:' frontiers

in Genome Editing

BRIEF RESEARCH REPORT
published: 12 November 2021
doi: 10.3389/fgeed.2021.786893

OPEN ACCESS

Edited by:
Ayal Hendel,
Bar-llan University, Israel

Reviewed by:

Mustapha Aouida,

Hamad bin Khalifa University, Qatar
Adi Barzel,

Tel Aviv University, Israel

Mario Amendola,

Institut National de la Santé et de la
Recherche Médicale (INSERM), France

*Correspondence:
Jacob Giehm Mikkelsen
giehm@biomed.au.dk

Specialty section:

This article was submitted to
Genome Editing Tools and
Mechanisms,

a section of the journal
Frontiers in Genome Editing

Received: 30 September 2021
Accepted: 26 October 2021
Published: 12 November 2021

Citation:

Wolff JH, Haldrup J, Thomsen EA,
Andersen S and Mikkelsen JG (2021)
piggyPrime: High-Efficacy Prime
Editing in Human Cells Using
piggyBac-Based DNA Transposition.
Front. Appl. Math. Stat. 3:786893.
doi: 10.3389/fgeed.2021.786893

Check for
updates

piggyPrime: High-Efficacy Prime
Editing in Human Cells Using
piggyBac-Based DNA Transposition

Jonas Holst Wolff, Jakob Haldrup, Emil Aagaard Thomsen, Sofie Andersen and
Jacob Giehm Mikkelsen *

Department of Biomedicine, Aarhus University, Aarhus, Denmark

Prime editing is a novel genome editing technology that allows a wide range of tailored
genomic alterations. Prime editing does not involve homologous recombination, but
suffers from low efficacy. Here, we demonstrate piggyPrime, a transfected single-
vector system based on piggyBac DNA transposition for genomic integration of all
prime editing components in human cells allowing easy and effective transgenesis with
prime editing efficacies up to 100% in cell lines.
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INTRODUCTION

Prime editing, based on the CRISPR-Cas9 system (Jinek et al., 2012; Jinek et al., 2013; Ran et al.,
2013), enables precise editing of the genome by supporting targeted insertions, deletions, or any
of the 12 possible single-base substitutions. Gene editing by prime editing involves neither donor
templates nor double-stranded breaks (Anzalone et al., 2019). These unique properties of prime
editing are based on the delivery of a prime editor (PE), consisting of a Cas9-reverse
transcriptase fusion protein (hereafter referred to as PE2), along with the prime editing
guide RNA (pegRNA) that specifies both the genomic target as well as the desired edit to be
written directly into the genome. Prime editing has tremendous potential for treatment of
disease-causing mutations, as well as generation of disease models, both in vitro and in vivo
(Schene et al., 2020; Jang et al., 2021; Kim et al., 2021; Liu et al., 2021; Park et al., 2021; Petri et al.,
2021; Qian et al., 2021). However, the use of prime editing is currently challenged by low efficacy,
leading to time-consuming optimization and/or screening approaches in order to achieve
satisfactory editing activities (Liu et al., 2020; Schene et al., 2020; Chemello et al., 2021; Kim
et al., 2021; Petri et al., 2021).

Stable integration of gene cassettes encoding conventional CRISPR effectors, like Cas9 and single
guide RNAs, into the genome of mammalian cells is widely used across life science research,
including for generation of model cell lines and in CRISPR screens (Shalem et al., 2014; Holmgaard
et al,, 2017; Thomsen et al., 2020). For prime editing, effective integration of the PE2-expressing
cassette into the genome of mammalian cells is challenged by the large size of the PE2 coding
sequence (6351 bp). This makes the use of viral vectors difficult due to restricted packaging
capabilities (Kumar et al.,, 2001), and so far, the PE2 system has only been integrated into the
genome of mammalian cells by delivering intein-split PE2 cassettes using two separate lentiviral
vectors (Anzalone et al., 2019). Here, we present piggyPrime, a non-viral, single-vector system for
easy and efficient integration of all prime editing components in human cells, utilizing the large
integration capacity of the piggyBac transposon system. Importantly, prolonged expression of PE2
and pegRNA facilitated by DNA transposition supports increased levels of prime editing, providing
thus a novel approach for effective transgenesis.
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MATERIALS AND METHODS

Plasmid Constructions

DNA amplification was performed using Phusion High-
Fidelity PCR Master Mix (ThermoFisher Scientific) unless
otherwise stated. All oligoes for pegRNAs and nicking
sgRNAs were from Integrated DNA Technologies. Cloning
oligoes for previously published pegRNAs were derived using
peglIT (Anderson et al., 2021), which was also used to design
the ngRNA used for the HBB(E7V) target. pCMV-PE2
(Addgene plasmid no. 132775) and pU6-pegRNA-HEK3-
CTTins (Addgene plasmid no. 132778) were gifts from
David Liu (Anzalone et al, 2019). pCMV-hyPBase is
described elsewhere (Yusa et al, 2011). For generation of
pPBT-PE2-PGK-Blast (Addgene plasmid no. 173219),
CMV-PE2 was first amplified from pCMV-PE2 using
Platinum SuperFi II High-Fidelity DNA Polymerase
(ThermoFisher Scientific) and assembled into a HindII-/
Ndel-digested pPBT-EFS-Cas9-P2A-mCherry (unpublished)
using NEBuilder® HiFi DNA Assembly Master Mix (New
England Biolabs) to generate pPBT-PE2. Fragments
containing PGK-Blast and a bGH poly A signal were then
amplified from pCW-Cas9-Blast (Addgene plasmid no. 83481)
and pCMV-PE2, respectively, using PCR and assembled into
Xbal-digested pPBT-PE2. For generation of pPBT-pegRNA-
Puro, a modified pegRNA Golden Gate cloning cassette was
amplified from pU6-pegRNA-GG-acceptor (Addgene plasmid
no. 132777), with primers designed to convert the Bsal
restriction sites to BsmBI sites, which allows pegRNAs to be
cloned as described elsewhere (Anzalone et al., 2019), but with
the use of BsmBI (New England Biolabs). The EF-1a promoter
was then amplified from lentiGuide-Puro (Addgene plasmid
no. 52963) and assembled with the pegRNA cloning cassette
into a HindIII-/Smal-digested pPBT-EFS-Cas9-P2A-mCherry
backbone using NEBuilder. The resulting plasmid, pPBT-
peRNA_GG-Puro (Addgene plasmid no. 173220), was then
subjected to pegRNA Golden Gate cloning of the HEK3-
CTTins pegRNA using the protocol described elsewhere
(Anzalone et al., 2019), but with the use of BsmBI-v2 (New
England Biolabs) (Supplementary Note S2). For generation of
piggyPrime vectors, pPBT-PE2-PuroTK-pegRNA-GG
(Addgene plasmid no. 173222) was first generated, into
which pegRNAs can easily be cloned analogous to cloning
of pegRNAs into pPBT-pegRNA_GG-Puro. For this, the
M-MLV RT was amplified from pCMV-PE2, P2A-PuroTK-
pA was amplified from pPBT-EFS-Cas9-P2A-PuroTK
(unpublished) and the modified pegRNA Golden Gate
cassette was amplified from pPBT-pegRNA_GG-Puro.
pPBT-EFS-Cas9-P2A-PuroTK contains a mutation within
the PuroTK gene that removes a BsmBI restriction site. The
three fragments were then assembled into a BamHI-/Smal-
digested pPBT-PE2-PGK-Blast wusing NEBuilder. All
piggyPrime vectors were subsequently generated by Golden
Gate assembly of pegRNAs using BsmBI-v2 (Supplementary
Note S2). For generation of multiplexed piggyPrime vectors,
the HBB(E7V)-piggyPrime vector was linearized using Xbal
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(ThermoFisher Scientific). The HEK3-CTTins pegRNA
expression cassette was then amplified from the HEK3-
CTTins piggyPrime vector and inserted into the HBB(E7V)-
piggyPrime using NEBuilder. Same procedure was used to
insert the HBB(E7V) nicking sgRNA instead, which was
amplified from a pU6-HBB(E7V)-ngRNA plasmid. The
primers used for cloning of all plasmids are listed in
Supplementary Table S3.

Cell Culture Conditions and Transfection
HEK293T and HelLa cells (ATCC) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 5% Fetal
Calf Serum (FCS) and 1% penicillin/streptomycin (P/S). K562
cells (ATCC) were maintained in RPMI-1640 medium (Sigma-
Aldrich) supplemented with 10% FCS and 1% P/S. All cells were
incubated, maintained, and cultured at 37°C with 5% CO,. For
transfection of HEK293T and HeLa, 5 x 10 cells were seeded in
24-well plates 18-24 h prior to transfection. Transfection was
performed using 1,000ng of plasmid DNA and 2.5pL
TurboFect™ Transfection Reagent (ThermoFisher Scientific)
following the manufacturer’s instructions. For transfection of
K562 cells, 1 x 10° cells were seeded in 24-well plates and
transfected with 1,000ng plasmid DNA using 3pL
LipofectamineTM 2000 (ThermoFisher Scientific) according to
manufacturer’s instructions. For co-transfections using the PE3
system (Figure 1C), a plasmid ratio of 3:1 (pegRNA:ngRNA) was
used. For co-transfections of piggyBac vectors and pCMV-
hyPBase, a plasmid ratio of 9:1 was used (vector:hyPBase). In
all transfection experiments, medium was changed 16 h after
transfection, and unless otherwise specified, cells were harvested
72h after transfection. Selection medium (5 pg/ml blasticidin
and/or 1pg/ml puromycin (ThermoFisher Scientific)) was
applied to indicated experiments at day 3 after transfection
and maintained for the full duration of all experiments. Cells
were passaged as required.

Genomic DNA Extraction and Analysis of

Prime Editing Events

Genomic DNA was extracted by addition of 100-300 puL lysis
buffer (10 mM Tris-HCI, pH 7.5; 0.05% SDS; 25 pg/ml proteinase
K (ThermoFisher Scientific)) depending on confluency of cells at
time of harvest. Lysis mixture was incubated 2 h at 37°C followed
by enzyme inactivation at 80°C for 30 min. PCR was then
performed on 150ng of extracted genomic DNA using
Phusion High-Fidelity PCR Master Mix (ThermoFisher
Scientific) with primers listed in Supplementary Table S2.
PCR amplicons were purified by 1% agarose gel
electrophoresis using E.ZN.A® Gel Extraction Kits (Omega
Bio-Tek). Sanger sequencing of PCR amplicons was then
performed by Eurofins Genomics, and prime editing events
were analyzed using DECODR (Bloh et al., 2021).

Copy-Number Determination Using ddPCR
For copy-number (CN) determination of integrated piggyPrime
cassettes, genomic DNA was harvested by ethanol precipitation
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FIGURE 1 | | Prime editing by piggyBac-mediated transposition of PE2 and pegRNA cassettes using separate piggyBac vectors. (A) Graphical overview of prime
editing based on piggyBac DNA transposition, demonstrating the concept of potent editing as a result of stable expression of both PE2 and pegRNA. (B) Schematic
representation of the piggyBac vectors carrying either PE2 (left) or a pegRNA (right). (C) Integration of the Cas9-RT expression cassette alone into HEK293T cells
facilitates correct editing at the HEKS target when transfected with a HEK3-CTTins pegRNA (PE2) as well as when transfected with an additional nicking sgRNA
(PES). Editing rates were determined 3 days after transfection. (D) Integration of the HEK3-CTTins pegRNA expression cassette into 293T-PE2 cells (293T-PE2 + pPBT-
pegRNA + pCMV-hyPBase) results in increased prime editing over time compared to cells with transiently expressed PE2 and pegRNA (HEK293T PE2:HEKS-CTTins) or
transiently expressed pPBT-pegRNA-Puro (293T-PE2 + pPBT-pegRNA). Puromycin was applied at day 3 after transfection only to cells with stably integrated pegRNA
cassette. Data and error bars show mean (n = 3) + sd. Statistical significance was calculated using multiple unpaired t-tests with correction for multiple testing
(*p < 0.002, **p < 0.0002, ***p < 0.0001).

followed by HindIII (ThermoFisher Scientific) digestion for 1hat 25 ng of digested genomic DNA as input. Primers and probes
37°C. Quantitative Droplet Digital PCR (ddPCR) was then  used are listed in Supplementary Table S4 and targets the
performed on a QX200TM Droplet DigitalTM PCR System  Puromycin and albumin (ALB) genes. Data were analyzed
with ddPCR Supermix for Probes (No dUTP) (BioRad) using using QuantaSoft™ Analysis Pro.
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pegRNA Expression-Levels ddPCR
Total RNA was extracted from cells using Roche High Puro

miRNA Isolation Kit (Roche Applied Science) and subjected to
DNase I treatment (ThermoFisher Scientific). 250 ng RNA was
then used for cDNA synthesis using Maxima H Minus cDNA
Synthesis Master Mix (ThermoFisher Scientific). Quantitative
Droplet Digital PCR (ddPCR) was then performed on a
QX200TM Droplet DigitalTM PCR System with ddPCR
Supermix for Probes (No dUTP) (BioRad) with 1/8 diluted
DNase I treated RNA as input. Primers and probes used are
listed in Supplementary Table S4.

Statistical Analysis

For all graphs, mean (n = 3) and standard deviation (sd) were
calculated and plotted using GraphPad Prism 9. Statistical
analysis was performed using multiple unpaired t-tests with
correction for multiple testing.

RESULTS

Stable Genomic Integration of Prime Editing
Effectors Using piggyBac DNA
Transposition Enables Increased Editing in
HEK293T Cells

We first sought to establish evidence of functional integration of
both PE2- and pegRNA-expressing cassettes with the use of
piggyBac DNA transposition and validate that expression of
the prime editing components from integrated cassettes was
sufficient to confer targeted prime editing (Figure 1A). To do
this, we constructed a piggyBac vector (pPBT-PE2-PGK-Blast)
carrying a PE2 cassette driven by a CMV promoter as well as a
blasticidin resistance gene driven by a PGK promoter
(Figure 1B). We then transfected HEK293T cells with this
vector along with plasmid DNA encoding a hyperactive
piggyBac transposase (Yusa et al, 2011) (hyPBase), selected
for blasticidin-resistant cells, and validated functional prime
editing in these cells (referred to as 293T-PE2) after
subsequent transfection with a plasmid encoding a pegRNA
designed to incorporate a three-nucleotide CTT insertion at
the HEK3 genomic site (Anzalone et al., 2019) (HEK3-CTTins
pegRNA) (Figure 1C). This resulted in editing rates that were
comparable with previous reported editing efficacies using the
same pegRNA (Anzalone et al.,, 2019). We then constructed a
piggyBac vector containing the HEK3-CTTins pegRNA
expression cassette (pPBT-pegRNA-Puro) (Figure 1B),
integrated this into 293T-PE2 cells using hyPBase and
measured the edit rates at fixed timepoints following
transfection and in the presence of puromycin (Figure 1D).
At day 10 after transfection, the cells with both PE2 and
pegRNA cassettes integrated into the genome showed a
markedly higher editing rate compared to wild-type
HEK29T cells co-transfected with pCMV-PE2 and pU6-
pegRNA (63.5 + 1.4% vs 43.8 + 2.3%) (Figure 1D). From day
10 until day 24 after transfection, the cells with integrated PE2
and pegRNA cassettes showed an increase in correct editing,
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whereas transiently transfected cells did not show an increase in
editing, indicating that long-term expression allowed for targeted
edits to accumulate. Furthermore, we did not detect any indel
formation, even 24days after transfection (Supplementary
Figure S1).

Integration of all Prime Editing Components
Using All-In-One Single Vectors Allows for
Potent Editing at Target Sites

Next, we sought to develop a single-vector system that could
deliver all the components of the prime editing system to cells in
an easy and adaptable way. For this, we constructed a piggyBac
vector containing PE2, a puromycin resistance gene, and a
pegRNA Golden Gate cloning cassette for easy pegRNA
cloning (Figure 2A; Supplementary Note S2). We then
constructed  piggyBac-PE2-pegRNA  vectors  (hereafter
referred to as piggyPrime vectors) using five different
pegRNAs (Supplementary Note S1), integrated them into
the genome of both HEK293T and HeLa cells using hyPBase
and established puromycin-resistant cell lines. At day 3 after
transfection, all cell lines showed minimal prime editing activity
with no detectable editing in the majority of piggyPrime-
transfected cells (Figure 2B). However, at day 10 after
transfection, editing could be observed in all cell lines, with
editing rates ranging from 46 + 1.5% to 98 + 4% in
HEK293T cells (Figure 1B) and from 32 + 4% to 69 + 0.6%
in HeLa cells (Figure 2C). In accordance with our initial
findings, editing rates kept increasing at all targets at day 17
and 24 after transfection, with some targets reaching 100%
editing (Figure 2B). At day 24, the average editing rates
across all 5 pegRNAs were 84.7 + 15.5% and 63.6 + 17.1% in
HEK293T and HeLa cells, respectively. Furthermore, we
successfully integrated the HEK3-CTTins and HBB(E7V)
piggyPrime vectors into K562 cells by transfection and
observed up to 46 + 0.7% correct editing at day 24, despite
the fact that editing could not be detected at day 3 after
transfection (Figure 2D). For all targets across all cell lines,
we did not detect any indel formation at day 24 after
transfection (Supplementary Figure S2).

Additionally, we measured the level of pegRNA present in
selected cell lines to confirm that the PE2-pegRNA cassette was
stably integrated and expressed. We transfected K562 cells with
piggyPrime vectors either with or without co-transfection of
hyPBase-encoding plasmid DNA and found that only cells co-
transfected with hyPBase had pegRNA levels that were detectable
by ddPCR at day 14 (Figure 2E; Supplementary Figure S3A).
Furthermore, only the cells that were co-transfected with hyPBase
showed an increase in prime editing activity from day 3 to 14
(Figure 2F; Supplementary Figures S3B,C). We also determined
the copy-number of the integrated HEK3-CTTins piggyPrime
vectors and found that, on average, 6 and 5.4 copies were present
in HEK293T and HeLa cells, respectively (Figure 2G). Hence, this
confirmed that PE2 and pegRNAs were indeed stably expressed
from integrated transposons, and that prolonged expression of
PE2 and pegRNA was necessary to achieve increased levels of
prime editing.
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FIGURE 2 | | Effective prime editing by piggyBac-mediated integration of all prime editing components using a single-vector system. (A) Schematic overview of the
piggyPrime vector, consisting of (from the right) a 5° terminal repeat (TR), CMV promotor, Cas9(H840A)-linker-M-MLV-RT (PE2), P2A, PuroR, bGH pA, hU6 promotor,
pegRNA, and 3’ TR. (B,C) Integration of piggyPrime vectors containing the HEK3-CTTins, HEK3-Ains, HBB(E7V), FANCF-6Gdel, and PRNP-GtoT pegRNAs into
HEK293T (B) and HeLa (C) cells resulting in increasing correct editing at target sites over time. Puromycin was applied at day 3 after transfection. (D) piggyPrime
vectors can also successfully be integrated into the genome of K562 cells by transfection, resulting in increased correct editing over time. (E) pegRNA levels were
(Continued)
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FIGURE 2 | determined at day 3 and 14 in K562 cells transfected with the HEK3-CTTins piggyPrime vector either with or without hyPBase. Only cells co-transfected with
the piggyPrime vector and hyPBase-encoding plasmid DNA showed detectable pegRNA levels at day 14. (F) Editing rates were determined at multiple time points in
K562 cells transfected with the HEK3-CTTins piggyPrime vector either with or without hyPBase. Only cells co-transfected with the piggyPrime vector and hyPBase-
encoding plasmid DNA showed detectable correct editing. (G) The average copy-number of HEK3-CTTins piggyPrime vectors was determined in HEK293T and HelLa
cells using ddPCR. (H) Schematic overview of piggyPrime vectors carrying both a nicking sgRNA (hgRNA) and a pegRNA (top) or dual pegRNAs (bottom). (l) Integration
of HBB(E7V) piggyPrime vector carrying both a ngRNA and a pegRNA cassette resulted in markedly increased editing compared to HBB(E7V) piggyPrime vectors
without a ngRNA. (J) Integration of piggyPrime vectors carrying both the HEK3-CTTins and HBB(E7V) pegRNA resulted in correct editing at both target sites, without
compromising editing efficacy. Data and error bars show mean (n = 3) + sd. Statistical significance was calculated using multiple unpaired t-tests with correction for

multiple testing (o < 0.03, **p < 0.002).

An increase in prime editing efficacy can be achieved by
delivering a conventional sgRNA (termed a “nicking sgRNA”
or “ngRNA”) in addition to the pegRNA, a method termed PE3 or
PE3b (Anzalone et al, 2019). Therefore, we additionally
constructed an HBB(E7V) piggyPrime vector capable of
integrating a ngRNA cassette in addition to the PE2 and the
HBB(E7V) pegRNA (Figure 2H). Notably, including a ngRNA
within the HBB(E7V) piggyPrime vector led to markedly higher
editing rates at the HBB target in HEK293T cells at day 3 and 10
after transfection (Figure 2I). We also constructed a piggyPrime
vector encoding both HBB(E7V) and HEK3-CTTins pegRNAs
(Figure 2H), which led to successful multiplexed editing of both
the HBB and HEK3 target, without compromising editing efficacy
at any of the targets (Figure 2]J).

DISCUSSION

This study demonstrates, to the best of our knowledge, the first
single-vector system capable of genomic integration of all the
components of both the PE2 and PE3/PE3b system resulting in
potent editing of up to 100% of targeted alleles. Editing efficacies
were generally found to be lower in HeLa and K562 cells
compared to HEK293T cells, which may partially reflect
differences in plasmid transfection rates. Such differences
between cell lines are in accordance with previous studies also
reporting lower efficacy of prime editing in both HeLa and K562
cells (Anzalone et al., 2019; Nelson et al., 2021). Some concern
could be raised in regard to generating cell lines with
constitutively expressed genome editing effectors; however, the
prime editing system has been shown to confer far less off-target
editing than conventional CRISPR-Cas9, thus minimizing
concerns of such undesired editing (Anzalone et al, 2019).
Alternatively, potential unwanted off-target editing or by-
product formation could be addressed by using controllable
expression systems in the piggyPrime vector context.
Additionally, in all experiments we were unable to detect any
indel formation at day 24 after transfection by Sanger sequencing,
even when including a ngRNA, which has been shown to increase
indel formation of the PE system (Anzalone et al., 2019).
PiggyPrime represents a groundbreaking new approach for
effective generation of transgenic model cell lines harboring
disease-causing genetic variants or genes with desired genetic
alterations. piggyPrime does not depend on homologous
recombination and only requires a single pegRNA to be
designed and cloned into a piggyPrime vector in a one-step

Golden Gate cloning, thus aiding universal use. If desired,
the piggyPrime system can furthermore accommodate a
nicking sgRNA in addition to the pegRNA, which is
expected to increase efficacy at targets of interest.
Alternatively, the system can be multiplexed allowing two
and potentially more pegRNAs to be integrated to generate
complex disease models harboring multiple mutations. Our
findings demonstrate potent prime editing leading to effective
transgenesis in cells with prolonged expression of key prime
editing components, suggesting that a longer time frame for
prime editing is crucial for improved efficacy and common use.
piggyPrime is easy adaptable to most proliferating cell types
and is likely to become the standard technology for generation
of cells with tailored genetic edits throughout the scientific
community.
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