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ABSTRACT

Base editing is an exciting hew genome engineer-
ing technology. C-to-T mutations in genomic DNA
have been achieved using ribonucleoprotein com-
plexes comprised of rat APOBEC1 single-stranded
DNA deaminase, Cas9 nickase (Cas9n), uracil DNA
glycosylase inhibitor (UGI), and guide (g)RNA. Here,
we report the first real-time reporter system for quan-
tification of APOBEC-mediated base editing activity
in living mammalian cells. The reporter expresses
eGFP constitutively as a marker for transfection or
transduction, and editing restores functionality of
an upstream mCherry cassette through the simul-
taneous processing of two gRNA binding regions
that each contain an APOBEC-preferred 5'TCA tar-
get site. Using this system as both an episomal and
a chromosomal editing reporter, we show that human
APOBEC3A-Cas9n-UGI and APOBEC3B-Cas9n-UGI
base editing complexes are more efficient than the
original rat APOBEC1-Cas9n-UGI construct. We also
demonstrate coincident enrichment of editing events
at a heterologous chromosomal locus in reporter-
edited, mCherry-positive cells. The mCherry reporter
also quantifies the double-stranded DNA cleavage
activity of Cas9, and may therefore be adaptable for
use with many different CRISPR systems. The com-
bination of a rapid, fluorescence-based editing re-
porter system and more efficient, structurally defined
DNA editing enzymes broadens the versatility of the
rapidly expanding toolbox of genome editing and en-
gineering technologies.

INTRODUCTION

APOBEC enzymes are single-stranded (ss) polynucleotide
cytosine deaminases. Human cells encode nine active family
members with AID functioning in antibody DNA diversifi-
cation, APOBEC1 in mRNA editing, and APOBEC3A-H
in DNA virus and transposon restriction (1-4). APOBECI1
is also an efficient DNA mutator (5,6), and the rat enzyme
was recently combined with Cas9 and guide (g)RNA to cre-
ate ribonucleoprotein complexes capable of editing single
cytosine nucleobases and making site-specific C-to-T mu-
tations in genomic DNA (7). A construct comprised of rat
APOBECI, Cas9 nickase (Cas9n), and uracil DNA glyco-
sylase inhibitor (UGI) has been shown to yield base editing
frequencies ranging from 5 to 50% (BE3) (7-10). This edit-
ing complex has already been adopted by many labs and
harnessed for biotechnology applications (10-17). Two or-
thologs, human AID and lamprey PmCDA, have also been
combined with Cas9n but with lower overall base editing ef-
ficiencies, likely due to lower intrinsic enzyme activities (18-
22). PmCDAI has also been used in plant genome engineer-
ing (20).

A significant impediment to optimizing base editing tech-
nologies and deployment in limitless cell types is a lack
of an efficient, real-time, rapid, and quantitative editing
assay (ideally one that is also transferable across species
and, at least initially, independent of DNA sequencing to
assess efficiencies). Here, we report a fluorescence-based
reporter system for quantification of real-time editing in
living mammalian cells. We refer to the system as ‘ACE’
because it monitors both APOBEC- and Cas9-mediated
Editing in real-time. The reporter is a bicistronic construct
with a mutated mCherry cassette and a downstream eGFP
gene (a constitutive indicator of reporter abundance). The
mCherry gene was rendered inactive through a 43 base-
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pair insertion that introduces a frame-shift, thus ablating
fluorescence. Restoration of fluorescence can only occur
through APOBEC—Cas9n-UGI-mediated editing of dual
APOBEC-preferred trinucleotide motifs, 5-TCA-to-TUA,
within the 43-base-pair insertion. Editing at these motifs
generates uracil lesions, which are substrates for uracil ex-
cision and ssDNA cleavage by canonical base excision re-
pair enzymes (UNG2 and APEI, respectively) (23,24). Si-
multaneous cleavage of the opposing DNA strand by the
Cas9 nickase then results in two DNA double-strand breaks
that are most likely fused by non-homologous end join-
ing (NHEJ) to restore mCherry fluorescence. The ratio of
mCherry-positive to eGFP-positive cells thereby enables
rapid quantification of DNA editing frequencies by fluo-
rescence microscopy or flow cytometry. The ACE system
was validated episomally in transient transfection experi-
ments and chromosomally following stable integration of
the reporter by lentivirus-mediated transduction. The ACE
system was used to develop highly efficient base editing
constructs based upon APOBEC3A and APOBEC3B (cat-
alytic domain) that, like Cas9, are defined structurally. Ad-
ditional utility of the ACE reporter system was shown by
using it to enrich for cells with editing events at heterolo-
gous chromosomal sites. The success of these two applica-
tions demonstrates the power and utility of ACE as a rapid,
fluorescence-based, DNA editing reporter system that can
easily be adapted for applications in different systems.

MATERIALS AND METHODS
Cell lines and culture conditions

293T cells were maintained in DMEM (Hyclone)
supplemented with 10% FBS (Gibco) and 0.5%
penicillin/streptomycin (50 units). HelLa were main-
tained in RPMI (Hyclone) supplemented with 10% FBS
(Gibco) and 0.5% penicillin/streptomycin (50 units). 293T
and HeLa cells were transfected with TransIT-LT1 (Mirus)
according to the manufacturer’s protocol. SSM2c, CHO,
and COS-7 cells were maintained in DMEM (Euroclone)
supplemented with 10% FBS (Carlo Erba), 2 mM L-
glutamine (Carlo Erba), and 1 mM penicillin/streptomycin
(Carlo Erba). SSM2c were transfected with PEI (Sigma-
Aldrich) according to the manufacturer’s protocol. CHO
and COS-7 cells were transfected with Lipofectamine LTX
(Invitrogen) according to the manufacturer’s protocol.
Single time point episomal editing experiments were har-
vested 72 h post-transfection, and chromosomal editing
experiments were harvested 96 h post-transfection.

APOBEC- and Cas9-mediated editing reporter construct

The ACE system was derived from HIV-1 NL4-3 by excising
the gag-pol, vif, and vpr open reading frames using Swal and
Sall restriction sites and blunt end ligation. vpr and the first
~1200 bp of env were removed using Sacl and Psil restric-
tion sites and blunt end ligation to retain the Rev response
element (RRE). A gBlock, synthesized by Integrated DNA
Technologies (IDT) to introduce a CMV promoter with a
3" Agel restriction site, was cloned into the nef open read-
ing frame using BamHI and Kpnl restriction sites. mCherry
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was PCR amplified using Phusion high-fidelity DNA poly-
merase (NEB) from a pcDNA3.1 expression plasmid with
primers that introduce a 3’ T2A self-cleaving peptide se-
quence (primers in Table 1) and cloned into a CloneJET
PCR cloning vector (Thermo Fisher). eGFP was PCR am-
plified from a pcDNA3.1 expression plasmid with primers
introducing scrambled nucleotide sequences at the 5 and
3’ ends of the gene that retained the wild-type protein se-
quence (primers in Table 1). This was done to eliminate
recombination during reverse-transcription of the viral re-
porter because the 5 and 3’ ~20 nt of mCherry and eGFP
are identical. The eGFP PCR amplicon was cloned into
the mCherry-T2A cloning vector using Xhol and Kpnl re-
striction sites. Finally, the single mCherry-T2A-eGFP cas-
sette was cloned into the modified NL4-3 vector using Agel
and Kpnl restriction sites. 8 different mCherry mutants were
created using site-directed mutagenesis with Phusion DNA
polymerase (NEB) (primers in Table 1 and data not shown).
Functional testing of several candidate mCherry L59S mu-
tants identified one that reverted to mCherry positive with
BE3. Subsequent DNA sequencing revealed a near trip-
lication of the site-directed mutation oligonucleotide se-
quence, equating to a net insertion of 43 bp, likely cre-
ated during the PCR amplification step of the construc-
tion. The full sequence of this region is shown in Figure 1A,
which includes two flanking gRNA binding sites that each
contain an APOBEC-preferred 5'-TCA deamination target.
For comparison, another round of site-directed mutagen-
esis generated a sequence-confirmed L59S mCherry single
amino acid substitution mutant, which retained wild-type
mCherry fluorescence activity (Supplemental Figure S1 and
discussed further below in the Results section).

Base editing constructs

The rat APOBECI1-Cas9n-UGI-NLS construct (BE3) was
provided by David Liu, Harvard University (7). A3A and
A3Bctd cDNA sequences, each disrupted by an L1 intron
to prevent toxicity in Escherichia coli (25), were amplified
using primers in Table 1 and used to replace rat APOBECI1
in BE3 using a Notl site in the MCS and a Xmal site
in the XTEN linker. gRNAs targeting mCherry or non-
specific (NS) sequence as a control (Table 1) were cloned
into MLM3636, obtained from J. Keith Joung, Harvard
University, through Addgene (Plasmid #43860), using the
accompanying Joung Lab gRNA cloning protocol. An L1
intron was amplified from the A3Ai construct using primers
in Table 1 and cloned into the Sacl site in the rat APOBECI
region of BE3 to create the BE3i editing construct.

Episomal DNA editing experiments

Semi-confluent 293T, SSM2c, CHO and COS-7 cells in a
six-well plate format were transfected with 200 ng gRNA,
400 ng ACE, and 600 ng of each base-editor [10 min, RT
with 6 pl of TransIT-LT1 (Mirus) and 200 pl of serum-free
DMEM (Hyclone)]. Cells were harvested at indicated time
points for editing quantification by flow cytometry.
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Figure 1. A real-time fluorescent reporter for APOBEC- and Cas9-mediated editing. (A) Schematic of the APOBEC- and Cas9-mediated editing (ACE)
reporter in the context of a lentiviral construct with a CMV promoter that drives expression of a bicistronic message encoding mutant mCherry and wild-
type eGFP. The sequence of the gRNA displaced DNA strand is shown below with flanking APOBEC 5'-TCA deamination hotspots (red), PAM sites, and
43 bp insertion labeled. See text for a description of editing, cleavage, and processing events required for reversion to mCherry-positive. Ribbon schematics
of defective mCherry (gray) and functionally restored mCherry (red) with the flexible loop position of residue 59 shown (model based on pdb 2H5Q). (B)
Schematic of an APOBEC-Cas9n/gRNA editosome engaging a DNA target. C-to-U editing occurs in the ssDNA loop displaced by gRNA annealing to
target DNA. (C) Representative images of mCherry-positive 293T cells catalyzed by BE3 and mCherry codon 59-directed gRNA (#59-gRNA) but not
with NS-gRNA (NS, non-specific; inset white bar = 30 wm). (D) Quantification of the base editing experiment in panel C (n = 3; average + SD).

Chromosomal DNA editing experiments

A semi-confluent 10 cm plate of 293T cells was transfected
with 8 pg of an HIV-1 Gag-Pol packaging plasmid, 1.5
g of a VSV-G expression plasmid, and 3 pg of the ACE
lentiviral reporter plasmid. Virus was harvested 48 h post-
transfection, frozen at —80°C for 8 h, thawed, and used to
transduce target cells (MOI = 1). Forty eight hours post-
transduction, 600 ng APOBEC-Cas9n-UGI editor and 250
ng of targeting or NS-gRNA were transfected into a semi-
confluent six-well plate of ACE-transduced cells. Cells were
harvested 96 h post-transfection and editing was quantified
by flow-cytometry.

In a subset of experiments, mCherry-positive cells were
recovered by FACS, converted to genomic DNA (Gentra
Puregene), and subjected to high-fidelity PCR using Phu-

sion (NEB) to amplify mCherry target sequences (primers
in Table 1). PCR products were gel-purified (GeneJET Gel
Extraction Kit, Thermo Fisher Scientific) and cloned into a
sequencing plasmid (CloneJET PCR Cloning Kit, Thermo
Fisher Scientific). Sanger sequencing was done in 96-well
format (Genewiz) using primers recommended with the
CloneJET PCR Cloning Kit (Table 1).

To carry out FANCF editing enrichment experiments,
semi-confluent 293T cells transduced with ACE were co-
transfected with 600 ng of A3Bctd-Cas9n-UGI and 200 ng
of gRNA targeting both mCherry and FANCF in a six-
well format. Seventy two hours post-transfection, cells were
harvested and FACS was used to collect cells expressing
mCherry. gDNA was harvested and a 452 bp fragment of
FANCF was PCR amplified using nested primers shown in
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Table 1. Oligonucleotide sequences

PAGE 4 OF 10

Primer Sequence (5" to 3')

A3A Cloning Forward Primer

A3A Cloning Reverse Primer
A3Bctd Cloning Forward Primer
A3Bctd Cloning Reverse Primer
mCherry L59S SDM Forward Primer
mCherry L59S SDM Reverse Primer
Codon #59-directed mCherry gRNA
Forward Primer

Codon #59-directed mCherry gRNA
Reverse Primer

NS gRNA Forward

NS gRNA Reverse

T2A Cloning Forward Primer

T2A Cloning Reverse Primer

AGATCCGCGGCCGCGCCGCCACCATGATGGAAGCCAGCCCAGCATCCGGGC
TGAGGTCCCGGGAGTCTCGCTGCCGCTTCCGTTTCCCTGATTCTGGAGAATG
AGATCCGCGGCCGCGCCGCCACCATGGATCCAGACACATTCACTTTCAACT
TGAGGTCCCGGGAGTCTCGCTGCCGCTGTTTCCCTGATTCTGGAGAATGGCC
AAGGGTGGCCCCTCACCCTTCGCCTGGG
CCCAGGCGAAGGGTGAGGGGCCACCCTT
ACACCTGGCCCCTCACCCTTCGCCTG

AAAACAGGCGAAGGGTGAGGGGCCAG

ACACCGCACTACCAGAGCTAACTCAG

AAAACTGAGTTAGCTCTGGTAGTGCG

CTGGCTACCGGTATGGTGAGCAAGGGCGAGG
TTAAAGGTACCAGGGCCGGGATTCTCCTCCACGTCACCGCATGTTAGAAGACTTCCTCTGC

CCTCCTTGTACTCGAGATCTGCACCGGGCTTGTACAGCTCGTCCATGCC

eGFP Cloning Forward Primer

GCAGATCTCGAGTACAAGGAGGGCAGAGGAAGTCTTCTAACATGCGGTGACGTGGAGG

AGAATCCCGGCCCTCTGGTCAGTAAAGGTGAAGAACTGTTCACCG

eGFP Cloning Reverse Primer
mCherry Amplification Forward Primer
mCherry Amplification Reverse Primer
CloneJET Sequencing Forward Primer
CloneJET Sequencing Reverse Primer
L1 Intron into BE3 Forward

L1 Intron into BE3 Reverse

CTTAAAGGTACCTTATTTATATAATTCATCCATACCGAGAG

ATGGCCATCATCAAGGAGTT

CTCTGCCCTCCTTGTACTCG

CGACTCACTATAGGGAGAGCGGC

AAGAACATCGATTTTCCATGGCAG
NNNGAGCTCAGAGACTGGCCCAGTGGCTGTGGACCCCACATTGAGGTGAGTCCAGGAGA
NNNGAGCTCTCTCGGATCGAAGAATACCTCAAACTCATGGGGCTCGATCCGCCGTCTGT

Table 1. A PstI-HF (New England Biolabs) digest was done,
and products were fractionated on an agarose gel to quan-
tify editing efficiencies.

Immunoblots

1 x 10% cells were lysed directly into 2.5x Laemmli sam-
ple buffer, separated by a 4-20% gradient SDS-PAGE
gel, and transferred to PVDF-FL membranes (Millipore).
Membranes were blocked in 5% milk in PBS and incu-
bated with primary antibody diluted in 5% milk in PBS
supplemented with 0.1% Tween20. Secondary antibodies
were diluted in 5% milk in PBS supplemented with 0.1%
Tween20 and 0.01% SDS. Membranes were imaged with
a LICOR Odyssey instrument. Primary antibodies used in
these experiments were rabbit anti-Cas9 (Abcam ab204448)
and mouse anti-HSP90 (BD Transduction Laboratories
610418). Secondary antibodies used were goat anti-rabbit
IRdye 800CW (LICOR 827-08365) and goat anti-mouse
Alexa Fluor 680 (Molecular Probes A-21057).

RESULTS

Construction and initial validation of the APOBEC- and
Cas9-mediated editing (ACE) reporter system

The APOBEC- and Cas9-mediated editing reporter (ACE)
system utilizes a CMV driven dual fluorescence reporter
cassette (mCherry-T2A-eGFP) to enable expression and
quantification of real-time editing in living mammalian
cells (reporter schematic in Figure 1A and APOBEC ed-
itosome schematic in Figure 1B). To maximize versatil-
ity, we used an HIV-based proviral vector as the back-
bone for the system, which enables use as a transient multi-
copy plasmid-based episomal editing reporter or as a sta-
ble single-copy chromosomal DNA editing reporter. The
eGFP fluorescence marker is used to quantify reporter de-
livery to target cells. The most important aspect of the

ACE system is tight ‘off-to-on’ gain of function fluores-
cence activity in which mCherry mutational inactivation
creates an APOBEC deamination hotspot 5-TCA, and
then APOBEC-catalyzed editing is able to restore mCherry
function. Eight different APOBEC mutational hotspots in
mCherry were tested and most failed to completely ablate
fluorescence, were not located an appropriate distance from
a gRNA anchoring motif (PAM), and/or did not become
substrates for editing (e.g. Supplemental Figure S1 and data
not shown).

One mutant mCherry construct proved robust with
no background fluorescence and strong mCherry-positive
signal upon transient co-expression of an appropriate
mCherry-directed gRNA and the rat APOBECI editosome
BE3 (fluorescence microscopy images in Figure 1C and
quantification in Figure 1D; construct schematic in Figure
1A and details in methods). DNA editing and restoration
of mCherry fluorescence requires codon 59 (#59) gRNA-
mediated targeting of the APOBEC—-Cas9 complex to the
intended hotspot because a non-specific (NS) gRNA does
not restore fluorescence activity (fluorescence microscopy
images in Figure 1C and quantification in Figure 1D). This
system is portable and capable of providing real-time read-
outs of editing activity in a variety of different mammalian
cell lines (e.g. 293T in Figure 1C-D; COS-7, CHO, and
SSM2c in Supplemental Figure S2).

Surprisingly, DNA sequencing showed that the site-
directed mutagenesis procedure used to generate the re-
porter had created a 43 bp insertion within mCherry, which
shifted it out of frame for translation. The net result was
generation of two codon 59 gRNA binding sites, each with
an APOBEC-preferred editing hotspot 5'-TCA (the inter-
vening region is also a potential gRNA binding site but
it lacks a Cas9 PAM motif; Figure 1A). Combining the
aforementioned genetic requirements and sequence results
of positive editing events (detailed below), the most likely
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molecular mechanism for reversion from mCherry nega-
tive to positive is simultaneous APOBEC-mediated editing
of codon 59 5'-TCA hotspots to 5'-TUA (and/or flanking
C’s to U’s) followed by cleavage of this DNA strand by the
concerted action of canonical base excision repair enzymes
(uracil excision by UNG2 and DNA cleavage by APEI),
cleavage of the opposing DNA strand by the nickase ac-
tivity of Cas9n, and repair of the resulting double-stranded
breaks by non-homologous end joining (NHEJ) (outcome
depicted in Figure 1A and rationalized further below). Ac-
tivation of the ACE reporter requires restoration of the full
mCherry open reading frame, which at the structural level
is due to fluorescence emission from a canonical B-barrel
structure (Figure 1A). An additional notable feature of the
ACE reporter (and a likely additional explanation for why
most constructs initially tested negative) is the structural lo-
cation of mCherry residue 59 (residue encoded by APOBEC
hotspot) within a flexible loop region, which is more toler-
ant of amino acid substitution and flanking mutations in-
cluding small insertions and deletions (e.g. a single L59S
amino acid substitution retains wild-type mCherry activity;
Supplemental Figure S1 and data not shown).

Application of the ACE system to create highly efficient
next-generation base editing constructs based on human
APOBEC3A and APOBEC3B

Optimization of base editing technologies is likely to re-
quire editosomes with the highest possible efficiencies and
structural information to guide rational improvements such
as single nucleobase specificity [APOBEC1 and PmCDA1
have yet to yield structures, and the crystalized form of AID
is diverged from wild-type (26)]. We therefore tested hu-
man APOBEC3A (A3A) and APOBEC3B (A3B) catalytic
domain for Cas9n-directed DNA editing. These enzymes
are the most efficient ssDNA C-to-U deaminases in human
cells (27-30), and high-resolution crystal structures of both
apo- and ssDNA-bound forms have been determined (31—
34). A3A-ssDNA and A3B C-terminal domain (A3Bctd)-
ssDNA structures share a unique U-shaped bound ssDNA
conformation and provide an atomic explanation for the in-
trinsic 5'-TC specificity of these enzymes (33,34). As a tes-
tament to the utility of this structural information, it in-
formed a single amino acid change in a loop region adjacent
to the active site of A3A that altered its intrinsic specificity
from 5'-TC to 5-CC (33). Additional enzyme customization
may enable tailoring of these enzymes to other di-nucleotide
contexts as well as extensions to tri-nucleotide contexts.
A3A-Cas9n-UGI and A3Bctd-Cas9n-UGI constructs
were assembled and tested in parallel with BE3 to di-
rectly compare editing efficiencies. These constructs were
co-transfected into 293T cells with ACE and a gRNA to
direct editosomes to the insertion at mCherry codon 59
(#59) or a NS-gRNA (NS) as a negative control. In a sin-
gle time point experiment, the rat APOBECI1 editosome
yielded 47% mCherry-positive cells, and both A3A and
A3Bctd achieved 70% mCherry-positive cells (representa-
tive fluorescence images in Figure 2A and quantification
in Figure 2B). DNA deaminase activity was required be-
cause catalytic glutamate mutant constructs, A3A-E72A
and A3Bctd-E255A, were defective in ACE reporter activa-
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tion (data not shown). Higher editing efficiencies were also
observed in time course studies in 293 T cells, with both A3A
and A3Bctd editosomes achieving nearly 40% mCherry flu-
orescence by 24 h and maximal fluorescence of 70% by
72 h before declining (as expected for transient transfec-
tion with non-replicating plasmids; Figure 2C). Anti-Cas9
immunoblots indicated that at least some of the improved
editing efficiencies might be due to higher expression lev-
els of the A3A- and A3Bctd-Cas9n-UGTI editosomes (Fig-
ure 2B immunoblot images, Supplemental Figure S2B). A
titration of A3A- and A3Bctd-Cas9n-UGI was performed
to compare editing efficiencies of the newly developed edi-
tosomes to those of BE3 and, despite achieving similar ex-
pression levels (lanes 1, 5 and 9), our newly developed A3A-
and A3Bctd-Cas9n-UGI editosomes still exhibited higher
editing frequencies (Figure 2D). In addition, an intron was
cloned into BE3 (identical to that in the A3A and A3Bctd
editosome constructs), and the newly created BE3 intron
(BE3i) construct was tested against the ACE reporter to
rule out intron-associated differences in protein expression
(Figure 2D). As for the original BE3, the intron-containing
derivative still had expression and DNA editing levels lower
than those of A3A and A3Bctd editosomes.

Improved chromosomal DNA editing efficiencies using A3A
and A3Bctd editosomes

To further compare the efficiencies of these editosomes,
ACE was pre-delivered to 293T and HeLa cells by lentivi-
ral transduction (MOI of 1). Following stable introduc-
tion of the reporter, the resulting mCherry-negative/eGFP-
positive pools were co-transfected with editosome con-
structs and either a gRNA directed to the insertion at
mCherry codon 59 or a NS-gRNA as a negative control.
As above, the A3A and A3Bctd editosomes performed bet-
ter than the rat APOBECI editosome (Figure 3A and B).
However, the single copy nature of the ACE system in the
context of the chromosome caused a 10-fold reduction in
the overall efficiency of each editosome. This result is to be
expected because reversion of a single copy chromosomal
reporter, which is chromatinized to varying degrees depend-
ing on integration position, will occur less frequently than
editing of one of many episomal copies in a transient co-
transfection experiment.

To further investigate the mechanism of ACE reporter
activation, DNA sequencing was used to ask whether edit-
ing events catalyzed by APOBEC editisomes are specific to
the intended 5'-TCA motifs or distributed more broadly
within the ssDNA loops created by gRNA base pairing
to the duplicated target region. FACS was used to en-
rich for mCherry-positive cells with chromosomal editing
events and, single high-fidelity PCR amplicons were cloned
into a plasmid vector for Sanger sequencing (Figure 3C).
As expected, almost all clones contained editing-associated
deletions that caused mCherry to be shifted into the cor-
rect open reading frame, which is essential for fluorescence
restoration. Interestingly, many of the sequences had C-
to-T mutations in flanking regions displaced by anneal-
ing of the gRNA, but not in surrounding DNA regions
that are presumably double-stranded and protected from
the single-strand specific DNA deaminase activity of the
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Figure 2. High-efficiency editing by human A3A and A3Bctd editosomes. (A) Representative fluorescence microscopy images of ACE-activated, mCherry-
positive 293T cells catalyzed by human A3A, human A3Bctd, or rat APOBEC1/BE3 editosomes (mCherry codon 59-directed gRNA versus NS-gRNA;
inset white bar = 30 wm). (B) Quantification of the experiment in panel ‘A’ together with 2 independent parallel experiments (n = 3; average £+ SD). The
corresponding immunoblots of expressed APOBEC-Cas9n-UGI constructs are shown below (low and high exposures to help visualize BE3) with HSP90
as a loading control. (C) Time course of ACE activation in 293T cells catalyzed by human A3A, human A3Bctd, or rat APOBEC1/BE3 editosomes
(mCherry codon 59-directed gRNA versus NS-gRNA; n = 3; mean £ SD; error bars smaller than symbols are not shown). (D) Titration data for 293T
cells co-transfected with the ACE reporter, mCherry codon 59-directed gRNA, and different amounts of the indicated editosome constructs (100-600 ng;

n = 3; mean &+ SD). BE3i has an intron in the rat APOBEC] portion of the construct, identical to the intron required for propagation of A3A and A3Bctd
constructs in E. coli and for expression in mammalian cells.
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Figure 3. Chromosomal editing by A3A and A3Bctd editosomes. (A) Editing of single copy genomic ACE reporter by the indicated editosomes in 293T and
HelLa cells (n = 3, average &+ SD). (B) Immunoblots corresponding to a representative experiment in panel A showing APOBEC-Cas9n-UGI expression
levels and HSP90 as a loading control. (C) Sanger sequencing results for the gRNA-binding region of the ACE reporter recovered by high-fidelity PCR of
mCherry-positive 293T. Mutated nucleotides are depicted in red and deleted nucleotides by hyphens. The number of times each sequence was recovered is

indicated to the right.

APOBEC enzymes. Thus, in addition to enabling quantifi-
cation of editing efficiencies in episomes and chromosomes,
the ACE system unexpectedly reports both on-target and
target-adjacent editing events. This helps to explain why
several other tested sites in mCherry were not amenable to
being developed into an editing reporter system.

Canonical Cas9 DNA cleavage quantification using the ACE
reporter

The tight coupling of editing and deletion mutagenesis led
us to hypothesize that the ACE reporter would also be ca-
pable of quantifying the double-stranded DNA cleavage ac-
tivity of Cas9. CRISPR/Cas9 is one of the most widely
used new technologies in biology and medicine, and hav-
ing a method to visualize its editing activity in real-time
would be useful. To test this idea, the ACE system was si-
multaneously analyzed using A3A and A3Bctd editosomes,
BE3, and Cas9 nuclease constructs (Figure 4). As already

described, A3A and A3Bctd editosomes had editing levels
higher than those of BE3. In addition, the Cas9 nuclease
drove editing to levels comparable to A3A and A3Bctd ed-
itosomes, thus expanding the utility of the ACE reporter
system. In comparison, the Cas9 nickase alone only elicited
modest reporter activation.

Application of the ACE reporter system to enrich for editing
events at heterologous chromosomal sites

We next asked if the ACE system could be used to enrich
for chromosomal DNA editing events at an unlinked ge-
netic locus with disease relevance. ACE-transduced eGFP-
positive 293T cells were transfected with an A3A-, A3Bctd-
, or rat APOBEC1-Cas9n-UGTI base editing construct and
gRNAs targeting mCherry codon 59 and FANCF codon 5.
After 96 h incubation, mCherry-positive (ACE-edited) cells
were purified by FACS and editing events at FANCF were
assessed using a PCR and restriction enzyme-based assay
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Figure 4. ACE reporter activation through Cas9 nucleolytic cleavage.
(A) Quantification of ACE reporter activation in 293T cells 72 h after
co-transfection of ACE reporter, mCherry codon 59 targeting gRNA or
NS-gRNA, and A3A-Cas9n-UGI, A3Bctd-Cas9n-UGI, rat APOBECI-
Cas9n-UGI/BE3, Cas9, or Cas9n expression constructs (n = 3; mean +
SD). (B) Anti-Cas9 and anti-HSP90 immunoblots from a representative
experiment reported in panel A.

(Figure SA). Wild-type FANCF DNA amplicons are 452 bp,
and restriction by PstI (5-CTGCAG) results in two frag-
ments, 192 and 260 bp, visible by agarose gel electrophore-
sis. APOBEC-mediated editing has the potential to destroy
the PstI cleavage site and preserve the full-length fragment.
The A3A and A3Bctd reactions yielded >10 000 mCherry-
positive cells for this analysis, and unfortunately the rat
APOBECI editosome yielded too few fluorescent cells for
reliable purification (concordant with low frequency chro-
mosomal editing data in Figure 3). Nevertheless, this re-
striction assay yielded clear results with FANCF editing
events being highly enriched in sorted mCherry-positive
cells in comparison to unsorted pools (Figure 5B; 290-fold
and 5-fold for A3A and A3Bctd editosomes, respectively).
Sequencing data showed that ACE-sorted cells are edited at
the FANCF locus and nearly all edited sequences have mu-
tations in the PstI cut site (Figure 5C). These data indicated
that the ACE reporter system may be broadly useful for iso-
lating subpopulations of cells with heterologous chromoso-
mal editing events.

DISCUSSION

We report the development of an APOBEC- and Cas9-
mediated editing (ACE) reporter system for rapid, efficient,
and quantitative fluorescent read-outs of DNA editing ac-
tivity in living mammalian cells. The ACE reporter system
is also, to our knowledge, the first to enable comparisons
of the DNA editing efficiencies of the same isogenic re-
porter system in two different subcellular contexts - epi-
somal high-copy conditions and chromosomal single-copy
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conditions. Standard molecular biology procedures may be
used to adapt this system to other mammalian and non-
mammalian cell types. The ACE reporter system may be
used for a wide variety of applications, such as enrichment
for heterologous editing events in reporter-activated cells.
For example, as shown here for FANCF, transduction of the
ACE reporter and subsequent transfection of an APOBEC
editosome, along with gRNAs targeting mCherry codon
59 and FANCF, enabled FACS enrichment of mCherry-
positive cells and enrichments for FANCF editing events.

Overall DNA editing efficiencies are also an important
consideration. Here, we use the ACE system to validate new
editosome complexes comprised of A3A and A3Bctd and
show that these are more efficient than the previously de-
scribed rat APOBEC1-based editosome BE3 (7) (Figures 2-
4; Supplemental Figure S2). Immunoblots indicate that at
least part of the increased efficiencies may be due to higher
expression levels (Figures 2—4; Supplemental Figure S2).
However, when titrations were carried out and similar pro-
tein expression levels were achieved, the A3A and A3Bctd
editosomes still showed nearly twice as much editing (Fig-
ure 2D). Regardless of the full molecular explanation for
the higher editing efficiencies demonstrated here, many ap-
plications such as site-directed mutation and anti-viral mu-
tagenesis are likely to benefit from using the most efficient
editosome complexes available.

Significant issues requiring further work are target-
adjacent editing and local deletion outcomes, both recog-
nized in the original BE3 study (7) and confirmed in subse-
quent work (8,9,11,15). These events appear to be confined
to the DNA regions engaged by gRNA during the editing
process as flanking double-stranded regions are not mu-
tated. Target-adjacent editing events are likely due in part
to the long dwell time of gRNA /Cas9 complexes and also
to high APOBEC editing efficiencies. A recent report seems
to have partly overcome this issue by using less efficient base
editing complexes (16). Local deletions are most likely, as
inferred here, due to simultaneous deamination of nearby
cytosine bases, DNA strand breakage by the concerted ac-
tivity of UNG2 and APEI, opposing DNA strand breakage
by the nickase activity of Cas9, and error-prone resealing
of the broken DNA ends by NHEJ. A variety of strategies
have been reported to minimize deletion outcomes includ-
ing adding more UGI (cis or trans), deleting UNG?2, and
using the DNA end-binding protein Gam (10,16). However,
despite these advances, additional work is needed to com-
pletely eliminate undesirable outcomes and maximize de-
sired on-target outcomes. The ACE system described here
and/or future derivatives, together with further structural
studies (ideally with full APOBEC editosome complexes),
have the potential to facilitate the development of truly spe-
cific editing reactions and help advance base editing tech-
nologies toward clinical applications.

DATA AVAILABILITY

Key plasmids from our studies including the ACE reporter
and the A3A and A3Bctd editing constructs are available
through Addgene (ID 109425-109432).
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Figure 5. ACE enriches for base-editing events at heterologous genomic loci. (A) Schematic of a co-transfection experiment resulting in ACE reporter
activation (yellow shading represents mCherry and eGFP double-positive cells). FANCF and the PstI restriction assay used to quantify chromosomal
base editing of this locus. Base editing events destroy the Ps¢I cleavage site and block cleavage of the 452 bp amplicon into 260 and 192 bp products. (B)
Representative agarose gels images showing the results of FANCF base editing by A3A and A3Bctd editsomes in 293T cells. The percentage of base editing
was calculated by dividing the percentage of substrate band by the total of substrate and product bands following Ps¢I cleavage for both unsorted and
mCherry-positive cell populations. (C) Sanger sequencing results for the gRNA-binding region of the FANCF gene, which was recovered by high-fidelity
PCR using genomic DNA from mCherry-positive 293T. Mutated nucleotides are highlighted in red and deleted nucleotides are indicated by hyphens. The

number of times each sequence was recovered is indicated to the right.
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