
Original Article
Evaluation of DNA minicircles for delivery
of adenine and cytosine base editors using
activatable gene on “GO” reporter imaging systems
Melissa M. Evans,1,2,4 Shirley Liu,1,2,4 Joshua S. Krautner,1,2 Caroline G. Seguin,1 Rajan Leung,1,2

and John A. Ronald1,2,3

1Robarts Research Institute, University of Western Ontario, London, ON N6A 3K7, Canada; 2Department of Medical Biophysics, University of Western Ontario, London,

ON N6A 5C1, Canada; 3Lawson Health Research Institute, London, ON N6C 2R5, Canada
Over 30,000 point mutations are associated with debilitating
diseases, including many cancer types, underscoring a critical
need for targeted genomic solutions. CRISPR base editors,
like adenine base editors (ABEs) and cytosine base editors
(CBEs), enable precise modifications by converting adenine
to guanine and cytosine to thymine, respectively. Challenges
in efficiency and safety concerns regarding viral vectors used
in delivery limit the scope of base editing. This study introduces
non-viral minicircles, bacterial-backbone-free plasmids, as a
delivery vehicle for ABEs and CBEs. The research uses cells en-
gineered with the “Gene On” (GO) reporter gene systems for
tracking minicircle-delivered ABEs, CBEs, or Cas9 nickase
(control), using green fluorescent protein (GFPGO), biolumi-
nescence reporter firefly luciferase (LUCGO), or a highly sensi-
tive Akaluciferase (AkalucGO) designed in this study. The
results show that transfection of minicircles expressing CBE
or ABE resulted in significantly higher GFP expression and
luminescence signals over controls, with minicircles demon-
strating the most substantial editing. This study presents mini-
circles as a new strategy for base editor delivery and develops
an enhanced bioluminescence imaging reporter system for
tracking ABE activity. Future studies aim to evaluate the use
of minicircles in preclinical cancer models, facilitating poten-
tial clinical applications.
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INTRODUCTION
Point mutations, involving single base pair alterations in DNA, un-
derlie a wide spectrum of genetic diseases, including conditions
such as sickle cell disease, Duchenne muscular dystrophy, b-thalas-
semia, and diverse types of cancer.1–3 This class of mutations accounts
for a significant portion, approximately 58%, of human pathogenic
variants associated with disease.4,5 The quest for technologies capable
of accurately editing the genome, particularly concerning point mu-
tations, has been a long-standing endeavor. Such capabilities hold
the potential of providing solutions for genetic disorders arising
from these mutations. Moreover, these innovative tools can be har-
nessed to induce point mutations aimed at deactivating target genes,
including oncogenes in the context of cancer.
M
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The advent of the clustered regularly interspaced short palindromic
repeat (CRISPR) system in 2012 marked a revolutionary milestone
in genome editing due to its simplicity, ease of design, and cost-effec-
tiveness.6,7 By generating double-stranded breaks (DSBs) in DNA,
CRISPR facilitates targeted modification of specific sequences
using a donor template. However, it is essential to recognize that
CRISPR-mediated DSBs can cause unintended insertions or dele-
tions, chromosome rearrangements, off-target effects, epigenetic
modifications, DNA damage responses, and potential disruptions in
gene regulation within functional genomic domains.8

To address some of the safety concerns associated with DSBs, Dr.
David Liu and colleagues developed a novel CRISPR-based
genome editing technology in 2016, called base editing.9 This
breakthrough method enables conversion of single nucleotide ba-
ses without creating DSBs, offering a safer alternative for precise
genome editing. Base editors (BEs) consist of three key compo-
nents: (1) a single guide RNA (sgRNA) for programmable target-
ing of a genomic locus, (2) a nucleobase deaminase responsible for
catalyzing the base conversion, and (3) a partially enzymatically
disabled Cas9 nickase (Cas9n), which induces a single-stranded
nick, instead of a DSB, to promote mismatch repair.9 Cytosine
BEs (CBEs) induce cytosine-to-thymidine (C-to-T) conversions,
while adenine BEs (ABEs) induce adenine-to-guanine (A-to-G)
conversions.9,10 Since their development, BEs have been success-
fully applied to correct point mutations linked to an array of
diseases, including sickle cell disease,11 Duchenne muscular dys-
trophy,12,13 tyrosinemia,14,15 inherited hearing loss,16,17 and blind-
ness18,19 as well as cancer.9,20

While base editing has shown great promise in terms of versatility and
safety, a significant challenge that remains is the efficient and safe
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delivery of BEs to target tissues. Non-viral delivery methods are gain-
ing attention due to their versatility and improved safety profile
compared to viral vectors, such as adeno-associated viruses.21,22 How-
ever, most non-viral delivery vectors suffer from low efficiency of
gene transfer when compared to viral vectors. Minicircles (MCs)
emerge as a potential solution to this delivery challenge. These small
circular DNA vectors, derived from “parental plasmids” (PPs), lack
the bacterial backbone (an antibiotic resistance gene and origin of
replication) normally found in plasmids. The smaller size of MCs al-
lows for higher transfection and transgene expression compared to
plasmids.23,24 Additionally, the absence of bacterial components re-
duces potential immune responses and eliminates the transfer of anti-
biotic genes to mammalian hosts.25,26 Thus, the attributes of MCs
could allow for efficient and safe delivery of BEs, but, to our knowl-
edge, studies exploring this have not been described.

As BEs and delivery methods continue to advance, it becomes crucial
to accurately assess the efficiency of these technologies in cells and an-
imal models prior to translation into patients. While current evalua-
tion methods, such as next-generation sequencing and immunohisto-
chemistry for proteins of interest, offer valuable bulk information
about base editing activity, they often require cell (or animal) death
and lack spatial and kinetic details required at both the single-cell
and whole-animal scale.12,14 In 2020, Katti et al. introduced the
“Gene On” (GO) optical reporter systems to allow for indirect visual-
ization of base editing activity in live cells.27 For ABE evaluation, the
reporter genes were mutated to contain a premature TAG stop codon,
which only produces imaging protein and signal when edited to TGG
(tryptophan codon) by an ABE. Similarly, for CBE evaluation, re-
porter genes were mutated to modify their ATG start codon to
ACG, allowing imaging protein production only when edited to
ATG methionine by a CBE. Fluorescence-based GO systems utilize
mutated versions of green fluorescent protein (GFP), called GFPGO,
which can be corrected and activated in the presence of CBEs or
ABEs and respective sgRNAs, enabling quantification of edited cells
using flow cytometry. Additionally, this group described a biolumi-
nescence version of the GO system using firefly luciferase, termed
LUCGO. This GO system provides measurements from bulk cell pop-
ulations in culture. In this study, we adopted the original LUCGO sys-
tem and built a second GO system using Akaluciferase (Akaluc),
termed AkalucGO. Akaluc is an optimized firefly luciferase mutant
that uses Akalumine-hydrochloride to produce light peaking at
650 nm.28 Akaluc bioluminescence has demonstrated exceptional ef-
ficacy in visualizing engineered cells, even at the single-cell level,
within deep tissues of mice.29

This study focused on in vitro evaluation of MCs as an alternative
non-viral delivery vector for BEs using various GO systems. Specif-
ically, we compared the editing efficiency of MC-based ABE and
CBE editing to that of their PP counterparts in cancer cells stably ex-
pressing a GFPGO reporter, LUCGO reporter, or AkalucGO reporter,
the latter of which was constructed in this study. This investigation
provides novel insights into the potential of MCs as a safe and effi-
cient delivery platform for base editing in various cellular contexts,
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moving us closer to harnessing the full potential of genome editing
technologies.

RESULTS
2-Plasmid ABE + sgRNA delivery using GFPGO

We first validated the ABE GFPGO reporter system previously devel-
oped by Katti et al. (Figure 1A).27 HEK293T cells were engineered to
express ABE GFPGO and then transfected with a plasmid encoding
sgRNA and tdTomato (sgRNA-tdT) and a separate plasmid encoding
either ABE or Cas9n as a negative control (Figure 1B). After 48 h, tdT
expression was observed from both groups, indicating successful
transfection of sgRNA-encoding plasmid (Figure 1C). GFP expres-
sion was observed in cells transfected with ABE, while cells trans-
fected with Cas9n exhibited minimal GFP expression. Analysis using
flow cytometry showed that a significantly higher 42% of tdT-positive
cells were also GFP-positive when transfected with ABE compared to
Cas9n (Figure 1D; p < 0.001). Time-lapse microscopy qualitatively
showed tdT fluorescence beginning �9 h post transfection and
GFP fluorescence beginning �12 h post transfection (Figure 1E).
The number of green objects appeared to reach the number of red ob-
jects by 48h. This may be due to proliferation of edited GFP-positive
cells while the sgRNA-tdT plasmid is diluted with cell division
(Figure 1E).

All-in-one PP/MC ABE + sgRNA using GFPGO

To facilitate the delivery of sgRNA and ABE within a single vector, as
would likely be done in patients, we designed PPs encoding ABE or
Cas9n and the appropriate sgRNA (Figure 1F). In the production
of MCs from PPs, the addition of arabinose induces the expression
of both phi-C31 integrase and I-SceI endonuclease. This initiates a
recombination process between attB and attP sites within theMC, fol-
lowed by the endonuclease-mediated degradation of the plasmid
backbone. This process excises everything but the expression cassette
to allow isolation of the desired MC DNA. MCs were produced, and
construct sizes were confirmed with gel electrophoresis (Figure 1G).
ABE GFPGO-expressing HEK293T cells were transfected with PPs
or MCs, and GFP was apparent in fluorescent microscopy images us-
ing ABE, but not Cas9n, vectors (Figure 1H). Flow cytometry analysis
indicated that both PP and MC transfections yielded a significantly
higher proportion of GFP-positive cells compared to Cas9n controls
(Figure 1I; p < 0.0001). Additionally, MCs led to a higher number of
GFP-positive cells compared to PPs (p < 0.01).

All-in-one PP/MC CBE + sgRNA using GFPGO

The CBE GFPGO reporter was engineered to co-express a constitutive
mScarlet to aid in cell sorting (Figure 2A). We also switched to a can-
cer cell line (HeLa) that could potentially be used in a preclinical tu-
mor model. HeLa cells were engineered with CBE GFPGO and sorted
for low, medium, and high levels of mScarlet expression (Figure S1A).
A low percentage (1.8%) of cells with high mScarlet expression also
expressed GFP (Figure S1B), so medium sorted cells were used in
all subsequent experiments. Like our all-in-one ABE PPs, we con-
structed all-in-one CBE PPs co-expressing the appropriate sgRNA
and generated PPs and MCs of the appropriate size (Figures 2B and



Figure 1. 2-Plasmid and all-in-one PP/MC ABE + sgRNA delivery using GFPGO

(A) Schematic of the ABE GFPGO reporter. Insertion of a premature stop codon (TAG) after the nuclear localization signal prevents full-length functional GFP expression.

Editing of A > G at the stop codon by the adenine BE (ABE) complexed with single-guide RNA (sgRNA) enables full-length expression of GFP. (B) Utilization of a 2-plasmid

system, with one delivering sgRNA with tdTomato (sgRNA-tdT) and the second delivering ABE or Cas9n as a negative control. (C) Fluorescence microscopy of HEK293T-

GFPGO cells 48 h after transfection with sgRNA-tdT and ABE or Cas9n. (D) Flow cytometry analysis of cells 48 h after transfection, indicating the percentage of tdT-expressing

cells that also exhibit GFP expression (n = 3). (E) Live-cell imaging and counts of tdT and GFP expression over time following transfection with sgRNA-tdT and ABE plasmids.

(F) All-in-one delivery system combining the sgRNA and ABE or Cas9n into a single DNA delivery vector. Parental plasmids (PPs) containing attB and attP sites undergo

recombination upon arabinose induction, resulting in the production of minicircles (MCs) free of bacterial DNA components. (G) Agarose gel electrophoresis following EcoRV

restriction digestion, confirming production of PPs and MCs expressing Cas9n or ABE. (H) Fluorescence microscopy of HEK293T-GFPGO cells 48 h after transfection with

PP-Cas9n, MC-Cas9n, PP-ABE, or MC-ABE. (I) Flow cytometry analysis of cells 48 h after transfection (n = 3). Data are presented as mean ± SD (**p < 0.01, ***p < 0.001,

****p < 0.0001).
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2C). CBE GFPGO-expressing HeLa cells were transfected with PPs or
MCs and flow cytometry demonstrated a significantly higher percent-
age of GFP-positive cells followingMC transfection compared to both
PP and Cas9n controls (Figure 2D; p < 0.0001). Additionally, PPs ex-
pressing CBE exhibited a significantly higher proportion of GFP-pos-
itive cells when compared to PP and MC Cas9n controls (Figure 2D;
p < 0.001). Time-lapse microscopy revealed that the number of GFP-
positive cells seemed to plateau 60 h after transfection for PPs but,
using MCs, continued to increase up to 72 h (Figures 2E and 2F).
Longitudinal flow cytometry data showed that the percentage of
GFP-positive GFPGO cells after MC CBE delivery peaked at day 5
and remained constant until our last measurement point at day 18
(Figure S2).

All-in-one PP/MC ABE + sgRNA using AkalucGO

To expand the GO system to allow bioluminescence imaging of ABE
activity, we incorporated Akaluc, a highly sensitive luciferase with
red-shifted emission, into two separate GO systems. In our first
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Figure 2. All-in-one PP/MC CBE + sgRNA using GFPGO

(A) Schematic of the CBE GFPGO reporter. GFP expression is inactivated by a mutation of the protein start codon (ATG to ACG). C > T editing at the mutated start codon by

CBE complexed with the sgRNA enables expression of GFP. (B) PP encoding the sgRNA and CBE sequences for single DNA vector delivery. (C) Restriction digestion using

EcoRV and agarose gel electrophoresis of PPs andMCs expressing Cas9n or CBE to confirm vector size. (D) Flow cytometry analysis of HeLa cells stably expressingmedium

mScarletI-GFPGO 48 h after transfection for percent of GFP-positive cells (n = 3). (E) Fluorescencemicroscopy of cells 48 h after transfectionwith PP orMCwith CBE or Cas9n

control vectors. (F) Incucyte counts of GFP object count/mScarlet object count over 72 h. At each time point, 19 images were captured per well, for each PP andMC test. The

average value was then calculated for each well and time point (n = 3). Data are presented as mean ± SD (***p < 0.001, ****p < 0.0001).
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iteration, which we named ABE [GFP-Akaluc]GO, we cloned Akaluc
downstream of the mutated GFP transgene in the ABE GFPGO

construct and separated these two transgenes by a T2A self-cleaving
peptide sequence (Figure S3A). As the Akaluc sequence does not have
an independent start codon, we theorized that Akaluc expression
would only be present in cells following ABE-mediated editing of
the premature stop codon in GFP. We use a lentivirus to engineer
HeLa cells to stably express the ABE [GFP-Akaluc]GO system. These
cells were then transfected with PP-ABE or PP-Cas9n. After 48 h,
GFP expression was only visible in cells transfected with PP-ABE
(Figure S3B). Bioluminescence imaging revealed that the highest
signal was in cells transfected with PP-ABE, but an unexpectedly
high level of background signal was seen in cells transfected with
PP-Cas9n (Figures S3C and S3D; p < 0.001).
4 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
To address this background signal, we engineered a secondAkalucGO
system, which we called AkalucGO. We hypothesized that the back-
ground issue may be partially attributable to non-canonical transla-
tion initiation of Akaluc, so in AkalucGO we expressed tdT constitu-
tively upstream of a mutated Akaluc containing a premature stop
codon (separated by a P2A linker; Figure 3A).30 We then redesigned
all-in-one PPs and MCs to contain a sgRNA targeting this premature
stop codon. HeLa cells were engineered with the AkalucGO lentivirus,
sorted for various levels of tdT expression (low, medium, high; Fig-
ure S4A), and transfected with PPs or MCs expressing ABE or
Cas9n. After 48 h, cells transfected with MCs expressing Cas9n
showed minimal Akaluc signal in the cells sorted for low andmedium
tdT levels (Figures S4B and S4C). However, significant background
was seen in cells sorted for high tdT expression. Thus, for the rest of



Figure 3. All-in-one PP/MC ABE + sgRNA using AkalucGO

(A) Schematic of the AkalucGO reporter. A > G editing of the stop codon by ABE enables full-length expression of Akaluc. (B and C) tdT-AkalucGO-expressing (B) HeLa cells or

(C) OVCAR8 and MDA-MB-231 cells 48 h after transfection with MC expressing ABE or Cas9 and PP expressing ABE. Also shown are quantification of the average radiance

of cells at 48 h (n = 3) and sequencing data showing the percentage of A-to-G conversion in ABE AkalucGO cells and percent editing at the target site in HeLa, MDA-MB-231,

and OVCAR8 AkalucGO cells (medium tdT expression) as quantified by BEAT analysis of Sanger sequencing (n = 3). Data are presented as mean ± SD (ns, non-significant;

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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our study, all cancer cells engineered with the AkalucGO lentivirus
were sorted for a medium level of tdT expression to minimize back-
ground. However, it is important for the luciferase GO systems to
not compare absolute bioluminescent signal across cell types, as we
did not account for differences in GO system reporter copy number.

For all cell types, transfection with MCs expressing ABE resulted in a
significantly higher Akaluc signal compared to PPs (Figures 3B and
3C; p < 0.05). Additionally, withMCABE delivery, the signal-to-noise
ratios (SNRs) were 304.2, 40.7, and 50.2 for HeLa, 231, and OVCAR8
cells, respectively, while under PP ABE, the corresponding SNRs were
202.6, 20.5, and 31.8. Based on Base Editing Analysis Tool (BEAT)
analysis of Sanger sequencing, the average A-to-G conversion for
HeLa cells was 45.6% ± 3.6% and 60.6% ± 7.0% for PP and MC de-
livery of ABE, respectively (Figure 3B; p < 0.05). However, for
OVCAR8 and MDA-MB-231 cells, A-to-G conversion was less
than 3%, and no significant differences were observed between editing
with PP and MC (Figure 3C).

All-in-one PP/MC CBE + sgRNA using LUCGO

Finally, to further evaluate our MC CBE constructs, we used the
LUCGO system previously developed by Katti et al. (Figure 4A).27
LUCGO-expressing HeLa and OVCAR8 cells were transfected with
all-in-one PP or MC encoding CBE (or Cas9n) and an appropriate
sgRNA. In OVCAR8 cells, there was no difference in luciferase signal
between PP and MCs encoding CBE, but significantly higher signal
for both CBE constructs compared to MCs encoding Cas9n (Fig-
ure 4B). Likewise, in alignment with the AkalucGO ABE system, there
was no significant difference observed in C-to-T conversion for
OVCAR8 cells with PP-CBE or MC-CBE delivery, with an average
conversion rate of less than 2% (Figure 4B). For HeLa cells, images
showed significantly increased luciferase signal in HeLa cells using
MCs encoding CBE versus MCs encoding Cas9n and PPs encoding
CBE (Figure 4C). The average C-to-T conversion rate in HeLa cells
was 5.2% ± 3.8% for PP CBE and 11.60% ± 1.8% for MC CBE (Fig-
ure 4C; p < 0.05). The SNRs with MC CBE delivery were 7.3 and
39.7 for HeLa and OVCAR8 cells respectively, while under PP
CBE, the corresponding SNRs were 1.5 and 35.4.
DISCUSSION
Base editing represents a versatile genome editing tool and promising
avenue to treat thousands of genetic disorders. However, the clinical
application of this technology hinges on the development of both safe
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 5
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Figure 4. All-in-one PP/MC CBE + sgRNA using LUCGO

(A) Schematic of the LUCGO reporter. C > T editing at the mutated start codon by CBE complexed with sgRNA enables the expression of LUC. (B and C) Biolumi-

nescence imaging of LUCGO expressing (B) OVCAR8 or (C) HeLa cells 48 h after transfection with MC expressing CBE or Cas9 and PP expressing CBE. Also shown are

quantification of the average radiance of cells at 48 h (n = 3) and sequencing data showing the percentage of C-to-T editing at the target site in CBE LUCGO HeLa and

OVCAR8 cells (medium mScarlet expression) as quantified by BEAT analysis of Sanger sequencing (n = 3). Data are presented as mean ± SD (ns, *p < 0.05, **p < 0.01,

***p < 0.001).
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and efficient delivery mechanisms for BEs within target tissues. MCs
present several advantages over traditional BE delivery vectors such as
plasmids, mRNA, and adeno-associated virus. These advantages
include enhanced transgene expression, reduced immunogenicity,
and simplified production processes. In this study, we investigate
the potential of DNAMCs as an innovative non-viral vector for deliv-
ering ABEs and CBEs, aiming to overcome the limitations associated
with conventional delivery vectors and enhance the clinical applica-
bility of base editing technology.

After testing the functionality of the ABE GFPGO system, we noted
that the GFP fluorescence began approximately 12 h after transfec-
tion, indicating a time lag between delivery of ABE vectors and
GFP activation. Next, creating an all-in-one PP and MC was done
with the goal of a system that could be used in a therapeutic setting.
In both the ABE and CBE systems for GFPGO, there was a significant
increase in MCs over PPs. These results align with previous studies
demonstrating higher transgene expression using MCs compared to
plasmids both in vitro and in vivo.23,24,31,32 The improved transgene
expression is likely due to the smaller size of our MCs (�61.5% the
size of PPs). Prior research has shown an inverse relationship between
vector size and transgene expression levels,33,34 with larger vectors ex-
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hibiting limited diffusion into the nucleus during the multi-step
transfection process, resulting in lower transgene expression.35 Since
themass of transfection agents is the primary safety limitation, a main
advantage of MCs is that more moles of vector can be delivered
compared to PPs at a given mass of agent. In our studies, as equal
masses of MC and PP were transfected, cells were exposed to
�1.6 times more copies of the ABE and CBE transgene.

Beyond 72 h, we see that the GFPGO signal plateaus at day 5 with CBE.
This observation suggests that BE activity is complete, but if the scope
of this work is to be expanded beyond the highly proliferative cancer
cells used in this study, then, in contrast with somatic non-dividing
tissues, there should be consideration made for alternative strategies
of regulating BE expression.23,36,37 While MCs have been proven to
enhance base editing levels in vitro compared to plasmids, they also
sustain transgene expression longer in non-dividing cells. This may
not be ideal for BE delivery, especially considering the higher off-
target editing associated with plasmid delivery compared to mRNA
or ribonucleoprotein methods.38,39 We will investigate off-target edit-
ing with MCs versus plasmids in future studies. This also underscores
the importance of exploring regulatory mechanisms for controlling
BE expression, such as driving expression using inducible promoters.
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Notably, previous work by Song et al. demonstrated that plasmids en-
coding ABE did not induce off-target editing in vivo, which highlights
the need for further scrutiny in our own work to see whether there is a
difference with MCs.14

Developing an in vivo compatible reporter system for non-invasive
tracking of ABE activity, we had two iterations, the first [GFP-
Akaluc]GO system having unexpected Akaluc background signal
in the absence of ABE. For our second iteration, [tdt-Akaluc]GO,
we were able to significantly reduce the background signal by
introducing a premature stop codon, which minimizes the poten-
tial of alternative in-frame start codons or translation re-initia-
tion.40–43 Interestingly, cells sorted for high mScarlet or tdT
expression levels of the GFPGO CBE systems and the [tdt-Aka-
luc]GO ABE systems had higher GFP or Akaluc background
expression, likely from stop-codon readthrough or alternative start
sites.44–49 These results demonstrate that engineering cells to
strongly express an activatable reporter may not always be favor-
able and that balancing strong activation with background expres-
sion may be necessary.

Studying the MC delivery and activation of the bioluminescent re-
porters AkalucGO and LUCGO, we found varying levels of activation
between HeLa, OVCAR8, and MDA-MB-231 cells, corresponding to
varying SNRs. In all types, we found a significant increase in
bioluminescent signal from MC-ABE or MC-CBE over MC-Cas9n,
whereas with Sanger sequencing, we were only able to detect a signif-
icant change in the HeLa cells. All cell types had SNR values above 5
and displayed visually discernible contrast upon both MC and PP
BE delivery, except for HeLa cells with PP CBE delivery. Activation
of LUCGO was detectable with bioluminescent signal but not with
Sanger sequencing of genomic PCR products. One plausible explana-
tion for this is that the genome may only contain one or few copies of
the LUCGO gene, but activation of these transgene(s) can produce
many copies of the enzyme, which can catalyze multiple luciferin sub-
strates, to facilitate amplified sensitive detection of bioluminescence
signal. With ABEs for MDA-MB-231 and OVCAR8, we saw low
A-to-G conversion (<3%), which can likely be attributed to their lower
transfection efficiency compared to HeLa cells33,50 as well as potential
differences in cell repair pathways, which is required for base conver-
sion.51–53 These results underscore the sensitivity of the AkalucGO

system in detecting even low levels of base editing, which highlights
its potential as a powerful tool for monitoring ABE activity in vitro
and for comparing the efficiency of different ABE delivery vectors.

There are some limitations to our AkalucGO reporter system, which
necessitates further exploration and optimization. First, the back-
ground signal could be further reduced, either by sorting the cells
for a lower level of tdT or by optimizing the location of the premature
stop codon within the Akaluc gene. Second, while Akaluc has been
engineered to emit red-shifted light for improved tissue penetration,
its sensitivity may still be limited in deep tissues and larger animal
models due to substrate and oxygen availability, making it difficult
to accurately assess Akaluc expression in deep-seated solid tumors.
In conclusion, this study pioneers the use of MCs as a promising vec-
tor for efficient ABE and CBE delivery across multiple cancer cell
types in vitro. Additionally, we developed AkalucGO as a highly
responsive bioluminescence reporter system for visualizing adenine
base editing. We showed that LUCGO and AkalucGO can detect
in vitro ABE or CBE activity in cells with high sensitivity and speci-
ficity. Future work will further optimize the LUCGO and AkalucGO re-
porter systems to reduce background signals for in vivo testing and
extend their application to other tumor models, such as lung and
liver, for organ-specific adenine and cytosine base editing tracking.
Moreover, our exploration will encompass new genomic disease tar-
gets, new GO reporters, and alternative ABE/CBE delivery strategies
to further expand the genome editing toolbox for genetic disease
treatment.

MATERIALS AND METHODS
Cell lines

HEK293T cells, HeLa cervical cancer cells, MDA-MB-231 breast
cancer cells, and OVCAR8 ovarian cancer cells were obtained
from the American Type Culture Collection (VA, USA). Cells
were cultured in DMEM (HEK293T, HeLa, and MDA-MB-231
cells) or RPMI (OVCAR8) supplemented with 10% fetal bovine
serum and 5% (v/v) antibiotic-antimycotic at 37�C and 5% CO2.
All cells were routinely verified as free of mycoplasma contamina-
tion using the MycoAlert Mycoplasma Detection Kit (Lonza,
NY, USA).

GO reporter system lentiviral constructs

Lentiviral transfer plasmids encoding the original GFPGO and
LUCGO systems were gifts from Lukas Dow (Addgene plasmids):
pRRL-GFPAdGO2-PGK-Neo (ABE GFPGO; Figure 1A; 136899),
pRRL-mU6-sgGO-SFFV-GFPGO-IRES-mScarletI (CBE GFPGO; Fig-
ure 2A; 136895), and pRRL-mU6-sgGO-SFFV-LUC2GO (CBE
LUCGO; Figure 4A; 136905).27 The CBE GFPGO and CBE LUCGO

plasmids were modified to remove the sgRNAs (called sgGO in
the original constructs). Additionally, an IRES-mScarletI fragment
was cloned into the CBE LUCGO plasmid downstream of the
LUCGO sequence.

Two ABE-targeted GO systems encoding Akaluc were made. An ABE
[GFP-Akaluc]GO (Figure S3A) lentiviral transfer plasmid was made
by amplifying a T2A-Akaluc fragment from LV-pEF1a-tdT-Akaluc54

and inserting it downstream of GFPGO in the ABE GFPGO construct
using In-Fusion HD Cloning (Takara Bio, CA, USA). In addition, us-
ing an LV-pEF1a-tdT-Akaluc plasmid, an ABE AkalucGO lentiviral
transfer plasmid (Figure 3A) with constitutive tdT expression was
generated by incorporating an ATG-to-TAG mutation at the 265th

amino acid position within Akaluc using the Q5 Site-Directed Muta-
genesis Kit (New England Biolabs, MA, USA). The optimal site to
insert the premature stop codon into Akaluc was determined using
Benchling’s CRISPR guide design feature (www.benchling.com/
crispr), where the sgRNA with the highest specificity and efficiency
score was selected to allow an A-to-G conversion within the ABE8e
editing window (positions 4–8).55
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Lentiviral production and cell engineering

As described previously,56 third-generation lentiviral vectors were
produced using packaging and envelope expression plasmids (kind
gifts from Didier Trono; pMDLg/pRRE, pRSV-Rev, and pMD2.G;
Addgene plasmids 12251, 12253, and 12259, respectively).57

Various cancer cell lines were transduced using these vectors, as
described previously.27 Cells engineered to express ABE GFPGO

or ABE [GFP-Akaluc]GO were selected with 400 mg/mL Geneticin
for 7–10 days. Cells engineered with LUCGO, AkalucGO, and CBE
GFPGO vectors were sorted for constitutive tdT (ABE) or mScarletI
(CBE) expression using a FACSAria III fluorescence-activated cell
sorter (BD Biosciences, CA, USA).

2-Plasmid BE system

Our initial experiments involved delivery of the BE and sgRNA into
cells using two separate plasmids. A plasmid encoding an efficient
ABE (ABE8e(TadA-8e V106W)) was a gift fromDavid Liu (Figure 1B;
Addgene plasmid 138495).58 A plasmid containing a sgRNA specific
for ABE GFPGO with constitutive tdT (sgRNA-tdT) was a gift from
Lukas Dow (Figure 1B; Addgene plasmid 136911).27 As a control
Cas9n plasmid, we cloned a high-fidelity Cas9n fragment from an
FNLS-HiFi plasmid into a pLenti-Cas9-P2A-Puro backbone (Addg-
ene plasmids 136902 and 110837, respectively).27,59

All-in-one PP and MC BE systems

To generate different “all-in-one” PPs expressing either ABE8e (Fig-
ure 1F) or CBE (Figure 2B) along with the appropriate sgRNAs, the
vector PP-pSurvivin-SEAP23 was used. Briefly, the pSurvivin-SEAP
expression cassette was replaced with ABE from ABE8e (TadA-8e
V106W) or CBE from FNLS-HiFi. ABE or CBE was driven either
by the CMV or EF1a promoter, respectively. A control PP encoding
Cas9n was generated by deleting the adenine deaminase domain or
the cytosine deaminase domain. Additionally, U6 promoter-driven
sgRNAs of interest were cloned into PPs (Table S1 contains the pro-
tospacer sequences for sgRNAs of interest). MCs expressing ABE,
CBE, and Cas9n were generated using the MC-Easy Minicircle
DNA Production Kit (System Biosciences, CA, USA).60

Cell transfection and GO reporter assays

Cells stably expressing the GO systems were transfected with the
various BE or control systems (2-plasmid or all-in-one PP or MC) us-
ing jetPEI (Polyplus Transfection, PA, USA) or Lipofectamine 3000
(Thermo Fisher Scientific). For GFPGO systems, fluorescence reporter
expression was visualized using an EVOS FL Auto Imaging System
(Thermo Fisher Scientific) or Revolve 4 ECHO microscope (ECHO,
CA, USA). Fluorescence was also evaluated via flow cytometry using
a BD FACSCanto flow cytometer and FlowJo software (BD Biosci-
ences). For some constructs, fluorescence microscopy images were
also taken immediately following transfection and subsequently at
10-min intervals for up to 70 h using a CytoSMART Lux3 FL incu-
bator microscope (CytoSMART Technologies, AZ Eindhoven, the
Netherlands). Additional kinetic studies were carried out using
the Incucyte Live-Cell Analysis System (Sartorious, Göttingen,
Germany).
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For AkalucGO and LUCGO systems, images were taken using the IVIS
Lumina XRMS In Vivo Imaging System after addition of 5 mL of
30 mg/mL D-Luciferin or 5 mM Akalumine-HCl, respectively
(PerkinElmer, MA, USA). Regions of interest were manually delin-
eated around wells using LivingImage software to measure biolumi-
nescence average radiance (p/s/cm2/sr). The SNR was calculated by
taking the mean signal in wells that received BEs minus the mean
signal in wells receiving Cas9n vectors (control) divided the mean
standard deviation of the background.

Sequencing analysis

To further analyze ABE and CBE editing, genomic DNA was ex-
tracted from the cells 48 h after transfection using the DNeasy Blood
and Tissue Kit (QIAGEN, CA, USA). The GFPGO, LUCGO, and
AkalucGO target sites were amplified by PCR using primers that
bind approximately 200 bp upstream and downstream of the target
A or C (Table S2). The PCR products were then purified using the
QIAquick PCR Purification Kit (QIAGEN, CA, USA), and analyzed
by Sanger sequencing. BEAT (http://www.hanlab.cc/beat) was used
to quantify base editing from Sanger sequencing data.61

Statistics

Statistical tests were performed using GraphPad Prism software
(v.8.1.2 for Mac OS X, GraphPad, CA, USA, www.graphpad.com).
An unpaired two-tailed t test was performed to compare GFPGO,
AkalucGO and LUCGO activation between two groups. Ordinary
one-way ANOVA and Tukey’s multiple comparison post hoc test
were used to compare GFPGO, AkalucGO, and LUCGO activation
from PP and MC delivery of ABE, CBE, or Cas9n. All experiments
were performed in triplicate wells for each condition unless otherwise
stated. A p value less than 0.05 was considered statistically significant.
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