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

Live-cell imaging

Time-series 
scRNA-seq 

Epistasis 
analysis

Street K, et al. BMC Genomics. 2018

Mitchell S, et al. PNAS. 2018 Huang LS, et al. WormBook. 2006



History of DNA memory device
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2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

SCRIBE 
Science 

RSMs 
Science 

GESTALT 
Science

mSCRIBE 
Science

MEMOIR 
Nature

TRACE 
Science

CAMERA
Science 

DOMINO
Cell

CHYRON 
Nat. Chem. Biol.

DNA Typewriter
Nature

Site-specific 
recombinases (SSRs)

CRISPR 
integrases Base editing

CRISPR–Cas9 
genome editing

Terminal deoxynucleotidyl 
transferases (TdTs)

• highly multiplexable
• sequential and unidirectional
• active in mammalian cells

Prime editing

CRISPR spacer 
acquisition

Nature

ENGRAM
Nature



Cas Nucleases and Base editors
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DSB
(DNA double-strand break) 

NHEJ (non-homologous end joining)

HDR (Homologous directed repair)
HITI (Homology-independent targeted integration)

Chen PJ, et al. Nat Rev Genet. 2023



Prime Editing
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Anzalone AV, et al. Nature. 2019

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

Chen PJ, et al. Nat Rev Genet. 2023



Mechanism of Prime Editing
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Doman JL, et al. Nat Protoc. 2022



DNA Typewriter
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DNA Tape

pegRNA insertion template



Ordered recording
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cells: HEK293T piggyBac（2×TAPE-1、
3×TAPE-1、5×TAPE-1）

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

readout:PCR amplify DNA Tape + 
sequencing

• editing efficiency
• sequential fidelity
• symbol bias

2×TAPE-1: 4.7% ± 0.5%
3×TAPE-1: 5.2% ± 0.6% 
5×TAPE-1:  5.9% ± 0.8%

exhibited 
any editing 

~6%



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

6%

20%



Enhanced prime editing of DNA Tape
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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

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

Cells: HEK293T piggyBac（5×TAPE-1）

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

Readout:PCR amplify DNA Tape + sequencing

Chen PJ, et al. Cell. 2021



Enhanced prime editing increase editing efficiency  
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pCMV-PEmax-P2A-hMLH1dn +16x epegRNA

18.1%

～6%

NNGGA -6N+GGA



DNA recording
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mouse embryonic fibroblasts (MEF)
mouse embryonic stem cells (mESC)HEK293T pCMV-PEmax-P2A-hMLH1dn +16x epegRNA



Screening additional DNA Tape sequences
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8 basal spacers x 6 design rulesTAPE-1           TAPE48

cells: HEK293T piggyBac（3×TAPE-
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)



Screening additional DNA Tape sequences
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TAPE-6



Transfection programmes for 16 sequential epochs

18

Programme epochs barcode/epoch ratio Others

Programme 1 16 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 1:1, 1:2, 1:4, 1:8 varying ratios 

cells: HEK293T 5×TAPE-1

Transfection: pCMV-PE2-P2A-GFP + 
16x pegRNA

Time: 3d/epoch

readout:PCR amplify DNA Tape + 
sequencing



site 1 unigram frequency is not sufficient to decode the order
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bigram matrix restores the sequence of events
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The decoding algorithm is a 
bubble-sort-like adjacent-
swap heuristic based on 
pairwise bigram preferences.



overlapping signals
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relative ratio
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DNA Typewriter can record, 
recover and decode complex 
event histories including the 
order, overlap and relative 
strength of signals.



Recording and recovering short texts
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Recording and recovering short texts
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Ordered recording of cell lineage
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Cell：Dox-inducible PE2 
HEK293T

Vector：lentiviral construct

Core element：
• 5×TAPE-1
• 5′ random 8-bp TargetBC
• TargetBC-5×TAPE-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



Ordered recording of cell lineage
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Cell：Dox-inducible PE2 
HEK293T

Vector：lentiviral construct

Core element：
• 5×TAPE-1
• 5′ random 8-bp TargetBC
• TargetBC-5×TAPE-1 

transcript cassette，with 
scRNA-seq capture sequence

• constitutive pegRNA 
expression cassette

• pegRNA with NNNGGA，
NNN =InsertBC，GGA = key

scRNA-seq: CellBC



Reconstruction of a monophyletic cell lineage tree
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Reconstruction of a monophyletic cell lineage tree
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Limitations
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• 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-κB, 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



Connecting biological signals to DNA recording
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ENGRAM
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