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Programmable deletion, replacement, integration
and inversion of large DNA sequences with twin
prime editing

Andrew V. Anzalone'?34, Xin D. Gao®'234, Christopher J. Podracky'?*#, Andrew T. Nelson'23,
Luke W. Koblan'23, Aditya Raguram'23, Jonathan M. Levy @23, Jaron A. M. Mercer'?3 and
David R. Liu®"238<

The targeted deletion, replacement, integration or inversion of genomic sequences could be used to study or treat human
genetic diseases, but existing methods typically require double-strand DNA breaks (DSBs) that lead to undesired conse-
quences, including uncontrolled indel mixtures and chromosomal abnormalities. Here we describe twin prime editing (twinPE),
a DSB-independent method that uses a prime editor protein and two prime editing guide RNAs (pegRNAs) for the programma-
ble replacement or excision of DNA sequences at endogenous human genomic sites. The two pegRNAs template the synthesis
of complementary DNA flaps on opposing strands of genomic DNA, which replace the endogenous DNA sequence between the
prime-editor-induced nick sites. When combined with a site-specific serine recombinase, twinPE enabled targeted integration
of gene-sized DNA plasmids (>5,000 bp) and targeted sequence inversions of 40 kb in human cells. TwinPE expands the capa-
bilities of precision gene editing and might synergize with other tools for the correction or complementation of large or complex

human pathogenic alleles.

single-base-pair substitutions to megabase duplications,
deletions and rearrangements'~’. Gene editing approaches
that can install, correct or complement these pathogenic variants in
human cells have the potential to advance understanding of genetic
disease and could also enable new therapeutics*’. Several mamma-
lian cell gene editing approaches based on CRISPR-Cas systems
have been developed over the past decade®, including nucleases’”,
base editors'®'' and prime editors?’, each with the potential to
address a subset of known pathogenic sequence changes.
CRISPR-Cas nucleases, such as Cas9, can be used to disrupt
genes by creating DSBs that lead to uncontrolled mixtures of indels.
Additionally, paired Cas9 nuclease strategies can mediate targeted
deletion of genomic DNA sequences ranging from ~50 to >100,000
base pairs in length'’. By providing a linear donor DNA sequence,
targeted insertion of new DNA sequences can be performed at
single cut sites or between paired cut sites through end-joining or
homology-directed repair (HDR) processes'*'*. Although versatile,
single-nuclease and paired-nuclease editing approaches have con-
siderable drawbacks. DNA donor knock-in is accompanied by effi-
cient indel byproducts'®, as HDR is generally inefficient compared to
end-joining processes in most cell types'”'*. The use of paired nucle-
ases for targeted deletion generates multiple byproducts'', and the
precise location of the deletions is restricted by PAM availability.
Moreover, DSBs at on-target or off-target sites can promote large
deletions®-*?, chromosomal abnormalities**** and chromothripsis®.
The tendency of DSBs to generate complex mixtures of undesired
byproducts and chromosomal changes** poses considerable chal-
lenges when applying nuclease-based editing for the manipulation
of larger DNA sequences, especially in therapeutic settings.

D isease-associated human genetic variants range from

Base editors can precisely install single-nucleotide mutations
without requiring DSBs®'*". Prime editors can precisely install any
of the 12 possible base substitutions as well as small insertions and
deletions without requiring DSBs'>. These DSB-free editing tech-
nologies cannot currently be used to directly install edits that alter
thousands of base pairs. Prime editing has been shown to be capable
of making precise insertions of up to ~40bp and deletions of up to
~80bp in human cells with high ratios of desired edits to byproducts'”.
Although prime editing offers the flexibility to replace one DNA
sequence with another, PE2 and PE3 systems have not yet been
able to mediate insertions or deletions the size of typical exons or
gene coding sequences. These large DNA changes would presum-
ably require long pegRNA reverse transcription templates and
long-range DNA polymerization, eroding efficiency. In contrast,
site-specific recombinases (SSRs) can excise, invert and integrate
large DNA sequences in mammalian cells”. The longstanding chal-
lenge of reprogramming SSRs*-*?, however, has limited their use for
precision gene editing applications.

Here we report the development of twinPE, which enables
the deletion, substitution or insertion of larger DNA sequences at
targeted endogenous genomic sites with high efficiencies in human
cells. We applied twinPE to efficiently insert recombinase recog-
nition sites at different genomic loci in a programmable manner,
allowing for targeted integration and inversion of gene-sized DNA
segments.

Results

TwinPE strategy. Prime editing uses a prime editor protein con-
taining a catalytically impaired Cas9 nickase and a wild-type (PE1)
or engineered (PE2) reverse transcriptase (RT) enzyme and a
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Fig. 1| Overview of twinPE and twinPE-mediated sequence replacement. a, TwinPE systems target genomic DNA sequences that contain two protospacer
sequences on opposite strands of DNA. PE2-pegRNA complexes target each protospacer, generate a single-stranded nick and reverse transcribe the
pegRNA-encoded template containing the desired insertion sequence. After synthesis and release of the 3’ DNA flaps, a hypothetical intermediate

exists possessing annealed 3’ flaps containing the edited DNA sequence and annealed 5’ flaps containing the original DNA sequence. Excision of the
original DNA sequence contained in the 5’ flaps, followed by ligation of the 3’ flaps to the corresponding excision sites, generates the desired edited
product. b, Example of twinPE-mediated replacement of a 90-bp sequence in HEK3 with a 38-bp Bxb1 attB sequence. Red arrows indicate the position of
pegRNA-induced nicks. ¢, Evaluation of twinPE in HEK293T cells for the installation of the 38-bp Bxb1 attB site as shown in b or the 50-bp Bxb1 attP site at
HEK3 using pegRNAs that template varying lengths of the insertion sequence. pegRNA names indicate spacer (A or B) and length of RT template. Values
and error bars reflect the mean and s.d. of three independent biological replicates.

pegRNA that both specifies the target genomic site and encodes the
desired edit'’. Upon target site recognition, PE-pegRNA complexes
nick the PAM-containing DNA strand and reverse transcribe the
pegRNA’s RT template into genomic DNA using the nicked strand
as a primer. After reverse transcription, the newly synthesized 3’
flap containing the edited sequence invades the adjacent DNA to
replace the redundant 5’ flap sequence. The opposing non-edited
strand is then repaired using the edited DNA strand as a template.
This proposed prime editing pathway presents at least two oppor-
tunities for cellular DNA repair to reject the desired edit and revert
the DNA sequence to its original form: during 3’ flap annealing and
ligation and during heteroduplex resolution.

We hypothesized that bypassing these steps in DNA repair might
allow prime editing to occur with increased efficiency and enable
new classes of targeted gene edits in mammalian cells. We envi-
sioned a twinPE strategy that uses a pair of pegRNAs, each target-
ing a different DNA strand, that each template the synthesis of a
3’ flap that is complementary to the 3’ flap templated by the other
pegRNA (Fig. 1a). We hypothesized that, if the newly synthesized
DNA strands were highly dissimilar to the endogenous target site,

732

the complementary 3’ flaps would preferentially hybridize with each
other to create an intermediate containing annealed 3’ overhangs
of new DNA sequence and annealed 5’ overhangs of original DNA
sequence (Fig. 1a). As both edited strands are synthesized by prime
editor complexes, there is no requirement for strand invasion of the
target site or for the edit to be copied to the complementary DNA
strand. Excision of the original DNA sequence (annealed 5’ over-
hangs) and ligation of the pair of nicks would result in the replace-
ment of the endogenous sequence with the paired 3’ flap sequences
(Fig. 1a). Owing to the flexibility in template design, the edit could,
in principle, insert a new DNA sequence or delete or replace the
original DNA sequence.

TwinPE-mediated large sequence replacement and deletion. To
test the twinPE strategy, we initially targeted the HEK293T site 3
locus (hereafter referred to as HEK3) in HEK293T cells to replace
90 bp of endogenous sequence with a 38-bp Bxbl integrase attB
substrate sequence® (Fig. 1b). For each protospacer, three pegRNAs
were designed with RT templates that contained 30, 34 or 38 nt of
the 38-bp attB sequence (Fig. 1c). Pairwise combinations of these
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pegRNAs are predicted to generate 3’ flaps with overlapping com-
plementarity ranging from 22 bp to 38bp (Fig. 1c). When both
pegRNAs were transfected into HEK293T cells along with PE2, we
observed highly efficient attB site insertion, with some combina-
tions of pegRNAs yielding more than 80% conversion to the desired
product (Fig. 1c). A similar strategy for the replacement of the
90-bp endogenous sequence with the 50-bp Bxbl attP attachment
sequence achieved editing efficiencies up to 58% (Fig. 1c). Notably,
it was not necessary for either pegRNA to encode the full inser-
tion sequence, because partially overlapping complementary flaps
enabled full-length attB or attP sequence incorporation, although
3’ flaps with greater overlap led to slightly higher editing efficiencies
and fewer indels (Fig. 1c).

Independent of our efforts, Choi et al.** and Lin et al.”” reported
elegant dual-pegRNA prime editing systems that can be used to
perform precise large deletions in human cells or improve base
substitution and small insertion or deletion edits in plant cells,
respectively. For each of these strategies, the templated 3’ flap
sequence is homologous to the target site DNA sequence to facilitate
DNA repair for incorporation of the edit (Fig. 2a). In contrast,
twinPE was designed to bypass the need for any homologous DNA
sequence in the pegRNA RT template, offering more template
sequence flexibility and the potential to make larger insertions with
shorter RT templates. To test if twinPE could support the inser-
tion of DNA sequences larger than the <44-bp insertions previ-
ously demonstrated'? using PE2 or PE3, we compared the ability
of twinPE and PE3 to generate a 108-bp FKBP12 cDNA fragment
insertion. Targeting the HEK3 locus with PE3 in HEK293T cells,
we achieved moderate editing efficiencies for the shorter 12-bp and
36-bp insertions (32% and 17%, respectively) but inefficient 108-bp
insertion (0.80%) (Fig. 2b). In contrast, twinPE enabled 16% inser-
tion efficiency for the 108-bp fragment with concomitant deletion
of 90 bp of HEK3 sequence, a 20-fold improvement. TwinPE was
two- to fourfold more efficient than PE3 for inserting the 108-bp
FKBP12 cDNA fragment at CCR5 and inserted 113-bp and 103-bp
sequences containing pairs of Bxbl recombinase sites (attB-27bp
spacer—attP or attB-27bp spacer-attB) at this locus with ~10%
efficiency (Extended Data Fig. 1). Collectively, these results dem-
onstrate the ability of twinPE to mediate larger insertions than have
been previously demonstrated with PE2 and PE3 systems.

One potential application of the twinPE strategy is the replace-
ment of mutated exonic coding sequence with DNA that encodes
wild-type sequence. Such an approach has the potential to correct
any combination of mutations between twinPE-induced nick sites
and raises the possibility of using a single pegRNA set to correct
multiple pathogenic mutations within a stretch of DNA. To test this
approach, we targeted PAH, which encodes phenylalanine hydroxy-
lase. Mutations within PAH cause the genetic metabolic disorder

phenylketonuria (PKU). We tested the ability of twinPE to recode
portions of PAH exon 4 and exon 7, which commonly harbor muta-
tions in patients with PKU, in HEK293T cells. By testing different
flap overlap lengths using engineered pegRNAs (epegRNAs) con-
taining a 3’ evoPreQ1l motif”’, we achieved the desired sequence
recoding with efficiencies of 23% for a 46-bp recoding in exon 7,
27% for a 64-bp recoding in exon 7 and 9.4% for a 64-bp recoding
in exon 4 (Fig. 2c and Extended Data Fig. 2). Additional exons in
PAH could also be recoded, albeit with lower efficiency (Extended
Data Fig. 2). These results demonstrate that twinPE can replace
stretches of dozens of nucleotides in human cells with a single pair
of pegRNAs.

In addition to insertion and replacement of DNA sequences,
twinPE might also mediate precise deletions more effectively and
with greater flexibility than previously described methods. We
compared three strategies using paired pegRNAs: a ‘single-anchor’
(SA)-twinPE strategy, which fixes the deletion junction at one of
the two nick sites; a ‘hybrid-anchor’ (HA)-twinPE strategy, which
allows flexible deletion junctions between the nick sites; and the
PrimeDel (PD) strategy, recently reported by Choi et al.”, which
generates deletions between the nick sites with the option of insert-
ing additional DNA sequence (Fig. 2d). These strategies differ in the
relationship of the sequences of the two flaps and the positioning of
the deletion with respect to the nick sites (Fig. 2d).

Targeting the HEK3 site in HEK293T cells using the SA strat-
egy, 13-nt complementary flaps were used to delete 77 bp adjacent
to one of the pegRNA-induced nick sites with 15% efficiency and
2.1% indels (Fig. 2e; SA-A77), and 34-nt complementary flaps were
used to precisely excise 56 bp of sequence with 19% efficiency and
4.2% indels (Fig. 2e; SA-A56). Using the HA strategy, we deleted 64
bp between the pegRNA-induced nick sites such that the product
retains 13 bp of sequence 3’ of each nick with 12% efficiency and
5.5% indels (Fig. 2¢; HA-A64). Finally, we tested the PD strategy for
the deletion of 90 bp between the pegRNA-induced nick sites, which
occurred with 40% efficiency and 1.6% indels (Fig. 2e; PD-A90).
The higher efficiency of the PD strategy might arise from its ability
to disrupt the PAM sequences on both strands, which likely
increases deletion efficiency by limiting target re-engagement that
can lead to indels or re-nicking of the prime-edited strand. Editing
efficiencies were improved for all three approaches by 1.5-fold to
2.5-fold upon the addition of the evoPreQ1 motif to the 3’ end of
the resulting epegRNAs* (Fig. 2¢). Together, these data show that
twinPE offers a strategy for performing targeted deletions with high
flexibility and high product purity that does not rely on the avail-
ability of nuclease cut sites.

We applied twinPE-mediated deletions to target DMD.
Pathogenic DMD alleles, which cause Duchenne muscular dys-
trophy, commonly contain large deletions in exonic regions that

>
>

Fig. 2 | Targeted sequence insertion, deletion and recoding with twinPE in human cells. a, Schematic diagram illustrating designs and edits generated for
twinPE, PD** and paired pegRNAs*. Shaded gray boxes indicate regions where DNA is excised; green lines indicate the incorporation of heterologous DNA
sequence; red and blue lines indicate regions of sequence homology (red to red and blue to blue); and yellow lines indicate regions with small edits. PD
can introduce but does not require introduction of heterologous sequence (green). b, Insertion of FKBP coding sequence fragments with PE3 (12 bp, 36 bp
and 108 bp) or twinPE (108 bp) at HEK3 in HEK293T cells. €, Recoding of sequence within exons 4 and 7 in PAH in HEK293T cells using twinPE. A 64-bp
target sequence in exon 4 was edited using 24 bp, 36 bp or 59 bp of overlapping flaps; a 46-bp target sequence in exon 7 was edited using 22 bp or 42 bp
of overlapping flaps; or a 64-bp sequence in exon 7 was edited using 24 bp or 47 bp of overlapping flaps. Editing activity was compared using standard
pegRNAs or epegRNAs containing 3’ evoPreQ1 motifs. d, Schematic diagram showing three distinct dual-flap deletion strategies that were investigated

for carrying out targeted deletions. The SA-twinPE strategy allows for flexible deletion starting at an arbitrary position 3’ of one nick site and ending at

the other nick site. The HA-twinPE strategy allows for flexible deletion of sequence at arbitrarily chosen positions between the two nick sites. The PD
strategy of Choi et al.>* tested here allows for deletion of the sequence starting at one nick site and ending at another nick site. Shaded gray boxes indicate
regions where DNA is excised; red and blue lines indicate regions of sequence homology (red to red and blue to blue). e, Deletion of sequences at HEK3

in HEK293T cells using the SA-twinPE, HA-twinPE or PD strategies targeting the same protospacer pair. Editing activity was compared using standard
pegRNAs or epegRNAs containing 3’ evoPreQ1 motifs. f, Deletion of exon 51 sequence at the DMD locus in HEK293T cells using SA-twinPE, PD, paired
Cas9 nuclease or twinPE-mediated attB sequence replacement. A UMI protocol was applied to remove PCR bias (Supplementary Note 1). Values and error
bars in b-f reflect the mean and s.d. of three independent biological replicates.
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result in frame-shifted transcripts®. Because production of nearly
full-length dystrophin protein without replacement of the deleted  tic strategy
exons can partially rescue protein function, deletion of another
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excising exon 51 in DMD*. Using SA-twinPE deletion approaches,
we observed 28% average efficiency for deletion of a 780-bp sequence
containing DMD exon 51 (Fig. 2f). Exon 51 of DMD could also be
excised using alternative spacer pairs that generate a 627-bp deletion
with the PD strategy (30% average efficiency) or by using twinPE to
replace a 589-bp sequence with a 38-bp Bxbl attB sequence (40%
average efficiency) (Fig. 2f). Although the paired single guide RNA
(sgRNA) Cas9 nuclease strategy for deleting 818 bp achieved higher
efficiency (averaging 50% precise deletion) compared to twinPE,
the deletion was also accompanied by much higher indel levels of
45% (33% desired deletion with additional indels, plus 12% indels
without the desired deletion) compared to twinPE, which averaged
5.1% total indels (Fig. 2f). These experiments show that twinPE and
PD can generate large deletions at therapeutically relevant loci in
human cells with far fewer indel byproducts compared to paired
Cas9 nuclease strategies.

To examine potential off-target editing by twinPE, we amplified
and sequenced four previously characterized off-target loci for one
of the HEK3 spacer sequences after treatment by eight different sets
of twinPE reagents targeting HEK3 (SA-A77, SA-A56, HA-A64 and
PD-A90 with standard pegRNAs and epegRNAs). For each of the
eight twinPE treatments, no detectable off-target edits or indels
were detected at any of the four off-target sites beyond background
levels in untreated control samples (Supplementary Table 5). The
requirement for multiple hybridization events (pegRNA spacer to
genome, pegRNA PBS to nicked genomic DNA primer and synthe-
sized 3" DNA flap to either the genome in standard PE or the second
3’ DNA flap in twinPE) might explain the low off-target editing
of prime editing compared to Cas9 nuclease, as observed by our
group and others'>***!,

Site-specific DNA integration at safe harbor loci with twinPE
and Bxbl integrase. Although twinPE can mediate large inser-
tions more efficiently than PE3, the upper limit of sequence inser-
tion that we observed with twinPE was ~100 bp. To integrate larger
DNA cargo, we combined twinPE with a site-specific integrase
(Fig. 3a). Researchers have previously used Bxb1 integrase to inte-
grate large DNA segments into pre-installed attB and attP sites in
mammalian cells””. To identify sites for cargo integration, we first
tested twinPE-mediated insertion of Bxbl attB and attP sequences
at established safe harbor loci in HEK293T cells. We screened 15
spacer pairs with three PBS variants per pegRNA (135 pegRNA
pairs total) for insertion of the 38-bp Bxbl attB sequence at CCR5
(Extended Data Fig. 3). Optimal pegRNAs for six of these spacer
pairs achieved more than 50% editing efficiency with 3.9-5.4%
indel byproducts (Fig. 3b). Likewise, 32 spacer pairs (288 pegRNA
pairs total) targeting AAVSI were screened for insertion of the 50-bp
Bxb1 attP sequence (Extended Data Fig. 4). Optimal pegRNAs for
17 of these spacer pairs achieved more than 50% efficiency with
a median of 6.6% indels (Fig. 3c). Notably, twinPE outperformed
PE3 for insertion of attB at CCR5 in HEK293T cells (Extended
Data Fig. 5). These results demonstrate that twinPE can be used to
insert recombinase target sites at safe harbor loci in human cells
with high efficiency.

Next, we examined if twinPE-inserted Bxbl attachment
sequences could serve as substrates for the integration of DNA
plasmids. We used twinPE to generate a clonal HEK293T cell line
with a homozygous attB insertion at CCR5. Transfection of this cell
line with a plasmid expressing codon-optimized Bxbl and a 5.6-kb
attP-containing DNA donor plasmid resulted in 12-17% knock-in
of the donor plasmid at CCR5, as measured by droplet digital poly-
merse chain reaction (ddPCR) quantification of an amplicon span-
ning the donor-genome junction and comparison to a reference
amplicon in ACTB (Extended Data Fig. 6). This knock-in efficiency
is consistent with previously reported Bxbl-mediated plasmid inte-
gration efficiencies in mammalian cells®.
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We next explored whether the components for twinPE-mediated
attachment site insertion and Bxbl-mediated recombination could
achieve donor integration in a single transfection step. Our initial
transfection of HEK293T cells with plasmids encoding PE2, both
pegRNAs, Bxbl and a 5.6-kb donor plasmid resulted in 1.4-6.8%
knock-in efficiency as measured by ddPCR (Fig. 3d). The anticipated
junction sequences containing attL and attR recombination products
were confirmed by amplicon sequencing, with very high product
purities (84.8-99.9%, 99.3% median) (Extended Data Fig. 6).

To optimize single-transfection targeted donor integration, we
investigated the effects of genomic attachment site (attB versus
attP), attachment site central dinucleotide (wild-type GT versus
mutant GA)* and the length of 3’ flap overlapping complementarity
on knock-in efficiency. We found that knock-in was more efficient
when twinPE was used to insert attB rather than attP, especially
when pegRNAs encoded full-length attB or attP (3.3% versus 0.5%
targeted integration; Fig. 3e). We also observed that the wild-type
GT central dinucleotide supported higher knock-in efficiencies
than GA (Fig. 3e). Notably, attachment sites with different central
dinucleotides are orthogonal to one another"’, which allowed mul-
tiplexed knock-in of an attB-GT donor at an attP-GT site in AAVSI
and GA donors at GA attachment sites in CCR5 (Extended Data
Fig. 6). Reducing 3’ flap overlap improved single-transfection tar-
geted plasmid integration efficiency from 3.3+0.2% with 38 bp of
overlap to 5.5+ 0.6% with 20 bp of overlap when inserting attB and
from 0.55+0.1% with 50 bp of overlap to 4.1+ 0.8% with 30 bp of
overlap when inserting attP (Fig. 3e). Similar twinPE efficiencies
were observed for attB insertion with long (38-bp) or short (20-bp)
flap overlaps. Recombination between attP-containing donor DNA
and pegRNA expression plasmid was observed when the pegRNAs
had 38 bp of overlap but was not detected with pegRNA plas-
mids encoding 20 bp of flap overlap (Extended Data Fig. 6). The
enhanced knock-in efficiency with partially overlapping flaps might
arise from reducing or eliminating unproductive recombination
between donor and pegRNA expression plasmid DNA.

We next applied plasmid integration via twinPE and Bxbl
recombination at ALB, which has been investigated clinically for
therapeutic transgene expression in hepatocytes***. Given high
albumin expression in the liver, therapeutic transgene integration
at ALB in a small percentage of hepatocytes could produce clini-
cally relevant protein levels for many loss-of-function diseases*. For
example, increasing circulating factor IX levels to just 1% of normal
is therapeutic for the treatment of hemophilia®. We devised a strat-
egy in which twinPE targets intron 1 of ALB and Bxbl integrates a
donor bearing a splice acceptor, followed by the cDNA for a pro-
tein of interest. After integration, splicing of the secretion signal in
ALB exon 1 to the therapeutic transgene enables its expression and
secretion.

We screened pegRNA pairs for the twinPE-mediated inser-
tion of attB within intron 1 of ALB (Fig. 3f) and identified a
spacer combination that achieved 43% correct insertion of the
attB sequence. Single-transfection integration of a mock donor
plasmid (a promoter-less copy of EGFP and PuroR-T2A-BFP
under control of the EFla promoter; 5.6-kb total) proceeded with
1.3% efficiency in HEK293T cells (Fig. 3g). In Huh7 cells, we
observed 34% correct insertion of the attB sequence (Fig. 3f) and
achieved single-transfection targeted knock-in efficiency of 2.6%.
Transfection of Huh7 cells with plasmids encoding Bxbl, PE2,
pegRNAs for attB insertion in ALB intron 1 and an attP-containing
donor bearing a splice acceptor and the cDNA for human factor IX
(hFIX) exons 2-8 led to detectable levels of hFIX in conditioned
media (Extended Data Fig. 7). No hFIX was detected when the
pegRNAs targeted CCR5 instead of ALB. Collectively, these results
establish a method for the integration of gene-sized DNA sequences
at targeted genomic loci in previously unmodified human cells
without double-strand breaks or HDR.
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Fig. 3 | Site-specific genomic integration of DNA cargo with twinPE and Bxb1 recombinase in human cells. a, Schematic diagram of twinPE and Bxb1
recombinase-mediated site-specific genomic integration of DNA cargo. b, Screening of twinPE pegRNA pairs for insertion of the Bxb1 attB sequence at the CCR5
locus in HEK293T cells. ¢, Screening of twinPE pegRNA pairs for installation of the Bxb1 attP sequence at the AAVST locus in HEK293T cells. d, Single transfection
knock-in of 5.6-kb DNA donors using twinPE pegRNA pairs targeting CCR5 (red) or AAVST (blue). The twinPE pegRNAs install attB at CCR5 or attP at AAVST.
Bxb1integrates a donor bearing the corresponding attachment site into the genomic attachment site. The number of integration events per 100 genomes is
defined as the ratio of the target amplicon spanning the donor-genome junction to a reference amplicon in ACTB, as determined by ddPCR. e, Optimization of
single-transfection integration at CCR5 using the A531+ B584 spacers for the twinPE pegRNA pair. Identity of the templated edit (attB or attP), identity of the
central dinucleotide (wild-type GT or orthogonal mutant GA) and length of the overlap between flaps were varied to identify combinations that supported the
highest integration efficiency. Percent knock-in quantified as in d. f, Pairs of pegRNAs were assessed for their ability to insert Bxb1 attB into the first intron of ALB.
Protospacer sequences (277 and 358) are constant across the pegRNA pairs. The pegRNAs vary in their PBS lengths (variant B or C). The 277¢/358c pair that
performs best in HEK293T cells can also introduce the desired edit in Huh7 cells. g, Comparison of single transfection knock-in efficiencies at CCR5 and ALB in
HEK293T and Huh7 cell lines. Percent knock-in quantified as in d. Values and error bars reflect the mean and s.d. of three independent biological replicates.

736 NATURE BIOTECHNOLOGY | VOL 40 | MAY 2022 | 731-740 | www.nature.com/naturebiotechnology


http://www.nature.com/naturebiotechnology

NATURE BIOTECHNOLOGY

ARTICLES

To assess the possibility of undesired Bxb1-mediated donor inte-
gration or sequence modifications at off-target sites in the human
genome, we selected five Bxb1 pseudo-sites for further characteriza-
tion. Pseudo-sites were nominated based on the presence of a mini-
mal Bxbl recognition motif (ACNACNGNNNNNNCNGTNGT)
identified by recombinase specificity profiling*® and a GT central
dinucleotide matching the donor plasmid used in our experi-
ments”. Amplicon sequencing of all five nominated pseudo-sites
in seven different samples treated with donor plasmid, twinPE
reagents targeting CCR5 or AAVSI and Bxb1 recombinase showed
undetectable (<0.1%) or near-background levels of indels com-
pared to untreated controls (Extended Data Fig. 7). To capture
donor plasmid integration events at the nominated pseudo-sites,
we attempted to amplify the expected integration junctions from
treated genomic DNA samples. We observed no PCR products
corresponding to off-target donor integration at any pseudo-site in
any sample, whereas amplicons corresponding to on-target donor
integration were readily observed (Extended Data Fig. 7). These
results demonstrate that twinPE+4+Bxbl can mediate precise donor
integration at the intended target site without generating detect-
able levels of undesired donor integration or sequence alteration at
predicted Bxb1 pseudo-sites in the human genome.

TwinPE and recombinase-mediated large inversions. Large struc-
tural variants are found in many human pathogenic alleles'~. Given
the high efficiency of recombinase attachment site insertions using
twinPE, we reasoned that multiplexing the insertion of Bxbl attB
and attP could be used to correct complex genetic variants by delet-
ing or inverting the intervening DNA sequence. We first tested
whether twinPE and Bxbl could revert an inverted H2B-EGFP
coding sequence stably integrated into the HEK293T genome via
lentiviral transduction (Extended Data Fig. 8). After transfection of
the reporter cells with PE2, four pegRNAs and Bxb1, we observed
up to 19% GFP-positive cells by flow cytometry, indicating success-
ful inversion (Extended Data Fig. 8).

To test the twinPE recombinase inversion approach at a thera-
peutically relevant locus, we performed a 40-kb inversion between
IDS and its pseudogene IDS2. Inversions between these sites have
been observed in ~13% of patients with Hunter syndrome”, and
characterization of the breakpoints in pathogenic alleles revealed
that the inversion often occurs within a recombination hotspot
that is present in both IDS and IDS2 (ref. ). We targeted regions
flanking these recombination hotspots for the insertion of attB
and attP sequences, which allow unidirectional inversion by Bxbl
to either generate or correct the pathogenic allele when present in
opposing orientations (Fig. 4a). After screening pegRNAs, we found
pegRNAs that are capable of inserting attB or attP sites at the left
and right targeted sites with 70% and 74% efficiency, respectively, in
HEK293T cells (Fig. 4b).

Next, we explored multiplexed twinPE insertion of attB and attP
sites with Bxbl-mediated inversion of the 40-kb sequence in IDS
and IDS2. We performed sequential DNA transfections with twinPE
components, followed by Bxbl. An initial set of pegRNAs (set 1)
was tested that installs a reverse-oriented attP sequence in intron 3

of IDS2 and a forward-oriented attB sequence in intron 7 of IDS. A
second set of pegRNAs (set 2) was used to install a forward-oriented
attP sequence in IDS2 and a reverse-oriented attB sequence in IDS.
We observed 52% or 55% attP insertion and 28% or 31% attB inser-
tion for multiplexed editing with pegRNA set 1 and set 2, respectively
(Fig. 4c). When edited cells were transfected with Bxb1 recombinase,
we observed a significant decrease in the percentage of amplified
alleles containing attP and attB sequences compared to mock trans-
fection controls (P < 0.05), suggesting that some pairs of sites had
recombined (Fig. 4c). Amplicon sequencing of the anticipated inver-
sion junctions revealed the presence of both attL and attR recombina-
tion products with product purity >80% at both junctions (Fig. 4d).
To circumvent unwanted recombination between pegRNA
expression plasmids when combining twinPE and Bxb1-mediated
inversion in a single step, we nucleofected HEK293T cells with PE2
mRNA, synthetic pegRNAs from set 1 and Bxbl mRNA. Using
amplicon sequencing, we captured the expected inverted allele junc-
tions containing attR and attL sequences (Extended Data Fig. 9).
To quantify inversion efficiency, we designed a reverse primer that
binds to identical sequences in both the non-inverted and inverted
alleles, allowing amplification of both alleles using the same primer
pair (Extended Data Fig. 9). We observed 7.7-9.6% and 2.1-2.6%
inversion efficiency for sequential and one-step methods, respec-
tively (Fig. 4e). Collectively, these data suggest that combining
twinPE with site-specific serine recombinases could be used to
install or correct a common 39-kb inversion that causes Hunter
syndrome and might eventually serve as a therapeutic strategy for
correcting other large or complex pathogenic gene variants.

Discussion
We developed a twin prime editing approach that can be used to
replace, insert or delete DNA sequences at targeted locations in the
genomes of human cells. TwinPE can efficiently replace endogenous
genomic DNA sequences with exogenous sequences containing
Bxb1 attB or attP sites at a variety of genomic loci in HeLa, U20S
and K562 cells (Extended Data Fig. 10). An active RT is required
for editing, as Cas9 nickase (H840A) and Cas9 nickase fused to an
inactivated RT (K103L/R110S) both failed to generate the desired
edits at all sites tested (Extended Data Fig. 10). We used twinPE
to recode portions of exon sequences within PAH, which, in prin-
ciple, could be used to correct multiple pathogenic variants using a
pegRNA pair. Moreover, because twinPE does not require pegRNA
RT templates to possess homology to the target site or encode the
entire replacement sequence, twinPE pegRNAs can encode larger
insertions for a given RT template length, including the insertion of
a 108-bp sequence with 16% efficiency using twinPE, representing a
20-fold improvement over PE3. Although the design principles gov-
erning twinPE pegRNA performance are not yet fully understood
(Supplementary Note 3), the use of epegRNAs” generally improved
twinPE (Fig. 2c,e and Extended Data Fig. 9). Empirical testing of
epegRNA pairs is important to optimize twinPE efficiency.

We demonstrated precise and flexible twinPE deletion strate-
gies that make use of the programmability of 3’ flap sequences
to fully specify deletion junctions, a limitation of nuclease-based

>
>

Fig. 4 | Site-specific large genomic sequence inversion with twinPE and Bxb1 recombinase in human cells. a, Schematic diagram of DNA recombination
hotspots in IDS and IDS2 that lead to pathogenic 39-kb inversions and the combined twinPE-Bxb1 strategy for installing or correcting the IDS inversion.

b, Screen of pegRNA pairs at IDS and IDS2 for insertion of attP or attB recombination sites. Values and error bars reflect the mean and s.d. of three
independent biological replicates. ¢, DNA sequencing analysis of the IDS and IDS2 loci after twinPE-mediated insertion of attP or attB sequences, with or
without subsequent transfection with Bxb1 recombinase. P values were derived from a Student’s two-tailed t-test. Values and error bars reflect the mean
and s.d. of three independent biological replicates. d, 40,167-bp IDS inversion product purities at the anticipated inversion junctions after twinPE-mediated
attachment site installation and sequential transfection with Bxb1 recombinase. Values and error bars reflect the mean and s.d. of three independent
biological replicates. e, Analysis of inversion efficiency by amplicon sequencing at IDS and IDS2 loci after sequential transfection or single-step transfection
of twinPE editing components and Bxb1 recombinase. Values and error bars for sequential transfection reflect the mean and s.d. of three independent
biological replicates. Values for single transfection reflect the mean of two independent biological replicates.
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deletion strategies. Using twinPE, we tested three deletion strategies, exon 51 with up to 28% efficiency and only 5.1% indels. Although
including the previously reported PD strategy’. TwinPE achieved  Cas9 nuclease-mediated deletion at this site achieved 50% perfect
precise deletions of up to 780nt in DMD, including the deletion of ~ deletion efficiency, it generated 45% indels in the process. TwinPE
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might be especially useful for applications in which uncontrolled
indel byproducts or other DSB consequences are problematic.

When combined with site-specific serine recombinases, twinPE
can support the integration of large DNA cargo and the inversion
of large DNA sequences. TwinPE and Bxbl in a single transfec-
tion successfully inserted a 5.6-kb DNA donor plasmid into the
genomes of human cells at AAVS1, CCR5 and ALB with 6.8%, 6.1%
and 2.6% efficiency, respectively. This RNA-programmable method
for targeted gene-sized insertions has several advantages over other
methods that use zinc-finger recombinases™, DSBs'*'* and HDR*
(Supplemental Note 4). Given that twinPE insertion of attB and
attP sequences can already exceed 80%, improving recombinase
efficiency represents a promising strategy for enhancing targeted
knock-in efficiencies.

We used multiplex twinPE insertion of attP and attB and Bxb1 to
perform a40-kb sequence inversion at IDS and IDS2 that is associated
with Hunter syndrome with 9.6% and 2.6% efficiency via sequential
transfection and one-step RNA nucleofection, respectively (Fig. 4e).
Although nuclease approaches have achieved targeted sequence
inversions previously”*’, DSB-induced repair pathways generate
undesired products and can lead to de novo structural variants,
including deletion of the targeted DNA sequence’®* and chro-
mosomal abnormalities”**. TwinPE and Bxb1 achieve similar effi-
ciency while circumventing the uncontrolled nature of DSB repair.

In summary, twinPE expands the capabilities of prime editing to
include targeted deletion, replacement and, when combined with
site-specific recombinases, gene-sized integration and inversion
without requiring double-strand breaks. These new capabilities
might enable strategies to study and treat genetic diseases arising
from loss-of-function or complex structural mutations.
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Methods

General methods. DNA amplification was conducted by PCR using Phusion

U Green Multiplex PCR Master Mix (Thermo Fisher Scientific) or Q5 Hot Start
High-Fidelity 2x Master Mix (New England Biolabs), unless otherwise noted.
DNA oligonucleotides were obtained from Integrated DNA Technologies (IDT).
Plasmids expressing sgRNAs were constructed by ligation of annealed
oligonucleotides into BsmBI-digested acceptor vector, as previously described'”.
Plasmids expressing pegRNAs were constructed by Gibson assembly or Golden
Gate assembly, as previously described'”. Sequences of sgRNA and pegRNA
constructs used in this work are listed in Supplementary Table 1. All vectors for
mammalian cell experiments were purified using Plasmid Plus Midiprep kits
(Qiagen), PureYield Plasmid Miniprep kits (Promega) or QIAprep Spin Miniprep
kits. Synthetic pegRNAs were ordered from IDT without high-performance liquid
chromatography purification.

General mammalian cell culture conditions. HEK293T (American Type Culture
Collection (ATCC) CRL-3216), U20S (ATTC HTB-96), K562 (ATCC CCL-243)
and HeLa (ATCC CCL-2) cells were purchased from ATCC and cultured and
passaged in DMEM plus GlutaMAX (Thermo Fisher Scientific), McCoy’s 5A
Medium (Gibco), RPMI Medium 1640 plus GlutaMAX (Gibco) or EMEM
(ATCC), respectively, each supplemented with 10% (v/v) FBS (Gibco, qualified)
and 1X penicillin-streptomycin (Corning). Huh7 cells (a gift from Erik
Sontheimer’s group, originated from ATCC) were cultured and passaged in DMEM
plus GlutaMAX (Thermo Fisher Scientific) supplemented with 10% (v/v) FBS
(Gibco, qualified) and 1x penicillin-streptomycin. All cell types were incubated,
maintained and cultured at 37 °C with 5% CO,. Cell lines were authenticated

by their respective suppliers and tested negative for mycoplasma.

HEK293T, HeLa and Huh? tissue culture transfection protocol and genomic
DNA preparation. HEK293T cells were seeded on 48-well poly-D-lysine-coated
plates (Corning). Next, 16-24h after seeding, cells were transfected at
approximately 60% confluency with 1l of Lipofectamine 2000 (Thermo Fisher
Scientific), according to the manufacturer’s protocols, and 750 ng of PE2 plasmid
DNA, 125 ng of pegRNA 1 plasmid DNA and 125 ng of pegRNA 2 plasmid DNA
(for twinPE transfections); 750 ng of PE2 plasmid DNA, 250 ng of pegRNA plasmid
DNA and 83 ng of sgRNA plasmid DNA (for PE3 transfections); or 750 ng of

Cas9 plasmid DNA and 125 ng of sgRNA 1 plasmid DNA and 125 ng of sgRNA 2
plasmid DNA (for paired Cas9 nuclease transfections). Unless otherwise stated,
cells were cultured 3 d after transfection, after which the media were removed; the
cells were washed with 1x PBS solution (Thermo Fisher Scientific); and genomic
DNA was extracted by the addition of 150 ul of freshly prepared lysis buffer
(10mM Tris-HCI, pH 7.5; 0.05% SDS; 25 ug ml™" of proteinase K (Thermo Fisher
Scientific)) directly into each well of the tissue culture plate. The genomic DNA
mixture was incubated at 37 °C for 1-2h, followed by an 80 °C enzyme inactivation
step for 30 min. Primers used for mammalian cell genomic DNA amplification

are listed in Supplementary Table 2. For HeLa cell transfections, cells were grown
and seeded in 96-well plates (Falcon, cat. no. 353075). Then, 16-24h after seeding,
cells were transfected with 0.75 pl of TransIT-HeLaMONSTER transfection reagent
(Mirus) using 190 ng of PE2-P2A-Blast plasmid DNA, 31.5ng of pegRNA 1
plasmid DNA and 31.5ng of pegRNA 2 plasmid DNA (for twinPE transfections).
Twenty-four hours after transfection, cells were treated with blasticidin to a final
concentration of 10 ug ml~'. Genomic DNA isolation was performed as described
above for HEK293T cells using 50 ul of lysis buffer. Huh7 cells were seeded at
150,000 cells per well in poly-D-lysine-coated 24-well plates (Corning). Then,
16-24h after seeding, cells were transfected with 2 ul of Lipofectamine 2000
(Thermo Fisher Scientific), according to the manufacturer’s protocols, and up to
800 ng of plasmid DNA (same ratios as in HEK293T transections described above,
scaled proportionally). Genomic DNA isolation was performed as described above
for HEK293T transfections.

High-throughput DNA sequencing of genomic DNA samples. Genomic sites
of interest were amplified from genomic DNA samples and sequenced on an
Tllumina MiSeq, as previously described, with the following modifications™. In
brief, amplification primers containing Illumina forward and reverse adapters
(Supplementary Table 2) were used for a first round of PCR (PCR 1) amplifying
the genomic region of interest. Next, 25-ul PCR 1 reactions were performed
with 0.5uM of each forward and reverse primer, 1 pl of genomic DNA extract
and 12.5 ul of Phusion U Green Multiplex PCR Master Mix. PCR reactions were
carried out as follows: 98 °C for 2 min and then 30 cycles of 98 °C for 105, 61°C
for 20s and 72 °C for 305, followed by a final 72 °C extension for 2 min. Unique
Illumina barcoding primer pairs were added to each sample in a secondary
PCR reaction (PCR 2). Specifically, 25l of a given PCR 2 reaction contained
0.5uM of each unique forward and reverse Illumina barcoding primer pair, 1l
of unpurified PCR 1 reaction mixture and 12.5ul of Phusion U Green Multiplex
PCR 2Xx Master Mix. The barcoding PCR 2 reactions were carried out as follows:
98°C for 2min and then 12 cycles of 98°C for 10s, 61 °C for 20s and 72 °C for
30s, followed by a final 72 °C extension for 2 min. PCR products were evaluated
analytically by electrophoresis in a 1.5% agarose gel. PCR 2 products (pooled by
common amplicons) were purified by electrophoresis with a 1.5% agarose gel
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using a QIAquick Gel Extraction Kit (Qiagen), eluting with 40 ul of water. DNA
concentration was measured by fluorometric quantification (Qubit, Thermo
Fisher Scientific) or qPCR (KAPA Library Quantification Kit-Illumina, KAPA
Biosystems) and sequenced on an Illumina MiSeq instrument using Illumina
MiSeq control software (version 3.1), according to the manufacturer’s protocols.

Sequencing reads were demultiplexed using MiSeq Reporter (Illumina).
Alignment of amplicon sequences to a reference sequence was performed using
CRISPResso2 (ref. **). For all prime editing yield quantification, prime editing
efficiency was calculated as: percentage of [no. of reads with the desired edit
that do not contain indels] + [no. of total reads]. For quantification of editing,
CRISPResso2 was run in HDR mode using the desired allele as the expected
allele (e flag) and with ‘discard_indel_reads’ on. Any sequence containing an
indel with respect to the allele to which it aligns was counted separately and did
not contribute to the correctly edited allele percentage. The percent editing was
quantified as the number of non-discarded reads aligning to the anticipated edited
allele (not containing indels) divided by the total number of sequencing reads
(which includes those aligned to reference with or without indels and those aligned
to the desired edit with or without indels). Indels were quantified as the total
number of discarded reads (from either the original or edited allele alignments)
divided by the total number of sequencing reads. Editing yield was then calculated
as: [no. of non-discarded HDR aligned reads] + [total reads]. Indel yields were
calculated as: [no. of indel-containing discarded reads] + [total reads].

Unique molecular identifiers (UMIs) were applied to quantify the deletion
efficiency and assess PCR bias (see Supplementary Note 1 for discussion) in a
three-step PCR protocol. In brief, in the first step of linear amplification, 1 ul of
genomic DNA extract was linearly amplified by 0.1 uM of only the forward primer
containing a 15-nt or 16-nt UMI with Phusion U Green Multiplex PCR Master
Mix in a 25-pl reaction (ten cycles of 98 °C for 1 min, 61 °C for 25s and 72°C for
1 min). The PCR products were then purified by 1.6x AMPure beads (Beckman
Coulter) and eluted in 20 pl of Qiagen elution buffer. In the second step, 1 ul or 2 ul
of purified linearly amplified PCR products were then amplified for 30 cycles with
0.5uM of each forward and reverse primer with Phusion U Green Multiplex PCR
mix in a 25-pl reaction, as described above. In this case, the forward primer anneals
to the P5 Illumina adaptor sequence located at the 5’ end of the UMI primer and
upstream of the UMI sequence. For the DMD locus library preparation, the PCR
products were purified by 1x AMPure beads and eluted in 25l of elution buffer.
In the third step, the purified PCR products (1 ul) were amplified for 12 cycles
as described above for adding unique Illumina barcodes and adaptors. To assess
large deletions at the DMD locus, the top band (unedited large amplicon) and the
bottom band (edited amplicons with deletions) were excised separately from a
1.5% agarose gel and loaded on two separate MiSeq runs to avoid biased clustering
of amplicons. For library preparation at other loci, 1 ul of PCR product was used
directly for the barcoding PCR step without 1xX AMPure beads purification. For
UMI-based PCR bias assessment described in Supplementary Note 1, the editing
efficiency was calculated from the libraries prepared following the UMI protocols
analyzed with UMI deduplication or without UMI deduplication.

Raw sequencing reads were UMI deduplicated using AmpUMI™. For
paired-end reads, SeqKit>’ was used to concatenate (merge without overlap)

R1s with the reverse complement of R2s. The concatenated R1 +R2s were

UMI deduplicated using the UMI at the 5" end of R1. UMI-deduplicated R1s

or concatenated R1+R2s were analyzed using CRISPResso2. For analyzing
concatenated R1+4R2s, an appropriate concatenated reference amplicon sequence
was provided to minimize sequencing alignment artifacts due to the concatenation.

Nucleofection of U20S and K562. Nucleofection was performed in all
experiments that used K562 and U20S cells. In total, 200,000 cells were used

per nucleofection. Counted cells were pelleted and washed with PBS and then
resuspended in nucleofection solution following the recommendation of the
Lonza SE Cell Line 4D-Nucleofector Kit. After nucleofection of the cells, the cells
were allowed to incubate in the cuvette at room temperature for 10 min. After this
time, the contents of the cuvette were transferred to a 48-well plate containing
pre-warmed (37 °C) media. Genomic DNA was extracted and prepared for
Illumina MiSeq preparation, as described above.

Single-step twinPE and Bxbl-mediated DNA donor knock-in and inversions.
For single-step knock-in, HEK293T cells were transfected with 500 ng of PE2
plasmid DNA, 50 ng of each pegRNA plasmid DNA (two in total), 200 ng

of codon-optimized Bxb1 plasmid DNA and 200 ng of DNA donor using
Lipofectamine 2000, as described above. For multiplex knock-in, HEK293T cells
were transfected with 200 ng of PE2 plasmid, 50 ng of each pegRNA plasmid DNA
(four in total), 300 ng of Bxb1 plasmid DNA and 150 ng of each DNA donor (two
in total). Donor plasmid sequences can be found in Supplementary Sequences 1.
The codon-optimized Bxbl gene was purchased from GenScript and can be found
in Supplementary Sequence 2. It was assembled into a pCMV expression vector
using standard molecular cloning techniques.

For inversion experiments, sequential plasmid transfection and single-step
mRNA nucleofection were performed. In the sequential plasmid transfection
experiment, HEK293T cells were transfected with 750 ng of PE2 plasmid DNA and
62.5ng of each pegRNA plasmid DNA (four in total) using Lipofectamine 2000,
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as described above. After 3 d, cells were detached and plated in 24-well plates

and then serially passaged for about 7 d. Next, 48-well plates were seeded with
20,000 cells per well and transfected 16-24 h later with Lipofectamine 2000 and
500ng of BxB1 plasmid DNA. Genomic DNA was extracted and prepared for
Tllumina MiSeq, as described above. For single-step mRNA nucleofection, 200,000
HEK293T cells were nucleofected with 1,000 ng of PE2 mRNA, 30 pmol each of
synthetic pegRNAs (four pegRNAs in total) and 750 ng of BxB1 mRNA using 20 ul
of Lonza buffer and cells with program CM-130. Cells were recovered with 80 ul of
pre-warmed (37 °C) media for 5 min. Then, 25-ul samples from the nucleofection
cuvette were added to each well of the 48-well plate and incubated at 37°C for 72h
before isolation of genomic DNA, as described above.

ddPCR analysis of knock-in efficiency. Genomic DNA from crude cell lysates was
column purified (Zymo), and DNA concentrations were determined by NanoDrop
(Thermo Fisher Scientific). ddPCR was used to determine the abundance of an
amplicon containing the genome-donor junction in comparison to a reference
gene (ACTB). Next, 100-200 ng of DNA was added to a reaction mixture contain-
ing ddPCR Supermix for Probes (Bio-Rad, 1863026), HindIII-HF (0.25 U pl™,
New England Biolabs, R3104L), ACTB primers and probes (Supplementary Table 3;
900 nM each primer, 250 nM probe) and genome-donor junction primers and
probes (Supplementary Table 3; 900 nM each primer, 250 nM probe), according

to the manufacturer’s protocol. Droplets were generated using a QX200 Manual
Droplet Generator (Bio-Rad, 186-4002). ddPCR was performed as follows: 95°C
for 10 min and then 50 cycles of 94 °C for 30s and 58 °C for 2 min. After PCR
cycles, a final incubation was conducted at 98 °C for 10 min. Droplets were read

on a QX200 Droplet Reader (Bio-Rad, 1864001) using QuantaSoft (version 1.4,
Bio-Rad). Data were analyzed using QuantaSoft (version 1.4).

Factor IX expression from ALB locus in Huh7 cells. Huh7 cells were transfected
with 160 ng of Bxb1 plasmid DNA, 160 ng of donor plasmid DNA (attP-splice
acceptor-cDNA of F9 exons 2—8), 400 ng of prime editor plasmid DNA and
pegRNA plasmid DNA for installation of attB in the first intron of ALB or at CCR5
(40ng each). Three days after transfection, cells were passaged and allowed to
grow to confluence. Their media were changed, and they were left to condition

the fresh media, with aliquots taken at days 4, 7 and 10. Factor IX concentration

in conditioned media was measured by ELISA (Innovative Research Human Total
Factor IX ELISA Kit, IHUFIXKTT).

Lentivirus production, GFP reporter cell line construction and flow cytometry
analysis. The lentiviral transfer vector described in Extended Data Fig. 9 and
Supplementary Sequence 3 was assembled using standard molecular cloning
techniques. The lentivirus was produced as previously described™*". In brief, in a
T-75 flask, rapidly dividing HEK293T cells (ATCC) were transfected at 80-90%
confluence with lentivirus helper plasmids pVSV-G and psPAX2 along with the
constructed lentiviral transfer vector using FuGENE HD (Promega), according
to the manufacturer’s protocol. After 48 h, supernatant was collected, centrifuged
at 3,000 for 15min to remove cellular debris and filtered using a 0.45-um PVDF
filter. Filtered supernatant was concentrated using PEG-it Virus Precipitation
Solution (System Biosciences), according to the manufacturer’s instructions. The
resulting pallet was resuspended in Opti-MEM (Thermo Fisher Scientific) using
1% of the original medium volume. Resuspended pellet was used to transduce the
HEK293T cells with multiplicity of infection. Successfully transduced cells that
had stable GFP reporter integration were selected with 2.5 ug ml™ of puromycin
for more than three passages and then seeded into 48-well plates for transfection
with PE2 plasmid DNA (750 ng), four AAVSI-targeting pegRNAs (62.5ng each)
for multiplexed attP and attB insertion and Bxb1 plasmid DNA (100 ng, 200 ng,
500 ng or 1,000 ng) in a single transfection step. Cells were then collected after

3 d and analyzed by CytoFLEX S Flow Cytometer (Beckman Coulter) and
FlowJo version 10.

Production of PE2 and Bxbl mRNA. The mRNA was produced using the
previously reported protocol’”*. In brief, the PE2 editor or codon-optimized Bxb1
coding sequences were cloned into a plasmid encoding a mutated T7 promoter
that cannot initiate with mononucleotides. This plasmid was used as template in

a PCR reaction (Phusion U 2X Master Mix) using PAGE-purified primers (IDT)
forward: 5-TCGAGCTCGGTACCTAATACGACTCACTATAAGG-3’ and reverse:
5-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTT TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTTTTTCTTCCTAC TCAGGCTTTATTCAAAGACCA-3/,
and the resulting PCR product was purified and used as template for in vitro
transcription. The HiScribe T7 High-Yield RNA Synthesis Kit (New England
Biolabs) was used according to the company’s recommended instructions but with
full substitution of N1-methyl-pseudouridine for uridine and co-transcriptional
capping with CleanCap AG (TriLink BioTechnologies). RNA was precipitated
with lithium chloride (2.5M final concentration), and the pellet was washed with
ice-cold 70% ethanol and then resuspended in water.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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Source data are provided with this paper. High-throughput sequencing data have
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Extended Data Fig. 3 | Installation of a 38-bp Bxb1 attB site at CCR5 with twinPE. Spacer pairs targeting the CCR5 locus were designed for

twinPE-mediated insertion of the Bxb1 attB attachment site. For each spacer, three pegRNAs were designed having three different PBS lengths and a fixed

RT template that encodes the full-length Bxb1 attB sequence (38 bp). Sequences of pegRNAs are listed in Supplementary Table 1. For each spacer pair, a

three-by-three matrix of pegRNA combinations was tested by plasmid DNA co-transfection with PE2 in HEK293T cells. Each pegRNA pair is specified

below the x-axis. Values reflect single biological replicates.
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Extended Data Fig. 4 | Installation of a 50-bp Bxb1 attP site at AAVST with twinPE. Spacer pairs targeting the AAVST locus were designed for
twinPE-mediated insertion of the Bxb1 attP attachment site. For each spacer, three pegRNAs were designed having three different PBS lengths and a fixed
RT template that encodes a portion (43-44 bp) of the Bxb1 attP sequence. Sequences of pegRNAs are listed in Supplementary Table 1. For each spacer pair,
a three-by-three matrix of pegRNA combinations was tested by plasmid DNA co-transfection with PE2 in HEK293T cells. Each pegRNA pair is specified
below the x-axis. Values reflect single biological replicates.
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three different target-site homology sequence lengths. For PE3 edits, each pegRNA was tested with three nicking sgRNAs. (b) Replacement of endogenous
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sgRNAs. Values and error bars in (a) and TwinPE edits, PE3 edits of CCR5_D2_23, CCR5 D2_28 with nicking guide RNA C1and C1.5 in (b) reflect the mean
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NATURE BIOTECHNOLOGY | www.nature.com/naturebiotechnology


http://www.nature.com/naturebiotechnology

NATURE BIOTECHNOLOGY

ARTICLES

K 00£6£+998/€
..PLV [2]
2o 9£06£+998/€
o ©
o £ =
1 OYSLL+9LL0L T
<
ares+aies 2
[@)]
aves+as0s
m 078G+9905
g OVl v+BSze
g8 8 8 ¢ & °
s|opul Jo (ype 10 THe)
J1Pa 1084100 Buluieyuod syonpoud 9,
Q0
o
o o
Te)
o o
o o
- <
o o
o o
N (4p]
o o
o o
(ap] N
o o
o o
<t ~—
o
o o
Te)
o 0 o 0 o —_ o~
ELE cE
(sewouab Q| J1od syjuans mANn .mANn
uoljesBajul Jo Jaquinu) ul-yoouy % 28 L J{
5 Sz
a 5
©
© %

7
w0 O
o <
<0 o
< O W
B E ©
&
®
<
Q
Q
©
ES
®
™ ~ - o
(sswouab Q| Jod syjusns
uoljeBajul JO JaquuNu) UI-}o0ouy %,
©
= 00€6£+998.¢€
[0
m o 2£06E+098.€
82 OVGLLHOLLOL »
[ | Q
ay8s+aels <
%
ares+ae0s o
o
q¥85+9905
ayly+egee
o o o o o o
mW [ce] [{e] < N
s|eput 1o (e Jo Tpe)
1P8 1081100 Buureyuoo syonpoid %,
(&)

o o o
© < N

(%) 13 1091100 8y}
yum speal Burousnbas |ejo)

o
N

30
Flap overlap (bp)

38

Bxb1

+

PE2

flap overlap (bp)

38 30 20 38 38 M

Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | TwinPE combined with Bxb1recombinase for targeted knock-in of donor DNA plasmids. (a) Bxb1-mediated DNA donor knock-in
in clonal HEK293T cell lines. Transfection of a HEK293T clonal cell line containing homozygous attB site insertion at CCR5 with varying amounts of
Bxb1-expressing plasmid and attP-containing donor DNA plasmid. Knock-in efficiency was quantified by ddPCR. Values and error bars reflect the

mean of two independent biological replicates. (b) Assessment of genome-donor junction purity by high-throughput sequencing. Genomic DNA from
single-transfection knock-in experiments was amplified with a forward primer that binds the genome and a reverse primer that binds within the donor
plasmid (Supplementary Table 2). Values and error bars reflect the mean and s.d. of three independent biological replicates. (¢) Assessment of genome-
donor junction purity at the other junction by high-throughput sequencing as performed in (b). Values and error bars in 506c+ 584b, 509b + 584b,
1077c+1154c, and 3786¢ +3903c reflect the mean and s.d. of three independent biological replicates. Values in 325a+ 414b, 513b + 584b, 3786¢ +3930c
reflect the mean of two independent biological replicates. (d) Multiplexed single-transfection knock-in at AAVST and CCR5. HEK293T cells were
transfected with plasmids encoding PE2, Bxb1, a pair of pegRNAs for the insertion of attP at AAVST, an attB-donor, a pegRNA pair for the insertion of one
of four attachment sites (attB, attB-GA, attP, or attP-GA) at CCRS, and a corresponding donor. Knock-in was observed at both target loci under all four
conditions. Insertion of attP at AAVST and attB at CCR5 gave the lowest knock-in efficiencies overall (0.2% at AAVST, 0.4% at CCRS5). Insertion of attP

at both sites yielded the highest levels of knock-in at AAVST (1.8%) but low levels (0.2%) at CCR5. When an orthogonal edit (attB-GA or attP-GA) was
introduced at CCR5, AAVST knock-in was 0.7-0.8%. Higher knock-in at CCR5 was observed with attB-GA (1.4%) than with attP-GA (0.4%), consistent with
our single locus knock-in results. Values and error bars reflect the mean and s.d. of three independent biological replicates. (e) and (f) Effects of reducing
pegRNA overlap on twinPE efficiency and donor/pegRNA recombination. (e) The editing efficiencies of pairs of pegRNAs for insertion of Bxb1 attB at

CCR5 were measured by high-throughput sequencing. The pairs differed in the amount of overlap shared between their flaps, from 38 bp (full-length attB
sequence) down to 20 bp. Editing efficiency of the pairs with shorter overlaps was comparable to the pair with full-length overlap. Values and error bars
reflect the mean and s.d. of three independent biological replicates. (f) Assessment of recombination between attB-containing pegRNA plasmids and attP-
containing donor plasmids. Following transfection of HEK293T cells with the indicated samples, isolated DNA was amplified with a forward primer that
binds the pegRNA expression plasmid (TTGAAAAAGTGGCACCGAGT) and a reverse primer that binds the donor plasmid (CTCCCACTCATGATCTA). A
positive 256-bp PCR band confirms recombination between the two plasmids. When the pegRNA encodes full-length attB (38-bp) or a truncated version
of attB with 30-bp of overlap between flaps, a band is observed; however, recombination is not observed when the pegRNAs encode a truncated attB with
only 20-bp of flap overlap. The ‘No PE2' control uses the 38-bp overlap pegRNA pair. No recombination is observed in the absence of Bxb1 or if the donor
and pegRNA plasmids both bear attB (Mismatch, ‘M"). Three independent biological replicates were performed and a representative image from one of the
replicates is shown.
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Extended Data Fig. 7 | Expression of human Factor IX from the ALB promoter following twinPE-recombinase knock-in and characterization of Bxb1
off-target editing. (@) Huh7 cells were transfected with Bxb1, donor (attP-splice acceptor-cDNA of F9 exons 2-8), PE2, and pegRNAs for installation

of attB in the first intron of ALB or at CCR5. Three days post-transfection, cells were split and allowed to grow to confluence. Their media was changed,
and they were left to condition the fresh media, with aliquots taken at days 4, 7, and 10. Factor IX was present at detectable levels by ELISA (dashed line
represents the lower limit of detection) in two of three samples treated with ALB pegRNAs at Day 4, and in all samples treated with ALB pegRNAs at Day
7 and Day 10. Factor IX was never detected in the conditioned media of any samples treated with CCR5 pegRNAs. Values and error bars reflect the mean
and s.d. of two or three independent biological replicates. (b) Targeted amplicon sequencing was performed for each of the five nominated pseudo-sites
(OT1-0OT5) from seven different samples treated with 5.6-kb donor DNA plasmid, twinPE reagents targeting CCR5 or AAVST, and Bxb1 recombinase.

The indels in all five pseudo-sites are either below the limit of detection (<0.1%) or near-background compared to untreated controls. The integration
efficiency at the on-target site was measured by ddPCR as shown in Fig. 3d (¢) To capture potential donor plasmid integration events at nominated
pseudo-sites, primers were used to amplify predicted integration junctions. The gel depicts PCR reactions performed for each off-target site as indicated in
the above legend. Confirmation of on-target donor integration from the samples is shown in the right-most column of the gel. In (b) and (c), two or three
independent biological replicates were performed.
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Extended Data Fig. 8 | TwinPE and Bxb1-mediated inversion in HEK293T GFP reporter cells. (a) The lentiviral fluorescent reporter construct used

to assess inversion efficiency with twinPE and Bxb1 recombinase. The reporter contains an EFla promoter followed by an inverted H2B-EGFP coding
sequence that is flanked by partial AAVST DNA sequence, an internal ribosome entry site (IRES), and a puromycin resistance gene. Successful installation
of opposite-facing attB (left) and attP (right) sequences at the AAVST target sequences and subsequent inversion by Bxb1 corrects the orientation of

GFP for functional expression. (b) The fluorescent reporter construct was stably integrated into HEK293T cells via lentiviral transduction and puromycin
selection. The polyclonal GFP reporter cell line was then transfected with twinPE plasmid components (PE2 and four pegRNAs) and varying amounts of
Bxb1 plasmid for single-transfection inversion. Cells were analyzed by flow cytometry and gated for live single cells. Quantification of GFP positive cells by
flow cytometry. Values and error bars reflect the mean of two independent biological replicates.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | TwinPE and Bxb1 recombinase-mediated inversion between IDS and IDS2. (a) Assessment of the inverted IDS junction purity by
high-throughput sequencing in HEK293T cells. Frequency of expected junction sequences containing attR and attL recombination products after twinPE
and BxB1-mediated single-step inversion. The product purities range from 81-89%. Values and error bars reflect the mean and s.d. of three independent
biological replicates. (b) Schematic diagram of the designed PCR strategies for quantifying IDS inversion efficiency. Primer pair 1 (green forward and blue
reverse primer) can amplify the unedited alleles (403 bp), twinPE-edited alleles (337 bp), and the inverted alleles (326 bp) at junction 1in a single PCR
reaction. Due to the size difference, a UMI protocol was applied to eliminate PCR bias during quantification of inversion efficiency. Similarly, using primer
pair 2 (red forward and blue reverse primer), the unedited alleles (346 bp), twinPE-edited alleles (326 bp), and inverted alleles (320 bp) at junction 2 can
be amplified in a single PCR reaction. Amplicons can then be sequenced by standard high-throughput sequencing protocols for amplicon sequencing.
(c) Screening of pegRNA pairs for the insertion of Bxb1 attB and attP sequences at IDS and IDS2. TwinPE editing was tested with standard pegRNAs and
epegRNAs containing a 3' evoPreQ1 motif. Values and error bars reflect the mean and s.d. of three independent biological replicates.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Twin prime editing mediated insertion in CCR5 region 2 in HEK293T cells, twin prime editing in multiple human cell lines, and
editing activity of Cas9 nickase and PE2-dead RT variants. (a) TwinPE-mediated endogenous sequence replacement with Bxb1 attB attachment site in
CCRS5 region 2 in HEK293T cells. (b) TwinPE-mediated endogenous sequence replacement with attP, attB, or 22-nt DNA sequences in multiple human
cell lines. Six different pegRNA pairs targeting five loci were tested in HEK293T, Hela, U20S and K562 cells. HEK293T and Hela cell were transfected
with PE2 and pegRNA plasmids via Lipofectamine 2000 (Thermo Fisher) and TransIT-HeLaMonster (Mirus), respectively. U20S and K562 cells were
nucleofected using Lonza 4D-Nucleofector and SE kit. DNA loci and the specified insertion edits are shown in the x-axis. (¢) HEK293T cells were
transfected with twinPE pegRNA pairs and either Cas9-H840A nickase (nCas9), PE2-dRT (a PE2 variant that contains K103L and R110S inactivating
mutations to the RT domain), or PE2. Treatment with either nCas9 or PE2-dRT did not result in desired edits, while PE2 installed the specified edits as
indicated. Values and error bars in (a) and (c) reflect the mean and s.d. of three independent biological replicates. Values and error bars in (b) reflect the
mean and s.d. of at least two independent biological replicates except editing in IDS2 in Hela cells, editing in U20S cells, and editing in MYC in K562 cells,
which represent two independent biological replicates.
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Data exclusions  No data was excluded.

Replication All main text figure experiments were repeated at least once and all attempts at replication were successful. PegRNA screening experiments
were performed in single replicate in some cases, but significant results were repeated successfully.

Randomization  Mammalian cells used in this study were grown under identical conditions; no randomization was used.

Blinding Mammalian cells used in this study were grown under identical conditions; blinding was not used.
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Methodology

Sample preparation

Instrument
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Gating strategy

25,000 HEK293T stable GFP reporter cells were seeded onto 48-well poly-D-lysine coated plates (Corning). 16-24 h post-
seeding, cells were transfected with 1ul of Lipofectamine 2000 (Thermo Fisher Scientific) using the protocol described in the
method session and 750 ng of PE2, 250 ng AAVS1 targeting pegRNAs (62.5 ng each), and Bxb1 plasmid DNA (100 ng, 200 ng,
500 ng, or 1000 ng). The untreated and twinPE+Bxb1 treated cells were cultured for 72 hours, and then collected for flow
cytometry analysis.

CytoFLEX S Flow Cytometer (Beckman Coulter).
FlowJo v10.

The abundances of twinPE+Bxb1 treated surviving single cells that showed GFP positive were 19.05%, 18.70%, 18.80%, and
15.8% at 100ng Bxb1, 200ng Bxb1, 500ng Bxb1, and 1000ng Bxb1 plasmid DNA conditions, respectively. The abundance of
untreated surviving single cells that showed GFP positive were 0.01%.

HEK293T stable GFP reporter cells were first gated (Gate A) based on forward (FSC-A) and side scattering (SSC-A) to remove
dead cells and other debris. A second gate (Gate B) was used to select singlets based on FSC-H and FSC-A. Finally, GFP
positive and GFP negative cells were gated (Gate C) and analyzed via FITC channel.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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