improved prime editing systems characterized across edit and cell types

PEmax: modifications to the primary
sequence of the prime editing enzyme

PE4 and PES systems, e “
PEmax editor -\\

Chen PJ, et al. Cell. 2021
Cells: HEK293T piggyBac (5xTAPE-1)

Transient transfection: pCMV-PEmax-P2A-hMLH1dn
+16x epegRNA (U6-driven)

5,IIIIIIIIIII|I|H!II1
Spacer
Scaffold

Readout:PCR amplify DNA Tape + sequencing
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Enhanced prime editing increase editing efficiency

pCMV-PEmax-P2A-hMLH1dn +16x epegRNA
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DNA recording

HEK293T mouse embryonic fibroblasts (MEF)

mouse embryonic stem cells (MESC) pCMV-PEmax-P2A-hMLH1dn +16x epegRNA

edit score for filtered :
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Screening additional DNA Tape sequences

TAPE-1 TAPEA48

cells: HEK293T piggyBac (3xTAPE-
1 ~48)

Transient transfection: pCMV-PE2-
P2A-GFP + 48x pegRNA-by 3xTAPE
pool

readout:PCR amplify DNA Tape +
sequencing

pegRNA-expressing cassette
4-6bp insert (2bp NN +2-4bp key)

a " HEK3 :
TAPE-1 :
TAPE-2 :
TAPE-3 :
TAPE-4 :
TAPE-5 :
TAPE-6 :

K14 :
TAPE-7 :
TAPE-8 :
TAPE-9 :
TAPE-10:
TAPE-11:
TAPE-12:

K21 :
TAPE-13:
TAPE-14:
TAPE-15:
TAPE-16:
TAPE-17:
TAPE-18:

K22 :
TAPE-19:
TAPE-20:
TAPE-21:
TAPE-22:
TAPE-23:
TAPE-24:

GGCCCAGACTGAGCACG
GGATGA TGAGCACG
GGATGA CAGAGGAG
GGACCAGGGTGAGCACG
GACTGA TGAGCACG
GATGA' GTGAGCACC
GGACTGA TGAGACG
GTITGTTGTTCACCTCCT
GGACGA CACCTCCT
GGACGA CATTCACG
GGAGTTGGGCACCTCCT
GACCGA CACCTCCT
GACGA TCACCTCCT
GGACCGA CACTCCT
GGTCCCTCCAGCATCTG
GGACTC AGCATCTG
GGACTC CTCCATGG
GGACCCTGGAGCATCTG
GACCTC AGCATCTG
GTICTC GAGCATCTG
GGATCTC AGCACCT
GCGAGTTCAAGTGCTAC
GGACCG AGTGCTAC
GGACCG TGCGAGGC
GGAAGTTGGAGTGCTAC
GATCCG AGTGCTAC
GACCG. GAGTGCTAC
GGATCCG AGTGCAC

TGA
TGA
TGA
CCAG
TGA
TGA
TGA

CGA
CGA
CGA
GTTG
CGA
CGA
CGA

CTC
CTC
ETC
CCCT
cTC
CTC
CTC

cce
CcCG
cCG
AGTT
CCG
CCG
[elele

8 basal spacers x 6 design

CAGAGGAA
TGAGCACG
CAGAGGAG
TGAGCACG
TGAGCACG
GTGAGCACC
TGAGACG

CATTCACT
CACCTCCT
CATTCACG
CACCTCCT
CACCTCCT
TCACCTCCT
CACTCCT

CTCCATGG
AGCATCTG
CTCCATGG
AGCATCTG
AGCATCTG
GAGCATCTG
AGCACCT

TGCGAGGC
AGTGCTAC
TGCGAGGC
AGTGCTAC
AGTGCTAC
GAGTGCTAC
AGTGCAC

rules

(Base-1)

(Design-1)
(Design-2)
(Design-3)
(Design-4)
(Design-5)
(Design-6)

(Base-2)

(Design-1)
(Design-2)
(Design-3)
(Design-4)
(Design-5)
(Design-6)

(Base-3)

(Design-1)
(Design-2)
(Design-3)
(Design-4)
(Design-5)
(Design-6)

(Base-4)

(Design-1)
(Design-2)
(Design-3)
(Design-4)
(Design-5)
(Design-6)

FANCF

TAPE-25:
TAPE-26:
TAPE-27:
TAPE-28:
TAPE-29:
TAPE-30:

PD1
TAPE-31:
TAPE-32:
TAPE-33:
TAPE-34:
TAPE-35:
TAPE-36:

PD2 :
TAPE-37:
TAPE-38:
TAPE-39:
TAPE-40:
TAPE-41:
TAPE-42:

PD3 :
TAPE-43:
TAPE-44:
TAPE-45:
TAPE-46:
TAPE-47:
TAPE-48:

GGAATCCCTTCTGCAGC
GAGACCTGGTCTGCAGC
GAGACCTGGATCGCTTC
GAGATCCGGTCTGCAGC
GTAACC TCTGCAGC
GAACC GTCTGCAGC
GCAGACCTGGTCTGCAC
: AACCTCTCGGCTTTCCC
GGAGCGCGGGCTTTCCC
GGAGCGCGGCGCCGCCT
GGACTCTGGGCTTTCCC
GATGCGCGGGCTTTCCC
GAGCGCGGAGCTTTCCC
GGATGCGCGGGCTTTCC
GCCTGCARACTGGTAGG
GCACGCCGGCTGGTAGG
GCACGCCGGCGTAGGCG
GCATGCAGGCTGGTAGG
GATCGCCGGCTGGTAGG
GACGCCGGACTGGTAGG
GCAGCGCCGGCTGTAGG
AGCTGCTCACCACGACG
GGACCAGGGCCACGACG
GGACCAGGGCTGCGGGG
GGATGCTGGCCACGACG
GTCCCAGGGCCACGACG
GACCAGGGACCACGACG
GGACCCAGGGCACGACG

ACC
ACC
ACC
ATCC
ACC
ACC
ACC

GCG
GCG
GCG
CTCT
GCG
GCG
GCG

CGC
CGC
CGC
TGCA
CGC
CGC
CGC

CCa
CcCa
CCA
TGCT
CcCa
Ccca
CcCa

ATCGCTTC
TCTGCAGC
ATCGCTTC
TCTGCAGC
TCTGCAGC
GTCTGCAGC
TCTGCAC

CGCCGCCcC
GCTTTCCC
CGCcGece
GCTTTCCC
GCTTTCCC
AGCTTTCCC
GCTTTCC

CGTAGGCG
CTGGTAGG
CGTAGGCG
CTGGTAGG
CTGGTAGG
ACTGGTAGG
CTGTAGG

CTGCGGGG
CCACGACG
CTGCGGGG
CCACGACG
CCACGACG
ACCACGACG
CACGACG

(Base-5)

(Design-1)
(Design-2)
(Design-3)
(Design-4)
(Design-5)
(Design-6)

(Base-6)

(Design-1)
(Design-2)
(Design-3)
(Design-4)
(Design-5)
(Design-6)

(Base-17)

(Design-1)
(Design-2)
(Design-3)
(Design-4)
(Design-5)
(Design-6)

(Base-8)

(Design-1)
(Design-2)
(Design-3)
(Design-4)
(Design-5)
(Design-6)
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Screening additional DNA Tape sequences

Episomal target Integrated target
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—| Design-1 (3-bp key)
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Transfection programmes for 16 sequential epochs

Programme 1 MAX edit distances
Programme 2 16 1 — MIN edit distances
Programme 3 16 2 1:1 1BC shared between adjacent
Programme 4 8 2 1:3 constant ratio
Programme 5 8 2 11, 1:2, 1:4, 1:8 varying ratios
o X X
Epoch 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
cells: HEK293T 5xTAPE-1 Poganmel 8 © 0 ® 0?0?20 ®®e®0®®e ®
Transfection: pCMV-PE2-P2A-GFP + Pogamme?2 @ O @ O O @ @ 0O @ O O O O @@ @ @
16x pegRNA

Programme 3 @@ 0 R VD P VDX D PV P

Programme 4 83 ¢ Q 83 @ “ ' Barcode

_ @TT @TG OTC @TA
readout:PCR amplify DNA Tape +

®GT OGG ©OGC ®GA
) P s ® «
sequencing A Q38§4 ‘ @cT

OCG OCC @CA
@AT OAG OAC @AA

Time: 3d/epoch




site 1

X

X

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Programme1'OO.O.OOO...OO.O

Epoch 1

Proghamme2 @ O © O O @ @ ©O @€ O O O O @& @ @
Programme 3 @ 0 @B D D P D DR D PP

Programme 4 @’a@@@@’
®@TT @OTG OTC @TA
@®GT OGG OGC @GA
Programme 5 b“ 8 @b‘
@CT OCG ©CC @CA
@AT QOAG OAC @AA
c = Program-| Program-2 Program-3
Unigram Order Unigram Order Unigram Order

TCH ) GTH ® CGH °

GAH ® ATH e AA

cCH ° GA ° TG

AGH ® AGH ° T

TTH ® GGA CC- °

AAH ® GCH ® ATH @

cTH @ ACH ® GG °

GGH @ AA ® TAH °

ACH ® TA ® GTH °

TG ° T ° TCH °

AT A ® CTH [ ] AGCH L ]

CGH ® ccH ® GA- ®

GTH ® TCH ® CTH °

TAH ® TG @ AG 4 [ J

GCq @ CGH1 ® GCH @

cade® cade CAd®

1' 5 ’li :l ; fl3 7" é CI} 1ID 1‘1 1‘2 1.3 Il4 1‘5 1‘6 1I 5 % :4 Iv I] FI’ é ‘3 110 1!1 1‘2 “IS ‘1‘4 ‘1‘5 ‘.'G ‘II 2I '; :1 ';1 F"z ?I' 5 5 1‘0 1’1 1I2 1I3 1I¢ ;5 1‘6
Epoch Epoch Epoch

Barcode

Programme 1

unigram frequency is not sufficient to decode the order

) @ CA (1st)
g 06 @ AT (6th)
"é 0.4 ® AA (11th)
© © TC (16th
502 &()
c
o 0
1 2 3 4 5
Position on 5xTAPE-1
Programme 2
0.8 @ CA (1st)
g 0.6 @ CT (6th)
€ 0.4 © GC (11th)
© ® GT(16th)
0.2
(=
2 0
1 2 3 4 5
Position on 5xTAPE-1
Program-4 Program-5
Unigram Order Unigram Order
TT - @ TT+ L
AT A [ ] AT < [ ]
AA ® AA 4 bl
TG 4 ® TG 4 ®
TC [ ] TC A *
TA 4 ] TA 4 L
AC 4 ® AC 1 L
GG ® GG ®
GT A ® GT + d
CG - e CG - °
CC ) CC °
GA ® GA o
AG ° AG - o
CT A ° CT 1 ol
cAq® cA-®
GC-{® elo [
i 2 3 4 s B 7 8 T 2 3 4 5 & 7 8

Epo;:h
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bigram matrix restores the sequence of events

a
E g C Programme 1 d Programme 2 !
Epoch 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Programme1.O..O'OOO...OO.O

Progamme2 ® O @ O O @ ® O ® O O 0O O ® @ @
Programme 3 @ 0 B W WV D VDV D PV VDB

Programme 4 @“;83@“@’ ——— Barcode —————

@TT @TG OTC @TA

O
ProgrammeSbQQQC'b‘ ®GT OGG OGC @GA
o9

Position 1
Position 1

@CT OCG OCC @CA
@AT OAG OAC @AA

Position 2 Position 2
d o Program-1 Program-1 Program-1 Program-1 Program-1
10,000 reads 2,500 reads 2,000 reads 1,500 reads 1,000 reads

The decoding algorithm is a
bubble-sort-like adjacent-
swap heuristic based on
pairwise bigram preferences.

Position1

GA [ ] GA [} GA [ ] GA [ ] GA [ ]
cc [ ] o6 [} cC [} cc [ ] cC L]
AG ) AG e AG [ ] AG [ ] AG [ ]
T [ ] T ) ) [ ] T [ ) T ®

AA L] AA ® AA L] AA L] AA L]

CT. L J CT L] cT ® CT [ ] CT [ ]

GG L) GG ® GG L] GG [ ] GG L]

AC L] AC [ ] AC L] AC ® AC L ]

TG L] TG [ ] TG L ] TG L] TG [ ]

AT o AT ° AT [ ] AT ® AT °
CcG L] cG [ ] CG [ ] cG ® CG °

GT L GT [ ] GT [ ] GT L] GT [ ]

TA [ ] TA L] TA [ ] TA ° TA L]
Gt @ Gc4{ @ GC L] ccd @ GC [ ]

CA® cA-® cAv® cAl® cAd®

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

12345678910111213141516 12345678910111213141516 12345678910111213141516 1234567 80910111213141516 12345678 910111213141516

Epoch Epoch Epoch Epoch Epoch



overlapping signals

e Programme 3

a X e

Epoch 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

>0.25
Programme1.O..O.QOO...OO.O

0.20
Programme2 @ O © O O @ @ © @ © O O O @ @ @

a 0.15

Programme 3 M D BV VDV PV D PPV PV

Barcode 0_10
Pr°gramme483¢¢83@¢£’ @TT TG OTC ®TA
~ )
Programmesbq 8(:8*3‘ ®GT OGG OGC @GA 0.05
S @CT OCG @CC @®CA
@®AT OAG ®AC @AA 0

CGH
AAA
TGA
T4
CCH
AT+
GG
TAH
GTH
TCH
ACH
GA-
CTH
AGH
GCH

CA-

Program-3
Unigram Order

CG
AA -
TG -
TT-
CCH

GG+
TA-
GT -
TCH
AC -
GA -
CT+
AG 4
GCH
CA -

Program-3

Bigram Order

b
T
1

T
2

LI |
4 56

TIIIII o i rld
7 8 910111213141516

Epoch
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Barcode Ratio

Barcode Ratio

relative ratio

f Programme 4 g Programme 5 h Pearson’s r = 0.98
Program-4 31 . Epoch
Corrected Barcode Ratios -c% . ;
5 Epoch: | 2 3 4 5 6 7 8 % % E . .3
= = 5 s
4 % Program-4 ﬁ“@@@@@’ ng_ :Oj % - &5
al | g, .6
X = Expected Ratio o) o .
2 E « 8
1 TN
o Calculated P4/P5 ratio
1 2 3 4 5 6 7 8
Epoch Program-4 Program-5
Unigram Order Unigram Order
Program-5 iy « * i o’
Corrected Barcode Ratios i Lot . .
. TA ® ;g_ [} .
1 fpoh 12 2 4 56 T8 gL et I S DNA Typewriter can record,
® ea . €] . *
Program-5 bﬂi‘egd 8 e ° o e, recover and decode complex
107 & & e event histories including the
i X = Expected Ratio - - order, overlap and relative
i N Bigram Order Bigram Order Strength of Signa|s_
| = [Fse 4 2t :
T 5 4 5 & 7 @ R N
Epoch GG . GG A U]
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Recording and recovering short texts

a ks
 Baseb4 TAPEG4 WHAT HATH GOD WROUGHT?
encoding encoding =
26 ALPHABET 26 ALPHABET (x2) | | |
26 alphabet |—»| 4 symbols (x2) l l l
10 numbers 3. -2}
2 symbols Whitespaces (x4) W: CCGx7 :TTAx7  H: ACTx7 D: AATx7 O: GGAx7 T:CATx7
H: ACTx5 H: GACx5 : TTCx5 :TTGx5  U: CCAx5

A: AAAx3 A:CGGx3 G:ACGx3 W:TAAx3 G:GAAx3 7:TGAx3
T:CATx1 T:GTCx1 0O: ATGx1 R:CACx1 H: GACx1

WHAT HATH GOD
WROUGHT?

TAPE-1
Encoding/
decoding

40,000 -

20,000

WHAF HATH GOD
WRUOGHT?

Corrected read counts

O OOOOO OO
QO
Q3 SOROPoRSr

Position

N TAA
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Recording and recovering short texts

d

’

TAPE-1
decoding

MR. WATSON
COME HERE!
MR. WATSON,
COMEI HERE!

Encoding/

40,000
0,000
0,000
0,000

OGOBOOIOOOHO<T

<LOLCO OO
RO O3S a0g70-00
| uomisod

TAPE-1
Encoding/
decoding

0 &
i 55 o
2 I Z >
oNTaya
mno
L

30,000
20,000

BOUND
FOREVE,R

DNA
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Ordered recording of cell lineage

d Lenti-TargetBC-5xTAPE-1-pegRNA- InsertBC "

eEF1o::GFP TargetBC 5xTAPE-1

ey 5 5 5 5 Il nnnGea

InsertBC
c 100 1 d
g B
D 5,
L0
25 o0
w ‘G
= 251
[V}
0 , . . . .
Site1 Site2 Site3 Site4 Siteb
f
0.081 41.9+53
.. e dn‘ferenceg per |
= cell pair
@ I
S 0.041 I
o
0.021 |
0 : A .
0 20 40 60

Pairwise differences in edits

CS1 U6: pegRNA

High-MOlI

transductlon
—>

Dox-inducible Monoclonal ~2O doubllngs

iPE2(+) HEK293T isolation + Dox  in ~25 days

0081 a94+63
& 0.061{ edits per cell
@ ] I
S 0.04 |
()]

0.02 1 I

0 - | - -
0 20 40 60 80
Number of edits per cell
0.081 | 222 £ 6.7
differences per

. 0.061 g
= | nearest cell pair
2 0.041
g I

0.02 |

0 Sl i ; .
0 10 20 30 40 50

Pairwise differences in edits

Cell: Dox-inducible PE2
HEK293T
Vector: lentiviral construct

Core element:

S5xTAPE-1
5' random 8-bp TargetBC

TargetBC-5xTAPE-1
transcript cassette, with
scRNA-seq capture sequence

constitutive pegRNA
expression cassette

pegRNA with NNNGGA,
NNN =InsertBC, GGA = key

scRNA-seq: CellBC
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Ordered recording of cell lineage

13 TargetBC for

19 TargetBC for

19 InsertBC

%.
r

CCGGGG

e ———————— CATGGA

10 15

5
TargetBC rank

10 15 20 25 30

TargetBC rank

5

© o o 2
o o o
+ o e
6] o
SJUN0J peay
(2]
k7]
>
©
C
[y FrT
(0]
()]
©
()
£
(=] o —
o o
m —
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[
o
o
o
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o e ————
=
&
&
©
=
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£ —
o

10000

SJUN0J pesy
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Ordered recording of cell lineage

d Lenti-TargetBC-5xTAPE-1-pegRNA- InsertBC "

eEF1o::GFP TargetBC 5xTAPE-1

ey 5 5 5 5 Il nnnGea

InsertBC
c 100 1 d
g B
D 5,
L0
25 o0
w ‘G
= 251
[V}
0 , . . . .
Site1 Site2 Site3 Site4 Siteb
f
0.081 41.9+53
.. e dn‘ferenceg per |
= cell pair
@ I
S 0.041 I
o
0.021 |
0 : A .
0 20 40 60

Pairwise differences in edits

CS1 U6: pegRNA

High-MOlI

transductlon
—>

Dox-inducible Monoclonal ~2O doubllngs

iPE2(+) HEK293T isolation + Dox  in ~25 days

0081 a94+63
& 0.061{ edits per cell
@ ] I
S 0.04 |
()]

0.02 1 I

0 - | - -
0 20 40 60 80
Number of edits per cell
0.081 | 222 £ 6.7
differences per

. 0.061 g
= | nearest cell pair
2 0.041
g I

0.02 |

0 Sl i ; .
0 10 20 30 40 50

Pairwise differences in edits

Cell: Dox-inducible PE2
HEK293T
Vector: lentiviral construct

Core element:

S5xTAPE-1
5' random 8-bp TargetBC

TargetBC-5xTAPE-1
transcript cassette, with
scRNA-seq capture sequence

constitutive pegRNA
expression cassette

pegRNA with NNNGGA,
NNN =InsertBC, GGA = key

scRNA-seq: CellBC
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Reconstruction of a monophyletic cell lineage tree

28

POUS VOLO0LLL

£315'VOLO0LLL
ZAS'VOLO0LLL
L81ISVOLO0LLL

29USVIDOVOLL
1SHSVLIDOVOLL

HHR

SOUS O LIVOVLL
pous’

P

ESUS'DLLVOVLL
CRUS'DLIVOVLL
LUS"DLIVOYLL
PEIS'OLLLIDOL
EANNSOLLILDOL

CASDLLILDOL

191S'DLLLLDDL

PRISOVOOYDOL

E9SOVDOYDOL
2ASOVOOVDOL
121 OYDOVR0L

€S LLIYDOOL

L8NS LLIYD0DL

SAUSTLLLLYOVYL

POUS'LLLIVOVL

£AUS'LLLIVOVL
8IS TLLLIVOVL
LRUS LLLIVOYL

E3US" LY OVYVLD
CRUS LY OVYYLD

LBUS" LY DVVYYLD

[sisgaiialalay jela)
121" D1DDDVID

SAUSTLLOOLLLY
POUSTLLOOLLLY

29S"LLD0LLLY
18IS LLDOLLIY

SONS"IVIVLLIY

PRUSIVIVLLIY

ERUS IVAVLLLY

ZAUS"IVIVLLIV

12US IVIVLLLY

LBUS DYV LODLY

13 TargetBC-5xTAPE, ordered from site 1 to site 5

TAGGGA
GAGGGA
TAAGGA
CAGGGA

GCGGGA
ACCGGA

AGAGGA
TCTGGA
GCTGGA
TCGGGA
TATGGA

CTAGGA

GATGGA
ATAGGA

CATGGA

GCCGGA
CCGGGA

I: ACGGGA

:

ﬁ AGAQGA i

No edit

InsertBCs




Reconstruction of a monophyletic cell lineage tree

1 1 1 1 1 1 1
i =8 1 | Il 1 = | | | = | EEEET ] | 1 | B | GAGGCCTGT CAAAGTA-1
b o = BT ] e i e | CCTTCAGCAGCAAGAC-1
I [ I | [ 1 I [ I | Cor T | O] | T e | GATAGCTAGGCCTTGC-1
_‘—|44 (- | I | | | i CrT T T e, O | . Tl GTCCCATTCTGAGGTT-1
53 B ] e | e | e | e e— T CACTGAACATGCCATA-1
ki =——|—r—||| N | | | | "'-I—l1 | T :1ED|FI:-:- ||l-- H%rcr?%nCT%mAGTCCdL
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== : B IE-_I_I_III:-__I_ll rl:-:'lz'I - : -:1:-I o lmmnmggﬁmﬁq
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InsertBCs
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Limitations

» most of the current proof-of-concept symbols are artificial transfection or random
expression of pegRNA, rather than endogenous biological events themselves. True
biological recording requires coupling of NF-kB, Wnt, small molecule response
elements, or other signals to pegRNA production.

» the prime editing rate is on the order of days, so the DNA Typewriter is more suitable
for the days/weeks scale process and is not suitable for the fast signal of
minutes/hours.

 issues of delivery, cell-type differences, tape recovery, spatial compatibility, and
editor perturbation still need to be addressed for in vivo complex tissue applications.
In the future, a molecular flight recorder locus can be established to record lineage
and biological signals, but this is still an engineering goal
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