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SUMMARY
Cystic fibrosis (CF) is a life-shortening autosomal recessive disease, caused by loss-of-function mutations
that affect the CF transmembrane conductance regulator (CFTR) anion channel. G542X is the second-
most common CF-causing variant, and it does not respond to current CFTR modulator drugs. Our study ex-
plores the use of adenine base editing to edit G542X to a non-CF-causing variant, G542R, and recover CFTR
function. Using base editor engineered virus-like particles (BE-eVLPs) in patient-derived intestinal organoids,
we achieved �2% G542X-to-G542R editing efficiency and restored CFTR-mediated chloride transport to
�6.4% of wild-type levels, independent of modulator treatment, and with no bystander edits. This proof-
of-principle study demonstrates the potential of base editing to rescue G542X and provides a foundation
for future in-vivo applications.
INTRODUCTION

Approximately 162,000 people, across 94 countries, are esti-

mated to be living with cystic fibrosis (CF), a life-shortening

autosomal recessive disease.1 CF is caused by loss-of-func-

tion mutations in the CF transmembrane conductance regu-

lator (CFTR) gene that alter the synthesis, folding, trafficking,

and/or gating properties of the CFTR anion channel, which

mediates Cl� and HCO�
3 ion transport.2,3 Modulator drugs,

known as correctors and potentiators, have been developed

that can restore function to many, but not all, CFTR protein

variants.4–10 Our study focuses on the second most common

CF-causing mutation, c.1624G>T (www.genet.sickkids.on.

ca, www.CFTR2.org), which generates a TGA premature

termination codon (PTC) commonly known as G542X. This

PTC triggers nonsense-mediated mRNA decay (NMD)11,12

and renders the G542X variant unresponsive to modulator

treatment.
iScience 28, 111979, Ma
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Several proof-of-principle studies on CFTR gene editing have

been published that reported restoration of CFTR expression

and activity by homology-directed repair (HDR),13 non-homolo-

gous end joining (NHEJ),14 base editing,15 or prime editing.16

While each editing strategy is associated with some level of un-

desired by-products, compared to other approaches, base edit-

ing is often desirable. It can generate precise single-nucleotide

edits, and it does not involve double-strand breaks (DSBs) for-

mation, which minimizes the risk of insertion/deletions (indels).17

Base editing also does not require a large packaging capacity for

delivery, and it is highly efficient in both replicating and fully

differentiated cells.17,18 Adenine base editing catalyzes the con-

version of A-T to G-C base pairs17,19,20 and can thus correct a

PTC (TGA) into either a tryptophan (TGG) or an arginine (CGA).

We and others have used adenine base editing to edit and

restore the original codon and amino acid for other CF-causing

mutations: c.3846G>A (W1282X) and c.1657C>T (R553X).21,22

Here, we show how this technique can be applied to rescue
rch 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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G542X, by converting it into a new variant: G542R. If adenine

base editing was used to target the A of G542X stop codon, it

would not restore the wild-type (WT) amino acid, glycine (G), at

position 542; rather it could edit the TGA (stop, X) codon into

TGG (tryptophan, W) which would generate G542W (Figure 1A).

Alternatively, if targeted to the non-coding strand, adenine base

editors (ABEs) could convert ACT to GCT to generate a CGA

codon (arginine, R) in the coding strand and install G542R

(Figure 1A). Of note, neither G542W nor G542R is listed as CF-

causing (www.genet.sickkids.on.ca and www.CFTR2.org).

Moreover, both have been identified as a product of PTC sup-

pression for G542X,23–26 which occurs when near-cognate ami-

noacyl-tRNAs accommodate an alternative amino acid at the

PTC site into the nascent polypeptide.24 Editing G542X into

G542R seemed the most attractive proposition, as, in cell lines,

the G542R variant has been shown to retain �40%–70% of WT

CFTR activity, that is �2.5-fold higher than G542W functional

rescue.23,24,26 We tested this adenine base editing approach in

intestinal organoids,27 derived from rectal biopsies of three do-

nors homozygous for G542X (CFTRG542X/G542X), a commonly

used model to develop and validate CFTR modulator drugs.

RESULTS

NG-ABE8e edits G542X to G542R with no bystander and
no off-target effect in patient-derived intestinal
organoids
Binding of an ABE to target DNA is mediated by a single-guide

RNA (sgRNA), composed of a scaffold that forms a ribonucleo-

protein (RNP) complex with the ABE, and a spacer that is com-

plementary to the DNA fragment of interest (Figure 1B). Clamp-

ing of the RNP on target DNA also requires binding to a short

protospacer adjacent motif (PAM) (Figure 1B).17 To perform the

editing of G542X to G542R, we selected NG-ABE8e,20 an ABE

that recognizes the NG PAM site available near the target ACT

sequence on the opposite strand to codon 542 (Figure 1B).

The sgRNA we designed places the target adenine at position

9, counting from the PAM-distal end of the protospacer (Fig-

ure 1C), which falls within the editing window of NG-ABE8e.20

We further incorporated hybridization extended A-T inversion

(HEAT) modifications in the sgRNA scaffold sequence (Fig-

ure 1C). HEAT changes have been previously shown to improve

editing efficiency by (1) introducing a 5-bp extension in the

hairpin (Figure 1C) and (2) swapping opposing bases of one

T-A base pair in the TTTT motif of the stem (Figure 1C), which

would otherwise act as a transcription termination signal down-

stream of the U6 promoter in the sgRNA plasmid.28,29

We initially tested our editing strategy in CFTRG542X/G542X in-

testinal organoids from two donors. For the delivery of the NG-

ABE8e/sgRNA RNPs, we used base editor engineered virus-

like particles (BE-eVLPs), a transient vector with potential for

in-vivo translation.30 We transduced single-cell suspensions of

CFTRG542X/G542X intestinal organoids with BE-eVLPs carrying

either NG-ABE8e and the G542X-specific sgRNA (G542X-

BE-eVLPs), or NG-ABE8e only (sgRNA-less BE-eVLPs) as a

negative control. We transduced the organoid-derived cells in

suspension with an initial multiplicity of transduction (MOT) of

�60 BE-eVLPs/cell. Cells were then grown as two-dimensional
2 iScience 28, 111979, March 21, 2025
(2D) intestinal organoids on filters for 21 days before DNA or

RNA extraction; editing was assessed by high-throughput

sequencing (HTS) and quantified with CRISPResso2.31 While

no DNA editing was observed in organoid-derived cells trans-

duced with sgRNA-less BE-eVLPs (Figure 1D), we detected

G542X-to-G542R editing in the total non-sorted population of or-

ganoid cells transduced with G542X-BE-eVLPs, with an average

editing efficiency of �2% (Figure 1D). We also analyzed the

abundance of CFTR transcript carrying G542R in the organoid-

derived cells transduced with G542X-BE-eVLPs and observed

no detectable enrichment compared to DNA editing levels

(Figure 1E).

To evaluate the frequency of editing by-products, we further

investigated the abundance of bystander editing, indel forma-

tion, and off-target effects in theCFTRG542X/G542X intestinal orga-

noids transduced with G542X-BE-eVLPs. Bystander editing oc-

curs when base editors edit non-target nucleotides within the

protospacer and install undesired mutations.32 In the 20-nt

long spacer binding region, we detected no editing above back-

ground levels at potential bystander sites (Figure 1F), which un-

derscored the precision of the editing design. We also screened

HTS reads for indel formation, albeit uncommon for base editing;

no indels were detected by CRISPResso2 analysis (Figure S1).

Finally, we interrogated off-target edits that are unintended

modifications in the genome that can occur at non-target sites.

The off-target effect is mostly sgRNA-dependent, as Cas9 can

tolerate up to 3 mismatches between the sgRNA and the target

locus.33 To identify potential off-targets of the G542X sgRNA, we

performed an in-silico analysis using CRISPOR34 that found

eight exonic off-targets with %3 mismatches (Figure 1G). Only

one predicted off-target, located in the ADAMTS6 locus, had

three mismatches outside of the PAM-proximal seed sequence,

which is considered the region with the most stringent

sgRNA-binding dependency.35 We amplified and sequenced

the ADAMTS6 predicted off-target site, and analysis with

CRISPResso2 did not detect any off-target editing above back-

ground levels (Figure 1H). The remaining seven sites had one or

more mismatches in the seed region, which decreases the likeli-

hood of off-target editing.

G542R restores CFTR activity in patient-derived
intestinal organoids
Previous studies in CF cell lines have shown that G542R suc-

cessfully restores protein expression, which is entirely obliter-

ated in aCFTRG542X/G542X background. Levels of protein matura-

tion measured in Fisher Rat Thyroid (FRT) cells and Human

Embryonic Kidney 293 (HEK 293) cells stably expressing

G542R range widely between �30% and �90% of WT

levels.23,26 While we did not characterize the maturation of the

newly generated CFTR protein variant in our model, we

measured the restoration of CFTR function post transduction

by short-circuit current (DIsc), across 2D layers of the intestinal

organoids described in the previous section (Figure 2A).

Upon stabilization of baseline Isc, the epithelial Na+ channel

(ENaC) was inhibited with the ENaC blocker amiloride.36 After

activation of the transepithelial cAMP-dependent current by

3-isobutyl-1-methylxanthine and forskolin (Fsk), CFTR-depen-

dent Cl� transport was inhibited by the specific CFTR inhibitor

http://www.genet.sickkids.on.ca
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Figure 1. NG-ABE8e edits G542X to G542R with no bystander and no off-target effect in patient-derived intestinal organoids

(A) Schematic representation of possible outcomes of alternative adenine base editing approaches on G542X.

(B) The TadA* deoxyadenosine deaminase domain of NG-ABE8e deaminates the target deoxyadenosine (A, circled in white) to deoxyinosine in the non-coding

strand of G542X on exon 12 of CFTR.

(C) Schematic representation of G542X sgRNA, including spacer (in blue), target adenine (in red), and scaffold with HEATmodifications (in green) in the stem and

(in orange) in the hairpin.

(D) Editing efficiency quantified by amplicon sequencing of CFTRG542X/G542X intestinal organoid-derived cells transduced with sgRNA-less BE-eVLPs or G542X-

BE-eVLPs (MOT = �60 G542X-BE-eVLPs/cell). Bars represent mean ± SD.

(E) Editing efficiency quantified by amplicon sequencing of DNA and RNA extracted from CFTRG542X/G542X intestinal organoid-derived cells transduced with

G542X-BE-eVLPs (MOT = �60 G542X-BE-eVLPs/cell). Bars represent mean ± SD.

(F) Bystander editing analyzed by amplicon sequencing of CFTRG542X/G542X intestinal organoid-derived cells transduced with G542X-BE-eVLPs (MOT = �60

G542X-BE-eVLPs/cell). Bystander effect was quantified for each adenine around the target A9 in the protospacer. Non-specific editing (A-to-T and A-to-C) was

also quantified for each position. Bars represent mean ± SD.

(G) CRISPOR in-silico analysis of potential off-targets with %3 mismatches.

(H) Editing efficiency of ADAMTS6 off-target site quantified by amplicon sequencing of DNA extracted from CFTRG542X/G542X intestinal organoid-derived cells

transduced with G542X-BE-eVLPs (MOT = �60 G542X-BE-eVLPs/cell). Bars represent mean ± SD.

iScience 28, 111979, March 21, 2025 3

iScience
Article

ll
OPEN ACCESS



Figure 2. G542R restores CFTR activity in patient-derived intestinal organoids

(A) Graphical abstract of editing strategy and functional study for 2D-grown patient-derived intestinal organoids. Intestinal organoid-derived cells from two

CFTRG542X/G542X donors were transduced with BE-eVLPs and cultured on filters; CFTR function restoration was quantified with the Ussing chamber assay.

(B and C) Representative tracings of short-circuit current (Isc) measurements of CFTR activity in CFTRG542X/G542X intestinal organoid-derived cells from (B)

donor #1 and (C) donor #2, transduced with sgRNA-less BE-eVLPs (in black), or with G542X-BE-eVLPs (MOT =�60 G542X-BE-eVLPs/cells, in yellow or purple).

(D) Representative tracings of short-circuit current (Isc) measurements of CFTR activity in CFTRWT/WT intestinal organoid-derived cells.

(E) Response to Fsk (10 mM) and CFTRInh172 (5 mM) of CFTRG542X/G542X intestinal organoid-derived cells transduced with sgRNA-less BE-eVLPs (DFsk 5.49 ±

0.66 mA/cm2; DInh172 0.77 ± 0.92 mA/cm2), or with G542X-BE-eVLPs (MOT = �60 G542X-BE-eVLPs/cell; DFsk 9.54 ± 1.70 mA/cm2; DInh172 �5.70 ± 0.97 mA/

cm2), and response of CFTRWT/WT intestinal organoid-derived cells (DFsk 103.42 ± 35.51 mA/cm2; DInh172 �90.36 ± 23.72 mA/cm2). Bars represent mean ± SD;

*p % 0.05.
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CFTRInh172.37,38 Response to CFTRInh172 was used as an in-

dex of CFTR function. Transduction of CFTRG542X/G542X intesti-

nal organoid-derived cells with G542X-BE-eVLPs successfully

rescued CFTR activity in both donors (Figures 2B–2D), as

evident by the significant response to CFTRInh172 (p % 0.05;

Figure 2E), in contrast to sgRNA-less BE-eVLP-transduced or-

ganoids where it was absent (Figures 2B, 2C, and 2E).�2% edit-

ing of G542X to G542R recovered �6.4% of WT CFTR activity,

with negligible variability between the two donors (Figures 2B,

2C, and 2E).

To further validate our approach, we replicated the transduc-

tion in CFTRG542X/G542X intestinal organoid cells from a third

donor and grown in 3D, rather than 2D, for a complementary

functional assay (Figure 3A). In 3D organoids grown in

Matrigel, cells are oriented such that their apical surface faces

inwards; CFTR-mediated Cl� transport, coupled with water

efflux, is directed to the luminal surface and can be quantified

as organoid swelling in the Fsk-induced swelling (FIS) assay.39,40

While Fsk is not CFTR specific, it has been shown that FIS

is completely CFTR-dependent.40 We exploited this assay

also to investigate the sensitivity of our system, by testing

decreasing BE-eVLP MOTs (�60, �6, and �2 G542X-BE-

eVLPs/cell). CFTRG542X/G542X intestinal organoids mock-trans-

duced with PBS did not exhibit FIS, neither did those transduced

with sgRNA-less BE-eVLPs (Figure 3B). Conversely, the

CFTRG542X/G542X organoids transduced with G542X-BE-eVLPs

all displayed FIS, even at a thirtieth of the MOT used in previous

experiments (Figures 3B and 3C). The average percentage of

FIS-responsive organoids rose with increasing MOTs (1.4%,

4%, and 11.5%, Figure 3C) and reached up to 16% of the total,

unsorted population of CFTRG542X/G542X organoids transduced

with �60 G542X-BE-eVLPs/cell (Figure 3C). The percentage in-

crease in the area of these FIS-responsive organoids averaged

at �164% at time t = 1200 post stimulation with Fsk (Figure 3D).

Their area under the curve (AUC) was significantly higher

compared to unrepaired CFTRG542X/G542X organoids (p %

0.0001, Figure 3E) and relative to organoids homozygous for

the c.3484C>T mutation (R1162X) transduced with G542X-BE-

eVLPs as a negative control (p% 0.0001, Figures S3C and S3D).

Finally, we investigated whether the newly generated CFTR

variant, G542R, might benefit from modulator treatment.

We tested the addition of a combination of two correctors

and, acutely, a potentiator, Elexacaftor (VX-445), Tezacaftor

(VX-661), and Ivacaftor (VX-770), collectively referred to as ETI.

ET + I were added in BE-eVLP-edited CFTRG542X/G542X organo-

ids grown in 2D or 3D. In both cases, we detected no significant

increase in CFTR activity, either measured asDIsc or as percent-

age of swelling organoids, or as AUC, at any of the MOT tested

(Figures S2 and S3).

DISCUSSION

The development ofmodulators provided a highly effective treat-

ment for most people with CF (pwCF); however, correctors and

potentiators do not work in pwCF who have two CFTR PTC var-

iants, such as G542X, that trigger NMD or generate a severely

truncated CFTR protein.10,41 In the last decade, multiple studies

focused on the development of gene editing strategies to correct
CFTR PTCs and other non-responsive variants.42 Some of these

approaches preferred base editing to precisely repair amenable

CF-causing mutations without creating DSBs. Existing base ed-

itors, however, could not revert G542X PTC to the WT glycine

codon, and only an HDR approach had been reported for this

variant to date.43 Rather, our strategy was to apply adenine

base editing to disrupt G542X PTC, thus preventing NMD and

restoring the synthesis of full-length CFTR. The G542R variant

we generated, albeit not WT, is not listed as CF-causing (www.

genet.sickkids.on.ca and www.CFTR2.org) and has been previ-

ously shown to retain partial CFTR activity in in-vitromodels.23–26

A similar strategy, of installing a non-WT amino acid by adenine

base editing, was reported to convert the sickle cell disease

b-globin gene HBBS to the HBBG variant.44

We tested our approach in an extensively characterizedmodel

of CF, intestinal organoids27 derived from rectal biopsies of three

homozygous CFTRG542X/G542X donors. We delivered RNPs of

NG-ABE8e and a G542X-specific sgRNA via non-replicating vi-

rus-like particles (G542X-BE-eVLPs).30 Our proposed strategy

proved successful in the intestinal organoids derived from all

three donors.

In the organoid cells from the first two donors, we attained an

average of �2% editing efficiency, without any selection strat-

egy. The NG-ABE8e editing window enabled the editing of the

target nucleotide without modifying any bystander adenines,

and the sgRNA we designed did not produce any detectable ed-

iting at the top ranking predicted off-target site. The�2% rescue

of G542X PTC resulted in the restoration of CFTR-mediated Cl�

conductance at �6.4% of WT CFTR levels. The same editing

approach in intestinal organoids derived from a third donor

recovered the swelling capacity of up to 16% of the total, un-

sorted population of transduced organoids, with a �164% in-

crease in organoid area. Improvements in production yields of

BE-eVLPs45 will enable expanded testing to include higher

MOTs in the future.

Our data showed a �3.2-fold amplification of function relative

to editing. A recently published study on gene editing for CF

applied prime editing to correct a different CF-causing mutation,

c.3909C>G (N1303K), and achieved 80% function restoration

with 34% editing, a 2.4-fold difference.46 However, it has been

previously demonstrated that Cl� conductance saturates and

can become rate limiting, thus creating a ceiling effect,47 which

could explain the higher fold change achieved at a lower editing

efficiency.

The triple combination of Elexacaftor (VX-445), Tezacaftor

(VX-661), and Ivacaftor (VX-770) had no additional effect on

G542R function in our study. This finding diverges from previous

works on G542X readthrough performed in cell lines overex-

pressing CFTR, which showed a G542R response to the

corrector Lumacaftor (VX-809)24 and to the potentiator Ivacaftor

(VX-770) alone.26 Nonetheless, alternative models of CF, with a

different CFTR expression profile, may respond differently to

ETI. Furthermore, it is possible that the concentration of Fsk

used in both the short-circuit current and the FIS assays reported

in this work saturated CFTR, thus masking any additional effect

of ETI. Future research could gain insights from a comparison

with airway models and dose-response studies on Fsk to clarify

the role of ETI in edited cell.
iScience 28, 111979, March 21, 2025 5
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Figure 3. G542X-BE-eVLPs restore FIS in 3D-grown patient-derived intestinal organoids

(A) Graphical abstract of editing strategy and functional study for 3D-grown patient-derived intestinal organoids. Intestinal organoid-derived cells from one

CFTRG542X/G542X donor were transduced with BE-eVLPs and cultured in Matrigel; CFTR function restoration was assessed in the forskolin-induced swelling (FIS)

assay.

(B) Representative bright-field images of CFTRG542X/G542X intestinal organoids (scale bars, 200 mm), 120 min post stimulation with forskolin (5 mM). From left to

right: organoids mock-transduced with PBS, transduced with sgRNA-less BE-eVLPs, and transduced with increasing concentrations of G542X-BE-eVLPs

(MOT = �2 G542X-BE-eVLPs/cell, �6 G542X-BE-eVLPs/cell, �60 G542X-BE-eVLPs/cell). White arrows indicate examples of swelling organoids.

(C) Percentage of swelling organoids, quantified as fraction of FIS-responsive organoids on total CFTRG542X/G542X organoids transduced, for each MOT tested.

Bars represent mean ± SD.

(D) Percentage increase in CFTRG542X/G542X organoids area over time relative to t = 0, following stimulation with forskolin (5 mM). t = 0–120 min; baseline, 100%;

mean ± SD; ****p % 0.0001.

(E) FIS as the absolute area under the curve (AUC) of intestinal organoids CFTRG542X/G542X mock-transduced with PBS, transduced with sgRNA-less BE-eVLPs,

and transduced with the highest MOT of G542X-BE-eVLPs (�60 G542X-BE-eVLPs/cell). t = 120 min; baseline, 100%; mean ± SD; ****p % 0.0001.
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A-to-Y base editors (AYBEs) have been developed48,49 that

could potentially edit G542X stop codon (TGA, ACT on the

non-coding strand) to the WT glycine (GGA, CCT on the non-

coding strand); however, they require a PAM (NGG) that is not

available around the G542X mutation. Future studies could

benefit from the development of an NG-AYBE with the required

editing window to circumvent bystander editing. Additionally,

pseudotyping the engineered virus-like particles50 to target spe-

cific cell types of interest could further optimize the delivery strat-

egy, especially for in-vivo studies in CF animal models. Prime ed-

iting systems could also correct G542X back to WT, though

concerns persist regarding the frequency of indel formation

and scaffold integration.51,52

Our work highlighted the potential of adenine base editing to

rescue a severe disease-causing mutation, such as G542X, by

installing a non-pathogenic amino acid. We established that

significant levels of CFTR function can be achieved even at

relatively modest levels of CFTR editing and also provided a

strategy with the potential for wider applications across multiple

diseases.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

NEB� 5-alpha chemically competent E. coli NEB Cat#C2987H

Biological samples

Patient-derived intestinal organoids Institut Necker Enfants Malades,

Paris, France

Azienda Ospedaliera di Verona,

Verona, Italy

N/A

Chemicals, peptides, and recombinant proteins

DMEM/F12 Gibco Cat#11580546

Glutamax Gibco Cat#35050061

Y-27632 Selleck Chemicals Cat#S6390

A83-01 Tocris Cat#2939

SB431542 Tocris Cat#1614

SB202190 Sigma Cat#S7067

GSK3 inhibitor Stemcell Technologies Cat#72054

Matrigel Corning Cat#356255

TrypLE Thermo Fisher Cat#12605010

jetPRIME transfection reagent Polyplus Cat#101000001

PEG-it Virus Precipitation Solution System Biosciences Cat#LV825A-1

Forskolin Sigma Cat#F3917

Critical commercial assays

QIAmp Viral RNA Mini Kit QIAGEN Cat#52904

DNeasy Blood & Tissue Kit QIAGEN Cat#69504

Monarch� Total RNA Miniprep Kit NEB Cat#T2010S

PlasmidPlus Midi Kit QIAGEN Cat#12941

PlasmidPlus Maxi Kit QIAGEN Cat#12963

LunaScript RT SuperMix Kit NEB Cat#E3010S

LightCycler� 480 SYBR Green I Master Roche Cat#04707516001

Q5� High-Fidelity 2X Master Mix NEB Cat#M0492L

Experimental models: Cell lines

Gesicle Producer 293T cells Takara Bio Cat#632617

Oligonucleotides

sgRNA G542X:

ACCTTCTCAAAGAACTATATGT

TTAAGAGCTATGCTGGAAACAG

CATAGCAAGTTTAAATAAGGCT

AGTCCGTTATCAACTTGAAAAA

GTGGCACCGAGTCGGTGCTTTTTTT

IDT custom designed

Primers qPCR BE-eVLPs fw/rv:

TGCTGGAAACAGCATAGCAAGTTT /

GACTCGGTGCCACTTTTTCAAGTT

Eurofins Genomics custom designed

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primers amplification CFTR exon

12 with illumina adapters, fw/rv:

ACACTCTTTCCCTACACGACGC

TCTTCCGATCTGAAGGAAGATGTGCCTTTCA /

GACTGGAGTTCAGACGTGTGCT

CTTCCGATCTGGCACAGATTCTGAGTAACC

Eurofins Genomics custom designed

Primers amplification CFTR exon 12 cDNA

fw/rv: GGCACCATTAAAGAAAATATCATCTT /

CAAATCAGCATCTTTGTATACTG

Eurofins Genomics Ramalho et al.53

Primers amplification ADAMTS6 off-target site fw/rv:

TTCCTGACCAAGGCTGCTTA /

ATCCAGCAAACTAGCATACCA

Eurofins Genomics custom designed

Recombinant plasmid DNA

pCMV-MMLVgag-3xNES-ABE8e-NG Addgene Cat#181754

pBS-CMV-gagpol Addgene Cat#35614

pCMV-VSV-G Addgene Cat#8454

pU6-G542X-sgRNA-HEAT IDT custom designed

Software and algorithms

Image J Schindelin et al.54 https://imagej.net/software/fiji/#publication

GraphPad Prism version 10 GraphPad Software, Boston,

Massachusetts USA

https://www.graphpad.com/features

CRISPOR Concordet et al.34 http://crispor.tefor.net/

CRISPResso2 Clement et al.31 http://crispresso2.pinellolab.org/submission

Geneious Prime N/A https://www.geneious.com

Biorender N/A https://www.biorender.com/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Biobank establishment and governance
Primary cells were obtained from rectal biopsies of six donors (3 with CF and 3 non-CF). Information related to age, gender, ancestry

or ethnicity is not disclosed.

Collection of intestinal organoids in Italy followed the guidelines of the Declaration of Helsinki andwas approved by the Institutional

Review Board CRCFC-CFTR050. Informed consent was obtained before colonoscopy examination from the subjects involved in the

study. The whole procedure regarding organoid culture and analysis, that includes standard protocols for specimen collection and

storage, theratyping, functional analysis and data elaboration, is described in detail in recent publications.55,56 All experimentation

performed in France using human tissue was approved by the Ile de France 2 Ethics Committee CPP IDF2: 2010-05-03-3. Written,

informed consent, for tissue collection and generation of organoids, was obtained from each adult and parent. All experiments were

performed in accordancewith the guidelines and regulations described by the Declaration of Helsinki and the lowHuriet-Serusclat on

human research ethics.

Culture conditions are described in the method details section.

METHOD DETAILS

Culture of intestinal organoids
Intestinal organoids were obtained from rectal biopsies. Briefly, biopsies were recovered in a surgical medium (DMEM/F12 medium,

Gibco, Cat#11580546) with antibiotics (50 mg/mL gentamicin, 50 mg/mL vancomycin) and an antifungal (2.5 mg/mL amphotericin B).

They were then incubated in 10 mM EDTA for 90–120 minutes at 4�C. Isolated crypts were washed with a cold PBS solution, resus-

pended in 50%Matrigel (3D matrix, Corning, Cat#356255), and seeded in 24-well culture plates at a density of 50–100 crypts/well in

40 mL of Matrigel. Following Matrigel polymerization, crypts were cultured in pre-warmed complete medium: advanced DMEM/F12

supplemented with 1%penicillin and streptomycin, 0.2% primocin, 10mMHEPES, 1%Glutamax (Gibco, Cat#35050061), 1X N2, 1X

B27, 1.25 mM N-acetylcysteine, 50 ng/mL mouse epidermal growth factor (mEGF), 50% Wnt3a-conditioned medium (WCM), 10%

noggin-conditioned medium (NCM), 20% Rspo1-conditioned medium, 10 mM nicotinamide, 10 nM gastrin, 500 nM A83-01 (Tocris,

Cat#2939), 1 mM SB431542 (Tocris, Cat#1614), 10 nM PGE and 3 mM SB202190 (Sigma, Cat#S7067). The complete medium was

further supplemented during the first week of cell culture with 10 mM Rho inhibitor Y-27623 (Selleck Chemicals, Cat#S6390),
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10 mMGSK3 inhibitor CHIR-99021 (Stemcell Technologies, Cat#72054), 50 mg/mL gentamicin, 50 mg/mL vancomycin and 2.5 mg/mL

amphotericin B. The medium was then refreshed every 2–3 days and the outgrowing crypts/organoids were expanded every

7–10 days.

Culture of organoid-derived monolayers
Organoid-derived monolayers were cultured on type IV collagen-coated porous filters with a 0.33-cm2 surface (Transwell,

Corning,Cat#CLS3401-48EA ). 7-day old organoid cultures were trypsinized with TrypLE (Thermo Fisher, Cat#12605010) at 37�C
and mechanically disrupted after incubation. 2.5x105 organoid-derived cells were seeded per insert, with the addition of 100 mL

and 600 mL of organoid growth medium supplemented with Y-27632 (10 mM), at the apical and basolateral sides respectively. Orga-

noid growth mediumwas refreshed every 2-3 days. Electrophysiological measurements were performed after 21 days of growth and

differentiation in liquid-liquid interface (LLI) conditions (described in detail by57).

Plasmids
Plasmids used in this study include: pCMV-MMLVgag-3xNES-ABE8e-NG (Addgene plasmid #181754), a kind gift from David Liu;

pBS-CMV-gagpol (Addgene plasmid #35614), a kind gift from Patrick Salmon; pCMV-VSV-G (Addgene plasmid #8454), a kind

gift from Bob Weinberg; pU6-G542X-sgRNA-HEAT, custom-designed and purchased from Integrated DNA Technologies (IDT). All

the plasmids in this study were propagated in NEB� 5-alpha chemically competent E. coli (New England Biolabs, NEB,

Cat#C2987H) and purified for transfection using a PlasmidPlus Midi Kit (QIAGEN, Cat#12941) or PlasmidPlus Maxi Kit (QIAGEN,

Cat#12963) with endotoxin removal. Plasmid identity was confirmed by Sanger Sequencing (Eurofins Genomics) and pair-wise align-

ment on Geneious Prime software platform.

G542X-BE-eVLP and sgRNA-less BE-eVLP production and purification
G542X-BE-eVLPs and sgRNA-less BE-eVLPs used in this study were version v4, produced as described by Banskota and col-

leagues.30 In brief, the vectors were produced by transient transfection of Gesicle Producer 293T cells (Takara Bio, Cat#632617)

by jetPRIME transfection reagent (Polyplus, Cat#101000001) according to the manufacturer’s instructions. For the production

of G542X-BE-eVLPs, we co-transfected pCMV-MMLVgag-3xNES-ABE8e-NG, pBS-CMV-gagpol, pCMV-VSV-G and pU6-

G542XsgRNA-HEAT. For sgRNA-less BE-eVLPs we co-transfected pCMV-MMLVgag-3xNES-ABE8e-NG, pBS-CMV-gagpol and

pCMV-VSV-G only. 48 h post-transfection, Gesicle cell supernatant was harvested and centrifuged for 5 min at 500 x g to remove

cell debris. The clarified supernatant was filtered through a 0.45-mm PVDF filter and concentrated 300-fold using PEG-it Virus Pre-

cipitation Solution (System Biosciences, Cat#LV825A-1) according to the manufacturer’s protocol. G542X-BE-eVLPs and sgRNA-

less BE-eVLPs were recovered as a pellet by centrifugation for 30 min at 1500 x g and 4�C and resuspended in the appropriate vol-

ume of cold PBS for the concentration required. The 300X-concentrated BE-eVLP preps were then diluted 3-fold in PBS (100X) or

concentrated 10-fold (3000X) by a further round of centrifugation at 1500 x g (30 min at 4�C); this step was deemed necessary to

test different MOTs of BE-eVLPs within the limited volume capacity allowed by the 2D and 3D culture of intestinal organoids, respec-

tively on filters and in Matrigel.

G542X-BE-eVLP sgRNA extraction and quantification
G542X-BE-eVLP RNA was extracted using the QIAmp Viral RNA Mini Kit (QIAGEN, Cat#52904) according to the manufacturer’s in-

structions, and treated with DNase I to remove any DNA carry-over. Extracted RNA was reverse transcribed using LunaScript RT

SuperMix Kit (NEB, Cat#E3010S) according to the manufacturer’s protocols. qPCR was performed on sgRNA cDNA using the

LightCycler 480_1536 Real-Time PCR Detection System (Roche) with LightCycler� 480 SYBR Green I Master (Roche,

Cat#04707516001), and the following primers:
Primer name Primer sequence 5’ - 3’

qPCR_BE-eVLPs_fw TGCTGGAAACAGCATAGCAAGTTT

qPCR_BE-eVLPs_rv GACTCGGTGCCACTTTTTCAAGTT
A chemically synthesized DNA oligo (IDT) of the sgRNA cDNA sequence was used for standard curve generation. The multiplicities

of transduction (MOTs) used in this study were defined as the number of G542X-BE-eVLPs per cell. MOTs were estimated by calcu-

lating the sgRNA copy number per ml of G542X-BE-eVLP prep and assuming an average of 50 RNPs/BE-eVLP, as reported by.30

The RT-qPCR-based quantification of the G542X-BE-eVLPs used in this study was estimated on the 300X-concentrated prep, that

was applied to patient-derived intestinal organoids at anMOT=�6G542X-BE-eVLPs/cell, andwas diluted 3-fold (MOT =�2G542X-

BE-eVLPs/cell) or concentrated 10-fold (MOT = �60 G542X-BE-eVLPs/cell). The sgRNA-less BE-eVLPs, on which the RT-qPCR

could not be performed, were prepared and handled identically and in parallel to G542X-BE-eVLPs.
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BE-eVLP transduction in organoids
On the day of transduction, intestinal organoids were dissociated into single cells using TrypLE solution (Thermo Fisher Scientific,

Cat#12605010) for 10 minutes at 37�C. After dissociation, organoid-derived single cells were counted and centrifuged at 500 x g

for 5 minutes. Pelleted cells were resuspended in sgRNA-less BE-eVLPs or G542X-BE-eVLPs at three MOTs (�2, �6 and �60

G542X-BE-eVLPs/cell), or mock-transduced with PBS, and incubated at 37�C for 15 minutes in a water bath. Following transduction

in suspension, for every condition, the organoid-derived transduced cells were mixed with 50% Matrigel and plated out as a single

5 mL droplet per well on 96-well tissue culture plates. Following polymerization, Matrigel droplets were covered in 50 mL of complete

culture medium. Newly developing organoids were maintained at 37�C and 5% CO2 for 7 days before Forskolin Induced Swelling

(FIS) assays were performed. Transduced organoid-derived cells destined for the Ussing Chamber Assay, instead, were seeded

on 0.33-cm2-surface filters, where they were grown and maintained in LLI at 37�C and 5% CO2 for 21 days before the assay.

Genomic DNA isolation
Genomic DNA from organoid-derived cells was harvested from 0.33 cm2-surface filters by scraping. DNA was extracted using the

DNeasy Blood & Tissue Kit (QIAGEN, Cat#69504) according to manufacturer’s protocols.

Total RNA isolation and cDNA synthesis
RNA from organoid-derived cells was harvested from 0.33 cm2-surface filters by scraping. RNA was extracted using the Monarch�
Total RNA Miniprep Kit (NEB, Cat#T2010S) according to manufacturer’s protocols. Extracted RNA was reverse transcribed using

LunaScript RT SuperMix Kit (NEB, Cat#E3010S) according to the manufacturer’s protocols.

Amplicon sequencing and data analysis
Target regions of DNA and cDNA from organoid-derived cells were amplified using Q5� High-Fidelity 2X Master Mix (NEB,

Cat#M0492L). Amplicon sequencing was performed by GENEWIZ (Azenta Life Sciences). FASTQ files were analyzed using

CRISPResso2, to quantify ABE-mediated genomic alterations, indels, bystanders and off-target. In-silico prediction of off-targets

was performed with CRISPOR.
Application Primer name Primer sequence 5’-3’

Amplicon-sequencing of CFTR exon 12 CFTRin11_fw_ill ACACTCTTTCCCTACACGACGCTCTT

CCGATCTGAAGGAAGATGTGCCTTTCA

Amplicon-sequencing of CFTR exon 12 CFTRin12_rv_ill GACTGGAGTTCAGACGTGTGCTCTTC

CGATCTGGCACAGATTCTGAGTAACC

Amplicon-sequencing of CFTR exon 12 cDNA CF10N53 GGCACCATTAAAGAAAATATCATCTT

Amplicon-sequencing of CFTR exon 12 cDNA 561AL53 CAAATCAGCATCTTTGTATACTG

Amplicon-sequencing of ADAMTS6 off-target site ADAMTS6in17_fw TTCCTGACCAAGGCTGCTTA

Amplicon-sequencing of ADAMTS6 off-target site ADAMTS6in18_rv ATCCAGCAAACTAGCATACCA
FIS-assay
Transduced rectal organoids were seeded in a 96-well culture plate 7 days prior to FIS (see BE-eVLP transduction in organoids) and

were treated with DMSO or a combination of CFTR correctors (VX-661 and VX-445, 3 mM) for 24 h. Immediately before FIS, samples

were stimulated acutely with CFTR agonist Forskolin (5 mM) ± the enhancer VX-770 (3 mM) in specific conditions, and analyzed by

EVOS microscopy with a 4X objective in a controlled atmosphere 37�C, 20% O2 and 5% CO2 (EVOS Cell Imaging System with

onstage incubator, Thermo Fisher Scientific). Images were acquired every 15 minutes for a total of 120 minutes in time lapse video.

The increase in total area (xy plane) relative to t = 0 of Forskolin treatment was calculated using Image J software (Fiji) and normalized

to the initial area. The normalized data are expressed as total area under the curve (AUC, t= 120 min, baseline, 100%), calculated

using GraphPad Prism software.

Ussing chamber assay
Short-circuit-current (Isc) was measured under voltage clamp conditions with an EVC4000 Precision V/I Clamp (World Precision In-

struments). Chloride gradient across the epithelium was created by differential composition of basal and apical Ringer solutions. The

basal Ringer solution contained: 145 mM NaCl, 3.3 mM K2HPO4, 10 mM HEPES, 10 mM D-Glucose, 1.2 mM MgCl2, and 1.2 mM

CaCl2. The apical solution contained: 145 mM Na-Gluconate, 3.3 mM K2HPO4, 10 mM HEPES, 10 mM D-Glucose, 1.2 mM

MgCl2, 1.2 mM CaCl2. Inhibitors and activators were added after stabilization of baseline Isc: sodium channel blocker Amiloride

(100 mM); cAMP agonist Forskolin (10 mM) and 3-isobutyl-1-methylxanthine (IBMX 100 mM) to activate the transepithelial cAMP-

dependent current (including Cl� transport through CFTR channels); VX-770 (10 mM) to potentiate CFTR activity; CFTR inhibitor
iScience 28, 111979, March 21, 2025 e4
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CFTRInh172 (5 mM) to specifically inhibit CFTR; and ATP (100 mM) to challenge the purinergic calcium-dependent Cl� secretion. The

change of Isc (DIsc) upon CFTRInh172 application served as an index of CFTR function. In specific conditions, organoid-derived cells

were incubated with VX-445 and VX-661 (3 mMeach) for 48h before Iscmeasurements, and VX-770 (10 mM)was added acutely to the

Ussing chambers during the experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are shown asmean and standard deviation (SD). No statistical methodswere used to predetermine sample size. Statistical anal-

ysis was performed using GraphPad Prism software. Sample size and p-values are described in the figure legends. Statistical tests

used include unpaired t-test for%of swelling organoids, ordinary one-way ANOVA for organoids swelling (AUC), two-way ANOVA for

organoids swelling over time, paired t-test for organoids swelling with or without ETI, multiple t-tests for Isc measurements.
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