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DNA s naturally well suited to serve as a digital medium for in vivo molecular
recording. However, contemporary DNA-based memory devices are constrained in
terms of the number of distinct ‘symbols’ that can be concurrently recorded and/or by

afailure to capture the order in which events occur'. Here we describe DNA
Typewriter, ageneral system for in vivo molecular recording that overcomes these
and other limitations. For DNA Typewriter, the blank recording medium (‘DNA Tape’)
consists of atandem array of partial CRISPR-Cas9 target sites, with all but the first site
truncated at their 5’ ends and therefore inactive. Short insertional edits serve as
symbols that record the identity of the prime editing guide RNA? mediating the edit
while also shifting the position of the ‘type guide’ by one unit along the DNA Tape, that
is, sequential genome editing. In this proof of concept of DNA Typewriter, we
demonstrate recording and decoding of thousands of symbols, complex event
histories and short text messages; evaluate the performance of dozens of orthogonal
tapes; and construct ‘long tape’ potentially capable of recording as many as 20 serial
events. Finally, we leverage DNA Typewriter in conjunction with single-cell RNA-seq to
reconstruct amonophyletic lineage of 3,257 cells and find that the Poisson-like
accumulation of sequential edits to multicopy DNA tape can be maintained across at
least 20 generations and 25 days of in vitro clonal expansion.

How do we learn the order of molecular events in living systems? A first
approachisdirect observation, for example, live-cell fluorescence micros-
copy toorderinteractionsinreal time. Asecond approachis time series
experiments, for example, destructively sampling and transcriptionally
profiling asystemat different time points, followed by pseudotemporal
ordering. A third approach is epistatic analysis, for example, ordering
the actions of genes by comparing the phenotypes of single and double
mutants. Although these and other approaches haveimportant strengths,
they are also limited in key ways. For example, live imaging is largely
restricted to in vitro models. For time series experiments, resolution
andaccuracy are constrained by the frequency of sampling and the repro-
ducibility of the biological process under investigation. Epistatic analysis
is confounded by pleiotropy, particularly in multicellular organisms.

Another approach, theoretically promising but methodologically
underdevelopedrelative to the aforementioned alternatives, isa DNA
memory device?, which we define here as an engineered system for
digitally recording molecular events through permanent changes
to a cell’s genome that can be read out post factum. Thus far, several
proof-of-concept DNA memory devices have been described that lever-
age diverse approaches for the ‘write’ operation, including site-specific
recombinases (SSRs)**, CRISPR-Cas9 genome editing®®, CRISPR inte-
grases'®!, terminal deoxynucleotidyl transferases (TdTs)', base-pair
misincorporation®, base editing" and others’.

The nature of the write operation in such DNA memory devices
shapes their performance in terms of channel capacity for encoding
and decoding signals, temporal resolution, interpretability and port-
ability’. For example, SSRs record molecular signals with high efficiency,
but the number of distinct signals that can be concurrently recorded
is limited by the number of available SSRs. DNA memory devices rely-
ing on CRISPR-Cas9 can potentially overcome this limitation, for
example, if each signal of interest were coupled to the expression of
adifferent guide RNA (gRNA), but in that case each signal would also
require its own target(s). Furthermore, the CRISPR-Cas9 molecular
recorders described thus far rely on double-stranded breaks (DSBs)
and non-homologous end joining (NHEJ) to ‘scar’ target sites'. In addi-
tion to being toxic, frequent DSBs often excise or corrupt consecu-
tively located target sites, the molecular equivalent of accidental data
deletion.

A further handicap of nearly all DNA memory devices described
thus far is that, while recordings might stochastically accumulate
at unordered target sites, the order in which they occurred is not
explicitly captured. CRISPR spacer acquisition systems, which rely
on signal-induced, unidirectional incorporation of DNA spacers or
transcript-derived tags to an expanding CRISPR array, overcome this
limitation'®"'5"7, However, at least thus far, their reliance on accessory
integration host factors has restricted such recorders to prokaryotic
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systems. Another approach, CHYRON, enables directional writing of
information to DNA by combining self-targeting CRISPR gRNAs with
the expression of TdT, whose presence shifts the most likely outcome
of NHEJ from short deletions to shortinsertions'®, While this approach
unidirectionally inserts nucleotides in a signal-responsive manner,
it continues to rely on NHEJ-mediated repair of DSBs. Furthermore,
because eachgRNA/target yieldsahomogenous signal (TdT-mediated
insertions of variable length), it is not clear how this approach could
be used to explicitly record the precise order of more than a handful
of distinct signals. Finally, at least two groups have independently
developed ‘logic-circuitarchitectures’ that use sequential base editing
torecord the order and identity of biological signals in both bacterial
and mammalian cells (DOMINOY and CAMERA). However, because
base editorsare currently limited to writing single-base substitutions
to predefined targets, the order of signals can only be recorded via
preprogrammed circuits, rendering multiplex recording challenging.

Here we describe a DNA memory device that is (1) highly multipl-
exable, that is, compatible with the concurrent recording of at least
thousands of distinct symbols or event types; (2) sequential and uni-
directionalinrecording events to DNA and therefore able to explicitly
capture the precise order of recorded events; and (3) active in mam-
malian cells. This system, which we call DNA Typewriter, begins witha
tandem array of partial CRISPR-Cas9 target sites (DNA Tape), all but the
first of which are truncated at their 5’ ends and are therefore inactive
(Fig.1a-c). Eachof many prime editing gRNAs (pegRNAs), together with
the prime editing enzyme?, is designed to mediate the insertion of a
k-mer withinthe sole active site of the tandem array, whichis initially its
5’-most target site. Inthe simplestimplementation, all pegRNAs target
the same 20-bp spacer buteach encodes aunique ‘symbol’inthe form
of ak-merinsertion. Specifically, the 5’ portion of the k-mer insertion is
the variable and encodes the identity of the pegRNA, whileits 3’ portion
isconstantand activates the subsequent target siteinthe tandem array
byrestoringits 5’ end. Thus, each successive edit records the identity
ofthe pegRNA mediating the edit while also shifting the position of the
activetarget site by one unitalong the array. Atany moment, anintact
spacer and protospacer adjacent motif (PAM) are present at only one
location along the array, analogous to the ‘write-head’ of a disk drive
or the ‘type guide’ of atypewriter.

Proof of concept of DNA Typewriter

Totest thisidea, we designed a DNA Tape (TAPE-1) by modifying aspacer
sequence previously shown to be highly amenable to prime editing by
the PE2 enzyme (HEK293 target 3, or HEK3)2. In TAPE-1, a 3-bp key (GGA)
isfollowed by atandem array of a14-bp monomer (TGATGGTGAGCACG)
thatincludesthe PAM sequence (TGG) at positions 4-6. At the 5’-most
end of the TAPE-1array, the key sequence, the first 14-bp monomer and
thefirst 6 bases of the subsequent 14-bp monomer collectively make up
anintact 20-bp spacer and PAM (Fig. 1a). We further designed a set of 16
pegRNAs totarget TAPE-1, with each pegRNA programming a distinct
5-bpinsertion (Fig.1b). Thefirst 2 bp of theinsertionis unique to each
ofthe16 pegRNAs. The remaining 3 bp of the insertion corresponds to
thekey (GGA). Wereasoned that, when apegRNA/PE2-mediated inser-
tion occurred at the active TAPE-1site, it would (1) record the identity
of the pegRNA via the 2-bp portion of the insertion; (2) inactivate the
currentactive site by disruptingits sequence; and (3) activate the next
monomer along the array, as the newly inserted GGA key, together with
the subsequent 20 bp, creates an intact 20-bp spacer and PAM. In the
nextiteration of genome editing, a pegRNA-mediated insertion to the
second monomer would be recorded while also moving the type guide
tothethirdmonomer andthentothe fourth, the fifthand so on (Fig. 1c).

We synthesized and cloned TAPE-1arrays with varying numbers of
monomer units (2xTAPE-1, 3XTAPE-1, 5XxTAPE-1) and stably integrated
these arrays into the genome of HEK293T cells via the piggyBac sys-
tem. We then transiently transfected the resulting cells with a pool
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Fig.1|Sequentialgenome editing with DNA Typewriter. a, Schematic of two
successive editing events at the type guide, which shifts in position with each
editingevent. The DNA Tape consists of atandem array of CRISPR-Cas9 target
sites (grey boxes), all but the first of which are truncated at their 5 ends and
thereforeinactive. The 5-bp insertionincludes a2-bp pegRNA-specific barcode
aswellasa3-bpkey thatactivates the next monomer. Because genome editing
issequential in this scheme, the temporal order of recorded events can simply
beread outby their physical order along the array. b, Schematic of prime
editing with DNA Typewriter. Prime editing recognizes a CRISPR-Cas9 target
and modifies it with the edit specified by the pegRNA2. With DNA Typewriter,
aninsertional editing event generates anew prime editing target at the
subsequent monomer. ¢, Schematic of ordered recording viaDNA Typewriter.
Individual pegRNAs are potentially event driven or constitutively expressed,
together with the PE2 enzyme. d-f, Specificity of genome editing on versions of
TAPE-1with two (d), three (e) or five (f) monomers. Cells bearing stably
integrated TAPE-1target arrays were transfected witha pool of plasmids
expressing pegRNAs and PE2. Each class of outcomesis inclusive of all possible
NNGGA insertions; collectively, the classes shown include 2" - 1 possible
outcomes, where nis the number of monomers. We observe that editing of any
giventargetsiteis highly dependentonthe precedingsitesinthearray having
alreadybeenedited. g, Edit scores of 16 barcodes used in the experiment with
SXTAPE-1.Editscores for eachinsertionare calculated as the log,-scaled ratio
betweentheinsertion frequencies and the abundances of pegRNAsinthe
plasmid pool, averaged over n =3 transfection replicates.

of plasmids designed to express PE2 (pCMV-PE2-P2A-GFP; Addgene,
132776) and 16 pegRNAs, each programmed to insert an NNGGA bar-
code to TAPE-1, and collected the cells after 4 days. The TAPE-1region
was PCR amplified from genomic DNA and sequenced.

Foreach TAPE-1array, we categorized sequencing readsinto thosein
which (1) no editing occurred; (2) the observed pattern was consistent
with sequential, directional editing; and (3) the observed pattern was
inconsistent with sequential, directional editing (Fig.1d-fand Supple-
mentary Table 1). Overall editing rates were modest, as only 4.7% + 0.5%,
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Fig.2|Transfection programmes for 16 sequential epochs. a, Schematic of
five transfection programmes over 8 or 16 epochs. For programmesland2,
pegRNAswithsinglebarcodes wereintroducedin each epoch for16 epochs.
The specificordersaimed to maximize (programme1) or minimize (programme 2)
theeditdistancesbetweentemporally adjacent transfections. For programme 3,
pegRNAswith two differentbarcodes wereintroduced atal:1ratio for

16 epochs, with one barcode always shared between adjacent epochs (and
betweenepochsland16).For programmes4and 5, pegRNAs with two different
barcodeswereintroduced either ataconstantratio (1:3) or at varying ratiosin
eachepoch (1:1,1:2,1:4 or 1:8) for eight epochs, respectively. b, Barcode
frequenciesacross fiveinsertionsitesin SXTAPE-1in programmes1land
2following epoch16.Barcodesintroducedin early epochsare more frequently
observed at the first site. c-g, Bigram transition matrices for programmes1
(c),2(d),3 (e), 4 (f)and 5(g).Barcodes are ordered from early (left/top) to late
(right/bottom). h, Calculated versusintended relative frequencies between
programmes4and 5. Programme ratios were calculated by combining
sequencingreads fromn=3independent transfection experiments.

5.2% + 0.6% and 5.9% + 0.8% of all reads for 2xTAPE-1, 3xTAPE-1and
5XTAPE-1, respectively, exhibited any editing. However, within the
set of reads showing edits, the data were overwhelmingly consistent
with sequential, directional editing. For example, with 2xTAPE-1, the
second monomer was edited in 22.8% + 1.7% of reads in which the first
monomer was also edited (Fig. 1d). By contrast, the second monomer
was only edited in 0.6% of reads in which the first monomer was not
edited. This observation strongly suggests that edits of the second
monomer were dependent on an edit of the first monomer having
already occurred. Furthermore, this confirms that the 3-bp mismatch at
the PAM-distal end of ‘inactive’ spacers of the TAPE-1design is sufficient
to inhibit prime editing. Data obtained from 3xTAPE-1and 5xTAPE-1
were also consistent with sequential genome editing. For example,
98.5% (3XTAPE-1) and 99.0% (5XTAPE-1) of reads that were edited at the
second monomer were also edited at the first monomer, while 97.6%
(3xTAPE-1) and 98.8% (5XTAPE-1) of reads that were edited at the third
monomer were also edited at the first and second monomers (Fig. 1e,f).
These results were consistent across three transfection replicates (Sup-
plementary Table 1).

Aninteresting phenomenon was that, while the observed editing rate
of the first TAPE-1 monomer was ~6%, the editing rates of the second
or third TAPE-1 monomer, conditional on the preceding monomers
already being edited, were ~20% (Extended Data Fig.1a). A simple expla-
nation for this ~14% greater ‘elongation’ than ‘initiation’ of editing is
that some integrated tapes are more amenable to prime editing than
others, resulting in an excess of fully unedited tapes. However, we also
observed a similar pattern with episomal tapes, as well as following
multiple sequential transfections with pegRNA- and PE2-expressing
plasmids to edit integrated tapes (7-15% increase in the conditional
editing efficiency of the second site). Factors that might contribute
to the observed ‘pseudo-processivity’ include heterogeneous sus-
ceptibility of cells to transfection, chromatin context®**' and cell cycle
phase, but the primary explanation remains unclear. We also observed
modestreductionsinthe conditional editing efficacy after the second
site (1-10% decreases), which might be explained simply by each site
being ‘active’ for less time thanits predecessor.

We next analysed the distribution of the 16 NNGGA barcode inser-
tions, focusing on 5XTAPE-1. Their frequencies were correlated across
three replicates as well as between the first and second target sites
(Pearson’s r=0.97-0.99; Extended Data Fig. 1b,c). The observed vari-
ationwas partly explained by the relative abundances of the individual
pegRNAs in the plasmid pool (Pearson’s r = 0.87; Extended DataFig. 1d).
Toexplorewhether the sequence of theinsertionitselfinfluences edit-
ing efficiency, we repeated the experiment with an equimolar pool of
16 pegRNA-expressing plasmids that had been individually cloned and
purified (rather than cloned as a pool). For each of the NNGGA inser-
tionsin each experiment, we calculated ‘edit scores’ as the log,-scaled
insertion frequencies normalized by the abundances of pegRNAsin the
corresponding plasmid pools (Fig. 1g). The maximal edit score differ-
encebetween the best barcode (CCGGA with an edit score of 0.98) and
the worst barcode (TGGGA with an edit score of -2.38) was 3.36, that
is, anearly ten-fold difference in editing efficiency. However, 10 of 16
barcodes exhibited efficiencies within a two-fold range. Edit scores were
well correlated between 5XTAPE-1 edited by the 16 pegRNA plasmids
pooled before versus after cloning (Spearman’s p = 0.97; Extended Data
Fig.1e), inline with an insertion sequence-dependent bias. Indeed,
when we used the relative efficiencies observed in the ‘post-cloning
pooling’ experiment to correct the TAPE-1unigram barcode frequen-
ciesmeasured in the ‘pre-cloning pooling’ experiment, the correlation
ofthe frequencies withthe abundance of the corresponding pegRNAs
inthe plasmid poolimproved (Pearson’sr = 0.87-0.94; Extended Data
Fig.1d) and vice versa (Pearson’sr = 0.27->0.67; Extended Data Fig. 1f).

Enhanced prime editing of DNA Tape

Several strategies to improve the efficiency of prime editing
through modular engineering were recently reported: (1) addition of
degradation-resistant secondary structure to the 3’ end of the pegRNA?
(resulting in enhanced pegRNAs, or epegRNAs); (2) introduction of
human MLH1 dominant-negative peptide (hMLH1dn) to favour the
intended edit?*; and (3) modifications to the primary sequence of the
prime editing enzyme? (resulting in PEmax). Combined deployment
of these strategies has been reported to improve editing efficiency
by ~3.5-fold in HEK293T cells and -72-fold in HeLa cells, relative to PE2
and pegRNAs>.

As our initial experiments with PE2 and pegRNAs resulted in only
modest editing of the first site of TAPE-1(~6%), we sought toincorporate
these new strategies. We cloned a pool of U6-driven epegRNAs, each
programmed to insert an NNGGA barcode to TAPE-1, and transfected
theminto HEK293T cells in which 5XTAPE-1 was integrated (5XTAPE-
1(+) HEK293T) along with a plasmid expressing PEmax and hMLH1dn
(pCMV-PEmax-P2A-hMLH1dn; Addgene, 174828). After 4 days, we col-
lected genomic DNA and then PCRamplified and sequenced TAPE-1. We
observed 18.1% + 0.5% editing of the first site (Extended Data Fig. 2a),
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Fig.3|Recording and decoding short digital text messages with DNA
Typewriter. a, Base64 binary-to-text was modified to assign 64 NNNGGA
barcodes for TAPE-1to 64 text characters. b, Illustration of the encoding
strategy for “WHAT HATH GOD WROUGHT?”, which has 22 characters
including whitespaces. The message is grouped into sets of four characters,
converted to NNN barcodes accordingto the TAPE64 encodingtable, and
plasmids corresponding to each set are mixed ataratio of 7:5:3:1for
transfection. To encode 22 characters, we sequentially transfected 5 sets of

4 charactersand1setof2characters 3 days apartinto PE2(+) 5XTAPE-1(+)
HEK293T cells. c-e, Decoding of three messages based on sequencing of the
following 5XTAPE-1arrays: “WHAT HATH GOD WROUGHT?” (c), “MR. WATSON,
COMEHERE!” (d) and “BOUND FOREVER, DNA” (e). For each message, the full
set of NNNGGA insertions was firstidentified and cotransfected sets of
characters were thenidentified from the bigram transition matrix (left). Within
eachsetof charactersinferred to have been cotransfected, ordering was based
oncorrected unigram counts (middle), resulting in the final decoded message
(right). Misordered characters within each recovered message are coloured
purple, missing characters are coloured red with strikethrough, and
unintended characters are coloured light blue. Both two-dimensional
histogram and corrected read counts were calculated by combining
sequencingreadsover n =3independent transfection experiments. Read
countswere corrected using the edit score for eachinsertionbarcode.

anearly three-fold increase relative to PE2 and pegRNAs, while edit-
ing remained overwhelmingly sequential (>99.5%). We then cloned
four more pools, encoding 6-bp (NNNGGA) to 9-bp (NNNNNNGGA)
barcodes. The epegRNA-PEmax-hMLH1dn prime editing system
achievedreasonably high efficiencies for longer insertions (for exam-
ple,10.6% + 0.5% for 9-bp insertions; Extended Data Fig. 2a). Edit scores
for pegRNA-PE2 versus epegRNA-PEmax-hMLH1dn were highly cor-
related (Spearman’s p = 0.96 for NNGGA and Spearman’s p = 0.88 for
NNNGGA; Extended DataFig.2b-e). The edit scores for epegRNAs were
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more uniform than those for standard pegRNAs, as 14 of 16 NNGGA
barcodes exhibited efficiencies within a two-fold range (Extended
Data Fig. 2c) and 59 of 64 NNNGGA barcodes exhibited efficiencies
within a four-fold range (Extended Data Fig. 2e). We also calculated
editscores for more than1,900 barcodesin NNNNNNGGA (or 6N+GGA)
TAPE-1-targeting epegRNAs in a single experiment (Extended Data
Fig. 2f-i), markedly expanding the number of unique symbols that can
beencoded and deployed to write to ashared DNA Tape by two orders
of magnituderelative to our original NNGGA experiment. Overall, 1,509
ofthe1,908 6N+GGA barcodes exhibited efficiencies with edit scores
between -1and1, thatis, afour-fold range (Extended Data Fig. 2h).

To evaluate the compatibility of DNA Typewriter with cell types other
than HEK293T cells, we integrated the 5XTAPE-1 target into mouse
embryonic fibroblasts (MEFs) and mouse embryonic stem (mES) cells
using the piggyBac transposase system and transfected cells with either
apool of 16 NNGGA epegRNAs or a pool of 64 NNNGGA epegRNAs
with PEmax- and hMLH1dn-expressing plasmids through electropo-
ration with DNA plasmids. After 4 days, we collected genomic DNA
and then amplified and sequenced TAPE-1. We observed 7.0-18.1%
editing of the first site after 4 days (Extended Data Fig. 2j). In mESCs,
where prolonged culturing was permitted compared with MEFs, we
performed asecondtransfectionwith the same set of epegRNA-, PEmax-
and hMLH1dn-expressing plasmids, 4 days after the first transfection.
The cumulative editing of the first siteincreased to 28.7% + 2.8% when
the sample was collected another 4 days after the second transfection.
Of note, the edit scores for NNGGA and NNNGGA pegRNAs in mESCs
were reasonably well correlated with those measured in HEK293T cells
(Extended Data Fig. 2k,I), suggesting that measurements of relative
pegRNA efficiencies made in HEK293T cells are applicable to other cell
types. Collectively, these results demonstrate that the performance of
DNA Typewriter can be improved using methods that enhance prime
editingand, furthermore, that the method canbe used in primary and
stem cells. Overall, we suspect that the range and efficiency of DNA
Typewriter will be tightly coupled to that of prime editing, which has
also been demonstrated to work in human induced pluripotent stem
cells (iPSCs) and primary human T cells®.

Screening additional DNA Tape sequences

Our TAPE-1 construct exhibited sequential, directional editing, wherein
the editing of any given site along the array was strongly dependent
on all preceding sites having already been edited. This behaviour is
consistent with DNA Typewriter’s design, as the key sequence must
beinserted 5’ to any given monomer within the DNA Tape to complete
the spacer thatis recognized by any of the gRNAs used. However, per-
formance would presumably be corrupted by non-specific editing,
for example, if a guide were able to mediate edits to anon-type-guide
monomer despite several mismatches at the 5’ end of the spacer®*?,

Although TAPE-1exhibited reasonable efficiency and specificity, we
sought to explore whether this would be the case for other spacers.
Tothisend, we designed and synthesized 48 TAPE constructs (TAPE-1
through TAPE-48), each derived from one of eight basal spacers that
previously demonstrated reasonable efficiency for prime editing?*?
and one of six design rules that vary monomer sequence, key sequence
and key/monomer length (Extended Data Fig. 3a). In each of these 48
constructs, a3xTAPE region was accompanied by apegRNA-expressing
cassette designed to target it with a 4- to 6-bp insertion (16 possible
2-bp barcodes followed by a 2- to 4-bp key sequence). We then tran-
siently transfected HEK293T cells with PE2-encoding plasmid and a
pool of 48 pegRNA-by-3xTAPE constructs and collected cells after 4
days. The 3xTAPE region was PCR amplified from genomic DNA and
sequenced.

We calculated two quantities for each 3xTAPE array: (1) efficiency,
calculated by summing all edited reads and dividing by the total num-
ber of reads, and (2) sequential error rate, calculated by summing all
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Typewriter and scRNA-seq. a, Schematic of the lentiviral vector used in the
DNA Typewriter-based lineage tracing experiment®. The integration cassette
includes a SXTAPE-1sequence associated with an 8-bp randombarcode
(TargetBC) and apegRNA expression cassette. The pegRNA targets TAPE-1and
inserts 6 bp,inwhichthefirst3 bpisthe randombarcode (InsertBC) and the
last3 bpis the key sequence of GGA for TAPE-1. Each TargetBC-5XTAPE-1array is
embeddedinthe3’ UTR of the eGFP gene withan RNA capture sequence at its
3’end and transcribed from the eEF1a promoter. b, Schematic of the
monophyleticlineage tracing experiment. AHEK293T line with Dox-inducible
PE2 expressionwas transfected with the lentiviral construct showninaata
high MOI. Amonoclonalline was then established and expanded in the
presence of Dox. During expansion, pegRNAs expressed by TargetBC-defined
integrants compete tomediateinsertions at the type guides of TAPE-1arrays
withinthe same cell. ¢, Cumulative editing of each site within TAPE-1. Each
coloured line shows the cumulative editing rate for 10f 13 TargetBCs. Grey bars
denote the cumulative editing of TAPE-1sitesacross all 13 independent
TargetBCs withinthe n=1single-cell experiment. d, Histogram of the number
ofeditsacross 59 editablesitesin each cell. Thered dashed line denotes the
average. e, Histogram of the number of differences across the 59 editable sites
forall possible pairsof the 3,257 sampled cells. Thered dashed line denotes the
average.f, Distribution of the number of pairwise differences between each
cellandits ‘nearest neighbour’among the 3,257 sampled cells.

edited reads inconsistent with sequential, directional editing and
dividing by the total number of edited reads (Extended Data Fig. 3b).
Of note, our initial TAPE-1 construct had one of the lowest sequential
error rates among the 48 tested DNA Tapes. The only construct that
had a lower sequential error rate than TAPE-1 was TAPE-6, which was
derived from the same basal spacer (HEK3) but had a4-bp rather than
a3-bp key sequence. Indeed, across the full experiment, alonger key
sequence was associated with alower sequential error rate (Extended
Data Fig. 3¢c). Performance differences between basal spacers were
modest, with DNA Tapes based on the HEK3 and FANCF spacers exhib-
iting the best combination of efficiency and specificity (Extended
Data Fig. 3d). Among FANCF-based spacers, TAPE-27 exhibited over
50% greater efficiency than TAPE-1but also had a two-fold-higher
sequential error rate (Extended Data Fig. 3b). Performance charac-
teristics were highly consistent when we repeated the experiment
with integration rather than transient transfection of the constructs
(Extended Data Fig. 3e).

Overall, these results show considerable variationin efficiencies and
sequential error rates, specific to particular 13- to 15-bp TAPE sequences.
Although a single well-performing monomer such as either TAPE-1or
TAPE-27 is sufficient to construct a generic substrate to which thou-
sands of distinct symbols can be written, additional screening might
yield monomers with even better performance characteristics and
would also facilitate modelling of the sequence determinants of mono-
mer performance?* 2628,

Recording complex event histories

We next asked whether we could apply DNA Typewriter to record,
recover and decode complex event histories. We prepared a set of syn-
theticsignals by individually cloning 16 individual pegRNA-expressing
plasmids, each encoding a unique 2-bp barcode insertionto TAPE-1. We
also prepared a polyclonal population of HEK293T cells withintegrated
5xTAPE-1to serve as the substrate for recording. Finally, we designed
aset of five ‘transfection programmes’-complex event histories that
we could attempt to record and then subsequently decode (Fig. 2a).

Atthebeginning of eachepochof each transfection programme, one
or more pegRNA plasmids were introduced to a population of HEK293T
cells with integrated 5XTAPE-1 (5XTAPE-1(+) HEK293T) via transient
transfection of plasmids expressing the corresponding pegRNA(s)
and PE2. After each transfection, cells were passaged the next day into
anew plate and excess cells were collected for genomic DNA. 5XTAPE-1
from each epoch of each programme was amplified and sequenced.
Successive epochs occurred at 3-day intervals.

Programmes 1 and 2 each consisted of a distinct, non-repeating
sequence of transfection of the 16 pegRNAs, thatis, one per epoch. The
specific orders aimed to maximize (programme 1) or minimize (pro-
gramme 2) the edit distances between temporally adjacent signals. On
the basis of sequencing of 5XTAPE-1 after epoch 16, we observed that
barcodesintroducedintheearly epochs were more frequent at the first
targetsite (site1) thanbarcodesintroduced at late epochs (Fig. 2b). This
isexpected, as each editing round shifts more of the type guides to site 2
(andsubsequently tosite 3 tosite 5) (Extended DataFig. 4a), withminimal
effects ontheintegrity of the SXTAPE-1array (Extended Data Fig. 4b). A
trivial decoding approach would be to simply arrange barcodes in order
of decreasing site 1unigram frequency, but for both programmes1and
2thisresultedinanincorrect order (Extended Data Fig. 4c).

However, inference can be improved by leveraging the sequential
aspect of DNA Typewriter, for instance, by analysing bigram frequen-
cies or pairwise appearance of events as used to infer orders from the
CRISPR-Cas spacer acquisition process (Cas1-Cas2 system used in
bacteria)¥. For example, if signal B preceded signal A, then we expect
many more B-A bigrams than A-B bigrams at adjacent edited sites in
5xTAPE-1.InFig. 2c,d, we show heatmaps of bigram frequencies meas-
ured from all four pairs of adjacent editing sites on 5XTAPE-1, arranged
by the true order inwhichthe signals were introduced for programmes
land2.Indeed, the bigram frequencies appear to capture event order
information, as evidenced by the gross excess of observations immedi-
ately above versusimmediately below the diagonal (for example, in pro-
grammel, CA-GC >> GC-CA). One way to leverage thisinformationis by
enumerating ‘ordering rules’among all events for possible permutations
and then checking which the observed data best match™%. However,
the number of ordering rules for n events increases to the order of n’
(for ordering of 16 events, there are 136 ordering rules, or (n*+n)/2in
general), while the number of possible permutations increases to nfacto-
rial. Asamore computationally efficient approach, weimplemented the
following algorithm: (1) initialize with the event order inferred fromsite
lunigramfrequencies; (2) iterate through adjacent epochs frombegin-
ning to end and swap signals A and B if the bigram frequency of B-Ais
greater thanthat for A-B; and (3) repeat step 2 until no additional swaps
are necessary. For both programmes 1 and 2, this algorithm resulted
in correct ordering of the 16 signals, out of 16 factorial or 21 trillion
possibilities (Extended Data Fig. 4¢). This inference was robust to the
sequencing depth, asthe correct order could be reconstructed fromas
few as 2,500 reads of the 5XTAPE-1amplicon (Extended Data Fig. 4d).

The dearth of bigrams inconsistent with the true order, illustrated
by the lack of signal below the diagonal in the programme 1 and
programme 2 heatmaps (Fig. 2¢,d), indicates minimal interference
between adjacent epochs; thatis, transfected pegRNAs from adjacent
epochs did notoverlapin theiractivities. To evaluate performancein
the presence of such overlap, we designed programme 3, in which two
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Fig.5|Reconstruction ofamonophyleticcelllineage tree using DNA
Typewriter.a, Amonophyleticlineage tree of the 3,257 cells with all 13
TargetBC Tape arrays recovered. The UPGMA clustering method was used to
constructthe tree from a distance matrix that takes into account the order of
edits within the TAPE-1arrays, by discounting matches for which earlier sites
alongthesame DNA Tape were not alsoidentically edited. b, Alineage tree
constructed by order-aware UPGMA for asubset of 32 cellsdrawn from the

barcodes are introduced in each epoch but adjacent epochs always
share onebarcode (Fig. 2a). Concurrent transfection of two pegRNAs
with distinct barcodes is evident in the resulting bigram frequency
matrix, specifically by the signal both immediately above and below
the diagonal (Fig. 2e). Our aforementioned decoding algorithm per-
formed slightly worse on programme 3, with a single swap between
epochs 4 and 5required to revise the inferred order to the correct
order (Extended Data Fig. 4c).

Finally, we asked whether the relative strength of signals could be
inferred from symbols recorded to DNA Tape. For this, we designed
programmes 4 and 5, which have the same order of barcodes—a pair
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larger tree, specifically the two 16-cell clades marked with light blue in the
circular tree. Numbers next to branching points denote bootstrap values out of
100resamplings. The 59 sites of the 13 TargetBC-associated Tape arrays are
represented to the right, with InsertBCs coloured by editidentity. Cellsare
identified by the 16-bp CellBCs (10x Chromium v3 chemistry) listed on the far
right. A higher-resolution version of the entire tree of 3,257 cellsin the same
formatis provided in Supplementary Fig.1.

in each epoch-but with each pair at different ratios in the two pro-
grammes. In programme 4, pegRNAs encoding each pair of barcodes
were always mixed at a 1:3 ratio, whereas in programme 5 the same
pairs for each epoch were mixed at al:1,1:2, 1:4 or 1:8 ratio (Fig. 2a).
For both programmes, the resulting bigram frequency matrix was
consistent with expectation and the order of events was accurately
inferred (Fig. 2f,g and Extended Data Fig. 4c). However, in addition, we
were able to compare the relative ratios at which each pair of barcodes
was introduced within each epoch between programmes 4 and 5 and
found these to be well correlated with expectation (Fig.2h and Extended
DataFig.4e,f). Takentogether, these results show that DNA Typewriter



canrecord, recover and decode complex event historiesincluding the
order, overlap and relative strength of signals.

Recording and recovering short texts

We next designed astrategy torecord and decode short text messages
in populations of cells with DNA Typewriter. In brief, we modified the
Base64 binary-to-text encoding scheme by assigning each of the 64 pos-
sible 3-mers to 6-bit binaries. The Base64 scheme encodes uppercase
and lowercase English characters, numbers from 0 to 9, and two sym-
bols.Inour TAPE64 scheme, we encoded uppercase English characters,
four symbols and a whitespace, with two-fold or four-fold redundancy
(Fig.3aand Supplementary Table 2).

We selected three messages to encode: (1) “WHAT HATH GOD
WROUGHT?”, the first long-distance message transmitted by Morse
codein1844;(2) “MR. WATSON, COME HERE!”, the first message trans-
mitted by telephonein1876;and (3) “BOUND FOREVER, DNA”, a transla-
tion of alyric from the 2017 song DNA by the K-pop music group BTS.
Each message was splitinto sets of four characters. Plasmids encoding
agivensetof pegRNAs were concurrently transfected along with a plas-
mid encoding PE2 into 5XTAPE-1(+) HEK293T cells at a ratio of 7:5:3:1,
suchthattheratio encoded the order of the four characters withineach
set (Fig.3b). Assuch, each fullmessage could be recorded by five to six
consecutive transfections spaced by 3-day intervals.

To recover and decode the recorded messages, we collected pop-
ulations of cells corresponding to each message and amplified and
sequenced the DNA Tape region. From the resulting reads, we first
identified all characters in the message by examining NNNGGA inser-
tions at site 1 of 5XTAPE-1. We then grouped these characters into sets
by hierarchical clustering (Extended Data Fig. 5a), while also ordering
the sets relative to one another by applying the algorithm used for
the previous experiment to the bigram transition matrix (Fig. 3c-e).
Finally, we arranged the four characters within each set by decreasing
the order of their edit score-corrected frequencies, as within each set
earlier characters were encoded at a higher plasmid concentration.

For all three messages, our reconstructions of the original text were
reasonable but imperfect. From the first message, 17 out of 22 charac-
terswere correctly recovered and ordered, with 3 deletion errorsand1
swap between adjacent characters toyield “WAHATH GOD WRUOGT?”
(Fig.3c). Of note, the deletion errors were due to repeated use of pegRNA
barcodes ACT, CAT and GAC to encode multiple ‘H’ or ‘T’ characters that,
assuch, were not expected to be recovered separately. These deletion
errorsare theresult of ourencoding scheme, which used only 64 unique
pegRNAs. We anticipate that greater information content per edit can
be achieved with pegRNAs with longer barcodes; for example, 6-bp
barcodes would have allowed eachinstance of repeated characterstobe
represented by differentinsertions, thereby avoiding thiskind of error.
Inline with our previous analysis on decoding complex event histories,
this inference was robust to sequencing depth, as undersampling did
not appreciably add more errorsto decoded messages (Extended Data
Fig.5b). Fromthe second message, 20 out of 22 characters were correctly
recovered and ordered, with two deletions and one insertion to yield
“MR. WATSON, COMIHEE!” (Fig. 3d). From the third message, 16 out of
18 characters were correctly recovered and ordered, with asingle swap
betweenadjacent characterstoyield “BOUND FOREVE,R DNA” (Fig. 3e).
Despite these errors, our experiment demonstrates the potential of DNA
Typewriter to digitally record the content and order of information to
the genomes of populations of mammalian cells.

Ordered recording of cell lineage

Beginning with genome editing of synthetic target arrays for lineage
tracing (GESTALT), several approaches have been developed that lever-
age stochastic genome editing to generate a combinatorial diversity
of mutations that irreversibly accumulate to acompact DNA barcode

duringinvivo development®*°. Suchstochastically evolving barcodes
mark cells and enable inference of their lineage relationships on the
basis of patterns of shared mutations. However, despite their prom-
ise, GESTALT and similar recorders remain sharply limited by several
technical challenges, including (1) a failure to explicitly record the
order of editing events, which renders phylogenetic reconstruction
of cell lineage highly challenging®*; (2) a reliance on DSBs and NHEJ
to introduce edits (DSBs frequently delete or corrupt consecutively
located targets within a barcode); and (3) the decreasing number of
target sites available to CRISPR-Cas9 as sites are irreversibly edited,
which effectively makes it impossible to sustain continuous lineage
recording over long periods of time without sacrificing resolution.

The ordered manner in which edits accrue with DNA Typewriter,
the use of a prime editor with a Cas9 nickase to insert one of many
possible symbols at the type guide, the predefined sequences and
locations of potential edits, and the fact that one and only one mono-
mer is an active type guide at any given moment have the potential to
addressall of these limitations at once. To demonstrate this potential,
we soughttorecord cell lineage during the expansion of amonoclonal
cell line, leveraging DNA Typewriter in combination with single-cell
RNA-seq (scRNA-seq). First, we constructed a HEK293T cell line with
doxycycline (Dox)-inducible PE2 expression (iPE2(+) HEK293T). We
also designed and cloned alentiviral construct that includes (1) the
5XTAPE-1sequence, associated with arandom 8-bp barcode region
(TargetBC) at its 5’ end; (2) a transcription cassette for TargetBC-
SXTAPE-1withareverse transcription capture sequence for enrichment
during scRNA-seq; and (3) a constitutive pegRNA expression cassette
that targets TAPE-1for a 6-bp insertion (NNNGGA, referred to below
as InsertBC; GGA is the key sequence for TAPE-1) (Fig. 4a). Lentiviral
transduction of this constructinto the cell line at a high multiplicity of
infection (MOI) was followed by serial dilution to isolate amonoclonal
cellline that grew from1cell to~1.2 million cells via -20 doublings over
25 daysin the presence of Dox (Fig. 4b and Extended Data Fig. 6a).
After collection, we used scRNA-seq to recover and sequence multiple
TargetBC-5xTAPE-1arrays from each of 12,000 cells.

The frequency distribution of recurrently observed TargetBCs and
InsertBCs in these data suggested that the MOI for this monoclonal
cellline was ~19 (Extended Data Fig. 6b,c and Methods). However, the
DNA Tapes associated with some TargetBCs were recovered more
effectively than others (Extended Data Fig. 6b), presumably owing
to site-of-integration effects on expression. To minimize complica-
tions related to missing data, we focused our analysis on cells for which
we recovered DNA Tape sequences from all of the 13 most frequently
observed TargetBCs, excluding one DNA Tape sequence with a cor-
rupted type guide (TargetBC ATAAGCGG). Although the sequencing
error rate was estimated to be very low (Extended DataFig. 6d,e), accu-
mulation of errors across edited sites might affect lineage reconstruc-
tion. We therefore also required that all edits to these DNA Tapes be
among the 19 most frequently observed InsertBCs.

Applying these filters left 3,257 cells, for each of which we recov-
eredintact TAPE-1sequences for each of the 13 prioritized TargetBCs.
Although nine of these TAPE-1sequences were the expected five mono-
mersinlength, three were four monomersinlength (TargetBCs TGGAC-
GAC, TTTCGTGA and TGGTTTTG) and one was two monomersin length
(TargetBC TTCACGTA). Because of their consistent length across the
dataset, we infer that these TargetBC-specific contractions are due to
pre-existing heterogeneity in the TAPE-1lentiviral library before inte-
gration, rather than having been caused by editing. Thus, the TAPE-1
arrays on which we focused our analyses included 13 active type guides
and 59 editable sites. With 59 editable sites and 19 potential edits per
site, the overall complement of assayed DNA Tape in each cell has on
the order of 107 possible states.

During monoclonal expansion, the generation of lineage barcodesin
each cell was efficient, such that the vast majority of the cells assayed
contained aunique editing pattern across the 59 sites (3,236/3,257 or
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99.4%; 9 patterns recurred in 2 cells and 1 pattern recurred in 3 cells).
After 25 days of editing, the first sites of active TAPE-1 arrays were
edited tonear saturation (mean, 96.8%) while the fifth sites were only
modestly edited (mean, 19.7%) (Fig.4c). Across all13 DNA Tape arrays,
the number of edits accruing per cell resembled a Poisson distribution,
with the mean number of discrete events per cell (i =39.4) roughly
equalling the variance (¢6° = 40.0) (Fig. 4d). Assuming 20 cell divisions,
this corresponds to an average of two edits accruing per cell division.
The mean number of pairwise differences between cells, including
sites at which one cell was edited and the other was unedited, was
41.9 +5.3 (Fig. 4e).

We next sought to construct a cell lineage tree. In contrast to
GESTALT and other CRISPR-Cas9-based lineage recording systems,
edits accruing to the multicopy DNA Tape derive from a finite set of
pegRNA-specified symbols, analogous to the finite set of nucleotides
or amino acids used to build conventional phylogenetic trees. How-
ever, in further contrast to GESTALT but also to conventional phylo-
genetics, DNA Typewriter provides explicitinformation regarding the
orderinwhichdifferencesaccrued. To leverage this, we constructed a
3,257 x 3,257 similarity matrix by calculating, for all possible pairs of
cells, the number of shared edits across the 59 sites. However, for shared
edits at any given site to be counted, we required that all earlier sites
along that DNA Tape also be identically edited (Methods). Across all
5.3 million pairwise comparisons of cells, 24 million of 33 million shared
edits met this criterion; those that did not presumably correspond to
coincident occurrences of the same edit at the same site in different
cells and, as such, are appropriate to discount. After converting this
similarity matrix to a distance matrix, we generated two phylogenetic
trees, using either the unweighted pair group method with arithme-
tic mean (UPGMA) or the neighbour-joining hierarchical clustering
method. When comparing these two methods, UPGMA resultedina
tree withalower parsimony score 0f123,625, compared with the score
0f124,997 for the tree constructed using neighbour-joining hierarchi-
cal clustering. A compact representation of the UPGMA tree is shown
inFig. 5a, with the full tree in Supplementary Fig. 1.

To assess robustness, we first focused on two distantly related clades
of 16 cells from the global UPGMA tree, merged them into a new set
of 32 cells and then performed conventional bootstrapping, treating
the sites associated with each of the 13 TargetBCs as independent
groups, sampling 13 TargetBC groups with replacement, and then
constructing and comparing UPGMA-based trees (Methods). Across
100 resamplings, all 31 branchings were observed multiple times, 20
with bootstrap values over 50%, with abootstrap value of 100% for the
separation between the two distantly related clades (Fig. 5b). Boot-
strap analysis of an additional clade of 81 cells is shown in Extended
Data Fig. 6f; for this clade, all 80 branchings were observed multiple
times, 38 withbootstrap values over 50%. Finally, we performed boot-
strap analysis of the entire matrix, resulting in a tree in which 76% of
branches were seen multiple times and 25% had bootstrap values over
50% (Supplementary Fig.1).

Insummary, over the course of 25 days of expansion of amonoclonal
cellline from1to-~1.2 million cells, we observed the ordered accumula-
tion of 39.4 £ 6.3 edits to 59 sites located within 13 DNA Tape arrays.
Although the number of active type guides at these arrays declined
(from 13 in the founding cell to a mean of 8.6 active type guides per
cell after 25 days), we did not exhaust the recording capacity of the
system (only 1ofthe 3,257 sampled cells was edited at all 59 sites). To
further assess whether editing was maintained throughout the experi-
ment, we examined the number of pairwise differences between each
cell and its nearest neighbour within the sampled set of 3,257 cells
(Fig.4f).Onaverage, cells were separated from their nearest neighbour
by 22.8 edits (or, assuming a constant rate of -2 edits per generation,
11to 12 generations). We interpret this as strong support for the con-
clusion that editing of the DNA Tapes was maintained throughout
clonal expansion.
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Editing and recovering longer DNA Tape

As illustrated by this lineage tracing experiment, we can deploy and
recover at least a dozen DNA Tapes in each cell, which substantially
increasesinformation capacity. However, even with multiple DNA Tapes,
the maximum potential recording duration of each DNA Tape remains
directly proportional to the number of consecutive monomers oneach
DNA Tape. Although 5XTAPE-1 appears to be very stable within cells
as well as throughout amplification and sequencing (Extended Data
Fig. 4b), longer tandem arrays might introduce additional technical
challenges, for example, by being difficult to synthesize, clone and
maintain, prone toinstability during in vivo DNA replication or repair as
wellas duringinvitro PCR, and difficult to accurately and fully sequence.

Toevaluate the extent to which suchissues might be limiting in prac-
tice, we sought to generate asynthetic minisatellitein the form of 12 or
20repeats of the 14-bp TAPE-1 monomer. 12xTAPE-1 was synthesized as
single-stranded DNA (IDT), and 20xTAPE-1was synthesized as a plasmid
(GenScript). PCRamplicons of each array were cloned into the piggy-
Bacvector through Gibsonassembly. Of note, cloned constructs were
used ‘as is’, even thoughiit is possible that some degree of variation
inrepeat number was already present (Extended Data Fig. 7a,b). We
integrated piggyBac vectors bearing ~-12xTAPE-1 or ~20xTAPE-1into
HEK293T cells expressing both PE2 and pegRNAs targeting TAPE-1
for NNNGGA insertions (PE2(+) 3N-TAPE-1-pegRNA(+) HEK293T) in
triplicate. We cultured these cell lines for 40 days before collecting
genomic DNA. PCR amplification of TAPE-1 was followed by stand-
ard library construction and sequencing on the Pacific Biosciences
Sequel platformto obtain circular consensus sequencing (CCS) reads.
Onaverage, werecovered 8.4 + 3.3 repeats of TAPE-1 monomers from
12xTAPE-1and 12.5 + 4.3 repeats from 20xTAPE-1. In each case, there
was a sharp drop-off after the intended length of 12 or 20 monomers,
suggesting that, regardless of the mechanism, these longer arrays are
more proneto contraction than expansion (Extended Data Fig. 7c). Of
note, the editing rates were the same for the constructs (4.5 £ 1.3 edits
and 4.5 t+ 1.5edits for the 122xTAPE-1and 20xTAPE-1arrays, respectively;
Extended DataFig. 7d). Thisis expected, aseach DNA Tape has exactly
one active type guide and, as such, the rates at which they are written
to should be independent of their length.

We grouped CCS reads within each replicate on the basis of adegen-
erate 8-bpbarcode (TargetBC), as these presumably derived from the
same integration. On average, each TargetBC group had 3.1+ 3.4 and
3.8 £ 5.7 reads for ~-12xTAPE-1 and ~20xTAPE-1, respectively. Within
TargetBC groups, shorter arrays appeared more stable, withagreater
proportion matching the maximum length within that group (Extended
Data Fig. 7e,f). Of representative CCS reads for 4,784 and 6,254 inte-
grated arrays for 12xTAPE-1 and 20xTAPE-1, respectively, the over-
whelming majority (>99.5%) exhibited clear patterns of sequential,
directed editing (Extended Data Fig. 7g,h). In terms of the maximum
extent to which any given DNA Tape was edited, we observed one Tar-
getBC for which 14 distinct 3-bp insertion events were recorded along
al4-monomer DNA Tape.

This experimentillustrates thatitis possible to construct and use syn-
thetic minisatellites correspondingto atleast 20 monomersasaDNA Tape
andthatsequential recording of atleast 14 consecutive events with DNA
Typewriteris possible. Nonetheless, further experiments arerequired to
quantify the extent to which variation insynthetic minisatellite length is
due to (1) piggyBac vector heterogeneity, that is, variation that existed
before integration; (2) DNA replication and microsatellite instability in
HEK293T cells; (3) DNA repair subsequent to prime editing-induced nicks;
and/or (4) PCR amplification artefacts. Of note, the observed variation
inarray length tended to occur within the unedited portion of the DNA
Tape (Extended DataFig.7g,h). We have yet to observe any clear examples
of ‘information erasure’, possibly because the edits themselves disrupt
the tandem repeats, inhibiting processes that might otherwise lead to
erasure from spreading proximal to the type guide.



Discussion

Digital systems represent information through both the content and
order of discrete symbols, with each symbol drawn from a finite set.
Digital systems are ancient and include written text, Morse code and
binary data as well as, of course, genomic DNA. In this proof-of-concept
study of DNA Typewriter, we demonstrate how sequential genome
editing of a monomeric array constitutes an artificial digital system
that is operational within living eukaryotic cells, capable of ‘writing’
thousands of discrete symbols to DNA in an ordered fashion.

DNA Typewriter improves on existing CRISPR-based molecular
recorders in important ways (Supplementary Table 3). The sequen-
tial editing achieved by DNA Typewriter resembles Cas1-Cas2-based
recording’®™'¢, which at present is limited to bacterial systems. In
DOMINO" and CAMERA", base editors are used to record biological
signals to ‘preprogrammed logic circuits’ composed of multiple targets
forbase editing. Although these methods are conceptual predecessors
to DNA Typewriter, there are critical differences. In particular, with
all three methods, a recording event creates a new target for further
editing (thatis, the type guide). However, with DOMINO and CAMERA,
each logic circuit is designed to record a specific order. By contrast,
asingle DNA Typewriter construct can potentially record any order.
For example, to distinguish pairwise orderings withinaset of nevents,
DOMINO or CAMERA would require n-choose-2 recording logic circuits
or a system that contains on the order of n* unique gRNAs and their
targets. By contrast and as demonstrated here (Fig. 2), DNA Typewriter
requiresonly asingle target array such as 5XTAPE-1, along with nunique
pegRNAs that encode different insertions but share the same target.

How might we write biologically specific information using DNA
Typewriter? Here we use pegRNAs to encode symbols (that is, inser-
tional barcodes), but these pegRNAs are introduced by artificial
transduction or stochastic expression. However, several groups have
engineered gRNAs whose activity is dependent on the binding of
specific small molecules or ligands® . Also, we recently developed
ENGRAM, a prime editing-based system in which biological signals
of interest such as NF-kB and Wnt signals are coupled to the produc-
tion of specific pegRNAs*. These pegRNAs mediate the insertion of
signal-specific barcodes toa DNA-based recording site, providing quan-
titative information with respect to the strength and/or duration of
the signal(s). Atleast in principle, such strategies are compatible with
the currentimplementation of DNA Typewriter, potentially enabling
the temporal dynamics of multiple biological signals or other cellular
events to be recorded and resolved. In this context, the use of longer
and therefore more diverseinsertionbarcodes could enable extensive
multiplexing, although this might come at the expense of recording
efficiency. A further cautionis that we estimate the rate of prime editing
tobeonthe order of days, such that DNA Typewriter may be most useful
for recordinginformation about biological processes that unfold over
atimescale of days or weeks, rather than minutes or hours.

Onesuch processisbiological development, wherein the unfolding
of acell lineage tree is of fundamental interest. In a proof-of-concept
experiment, we show how DNA Typewriter overcomes the major limita-
tions of earlier editing-based lineage recorders such as GESTALT®*° by
reducing ambiguity about the order in which editing events occurred,
eschewing DSBs and thereby minimizing the risk of inter-target dele-
tion, predefining the locations to which edits accrue, predefining the
‘symbol set’ from which edits are drawn and stabilizing the rate of edit-
ing by ensuring one and only one type guide per active DNA Tape. These
attributes clearly paid off in our proof-of-concept experiment, as we
were able to sustain a seemingly steady accumulation of edits to mul-
ticopy DNA Tape across 25 days of in vitro expansion, from a single cell
toover 1 million cells. Although this islonger than the gestation period
of amouse, we do not exhaust the recording capacity of the system.
Furthermore, theresulting data are sufficiently richand complete that
we can build and characterize cell lineage trees from these data with

conventional phylogenetic algorithms (for example, UPGMA and NJ),
with only minor modifications directed at leveraging information about
the order of edits, not available in other contexts in which phylogenet-
icsisapplied. Inthis experiment, the number of edits accruing per cell
resembled a Poisson distribution. Further experiments are needed to
assess the extent to which this rate of accrual is a function of absolute
time, the cell cycle or some combination thereof. However, as it has
been shown that prime editing continues to take place in non-mitotic
cells suchas neurons?, we suspect thatitis primarily afunction of time.
What are the limits of this approach? Under the assumption that we
canachieve similar performancein vivo (multiple efficiently recovered
DNA Tapes per cell; steady accrual of edits over several weeks; multiple
edits per lineage per cell division), we canreadily conceive of atechnical
path to Sulstonesque reconstructions® of the cell lineage histories of
non-transparent model organisms, for example, flies, mice, zebrafish
and macaques. We further envision that asingle synthetic DNA construct
that encodes a prime editing enzyme, multiple recording arrays and a
combination of stochastic and signal-specific pegRNAs could be used to
simultaneously record both lineage and biological signals in any multi-
cellular system, thatis,amolecular ‘flight recorder’locus. A single-locus
design would be less affected by site-of-integration effects, such as we
have observed with multiple DNA Tape constructs integrated across
the genome. Alternatively, if genomic sites with a high prime editing
efficiency can be identified, such sites might be leveraged to boost
information capture. A separate risk is that prime editing efficiency
might vary substantially across cell types. However, any such variation
could potentially be ameliorated by technicalimprovements to system
components®?, by increasing recording capacity and/or by model-
lingit during tree reconstruction. Although challenging to engineer, a
generic recorder locus would allow us to take full advantage of DNA as
aninvivodigital recording medium, for example, not only to character-
ize wild-type development, but also to enable systematic comparison
of the developmental histories of wild-type and mutant individuals.
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Methods

Plasmid cloning

Both pegRNA and DNA Tape constructs were cloned using either Gib-
son assembly (Gibson Assembly Master Mix, New England Biolabs) or
ligation after restriction (T4 DNA ligase, New England Biolabs). For
the Gibson assembly protocol, inserts of interest, usually ordered
in the form of single-stranded DNA (IDT; Ultramer, up to 200 bp, or
oPool, up to 350 bp), were amplified using PCR (KAPA HiFi polymer-
ase) and convertedinto double-stranded DNA molecules. For ligation,
single-stranded DNAs (IDT) were annealed with 4-bp overhangs on both
ends of the double-stranded DNAs, withthese overhangs actingasasub-
strate for T4 DNA ligase. Cloning backbones were digested with either
Bsal-HFv2 or BsmBI-v2 (NEB), gel purified and mixed withinsertsinthe
Gibson assembly reaction. Asmallamount (1-2 pl) of Gibson assembly
reaction mix or T4 ligation mix was added to an NEB Stbl cell (C3040)
for transformation with cells grown at 30 °C or 37 °C for plasmid DNA
preparation (Qiagen Miniprep). The resulting plasmids were sequence
verified using Sanger sequencing (Genewiz). The pegRNA plasmids
used in transient transfection experiments were cloned using plasmid
backbone pU6-pegRNA-GG-acceptor (Addgene, 132777), following
the protocol outlined in ref. 2. The resulting pegRNA expression cas-
sette had aU6 promoter and poly(T) terminator. For epegRNA cloning,
another fragment including the evoPreQl sequence was added, with
eachstrand of oligonucleotides purchased phosphorylated from IDT.
The Lenti-TargetBC-5XTAPE-1-pegRNA-InsertBC construct was cloned
onthebasis of the CROP-seq vector® (CROP-seq-guide-Puro; Addgene,
86708). The vector was modified to include a GFP-TargetBC-5xTAPE-
1-CaptureSequencel sequence, and the sequence downstream of the U6
promoter had been modified to allow insertion of the InsertBC-pegRNA
sequence. Plasmids encoding DNA Typewriter constructs (piggyBac-
5XTAPE-1-BlastR), lineage tracing constructs (Lenti-TargetBC-5xTAPE-
1-pegRNA-InsertBC) and pegRNAs (pU6-CApegTAPE1) have been
submitted to Addgene (accessions 175808, 183790 and 175809).

Tissue culture, transfection, lentiviral transduction and
transgene integration
The HEK293T cell line was purchased from the American Type Culture
Collection and maintained by following the recommended protocol
fromthe vendor. Primary MEFs were purchased from Millipore-Sigma
(PMEF-CFL; EmbryoMax Primary Mouse Embryonic Fibroblasts, strain
CF1, not treated, passage 3). Both HEK293T and MEF cells were cul-
tured in DMEM with high glucose (Gibco), supplemented with 10%
FBS (Rocky Mountain Biologicals) and 1% penicillin-streptomycin
(Gibco). mEScells(E14tg2a) were a gift from C. Schroter. mEScells
were cultured in Ndiff 227 medium (Takara) supplemented with 1%
penicillin-streptomycin, 3 uM CHIR99021 (Millipore-Sigma), 1 pM
STEMGENT PD0325901 (Reprocell) and 1,000 units of ESGRO recom-
binant mouse LIF protein (Sigma-Aldrich). For culturing of both MEFs
and mEScells, wells in the culture plates were coated with 0.1% gelatin in
a37°Cincubatorforlh.Cells were grownwith 5% CO,at 37 °C. Cell lines
were used asreceived without authentication or atest for mycoplasma.

For transient transfection, HEK293T cells were cultured to 70-90%
confluencyina24-well plate. For prime editing, 375 ng of Prime Editor-2
enzyme plasmid (Addgene, 132776) and 125 ng of pegRNA plasmid
were mixed and prepared with transfection reagent (Lipofectamine
3000) following the recommended protocol from the vendor. Cells
were cultured for 4 to 5days after the initial transfection unless noted
otherwise, and genomic DNA was collected following cell lysis and the
protease protocol fromref. 2

BothMEFsand mEScells were transfected using4D-Nucleofector (Lonza
Bioscience). For MEFs, about 200,000 cells were resuspended in 20 pl
Nucleofector buffer with supplement, mixed with 800 ng of DNA plasmids
(600 ng of pCMV-PEmax-P2A-hMLH1dn and 200 ng of epegRNA plasmid),
loaded onto al6-wellstrip cuvette and electroporated using programme

CM137 in the 4D-Nucleofector. For mEScells, about 50,000 cells were
resuspended in 20 pl Nucleofector buffer with supplement, mixed with
800 ng of DNA plasmids (600 ng of pCMV-PEmax-P2A-hMLH1dn and
200 ng of epegRNA plasmid), loaded onto a 16-well strip cuvette and
electroporated using programme CG104 in the 4D-Nucleofector. Cells
were cultured for four more days before genomic DNA collection or the
subsequent transfection in the case of mEScells.

For lentivirus generation, approximately 300,000 HEK293T cells
were seeded in each well of a six-well plate and cultured to 70-90%
confluency. Thelentiviral plasmid was transfected into cells along with
the ViraPower lentiviral expression system (Thermo Fisher), following
therecommended protocol from the vendor. Lentivirus was collected
following the same protocol, concentrated overnight using Peg-it Virus
Precipitation Solution (SBI) and used within 1-2 days to transduce
HEK293T cells without a freeze-thaw cycle. To achieve high MOI, we
used the MagnetoFection protocol (OZ Bioscience). For the lineage
tracing experiments, transduced cells were serially diluted and seeded
in 96-well plates to identify monoclonal lines. Dox concentrations
were maintained by including 10 mg ™ Dox in the initial culture and
replenishingitevery 5 days, to account for the 24- to 48-hour half-life
of Dox in culture medium.

For transposase integration, 500 ng of cargo plasmid and 100 ng of
Super piggyBac transposase expression vector (SBI) were mixed and
prepared with transfection reagent (Lipofectamine 3000) following
therecommended protocol from the vendor and then transfected into
confluent 24-well plates. A monoclonal cell line with Dox-inducible
expression of PE2 was generated by integrating the coding sequence
for PE2 using the piggyBac transposase system and selecting clones
by prime editing activity, as previously described”.

Genomic DNA collection and sequencing library preparation
Thetargeted region from collected genomic DNA was amplified using
two-step PCR and sequenced using an lllumina sequencing platform
(NextSeq or MiSeq). The first PCR (KAPA Robust polymerase) included
1.5 plof celllysate and 0.04 to 0.4 pM of forward and reverse primersin
afinalreaction volume of 25 pl. Inthe first PCR, samples were incubated
for3minat95°C;15sat95°C,10sat65°Cand 90 sat 72 °C for 25-28
cycles;and1minat72 °C.Primersincluded sequencing adaptors at their
3’ ends, appending them to both termini of the PCR products amplified
fromgenomic DNA. After the first PCR step, products were assessed on
a6% TBE gel, purified using 1.0x AMPure beads (Beckman Coulter) and
addedtothesecond PCR thatappended dual sampleindex sequences
and flow cell adaptors. The second PCR programme was identical to
thefirst exceptthat weranit for only 5-10 cycles. Products were again
purified using AMPure beads and assessed on a TapeStation (Agilent)
before being denatured for the sequencing run.

Toappend 10-bp unique molecular identifiers (UMlIs), we performed
PCRin three steps: first, genomic DNA was linearly amplified in the
presence of 0.04 to 0.4 pM of a single forward primer in two PCR
cycles using KAPA Robust polymerase. Specifically, we programmed
the UMI-appending linear PCR to incubate samples for 3minand15s
at 95°C; 1 min at 65 °C followed by 2 min at 72 °C for 5 cycles; 15 s at
95°C;and 1 minat 65 °Cfollowed by 2 minat 72 °Cfor 5 cycles. Second,
this reaction was cleaned up using 1.5x AMPure beads, followed by a
second PCR with forward and reverse primers: 3 min at 95°C;15s at
95°C,10sat65°Cand 90 sat72 °Cfor25-28 cycles;and1 minat72 °C.
Inthis PCR, the forward primer bound upstream of the UMI sequence
and was not specific to the genomiclocus. Finally, after PCR amplifica-
tion, products were cleaned up using AMPure magnetic beads (1.0x,
following the protocol from Beckman Coulter) and added to the third
andlast PCRthatappended dual sampleindex sequences and flow cell
adaptors. The run parameters for the third PCR were the same as for
the second PCR except that only 5-10 cycles were used. TAPE construct
sequences and PCR primer sequences are provided in Supplementary
Tables 4 and 5, respectively.
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For long-read amplicon sequencing library preparation, we used
a one-step PCR protocol: the first PCR (KAPA Robust polymerase)
included1.5 pl of cell lysate and 0.04 to 0.4 pM of forward and reverse
primers with Pacific Bioscience sampleindex sequencesinafinal reac-
tion volume of 25 pl. We programmed the first PCR to incubate sam-
ples for3minat 95°C;15sat95°C,10 s at 65°C and 3 min at 72 °C for
25-28cycles;and1 minat 72 °C. After the first PCR step, products were
purified using 0.6x AMPure beads (Beckman Coulter), assessed on a
TapeStation (Agilent) and sequenced on the Sequel platform (Pacific
Biosciences; Laboratory of Biotechnology and Bioanalysis, Washington
State University).

Genomic DNA amplicon sequencing data processing and
analysis

Sequencing reads from the lllumina MiSeq and NextSeq platforms were
first demultiplexed using BCL2fastq software (Illumina). For the experi-
mentsshowninFig.1(and Extended Data Figs.1-3), sequencing libraries
were single-end sequenced to cover the DNA Tape from one direction.
For the experiments shown in Figs. 2 and 3 (and Extended Data Figs. 4
and 5), sequencing libraries were paired-end sequenced to cover the
entirearray frombothdirections. Paired reads were then merged using
PEAR*with default parameters to reduce sequencingerrors. Insertion
sequences, in the form of NNGGA (5-mer) to NNNNNNGGA (9-mer),
were extracted from sequencing reads of the TAPE arrays, including
2xTAPE-1, 3xTAPE-1and 5xTAPE-1, using pattern-matching software
such as Regular Expression (package REGEX) in Python. Insertions
(4-6 bp) in 3xTAPE-1to 3xTAPE-48 were also extracted using REGEX
pattern-matching software.

For the sequential transfection epoch experiment shown in Fig. 2,
we first extracted 5-mer insertions from 5xTAPE-1 sequencing reads
and used a k-means clustering algorithmto filter out possible PCR and
sequencingerrors with low read counts. Such filtering removed all reads
that had the wrong key sequence (GGA in the case of TAPE-1), leaving a
set of 16 possible 5-mer sequences in the form of NNGGA. Across five
repeatsofinsertionsitesin 5XTAPE-1, we calculated the separate unigram
frequencies for each site, which were used to build the unigram order
as shown in Extended Data Fig. 4c. Bigram frequencies for adjacent
insertionsites (sitelandsite 2, site2and site 3, site 3and site 4, and site
4 and site 5) were combined, normalized across the row and column,
and used to build the bigram transition matrices showninFig.2c-g. For
ordering of barcodes according to their transfection history, we first
generated a unigram order by sorting relative frequency at site 1, with
barcodes assumed to have been transfected earlier if they appeared
more frequentlyinsite1thaninthe othersites. Using the resulting uni-
gramorder as theinitial order, we implemented an iterative algorithm
where we passed through the order fromearly to late, swapped the order
ifabigram frequency was inconsistent with the order and restarted the
pass unless there had been no swaps in asingle pass.

For the short digital text encoding experiment shown in Fig. 3, we
extracted 6-mer insertions, corrected the read counts of each 6-mer
by editing efficiency (using separately measured insertion frequency
andrespective plasmid abundance, similarly to the process describedin
Extended DataFig.1d,f), used a k-means clustering algorithm toidentify
NNNGGA barcodes and built abigram transition matrix as described in
the paragraph above. Wefirst analysed the bigram transition matrices
using a hierarchical clustering algorithm with default parametersinR
software (using a Euclidean distance measure and the complete linkage
clusteringmethod, as described in Extended DataFig. 5). Putative sets
of barcodes (cotransfection sets with generally 2-4 barcodes) were
visually identified on the basis of the dendrogram and used to group
barcodesinthe output bigram order of the algorithm used above. The
order within the cotransfection sets was determined using corrected
unigram counts combined across all five sites, where more abundantbar-
codeswere assigned tobe earlier within the set. Barcodes were mapped
backto the text following the encoding table (Supplementary Table 2).

For the long-read sequencing experiment described in Extended
Data Fig. 7, 12xTAPE-1 and 20xTAPE-1sequences were isolated from
Pacific Biosciences CCS reads. The number of TAPE monomers and
insertions was calculated using sequential text matching around inser-
tionsand the expected length of the array based oninsertion counts.
Reads withoutamatchbetweenexpected length and observed length
were filtered out. Each 12xTAPE-1 and 20xTAPE-1 construct is associ-
ated withan 8-bp degenerate barcode sequence (TargetBC). Assuming
thattheintegrationsites for each TargetBC were different, we grouped
reads from any given replicate that had the same TargetBC. On the
basis of our observation thatarray collapse is more frequent than array
expansion, we selected the read with the maximum number of TAPE
monomers from each set of reads that shared a TargetBC. If multiple
reads werein atie by this criterion, we selected the one (or one of the
ones) withthe most edits for presentationin Extended Data Fig. 7g,h.
For presentation in Extended Data Fig. 7c-h, we selected reads that
had at least three insertions and at most 12 or 20 TAPE-1 monomers
(Extended Data Fig. 7c-f) or at most 25 TAPE-1 monomers (Extended
DataFig.7g,h).

Single-cell lineage tracing experiment and analysis

Monoclonal HEK293T cells containing 5XTAPE-1, iPE2 and multiple
TargetBC-5XTAPE-1-pegRNA constructs were cultured for 25 days
in the presence of 10 mg 1" Dox. Dox was replenished every 5 days,
to account for the 24- to 48-hour half-life of Dox in culture medium.
The initial culture in a 96-well plate was moved to a 24-well plate and
subsequently to a 6-well plate, when the culture was 80-90% conflu-
ent. Once the monoclonal cell line reached confluence in the six-well
plate (estimated to be 1.2 million cells), cells were frozen and thawed
for a single-cell experiment in the absence of Dox. For preparation of
cellsfor the single-cell experiment, cells were dissociated, pelleted by
centrifugation at 200 RCF for 5 min and resuspended in a single-cell
suspensionin 0.04% BSA (NEB) in 1x PBS at a concentration of 1,000
cells per pl following the Cell Preparation Guide from 10x Genomics
(manual part no. CGO0053 Rev C). Cell numbers and the single-cell
suspension were checked using both a manual haemocytometer and
aCountess I FL Cell Counter (Thermo Fisher).

Single-cell suspensions of cells were directly used in the 10x
Genomics experimental protocol (Chromium Next GEM Single-Cell
3’ Reagent Kit v3.1 with Feature Barcoding Technology for CRISPR
Screening; manual part no. CGO00205 Rev D). We strictly followed
the protocol with recovery of20,000 targeted cells (10,000 per reac-
tion) until step 2.3. The protocol is written for the CRISPR Screening
library, where Feature Barcode componentsincluding CRISPR gRNA
sequences would be collected in step 2.3B, owing to its smaller size
compared with the 3’ Gene Expression library (collected in step 2.3A).
In our case, we expected our Feature Barcode components includ-
ing TargetBC-5xTAPE-1 constructs tagged with 16-nucloetide 10x
single-cell barcodes (CBC) and 12-bp UMIs from reverse transcrip-
tion to be greater than 1kb in length and therefore collected along
with the 3’ Gene Expression library. Nonetheless, we collected both
components (the eluates from steps 2.3A and 2.3B) and detected
TargetBC-5xTAPE-1 constructsin both using quantitative PCR. Detec-
tion of TargetBC-5xTAPE-1 constructs from step 2.3B was unexpected
but could have resulted from non-processive reverse transcription
that generated shorter cDNA products. We combined the TargetBC-
5XTAPE-1constructs and used paired-end sequencing to obtain CBC,
UMl and TargetBC-5xTAPE-1sequences for eachread, along with the
3’ Gene Expression library.

For the initial analysis, we used the CellRanger pipeline from 10x
Genomics, which filtered out single-cell barcodes (CBC) and UMIs,
recovering about 12,000 cells. We selected reads that contained
approved CBC and UMI sequences and extracted TargetBC-5xTAPE-1
sequences from the CellRanger output BAM file. Reads with different
UMIs were collapsed on the basis of shared CBC-TargetBC-5xTAPE-1



sequences, and any CBC-TargetBC-5xTAPE-1reads that had fewer than
two UMl sequences associated with them were removed. In cases where
we observed the same CBC-TargetBC pairs but with different 5XTAPE-1
sequences, we took the consensus sequence with a larger number of
associated UMIs.

For the monoclonal lineage tracing experiment, we corrected
the observed TargetBC if it contained a single-nucleotide mis-
match with respect to the approved list of the 19 most frequent
8-bp sequences. If the TargetBC differed from the list of sequences
by more than 2 nucleotides, we removed the corresponding reads
from further analysis. For detection of the 14-bp TAPE-1sequence,
asingle-base-pair mismatch or substitution error was corrected to
the TAPE-1sequence. We also filtered out TargetBC-5xTAPE-1arrays
that included InsertBCs other than the top 19 most frequent ones.
Thisresulted in a table where each row contained a CBC, TargetBC
and up to five InsertBCs (unedited positions left blank) (Supple-
mentary Data).

For lineage tree reconstruction, only cells (CBC) that included the
top 13 most frequent TargetBCs were selected (3,257 cells). This ‘top
13’ list excluded the corrupted ATAAGCGG TargetBC (where the second
TAPE-1monomer appeared to have been contracted by 6 bp, inactivat-
ing the type guide). We calculated a 3,257 x 3,257 distance matrix by
countingthe number of shared InsertBCsacross13 x 5 = 65 sites, only
counting them if they had the same InsertBC at previous sites (five
possible sites per TargetBC; unedited sites were excluded), and then
subtracting the count from the maximum number of shared InsertBCs
(59, excluding 6 missing sites from three 4<TAPE-1arrays and one
2xTAPE-1array) to calculate the distance between a pair of cells. The
resulting distance matrix was used asanargumentin the UPGMA and
neighbour-joining clustering functionsin the R phangorn package*.
Tree visualizations, bootstrapping analysis and parsimony analysis
were performed using the R ape package*? and included functions.
Bootstrap resampling was done on blocks of sites within the same
TargetBC-TAPE-1 array (that is, resampling with replacement of the
intact TAPE-1arrays associated with the 13 TargetBCs). We then used
the same functionto calculate the distance matrix as described above,
counting InsertBCs as shared only if they had the same InsertBC at
previous sites within the TargetBC-TAPE-1array.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended DataFig.1| Therelative insertional frequencies of k-mers to DNA
Tape are determined by relative pegRNA abundances as well as by
insertion-dependentsequencebias. a. Conditional, site-specific editing
efficiencies across 3 sites within the 3XTAPE-1or 5sites within the SXTAPE-1,
calculated as thenumber of reads that contain an editin theindicated site over
thetotal number of reads that contain an editin theimmediately preceding
site, whichactivates the indicated site as a target for editing. The number of all
SXTAPE-1(or 3XTAPE-1) reads were used for calculating the site-specific editing
efficiency for the Site-1, whichisactivated by its own key sequence. The center
and error barsare meanand standard deviations, respectively, fromn =2
transfectionreplicates for the second plot from the left and n = 3 transfection
replicates for the other 3 plots. b. Pairwise scatterplots of unigram frequencies
of NNGGA insertions at the initiating monomer of 5XTAPE-1among three
transfectionreplicates. c. Scatterplot of unigram frequencies, averaged across
three transfectionreplicates, at the initiating vs. second monomer of SXTAPE-1.
d.Scatterplot ofaveraged unigram frequencies at the initiating monomerin

“pre-cloning pooling” experimentvs. theabundances of NNGGA pegRNA-
expressing plasmids (left). Insertional bias was corrected for with datafroma
separate experiment using NNGGA pegRNA-expressing plasmids that were
pooled post-cloning, resulting inabetter correlation with the abundances of
pegRNAs inthe plasmid pool (right). Corrections were done by dividing pre-
cloning unigram frequencies by post-cloning unigram frequencies at the
initiatingmonomer and multiplying by post-cloning pegRNA plasmid
frequencies. e.Scatterplot of NNGGA edit scores calculated on the initiating
monomer of the SXTAPE-1target edited by pegRNA-expressing plasmids
pooled pre-cloning vs. post-cloning. Edit scores for eachinsertion are
calculated aslog2 of the ratio between insertion frequencies and the
abundances of pegRNAs in the plasmid pool. Spearman’s p was used instead of
Pearson’sr.f.Scatterplot of averaged unigram frequencies at the initiating
monomer in “post-cloning pooling” experiment vs. the abundances of NNGGA
pegRNA-expressing plasmids (left). Correcting for insertional bias with
pre-cloningunigram frequenciesimproves the correlation (right).
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Extended DataFig.2|Enhancements of prime editing facilitate DNA
Typewriter’s range and efficiency. a. Editing efficiencies at the first site of
SXTAPE-lintegrated in HEK293T cells. A pool of plasmids expressing TAPE-1
targeting epegRNAs were transfected with the pCMV-PEmax-P2A-hMLH1dn
plasmid. Five pools with differentinsertion lengths ranging from 5-bp
(NNGGA) to 9-bp (NNNNNNGGA or 6N+GGA) were tested separately. The
centerand error bars are mean and standard deviations, respectively, from
n=3transfectionreplicates.b.Scatterplot of 16 NNGGA edit scores with
pegRNAsvs.epegRNAs. c. Edit scores for 16 NNGGA insertions with epegRNA.
Editscoresforeachinsertionare calculated aslog2 of the ratiobetween
insertion frequencies and the abundances of pegRNAs in the plasmid pool.
d.Scatterplot of 64 NNNGGA edit scores with pegRNAs vs. epegRNAs. e. Edit
scores for 64 NNNGGA insertions with epegRNAs. f. Knee plot of read-counts
for 4,096 possible 6N+GGA insertions, across three replicates. Aminimum
threshold of requiring atleast 20 reads for agiveninsertionin each of the three
transfectionreplicates was determined based on this plot. g. Knee plot of read-
counts for 4,096 possible 6N+GGA-inserting pegRNAs from the pool of
plasmids. Aminimum threshold of 30 reads for each insertion plasmid was

determined based on this plot. h. Edit scores for1,908 6N+GGA insertions. Only
insertions thatappeared more than 20 readsin each of three transfection
replicatesand more than 30 readsin the sequencing of the plasmid pool were
considered. Editscores for eachinsertionare calculated aslog2 of the ratio
betweeninsertion frequencies and the abundances of pegRNAs in the plasmid
pool.i. Top 25editscores for 6N+GGA insertions.j. Editing efficiencies at the
firstsite of 5XTAPE-lintegrated in the mouse embryonic fibroblasts (MEFs) or
mouse embryonic stem cells (MESCs). For mESCs, up to two sequential
transfections of apool of epegRNA-expressing plasmids were tested. The error
barsarestandard deviations fromn=3transfectionreplicates.k,l. Scatterplot
of 16 NNGGA (k) and 64 NNNGGA (1) edit scores with epegRNAs in mESCs vs.
HEK293T cells. Edit scores were calculated after one transfection (left) or two
serial transfections (right) of the same pool of pCMV-PEmax-P2A-hMLH1dn/
U6-epegRNA plasmids. The edit score calculated with two serial transfections
showed higher correlations (Spearman’s p) with the edit score measuredin
HEK293Ts, probably due to better coverage of the insertion pools. Edit scores
showninthis figure are calculated by combining sequencing dataacrossn=3
transfectionreplicate experiments.
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Extended DataFig. 3| Characterising diverse DNA Tape designs for
efficiency and directional accuracy. a. Deriving 48 TAPE designs from the
eight basal CRISPR spacer sequences that previously demonstrated reasonable
prime editing efficiencies?**? viasix distinct sequence shuffling procedures.
b. Efficiency (fraction of edited reads out of all reads) vs. sequential error rate
(fraction of edited readsinconsistent with sequential, directional editing out
ofalledited reads) for 48 3XTAPE constructs on episomal DNA (left) and
piggyBAC transposonintegrated DNA (right). Both horizontal and vertical
error bars are standard deviations from n =3 transfection replicates.
c.Boxplots of the efficiencies and sequential error rates of 3XTAPE constructs
derived from 8 basal sequences for each of 6 design procedures. Each data
pointis either mean efficiencies or meansequential errorratesovern=3
independent transfection experiments with 8 basal sequencesineach
experiment.Ingeneral,alonger key sequence was associated with alower error

rate, whilealongerinsertion did not appreciably impact efficiency (e.g.
NNGGAC with Design-6 vs. NNGA with Design-5). d. Boxplots of sequential
error rates (left) and efficiencies (right) of 3XTAPE constructs grouped by
their basal CRISPR target sequences. Each data pointis either mean
efficiencies or meansequential error rates over n =3independent transfection
experiments with 6 design proceduresin each experiment. Boxplot elements
inc,drepresent: Thick horizontal lines, median; upper and lower box edges,
firstand third quartiles, respectively; whiskers, 1.5 times the interquartile
range; circles, outliers. e. Correlationbetween the sequential error rate (left)
and editing efficiency (right) of each 3XTAPE construct either in the context of
episomal DNAvs.integrated DNA. Each data pointis both mean efficiencies
and mean sequential error rates over n =3 independent transfection
experiments with48 designsin each experiment.
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Extended DataFig.4|See next page for caption.




Extended DataFig. 4 |Inferred event order and magnitude fromsequential
transfections. a. Sequential editing efficiency and sum of sequential errors
from five sitesin SXTAPE-1across 16 transfection epochs of Program-1.

b. Repeat-length change of 5XTAPE-1array sampled over 16 transfection
epochs. c.Foreach of the five transfection programs, the event orders are
inferred using “Unigram” (top) and “Bigram” (bottom) information.
d.Undersampling analysis of Program-1. From the original 277,397 sequencing
reads used for Program-1, we undersampled to 10,000, 2,500, 2,000,1,500, or
1,000reads. For each sampling point, the bigram transition matrix (top) was

plotted and order of events (bottom) were inferred using bigram information.
Inc,d, sequencingreads fromn =3 independent transfection experiments are
combined. e,f. For Program-4 (e) and Program-5 (f), the absolute barcode read
counts (left) are corrected based on the edit score of 16 NNGGA barcodes
(middle), and used to calculate the relative magnitude of two co-transfected
barcodes (right). The expected barcode ratios are marked withared “X” markin
eachepoch. Thecenteranderrorbarsinpanels (a), (b), (e), and (f) are meanand
standard deviations, respectively, fromn =3 transfection replicates.
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Extended DataFig.5|See next page for caption.




Extended DataFig. 5|Inferring thebarcode overlap in each message.
a.Hierarchical clustering analyses of identified unigram barcodes based on the
bigram matrices. For each message, the normalised bigram matrix was
converted to adistance matrix using the euclidean distance measure. The
resulting distance matrix was then used for clustering 3-mer barcodes using
the complete-linkage clustering method, resultingin acluster dendrogram for
each message. Based on these dendrograms, groups of 2 to 4 barcodes were
manually grouped as putative co-transfection sets, and ordered within the set
based onunigram frequencies. Sets were ordered relative to one another using
the normalised bigram matrix, following the sorting algorithm described in the

text.b.Undersampling analysis of the short text “WHAT HATH GOD
WROUGHT?”. From the original 1,256,996 sequencing reads, we undersampled
to 4 sampling points:1,000,000,100,000,10,000, and 5,000 reads. Foreach
sampling point, the bigram transition matrix (top), the corrected unigram
counts (middle), and the hierarchical clustering (bottom) were plotted. From
these, the original shorttext wasinferred at the end. Both 2D histogram and
corrected read counts are calculated by summing the sequencing reads over
n=3independent transfection experiments. Read counts are corrected using
the editscore foreachinsertionbarcode.
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Extended DataFig. 6 | Characterising the monoclonallineage tracing
experiment. a. Cell doubling times measured for HEK293T and the
monoclonallineage tracing cell line (iPE2(+) LT(+)), with or without Doxycycline
(Dox). The presence of Dox lengthened the cell doubling time, possibly
negatively affecting the cell physiology. Pvalues were obtained using the two-
tailed Student’s t-test with Bonferroni correction: only *P<0.05are shown. The
centerand error bars are mean and standard deviations, respectively, from
n=3independent experiments.b. Determining aset of valid TargetBCs based
onfrequencies. The Y-axisisonaloglO-scale.Recovered TargetBCs were first
ranked by their read counts to estimate multiplicity of infection (MOI) (left).
Any additional TargetBCs that are 1-bp Hamming distance away from the set of
19 were corrected. We thenretained 3,257 cells for which we recovered 13 of the
most frequent TargetBCs (excluding one tape sequence withacorrupted type-
guide) for lineage analysis (right). c. Read counts of InsertBCs observed in
TAPE-1arrays. The Y-axisis onaloglO-scale. For the 3,257 selected cells, we
additionally required that all observed edits were amongst the 19 most
frequentInsertBCsinthe overall dataset, as we presume this to be the valid set
of pegRNA-definedinsertional edits. d. Characterization of indel error rates of
prime editing on TargetBC-5xTAPE-1arrays. The Y-axisisonalogl0-scale.

Correctlengthinsertions with prime editing are >100-fold more likely than an
insertion of a differentlength product. Furthermore, some of the apparent
longerinsertions arelikely to correspond to a contraction of TAPE-lmonomer
within 5XTAPE-1before the integration, such as contraction of
TGATGGTGAGCACG TAPE-1monomer to the observed TGAGCACG 8-bp
sequence appearing between two TAPE-1monomers. e. Characterization of
substitution error rates during prime editing-mediated insertion of the GGA
key sequence on TargetBC-5XTAPE-1arrays. The X-axisis on alogl0-scale.
Correctinsertionsare >100-fold more likely thaninsertions with substitution
errors. The most frequent class of errors are transition errors, and these may be
occurring during PCR amplification or sequencing-by-synthesis of cDNA
amplicons, rather than during prime editing. Data in panel (b) to (e) is
generated from n=1monoclonallineage experiment, followed by n =1single-
cellRNA-seqdatacollection.f. Alineage tree constructed by order-aware
UPGMA for aclade of 81 cells drawn from the larger tree. Numbers next to
branching points denote bootstrap values out of 100 resamplings. The 59 sites
of 13 TargetBC-associated tape arrays are represented to the right, with
InsertBCs colored by edit identity. Cells are identified by the 16-bp CellBCs (10X
Chromium v3 chemistry) listed on the far right.
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Extended DataFig.7|Editing and recoveringlonger TAPE arrays.
a-b.Sanger sequencingtraces for cloned (a) 12xTAPE-1and (b) 20XTAPE-1
constructs. Each TAPE-array includes the 3-bp key sequence (GGA for TAPE-1),
12 or20repeats of 14-bp TAPE-1monomer, and a11-bp partial TAPE-lmonomer
toserveasaprime-editing homology sequence for the last editing site.
Nucleotides A, C,G,and T,in Sanger sequencingtraces are colored green, blue,
black, andred, respectively. Grey barsin the background are proportional to
quality (Phred-scale) for each base call. c-h. Integration, editing, and recovery
of12x and 20XTAPE-1arrays. Each construct was integrated into PE2(+)
3N-TAPE-1-pegRNA(+) HEK293T cell line in triplicate, cultured for 40 days for
prolonged editing, and recovered viaPCR and long-read sequencing on the
PacBio platform. Circular consensus sequencing (CCS) reads that had atleast3
NNNGGA insertions and nosmallindel errors were grouped based on the site of
integration (using 8-bp TargetBC barcodes), and aread with the maximum
number of TAPE-1monomers (and within that set, the read with the maximum
number of edits) was selected per TargetBC. c. Histogram of the number of
TAPE-1monomers recovered from ~12xTAPE-1 (top) and ~20XTAPE-1 (bottom)

integrants. d. Histogram of number of edits recovered from ~12xTAPE-1 (top)
and -20xTAPE-1 (bottom) integrants. e. For TargetBC groups with agiven
maximum number of TAPE-1monomers (X-axis), we show the mean proportion
with the same number of monomers as the maximum (Y-axis), for both
12XTAPE-1(red) and 20XTAPE-1 (blue) integrants. We conclude from this that
shorterarrays are more stable, and that the length-dependent stability is
consistent between the two experiments. f. Similar to (e), but showing the full
distribution of monomer lengths (Y-axis) for each TargetBC group with a given
maximum number of TAPE-1 monomers (X-axis), for both ~12xTAPE-1(red) and
~20xTAPE-1 (blue) integrants. The size of dots are proportional to these
proportions. Datashownin panels (c) to (f) are generated by combining
sequencingreads fromn =3 transfection replicate experiments. g,h. Recovery
of (g) -12x-TAPE-1and (h) -20x-TAPE-1arrays after prolonged editing. Edited
portions of each TAPE-array are colored red and overwhelmingly exhibit
sequential editing. Very rarely, we observe instances of non-sequential editing,
e.g.internalmonomersthat areedited. These are marked with asterisks below
the corresponding column.
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