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Making Cellular Memories

Biological memory can be defined as a sustained cellular response to a transient stimulus

The phage lambda system

A phage

Gene Circuits for Cellular Memory

Replication-coupled nucleosome

B

Silent nucleosome

HP1+histone
methyltransferase

A
pl- - Maximal expression level _ _ _ B Maximal expression level
© ©
> >
° °
= 2
= =
= BXM _ «
Y =5+ g - o f(X) —mr
n=2
- [Activator X] n=4 [Repressor X]
, B 3 Positive Double-negative Double-positive
@@@ Promoter feedback feedback feedback
Transcription 'D'D‘D‘@@@'-" 'DDD'(Q@@'-"
factors g-000
Nl Transcription \/
factor AT FFIR
III binding sites - QQQ - QQQ
e 4

Cc

Progesterone
Mos
Receptor ——| MEK
p42 MAPK
[

Xenopus Oocyte

t

p—

Plx
Cdc25,Myt1
CycB/Cdc2

[

Maturation

Burrill, Devin R. Cell (2010)




Questions in Recording Cellular Memory

Impossible trinity in molecular recording:

In vivo recording

reporter signal

longitudinal study C Full scale



Digital recording in model life

Next-Generation Digital Information Storage in DNA
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Encoding a digital movie into the genomes of bacteria

GC ~50%, no mononucleotide
repeats >3 bp,

no internal PAMs
AAGCGACGTAGACTCTCTCGACAATAGGTTACTGA

3 4 5 B 7 8 9
o D7 135 09 Binary (reversed)
10,000,000
Bases
31+ 32
00=C 0000=TGA
01= 1000 = AGA
10=A 0100 = TAA
11=G 1100 = CAC
0010 = GAC
1010 = AGC
0110 = GGA
1110 =TGG
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Strategy in Molecular Recording
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Recombinase +

Recording in living populations

Synthetic ssDNA Optogenetic genome editing
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FsRT-Cas1-Cas2+ Recording in living populations
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DNA Typewriter: Prime editing + recording in single cell

Sequential genome editing with DNA Typewriter
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Multiplex recording of intensity and duration of activity

a Combining ENGRAM and DNA Typewriter to record the order of biological signals
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DNA Typewriter

SRR15584112(175) E3 SRA Toolkit(fasta) & samtools

=S Step 1: TAPE_10X_read2fromBAM

R % < R version 4.3.3 (2024-02-29) — "Angel. Food Cake” Objective: Extract raw data from CellRanger-generated BAM files to generate a table

linking cell barcodes, TAPE barcodes, edit sites (Sites 1-5), and molecule counts.
Input: Position-sorted BAM file (10X Genomics data).

Output: A cell-TAPE edit association tableStep 2: TAPE_text_sorting

Objective: Process the output from Step 1 to generate structured statistics for downstream

Python : numpy 2. I 1
Python : pandas 2. ana ySIS'
Python : scipy alg . . .
Python : scikit-learn 1. . h II_ d bl f d f
e L o Input: The cell-TAPE edit association table from TAPE_10X_ read2fromBAM.
gy‘;:on 3 ipyvzwidgets g . . .. . f . . f
tr :
Pl e A . Output: Bigram matrix; Unigram frequencies; Transfected barcode order.
] Cell TargetBC Site1 Site2 Site3 Site4
============================================================ 1 \AGCCATAGCGCCTAC-1 ATTTGGTT CCGGGA CCGGGA
____________________________________________________________ 2 \AGCCATAGCGCCTAC-1 TTCACGTA CCGGGA TATGGA
v #: ape BER%E (lRZ&: packageVers ape')) 3 \AGCCATAGCGCCTAC-1 TAGA CTAGGA GCCGGA
¥ R @ : phangorn B%#¥ (k% : packageVersion('phangorn'))
¥ R f: tidyverse BEZ®#% (lRZ&: packageVersion('tidyverse')) 4 JAGCCATAGCGCCTAC-1 TTGTTTAC CATGGA CCGGGA
v £ : ggdendro B%#¥ (k& : packageVersion('ggdendro')) 5 \AGCCATAGCGCCTAC-1 ATTTATAT ATAGGA CATGGA CATGGA CATGGA
¥ R & : dendextend BER%E (lRZ&: packageVersion('dendextend'))
7 & : devtools D R¥% (KR&: packageVersion('devtools')) 6 \AGCCATAGCGCCTAC-1 TTAGATTG GATGGA CTAGGA ACAGGA
7 \AGCCATAGCGCCTAC-1 TGGACGAC GCCGGA
8 \AGCCATAGCGCCTAC-1 TGG G GATGGA TATGGA GCCGGA ACGGGA
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16 \AGCCATAGCGCCTAC-1 ATTAGTCA CCGGGA GCCGGA GCCGGA
17 \AGCCATAGCGCCTAC-1 ATCACGCT TAAGGA TATGGA CATGGA GCCGGA
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DNA Typewriter

Step 3 (Parallel Execution): Visualization Tools

3a. PEbigram_plotting

Objective: Visualize bigram frequencies as a heatmap.

Input: Bigram matrix and unigram frequencies from TAPE_text_sorting.
Output: Heatmap plot of bigram frequencies

3b. DNATypewriter_SingleCellLineage_Rscript

Objective: Generate lineage-specific plots for single-cell editing
patterns.

Input: Bigram matrix and unigram frequencies from TAPE_text_sorting.
Output: Lineage-specific visualization
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RNA seq + Pseudotime Inference

timestamps approach

e Inosine
MCP— ¢ Adenosine
ADAR
e

mRNA Time

Editing array Editing array

C

P P
Te5G iRFP + timestamp Fﬁ’a MS2-ADARcd
Transfection Dox ActD Lysis and RNA-seq

| IR RN !

>

-12 0 1 2 3 4 5 6 8 12
Time (h)
AATCCGBGTCCAATCCAATCCAATCCAA ATATATTTTTTCCEGGTCCGETCCAATCCAATCCAATCCAGTCCAA
1 h AATCCGETCCEGGTCCAATCCAATCCEA ATATATTTTTTCCEBATCCEGETCCAGTCCGATCCAATCCAATCCAA
AATCCEBATCCAATCCAATCCAATCCAA ATATATTTTTTCCAATCCGATCCAATCCAATCCAATCCAATCCAA
- = = ~AAIGCOEETCCAATCCEETCCAATCCAA | _ ATATATITTITCCEATCCAATGCGRT CCAATCCAATCGAATCCAA
AATCCGOTCCAATCCAATCCAATCCAA ATATATTTTTITCCOGTCCAATCCAGTCCAATCCAATCCAATCCAA
4 h AGTCCGGTCCAGTCCGBATCCAATCCAA ATATATTTTTTCCBATCCGBETCCBATCCAGTCCAATCCAATCCAA
AGTCCGATCCAGTCCAATCCGATCCAA ATATATTTTTTCCBATCCGGTCCAGTCCGATCCAATCCAATCCAA
- - - -GEICCEETCCART CCAATCCAATCCAA - o AIGTATITTITC CAATCCRIFICCBATCCERTCCAATC CAATC CAA
GATCCAGTCCGGTCCGATCCAATCCGA GTATATTTTTTCCEGGTCCGETCCGATCCGATCCGATCCAATCCAA
8 h GATCCGETCCAGTCCGATCCAATCCAA ATATATTTTTTCCEBATCCGETCCEGGTCCGGTCCAATCCAATCCAA
GETCCEGETCCGATCCAATCCAATCCEA ATGTATTTTTTCCGATCCAGETCCOGETCCOGTCCGGTCCAATCCAA
- = = =AAIGCEGICCOATCCARTCCAATCCAA | ATATETITTITC CRETCCRATCC AGTCCOGTCCAATC CRATC CAA
GATCCEATCCEATCCGAGTCCAATCCAA ATATATTTTTTCCEBATCCOBATCCGATCCOGAGTCCAGTCCAATCCAA
12 h GETCCGETCCGGTCCAGTCCAGTCCGA ATGTATTTTTTCCGETCCGETCCEATCCGGTCCGEGTCCGBATCCAA
GETCCGETCCGGTCCBATCCAGTCCAA ATATATTTTTTCCEBGTCCGETCCEBATCCGETCCAGTCCAGTCCEA
AATCCEBETCCEBATCCEBATCCGBATCCAA ATGTATTTTTTCCAGTCCEBETCCEGETCCGETCCAATCCGETCCAA

o

Fraction of RNAs

Fraction of RNAs

Pseudotime Inference

0.2 - Bulk
m===4h
—=a2h
m==1h
0.1 -
O -
0 13 26
Single cell
0 13 26

Edits per RNA

f Normalized density
0 0.3
o a Predicted Actual
1 —
0
©
(s}
o
[@)]
=
w
659

0 13 26
Edits per RNA

Rodriques, S.G. Nat Biotechnol (2021)



protein chain + absolute timing

linear protein self-assembly-based cellular physiology
recording a

Intracellular linear protein self-assembly
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Orchestrate spatiotemporal signals in single-cell sequencing

MERFISH (Multiplexed Error-Robust Fluorescence In Situ Hybridization) MAPseq for Brain Connectome

Multiplexing transcriptomes
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MERFISH = Multiplexed Error Robust Fluerescence In-Situ Hybridization
Profiling 483 genes with subcellular resolution acress a full mouse coranal slice
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