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Prime editing technologies enable precise genome editing
without the caveats of CRISPR nuclease-based methods. None-
theless, current approaches to identify and isolate prime-edited
cell populations are inefficient. Here, we established a fluores-
cence-based system, prime-induced nucleotide engineering us-
ing a transient reporter for editing enrichment (PINE-TREE),
for real-time enrichment of prime-edited cell populations.
We demonstrated the broad utility of PINE-TREE for highly
efficient introduction of substitutions, insertions, and dele-
tions at various genomic loci. Finally, we employ PINE-TREE
to rapidly and efficiently generate clonal isogenic human
pluripotent stem cell lines, a cell type recalcitrant to genome
editing.

INTRODUCTION

The emergence of deaminase fused-Cas9 base editing technologies as
well as prime editing technologies has enabled precise chromosomal
editing without the need for potentially deleterious double-stranded
breaks or inefficient homology-directed repair.' > While current
base editors are restricted to a limited number of base substitutions,
prime editors (PEs) can direct all single-base substitutions as well
as insertions and deletions.” Even so, existing methods to purify edi-
ted cell populations are limited and rely on downstream sequencing
techniques. Recent reports have shown that PE efficiency is low in
cells resistant to genome modification, such as human pluripotent
stem cells (hPSCs).”” Previously, we developed a series of methods
that employ transient reporters for editing enrichment (TREE) to
facilitate highly efficient (>80%) base editing of cells.” "' Briefly, these
TREE-based methods employ a transient episomal fluorescent re-
porter that allows identification and flow cytometry-based isolation
of cells that have had single-nucleotide changes at precise genomic lo-
cations. Here, we built upon this work to establish a new TREE-based
method, prime-induced nucleotide engineering using a TREE (PINE-
TREE), to detect and report prime editing activity with a cell. More-
over, we demonstrate, at several independent loci and across various
types of genomic modifications (i.e., base substitutions, insertions,
and deletions), that PINE-TREE allows real-time identification and
purification of edited cell populations. We employ PINE-TREE to
modify hPSCs, resulting in editing efficiencies significantly exceeding
those using typical enrichment strategies. Finally, we demonstrate
that PINE-TREE provides efficient generation of clonal isogenic

hPSCs at loci that are difficult to edit using traditional reporter of
transfection (RoT)-based PE enrichment techniques. Overall,
PINE-TREE is a highly adaptable and easily implemented method
that will greatly enhance the use of PE technologies for numerous
in vitro applications.

RESULTS

Establishment and characterization of the PINE-TREE reporter
system

Prime editing has been employed in a variety of in vitro applications,
including lineage tracing, transcriptional modulation, dissection of
disease-relevant genetic variants, synthetic biology, and development
of model cell lines.'? '® Nonetheless, techniques to enhance isolation
of edited cells are limited. Instead, most approaches employ transfec-
tion reports that do not report on editing activity within a cell. In
addition, numerous factors can influence prime editing efficiency,
including PE nuclear expression levels, Cas9 nuclease activity, endog-
enous levels of DNA mismatch repair, prime editing guide RNA
(pegRNA) design, and pegRNA degradation.'””"” To that end, we
sought to build upon our previous TREE-driven base editing enrich-
ment strategies” ' to develop a TREE-based reporter system (here
referred to as PINE-TREE) that would report on PE activity and allow
purification of prime-edited cell populations. Therefore, to develop a
fluorescence-based assay to report on PE activity within a cell, we uti-
lized a plasmid encoding a blue fluorescent protein (BFP) variant that
converts to a green fluorescent protein (GFP) upon a PE-directed
C-to-T nucleotide change (Figure 1A). Thus, co-transfection of cells
with this BFP construct (pEF1a-BFP), a PE (pEFla-PE2), and a
pegRNA (pegRNA[BG]) targeting a C-to-T conversion in the
“CAC” codon encodes for a histidine at the 66th amino acid will result
in an amino acid change to a tyrosine encoded by a “TAC” codon
(Figure 1B). This histidine-to-tyrosine change will result in a BFP-
to-GFP conversion in cells in which the prime editing machinery is
present and active. We also designed an additional construct (here
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referred to as pegRNA(BG)-nsgRNA(BG)) to be utilized with the PE3
system, which employs an additional nicking single guide RNA
(nsgRNA) that nicks the non-edited strand near the pegRNA target,
enhancing editing efficiency (nsgRNA(BG)).”

We first sought to validate PINE-TREE in a cell line that was relatively
easy to transfect and has been shown previously to be amenable to
prime editing: HEK293T cells. Thus, HEK293T cells were co-trans-
fected with BFP, a PE, and a pegRNA in the context of the PE2 or
PE3 system. Cells transfected with pEF1a-BFP or pEF1a-GFP only
were used to establish the flow cytometry sorting gates to determine
reporter-positive and -negative cell populations (Figure SIA). 72 h
post transfection, fluorescence microscopy and flow cytometry anal-
ysis demonstrated that the BFP-targeting pegRNA resulted in gener-
ation of GFP-positive cells, implying that episomal C-to-T editing
allowed BFP-to-GFP conversion (Figures S1B and S1C). As expected,
HEK293T cells transfected with the PE3 system displayed higher per-
centages of GFP-positive cells compared with the PE2 system, which
is consistent with previous reports™ (Figures S1B and S1C). In addi-
tion, we wanted to confirm that the fluorescence associated with
PINE-TREE reporting was transient in nature. In that regard, we
measured the long-term fluorescence of GFP-positive cells after
PINE-TREE-based editing using fluorescence microscopy (Figure 1C)
and flow cytometry (Figure 1D). Collectively, this analysis revealed no
long-term detectable GFP signal, demonstrating the transience of the
PINE-TREE fluorescent signal.

Next, we wanted to demonstrate that PINE-TREE could be utilized
to enrich edited cell populations. Because we observed that the
PE3 system allowed higher levels of BFP-to-GFP episomal editing,
we proceeded with using this system in the context of PINE-TREE
enrichment methods. Therefore, we designed a dual-targeting vec-
tor (PE-pegRNA(DT)-nsgRNA(DT)) that contained pegRNA(BG)-
nsgRNA(BG) as well as a pegRNA for an endogenous target site
(pegRNA(TS)) and an additional sgRNA that nicks the non-editing
strand adjacent to the pegRNA(TS) target (sgRNA(TS)). The dual-
targeting vector was constructed to enable cloning of any target
sites via simple restriction enzyme cloning digestion and ligation
of oligonucleotides”' (Figure S2). To evaluate PINE-TREE enrichment
of cells that have been edited at specific loci, we co-transfected
HEK293T cells with pEF1a-BFP and pEFla-PE2 as well as PE-

pegRNA(DT)-nsgRNA(DT) vectors designed to introduce single-
nucleotide mutations at various loci (EMXI1, FANCF, HEK4, and
RNF2). Flow cytometry was then used to purify fluorescent cell popu-
lations, and Sanger sequencing was performed on the targeted
genomic loci in the isolated cell populations (Figure 1E). This
analysis revealed that cells positive for the PINE-TREE reporter (i.e.,
BFP+GFP+) had a higher level of editing compared with double-nega-
tive cells (i.e., BFP—GFP—) (Figure 1F). Critically, cells only positive
for the transfection marker but negative for the PINE-TREE reporter
(i.e, BFP+GFP—) had significantly lower editing across all loci
compared with the GFP+ cell population (Figure 1F). In addition,
we wanted to compare the editing efficiency in PINE-TREE-enriched
cells with that of cell populations that had been enriched using conven-
tional reporters of transfection (Figure 1G). In this vein, we co-trans-
fected HEK293T cells with a reporter plasmid (pEFla-GFP), a
PE (pEFla-PE2), and a PE-pegRNA(TS)-nsgRNA(TS) at various
genomic target sites. Flow cytometry was used to separate RoT re-
porter-positive cell populations, and Sanger sequencing was per-
formed on the targeted genomic sites. This analysis demonstrated
that, across all target sites, the BFP/GFP double-positive cells isolated
using PINE-TREE had significantly higher levels of prime editing than
reporter-positive cells enriched using RoT approaches (Figure 1H).
Overall, these results demonstrate that PINE-TREE can not only be
used to identify but also enrich for prime-edited cell populations
across a variety of genomic target loci.

PINE-TREE can be used for introduction of substitutions,
deletions, and insertions into hPSCs

CRISPR nuclease-based approaches to genetically modify hPSCs uti-
lize inefficient homology-directed repair (HDR) and require intro-
duction of deleterious double-stranded breaks (DSBs).”* ** Although
prime editing-based approaches have been applied in the context of
hPSCs, they require stable integration of an inducible prime editing
cassette or employ iterative rounds of transfection to achieve modest
levels of editing efficiency.”” In addition, although reporter systems
have been employed to increase prime editing levels, they have only
been applied to a limited number of loci and have not been used in
the context of clonal cell line generation.zg"m Therefore, we wanted
to establish that PINE-TREE could be used to enrich for prime edit-
ing-induced genomic modifications at various loci in hPSCs. First, we
sought to establish the optimal prime editing transfection conditions

Figure 1. Establishment and validation of PINE-TREE-based enrichment of prime-edited cell in HEK293T cells

(A) Conversion of BFP to GFP allows detection of prime editing activity in cells. Targeting pEF1a.-BFP with a PE results in a single-nucleotide C-to-T conversion, causing a
change in the fluorescence emission spectra from BFP to GFP. (B) The mutant BFP in the pEF1a-BFP construct was engineered to convert to GFP upon a C-to-T conversion.
The protospacer for the pegRNA, pegRNA(BG), is underlined in black, the protospacer adjacent motif (PAM) is underlined in red, and the 3" extension sequence in the
pegRNA is underlined in yellow. The nick site for the nicking sgRNA, nsgRNA(BG), is indicated by a black arrow. Targeting of the “CAC” codon in BFP with the pegRNA(BG)-
nsgRNA(BG) will result in a C-to-T conversion to “TAC” and the associated amino acid change of histidine (blue) to tyrosine (green) at the 66th amino acid in BFP. (C and D)
Fluorescence microscopy (C) and flow cytometry (D) analysis of HEK293T cells at various time points after transfection with pEF1a-BFP, pEF1a-PE2, and pegRNA(BG) (top
panels, PE2 system) or pegRNA(BG)-nsgRNA(BG) (bottom panels, PE3 system). (E) Schematic for identification and enrichment of prime-edited cell populations using PINE-
TREE. 72 h post transfection, flow cytometry is used to sort cell populations into reporter-positive and -negative cell fractions based on BFP and GFP expression levels. (F)
Quantification of prime editing efficiency of single-nucleotide changes at various loci in unsorted (white bar), BFP—/GFP— (gray bar), BFP+/GFP— (blue bar), and BFP+/GFP+
(green bar) cell populations isolated using PINE-TREE-based enrichment strategies. n = 3; *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. (G) Schematic for enrichment of
prime-edited cell populations using reporter of transfection (RoT) approaches. (H) Quantification of relative prime editing in GFP+ cells isolated using RoT and BFP+/GFP+
cells isolated using PINE-TREE. n = 3; *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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in hPSCs using the PINE-TREE reporter. Therefore, we co-trans-
fected hPSCs with the PINE-TREE reporter (pEFla-BFP), a PE
(pEF1a-PE2), and a pegRNA(BG) using a range of total DNA
amounts, plasmid ratios, and transfection volumes (Figure S3). Cells
transfected with pEF1a-BFP or pEF1a-GFP only were used to estab-
lish the flow cytometry sorting gates to determine reporter-positive
and -negative cell populations (Figure S4A). Flow cytometry analysis
of BFP-to-GFP conversion revealed that the prime editing plasmid
concentration and PE to pegRNA ratio could drastically affect prime
editing efficiencies (Figure S3). After we established the optimal
prime editing transfection conditions, we wanted to compare PE2
and PE3 editing efficiencies in hPSCs. Similar to our experiments
with HEK293T cells, fluorescence microscopy and flow cytometry re-
vealed a higher level of editing of the PINE-TREE reporter plasmid
with the PE3 system than PE2 (Figures S4A and S4B). In addition,
this analysis revealed that, compared with HEK293T cells, the relative
percentage of cells displaying prime editing activity (i.e., GFP+)
compared with transfected cells (i.e., BFP+) was significantly reduced,
consistent with previous studies demonstrating that hPSCs are resis-
tant to prime editing.*” In addition, fluorescence imaging (Figure 2A)
and flow cytometry (Figure 2B) confirmed no detectable BFP or GFP
signal after 2 weeks of culture, demonstrating the transience of the
PINE-TREE fluorescent reporters in hPSCs.

After establishing that PINE-TREE faithfully reports on active prime
editing in hPSCs, we wanted to determine whether PINE-TREE-
based methods could be used to enrich for cells with single-nucleotide
edits at various loci in hPSCs. Therefore, we co-transfected hPSCs
with pEFla-BFP, pEFl1a-PE2, and PE-pegRNA(DT)-nsgRNA(DT)
vectors targeting single base-pair changes in EMX1, FANCF, HEK3,
and RNF2. Consistent with editing in HEK293T cells, BFP/GFP dou-
ble-positive cells displayed high levels of editing at the target loci that
editing observed in unsorted, BFP—/GFP—, and BFP+/GFP— cell
populations (Figure 2C). For comparison, we also employed a RoT-
based strategy to enrich for editing at these same loci in hPSCs. Sanger
sequencing was then performed on the targeted genomic sites in re-
porter-positive, reporter-negative, and unsorted cell populations en-
riched using PINE-TREE and RoT approaches. Overall, this analysis
revealed that, across all targeted sites, BFP+/GFP+ cells enriched us-
ing PINE-TREE had a statistically significant higher level of editing
compared with GFP+ cells isolated using traditional RoT-based
enrichment strategies (Figure 2D). In fact, in the genomic sites
(EMX1, FANCF, and HEK3), there was little to no detectable editing
in the RoT reporter-positive cell populations. We also demonstrated

that PINE-TREE could be used for enrichment of cells with desired
single- and triple-nucleotide insertions and deletions at the HEK3
locus. Specifically, this analysis demonstrated higher levels of these
targeted insertions and deletions in BFP+/GFP+ cells compared
with those observed in unsorted, BFP—/GFP—, and BFP+/GFP—
cell populations. In fact, BFP+/GFP+ cells isolated using PINE-
TREE had significantly higher levels of prime editing than GFP+ cells
isolated using conventional RoT approaches (Figure 2F). Together,
these data demonstrate that PINE-TREE can be used for highly effi-
cient introduction of single base-pair substitutions as well as targeted
insertions and deletions in hPSCs.

Highly efficient generation of clonal isogenic hPSC lines using
PINE-TREE

Next, we wanted to compare the efficiency with which PINE-TREE
and RoT-based methods could be employed to generate clonally edi-
ted isogenic hPSC lines at difficult-to-edit sites using conventional
enrichment strategies. To this end, PINE-TREE and RoT approaches
were used to target single-nucleotide changes at the FANCF and HEK3
loci, which did not have extensive editing in unsorted cells. Reporter-
positive cells were sorted into 96-well plates, expanded, and subjected
to Sanger sequencing. Remarkably, analysis of 18 PINE-TREE-edited
clones at the FANCEF locus revealed that all clones had an edit at the
target site and that greater than 50% of those edits were homozygous
in nature (Figure 2G). By comparison, only 3 of the clones generated
using an RoT approach had an edit at the target site, with only one of
those clones displaying a homozygous modification (Figure 2G).
Along similar lines, at the HEK3 locus, only one RoT-generated clone
displayed an edit, while over 50% of the clones isolated using PINE-
TREE-based approaches displayed an edit at the target locus (Fig-
ure 2G). Importantly, we did not observe the presence of off-target
modifications in any of the clones examined (Figure S5). We also em-
ployed PINE-TREE to edit the APOE locus, a genetic risk factor asso-
ciated with increased likelihood of sporadic Alzheimer’s disease (AD)
onset.”' Although PINE-TREE could be used to efficiently generate
clonal cell populations modified at the APOE locus, RoT-based ap-
proaches did not result in generation of a single edited isogenic clone
at the APOE target site (Figure 2H). Last, even though insertion or
deletion (indel) formation is a caveat of all prime editing approaches,
regardless of whether PINE-TREE-based approaches are employed,
we analyzed repressive clones that had been edited at the HEK3,
FANCF, and APOE loci. Importantly, this analysis revealed that indels,
including pegRNA scaffold sequence insertions, were not observed in
any of the clones at the target site (Figure S6).

Figure 2. PINE-TREE can be utilized for highly efficient prime editing of human pluripotent stem cells (hPSCs)

(A and B) Fluorescence microscopy (A) and flow cytometry analysis (B) of hPSCs cells at various time points after transfection with pEF1a-BFP, pEF1a-PE2, and pegRNA(BG)
(top panels, PE2 system) or pegRNA(BG)-nsgRNA(BG) (bottom panels, PE3 system). (C) Quantification of prime editing efficiency of single-nucleotide changes at various
genomic loci in unsorted (white bar), BFP—/GFP— (gray bar), BFP+/GFP— (blue bar), and BFP+/GFP+ (green bar) cell populations isolated using PINE-TREE-based
enrichment strategies. n = 3; *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. (D) Comparison of relative prime editing at single-nucleotide changes in GFP+ cells isolated
using RoT and BFP+/GFP+ cells isolated using PINE-TREE. n = 3; *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. (E) Quantification of prime editing efficiency of targeted
small insertions and deletions at the HEK3 loci in unsorted (white bar), BFP—/GFP— (gray bar), BFP+/GFP— (blue bar), and BFP+/GFP+ (green bar) cell populations isolated
using PINE-TREE-based enrichment strategies. n = 3; *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. (F) Quantification of relative prime editing of targeted small insertions
and deletions in GFP+ cells isolated using RoT and BFP+/GFP+ cells using PINE-TREE. n = 3; *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. (G) Analysis of clonal editing
efficiency in hPSCs that were targeted at the FANCF, HEK3, and APOE loci using PINE-TREE- or RoT-based methods.
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Because of the variability that has been reported between distinct
hPSC lines,*” we wanted to assess the robustness of PINE-TREE to
efficiently generate clonal lines in additional hPSC lines (here referred
to as hPSClines 2 and 3). Therefore, we used PINE-TREE to target the
APOE locus in additional hPSC lines. Analysis of single-cell clones re-
vealed a similar level of efficiency at the APOE locus in hPSC line 2
(Figure S7). A chief advantage of using methods such as PINE-
TREE that employ PEs as opposed to CRISPR nucleases is that PEs
do not induce deleterious DSBs that result in insertion or deletion
of DNA sequences, chromosomal translocations, apoptosis, and
acquisition of potentially oncogenic mutations.”” >* Nonetheless,
we wanted to ensure that PINE-TREE did not result in generation
of clonal cell populations with chromosomal aberrations or pheno-
typic abnormalities. Therefore, we performed karyotype analysis on
two clones for hPSC lines 2 and 3 that had biallelic edits at the
APOE locus (Figure S8A). This analysis revealed that all clones had
anormal euploid karyotype. Additional characterization also revealed
that PINE-TREE-edited clones displayed the characteristic hPSC
morphology (Figure S8B), expression of the pluripotency markers
OCT4, NANOG, and SOX2 (Figure S8C), and the ability to differen-
tiate in vitro into cell types representative of the three main germ
layers (Figure S8D).

Overall, these results demonstrate that PINE-TREE can not only be
employed for efficient editing of hPSCs at various loci but can also
enable generation of isogenic edited cell lines at genomic targets
that are not easily modifiable with traditional RoT approaches.

DISCUSSION

In this study, we established that PINE-TREE is an effective method
to efficiently enrich for prime-edited cell populations in multiple cell
types and across multiple loci. Specifically, at several loci, PINE-
TREE-based enrichment allowed a significant increase in editing effi-
ciencies of single-nucleotide mutations, insertions, and deletions
compared with a conventional RoT-based enrichment strategy. Addi-
tionally, we demonstrated that PINE-TREE could be used for highly
efficient generation of clonal isogenic hPSCs, a cell type in which
genomic modification, including use of primer editors, has been diffi-
cult to achieve.>” In fact, to achieve editing efficiencies approaching
those of PINE-TREE in hPSCs, other recently reported methods
required stable integration of the PE into the genome or sequential,
repeated transfection of editing components.*” In addition, we
demonstrate that PINE-TREE can allow highly efficient editing of
hPSCs at loci that are difficult to edit using traditional RoT-based ap-
proaches. Importantly, characterization of clonal hPSCs generated
using PINE-TREE demonstrated that these cells display a normal
euploid karyotype and phenotypic characteristics typical of hPSCs.

Despite these features of PINE-TREE, it is important to note that
several caveats and limitations exist with all prime-editing ap-
proaches. In particular, the main limitation that exists with many
genome engineering approaches is the potential for off-target editing
and formation of undesired indels.”* Even though PEs have shown
lower off-target editing efficiency and indel formation than CRISPR
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nucleases,” we wanted to ensure that PINE-TREE could results in
clonal populations free from off-target modifications and indels.
Indeed, analysis of clonal cell populations edited at multiple indepen-
dent loci using PINE-TREE enrichment strategies did not reveal any
editing at potential off-target sites or undesired indel formation.
Along similar lines, this analysis did not demonstrate any pegRNA
scaffold sequence incorporation at on- or off-target sites. As it relates
to analysis of indel formation in bulk-sorted populations enriched us-
ing PINE-TREE, it is possible that Sanger sequencing is not sensitive
enough to accurately detect low-frequency indels. Thus, moving for-
ward, we recommend that next-generation sequencing approaches
might need to be employed to quantify indel prevalence. In addition,
it should also be noted that the PE3 system we employed in the
context of PINE-TREE increases the frequency of undesired indels
at the target site compared with PE2.° In the future, we envision
that the recently developed PE4 and PE5 prime editing systems,
which show improved edit-to-indel ratios compared with PE2 and
PE3, can be used in conjunction with PINE-TREE.*

Another potential limitation of methods such as PINE-TREE that
employ plasmid-based editing is potential integration of the plasmid
DNA at the pegRNA cut site or randomly throughout the genome.
However, because PEs do no introduce DSBs, the likelihood of integra-
tion of these plasmids into the genome would be exceedingly low. In
this regard, we did not observe any integration of these PINE-TREE-
associated plasmids at the target or off-target sites in our bulk-sorted
and clonal cell populations. In addition, we demonstrate, in
HEK293T cells and hPSCs, that the fluorescent signal is transient, sug-
gesting that the PINE-TREE reporter plasmid (pEF1a-BFP) in partic-
ular does not integrate into the genome. In the future, low-frequency
insertions of reporter plasmid DNA sequences at target sites can be de-
tected using PCR-based methods followed by next-generation
sequencing of the PCR products. As it relates to random integration
of circular plasmid DNA, previous studies have shown that this is a
rare occurrence, especially in hPSCs (<0.01%).%°® In the future, these
low-frequency insertions at off-target sites or randomly throughout the
genome will necessitate use of whole-genome sequencing.

Previously, PEs have been used in various organisms (e.g., animal,
plant, prokaryotic), cell lines (e.g., immortalized, primary) and
animals (e.g., mouse, zebrafish) in numerous applications, such as
generating animal models, in vivo editing, dissecting genotype-to-
phenotype relationships in disease-related pathological variants,
and dissecting fundamental signaling pathways.’”** To that end,
we envision that PINE-TREE can be utilized in many of these
applications. First, we envision that the fluorescent reporter system
associated with PINE-TREE could be utilized to rapidly optimize
numerous parameters that influence prime editing efficiency,
including PE plasmid concentration, PE-to-pegRNA ratios, and
pegRNA design. In fact, as we show in this study, we employ this sys-
tem to optimal prime editing transfection conditions. In the future, a
similar PINE-TREE-driven approach can be used to optimize prime
editing conditions or evaluate next-generation PEs.* Second, we
anticipate that the same flow cytometry-based enrichment strategies
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that were employed in this study with HEK293T cells and hPSCs
could be employed with additional cell populations. In particular,
CRISPR-based HDR is not achievable in post-mitotic cells; thus,
PINE-TREE could be employed to enrich for editing in somatic or
primary cells types in which CRISPR nuclease approaches cannot
be utilized. Third, CRISPR-based methods suffer numerous technical
limitations related to engineering of animal models of pathological
disease variants, in particular those associated with single-nucleotide
0 Although PEs have been utilized to generate such animal
models, such methods suffer from a similar low efficiency that plagues
in vitro applications. To that end, PINE-TREE could be used to in-
crease the efficiency with which PEs can be used to generate animal
models of disease. Fourth, we speculate that PINE-TREE can be uti-
lized to modulate target gene expression through rapid generation of
gene knockout lines, allowing dissection of fundamental signaling
pathways. To that end, we have previously described use of base ed-
itors in the context of TREE-based strategies to generate knockout
lines without the need for DSBs through introduction of premature
stop codons or mutation of the start codons.*® However, the number
of genes that could be targeted by these approaches was limited by
PAM accessibility, bystander editing, and other parameters that influ-
ence all base editing approaches. Therefore, PINE-TREE based stra-
tegies could be employed to generate cell populations with targeted
gene knockouts at any loci. Finally, in vivo prime editing has great po-
tential for treatment of inherited diseases through gene therapy.** In
this regard, PINE-TREE can allow the real-time tracking of edited cell
populations and preclinical assessment of potential in vivo editing
strategies.

variation.

In this study, we established that PINE-TREE is an effective method
to efficiently enrich for prime-edited cell populations in multiple cell
types and across multiple loci. Specifically, at several loci, PINE-
TREE-based enrichment allowed a significant increase in editing effi-
ciency of single-nucleotide mutations, insertions, and deletions
compared with a conventional RoT-based enrichment strategy. Addi-
tionally, we demonstrated that PINE-TREE could be used for highly
efficient generation of clonal isogenic hPSCs, a cell type in which
genomic modification, including use of primer editors, has been diffi-
cult to achieve.>” In fact, to achieve editing efficiencies approaching
those of PINE-TREE in hPSCs, other recently reported methods
required stable integration of the PE into the genome or sequential,
repeated transfection of editing components.*” In addition, we
demonstrate that PINE-TREE can allow highly efficient editing of
hPSCs at loci that are difficult to edit using traditional RoT-based ap-
proaches. Importantly, characterization of clonal hPSCs generated
using PINE-TREE demonstrated that these cells display a normal
euploid karyotype and phenotypic characteristics typical of hPSCs.

Overall, PINE-TREE is an easily adoptable method that will signifi-
cantly enhance use of prime editing approaches. In particular, because
of the high editing efficiency, PINE-TREE does not require laborious
screening of large numbers of clones with the targeted mutation. As
we show, clonal lines can be identified, expanded, and characterized
over the course of a few weeks. In addition, the high editing efficiency

offered by PINE-TREE allows biallelic modification of hPSCs without
the need for multiple transfections or re-targeting. Last, PINE-TREE
utilizes readily available chemical transfection reagents and does not
require complex cloning of large homology-based constructs or use of
special cell transfection technologies. Finally, we employed our previ-
ously published design tool®' to create pegRNA and sgRNA vectors to
allow simple cloning of new target sites through use of restriction
enzyme digestion and ligation of target oligonucleotides. In summary,
we anticipate that these features of PINE-TREE will allow facile and
broad implementation by biomedical researchers.

MATERIALS AND METHODS

Plasmid construction

Unless otherwise noted, all molecular cloning polymerase chain reac-
tions (PCRs) were performed using Phusion High-Fidelity DNA po-
lymerase (New England Biolabs, Ipswich, MA, USA) using the man-
ufacturer’s recommended protocols. All restriction enzyme digestions
were performed according to the manufacturer’s instructions with
high-fidelity enzymes (New England Biolabs). Ligation reactions
were performed with T4 DNA ligase (New England Biolabs) accord-
ing to the manufacturer’s instructions. PCR primers and oligonucle-
otides were synthesized by Integrated DNA Technologies (Coralville,
IA, USA). All PCR products and intermediate plasmid products were
confirmed via Sanger sequencing (Genewiz).

For construction of PE-pegRNA(BG)-nsgRNA(BG), pegRNA oligos
were synthesized as pairs of oligonucleotides.” Subsequently, 5’ phos-
phates were added to each oligonucleotide pair by incubating 1 pg
oligonucleotide in 50-pL reactions containing 1x T4 DNA ligase
buffer (New England Biolabs) and 10 units of T4 polynucleotide kinase
(New England Biolabs) at 37°C overnight. Oligonucleotides were then
duplexed by heating the kinase reactions to 90°C on an aluminum
heating block for 5 min, followed by slowly returning the reaction to
room temperature over 1 h. Following duplexing, pegRNA(BG) was
cloned into a pHSGO-1C3 vector containing a U6 promoter”' (Addg-
ene, 164423). Next, pegRNA(BG) and the U6 promoter were PCR
amplified with primers adding EcoRI/Xbal. PCR products were then
digested with the respective restriction enzymes and ligated into the
EcoRI/Xbal-digested pUC19 vector (Addgene, 50005). Following liga-
tion and plasmid purification, this entire process was then repeated for
nsgRNA(BG). In pHSGO0-1C3, nsgRNA(BG) and the U6 promoter
were PCR amplified with primers adding Xbal/Pstl. Purified PCR
products were then digested with Xbal and PstI restriction enzymes
and ligated into the Xbal/PstI digested PE-pegRNA(BG) vector. The
resultant vector contained pegRNA(BG) and nsgRNA(BG) expression
cassettes was titled PE-pegRNA(BG)-nsgRNA(BG). To add pegRNA
and nsgRNA expression cassettes, pairs of pegRNA and nsgRNA
were PCR amplified with primers that added HindIII/SapI or Sapl/
HindIII restriction enzyme digestion sites. These products were then
digested with HindIII/SaplI and ligated into HindIII-digested and de-
phosphorylated PE-pegRNA(BG)-nsgRNA(BG).

All pegRNA and nsgRNAs were synthesized as pairs of oligonucleo-
tides as listed in Table SI.
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HEK293T cell culture

HEK293T (ATCC) cells were cultured on plates coated with poly-L-
ornithine (4 pg/mL; Sigma-Aldrich, St. Louis, MO, USA) in the
following medium: 1x high-glucose DMEM, 10% (v/v) fetal bovine
serum, and 1% (v/v) L-glutamine penicillin/streptomycin. The cul-
ture medium was changed every other day, and cells were passaged
with Accutase every 4 days.

hPSC culture

HPSCs" (Table S2) were maintained in mTeSR™ Plus medium
(STEMCELL Technologies, catalog number 100-0276) on plates
coated with feeder-free Cultrex basement membrane extract (R&D
Systems). Passaging was performed every 3 days using Accutase
(Life Technologies) in mTeSR™ Plus medium supplemented with
5 uM Y-27632 (Tocris Bioscience).

HEK293T cell transfection

For PINE-TREE-based transfection, HEK293T cells were transfected
in 24-well tissue culture plates 24 h after seeding, when cells were
around 40% confluent. 300 ng PE (pEFla-PE2), 100 ng pegRNA
expression plasmid (PE-pegRNA(DT)-nsgRNA(DT)), and 100 ng
PEF1a-BFP were transfected per well using 1 pL Lipofectamine™
3000 transfection reagent (Thermo Fisher Scientific) and 0.75 pL
P3000 reagent (Thermo Fisher Scientific). For RoT transfection,
300 ng PE (pEF1a-PE2), 100 ng pegRNA expression plasmid (PE-
pegRNA(DT)-nsgRNA(DT)), and 10 ng pEFla-GFP were trans-
fected per well using 1 pL Lipofectamine 3000 transfection reagent
(Thermo Fisher Scientific) and 0.75 L P3000 reagent (Thermo Fisher
Scientific). The medium was changed 24 h post-transfection. Cells
were dissociated using Accutase 72 h post transfection and passed
through a 0.40-um filter before sorting.

hPSC transfection and clonal isolation

HPSCs were passaged onto Cultrex BME-coated 12-well plates with
mTeSR™ Plus supplemented with 5 uM Y-27632. The medium was
changed, and transfection was performed 24 h after passage at 60%
confluency. For PINE-TREE transfection, 750 ng PE (pEF1a-PE2),
125 ng pegRNA expression plasmid (PE-pegRNA(DT)-nsgRNA
(DT)), and 125 ng pEF1c-BFP were transfected per well using 5 pL
Lipofectamine™ Stem Transfection Reagent (Life Technologies).
For RoT transfection, 750 ng PE (pEFla-PE2), 125 ng pegRNA
expression plasmid (PE-pegRNA(DT)-nsgRNA (DT)), and 125 ng
PEF1a-GFP were transfected per well using 5 puL Lipofectamine™
Stem Transfection Reagent. The medium was changed 24 h post
transfection. Cells were dissociated using Accutase 48 h post transfec-
tion and passed through a 0.40-pm filter. Single GFP+ hPSCs were
sorted by fluorescence-activated cell sorting (FACS) into 96-well Cul-
trex-coated plates in mTeSR™ Plus supplemented with CloneR™
(STEMCELL Technologies), and plates were immediately centrifuged
at 200 x g for 3 min and incubated at 37°C. The medium was changed
24 h post sorting with fresh mTeSR Plus supplemented with
CloneR™. 96 h post sorting, the medium was changed to mTeSR™
Plus without supplement, and clonal hPSC colonies were expanded
with fresh medium changes every 2 days until ready for subculture.
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Tri-lineage differentiation of hPSCs

Cells were dissociated with Accutase and plated on ultra-low attach-
ment plates in mTeSR™ Plus medium to allow formation of
embryoid bodies. The following day, the medium was changed to dif-
ferentiation medium (DM; DMEM/F12, 20% fetal bovine serum
[FBS], 1% penicillin/streptomycin [Pen/Strep]). After 5 days in sus-
pension, embryoid bodies (EBs) were plated on Matrigel-coated
plates and continued to be cultured in DM. After 21 days in DM, cells
were fixed for immunofluorescence analysis of germ layer markers.

Genotyping and sequence analysis

Bulk-sorted cells and clones were amplified with the primers listed in
Table S3 to determine genotype following prime editing. Genomic
DNA was prepared from expanded clones using the DNeasy Kit
(QIAGEN), and PCR products were generated with Phusion high-fidel-
ity polymerase (New England Biolabs). Amplicons were purified using
the QIAquick PCR purification kit (QIAGEN) according to the manu-
facturer’s instructions prior to Sanger sequencing (Genewiz). For bulk-
sorted cells, cells were directly added to a 50-uL master mix consisting
of 1x Phire Hot Start I DNA polymerase (Thermo Fisher Scientific),
1 uM forward primer, and 1 uM reverse primer. PCR was performed
using the conditions specified in Tables S4 and S5. All product sizes
were confirmed on a 1% agarose gel prior to Sanger sequencing.

Karyotype analysis

For each clonal line, karyotype analysis was performed by Cell Line
Genetics on 20 metaphase cells using standard procedures for
G-banding.

Quantification of prime editing

Sanger sequencing of PCRs from genomic DNA from either sorted
HEK293T cells or hPSCs was analyzed using EditR.** For reverse
sequencing reactions, the “sgRNA sequence” was the same as the 3’
extension sequence. For forward sequencing reads, the “sgRNA
sequence” was the reverse complement of the 3’ extension sequence.
The 5’ and 3’ start are the corresponding nucleotide numbers (start-
ing at 1 for the first nucleotide of the sequencing read) 100 bp up-
stream and downstream of the protospacer, respectively.

Immunofluorescence

Cultures were washed twice with PBS prior to fixation. Cultures were
fixed for 15 min at room temperature (RT) with BD Cytofix fixation
buffer (BD Biosciences). The cultures were washed twice with PBS
and permeabilized with BD Phosflow Perm Buffer III (BD Biosci-
ences) for 30 min at 4°C. Next, cultures were washed twice with
PBS. Primary antibodies were incubated overnight at 4°C and washed
twice with PBS at RT. Secondary antibodies were incubated at RT for
1 h. Nucleic acids were stained for DNA with Hoechst 33342 (2 pg/mL,
Thermo Fisher Scientific) for 10 min at RT and washed twice with PBS.
Antibodies and concentrations used are listed in Table S6.

Fluorescence microscopy
All immunofluorescent imaging was performed on a Nikon Ti-
Eclipse inverted microscope with a light-emitting diode-based
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Lumencor SOLA SE Light Engine using a Semrock band-pass filter.
GFP and BFP were visualized on a Nikon Ti2 inverted microscope.
GFP was visualized with excitation at 472 nm and emission at
520 nm. BFP was visualized with the DAPI fluorescence channel
with excitation at 395 nm and emission at 460 nm.

Flow cytometry

Cells were dissociated with Accutase for 5 min at 37°C, triturated, and
passed through a 40-um cell strainer. Cells were resuspended in PBS at
a maximum concentration of 5 x 10° cells per 100 uL. Flow cytometry
analysis was performed on an Attune NxT (Thermo Fisher Scientific).
Flow cytometry files were analyzed using FlowJo (FlowJo, Ashland,
OR, USA). Cells transfected with the pEFla-BFP (125 ng) or
PEF1a-GFP (125 ng) plasmid only were used to establish sorting gates.

Off-target analysis

Analysis was performed for the top five off-target loci for HEK3 and
FANCEF spacer sequences predicted in silico via CCTop using default
parameters for Streptococcus pyogenes Cas9 against human genome
reference sequence hg38.*” Analysis of prime editing at these off-
target sites was performed in a manner similar to that at on-target
sites. The PCR primers used to analyze these off-target sites are pre-
sented in Table Sé6.

Statistical analysis
Unless otherwise noted, all data are displayed as mean + standard de-
viation (SD). For all pairwise comparisons, Student’s t test was used.

DATA AND CODE AVAILABILITY
All reasonable requests for data can be made to the corresponding
author at david.brafman@asu.edu.
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