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Since the introduction of clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9
(Cas9), genome editing has been broadly applied in basic
research and applied biotechnology, whereas translation into
clinical testing has raised safety concerns. Indeed, although fre-
quencies and locations of off-target events have been widely
addressed, little is known about their potential biological con-
sequences in large-scale long-term settings. We have developed
a long-term adverse treatment effect (LATE) in vitro assay that
addresses potential toxicity of designer nucleases by assessing
cell transformation events. In small-scale proof-of-principle ex-
periments we reproducibly detected low-frequency (<0.5%)
growth-promoting events in primary human newborn foreskin
fibroblasts (NUFF cells) resulting from off-target cleavage in
the TP53 gene. Importantly, the LATE assay detected not
only off-target effects in TP53 not predicted by popular online
tools but also growth-promoting mutations in other tumor
suppressor genes, such as p21 and PLZF. It convincingly veri-
fied strongly reduced off-target activities of high fidelity
compared with first-generation Cas9. Finally, the LATE assay
was readily adapted to other cell types, namely clinically rele-
vant human mesenchymal stromal cells (hMSCs) and retinal
pigmented epithelial (RPE-1) cells. In conclusion, the LATE
assay allows assessment of physiological adverse effects of the
CRISPR/Cas system and might therefore be useful for preclin-
ical safety studies.

INTRODUCTION
In 2011, clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9) designer nucleases
were first described for use in other than the original bacteria.1

Soon thereafter, their DNA interference mechanism was precisely
described by Doudna and Charpentier and collaborators.2 Since
then, the attention given to CRISPR/Cas has been rising exponen-
tially. The system was quickly optimized toward application in eu-
karyotic and eventually human cells.3–5 Meanwhile, CRISPR/Cas9
systems from various bacteria have been cloned, and many improve-
ments have been introduced, e.g., to obtain high-fidelity enzymes that
combine excellent efficiency with low off-target activity. The latest
remarkable innovations were the introduction of base editors that
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allow direct correction of single-point mutations without the need
of DNA strand breaks6,7 and the invention of prime editing, a
“search-and-replace” genome editing technology that facilitates a
large variety of targeted genomic changes independent of cellular
repair mechanisms. In fact, prime editing was shown to mediate tar-
geted insertions, deletions, all 12 possible base-to-base conversions,
and combinations thereof in human cells without requiring double-
strand breaks (DSBs) or donor DNA templates.8 Altogether, genome
editing and particularly CRISPR/Cas9 have become a broadly used
tool in many biotech fields but also in biomedicine.9

This fast progress has also led to the translation of first genome edit-
ing approaches toward clinical application, initially based on zinc-
finger nucleases (ZFNs)10 and transcription activator-like effector nu-
cleases (TALENs),11 but more recently also with CRISPR/Cas.12

However, rapid translation into clinical testing has also raised some
concerns. Indeed, rare unwanted effects of designer nucleases in gen-
eral and CRISPR/Cas9 in particular might become relevant for large-
scale application in human gene therapy, as previously observed with
retroviral vectors.13 Specifically, little is known about the actual
impact of (1) immunogenicity of designer nucleases, (2) off-target
cutting, and (3) the activation of the cellular repair response. In this
regard, it is important to note that recent data even suggest that
adverse effects might be more pronounced than anticipated. In fact,
preexisting immune answers against Cas9 proteins of the most
broadly used CRISPR/Cas9 systems from Streptococcus aureus and
Streptococcus pyogenes were described in the vast majority of tested
individuals.14,15 Moreover, unexpectedly high rates of chromosomal
aberrations after CRISPR/Cas9 treatment were found in recent
studies.16 In line with this, in studies with the CRISPR/Cas9 system
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Figure 1. LATE assay principle

The principle of the LATE assay includes (1) transduction of primary human newborn foreskin fibroblasts (NUFFs) with all-in-one lentiviral vectors encoding fluorescent protein,

designer nuclease (Cas9), and gRNA, (2) FC analysis of the cells for up to 10 weeks including baseline, and final check (3) readout, with increasing numbers of transduced

cells as an indicator of a growth advantage acquired by the cells as a (side) effect of genome editing.
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in rats and mice many off-target events were observed that had not
been predicted by widely used bioinformatics algorithms.17 Finally,
a potential selection for p53-mutated cells as a result of genome edit-
ing was reported.18 This is a worrying finding, since p53 mutations
represent a hallmark of cancer and are present in almost all human
malignancies.19

In view of the obvious risks associated with off-targets, many groups
have investigated their actual frequencies. This has resulted not
only in the establishment of various algorithms predicting likelihood
of an off-target mutation at a given site (e.g., CRISPOR,20 CHOP-
CHOP,21 and Cas-OFFinder22), but also in several unbiased, versatile
techniques to profile genome-wide DSBs (e.g., GUIDE-seq,23

Digenome-seq,24 BLESS,25 CIRCLE-seq,26 Vivo [partially using CIR-
cLE-seq27], and qEva-CRISPR28). All the empirical methods rely on
some form of high-throughput sequencing to detect mutations either
in pre-selected regions or on a genome-wide scale. Next-generation
sequencing (NGS), however, is a rather expensive method and re-
quires advanced bioinformatics for detailed data analysis. This is
particularly true for very rare events that require ultra-deep
sequencing for detection. Moreover, all the above algorithms and
methods are purely descriptive, i.e., they provide only information
on locations and frequencies of the off-target mutations, whereas
the much more relevant point—their potential consequences for
cellular physiology—remains elusive. In order to minimize actual
risks, it will be crucial to thoroughly investigate these potential side
effects, thus ensuring well-grounded risk/chance assessments for
genome editing-based clinical strategies. This holds particularly true
for in vivo applications of genome editing and the problem of any hy-
pothetical tumor-promoting side effects, as previously seen with inte-
grating g-retroviral vectors.29 However, meaningful tests on potential
adverse long-term effects of designer nucleases are still lacking.
250 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
To address this deficit, we have recently started development of the
LATE assay (long-term adverse treatment effects identification
assay). Deploying a worst-case scenario this assay aims at assessing
the risk of growth-promoting off-target events based on the use of
permanently genetically marked cells as targets of CRISPR/Cas9 de-
livery and sensitive readout methods including flow cytometry (FC)
and digital PCR (ddPCR). In this proof-of-concept study we demon-
strate the potential of the LATE assay to identify low-frequency
growth-promoting off-target events and to compare off-target
toxicity of different Cas9 proteins.

RESULTS
LATE assay principle: design and proof of concept

It was previously shown that TP53 knockout in primary human
newborn foreskin fibroblasts (NUFFs) leads to relative growth advan-
tage resulting in positive selection and eventual outgrowth of affected
clones.30 We reasoned that this established growth advantage might
be used for proving the concept of the envisioned principle of the
LATE assay as depicted in Figure 1. To test the proposed assay design,
we made use of an all-in-one lentiviral vector that co-expressed “clas-
sical” SpCas9, a TP53-targeting guide RNA (gRNA), and the eGFP
marker (“LeGO-CC-p53”), where the gRNA targeted the previously
described region30 in exon 4 of TP53 (Figure 2A, Table 1).

A sine qua non for the usefulness of the assay is the outgrowth of
small numbers of mutated cells ensuring detection of rare events.
To address this, we performed a limiting-dilution approach with
decreasing amounts of LeGO-CC-p53 vector-containing supernatant
(6 mL, 1.25 mL, 0.25 mL) applied to transduce NUFF cells. Initial trans-
duction rates as measured by FC were 16.5% (calculated multiplicity
of infection [MOI]: 0.2) and 3.2% (calculated MOI: 0.04) for the first
two groups. At the same time, in the group transduced with the lowest
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Figure 2. LATE assay is able to detect growth-promoting genome editing events

(A) Schematic representation of the TP53 gene and two of the gRNA sequences applied to validate LATE assay (listed in Table 1). TP53 gRNA is fully complementary to the

shown fragment of exon 4 of TP53 gene, whereas CYP1A1(off TP53) gRNA contains a single mismatch to the TP53 sequence (marked in red). Cas9 cleavage sites are

marked with arrows. (B) Results of the FC analysis of the NUFF cells transduced with three different MOIs of all-in-one lentiviral particles encoding eGFP, Cas9, and TP53

gRNAs. (C) Comparison of the FC analysis of the NUFF cells transduced with all-in-one lentiviral particles encoding different gRNA sequences (TP53, CYP1A1(off TP53), or

CYP1A1-2) marked with appropriate colors above the graphs. Red lines mark initial transduction rate. Based on LATE assay principles, positive and negative LATE results are

marked with yellow and blue-gray colors, respectively (data are represented as mean ± SEM, n=3).
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amount of vector (calculated MOI: 0.008), no transduced cells could
be distinguished from the background fluorescence (control) based
on eGFP expression (Figure 2B). Given the appliedMOI, the expected
transduction rate for this group would be ~0.5%. Cells were kept in
culture and analyzed by FC every week for up to 9 weeks after trans-
duction. As evident from Figure 2B, transduced cells had a strong
growth advantage independent of the initial transduction rate. Based
on the above transduction rate, the calculated number of transduced
cells in the group transduced at the lowest MOI was below 150 (out of
a total of 30,000 cells). This indicates that even with these low starting
cell numbers the LATE assay has a high sensitivity, detecting growth-
promoting events at frequencies below 0.5%.

To confirm that our observation was not related to donor-specific fea-
tures, we repeated the LATE assay using the same LeGO-CC-p53 and
NUFF cells from three different donors. In all three experiments the
assay gave a positive output, showing acquired growth advantage of
transduced cells (Figure S1). On the basis of these results, we defined
the following principles for this first-generation LATE assay: (1)
NUFF transduction with all-in-one lentiviral vectors, (2) checking
Molecular The
baseline transduction rate and follow-up for up to 10 weeks by FC,
and (3) positive readout, with increasing numbers of transduced cells
as indicator of an acquired growth advantage in the process of
genome editing (Figure 1).

Application of the LATE assay to detect off-target related

adverse effects

Next, we asked whether the LATE assay will also be useful to detect
growth advantages caused by unintended off-target knockout. To
this end, we modeled the unwanted knockout of TP53 as the result
of the off-target activity of a CRISPR/Cas9-gRNA combination
directed against a completely different target. Obviously, any off-
target cutting of the TP53 would be expected to occur at much lower
frequencies compared with targeted TP53 knockout, where a large
percentage (if not all) of the transduced cells are predicted to harbor
TP53mutations. Consequently, in the case of off-targeting TP53, only
a small fraction of transduced (eGFP+) cells will potentially obtain a
growth advantage. Since the actual off-target activity of a given gRNA
could not be predicted, we aimed at testing several gRNAs targeting
different genes and having various degrees of similarity to the same
rapy: Methods & Clinical Development Vol. 22 September 2021 251
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Table 1. List and specification of the gRNAs used and their alignment to TP53 exon 4 sequence

gRNA name Primary target Targeting TP53 No. of MMs
Target sequence + PAM (corresponding
TP53 sequence, MMs indicated)

TP53 TP53 yes 0 GACGGAAACCGTAGCTGCCC TGG

CYP1A1(off TP53) CYP1A1 yes 1
GACAGAAGATGACAGAGGCC AGA
(GACAGAAGATGACAGGGGCC AGG)

CYP1A1-2 CYP1A1 no n.a. GATTGGGCACATGCTGACCC TGG

CYP1A2(off TP53) CYP1A2 yes 3
GGCAGAAGATGGCAGAGGCC AGG
(GACAGAAGATGACAGGGGCC AGG)

CYP-BOTH CYP1A1 CYP1A2 no n.a. ACCCGCACCTGGCACTGTCA AGG

GFOD(off TP53) GFOD1 yes 2
GGAGCAGGAGCTGCTGGTGC AGG
(GGTGTAGGAGCTGCTGGTGC AGG)

OBSL(off TP53) OBSL1 yes 3
GCAGCCGTAGGTGCCCTGGT CGG
(GAAACCGTAGCTGCCCTGGT AGG)

RFX(off TP53) RFX1 yes 3
GAAGCCGGCGCTGCCCTGGT AGG
(GAAACCGTAGCTGCCCTGGT AGG)

SOX(off TP53) SOX11 yes 2
TGCAGGAGCTGCTGGTGCGG TGG
(TGTAGGAGCTGCTGGTGCAG GGG)

MM, mismatches; n.a., not applicable.
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exon as targeted by LeGO-CC-p53. We identified gRNAs matching
our requirements of intentionally off-targeting TP53 and picked six
of them, containing one to three mismatches to the TP53-encoding
sequence (Table 1).

These different gRNAs were next subjected to the LATE assay as
described above. To this end, NUFF cells were transduced with all-
in-one LeGO-CC vectors co-expressing Cas9 with each of the gRNAs.
Transduced cells were kept in culture and analyzed by FC for up to
9 weeks. We aimed at initial transduction rates below 30% in order
to deliver single vector copies to the majority of cells. At the same
time, in our small-scale setting 30% transduction would result in a
maximum of 9,000 transduced cells, which, for a TP53 off-targeting
probability of 1% would result in 90 cells with potential growth
advantage. Indeed, over time a gradual increase in the proportion
of eGFP+ cells (positive readout) was observed in samples transduced
with five of the six gRNAs off-targeting TP53 and targeting CYP1A1
(CYP1A1(off TP53)), RFX1 (RFX(off TP53)), OBSL1 (OBSL(off
TP53)), GFOD1 (GFOD(off TP53)), and SOX11 (SOX(off TP53))
(Figure 2C; Figure S2). In contrast, there was no increase in numbers
of transduced cells when the CYP1A2-targeting gRNA (CYP1A2(off
TP53)) was used (Figure 2C). The negative result for the CYP1A2(off
TP53) gRNA was confirmed with NUFF cells from 3 additional do-
nors (Figure S1). Notably, this gRNA contains 3 mismatches to the
TP53-encoding sequence, including a mismatch within 5 nucleotides
of the 50 end of the PAM sequence, i.e., within the so-called seed
sequence. The latter is known to be most important for targeted
DNA sequence recognition by the Cas9-gRNA complex. Therefore,
the CYP1A2-specific gRNA had been expected to have the lowest
probability of TP53 off-targeting among all tested gRNA sequences.

In the next step, we asked whether the observed growth advantages of
transduced cells might have been caused by a knockout of the primary
252 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
targets rather than an off-target of the used gRNAs (Table 1). To do
so, we designed gRNAs targeting either solely CYP1A1 (CYP1A1-2)
or a conserved region in both CYP1A1 and A2 (CYB-BOTH); both
had no sequence similarity to TP53 (Table 1; Figure S3). All-in-one
LeGO-CC vectors were derived and used for the LATE assay with
NUFF cells as described above. In both cases, no outgrowth of trans-
duced cells was detected (Figure 2C; Figure S2), demonstrating that
the growth advantages observed in LATE assays were obviously not
caused by a knockout of CYP1A1 or CYP1A2.

Positive LATE assay correlates with induced insertions/

deletions in TP53

A positive readout in the LATE assay might theoretically also have
been caused by reasons other than off-target TP53 knockout, e.g.,
insertional mutagenesis.31 To investigate the link between the positive
readout of the LATE assay and (de novo generated) TP53 indels, we
applied gene-editing frequency digital PCR (GEF-dPCR), also
referred to as drop-off assay, a technique developed in our labora-
tory.32,33 GEF-dPCR allows quantification of insertion/deletion (in-
del) rates at the gRNA-binding site resulting from non-homologous
end joining (NHEJ) during repair of the Cas9-mediated DSBs. In
short, GEF-dPCR represents a modified “TaqMan” assay that utilizes
two dual-labeled hydrolysis probes instead of one. One (here HEX
labeled) probe binds to a region far from the gRNA recognition
sequence, and thus its binding will expectedly not be influenced by
the DNA repair process. In contrast, binding of the other (here
FAM labeled) “drop-off” probe will be impaired by the presence of
NHEJ-generated indels (probes and cleavage sites schematically pre-
sented in Figure 3A).

To test the approach, we first applied GEF-dPCR to enumerate indels
at the TP53 on-target site, i.e., after treatment with LeGO-CC-p53.
We used three different amounts of vector supernatant (i.e., MOIs)
mber 2021
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Figure 3. Growth advantage gained by NUFF cells correlates with indel frequencies in TP53

(A) Graphical representation of the fragment of the TP53 exon 4 and complementary FAM- and HEX-labeled probes used in GEF-dPCR. FAM-labeled probes were designed

to bind positions to which Cas9 was targeted by gRNAs; thus, their binding to the TP53 sequence depends on the absence of indels within their complementary region. HEX-

labeled probe was designed to bind TP53 sequence outside of the Cas9 cleavage sites. (B) On-target TP53 indel rate (in exon 4) over time, measured by GEF-dPCR.

Genomic DNA samples were obtained at the indicated time points from NUFF cells transduced with all-in-one lentiviral particles encoding eGFP, Cas9, and TP53-directed

gRNA (LeGO-CC-p53) at three different MOIs (data are represented as mean ± SEM, n=3). (C) Off-target TP53 indel rates (in exon 4) over time, measured by GEF-dPCR.

Genomic DNA samples were obtained at the indicated time points from NUFF cells transduced with all-in-one lentiviral particles encoding gRNAs targeting Cas9 toCYP1A1,

OBSL1, or RFX1 and at the same time off-targeting TP53 (Table 1). (D) Most frequent reads found in deep sequencing analysis of TP53 exon 4 on days 7 and 53 after

treatment with LeGO-CC-p53. Changes in the contribution of individual reads over time are indicated.
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as in the previous experiment (see above). For each time point and
MOI we isolated three samples of genomic DNA (gDNA), and for
each gDNA isolation we pooled cells from two wells. In all of the
measured samples we observed an increasing number of the TP53 in-
dels over time, starting from 1%–22% of the cells with indels at day 7
after transduction and peaking at 44%–85% cells after 52 days (Fig-
ure 3B). Notably, already at day 7 TP53 indels were detectable for
the lowest applied MOI of LeGO-CC-p53 (Figure 3B), even though
initially there were essentially no transduced cells detectable by FC
(see above, Figure 2B).

We moved on and applied GEF-dPCR to quantify indels at TP53 off-
target sites in cells transduced with LeGO-CC vectors encoding Cas9
and CYP1A1(off TP53), OBSL(off TP53), or RFX(off TP53) gRNAs.
For this purpose, we used the same PCR primers and HEX-labeled
probe and designed target-specific FAM-labeled “drop-off” probes
Molecular The
(Figure 3A). We found that positive LATE assay readouts for all three
gRNAs indeed correlated with increasing rates of TP53 indels (Fig-
ure 3C; Figure S4). Notably, in the case of OBSL(off TP53) gRNA
the first detectable TP53 indel rates were as low as 0.2% (Figure 3C),
but such low off-target activity became still detectable by outgrowth in
the LATE assay. This observation underlines the sensitivity of the
LATE assay in discovering even rare growth-promoting events.
Importantly, we did not detect similar exon 4 TP53 mutations/indels
in any of the control samples.

Amplicon deep sequencing and RGB marking demonstrate

clonal growth advantages in the LATE assay

The GEF-dPCR data indicated that the LATE assay allows detection
of very rare events based on the outgrowths of potentially single cells.
To confirm this assumption and validate GEF-dPCR data, we made
use of two additional techniques: amplicon deep sequencing of the
rapy: Methods & Clinical Development Vol. 22 September 2021 253
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Figure 4. LATE assay can be applied to hMSCs and to h-TERT-immortalized

cells

Results of the LATE assay in hMSCs (A) and RPE-1 cells (B). Left: Percentages of

eGFP+ MSCs/RPE-1 cells over time after transduction with all-in-one lentiviral

particle LeGO-CC-p53 encoding eGFP, Cas9, and TP53-directed gRNAs. Red line

marks initial transduction rate. Right: Relative numbers of indels in exon 4 of TP53

over time asmeasured by GEF-dPCR. For each DNA isolation, cells from three wells

from a 12-well plate were pooled (hMSCs) or measured separately (RPE-1 cells)

(data are represented as the pooled sample result or by mean ± SEM, n=3).
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targeted region in TP53 exon 4 as well as red-green-blue (RGB)
marking, a method for color-guided clonal cell tracking developed
in our laboratory.34,35

First, we performed deep sequencing using genomic DNA isolated
from NUFF cells 7 and 53 days after initial treatment with LeGO-
CC-p53 (at MOI 0.2). At day 7, the indel rate measured by NGS
(30.5%) was slightly higher than that estimated by GEF-dPCR
(22%). This is not unexpected, since GEF-dPCR might be less suscep-
tible to single-nucleotide losses or exchanges than NGS. In fact,
among the three indels that occurred in >1% of the analyzed loci
the deletion of one single cytidine (�1) was most frequent (16.13%)
(Figure 3D). As expected, we observed a variety of different NHEJ-
generated indels (Figure S5). On day 53 after transduction, only
6.84% of all NGS reads showed the wild-type sequence (Figure 3D),
which was in accord with GEF-dPCR data (Figure 3B). Interestingly,
the indels/clones most abundant already at day 7 remained predom-
inant, with the variant containing the single cytidine deletion (�1)
now representing 54% of all reads. The second most frequent TP53
variant harbored a 5-nucleotide deletion (�5) and was uncovered
in >16% of the analyzed loci (Figure 3D; Figure S5). Thus, these
two frameshifting deletions were found together in >80% (compared
to 22% at day 7) of all reads. These data underline the substantial
growth advantage of NUFF cells harboring TP53 frameshifting
deletions.

To directly visualize potential clonal outgrowth, we prepared RGB-
marked NUFF-derivative cells—fibroblasts marked with up to three
(red-green-blue) fluorescence proteins (NUFF-RGB)—and trans-
duced them with all-in-one LeGO-CC vectors encoding CYP1A1(off
TP53) or TP53 gRNA. Transduced NUFF-RGB cells were submitted
to the LATE assay.

As shown by FC (Figure S6), NUFF-RGB samples of both the CY-
P1A1(off TP53) and the TP53 gRNA groups showed evidence of
clonal dominance as early as 25 days after transduction, whereas
the control population remained largely polyclonal. This confirmed
that the increasing proportions of eGFP-positive cells and TP53 indel
rates measured in the LATE assay were due to the outgrowth of
limited numbers of cells gaining higher fitness.

Together our data obtained so far have proven that the LATE assay is
able to detect clonal growth advantages resulting from tumor sup-
pressor gene (TSG) loss of function caused by CRISPR/Cas9 on- as
well as off-target activities in a very sensitive manner.

LATE assay can be applied to different cell types

For many purposes, NUFF cells might not be the relevant indicator
cell type. To address this limitation, we next tested the versatility of
the LATE assay. To this end, we applied it to two further cell types:
(1) human mesenchymal stromal cells (hMSCs) and (2) human telo-
merase reverse transcriptase (h-TERT)-immortalized primary retinal
pigmented epithelial (RPE-1) cells. hMSCs are of great interest,
particularly in regenerative medicine, thanks to their multi-lineage
254 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
differentiation capacity and their immune-regulatory properties.
Their potential in regenerative medicine was recently reviewed in
detail by Han and collaborators.36 In line with that work, genome ed-
iting is a promising approach to generate tailored hMSCs for different
clinical applications. RPE-1 cells combine genetic features of primary
cells with the cell line’s ability to divide continuously in vitro and
might therefore be useful to develop standardized assays to detect po-
tential adverse effects of genome editing in these cells.

To provide proof of principle, we again made use of all-in-one LeGO-
CC-p53 vectors. However, in view of the significantly different trans-
duction efficiencies of hMSCs and RPE-1 cells with our vesicular sto-
matitis virus glycoprotein (VSV-G)-pseudotyped vectors we had to
apply much higher MOIs of LeGO-CC-p53, i.e., concentrated vector
preparations to transduce hMSCs and lower MOIs to transduce
RPE-1 cells. Again, in both cases, we observed an induced growth
advantage of eGFP+ cells manifesting in their slow but permanent
outgrowth (Figures 4A and 4B, left). As for NUFF, we next asked
whether this increase was due to an increasing number of cells
harboring indels within TP53. To do so, we again applied GEF-dPCR
to enumerate cells with mutated TP53 at the gRNA on-target site (Fig-
ures 4A and 4B, right). As expected, the observed overgrowth of eGFP+

cells in both cases was correlated with increasing rates of TP53 indels.

These data indicate that the principle of the LATE assay can readily be
adapted to different types of cultured and primary cells. This will be of
mber 2021
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Figure 5. LATE assay is able to detect growth-promoting events in different TSGs

(A) FC analysis of NUFF cells transduced with all-in-one lentiviral particles encoding eGFP, Cas9, and gRNAs targeting different functional classes of TSG: p21, BRCA1,

PTEN, ARID1A, and SMARCB2. Red linesmark initial transduction rate. Based on LATE assay principles, positive and negative LATE results aremarked with yellow and blue-

gray colors, respectively (data are represented as mean ± SEM, n = 3). (B) Graphical representation of the fragment of the PLZF and gRNAs used in the experiment.

Mismatches are marked in red. (C) FC analysis of the NUFF cells transduced with all-in-one lentiviral particles encoding eGFP, Cas9, and gRNAs presented in (B). Red lines

mark initial transduction rate. Based on LATE assay principles, positive and negative LATE results are marked with yellow and blue-gray colors, respectively (data are

(legend continued on next page)
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potential relevance, since side effects of genome editing might be cell
type specific.

LATE assay detects growth-accelerating events for gRNAs not

targeting TP53

With a sole focus on TP53, the usefulness of the assay would be
limited, since off-targeting of the TP53 gene could be largely avoided
by carefully designing gRNAs. That is why we extended our prelim-
inary work to other TSGs of different functional classes. These
included genes encoding proteins involved in DNA repair (BRCA1)
as well as genes involved in epigenetic modifications (ARID1A,
SMARC2B), transcription (PLZF), and cell death/cell cycle control
(PTEN, p21). Again, we exemplarily applied the LATE assay to
NUFF cells, in which the chosen TSGs were targeted. Importantly,
we found different targets that gave positive readouts in the LATE
assay, particularly p21 and PLZF (Figures 5A and 5C, respectively).
That prompted us to test whether the application of Cas9 in combi-
nation with gRNAs containing mismatches to PLZF will result in
measurable growth advantage of transduced cells. We designed these
gRNAs to harbor either 2 or 3 mismatches at the 50 end of the gRNA
(Figure 5B). In both cases, the LATE assay gave positive results,
proving its broad applicability. In summary, these results clearly
demonstrate that the LATE assay is not limited to TP53 but can detect
off-targets in a variety of genes.

Still, it could be argued that gRNAs off-targeting TSGs (or proto-on-
cogenes) would readily be predicted by bioinformatics tools and
therefore could be excluded. Importantly, recent work demonstrated
that gRNAs might also bind to (off-target) sequences containing sin-
gle-nucleotide indels compared to their actual target sequence.37,38

Cleavage of such targets by Cas nucleases requires bulge formation,
a possibility obviously not foreseen by the algorithms employed by
commonly used off-target predicting tools that apparently fail to
identify those potential off-target sequences.37,38 We therefore tested
empirically whether indel-containing TP53-specific gRNAs will still
promote a growth of transduced NUFF cells and thus result in a pos-
itive readout of the LATE assay. To do so, we designed 6 gRNA
spacers with single-base indels compared to the TP53 sequence. To
conserve the 20-nt length of the spacer sequence, we balanced dele-
tions with the addition of a single G base at the 50 end of gRNA (Fig-
ure 5D).We transduced NUFF cells with all-in-one LeGO-CC vectors
as above and observed growth advantage (= positive LATE readout)
in 3 out of 6 cases (Figure 5E). The LATE readout was again
confirmed by GEF-dPCR (Figure 5F). Interestingly, 2 of the 3 gRNAs
(INS8 and DEL10) were not predicted to off-target TP53 by
CRISPOR, one of the most frequently used tools for off-target predic-
tion. In contrast, Off-Spotter listed TP53 as a potential off-target but
indicated 5 mismatches, thus suggesting an extremely low likelihood
represented as mean ± SEM, n = 3). (D) Alignment of the TP53-specific gRNAs and the

(E) FC analysis of the NUFF cells transduced with all-in-one lentiviral particles encoding

and negative LATE results are marked with yellow and blue-gray colors, respectively (da

each sample is marked with a red line. (F) Off-target TP53 indel rates (in exon 4) over tim

time points from NUFF cells transduced with all-in-one lentiviral particles encoding gRN
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for off-target activity. The only tested online tool that indicated a high
TP53 off-targeting probability for the indel-containing gRNAs was
the search tool offered by Integrated DNA Technologies (IDT). In
fact, IDT’s online tool was able to precisely show the type and position
of differences between designed spacers and TP53 sequences.

LATE assay facilitates assessment of Cas9 specificity

Early after the introduction of CRISPR/Cas9, the comparatively high
off-target activity of the new genome editing tools became
apparent.39–41 Since then, significant efforts have been made to
decrease the probability of unwanted off-target cutting. Those im-
provements were directed toward both compounds of CRISPR/
Cas9 system, nucleic acid and protein,42,43 but the Cas9 nuclease
has become the preferred target to increase on-target specificity. In
fact, SpCas9 has been subjected to rational design for structural mod-
ifications as well as random mutagenesis, and multiple Cas9 variants
of increased specificity have been engineered, e.g., K855ACas9, eSp-
Cas9,44 HF-Cas9,45 HypaCas9,46 and SniperCas9.47 A single alanine
substitution of the positively charged residue (K855A) was described
to lower Cas9 off-target activity.44 Almost no detectable off-target ac-
tivity (within the used detection limit) was found for a Cas9 variant
with quadruple substitutions (Cas9-HF1-N497A/R661A/Q695A/
Q926A).45 We wanted to test whether our LATE assay is able to
discriminate between different Cas9 variants with regard to their
actual specificities on the functional level. To do so, we performed tar-
geted mutagenesis to generate the above mentioned SpCas9 K855A,
with a single amino acid substitution, and eSpCas9 1.0 harboring
alanine substitution of three positively charged residues (K810A/
K1003A/R1060A). We replaced the classical Cas9 by each one
of the improved Cas9 variants in several all-in-one LeGO-CC vectors
combining them with the TP53, CYP1A1(off TP53), and CYP1A1-2
gRNAs. Using those vectors, we transduced NUFF cells and per-
formed the standard LATE assay as above.

First, we analyzed the nuclease activity of SpCas9 K855A by on-tar-
geting TP53. As shown in Figure 6A, at similar initial transduction
rates the outgrowth kinetics of eGFP-positive cells were comparable
for SpCas9 K855A and wt Cas9-treated cells. We again confirmed
the presence of indels in the targeted region of TP53 by GEF-
dPCR and deep amplicon sequencing. As with wt Cas9, both tech-
niques confirmed increasing numbers of cells harboring indels in
TP53 over time: With GEF-dPCR the maximum indel frequency
reached ~65% at day 52 (Figure 6A), whereas almost 80% of NGS
reads contained indels at day 55 post transduction (Figure S6).
Again, we found a variety of NHEJ-generated indels; the most abun-
dant TP53 indel variants were single cytidine deletion (�1) (change
from 8% to 28%) and deletion of five base pairs (change from 0.9% to
19.5%) (Figure 6B; Figure S7).
gRNA variants containing single-nucleotide indels. Indels are marked with red color.

eGFP, Cas9, and gRNAs presented in (D). Based on LATE assay principles, positive

ta are represented as mean ± SEM, n = 3). Average of the initial transduction rate of

e, measured by GEF-dPCR. Genomic DNA samples were obtained at the indicated

As/RNPs targeting TP53 (data are represented as mean ± SEM, n=3).
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Figure 6. LATE assay distinguishes SpCas9 variants with different fidelities

(A) Comparison of the FC analysis of NUFF cells transduced with all-in-one LeGO-CC particles encoding wild-type (wt) SpCas9 (gray) or one of two mutated (mut) variants of

SpCas9 (black). gRNAs were directed against TP53 and CYP1A1 (off-targeting and not off-targeting TP53) as indicated above the graphs. Red lines mark initial transduction

rates for vectors encodingmutated SpCas9 variants. Following LATE principles, assay positivity and negativity are indicated by yellow and blue-gray colors, respectively (data

are represented as mean ± SEM, n=3). (B) Relative numbers of indels over time as measured by GEF-dPCR after on-targeting (TP53) and off-targeting (CYP1A1(off TP53))

exon 4 of TP53. Data are shown separately for both SpCas9 mutants. For each DNA isolation, cells from three wells of a 24-well plate were pooled.
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Interestingly, when SpCas9 K855A was used with CYP1A1(off TP53)
gRNA, the proportion of the eGFP+ cells was growing much slower
compared to the NUFF cells treated with the same gRNA and wt
Cas9 (Figure 6A). The LATE assay eventually became “positive”;
the slower and smaller outgrowth indicated lower initial off-target
rates and was thus consistent with the predicted improved SpCas9
Molecular The
K855A specificity. Also as expected, no measurable growth advantage
of eGFP+ cells was observed when CYP1A1-2 gRNAwas applied (Fig-
ure 6A). To confirm our phenotypic observations on the molecular
level, we again used GEF-dPCR to quantify indel numbers within
the off-targeted region of TP53 (exon 4). As evident from Figure 6B,
there was an excellent concordance between the delayed outgrowth of
rapy: Methods & Clinical Development Vol. 22 September 2021 257
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eGFP+ cells and the corresponding late increase in TP53 indel rates
with SpCas9 K855A.

In a second set of experiments, we performed the same analyses for
eSpCas9 1.0, reported to have even further improved specificity.
Indeed, off-targeting TP53 with CYP1A1(off TP53) gRNA we did
not observe an outgrowth of eGFP+ cells in the LATE assay, whereas
TP53 on-targeting was at least as efficient as with wt Cas9 (Figure 6A).
Accordingly, we did not detect any indel formation in the off-targeted
region of TP53 by GEF-dPCR (Figure 6B). As expected, the LATE
assay was negative with CYP1A1-2 gRNA (Figure 6A). These data
confirm the excellent specificity of eSpCas9 1.0 and clearly prove
the usefulness of the LATE assay to test specificity of different nucle-
ases using a relevant functional readout.

DISCUSSION
Genome editing has revolutionizedmany areas of basic bioresearch as
well as applied biotechnology. As a next big step, broad implementa-
tion of genome editing techniques in clinical gene therapy has been
suggested. However, unwanted side effects, e.g., due to off-target cut-
ting, often not relevant or easily excluded in research, might represent
a definitive risk in human applications, where huge cell numbers will
be modified and consequences of side effects might develop over de-
cades. In fact, malignant transformation mediated by insertional
mutagenesis had long been considered an extremely unlikely event
in retroviral gene therapy, until it was first observed in a murine
study48 and shortly thereafter in the SCID-X1 trial in Paris.13

Therefore, suitable assays are required that allow thorough testing of
novel genome editing techniques regarding their potential adverse ef-
fects. Whereas a large variety of techniques was introduced to predict
and empirically detect off-targets of designer nuclease,20–29 the ob-
tained genetic information can in the best case only indirectly predict
possible functional consequences of off-targeting.

To address this problem, we designed and established a novel cellular
assay referred to as the LATE assay. In this work we have provided
proof of concept demonstrating that the LATE assay facilitates detec-
tion of the functional impact of Cas9 off-target cutting. To do so, we
first designed gRNAs targeting relevant genes and simultaneously off-
targeting TP53, a crucial TSG. We were able to demonstrate that the
LATE assay is indeed able to detect growth-promoting genome edit-
ing events within TP53 as well as other TSGs, namely p21 and PLZF.
Our finding provides, to our knowledge, the first demonstration of an
assay that allows discovery of physiologically adverse effects of the
CRISPR/Cas system, specifically gain of growth advantage, one of
the major tumorigenicity hallmarks.19

In our proof-of-concept study, we used flow cytometry as the main
readout to directly visualize the growth advantage of cells that under-
went genome editing. Subsequently, we confirmed that the observed
growth advantage was indeed related to on- and off-target activity of
Cas9 in conjunction with the tested gRNAs on the molecular level. To
do so, we used a dedicated digital-PCR technique (GEF-dPCR)32,33 as
258 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
well as deep amplicon sequencing for direct indel detection in the
target region. Finally, we showed that clonal outgrowth can be directly
visualized by RGB marking.34,35

To establish the principle of the LATE assay, we tested the different
Cas9-gRNA combinations on 30,000 NUFF cells per single well (in
triplicates). Using this low cell number, we were still able to detect func-
tionally relevant off-target events at frequencies below 0.5%. It is safe to
propose that the LATE assay can easily be upscaled to much larger cell
numbers, which expectedly will result in higher sensitivities. However,
even the current sensitivity is comparable with NGS-based methods,
bounded by the actual error rate of NGS for indels (~0.1%). Consid-
ering the easy analysis and the relatively low costs (particularly as
compared to deep sequencing required for similar sensitivity) the
LATE assay has also clear advantages from a practical point of view.

Given the universal readout, the LATE assay can be used with any
type of designer nuclease, including different CRISPR/Cas variants.
In fact, we have shown that our assay clearly distinguished function-
ally relevant off-target activities of wt Cas9 and recently developed
high-fidelity variants. In addition, we provided evidence that the
LATE assay can readily be adapted to other cell types, particularly
highly relevant primary hMSCs. Thus, the LATE assay can be em-
ployed to verify cell type-specific probabilities and impact of off-
target activities of a given designer nuclease.

Current limitations of the LATE assay include the long time for
readout and the low cell numbers used. Obviously, with starting
cell numbers of 30,000 and transduction rates of 20%, the maximal
sensitivity would be limited to ~1 off-target event in 2,000 cells
(considering Poisson distribution). However, as noted above and sup-
ported by our preliminary data (not shown), the assay should be
readily scalable to ensure higher sensitivities. In the presented
proof-of-principle setting we focused on off-targets in well-known
TSGs such as TP53 and the easy FC-based readout. At the same
time, we do not see any reason why the assay should not work with
other growth-promoting events as well. Moreover, the assay might
readily be adapted to more subtle changes in the clonal composition
by including sensitive readouts, such as DNA barcoding.49,50

Finally, one might argue that the tested situation is too far from real-
ity, since no one would use a gRNA off-targeting any established TSG,
proto-oncogene, or regulatory sequence thereof. In this regard it was
important to observe that the LATE assay was able to detect TP53-
mediated adverse effects for gRNAs that were not labeled with a
“red flag” by commonly used online tools. In fact, two gRNAs confer-
ring TP53 knockout were not found to off-target this gene by the pop-
ular CRISPOR tool, whereas Off-Spotter listed TP53 as an unlikely
off-target containing 5 mismatches. In contrast, the IDT online tool
correctly predicted the TP53 off targets. These data confirmed recent
findings by Lin et al.38 and Jones et al.37 that Cas9 does accept single-
nucleotide indels in the target region and highlight the importance of
adapting the algorithms for off-target identification to include single-
nucleotide indels in all prediction tools.
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In conclusion, we propose that the LATE assay presented here might
fill the gap as an easy, fast, and cheap technology for testing unwanted
adverse effects of a given genome editing strategy on cell growth regu-
lation. The assay is complementary to genome-wide off-target
detection methods based on NGS and should always be used in
conjunction. Finally, the LATE assay provides a handy tool to
test specificity of genome editing instruments, e.g., different Cas9
nucleases.

MATERIALS AND METHODS
Cells, cell lines, and cell culture

Primary fibroblasts, HEK293T (ATCCCRL-3216), RPE-1 cells (ATCC
CRL-4000), and their derivatives were cultured in Dulbecco’s modified
Eagle’s medium (DMEMGlutamax, Life Technologies) supplemented
with 10% fetal calf serum (FCS) (5% for RPE-1 cells), L-glutamine
(2 mM), penicillin (100 U/mL), and streptomycin (100 mg/mL).
hMSCs were cultured in DMEM (Life Technologies) supplemented
with 10% non-heat-inactivated FCS and L-glutamine (2 mM).

Cell culture was performed under standard conditions (37�C, 100%
relative humidity, 5% CO2). Cell culture material was purchased
from Corning (Corning, NY, USA), Greiner Bio One (Frickenhausen,
Germany), and Sarstedt (Nümbrecht, Germany).

Molecular cloning

All-in-one CRISPR/Cas9 LeGO (“LeGO-CC”) vectors51 were gener-
ated by cloning human codon-optimized Streptococcus pyogenes
Cas9 gene (SpCas9) containing Nuclear Localization Signal and
chimeric gRNA scaffold under hU6 promotor from pX330 (3, Addg-
ene #42230), a kind gift from the Feng Zhang lab, into LeGO-iG2
(Addgene #27341) and LeGO-iC2 (Addgene #27345) vectors.52,53

To generate constructs that express the gRNAs of choice, the respec-
tive sequences with addition of ACC at the 50 end of the leading
strand, followed by G if necessary (required for polymerase III depen-
dent transcription) and AAC at 50 end of complementary strand, were
synthetized. ACC/AAC were added to allow for cloning into the SapI
cloning site of LeGO-CC-iC2 or LeGO-CC-iG2 vectors.

To obtain the K855A and e1.0 (K810A/K1003A/R1060A) Cas9 vari-
ants, suitable primers were designed to introduce the desired muta-
tions by PCR with Q5 DNA polymerase (NEB, Ipswich, MA, USA).
The resulting linear PCR products were digested with DpnI for 1 h
at 37�C and subsequently circularized with T4 ligase (Thermo Fisher
Scientific,Waltham,MA, USA) for 2 h at 16�C in a blunt-end ligation.
Ligation, transformation, and plasmid preps followed common
protocols.

Primer sequences used in this project are shown in Table S1.

Lentiviral vector production and cell transduction

Described all-in-one LeGO-CC vectors were used to obtain third-
generation lentiviral particles that were produced in accordance
with our standard protocols.52 VSV-G-encoding plasmid (phCMV-
VSV-G) was used for viral pseudotyping.52 In brief, 5 � 106 cells
Molecular The
were seeded and after overnight culture were transfected with appro-
priate plasmids. Mediumwas exchanged after 6 h, and the viral super-
natant was harvested and filtered 24 h later. If indicated, all-in-one
LeGO-CC vectors were concentrated by centrifugation (4�C, 16 h,
8,000 � g).

To transduce primary fibroblasts with lentiviral supernatant, 3 � 104

cells were plated in 500 mL of medium in a 24-well plate. Two hours
later viral supernatants and polybrene (8 mg/mL) were added (in trip-
licates). After 24 h medium was exchanged to standard growth me-
dium. To check the initial transduction rate, cells were analyzed
~72–96 h after transduction by FC. Subsequently, cells were analyzed
at different time points as indicated in Results.

To transduce hMSCs with lentiviral supernatant, 5 � 104 cells were
plated in 1 mL of medium supplemented with 20 mM HEPES in a
12-well plate. Two hours later concentrated viral supernatants and
polybrene (8 mg/mL) were added in triplicates. Further steps did
not differ from the protocol used for transducing fibroblasts.

RGB marking of NUFF cells

RGB marking of cells for clonal tracking was performed as described
previously.34,35 For the labeling of primary human NUFFs, 50,000
cells were plated per well of a 12-well cell culture plate in 1 mL of me-
dium. RGBmarking was carried out with concentrated stocks of three
VSV-G-pseudotyped LeGO vectors, each encoding a fluorescent pro-
tein of one of the basic colors under control of an EF1a promoter,
linked to a puromycin resistance by a 2A sequence: LeGO-EF1a-
B2-Puro+ (encoding mTagBFP, blue), LeGO-EF1a-V2-Puro+ (en-
coding Venus, green), and LeGO-EF1a-C2-Puro+ (encoding
mCherry, red).53 Functional titers were in the range of 3.5 � 108 to
6.2 � 108/mL, titrated on 293T cells. An absolute MOI of ~3 (MOI
1 per color) was applied for optimal color distribution within the
RGB-marked cells. Selection of transduced cells was done by addition
of 1 mg/mL puromycin.

Flow cytometry

Cells from 12/24-well plates were dissociated with 400/200 mL of 0.5%
trypsin-EDTA. Cells were transferred to FC tubes and centrifuged for
5 min at 310 � g. Cell pellets were resuspended in 250 mL of PBS and
subjected to FC analysis, performed on LSRFortessa or CantoII (both
BD Biosciences) at the Cytometry and Cell Sorting Core Unit of the
UMC Hamburg-Eppendorf. Data were analyzed with BD FACSDiva
(BD Biosciences) or FlowJo (FlowJo). Initially, cells were gated based
on (1) SSC-A/FSC-A, (2) FSC-A/FSC-H, (3) FSC-A/eGFP-A param-
eters. In such cases, the fluorescence rate of control samples is pre-
sented. To reduce autofluorescence signal, we measured an additional
parameter and changed the gating strategy to (1) SSC-A/FSC-A, (2)
FSC-A/FSC-H, (3) mCherry-A/eGFP-A. After FC data were ob-
tained, cells were collected for genomic DNA purification.

Digital PCR

Fibroblasts and hMSCs were harvested, and genomic DNA was puri-
fied with the DNeasy Blood & Tissue Kit (QIAGEN) and quantified
rapy: Methods & Clinical Development Vol. 22 September 2021 259
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with a NanoDrop Spectrophotometer (Thermo Fisher Scientific).
ddPCRs were designed, prepared, and carried out essentially as
described in our published protocol,32,33 but on a Naica Crystal Dig-
ital PCR system (Stilla Technologies, Villejuif, France). In short, PCR
mixtures were assembled with 1� PerfeCTa Multiplex qPCR Tough-
Mix (Quanta Biosciences, Gaithersburg, MD, USA), 100 nM fluores-
cein (Sigma, St. Louis, MO, USA), 1 mM dPCR p53 forward primer
and 1 mM dPCR p53 reverse primer for amplification of the target
sequence, 250 nM p53-p53 HEX reference probe, and 40–80 ng of
genomic DNA. 250 nM of FAM-drop-off probe was added corre-
sponding to the cleavage site that was to be analyzed (FAM CYP1-
p53 for CYP1A1(off TP53) sgRNA off-target cleavage site and
FAM p53-p53 for TP53 on-target cleavage site). PCR reactions
were loaded onto Sapphire or Opal chips (Stilla Technologies), com-
partmentalized into 2D monolayers of droplet partitions, and
amplified with the Naica Geode instrument. Cycling conditions
were step 1: 95�C for 3 min; step 2: 95�C for 10 s; step 3: 61�C for
1 min; repeat steps 2 and 3 45 times. Chips containing the generated
droplets were imaged with the Naica Prism3 reader (Stilla Technolo-
gies), and fluorescent data were analyzed with Crystal Miner software
(Stilla Technologies). Negative and positive droplets were discrimi-
nated by manual thresholding according to the wt controls included
in each individual experiment.

To analyze TP53 off-target of wt Cas9 targeting OBSL1, RFX1, and
CYP1A1 the digital PCR (dPCR) reaction mixture was prepared
with the following: 1� ddPCR supermix for probes (no dUTP; Bio-
Rad) and the same amounts of the primers and DNA as in the case
of the reactions prepared to analyze on the Naica system. DG8 Car-
tridges (Bio-Rad) were filled with ddPCR reaction mixtures and
Droplet Generation Oil for Probes (Bio-Rad). Droplets were gener-
ated with a QX100 Droplet Generator (Bio-Rad) according to the
manufacturer’s instructions and then transferred into a 96-well
PCR plate for PCR using a T100 Thermal Cycler (Bio-Rad). We
used the same PCR program as in the Naica system. Data were
analyzed with QuantaSoft software (Bio-Rad). Negatives and posi-
tives droplets were discriminated by manual thresholding according
to the non-edited controls included in each individual experiment.

Deep sequencing

To prepare the sequencing libraries, fibroblasts were harvested at the
indicated time point, and genomic DNA was purified with the
DNeasy Blood & Tissue Kit (QIAGEN) and quantified with a Nano-
Drop Spectrophotometer (Thermo Fisher Scientific). The genomic
region flanking the CRISPR target site was amplified. To do so, 60–
80 ng of the genomic DNA was submitted to PCR (Q5 polymerase,
NEB) that simultaneously added Illumina adapters to the amplicons
(primer sequences in Table S1). Cycling conditions were step 1: 98�C
for 2 min; step 2: 98�C for 10 s; step 3: 69�C for 20 s; step 4: 72�C for
20 s; repeat steps 2–4 5 times; step 5: 98�C for 10 s; step 6: 72�C for 30
s; repeat steps 5 and 6 30 times. PCR products were purified with the
PCR Purification Kit (QIAGEN), following the manufacturer’s proto-
col. Purified DNA samples were quantified with Qubit (Thermo
Fisher Scientific) and adjusted to 20 ng/mL. NGS of the prepared li-
260 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
braries and data analysis service were performed by GENEWIZ on Il-
lumina devices. A minimal amount of 50,000 reads for each sample
were obtained. Received data were analyzed with the web-based
tool CRISPResso2.54

Statistical analysis

Datasets shown as bar graphs represent the average of three indepen-
dent experiments, with error bars indicating standard deviation (SD),
if not specified otherwise. Statistical significance was determined with
a two-tailed, homoscedastic Student’s t test.

SUPPLEMENTAL INFORMATION
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