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A variety of cancers have been found to have chromosomal re-
arrangements, and the genomic abnormalities often induced
expression of fusion oncogenes. To date, a pair of engineered
nucleases including ZFNs, TALENs, and CRISPR-Cas9 nucle-
ases have been used to generate chromosomal rearrangement
in living cells and organisms for disease modeling. However,
these methods induce unwanted indel mutations at the DNA
break junctions, resulting in incomplete disease modeling.
Here, we developed prime editor nuclease-mediated transloca-
tion and inversion (PETI), a method for programmable chro-
mosomal translocation and inversion using prime editor 2
nuclease (PE2 nuclease) and paired pegRNA. Using PETI
method, we successfully introduced DNA recombination in
episomal fluorescence reporters as well as precise chromosomal
translocations in human cells. We applied PETT to create can-
cer-associated translocations and inversions such as NPM1-
ALK and EML4-ALK in human cells. Our findings show that
PETI generated chromosomal translocation and inversion in
a programmable manner with efficiencies comparable of
Cas9. PETI methods, we believe, could be used to create disease
models or for gene therapy.

INTRODUCTION

Chromosomal rearrangements, including deletions, inversions, du-
plications, and translocations, are chromosome abnormalities that
are induced mainly by the generation of DNA double-strand breaks
(DSBs) at two different locations, followed by the rejoining of the
DNA ends in a new configuration." These structural variations are
frequently identified in various types of cancers and are often the un-
derlying cause of tumorigenesis.”’ To elucidate the effects of such
rearrangements, previous studies have introduced targeted chro-
mosomal rearrangements in cells and organisms using a pair of pro-
grammable nucleases including zinc finger nucleases, TAL effector
nucleases, and CRISPR-Cas9 nucleases.* '' In particular, Cas9
nuclease with paired guide RNAs (gRNAs) has been used to generate
cancer-associated chromosomal rearrangements, such as EML4-ALK,
NPM-ALK, CD74-ROSI, KIF5B-RET, EWSRI-FLII, and AMLI-
ETO.'"""> Two gRNAs targeting two chromosomes can lead to
chromosomal translocation by generating DNA DSBs on each chro-

mosome, However, Cas9-mediated translocations are accompanied
by additional indel mutations at the fragment junctions, and it is
difficult to generate precise translocation or to insert or delete desired
sequences at the junction.

Prime editor 2 (PE2) enables the generation of genetic modifications,
including all types of substitutions, small insertions, and deletions, as
well as combinations of these mutations, at target sites without the
formation of DNA double-strand breaks in cultured cells and whole
organisms.'”>' PE2 consists of Cas9 H840A nickase fused to an en-
gineered Moloney murine leukemia virus reverse transcriptase (RT)
and a prime editing guide RNA (pegRNA) that includes a spacer
sequence, a primer binding sequence (PBS), and an RT template
(RTT) sequence containing the desired edit. Prime editing is
composed of (1) the generation of a single-strand break in the non-
target strand via Cas9 H840A nickase, (2) hybridization of the PBS
in the pegRNA to the 3’ end of the nicked strand, making a DNA/
RNA complex; (3) RT-mediated DNA extension of the nicked strand
according to the RTT sequence, which generates a 3'-flap containing
the intended edit sequence; and (4) incorporation of the 3'-flap
sequence into the genome. Prime editing activities are improved by
using an additional nicking guide RNA, which leads to the generation
of a nick in the non-edited strand.

Recently, advanced prime editor (PE)-based methods, known as
Prime-Del®> and PE-Cas9-based deletion and repair (PEDAR),*
have been developed to induce large deletions of up to 10 kb. Both
methods involve a pair of pegRNAs targeting opposite strands; in
Prime-Del, the pegRNAs are used together with PE2, whereas in
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Figure 1. PETI-mediated translocation in an episomal fluorescent reporter

(A) Overview of the PETI method for generating episomal DNA recombination in human cells. The paired pegRNAs target the HEK3 and HEK4 sites that are incorporated into
the two plasmids that make up the episomal fluorescent reporter system. PETI induces the formation of 3'-flaps at each of the target sites, which are complementary to
sequences at the other target site, resulting in episomal translocations. (B) Representative fluorescence microscope images showing the absence or presence of eGFP
expression, which results from episomal translocations potentially induced by PE2, PE2 nuclease, or Cas9 nuclease. Scale bar represents 100 uM. (C) Effects of 3'-flap length
on translocation outcomes. Cells were transfected with plasmids encoding PE2, PE2 nuclease, or Cas9 nuclease and pegRNAs that generated 3'-flaps of different lengths
(0-35 bp, increasing in increments of 5 bp), and the percentage of GFP-positive cells was evaluated using fluorescence-activated cell sorting. (D) Effects of combinations of
pegRNA and gRNA on translocation outcomes. Cells were transfected with plasmids encoding PE2, PE2 nuclease, or Cas9 nuclease and pegRNA or gRNA pairs, and the
GFP-positive cells were evaluated using fluorescence-activated cell sorting. (E) Cells were transfected with plasmids encoding Cas9 nuclease with gRNAs or PE2 nuclease
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PEDAR, they are used with a Cas9 nuclease-RT fusion, here referred
to as PE2 nuclease. We reasoned that prime editing systems based on
paired pegRNAs could be used to induce not only large deletions but
also other chromosomal structural rearrangements like translocations
and inversions. Here, we developed the PE2 nuclease-based transloca-
tion and inversion (PETI) method, which uses PE2 nuclease and
paired pegRNAs to induce programmable translocations and inver-
sions in mammalian cells with high efficiency and purity.

RESULTS

DNA recombination induced by PETI using a fluorescent
reporter system

To test the feasibility of using the PETI strategy to induce progra-
mmed DNA recombination, we designed two plasmids encoding
fluorescent reporters. The first contains a promoter, a HEK4 target
site, and the mCherry gene, and the second contains a stop codon,
a HEK3 target site, and the eGFP gene. Because the eGFP gene lacks
a promoter, reporter-transfected cells can express mCherry but not
eGFP (Figure 1A). When PETI induces DNA recombination between
the HEK4 and HEKS3 target sites of these two plasmids in cells, the
promoter moves in front of the eGFP gene, resulting in eGFP expres-
sion (Figure 1A). We constructed paired pegRNAs to induce this
recombination using the PETI system. The pegRNA that targets the
HEK4 site generates a 3'-flap containing the desired sequence (blue
circle in Figure 1A), which is complementary to the HEK3 target
site at the recombination junction; the pegRNA that targets the
HEKS3 site generates a 3'-flap that is complementary to the HEK4
target at the recombination junction (Figure 1A, red circle). In
contrast to the low expression of eGFP observed when HEK293T cells
were transfected with plasmids encoding PE2 and the paired pegR-
NAs, transfection of plasmids encoding PE2 nuclease and the paired
pegRNAs induced higher eGFP expression (Figure 1B). Cas9 nuclease
and paired single guide RNAs (sgRNAs) targeting the HEK3 and
HEK4 target sites also induced eGFP expression (Figure 1B). Note
that PE2, which induces extremely low indel mutations, significantly
reduced mCherry expression, because the PE2 protein and the
pegRNA complex that bound between the promoter and the mCherry
coding sequence could block RNA polymerase elongation. The length
of the RTT in the paired pegRNAs targeting the HEK4 and HEK3
sites was then changed from 0 to 35 bp in 5 bp increments to generate
3'-flaps of different lengths; plasmids encoding each of the new
pegRNA pairs were transfected with plasmids encoding PE2, PE2
nuclease, or Cas9 nuclease. The length of the 3’ extension did not
affect Cas9 nuclease-mediated DNA recombination activity, whereas
the frequency of PE2 nuclease-mediated recombination increased as
the length of the 3/-flap was gradually increased from 0 to 20 bp, but
there was no significant change when it was increased from 20 to
35 bp (Figure 1C). Using the fluorescent reporter, we then investi-
gated the synergistic effects of paired 3'-flaps (Figures 1A and 1D).

Transfection of plasmids encoding PE2 nuclease and paired pegRNAs
resulted in higher DNA recombination frequencies than those
induced by PE2 nuclease, a single pegRNA, and sgRNA (Figure 1D),
indicating that paired 3'-flaps have a synergistic effect.

To examine the accuracy of the PETT strategy for DNA recombina-
tion, we further constructed paired pegRNAs inducing 3 bp
(5'-ACG-3') insertion at the recombination. We first conducted
flow cytometry assays to measure the recombination efficiency and
found that both paired pegRNAs (direct junction guided and 3 bp
insertion guided) induced DNA recombination with comparable effi-
ciency (Figure 1E). Targeted deep sequencing showed that PE2
nuclease with paired pegRNAs inducing direct junction induced
DNA recombination with a higher accuracy than Cas9 nuclease
(91.7% for PE2 nuclease, 62.8% for Cas9 nuclease) (Figures 1F and
S1). Furthermore, we found that paired pegRNAs inducing 3 bp
(5'-ACG-3') insertion at the junction could induced the insertional
mutation in episomal reporter plasmids (51.7%) as well as reporter in-
tegrated cell line (76.9%) (Figures 1F, 1G, and S2). Although episomal
reporter assays may overestimate the efficiency of rearrangements
because of the use of multiple copies of plasmids in a single cell, these
results showed that PETT indeed induce DNA recombination in a pre-
cise and programmable manner.

PETI induces chromosomal translocations in genomic DNA

We next investigated whether PETT induces precise chromosomal
translocation between endogenous loci in human cells. We co-trans-
fected plasmids encoding paired pegRNAs for inducing reciprocal
translocations between the HEK3 and HEK4 genomic sites and PE2
or PE2 nuclease into HEK293T cells (Figure 2A). For a positive con-
trol, we also co-transfected plasmids encoding Cas9 nuclease and
sgRNAs targeting the HEK3 and HEK4 sites. We then amplified
the expected translocation junctions with reciprocal translocation-
specific primer pairs and found that translocations were induced in
cells transfected with plasmids encoding PE2 nuclease and paired
pegRNAs, as well as Cas9 nuclease and dual sgRNAs, but not in cells
transfected with plasmids encoding PE2 and paired pegRNAs (Fig-
ure S3A). We analyzed these amplicons by targeted deep sequencing
and found that PE2 nuclease induced more precise reciprocal trans-
location than Cas9 nuclease (43.9% and 23.9% with PE2 nuclease;
11.0% and 0% with Cas9 nuclease at each junction) (Figures 2B-
2D). Following this experiment, we designed paired pegRNAs to
induce a 3 bp deletion or a 4 or 5 bp insertion (containing an
EcoRI or BamHI site) at the junction of the reciprocal translocation
and transfected plasmids encoding the pegRNAs and PE2 or PE2
nuclease or Cas9 nuclease and sgRNAs. Translocation junctions
were also amplified translocation-specific primer pairs in the presence
of PE2 nuclease with these paired pegRNAs. The amplified junction
generated by paired pegRNAs designed to insert an EcoRI or

with two types of pegRNA pairs (direct junction guided or 3 bp insertion guided), and the GFP-positive cells were evaluated using fluorescence-activated cell sorting. Data are
presented as mean + SEM (n = 2 biologically independent samples). (F) The relative frequency of sequence reads of amplicons generated using translocation-specific
primers. Direct translocation and PETI-guided translocation (3 bp insertion) are shown in blue and red bars, respectively. (G) Results of targeted sequencing of amplicons

generated using translocation-specific primers.
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BamHI site was digested by EcoRI or BamHI, respectively but that the
junction generated by Cas9 nuclease was not (Figure S3B). We then
used deep sequencing of PCR-amplified translocation junctions to
validate the editing accuracy. At both reciprocal translocation junc-
tions, we revealed that PE2 nuclease was more accurate than Cas9
nuclease (Figures 2C and 2D). The translocation frequencies were
also measured by dilution PCR,>** and we found that PE2 nuclease
induced reciprocal translocation with a similar frequency to Cas9 nu-
cleases (Table 1; Figure S4). These results indicated that PE2 nuclease
with appropriate paired pegRNAs can induce reciprocal transloca-
tions with desired mutations at the junctions in human cells.

In general, when two DSBs are induced simultaneously in different
chromosomes, translocations could cause four different types of
genomic rearrangements™ (Figure S5). Possible rearrangements
include not only reciprocal translocations but also unusual results
such as dicentric and acentric chromosomes. Cas9 and PE2
nuclease, which induce DNA DSBs in the genome, could potentially
generate not only reciprocal translocations but also unusual translo-
cations resulting in dicentric and acentric chromosomes. We used
multiplex PCR and deep sequencing to detect all types of transloca-
tions, amplifying not only reciprocal translocation junctions but also
junctions formed by unusual translocations as well as un-translo-
cated DNA (Figure 2E). Although multiplex PCR-based assay
cannot detect precise translocation frequencies because it depends
on target-specific primers, the assay can be used to detect the rela-
tive frequency of each translocation as well as translocation accu-
racies at their junctions. Our multiplex PCR-based assay revealed
that compared with Cas9 nuclease, PE2 nuclease increased the rela-
tive frequency of desired translocations while decreasing the fre-
quency of unwanted translocations (Figure 2F). In addition to
inducing chromosomal rearrangements, Cas9 and PE2 nucleases
were also capable of inducing DSBs at their on- and off-target sites,
which results in unintended off-target indel mutations. Targeted
deep sequencing was used to elucidate the unwanted off-target mu-
tation, and we found that PE2 nuclease, compared with Cas9,
reduced indel frequencies at their on- and off-target sites (Figure S6).
We also measured translocation frequencies between HEK3 on-
target site and HEK4 off-target sites by dilution PCR and found
that PETI decreased unwanted translocation compared with Cas9
(Table 1; Figure S7). These results demonstrated that PETT generate
the desired translocations with higher efficiency and purity than
Cas9.

Generation of a cancer-associated translocation using PETI
Anaplastic lymphoma kinase (ALK) gene fusion induced by chromo-
somal translocation or inversion is well-known driving mutation un-
derlying the development of various type of cancers such as lung
adenocarcinoma, non-small cell lung carcinoma, and inflammatory
myofibroblastic tumor.*® We first chose two types of ALK gene fusion,
NPMI1-ALK and KIF5B-ALK, generated by reciprocal translocation
(Figures 3A and 3B). We generated paired pegRNAs that target
ALK and either NPM1 or KIF5B to induce these translocations. In
case of NPMI1-ALK fusion, the ALK-targeting pegRNA produces
3'-flaps that are complementary to NPM1, and the NPMI-targeting
pegRNA produces 3'-flaps that are complementary to ALK. The
pegRNAs were designed to insert a 5 bp (ALK-targeting pegRNA)
or a 6 bp (NPMI-targeting pegRNA) insertion at the chromosomal
translocation junctions. In case of KIF5B-ALK fusion, the pegRNA
targeting ALK produces 3'-flaps that are complementary to KIF5B,
and pegRNA targeting KIF5B generate 3'-flaps that are complemen-
tary to ALK.

We then co-transfected HEK293T cells with plasmids encoding PE2,
PE2 nuclease, or positive control Cas9 nuclease, as well as the paired
pegRNAs, and investigated the resulting translocations using primers
that amplify the translocation junctions. Unlike PE2, both Cas9 and
PE2 nuclease could cause reciprocal translocations (Figures S8A
and S8B). We conducted targeted deep sequencing using transloca-
tion-specific primer pairs and found that PETI induced a significantly
higher fraction of desired translocations with the intended insertion
at the NPMI-ALK and KIF5B-ALK junctions (Figures 3C-3E). To
further our understanding of these outcomes, we used multiplex
PCR, as described above, and revealed that PE2 nuclease induced pre-
cise translocations with PETI-guided manner and reduced undesired
translocation compared with Cas9 nuclease (Figure 3F).

To determine if the generated NPMI-ALK gene fusions were tran-
scribed, we isolated mRNA from the transfected cells described above
and performed reverse transcription PCR (RT-PCR) using primers
amplifying the translocation junction. The presence of a PCR ampli-
con showed that the NPMI-ALK fusions induced by both the Cas9
and PE2 nuclease-mediated translocations were transcribed (Fig-
ure S8C). We conducted dilution PCR to measure translocation fre-
quencies of NPM1-ALK and KIF5B-ALK and found that PE2 nuclease
induced the reciprocal translocations with higher frequencies
compared with Cas9 (Table 1; Figure S9). We also co-transfected

Figure 2. PETI-mediated translocation at an endogenous genomic locus

(A) Representative schematic showing PETI-mediated translocations at endogenous target sites. PETI induces the formation of 3’'-flaps at each of the target sites, which are
complementary to sequences at the other target site, resulting in translocations. (B) Targeted sequencing of amplicons generated using translocation-specific primers. The
bar charts represent the fraction of reads with direct translocations (blue), translocations with the intended insertion (orange) or deletion (green), and translocations with
unwanted indels (gray). (C and D) Representative results of relative frequency of sequence reads in PCR amplicons amplified by translocation-specific primers, either H3F
(HEKS forward) and H4R (HEK4 reverse) or H4F and H3R. Direct translocation and PETI-induced translocation are indicated by blue and red bars, respectively. (E) Schematic
overview of multiplex PCR to detect PE2-, PE2 nuclease-, or Cas9 nuclease-mediated translocations. Un-translocated genomic DNA is amplified by primers T1F and T1R or
T2F and T2R, the junctions of desired translocations are amplified by T1F and T2R or T2F and T1R, and the junctions of undesired translocations are amplified by T1F and T2F
or T2R and T1R. (F) Fraction of sequencing reads of multiplex PCR amplicons generated from desired and undesired PE2-, PE2 nuclease-, or Cas9 nuclease-mediated
translocations. Data are presented as mean + SEM (n = 3 biologically independent samples).
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Table 1. Estimated frequencies of Cas9- or PETI-mediated chromosomal translocations and inversions

Junction-1 Junction-2

Target sites Target rearrangements Types Lower, % Estimated, % Upper, % Lower, % Estimated, % Upper, %

Cas9 0.10 0.18 0.33 0.22 0.37 0.61

insertion guided 0.07 0.13 0.25 0.31 0.50 0.80
HEK3-HEK4 Translocation

deletion guided 0.04 0.08 0.18 0.41 0.66 1.06

direct junction guided 0.07 0.14 0.27 0.11 0.20 0.36

Cas9 0.14 0.26 0.51 0.18 0.36 0.72
HEK3-HEK4-OFF-1 Translocation

PE2 nuclease 0.02 0.05 0.10 0.05 0.11 0.24

Cas9 0.11 0.20 0.38 0.14 0.26 0.48
HEK3-HEK4-OFF-2 Translocation

PE2 nuclease 0.02 0.03 0.07 0.03 0.06 0.12

Cas9 0.04 0.08 0.17 0.07 0.14 0.29
NPM1-ALK Translocation

PE2 nuclease 1.00 2.00 4.00 0.19 0.37 0.72

Cas9 0.04 0.07 0.14 0.04 0.08 0.16
KIF5B-ALK Translocation

PE2 nuclease 0.07 0.13 0.26 0.04 0.08 0.16

Cas9 0.21 0.45 0.97 0.26 0.54 1.13
EML4-ALK-V1 Inversion

PE2 nuclease 0.65 1.26 2.45 0.87 1.87 4.02

Cas9 0.85 1.80 3.86 2.57 5.20 10.6
EML4-ALK-V2 Inversion

PE2 nuclease 5.24 10.1 19.6 5.74 11.6 233

Cas9 0.36 0.71 1.44 0.20 0.44 0.94
EML4-ALK-V3 Inversion

PE2 nuclease 0.87 1.87 4.02 0.33 0.67 1.36

plasmids encoding PE2 nuclease or positive control Cas9 nuclease, as
well as the paired pegRNAs to induce NPM1-ALK and KIF5B-ALK
translocation in A549 lung cancer cell line and performed targeted
deep sequencing using PCR product, which amplifies the transloca-
tion junctions using translocation-specific primer pairs. Sequencing
results indicated that PETI induced a PETI-guided translocation
and direct translocation better than Cas9 nuclease (Figure S10A),
which is similar to that performed in HEK293T cells. These findings
indicate that PETI can be used to produce cancer-related chromo-
somal translocations with high fidelity.

Generation of cancer-associated inversions using PETI

Next, we asked whether PETT could be used to generate cancer-asso-
ciated inversions in endogenous genomes. One of the most common
oncogenic chromosomal rearrangements in human cancers, par-
ticularly non-small cell lung cancers, leads to the expression of
EML4-ALK fusion proteins. There are several EML4-ALK fusion pro-
tein variants, which are produced as a result of paracentric inversions
within the short arm of chromosome 2 (Figure 4A). EML4-ALK var-
iants 1, 2, and 3 (V1, V2, and V3) account for more than 90% of onco-
genic EML4-ALK variants (Figure 4B).”” We first designed paired
pegRNAs targeting intron 19 of the ALK gene and intron 13 of the
EML4 gene to induce an inversion resulting in EML4-ALK V1 and
then transfected HEK293T cells with plasmids encoding PE2, PE2
nuclease, or Cas9 and the appropriate pegRNAs. When HEK293T
cells were treated with plasmids encoding Cas9 or PE2 nuclease
and paired pegRNAs, inversions were detected using inversion-spe-
cific PCR, however, PE2 and paired pegRNAs did not cause inversion

254 Molecular Therapy Vol. 31 No 1 January 2023

(Figure S11A). Next, we generated pegRNAs to generate the inver-
sions expected to result in the oncogenic fusions EML4-ALK V2
and V3. We transfected HEK293T with plasmids encoding these
paired pegRNAs or sgRNAs and PE2, PE2 nuclease, or Cas9. Inver-
sions were induced by PE2 nuclease and Cas9 nuclease but not by
PE2, which was consistent with the results of the experiment
involving EML4-ALK V1 (Figure S11A). Next, we performed targeted
amplicon sequencing of PCR products generated by inversion-spe-
cific primers and indicated that PETI produced a higher ratio of cor-
rect inversions and inversions with the intended insertion than Cas9
(Figures 4C and 4D). We then used multiplex PCR and deep
sequencing to determine the relative frequency of inversion and
found that the frequencies generated by PE2 nuclease are significantly
higher than those of Cas9 in three types of EML4-ALK inversion (Fig-
ure 4E). Using dilution PCR, we revealed that PETI could induce
EML4-ALK V2 inversion by 10.1% and 11.6% at junction-1 and
junction-2, respectively (Table 1; Figure S12). We also induced
PETI-mediated inversion in A549 cells and found that PE2 nuclease
could induce a higher fraction of PETI-guided inversion and direct
inversion compared with Cas9 nuclease (Figure S10B).

To investigate whether the PETI- and Cas9 nuclease-induced EML4-
ALK transcripts were expressed, we isolated total mRNA from the
transfected cells described above and performed RT-PCR. We
confirmed that PETI and Cas9 nuclease, but not PE2, led to the
expression of EML4-ALK transcripts via paracentric inversion
(Figures 4F and S11B). In addition, we further conducted a flow cyto-
metric assay to quantify ALK protein expression at the single cell



www.moleculartherapy.org

A B
NPM1 ALK KIF5B
ﬂL_K - -~ -~
R S ) ovs RGPS - (B3 ) o o (DS
T _——— - " -
bl I —_— -
: =4z : Translocation : :‘ . _ Translocation
ALK-NPMT ——- it NPM1-ALK ALK-KIF5B - e KIF5B-ALK
i o 3 o —> - =2 s, ol
Junction-1 Junction-2 Junction-1 Junction-2
c NPM1-ALK Translocation D KIF5B-ALK Translocation
9 Junction-1 Junction-2 9 Junction-1 Junction-2
= 57.7% 80 86.2% =
? 60— 7% § 60 60 54.0%
3 60 3 39.0%
g 40 g 40+ 40
& 40- E
g g
E 204 20 § 207 20
& 3
0 L | | 0 | 1 | 3 ||+ Ly L b
0 T T 0 T T T T 0- T T 0 T ——= T T
-30 -10 10 30 -30 -10 10 30 40  -20 0 20 40 40 20 0 20 40
@ Indel mm Noindel mm PETI-guided = Indel mm Noindel mm PETI-guided
E NPM1-ALK Translocation KIF5B-ALK Translocation F
NPM1-ALK KIF5B-ALK
Junction-1 Junction-2 Junction-1 Junction-2
100
- s 100+
& 100 100 100 1004 £
) 0
K] T 80 80
o 804 80 80 80- @
5 B 60- 60
§ 60 60 60 60 §
3 g
E 40 40 401 40 £ 407 40
o o
= 2
5 20 20 20 20 T 204 20
[ Q
4 4
o= -3 @ 0= o @ 0= 0- 0- 0=
] o~ 2 ] ~ 2 -3 ~ @ -3 ~ 2 -3 Y -3 w e
§ % § <f § € § H8 § &8 & =3
] ° ° 2
E z 2 2 )
3 Translocation with unwanted indels = PETI-guided translocation Bl Direct translocation

Figure 3. Use of PETI to generate a cancer-associated translocation

3 Undesired translocation Bl Desired translocation

(A and B) Schematic of the chromosomes before and after the reciprocal translocations generating the NPM17-ALK (a) and KIF5B-ALK fusion (b). (C and D) Representative
results of relative frequency of sequence reads in PCR amplicons amplified by translocation-specific primers amplifying either junction-1 or junction-2. (E) Targeted deep
sequencing of amplicons generated using translocation-specific primers. The bar charts represent the fraction of reads with direct translocations (blue), PETI-guided
translocations (orange), and translocations with unwanted indels (gray). (F) Fraction of sequencing reads of multiplex PCR amplicons generated from desired and undesired
PE2-, Cas9 nuclease-, and PE2 nuclease-mediated translocations. Data are presented as mean + SEM (n = 3 biologically independent samples).

level'”

and observed increased ALK expression in Cas9 or PE2
nuclease treated cells (Figures 4G and 4H). These results suggested
that PETT can be used to generate cancer-associated inversions with

high frequency and fidelity.

DISCUSSION

Here, we describe PETI, a simple and accurate method for inducing
targeted translocations and inversions in programmable manner us-
ing PE2 nuclease and paired pegRNAs. First, we showed that PETI
could induce programmed DNA recombination in episomal plasmid
of reporter constructs and reporter integrated stable cell lines. Subse-

quently, we used PETI to induce accurate translocations containing
the desired sequences in the genomes of human cells. Finally, we
generated precise cancer-associated translocations (NPM1-ALK and
KIF5B-ALK fusions) and inversions (EML4-ALK fusion variants) us-
ing PETL.

Although PETI enables programmable genomic rearrangements in
living cells, challenges remain to improve the performance of PETL
As the prime editing efficiency depends on the activity of pegRNAs,
the efficiency and accuracy of PETI may be closely related to the
composition pegRNAs in a site-specific manner. Indeed, the length
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of RTT affected the accuracy of PETI with different trends at the two
target sites (Figure S13). Therefore, optimization of pegRNAs for each
target locus is required to improve the performance of PETL

Although previous papers have reported that Cas9 with a pair of
gRNAs could induce inversions and translocations in living system,
we believe that PETI has several advantages over Cas9. Cas9
frequently generate indels at the rearranged genomic breakpoint
junctions.” The majority of disease-associated genomic breakpoints
occur in intron region indels at these sites do not affect protein
expression, but genomic rearrangements between exon regions are
found in tumors such as NAB2-STATG fusions,” and precise editing
by PETI might be required to disease modeling and therapeutic
approach. PETT can also reduce undesired genomic rearrangement
between genomic breakpoint junctions, thereby decreasing unwanted
mutations in the genome compared Cas9 nuclease. Furthermore,
PETI can install or remove specific sequences at the rearranged
genomic breakpoint junctions. As well as small size of 3-6 bp inser-
tion, PETI can introduce an attP sequence of 40 bp at the breakpoint
junction (Figure S14). This programmable characteristic of PETT of-
fers opportunities for further applications such as gene tagging and
insertion of epitope sequences.

Newly developed prime editing technologies such as Prime-Del,
PEDAR, and twinPE can produce large chromosomal deletions or in-
versions.””*>*° Prime-Del use PE2 with a paired pegRNAs and
PEDAR use PE2 nuclease (PE-Cas9) with a paired pegRNAs for tar-
geted genomic deletion up to ~10 kb. Although PETI is similar to
PEDAR in that it uses PE2 nuclease, PETI enables large-scale genome
rearrangement in living cells. Another method, called twinPE, uses
PE2 with a paired pegRNAs and Bxb1 recombinase to generate chro-
mosomal deletions and inversions.”” To induce inversions using this
method, Bxbl recognition sites attB and attP (39 and 50 bp, respec-
tively) are first inserted into the genome and then, Bxbl recombinase
induces DNA recombination at attB and attP sites, resulting in dele-
tions or inversions. Although twinPE provides precise deletions and
inversions without unwanted DNA cleavage, it requires four pegR-
NAs (a paired pegRNAs for attB insertion and a paired pegRNAs
for attP insertion) and additional Bxb1 recombinase. In addition, in-
versions generated using twinPE contain attB and attP sequences at
the inversion junction. In contrast, the PETT method does not leave
a scar at such junctions and can even insert or remove specific bases.
On the basis of these results, we anticipate that PETI-mediated chro-
mosomal rearrangements will be a powerful approach for not only

generating but also correcting disease-associated inversions and
translocations.

MATERIALS AND METHODS

Plasmid construction

The pCMV-PE2 (Addgene plasmid #132775) and pU6-pegRNA-GG-
acceptor (Addgene plasmid #132777) plasmids were a gift from David
Liu. pegRNA-encoding plasmids were generated by Golden Gate as-
sembly using a custom acceptor plasmid according to methods
described in a previous paper (Table S1).>° pCMV-PE2 was modified
to encode pPCMV-PE2 nuclease by reverting the H840A mutation in
the Cas9 sequence to H840 using a Q5 Site-Directed Mutagenesis Kit
(New England Biolabs). The coding sequences of eGFP and mCherry
were cloned into pUC19 and p3s backbones, respectively, to generate
pUC19-TL-eGFP and p3s-TL-EFS-mCherry plasmids for the
episomal reporter assay. pLX-sgRNA (Addgene plasmid #50662)
was used to make viral vector of these reporter constructs, pLX-TL-
mcherry and pLX-TL-eGFP. Briefly, pLX-sgRNA vector was digested
BamHI and Nhel restriction enzyme and reporter constructs were
cloned into them by Gibson Assembly. pLX-TL-mcherry vector was
obtained by further changing blasticidin markers to puromycin
markers.

Human cell culture and transfection

HEK293T cells (American Type Culture Collection [ATCC] CRL-
11268) were maintained in DMEM supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin and verified using an
STR profile. For the episomal reporter assay, HEK293T cells were
seeded onto 48-well plates and transfected with 500 ng of plasmid
(50 ng each of the pUC19-TL-eGFP and p3s-TL-EFS-mCherry plas-
mids, 200 ng of PE2-, PE2 nuclease-, or Cas9-encoding plasmid, and
200 ng each of two pegRNA- or sgRNA-encoding plasmids) using
1.5 pL Lipofectamine 2000 (Life Technologies). The GFP-positive
cells were analyzed by flow cytometry and fluorescence microscopy
72 h after transfection. For endogenous mutagenesis, HEK293T cells
were seeded onto 24-well plates and transfected with appropriate
plasmids (for the PE2 experiments, the PE2-or PE2 nuclease-encod-
ing plasmid [1,500 ng] and the two pegRNA-encoding plasmids [each
250 ng]; for the Cas9 experiments, the Cas9-encoding plasmid
[1,500 ng] and the two sgRNA-encoding plasmids [each 250 ng]) us-
ing 3 pL Lipofectamine 2000. After 96 h, genomic DNA was isolated
with a DNeasy Tissue Kit (Qiagen) according to the manufacturer’s
instructions. To generate reporter stale cell lines, 2 x 10> HEK293T
cells were seeded onto 24-well plates and 500 ng viral vector

Figure 4. Use of PETI to generate cancer-associated inversions

(A) Schematic of chromosome 2 before and after the paracentric inversion generating the EML4-ALK fusion. (B) Schematic of EML4-ALK fusion variants. EML4-ALK variant 1
(V1), variant 2 (V2), and variant 3 (V3) are generated by fusion of EML4 exon 13 to ALK exon 20, EML4 exon 20 to ALK exon 20, and EML4 exon 6 to ALK exon 20, respectively.
(C) Representative results of relative frequency of sequence reads in PCR amplicons amplified by inversion-specific primers amplifying either junction-1 or junction-2. (D)
Targeted deep sequencing of amplicons generated using inversion-specific primers. The bar charts represent the fraction of reads with direct inversions (blue), PETI-guided
inversions (orange), and inversions with unwanted indels (gray). (E) Fraction of sequencing reads of multiplex PCR amplicons generated from desired and undesired PE2-,
Cas9 nuclease-, and PE2 nuclease-mediated inversions. (F) Sequence chromatogram of a region of the EML4-ALK fusion transcripts showing the correct EML4-ALK
junctions. (G and H) Flow cytometry analysis to estimate the percentage of cells with EML4-ALK V2 rearrangement by Cas9 and PE2 nuclease. p values were derived from
Student’s two-tailed t test. Data are presented as mean + SEM (n = 3 biologically independent samples).
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(pLX-TL-mcherry and pLX-TL-eEGFP), 300 ng plasmids of psPAX2,
and 200 ng plasmids of pMD2.G were transfected one day after cell
seeding. Medium was changed 24 h after transfection, and su-
pernatant containing viral particle was harvested 72 h after trans-
fection. The virus particle was filtered using a 0.45 um filter and stored
at —70°C until used. Serially diluted virus particle from pLX-TL-
mcherry vector was infected in HEK293T cells, and puromycin was
treated 24 h after infection for 3 days. Then, virus particle from
pLX-TL-eEGFP vectors was transduced in these cells and blasticidin
was treated 24 h after transduction for 3 days. Cells with one copy of
pLX-TL-mcherry and pLX-TL-eGFP cassette were selected to stable
cell reporter assay.

Multiplex PCR and sequencing

Targeted genomic sites were amplified using four primers, which
could amplify not only sequences from wild-type chromosomes but
also the junctions of rearranged genomic regions, and Phusion poly-
merase (New England BioLabs). To produce sequencing libraries, the
resulting PCR amplicons were ligated with NEBNext Adaptors (New
England BioLabs) and amplified using NEBNext Multiplex Oligos for
Mumina (New England BioLabs) according to the manufacturer’s in-
structions. Sequencing libraries were then subjected to paired-end
sequencing using an Illumina sequencing platform (iSeq or MiSeq).

RNA extraction and RT-PCR

RT-PCR was performed to amplify oncogenic fusion transcripts. Total
RNA was extracted from transfected cells with a RNeasy Mini Kit (Qia-
gen) according to the manufacturer’s instructions. Total RNA (1 pg)
was reverse transcribed using the TOPscript cDNA Synthesis Kit (En-
zynomics) according to the manufacturer’s instructions. PCR amplifi-
cation was performed using Taq DNA Polymerase (Life Technologies),
and PCR products were analyzed by gel electrophoresis.

Intracellular staining of ALK proteins and flow cytometry

Cells were washed in phosphate-buffered saline twice, resuspended in
4% formaldehyde, and incubated for 15 min at room temperature for
fixation. Fixed cells were washed in PBS twice and permeabilized in
ice-cold 90% methanol for 30 min in ice. Then, cells were washed
in 0.5% BSA and stained with 1:500 anti-ALK (#3633T; Cell Signaling
Technology) for 1 h at room temperature, washed in 0.5% BSA, and
stained with 1:500 anti-rabbit Alexa Fluor 488 secondary antibody
(ab150077; Abcam) for 30 min at room temperature. Cells were
washed in 0.5% BSA twice, resuspended in PBS, and analyzed using
BD FACSAria II flow cytometry.

Statistical analyses

All results from experiments with two or three independent replicates
are expressed as mean + SEM. p values were calculated using the two-
tailed Student’s t test.

DATA AVAILABILITY

Sequencing data were deposited in the National Center for Biotech-
nology Information (NCBI) Sequence Read Archive (SRA) database
with BioProject accession code PRINA804661.
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Figure S1. Analysis of Cas9-mediated DNA recombination in episomal reporter system.

Targeted sequencing results of amplicons generated using recombination-specific primers.
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Figure S2. Analysis of PETI-mediated genomic translocation in reporter integrated cells.

Targeted sequencing results of amplicons generated using translocation-specific primers.
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Figure S3. PCR assay for HEK3-HEK4 translocations in HEK293T cells. (a) PCR products
were amplified by translocation-specific primers, either H3F (HEK3 forward) and H4R (HEK4
reverse) or H4F (HEK4 forward) and H3R (HEKS3 reverse). (b,c) PE2-nuclease mediated

insertion of a restriction enzyme site at translocation junctions.
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Figure S4. Estimation of HEK3-HEK4 translocation frequencies. The frequencies of
translocations were estimated by digital PCR analysis using serially diluted samples. Genomic
DNA samples isolated from Cas9 or PE2 nuclease treated cells were serially diluted in distilled
water and diluted samples were then subjected to nested PCR using appropriate primers.
Critical dilution points that support the amplification of breakpoint junctions were determined.
The results were analyzed using the Extreme Limiting Dilution Analysis program

(http://bioinf.wehi.edu.au/software/elda/).”
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Figure S5. Types of translocations induced by DNA DSBs. Schematic of the chromosomal
translocations induced by DNA DSBs. When two DSBs are induced simultaneously in different
chromosomes, translocations can cause four different types of genomic rearrangements, two

of reciprocal translocations, dicentric chromosome, acentric chromosome.
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Figure S6. Off-target analysis of HEK3 and HEK4 target sites. Mutation frequencies
induced by PE2, PE2 nuclease, or Cas9 nuclease at the HEK3 and HEK4 on- and off-target

sites.
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Figure S7. Estimation of translocation frequencies between HEK3 on-target site and

HEK4 off-target sites. The frequencies of translocations between HEK3 on-target site and

HEK4 off-target sites were estimated by digital PCR analysis as mentioned in Supplementary

Figure 4.
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Figure S8. PCR assay for NPM1-ALK and KIF5B-ALK translocations in HEK293T cells.
(a,b) Detection of PE2-, Cas9 nuclease-, or PE2 nuclease-mediated translocations using
translocation-specific primers. (c) Schematic of the NPM71-ALK fusion transcript (left).
Detection of the NPM1-ALK fusion transcript by RT-PCR using total RNA as template (right).
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Figure S9. Estimation of NPM1-ALK and KIF5B-ALK translocation frequencies. The
frequencies of NPM1-ALK or KIF5B-ALK franslocations were estimated by digital PCR

analysis as mentioned in Supplementary Figure 4.
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Figure $S10. Chromosomal rearrangements in A549 cell lines. (a) Sequencing results of
targeted amplicon amplified using translocation-specific primers in A549 cells. (b) Sequencing

results of targeted amplicon amplified using inversion-specific primers in A549 cells.

a
NPM1-ALK Translocation KIF5B-ALK Translocation
120-  Junction-1 120 Junction-2 Junction-1 Junction-2
%100— T T 1004 —— T 1004 —— T 100 1 1
©
(1]
£ go- 80 80+ 80
©
T S
o 604 T 60— - 60 60—
5 i 1 T
< 40 40 40+ 40—
Q
2 [
© - -
S 20 20 204 20
(7
0- o ° 0- 0- 0-
P oo % o B 2 ~ 2 =)} P
§ &8 g B3 5 uE § &%
2 o S ©
g 2 = 2
3 Translocation with unwanted indels E PETI-guided translocation Bl Direct translocation
b
EML4-ALK Junction-1 EML4-ALK Junction-2
V1 V2 V3 V1 V2 V3
120- 120 -
=
% 1004 — 1 1004 — I . L R
g
Z 80 80+
-
o
5 60 60-
3 [T
w—  40= 40—
(]
=
5 20- 20+
[+H] i ==
§ 1 N H
0 0- | == ==

(=] @ (=] @ [=}] @ @ @ [<}] [«1]
w e w oo o oo %mw %mw o o
3] © 3] © < [ © © 3] © y] ©
UD'E UD.E Uﬂ.g UCLE OI:LE UELE
Q Q [*] Q Q Q
=] =] 3 3 3 =
c c c c c c

3 Inversion with unwanted indels @ PETI-guided inversion Bl Direct inversion



Figure S11. PCR assay for three types of EML4-ALK inversions in HEK293T cells. (a)

PCR assay for inversions. Products were amplified by inversion-specific primers. (b) Detection

of the EML4-ALK fusion transcript by RT-PCR using inversion-specific primers. Total RNA from

HEK293T cells transfected with plasmids encoding PE2, Cas9 nuclease, or PE2 nuclease was

used as template.
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Figure S12. Estimation of three types of EML4-ALK inversions frequencies. The frequencies of inversions were estimated by digital PCR
analysis as mentioned in Supplementary Figure 4.
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Figure S13. Analysis of PETI-mediated chromosomal translocation and inversion with
various length of RTT in each pegRNAs. (a) Targeted deep sequencing results of amplicons
generated using HEK3-HEK4 translocation-specific primers. (b) Targeted sequencing results

of amplicons generated using EML4-ALK translocation-specific primers.
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Figure S14. PCR assay for insertion of attP site at translocation junctions in HEK293T

cells.
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Table S1. Sequences of pegRNAs used in the experiments.

pegRNA Target RT-name Spacer sequence PBS (5'to 3',13 nt) RTT sequence (5' to 3')
name gene
HEKS3-E1 HEK3 E-HEK4-Perfect ggcccagactgagcacgtga TGG cagactgagcacg tgggggttaaagcggagactctggtgctgt
HEK3-E2 HEK3 E-HEK4-EcoRFins ggcccagactgagcacgtga TGG cagactgagcacg AATTCtgggggttaaagcggagactctggtgctgt
HEK3-E3 HEK3 E-HEK4-3bp-del ggcccagactgagcacgtga TGG cagactgagcacg gggttaaagcggagactctggtgctgtgtg
HEK4-E1 HEK4 E-HEK3-Perfect ggcactgcggctggaggtgg GGG ctgcggctggagg tgatggcagaggaaaggaagccctgcttcce
HEK4-E2 HEK4 E-HEK3-BamHFins ggcactgcggctggaggtgg GGG ctgcggctggagg ATCCtgatggcagaggaaaggaagccctgcttce
HEK4-E3 HEK4 E-HEK3-3bp-del ggcactgcggctggaggtygg GGG ctgcggctggagg tggcagaggaaaggaagccctgcttcctce
ALK-V1 ALK ALK-1-BamHI-EXT gcgagctttcaccatcgtga TGG gctttcaccatcg GGATCCtgatggctaaataacagcccagttttcttg
EML4-V1 EML4 EML4-2-EcoRIFEXT attcagctgtaccaatgtga TGG agctgtaccaatg GAATTCtgatggacactgaaggagctccccaccece
ALK-V2 ALK ALK-EML4-V2(EcoRI)-EXT tccttcagtgtceccatcacga TGG tcagtgtccatca GAATTctaaggtaatgagaatctcaaatgtgattc
ELM4-Vv2 EML4 EML4-V2(BamHI)}-EXT gcatatgttatgctgagcta AGG atgttatgctgag GGATCCcgatggtgaaagctcgccceccaccectaga
ALK-NPM1 ALK ALK-NPM1(BamHI)-EXT gcgagctttcaccatcgtga TGG gctttcaccatcg GATCCtcgaggatatagcaagctatgatcacatca
NPM1 NPM1 NPM1(EcoRI)-EXT gtgaacccagtagcagttcg AGG acccagtagcagt GAATTCtgatggacactgaaggagctccccacceece
ALK-V3 ALK ALK-EML4-V3(BamHI)}-EXT gcgagctttcaccatcgtga TGG gctttcaccatcg GATCCtcctggctacagctaatcacaaattttage
EML4-V3 EML4 EML4-V3(EcoRI)-EXT tgatcaaccgcaactcttec TGG caaccgcaactct GAATTCtgatggacactgaaggagctccccaccece
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