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Background: W1282X-CFTR variant (c.3846G>A) is the second most common nonsense cystic ﬁbrosis
(CF)-causing mutation in the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene. Even
though remarkable breakthroughs have been done towards CF treatment with the approval of four CFTR
protein modulators, none of these are approved for patients with nonsense mutations. CRISPR gene editing tools can be of great value to permanently correct the genetic defects caused by these mutations.
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Methods: We compared the capacity of homology-directed repair (HDR) mediated by Cas9 or Cas12a to
correct W1282X CFTR mutation in the CFF-16HBEge W1282X CFTR cell line (obtained from CFF), using
Cas9/gRNA and Cas12a/gRNA ribonucleoproteins (RNPs) and single strand DNA (ssODN) oligonucleotide
donors.
Results: Cas9 shows higher levels of correction than Cas12a as, by electroporating cells with Cas9 RNPs
and ssODN donor, nearly 18% of precise editing was achieved compared to just 8% for Cas12a. Such levels
of correction increase the abundance of CFTR mRNA and protein, and partially restore CFTR function in
the pool of edited cells to 18% of WT CFTR function. Moreover, homozygous corrected clones produced
levels of mRNA, protein, and function comparable to those of cells expressing WT CFTR.
Conclusion: Altogether, this work demonstrates the potential of gene editing as a therapeutic strategy for
CF directly correcting the root cause of the disease.
© 2021 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.

1. Introduction
Cystic ﬁbrosis (CF) is the most common life-shortening autosomal genetic disorder in Caucasians affecting about 90,0 0 0 people worldwide. Despite being a multiorgan disease, the most severe symptoms occur in the lungs, where increased mucus viscosity leads to progressive loss of lung function and ultimately to
death. CF is caused by mutations in the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene which encodes an epithelial chloride and bicarbonate channel [1]. Over 2,100 variants
Abbreviations: CF, cystic ﬁbrosis; CFTR, cystic ﬁbrosis transmembrane conductance regulator; CRISPR, clustered regularly interspaced short palindromic repeats;
HDR, homology-directed repair; Cas, CRISPR-associated protein; RNP, ribonucleoproteins; ssODN, single-stranded oligonucleotide; PTC, premature termination codon;
NMD, nonsense mediated decay; PAM, protospacer adjacent motif; DSB, double
stranded break; ICE, inference CRISPR edits; HS-YFP, halide-sensitive yellow ﬂuorescence protein; HA, homology arm.
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have been so far identiﬁed in the CFTR gene, of which 8% are nonsense variants [2,3]. The second most prevalent nonsense variant in
the CFTR gene is W1282X (c.3846G>A), accounting for 1.2% of the
alleles worldwide [2]. W1282X-CFTR variant generates a premature
termination codon (PTC) which leads to nonsense-mediated decay
(NMD) and, consequently, very little or no full length functional
CFTR protein is produced [3].
Over the previous decade, four different CFTR protein modulators have been approved by the Food and Drug Administration
(FDA) and the European Medicines Agency (EMA) to treat the root
cause of CF: one potentiator (VX-770) that increases the channel
opening probability at the plasma membrane and is approved for
97 different variants, and three correctors (VX-809, VX-661 and
VX-445) that improve protein folding and traﬃcking of the most
prevalent CF variant F508del [4,5]. In total, this means there is a
potential treatment for about 85% of people with CF. However, as
these drugs act directly on the CFTR protein, they are not suitable
for treating people with CF with W1282X and other PTC variants.
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Table 1
Guide RNA and ssODN HDR donor sequences for W1282X variant correction
with Cas9 or Cas12a nucleases.

To date, therapeutic approaches for PTC variants have focused
on small molecule readthrough drugs and NMD inhibitors. After early evidence that G418 elicited some readthrough, other
readthrough molecules have been evaluated with one of them,
PTC124 (Ataluren), progressing into clinical trials before failing to
meet its clinical endpoint in Phase 3 [6,7]. More recently, ELX02, a novel readthrough treatment, is under investigation for CFcausing PTC variants [8]. At an early stage of development, there
are small molecules that block SMG-1 kinase which then inhibits
NMD [9,10]. Despite these efforts, there is still no therapy approved
for any nonsense variant leaving these patients in need of a targeted therapy.
An alternative to small molecule approaches is to correct the
underlying genetic defect by gene editing. This would provide a
one-time cure and avoid a lifelong treatment [11]. Streptococcus
pyogenes Cas9 (SpCas9) has been the most widely used nuclease
to edit the CFTR gene, particularly using homology-directed repair (HDR) to correct the F508del variant [12]. Nevertheless, other
CRISPR-nucleases, for instance Acidaminococcus Cas12a (AsCas12a),
have emerged as an alternative for Cas9 and its eﬃcacy has also
been demonstrated to correct a splicing variant in the CFTR gene
[13]. Both nucleases recognize a protospacer adjacent motif (PAM)
and create a double strand break (DSB) at a targeted genomic
region. The default mechanism to repair the DSB is called nonhomologous end joining (NHEJ) and leads to random nucleotide
insertion and deletion, so called indels, in the DNA sequence (or
seamless repair which is not possible to quantitate). However, in
the presence of a donor sequence comprising the corrected nucleotide ﬂanked by homology arms HDR can also occur, resulting
in the removal of the mutant nucleotide and copying of the corrected nucleotide into the genome [14]. The two CRISPR systems
differ in two main aspects: 1) PAM sequence recognition - while
Cas9 recognizes an NGG PAM, the Cas12a recognizes a TTTV PAM;
and 2) cleavage site - Cas9 creates blunt cut 3 nucleotides (nt) upstream the PAM site whereas Cas12a generates staggered cut 23 nt
(target strand)/18 nt (non-target strand) downstream of the PAM
recognition site [15]. Hence, comparing these two proteins is of interest in the context of CFTR gene editing.
Here, we compared these two CRISPR methods for correction
of the W1282X-CFTR variant in the CFF-16HBEge W1282X-CFTR
cell line [16]. To this end, we used HDR-mediated gene editing
with HiFi-SpCas9 or AsCas12a (hereinafter Cas9 and Cas12a), both
using ribonucleoproteins (RNPs) and single strand DNA oligonucleotide donor (ssODN). Our results show that Cas9 had ~2.3-fold
higher percentage of precise editing than Cas12a and lower indels frequency. Characterization of the Cas9 edited cells showed
that the editing resulted in an increase in CFTR mRNA abundance
and restoration of full-length CFTR protein. Importantly, CFTR function to levels close to wild type were detected in the edited cells
and 18% of WT in the edited pool. Altogether, our data shows that
the two different CRISPR editing systems can successfully correct
W1282X-CFTR and demonstrate the potential of gene editing as a
possible treatment not only for patients carrying W1282X-CFTR but
also other nonsense CF-variants.

Nuclease

Guide RNA (5’ – 3’)

Cas9

CAATAACTTTGCAACAGTGA

Cas12a

CAACAGTGAAGGAAAGCCTT

Sequence of ssODN HDR donor
template (5’ – 3’)
TCAAATAGCAGTAAAAAA
TATAATTTAGTTGCCT
TTTTTCTGGCTAAGTCCT
TTTGCTCACCTGTGGTA
TCACTCCAAAGG
CTTTCCTCCACTGTTGCA
AAGTTATTGAATCCCAA
GACACACCATC
ACTGAACACTGAAGGAGA
AATCCAGATCGATGGTGTGTCTT
GGGATTCAATAACTCTGCAA
CAGTGGAGGAAAGCCTTT
GGAGTGATACCACAGG
TGAGCAAAAGGACTTAGCC

Vida, respectively. gRNA and ssODN HDR donor sequences can be
ﬁnd on Table 1.
2.2. Cell lines and culture conditions
16HBE14o− Human Bronchial Epithelial cells, expressing WT
CFTR, were obtained from Children’s Hospital Oakland Research Institute, UCSF, USA [17]. CFF-16HBEge W1282X CFTR cell line was
obtained from the Cystic Fibrosis Foundation (CFF) [16]. Cells were
grown in Minimum Essential Medium (MEM, Sigma) supplemented
with 10% (v/v) of Foetal Bovine Serum (FBS, Sigma) and 1% (v/v) of
L-Glutamine (Sigma) in a 37°C, 5% CO2 humidiﬁed incubator. Culture plates and ﬂasks were coated by incubating a coating solution
[Dulbecco’s Phosphate Buffered Saline (DPBS, Sigma) and 10 μL/mL
of PureCol® Solution (Advanced BioMatrix)] at 37 °C/5% CO2 for at
least 2 h.
2.3. Ribonucleoparticles (RNP) formation and nucleofection
Guide RNAs for CRISPR-Cas9 and CRISPR-Cas12a genome editing were diluted to a ﬁnal concentration of 44 μM and 75 μM,
respectively. Each gRNA was combined with the respective nuclease protein at a 1:1.2 molar ratio for RNP complex formation. For
both CRISPR editing approaches 16HBE14o- cells were nucleofected
using the NeonTM Transfection System (Thermo Fisher Scientiﬁc)
and the NeonTM Transfection System 10 μl kit. For each reaction,
20 0,0 0 0 cells were resuspended in 5 μl of Buffer R, mixed with
7 μl of Cas9 RNP or Cas12a complex and electroporated with or
without ssODN donor using the following conditions: Voltage –
1290 V, Width – 20 ms, Pulses - 2 pulses. For the co-transfection of
Cas9 RNP or Cas12a RNP and HDR template, three different ssODN
donor concentrations (0.6μM, 2μM and 6μM) were added to the
RNP:cells mixture before the nucleofection step. The cells were
plated in a 24-well plate and 72 h after electroporation, a portion
of cells was harvested for further analysis while the other portion
was kept in culture.

2. Materials and methods

2.4. Analysis of gene editing events in the pool of edited cells

2.1. Reagents

Genomic DNA (gDNA) was extracted using DNeasy Blood
and Tissue Kit (Qiagen) according to manufacturer instructions. The target site was ampliﬁed using Q5 Hot Start HighFidelity 2x Master Mix (New England Biolabs) using the following primers: fwd: 5’-TGGGAAGAACTGGATCAGGGAAG-3’; rev: 5’TCGCAAAGCATTTCTCAACCTGG-3’. PCR products were puriﬁed, and
Sanger sequenced (Euroﬁns Genomics). To analyse the gene editing events, Sanger sequencing ﬁles from unedited and edited cells

Alt-R® CRISPR-Cas9 and Alt-R® CRISPR-Cas12a reagents (S.p.
HiFi Cas9 Nuclease V3, A.s. Cas12a V3 and crRNA), and ssODN HDR
donor templates (Ultramer® DNA Oligos) were purchased from Integrated DNA Technologies (IDT). Cas9 single guide RNA (sgRNA)
was purchased from Synthego. Genotyping and quantitative realtime PCR primers were obtained from Euroﬁns Genomics and Stab182
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were used as input into the Inference of CRISPR Edits (ICE) webtool
(2019, v2.0. Synthego).

2.9. Statistical analysis
All graphs were plotted as the mean with error bars representing the standard error of the mean. Differences between groups
were assessed by two-tailed unpaired t test. P-values < 0.05 were
considered as statistically signiﬁcant. Graph plotting and statistical
analysis were performed using GraphPad Prism version 6.01.

2.5. Single cell sorting of Cas9-edited cells and identiﬁcation of the
gene edited clones
The pool of edited cells was single cell sorted into individual
wells of a 96-well plate using the FACS Aria Fusion cell sorter (BD
Biosciences). Wells containing only one cell were identiﬁed and
maintained as mentioned above until reaching conﬂuency. Approximately 20-30 days after sorting, cells were split into matching
wells of two 96-well plates. At ~50% conﬂuency, plate 1 was processed for gDNA with QuickExtract DNA Extraction Solution (Epicenter). The target site was ampliﬁed in a PCR reaction using the
same primers as mentioned above and sequenced. Out of forty
clones screened two homozygous corrected clones were identiﬁed,
expanded from 96-well plate 2 and cryopreserved.

3. Results
3.1. Design of Cas9 and Cas12a gRNAs and ssODN donors to correct
the W1282X-CFTR variant by HDR
Given the different PAM requirements between the SpCas9 and
AsCas12a and the creation of DSB in DNA, the design strategy of
the gRNA and donor DNA template was different for the two proteins (Fig. 1A and B). According to previous studies that HDR efﬁciency is reduced when the target site is further away from the
cutting site, we selected the PAM site closest to W1282X-CFTR for
both nucleases [20]. Based on previous studies, we designed an
ssODN donor with a 36-nt 3’ homology arm (HA) and 91-nt 5’
HA complementary to the non-target strand for Cas9 (Fig. 1A), and
an ssODN donor template which is complementary to the target
strand with a 5’ and 3’ homology arms of 77-nt and 37-nt, respectively, for Cas12a (Fig. 1B) [21,22]. The PAM site in Cas12a donor
was modiﬁed to prevent cutting and indels formation after correction; a silent mutation was introduced and the Cas12a 5’-TTTV-3’
PAM was changed to 5’-TCTV-3’.

2.6. Quantitative PCR analysis
Total RNA was isolated from cells with the NZY Total RNA
Isolation kit (NZYTech) according to manufacturer’s instructions. Next, 1 μg of RNA was used to cDNA synthesis using M-MuLV Reverse Transcriptase (NZYTech) following manufacturer’s instructions. CFTR speciﬁc products were ampliﬁed using Evagreen SsoFast PCR reagent (Bio-Rad) on the CFX96 Touch
real-time PCR detection system (Bio-Rad) using the following
pair of primers: CFTR (fwd:5’-ATGCCCTTCGGCGATGTTTT-3’; rev:5’TGATTCTTCCCAGTAAGAGAGGC-3’). Endogenous levels of GAPDH
were used as internal control (fwd:5’-ATGGGGAAGGTGAAGGTCG3’; rev:5’-GGGGTCATTGATGGCAACAATA-3’). The fold difference in
gene expression was calculated by the mathematical equation
2−CT .

3.2. CRISPR/Cas9 induces higher HDR levels than CRISPR/Cas12a to
correct the W1282X-CFTR variant
To correct W1282X-CFTR by HDR, we electroporated Cas9/gRNA
or Cas12a/gRNA RNPs into the W1282X-CFTR cell line and measured the level of correction and indels 72 hrs later by ICE analysis. In the absence of an ssODN donor Cas9/gRNA RNPs generated 12.7±1.7% of indels while the Cas12a gRNA only generated
2.7±0.7% of indels (Fig. 1C and D). When Cas9 RNPs were electroporated with three concentrations (0.6 μM, 2 μM and 6 μM) of
the ssODN donor, ICE analysis revealed that the highest level of
HDR (17.7±2.1%) and indels (20.3±3.0%) was observed with 2 μM
ssODN donor (Fig. 1C). In contrast, Cas12a RNPs and donor repaired
W1282X-CFTR at a much lower rate with the highest HDR eﬃciency being 8.7±0.5% with 6 μM of ssODN and generated a much
higher indel frequency of 35.3±1.0% (Fig. 1D).
After evaluating editing at DNA level, we determined the effect
on the mRNA transcripts. Compared to the DNA changes, at the
mRNA level we observed a higher percentage of corrected transcripts and lower percentage of transcripts containing indels for
both Cas9 and Cas12a. For Cas9 HDR we observed 60-70% of WT
transcripts in all three editing conditions, whereas for Cas12a HDR,
the maximum level of WT mRNA was 50% and this only occurred
at the highest level of editing, a level which also resulted in the
highest level of indels (Supplemental Fig. 1A and B). Thus, it was
decided to further characterize these Cas9-edited cells.

2.7. Western-blot analysis
Whole cell lysates were size-separated onto a 10% (w/v) SDSPAGE gel. A monoclonal anti-human CFTR antibody [570 (1:30 0 0),
CFF Therapeutics] was used to detected CFTR protein and an antiCalnexin antibody (1:30 0 0, BD Biosciences) was used as a loading
control. CFTR quantiﬁcation was performed using Image Lab software (Bio-Rad).
2.8. Generation of stable cell lines expressing Halide-sensitive Yellow
Fluorescent Protein (HS-YFP) and HS-YFP assay to measure CFTR
activity
Cell lines stably expressing YFP protein were generated by
lentiviral transduction of the 16HBE cell lines, as described previously [18]. To this end YFP cDNA was cloned into the lentiviral
expression vector pLVX-Puro that was used to transfect the packaging 293 T cell line for lentiviral particle production. These particles
were then used to transduced 16HBE cell lines.
CFTR activity was measured on these newly developed cell lines
as described [19]. Brieﬂy, 24h after seeding on microplates the cells
were incubated with G418 (100 μM), SMG1i (0.3 μM) or the two
compounds together, or without any treatment. DMSO was used as
a vehicle control. At the time of the assay, the cells were washed
with PBS and stimulated with forskolin (20 μM) plus VX-770 (10
μM) for 30 min at 37 °C. The assay consisted of a continuous 14
s ﬂuorescence reading, 2 s before and 12 s after injection of an
iodide-containing solution (ﬁnal concentration of I− in the well
was 100 mM). Data were normalized to the initial backgroundsubtracted ﬂuorescence and the ﬂuorescence quenching rate, associated with I− inﬂux, was determined by ﬁtting the ﬁnal 11 s
of the data for each well to an exponential function to extrapolate
initial slope (dF/dt).

3.3. Correction of W1282X-CFTR cells by HDR results in increased
CFTR mRNA abundance
We ﬁrst measured absolute level of mRNA expression by RTqPCR for the pool of Cas9 RNP/2μM donor cells which yielded
17.7% of gene correction (Figs. 1C and 2A). As expected, we observed a decrease in the levels of CFTR mRNA in W1282X-CFTR
cells to 43.3±0.07% of the wild type levels, consistent with previous reports (Fig. 2B) [23,24]. In the pool of edited cells, we ob183
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Fig. 1. Comparison of CRISPR/Cas9 and CRISPR/Cas12a gene editing capacity to correct W1282X variant in human bronchial cells. Design of gRNA and single-stranded
oligonucleotide (ssODN) donor for (A) CRISPR/Cas9 and (B) CRISPR/Cas12a HDR-mediated gene editing. Cas9 or Cas12a nuclease (in light orange) recognizes PAM sequence
(in red) and after gRNA (in blue) binding makes a blunt or a staggered cut, respectively, in the double-stranded DNA. Cas9 and Cas12a prefer ssODN donor templates of
opposite orientations. While with Cas9 a donor template complementary to the nontarget strand was used, with Cas12a was used a donor template complementary to the
target strand. Both donor templates have a longer 5’ homology arm (HA, in yellow) and shorter 3’HA (in green). In the Cas12a donor the 5’-TTTV-3’ PAM was changed
to 5’-TCTV-3’ (in orange). Genome modiﬁcation generated by (C) Cas9 and (D) Cas12a after RNPs electroporation into CFF-16HBEge W1282X CFTR cell line, was assessed
by ICE software analysis and shown as percentage of HDR or indels. RNP, corresponds to the electroporation of Cas/gRNA alone; 0.6 μM, 2 μM, 6 μM; corresponds to the
electroporation of Cas/gRNA and the respective molar concentration of ssODN donor (mean ± SEM, n=3 biological replicates). Statistical signiﬁcance of HDR Vs. RNP: ∗ ∗ P ≤
0.01, ∗ ∗ ∗ P ≤ 0.001, ns: not signiﬁcant. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.).

served a small but signiﬁcant increase in the levels of CFTR mRNA
expression to 53.1±0.07% of the WT (Fig. 2B)
We then decided to isolate clonal homozygous HDR corrected
populations from the pool of edited cells by seeding 1 cell/well in
a 96-well plate. We obtained two corrected clonal cell lines conﬁrmed by sequencing (Fig. 2A). The CFTR mRNA levels in these two
homozygous corrected clones were fully recovered to WT levels
(Fig. 2B), demonstrating that gene editing can increase the abundance of CFTR mRNA.

expressing HS-YFP with all the genotypes (WT, W1282X, pool and
the two corrected clones). As previously observed, full-length CFTR
protein was not detected in the W1282X-CFTR cells, whereas the
WT-CFTR cells and the corrected clones exhibited mature, fully glycosylated protein (band C, Fig. 3A–C) [16]. Importantly, this mature
form was also detected in the pool of edited cells conﬁrming the
correction (Fig. 3A) to about 10.8±3.04% of the WT (Fig. 3B).
CFTR function was measured by the quenching rate of HS-YFP
induced by iodide inﬂux (Fig. 4A). CFTR function in W1282X-CFTR
cells was greatly reduced. However, in the two homozygous clones
it reached nearly the same levels as in cells expressing wild-type
CFTR (Fig. 4B). Interestingly, CFTR function was restored to nearly
18% of the WT in the pool of edited cells (Fig. 4B). We also compared the editing with the ability of G418 and SMG1i, to elicit
some functional correction in W1282X-CFTR and in the pool of

3.4. Correction of W1282X-CFTR cells by HDR restores CFTR protein
expression and function
To assess the ability of CRISPR/Cas9 gene editing to restore CFTR
protein expression and function, we generated 16HBE cells stably
184
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Fig. 2. CFTR mRNA levels increase after CRISPR/Cas9 gene editing. (A) Sequence correction, with gRNA sequence (PAM sequence in yellow) in the four cell populations – in
the pool of edited cells there are some overlapped sequences resulting from indels and HDR coexistence; two homozygous corrected clones have the WT sequence. (B) CFTR
mRNA expression levels determined by RT-qPCR. Fold-change values are mean ± SEM, relative to WT or W1282X cells (n = 3 biological replicates). Vs. WT: ∗ ∗ P ≤ 0.01. Vs.
W1282X: # P ≤ 0.05. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.) .

Fig. 3. Gene editing restores CFTR protein expression and processing. (A) Western Blot (WB) showing levels of CFTR protein expression in 16HBE WT, W1282X, pool of edited
cells and homozygous clones (Clones 6.4 and 6.5) stably expressing HS-YFP protein. (B) Total CFTR protein levels (C+B) were quantiﬁed from (A) and normalized to calnexin
(loading control). (C) CFTR processing (C/C+B) was also determined, and results shown normalized to WT-CFTR. In all cases, fold-change values are mean ± SEM, relative
WT or W1282X cells (n = 3 biological replicates). Vs. WT: ∗ ∗ ∗ ∗ P ≤ 0.0 0 01, ns: no signiﬁcant. Vs. W1282X: # P ≤ 0.05.

edited cells. Although there is a trend increase in CFTR function
with the combined treatment, these compounds have an almost
negligible effect in rescuing W1282X-CFTR in these cells (Fig. 4C).
Overall, our ﬁndings demonstrate that editing of the CFTR gene
by CRISPR/Cas9 is capable to restore protein expression, processing,
and function without needing additional drugs.

4. Discussion
Reduced or absent expression of functional CFTR protein caused
by NMD makes the approved CFTR modulators inapplicable to patients harbouring the W1282X-CFTR variant. Drug screening has
been focused on agents that promote NMD inhibition and PTC

185
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Fig. 4. Rescue of CFTR function inn edited cells. (A) Representative ﬂuorescence decay in 16HBE cells stably expressing HS-YFP and incubated for 24 h with DMSO (vehicle),
G418 (100 μM), SMG1i (0.3 μM) or the two in combination. The cells were then stimulated with Fsk (20 μM) and VX-770 (10 μM) for 30 min. (B) CFTR activity on edited
cells was quantiﬁed based on the rate of YFP quenching and normalized to WT cells. (C) CFTR activity on W1282X and pool cells normalized to WT treated with DMSO.
Data are shown as means ± SEM of n=3 biological replicates. Vs. WT: ∗ ∗ P ≤ 0.01, ∗ ∗ ∗ ∗ P ≤ 0.0 0 01. Vs. W1282X: ## P ≤ 0.01, ### P ≤ 0.001. Vs DMSO: ns: not signiﬁcant.

readthrough. Without candidates reaching the clinics, gene editing
techniques emerge as a one-time cure from which every patient
could beneﬁt regardless the genotype. Here, we compare Cas9 and
Cas12a homology directed repair of the W1282X-CFTR variant and
report high editing eﬃciency of the mutant CFTR locus in human
bronchial cells rescuing CFTR protein expression and function.
As we compared the eﬃcacy of Cas9 and Cas12a to correct the
W1282X-CFTR variant using RNPs and ssODNs, we observed 18%
HDR with Cas9 RNP while Cas12a was only able to achieve 8%
of correction. The lower HDR eﬃciency of Cas12a could possibly
be explained by its capacity to cleave collateral ssDNA – called
trans-cleavage activity - without the presence of a PAM sequence
[25]. Since the donor template is a ssDNA, Cas12a undesired activity may reduce HDR eﬃciency. Also, the use of different donor
DNA sequences for each nuclease can impact HDR eﬃciency. Regarding the indels formation in non-corrected alleles, Cas12a generated ~ 36% of indels while those levels with Cas9 only reached
20%. Taken all the data together our results show that compared
with Cas12a, Cas9 achieved higher levels of HDR and lower levels
of indels with lesser amounts of the editing reagents. However, our
results do not exclude the possibility that Cas12a may perform better than Cas9 at another locus. Given its different PAM site recognition, Cas12a could be a suitable option at sites where a Cas9 PAM
is not available. An example of this is the R1162X (c.3484 C>T), the
fourth most common nonsense mutation in the CFTR gene. Even

though off-target effects were not analysed genome-wide, no offtarget mutations caused by CRISPR gene editing were identiﬁed
within CFTR coding sequence. Prediction of potential off-target effects (Suppl. Table 1) also shows that only four are located in exonic regions, all of which have four mismatches (two of them in
the core region), and without any indels detected (Suppl Fig. 2).
Characterization of the Cas9-edited cells showed complete rescue of CFTR mRNA, protein, and function in two corrected homozygous clones. To minimize the effects of a single cell cloning, we
also decided to analyse the pool of edited cells. As proposed by
Suzuki and colleagues, by achieving gene editing eﬃciency sufﬁcient to restore CFTR function the corrected cells could be engrafted in the airways of CF-patients [26]. Assessment of editing
eﬃciency in the pool of edited cells showed 18% of gene correction, similar to a study also using Cas9 RNP and ssODN donor to
correct F508del in a patient-derived induced pluripotent cell line
(iPSC) [12]. While the level of correction needed to have a clinical
beneﬁt is not yet deﬁned, previous studies have shown that even
lower levels of wild type CFTR transcripts, ranging between 5-8%,
would be suﬃcient to rescue, or at least ameliorate, the CF phenotype [27,28]. According to that, our 18% of correction eﬃciency,
resulting in 18% of wild type CFTR function, might have a therapeutic beneﬁt. Notably, the level of CFTR function achieved with
CRISPR/Cas9 gene editing, even if underestimated, greatly exceeds
function resulting from G418/SMG1i treatment.
186
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Despite this success in Cas9 editing and rescue of CFTR expression and function, a signiﬁcant frequency of unwanted indels was
also observed in 20% of the CFTR alleles. Even though the indels are
likely to create a PTC whose transcripts are degraded, conﬁrmed
by its nearly absence at the mRNA level (Supplemental Fig. 1A),
examination of such indels would be necessary as it may increase
disease susceptibility.
Whereas there are two studies exploring the use of gene editing to precisely correct W1282X-CFTR variant, those are focused
on base editing [29,30]. Importantly, one of these studies using the
same W1282X-CFTR cell line reports a percentage of editing and a
restoration of the CFTR protein to levels similar to ours [30]. Our
study is the ﬁrst comparing Cas9 and Cas12a nucleases to correct
an “untreatable” CFTR mutation. Even though we show higher levels of correction with Cas9 than those with Cas12a for this particular variant, it is likely that editing eﬃciency could rely on the
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