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Genome engineering has become more accessible thanks to the
CRISPR-Cas9 gene-editing system. However, using this tech-
nology in synthetic organs called “organoids” is still very
inefficient. This is due to the delivery methods for the
CRISPR-Cas9 machinery, which include electroporation of
CRISPR-Cas9 DNA, mRNA, or ribonucleoproteins containing
the Cas9-gRNA complex. However, these procedures are quite
toxic for the organoids. Here, we describe the use of the “nano-
blade (NB)” technology, which outperformed by far gene-edit-
ing levels achieved to date for murine- and human tissue-
derived organoids. We reached up to 75% of reporter gene
knockout in organoids after treatment with NBs. Indeed,
high-level NB-mediated knockout for the androgen receptor
encoding gene and the cystic fibrosis transmembrane conduc-
tance regulator gene was achieved with single gRNA or dual
gRNA containing NBs inmurine prostate and colon organoids.
Likewise, NBs achieved 20%–50% gene editing in human orga-
noids. Most importantly, in contrast to other gene-editing
methods, this was obtained without toxicity for the organoids.
Only 4 weeks are required to obtain stable gene knockout in
organoids and NBs simplify and allow rapid genome editing
in organoids with little to no side effects including unwanted
insertion/deletions in off-target sites thanks to transient
Cas9/RNP expression.
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INTRODUCTION
Organoids are self-organized three-dimensional culture systems
derived from embryonic stem cells, adult stem cells (ASCs), or
induced pluripotent stem cells (iPSCs).1–4 They recapitulate architec-
ture, composition, and functionality of their original epithelial tissues
more faithfully than the traditionally used two-dimensional immor-
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talized cell lines.5,6 This model can be used to study stem cell differ-
entiation, gene therapy approaches, and spatial organization
processes.7 Thus, organoid technology is ideal for deciphering the
role of genes involved in organogenesis or human pathologies.8,9

Therefore, efficient approaches to edit the genome of mouse tissue-
derived organoids and organoids derived from human ASCs are ur-
gently required.10–15

Gene editing consists in manipulating the genome to induce gene
silencing, gene modification, or transgene integration at a precise
locus.16 In contrast to ectopic DNA sequence insertion using integra-
tive vectors, genome editing allows more physiological gene manipu-
lation. Precise genome editing also avoids gene silencing of non-tar-
geted genes and adverse mutagenic effects such as insertional
mutagenesis. Gene editing is based on the induction of double-strand
breaks (DSBs) at a precise locus.17 For some time now, the clustered
regularly interspaced short palindromic repeats (CRISPR)-associated
protein 9 (Cas9) technology has been introduced in the field.16 This
system relies on an endonuclease that uses a single-guide RNA
sequence (sgRNA) to introduce a site-specific DSB in the targeted
DNA. The most common repair that occurs after a DSB is non-ho-
mologous end joining (NHEJ). This consists in the fusion of the
3 ª 2023 Institut national de la santé et de la recherche médicale. 57
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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two DNA ends and can lead to the insertion or deletion of a few base
pairs (INDELs). The frame shifts induced by these INDELs will
modify partially or totally gene transcription and translation. Alterna-
tively, homology-directed repair can occur when a donor sequence,
with locus-specific homology arms, is available in addition to the
endonuclease. This allows the introduction of a specific DNA alter-
ation such as single-base substitution and also insertion of site-spe-
cific ectopic DNA sequences to correct a mutated gene.18

The CRISPR-Cas9 technology has revolutionized the methodology
to induce gene-specific knockouts (KOs) due to its high specificity,
easy design, and high efficiency in genetic manipulation of cell
lines and primary cells. Endonucleases and sgRNAs can be intro-
duced in the cell by using CRISPR-Cas9- and sgRNA-encoding
retroviral vectors.19 Alternatively, electroporation of plasmids or
mRNA encoding the Cas9 have also been used.20,21 The main
approach used in ASC-derived organoids is still electroporation
of plasmids coding for the Cas9 endonuclease and the sgRNA.11

Despite that, electroporation is widely used today; this technique
leads to low gene-editing efficiency and induces a high level of
cell death.11,13 Nevertheless, a recent study reported that the elec-
troporation of ribonucleoprotein (RNP), combining Cas9 protein
and a synthetic single-strand gRNA, provided higher gene-editing
efficiency into cells.22

Gene editing has already been performed in several types of organoids
such as rectal organoids. Cystic fibrosis transmembrane conductance
regulator (CFTR) is an integral membrane protein that forms an
anion channel activated by cAMP-dependent phosphorylation.23 A
study published in 2013 reported the use of the CRISPR-Cas9
genome-editing system to correct the CFTR gene in patient-derived
intestinal rectal organoids.10

Androgenic signals through the androgen receptor (AR) are required
for luminal differentiation of some prostate basal stem cells. The first
study that established prostate organoid cultures24 showed that dihy-
drotestosterone (DHT) deprivation of CD26+ luminal cell-derived
organoids disrupted lumen formation. Therefore, ARKO prostate or-
ganoids generated by gene editing are expected to be compact even
when stimulated with DHT. Therefore, both CFTR and AR are model
target genes to evaluate gene editing in organoids.
Figure 1. Strategy and efficiency of NB-induced KO in mouse prostate organo

(A) Experimental workflow using NBs for gene editing of mouse prostate organoids.
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Recently, a gene-editing tool called nanoblades (NBs), based on a vi-
rus-like particle (VLP) derived from a murine leukemia virus (MLV),
has been developed.25–27 This technology uses the VLPs to introduce
the Cas9/sgRNA RNPs into cells. These NBs carry the Cas9 proteins
complexed with the sgRNAs, and are devoid of a viral genome, which
allows a very quick and transient delivery of the gene-editing machin-
ery into the targeted cells. Here, we demonstrated that NBs allowed a
very high gene-editing efficiency for AR and CFTR in murine prostate
and both murine and human rectal organoids, respectively. More-
over, this editing efficiency was accompanied by low toxicity and
no obvious off-target effects. This facilitates the generation of gene
KO in organoids since it does not require the use of a reporter encod-
ing knockin cassette to facilitate KO detection.

RESULTS
NBs allow efficient genome editing in organoid cells with low

toxicity

As an easy readout for NB gene-editing efficiency in organoids, we
chose initially to knock out eGFP in prostate organoids expressing
eGFP. First, we established a mouse prostate organoid cell line ex-
pressing eGFP. Organoid cells were transduced with a lentiviral vec-
tor (LV) encoding eGFP driven by the SFFV promoter at low vector
doses (MOI = 0.3) to ensure only one integrated copy of the eGFP
expression cassette per organoid cell. The eGFP+ cells were sorted
to establish the eGFP organoid cell line.

To assess eGFP KO, we selected a sgRNA targeting eGFP that previ-
ously resulted in 75% of eGFP KO in bone marrow-derived macro-
phages.25 TheNB treatment is schematically represented in Figure 1A.
Organoids were dissociated and incubated with the NBs for only 6 h.
Of note, absence of growth factors for more than 6 h induced cell
death. Moreover, a brief incubation with NBs was expected to be suf-
ficient since receptor-mediated entry of the NBs is a fast process, as
shown previously for other primary cells.25,26 The cells were then
rinsed to remove the NBs and seeded in Matrigel. Without any prior
selection for gene-edited cells, the single-cell suspension was grown
for 9 days into organoids. Fluorescence microscopy revealed a strong
reduction of eGFP+ organoids (Figure 1B). In addition, the bulk pop-
ulation of dissociated organoids was quantified by FACS for NB-
mediated loss of eGFP expression. For example, 75% of the cells
lost their GFP expression (Figure 1C). We observed that increasing
ids

Organoids are dissociated, treated with the NBs, and seeded back into Matrigel
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ale bar, 100 mm. Images are representative of n = 4.

Molecular Therapy: Nucleic Acids Vol. 33 September 2023 59

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Nucleic Acids

60 Molecular Therapy: Nucleic Acids Vol. 33 September 2023



www.moleculartherapy.org
doses of anti-GFPNBs permitted to increase gene editing and resulted
in up to 80% gene-edited cells when the highest doses of NBs was
applied (Figure 1D).

To further improve the efficiency of NBs, we compared a constant
dose of NBs in combination with two transduction facilitating agents,
polybrene and/or retronectin (Figure 1E).28 A significant increase in
gene-editing efficiency using NBs was only observed in the presence
of retronectin and polybrene compared with the control condition
in absence of these facilitating agents. Short-term toxicity was evalu-
ated by DAPI staining 24 and 48 h after NB incubation or not. NBs
did not increase cell death compared with the control (Figure 1F).
Of high importance, even after treatment of dissociated organoid cells
with the maximum dose of NBs tested (4 mmol of Cas9 protein), no
significant toxicity was detected since the number of cells developing
into organoids was equivalent in the presence or absence of NB incu-
bation (Figure 1G). Moreover, the size distribution and the structure
of the organoids did not change after anti-GFP NB incubation
(Figures S1 and 1H). These data suggested that NBs can reach
high-level gene editing in organoids without toxic side effects such
as cellular toxicity.

NBs allow highly efficient gene KO in mouse prostate organoids

As a proof of concept, we chose to knock out the gene coding for the
AR, a key protein in the development of mouse prostate and prostate
organoids. Therefore, we designed two sgRNAs targeting exon 1 or
exon 8 in the AR locus. The experimental setup is shown in Figure 2A
and as indicated can be performed in 4–6 weeks to obtain organoid
KO for a specific gene. The layout of the experiment includes cloning
of the gRNA in an RNA expression plasmid, followed by the NB pro-
duction carrying the AR-targeted sgRNAs. Furthermore, dissociated
mouse prostate wild-type (WT) organoids were treated either with
the NBs carrying the AR_1 sgRNA or the AR_2 sgRNA or both
sgRNAs simultaneously. After 9 days of organoid culture, we revealed
a strong phenotypic change in the organoid KO for AR, showing very
compact round spheric structures without any lumen compared with
controls without NB treatment (Figures 2B and 2D). This is in agree-
ment with the literature, since organoids that are not stimulated for
the androgen pathway show a compact phenotype.24 By evaluating
the distribution of the organoid sizes in the presence or absence of
anti-ARgRNA NBs, we indeed confirmed a significant shift toward
smaller and more compact organoids (Figure S2). Indeed, a cystic or-
Figure 2. NBs enable efficient generation of KO organoids from mouse prosta

(A) Stepwise procedure and time line for NB-mediated gene KO in organoid cell lines. (B

targeting the AR. Two different sgRNAs (AR_1 and AR_2) were used to knock out AR, ei

Scale bar, 200 mm. Representative of n = 3. (C) Bulk gDNA sequencing analysis of organo

PCR surrounding the AR target loci and was subjected to ICE analysis, which revealed

position of INDEL events is shown and is summarized in a histogram (means ± SD, n =

prostate organoids. Stainings were performed for the basal marker CK5 (cyan), luminal

50 mm. The number of organoids positive for AR staining were quantified (means ± SD, n

by counting the number of organoids treated or not with NBs targeting AR using a count

comparisons test; ns, not significant). (F) Individual organoid clones were picked for NBs

of the 557 bp PCR surrounding the AR target loci and was subjected to ICE analysis w

organoid clone.
ganoid phenotype is dependent on the stimulation of prostate luminal
cells by DHT. In addition, it was already demonstrated that incuba-
tion with anti-GFP NBs did not induce prostate organoid compact-
ness (Figures 1B and S1).

Nine days after the treatment of the organoids with the NBs, we iso-
lated genomic DNA (gDNA) of the bulk organoid population and
amplified a 500-bp-long sequence surrounding the genomic loci tar-
geted by gRNA-AR_1 and gRNA-AR_2 using the AR_ctrl_fw and
AR_ctrl_rv primers. Then, these PCR products were subjected to
Sanger sequencing. Analysis of the resulting sequences by ICE
confirmed that NBs incorporating only gRNA-AR_1 resulted in
12% INDELs, while gRNA-AR_2-containing NBs resulted in 27%
INDELs. When the two gRNAs AR_1 and AR_2 were combined in
the same NBs, we reached 23% INDELs as shown by a representative
ICE analysis, which was confirmed by DECODR analysis (Figure 2C).
Confocal microscopic acquisitions of the AR KO organoids showed
absence of a lumen in the center of the organoid (Figure 2D). Labeling
of AR with an anti-AR antibody also confirmed the absence of the AR
protein in the compact AR KO organoids. Moreover, upon quantifi-
cation, 20% of the organoids were devoid of AR expression upon
treatment with AR2-targeted NBs, showing that a full KO was ob-
tained (Figure 2D).

We also evaluated here the level of toxicity induced by treatment
of the organoids with NBs targeting the AR gene (Figure 2E) by
counting the number of outgrowing organoids 9 days after the
treatment with or without NBs. The AR-targeted NBs did not
significantly affect survival of the cells or their development into
organoids, although the AR KO resulted in a strong change in
phenotype. Clonogenicity is a major asset of the organoid model.
Indeed, for prostate organoids, each reseeded progenitor cell will
reform a new organoid. The organoid will then have the genetic
identity of the initial KO cell. To confirm the efficiency of orga-
noid KO line generation with NBs, we picked 5–10 organoids
per condition. For each of these organoid clones, the AR locus tar-
geted for gene editing was PCR amplified individually and evalu-
ated for AR KO using ICE analysis. For the NBs containing
gRNA AR_1, 3 out of 10 organoid lines generated were KO for
AR, which results in a level of 30% of AR KO organoids. For the
NBs containing gRNA AR_2, one out of five organoids picked
and amplified were KO for AR, indicating 20% AR KO efficiency
te organoids

) Bright-field images of mouse prostate organoids at 9 days after treatment with NBs

ther alone or in combination. Controls are organoid cells without NB treatment (WT).

ids treated with AR-targeted NBs. Sanger sequencing was performed of the 557 bp

on-target INDEL frequencies at gRNA AR1 or AR2 target loci. Sequence decom-

3, technical replicates). (D) Immunofluorescence images of WT and AR KO mouse

marker CK8 (red), and AR (green). Nuclei were stained with DAPI (blue). Scale bar,

= 3), ***p< 0.001. (E) The toxicity in organoids was evaluated 9 days after treatment

ing cell (means ± SD, n = 3, biological replicates, one-way ANOVA, Tukey’s multiple

carrying the two different gRNAs (AR_1 or AR_2). Sanger sequencing was performed

hich revealed on-target INDEL frequencies at gRNA AR1 or AR2 target loci for each
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Figure 3. Efficient NB-induced KO in mouse colon

organoids

(A) Representative bright-field images of mouse colon

organoids 9 days after treatment or not with anti-GFP

NBs. Scale bar, 200 mm. (B) Flow cytometry analysis of

eGFP-expressing organoids treated or not with NBs tar-

geting the eGFP coding sequence. (C) Flow cytometry

analysis of eGFP-expressing organoids treated with

different quantities of anti-GFP NBs; the percent of GFP�
cells indicates the percent of editing cells (means ± SD,

n = 6, biological replicates, one-way ANOVA, Tukey’s

multiple comparisons test; ***p < 0.001, ****p < 0.0001).

(D) FACS analysis for living colon organoid cells (DAPI+)

24 or 48 h after incubation or not with NBs (means ± SD,

n = 6, biological replicates, t test, Mann-Whitney test,

non-parametric; ns, not significant). (E) Toxicity of NBs

in organoids was evaluated 9 days after treatment by

counting the number of organoids treated or not with

NBs using a counting cell (means ± SD, n = 6,

biological replicates, t test, Mann-Whitney test, non-

parametric; ns, not significant).
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(Figure 2F). Moreover, for the gene-edited clones we confirmed
that the entire organoid showed the same INDEL (Figure S3).

Concluding, we obtained high-level KO for AR in prostate organoids
and this was without induction of cellular toxicity.

NBs allow efficient gene editing in mouse colon organoids

Colon organoids were one of the first organoid models to have been
developed.29 They are also cultured in Matrigel. The culture medium
is slightly different in composition compared with that used for cul-
ture of mouse prostate organoids, as described in materials and
methods. The NB-mediated editing efficiency and toxicity might be
different according to the type of organoid; therefore, both parame-
ters were evaluated in colon organoids.

As described above for prostate organoids, NB gene-editing efficiency
in colon organoids was initially tested by knocking out eGFP in colon
organoids expressing eGFP. Similar to the prostate organoids, we es-
tablished a mouse colon organoid cell line expressing eGFP. We incu-
bated the dissociated colon organoid cells with anti-GFP NBs for only
3 h and grew them into organoids. Fluorescence microscopy demon-
strated a strong reduction in eGFP+ organoids (Figure 3A). The bulk
population of dissociated organoids was quantified by FACS for NB-
mediated loss of eGFP (Figure 3B). We obtained with the colon orga-
noids similar levels of KO as for the prostate organoids. Indeed, with
the maximum dose of anti-GFP NBs we achieved on average a gene-
editing efficiency of 70% for the colon organoid cells (Figure 3C).
Short-term toxicity was evaluated by DAPI staining 24 and 48 h after
62 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
NB incubation or not. NBs did not increase cell
death of colon organoid cells (Figure 3D).
Equivalent to prostate organoids, after treat-
ment of dissociated colon organoid cells with the maximum dose of
NBs tested (4 mmol of Cas9 protein) no significant toxicity was de-
tected since the number of cells developing into organoids was equiv-
alent in the presence or absence of NBs (Figure 3E). Moreover, the
size distribution of the organoids was not changed after anti-GFP
NBs incubation versus no incubation with NBs (Figure S4A).

Overall, this first evaluation of NB-mediated gene editing in mouse
colon-derived organoids shows a very high efficiency of genome edit-
ing with low toxicity, equivalent to what we observed for prostate
organoids.

NBs allow efficient CFTR gene KO in mouse colon organoids

As mentioned previously, CFTR is an anion channel activated by
cAMP-dependent phosphorylation.30 Previous studies have shown
that CFTR is responsible for fluid secretion into the lumen and
swelling of organoids.10,15,23

Here, we used the same experimental approach for ARKO in prostate
organoids for colon organoids (Figure 2A). We designed two gRNAs
targeting the mouse CFTR gene (exon 14/exon 27) and treated the co-
lon organoids for 3 h with NBs carrying the CFTR_1, CFTR_2, or
CFTR_1 and CFTR_2 gRNAs (Figure 4A).

Nine days after the treatment of the organoid cells with the NBs and
their outgrowth in colon organoid medium, we isolated gDNA of the
bulk organoid population (Figure 4B). We amplified a 625-bp
genomic fragment around the loci targeted by the CFTR_1 sgRNA
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or CFTR_2 sgRNA. The INDEL analysis performed by ICE software
showed an average INDEL frequency of 40% for CFTR_1 sgRNA and
32% for CFTR_2 sgRNA. The percentage of INDELs reached 44%
when both guide RNAs were provided by the same NB preparation.

Toxicity was also evaluated by counting the number of organoids that
developed 9 days after treatment in the presence or absence of the
NBs (Figure 4C). Here, again, the NBs did not induce toxicity
compared with the control conditions. Moreover, the size distribution
of the organoids was not significantly changed after anti-CFTR NB
incubation versus no incubation with NBs (Figure S4B).

NB-mediated gene editing was thus also highly efficient for mouse co-
lon organoids underlining the ease and versatility of NBs for gene ed-
iting and KO generation in the mouse organoid model.

NBs do not induce INDELs at the analyzed off-target sites in

murine organoids

Another advantage of the NBs is that we provide Cas9 as a protein.
The CRISPR-Cas9 gRNA complexes, so-called RNPs, contained in
the VLPs are only transiently present once delivered into the targeted
cell.26 The fact that Cas9 is present in the cell for a limited time should
decrease the number of cuts in off-target sites, as shown previously.25

Using the Cas-OFFinder software, we predicted potential off-target
sites for each of our sgRNAs (Tables S1 and S2). We included in
our analysis only the off-target sites containing a protospacer adjacent
motif (PAM). We assessed two off-target sites for the AR_1 sgRNA
with three mismatches since no off-target sites with one or two mis-
matches were identified by Cas-OFFinder (Figure 5A; Table S1). One
was located on chromosome 9 and the other one on chromosome 13.
We designed PCR primers (see materials and methods) to amplify by
PCR a 602-bp region around the chromosome 9 off-target site, and a
622-bp fragment including the potential chromosome 13 off-target
site. For the AR_2 sgRNA off-target no sequences with one, two, or
three mismatches were predicted and only off-target sites with four
mismatches were identified compared with the target locus, of which
we randomly choose two for off-target INDEL analysis (Figure 5A;
Table S2). We amplified by PCR the off-target regions in the gDNA
isolated from the organoid bulk treated with either AR_1 or AR_2
sgRNA and Sanger sequenced the PCR products. Analysis for
INDELs by ICE showed that no gene editing was detected in the
off-target sites analyzed (Figure 5B). This was confirmed by
DECODR analysis.

We also predicted the potential off-target sites for the sgRNAs
CFTR_1 and CFTR_2 using the open access program Cas-
Figure 4. NBs allow efficient KO of CFTR in mouse colon organoids

(A) Representative bright-field images of mouse prostate organoids 9 days after treatm

which were employed alone or in combination. Controls are organoid cells without NB

targeting CFTR. Sanger sequencing was performed of PCR bands including the CFTR ta

at gRNACFTR_1 or CFTR_2 target loci. Sequence decomposition of INDEL events is sho

Toxicity of NBs in organoids was evaluated 9 days after treatment by counting the num

biological replicates, one-way ANOVA, Tukey’s multiple comparisons test; ns, not sign
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OFFinder (Tables S3 and S4; no more than three mismatches are
listed). We proceeded as for AR gRNA off-targets and, under these
experimental conditions, no off-target gene editing was detected for
the four different CFTR off-target positions analyzed (Figures 5C
and 5D).

NBs allow efficient gene editing in human colon organoids

Human organoids such as intestinal or prostate organoids subjected
to lentiviral transduction or electroporation to introduce the
CRISPR-Cas9 machinery result in more cellular toxicity than their
murine counterparts. Since the NB technology performed gene edit-
ing in murine organoids without a significant toxic side effect, we
wanted to evaluate the efficacy of NB-mediated gene editing in hu-
man organoids. Firstly, as a proof of principle we generated GFP-ex-
pressing human prostate organoids (45% GFP+), which we exposed
to several doses of GFP-targeted NBs for 5 h. Nine days after organoid
culture, we detected 50% loss of GFP in the bulk population of orga-
noids as detected by FACS (Figure S5) corresponding to 50% gene ed-
iting at the highest doses of NBs (4 mmol of Cas9 protein). Impor-
tantly, no difference in human prostate organoid frequency and
structure as demonstrated by immunofluorescence staining was de-
tected with or without NB incubation (Figure S5D). Subsequently,
we generated eGFP-expressing human rectal organoids by short
exposure to an LV-expressing eGFP. Without sorting we exposed
the human organoid cells (30% GFP+) to anti-GFP NBs (4 mmol of
Cas9 protein) for only 10 min to avoid toxicity on organoid growth
since longer incubation to viral particles was toxic, as shown previ-
ously.31 In parallel, we treated dissociated organoid cells by electropo-
ration with a Cas9-encoding plasmid and the same anti-GFP gRNA-
encoding plasmid used for the NB production since this is still the
main approach in the organoid field. The cells were then seeded in
Matrigel. Without any prior enrichment for edited cells, the cells
were grown into organoids for 14 days. The bulk population of disso-
ciated organoids was quantified by FACS for NB-mediated loss of
eGFP (Figure 6A). Over 50% of the GFP+ organoids lost eGFP
expression upon NB incubation, indicating 50% gene editing in these
human intestinal organoids. In contrast, electroporation of the Cas9/
anti-GFP gRNA-encoding plasmids resulted only in 15% of loss of
GFP+ organoid cells (Figure 6A, middle panel). Moreover, at 72 h
post treatment no decrease in organoid cell survival was detected
for the NBs and their organoid structure was intact (Figure 6A, right
panel, and Figure S6). In contrast, electroporation caused significant
cell death, reaching 50% for the intestinal organoids. Of note, for
breast-derived organoids electroporation was even more toxic (70%
cell death; Figure S7). Subsequently, we designed a gRNA against
human CFTR, which we first validated in the context of NBs
ent with NBs targeting CFTR. Two different sgRNAs were used to knock out CFTR,

treatment (WT). (B) Bulk gDNA sequencing analysis of organoids treated with NBs

rget loci and subjected to ICE analysis, which revealed on-target INDEL frequencies

wn and are summarized in a histogram (means ± SD, n = 2, biological replicates). (C)

ber of organoids treated or not with NBs using a counting cell (means ± SD, n = 3,

ificant).



Figure 5. Off-target genotoxicity was not detected upon NB-mediated KO of genes in organoids

(A) Cas-OFFinder algorithm was used to identify potential off-target sites for the sgRNAs AR1 and AR2, of which three are listed (see Table S1). (B) Sanger sequencing of

sgRNAs AR1 and AR2 potential off-target loci subjected to ICE analysis revealed no off-target DSBs. (C) Cas-OFFinder algorithm was used to search for potential off-target

sites for the sgRNAs CFTR_1 and CFTR_2, of which four are listed (see Table S1). (D) Sanger sequencing of sgRNAs CFTR_1 and CFTR_2 potential off-target loci subjected

to ICE analysis revealed no off-target DSBs.
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(anti-hCFTR NB) in HEK293T-CFTR-HAtag cells. These HEK293T
overexpress hCFTR due to an integrated CFTR cDNA copy tagged by
an extracellular 3HA-Tag for detection by flow cytometry.32 After the
treatment with the NBs, gDNA of the bulk HEK293T cells was iso-
lated and the sequence surrounding the genomic locus targeted by
the hCFTR sgRNA was amplified using the hCFTR Fw and Rv
primers (Table S5). These PCR products were then subjected to
Sanger sequencing. Analysis of the resulting sequences by ICE
confirmed that anti-hCFTR NBs resulted in over 90% INDELs (Fig-
ure 6B). The high-level KO of hCFTR in HEK293T was confirmed
by almost complete disappearance of hCFTR-HA-tagged surface
expression (Figure 6C). As detected previously, no cell death was
induced by the NBs in 293T cells (Figure 6D).26

Finally, the rectal organoids were, upon dissociation, incubated solely
for 10 min with these validated anti-hCFTR NBs. We amplified a
genomic fragment around the loci targeted by the hCFTR sgRNA.
The INDEL analysis performed by DECODR software showed an
INDEL frequency up to 20% for the hCFTR genomic target site
(Figures 6E and 6F). Finally, no apparent toxicity was detected since
the number of cells developing into human organoids was similar in
the absence or presence of anti-GFP or anti-hCFTR NBs (Figure 6G).

Concluding, even in human organoids NBs allow high-level gene ed-
iting without toxicity.

DISCUSSION
Here, we have shown an effective delivery methodology for the
CRISPR-Cas9 system called “nanoblades,” which permitted to
obtain high levels of gene editing (20%–80%) in human and mouse
organoids without the requirement for enrichment via drug selec-
tion or fluorescent reporter isolation.33 These are levels of gene ed-
iting that are otherwise exclusively achieved in iPSC-derived orga-
noids.34 Brain organoids, for example, are solely derived from
iPSCs and since gene editing is performed at the level of the iPSCs,
which is highly efficient, deleting genes or introducing genes (e.g.,
oncogenes) can be performed with ease.35 In comparison, ASC-
derived organoids showed very low levels of gene editing using
the same gene-editing tools.
Figure 6. Efficient NB-induced KO in human intestinal organoids

(A) Human rectal eGFP-expressing organoids 14 days after treatment or not with anti-G

cytometry analysis of percent eGFP-expressing organoid cells (left panels, representa

troporation of Cas9 and anti-GFP gRNA encoding plasmids is shown after 72 h (me

****p < 0.0001, ***p < 0.001, *p < 0.05). (B and C) Validation of anti-hCFTR NBs in HEK

gDNA sequencing analysis of the cells treated with NBs targeting hCFTR. Sanger sequ

subjected to DECODR analysis, which revealed on-target INDEL frequencies at the gRN

test, non-parametric; ****p < 0.0001). (C) Detection of hCFTR plasma membrane (PM) e

with anti-hCFTR NBs or control NBs (means ±SD, n = 3, biological replicates, t test, Man

by DAPI staining at 48 h after NB incubation (means ± SD, n = 3, biological replicates,

organoids treated with NBs targeting hCFTR. Sanger sequencing was performed of the

which revealed on-target INDEL frequencies at the gRNA hCFTR target locus. Sequenc

histogram (F) (means ± SD n = 4, technical replicates, t test, Mann-Whitney test, non-pa

treatment by counting the number of organoids treated or not with NBs (means ± SD,
NBs, in contrast to other gene-editing techniques, have major advan-
tages: they incorporate the Cas9 associated with gRNA cargo as RNPs,
which they deliver via pseudotyped VLPs. This allows, in contrast to
LV delivery,36 a transient expression of Cas9. Until very recently,22

most studies performing gene editing in organoids used plasmid
DNA to introduce the gene-editing machinery. For example, two
studies published in 2013 and 2015 introduced plasmid DNA by lipo-
some transfection into adult stem cells.10,37 The study published in
2013, which described the use of the CRISPR-Cas9 system to correct
the CFTR mutations in organoids derived from cystic fibrosis pa-
tients, showed low levels of gene editing.10 The same research team
reported the use of CRISPR-Cas9 to induce sequential cancer. muta-
tions in cultured human intestinal stem cells; also in this context, they
achieved low levels of gene editing (<1%). In these two cases, these low
levels of gene editing might depend on the delivery method.37 Indeed,
a study published in 201511 showed higher levels of gene editing. In
this case the introduction of DNA plasmid into organoid cells was
performed by electroporation. This change of delivery method
allowed a 4-fold increase in efficiency. However, the levels of gene ed-
iting still did not exceed 1%.38

To counteract these low efficiency levels, which makes the use of
CRISPR-Cas9 in organoids time-consuming and inefficient, several
groups developed more efficient reporter gene knockin tech-
niques.13,22,39 The insertion of a fluorescent cassette into the Cas9-
induced DSB allows for easier identification of the edited organoids.
Despite the advantage of this approach, it should be noted that the
addition of a knockin cassette adds an additional difficulty because
a donor template sequence needs to be co-introduced together with
the gene-editing system into the cell. Furthermore, the knockin levels
achieved by electroporating plasmid DNA remained below 5%.13

Alternatively, an NHEJ strategy relying on the piggybac-transposase
system to integrate hygromycin/GFP was used to screen for fluores-
cence or drug resistance.13

Viruses have already been used for a long time to genetically manip-
ulate cells. The efficiency of the best performing viral vectors such as
LVs can reach 100% transduction of the targeted cells.40 In this study,
as proof of principle, we evaluated for the first time VLPs
FP NBs or electroporation with Cas9 and anti-GFP gRNA encoding plasmid. Flow

tive of n = 3). The viability (right panel) upon treatment with anti-GFP NBs or elec-

ans ± SD, n = 3, biological replicates, t test, Mann-Whitney test, non-parametric;

293T cells. (B) One sgRNA was used for KO of human CFTR in HEK293T cells. Bulk

encing was performed of the PCR band including the hCFTR target locus and was

A CFTR target locus (means ± SD, n = 3, biological replicates, t test, Mann-Whitney

xpression by FACS analysis for HEK293T cells, overexpressing 3HA-CFTR treated

n-Whitney test, non-parametric; ****p < 0.0001). (D) Toxicity of NBs in HEK293T cells

unpaired t test, not significant). (E) Bulk gDNA sequencing analysis of human rectal

PCR band including the CFTR target locus and was subjected to DECODR analysis

e decomposition of INDEL events is shown (upper panel) and is summarized in the

rametric; ***p < 0.001). (G) Toxicity of NBs in organoids was evaluated 14 days after

n = 10, technical replicates). CTRL, no NBs.
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incorporating CRISPR-Cas9 anti-GFP gRNA complexes called NBs
for eGFP KO in eGFP-expressing human and murine organoids.
We reached up to 80% of edited cells, underlining that this technique
is more efficient than any other methods inducing a gene KO in
organoids.

A crucial concern for anyCas9-mediated gene-editing technology is the
possibility of off-target editing. When Cas9 cDNA is introduced into
cells by a plasmid, it results in a sustained presence of Cas9 protein in
the cells and this increases the risk of INDELs at off-target sites.A recent
study reported the nucleofection of RNPs to edit organoids.22,41 This
approach had two advantages. First, in a detailed comparison of the
different types of cargo to deliver Cas9, RNPs coupled to single-strand
gRNAs were more efficient than plasmid DNA encoding Cas9 for edit-
ing cells. The second advantage is the reduction of off-target effects.
Indeed, by providing Cas9 as a protein, its presence in the cell is consid-
erably reduced. Therefore, the off-target effects are decreased.42 As ex-
pected, when we provided Cas9 RNPs via NBs none of the NBs induced
non-specific cleavage at the analyzed off-target genomic sequences that
were evaluated by Sanger sequencing and ICE and DECODR analysis.
Of note, the repair of a DSB induced by CRISPR-Cas9 is error-prone
and can give unwanted mutations at the target as well as the off-target
genomic loci. A way to avoid these unwanted editing events in organo-
idsmight be to use CRISPR-based prime editing15 or base editing, espe-
cially since Liu and co-workers recently showed that they were able to
develop NB-like VLPs harboring the base editing machinery and
achieve efficient base editing.43

Another advantage of the NBs is the absence of toxicity for the treated
organoid cells. Indeed, electroporation remains harsh for the orga-
noid cells as shown also by us for the human colon organoids, which
are very fragile. Mammalian cells are sensitive to the voltage and the
time of application of the current, even when electroporating RNPs.42

Importantly, this means that one can easily perform a second round
of incubation with the same NBs to increase the KO levels in the or-
ganoids without toxicity.

In this study, we report the generation of an ARKO organoid prostate
line. As shown previously, luminal cell KO for AR failed to achieve
terminal differentiation.44 In addition, it was reported that the
swelling of luminal organoids is directly dependent on the stimulation
of the androgen pathway.24 In accordance, the organoid KO for AR
that we generated here induced a compact phenotype. The lumen
formed by fluid secretion from the luminal cells did not occur
when the cells were KO for AR. It would be interesting to understand
whether the absence of lumen is indeed due to impaired terminal dif-
ferentiation of luminal cells. Further studies using single-cell RNA
sequencing, for example, would allow to fully understand this
observation.

We have also demonstrated for the KO of two different genes (AR and
CFTR) that we can multiplex the NBs with two gRNA directed against
different target sequences of the same gene. Previously, it was demon-
strated that NBs can be loaded with multiple gRNAs, even with up to
68 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
four different gRNAs.25,26 Therefore, NBs might pave the way to study
tumorigenesis in gastrointestinal malignancies45 and beyond. It is well
known that cancers develop through sequential accumulation of onco-
genic mutations. NBs will allow generation of KOs in multiple genes
simultaneously to study their role in cancer development, as performed
before by fluorescent molecule knockin for ovarian cancer.46 However,
some complex organoids require strong reorganization of multiple cell
types and layers, which cannot be simply dissociated into single cells
that will, upon reseeding, give rise again to these complex structures.
So further evaluation is needed for this kind of organoids.

Overall, NBs represent a versatile and highly efficient tool to edit hu-
man and murine organoids in vitro. They allow to obtain rapid and
efficient gene KO in several organoid models with gene-editing levels
that outperform other currently used techniques, while requiring only
transient expression of the gene-editing machinery. Of utmost impor-
tance, efficient gene editing in organoids is accompanied by low
cellular toxicity and low off-target effects, which is due to the transient
RNP delivery by this system. Finally, the experimental strategy is fast
since it allows us to generate organoid lines in 4–6 weeks with high
efficiency. In addition, NBs offer the possibility to efficiently generate
high-level editing in organoids without the need to use reporters en-
coding knockin cassettes or a drug selection method. Therefore, NBs
might allow studies in tissue differentiation, cancer development, and
drug screening, as well as preclinical evaluation of correction by gene
therapy in organoids and possibly will allow to facilitate multiple
other gene-editing applications using organoids.

MATERIALS AND METHODS
Organoid culture

Mouse prostate organoids were generated as described by Drost et al.5

In brief, the prostates of 7- to 8-week-old male C57BL/6JOlaHsd mice
(ENVIGO, Cannat, France) were isolated, and minced in small frag-
ments. Tissue fragments were digested with type II collagenase at
5 mg/mL for 1 h at 37�C and subsequently incubated with 1X
TrypLE (Gibco,Waltham,MA) for 15min at 37�C. Cells were washed
between each step with 15 mL of advanced complete DMEM/F12
(adDMEM/F12 containing penicillin/streptomycin, 10 mM HEPES,
and 2 mM GlutaMAX [(100� diluted]) (Thermo Fisher Scientific,
Waltham, MA). Then cells were passed through a 70-mm cell strainer
(Thermo Fisher Scientific) to remove large cell debris. The cells were
then labeled with CD49f-APC (Thermo Fisher Scientific, clone
GoH3; RRID: AB_891474) and CD24-PE (BioLegend, clone M1/69,
RRID: AB_493485) conjugated antibodies and were sorted for the
CD49f+ CD24� cells by flow cytometry (BD FACSAria Cell Sorter).
The isolated cells were then washed with complete adDMEM/F12
and, after centrifugation at 200 � g for 5 min, the cell pellet was re-
suspended in growth factor reduced phenol red-free Matrigel (Corn-
ing, NY) at a concentration of 200 cells per mL Matrigel. Mouse
prostate organoids were maintained in complete adDMEM/F12 sup-
plemented with 50� diluted B27 (Life Technologies, Carlsbad, CA),
1.25 mM N-acetyl-L-cysteine (Sigma-Aldrich, St. Louis, MO),
50 ng/mL EGF (PeproTech, Cranbury, NJ), 200 nM A83-01 (Tocris
Bioscience, Bristol, UK), 1% Noggin conditioned medium, 10%
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R-spondin 1 conditioned medium, 1 nM DHT (Sigma-Aldrich), and
10 mM Y-27632 dihydrochloride (PeproTech). Culture medium was
replenished every 2 days.

Mouse colon organoids were established from colons of male C57BL/
6JOlaHsd mice (ENVIGO) and maintained in complete adDMEM/
F12 supplemented with 50� diluted B27 (Life Technologies), 100�
diluted N2 (Life Technologies), 1 mM N-acetyl-L-cysteine (Sigma-
Aldrich), 50 ng/mL EGF (PeproTech), 1% Noggin conditioned
medium, 20% R-spondin 1 conditioned medium, 50% Wnt3a condi-
tioned medium, and 10 mM Y-27632 dihydrochloride (PeproTech).
Culture medium was replenished every 2 days.

For passage of the organoid cultures, each drop ofMatrigel containing
the organoids was resuspended in 1 mL of ice-cold complete
adDMEM/F12, which was centrifuged for 5 min at 200 � g at 4�C.
Prostate and colon organoids were then incubated in TrypLE for 5
and 3 min, respectively, at 37�C and mechanically dissociated by pi-
petting up and down with a P10/P1000 pipet tip. Cells were then
washed with complete adDMEM/F12 and centrifuged. Cells were
seeded back inMatrigel at a concentration of 100 cells/mL. The appro-
priate medium was added to the cells and replenished every 2 days.
Organoids were passaged every 7–10 days.

Human rectal organoids were generated and cultured as described
previously.47 Informed consent was obtained before biopsy collection,
in accordance with the ethical committee of UZ Leuven (S56329).
Human rectal organoids were generated form rectum biopsies of
PwCF as described previously and biobanked after successful cul-
ture.47 Organoids from the biobank were thawed and cultured for
evaluation in this study. Human prostate organoids were a kind gift
from Yu Chen (Memorial Sloan, New York) They were maintained
in complete AdDMEM/F12 supplemented with 50� diluted
B27 (Life Technologies), 10 mM Nicotinamide (Sigma-Aldrich),
1.25 mM N-acetyl-L-cysteine (Sigma-Aldrich), 10 mM SB202190
(Sigma-Aldrich), 5 ng/mL EGF (PeproTech), 5 ng/mL FGF2
(PeproTech), 10 ng/mL FGF10 (PeproTech), 500 nM A83-01 (Tocris
Bioscience), 1 mM prostaglandin E2 (Tocris Bioscience), 1% Noggin
conditioned medium, 10% R-spondin 1 conditioned medium, 1 nM
DHT (Sigma-Aldrich), and 10 mM Y-27632 dihydrochloride
(PeproTech). Culture medium was replenished every 2 days.

Plasmids

All the plasmids (Gagpol MLV, GagMLV-Cas9, VSV-G) and gRNA-
expressing plasmids to produce the NBs were described previ-
ously25,26 and are available at Addgene (https://www.addgene.org).
SP-dCas9-VPR was a gift from George Church (Addgene, plasmid
no. 63798). Lenti CRISPR was a gift from F. Zhang (Addgene, plasmid
no. 49535). The GagMLV-CAS9 fusion was constructed by sequential
insertions of PCR-amplified fragments in a eukaryotic expression
plasmid harboring the human cytomegalovirus (CMV) early pro-
moter, the rabbit b-globin intron, and polyadenylation signals. The
MA-CA-NC sequence from Friend murine leukemia virus (accession
no. M93134) was fused to the MA/p12 protease-cleavage site (9 aa)
and the Flag-nls-spCas9 amplified from pLenti CRISPR. The
BaEVRless envelope glycoproteins were described previously28 and
can be obtained under material and transfer agreement from the cor-
responding author (E.V.). The BaEVRless envelope glycoprotein is
from the baboon endogenous retrovirus and its R-peptide was
removed to improve LV pseudotyping as described. Both envelope
glycoproteins (VSV-G and BAEV) were expressed in the
phCMV-G expression plasmid.48 The HIV-SFFV-eGFP vector and
the HIV CMV-eGFP LV encoding plasmids to produce the GFP mu-
rine and human organoid cell line were described previously.31,49

Cell lines

HEK293T kidney cell line (ATCC CRL-3216) was grown in DMEM
(Life Technology, Paris, France) medium with 10% FCS and
50 mg/mL of penicillin/streptomycin (Invitrogen). A HEK293T cell
line was generated previously to overexpress human CFTR due to
an integrated CFTR cDNA copy tagged by an extracellular 3HA-
Tag,32 called here 293T-CFTR-HATag.

Lentiviral production

LVs encoding the reporter gene eGFP were produced as described
previously.28 In brief, self-inactivating (SIN) HIV-1-derived vectors
were generated by transfection of 2 � 106 293T cells per 10-cm cul-
ture plate in DMEM/10% FCS. Co-transfection by Ca2-PO4 precipi-
tation was performed with the Gag-Pol packaging construct 8.91
(8.6 mg) and the SIN HIV-1-derived vector coding for the GFP re-
porter under the control of an SFFV promoter (SIN-HIVSFFVGFP;
8.6 mg). For display of RDTR, BaEVTR, and BaEVRLess glycoproteins
on LVs, 7 mg of plasmid coding for these glycoproteins were co-trans-
fected. For VSV-G-LV production, 3 mg of VSV-G encoding plasmid
were transfected. At 16 h post-transduction, the supernatant was
replaced by Opti-MEMmedium supplemented with HEPES (Invitro-
gen, Carlsbad, Californie, États-Unis). Viral supernatant was
harvested 48 h post-transfection and filtered through a 0.45-mm
pore-sized membrane. Low-speed centrifugation of the vectors was
performed by overnight centrifugation at 3,000 � g at 4�C. Concen-
trated vectors are aliquoted and stored at �80�C. Titration was per-
formed by adding serial dilutions of vector to 293T cells and theMOIs
were expressed using 293T titers.

Vector copy number detection per cell

Estimation of the mean vector copy number per transduced cell was
obtained by qPCR performed on human CB CD34+ cells 10 days after
transduction. gDNA was prepared using NucleoSpin Tissue XS kits
(Macherey Nagel, Hoerdt, France). Average vector copy numbers
were determined by qPCR with primers amplifying the packaging
signal (primers: fwd: TGT GTG CCC GTC TGT TGT GT; rev:
GAG TCC TGC GTC GAG AGA GC; probe: CAG TGG CGC
CCG AAC AGG GA) after normalization for endogenous b-actin
genes (primers: fwd: TCC GTG TGG ATC GGC GGC TCC; rev:
CTG CTT GCT GAT CCA CAT CTG; probe: CCT GGC CTC
GCT GTC CAC CTT CCA). Results were compared with those ob-
tained after serial dilutions of gDNA from a cell line containing one
copy of the integrated LV per haploid genome.
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sgRNA design

The sgRNAs of the different targeted genes were cloned into the
gRNA-expressing plasmid using the BsmBI restriction site.25 The se-
quences of the sgRNA are as follows.
GFP_B182 50-CGAGGAGCTGTTCACCGGGG-30

Ms_AR_1 50-ATGTACGCGTCGCTCCTGGG-30

Ms_AR_2 50-TTCAAGGGAGGTTACGCCAA-30

Ms_CFTR_1 50-GTGGCGATCATGTTGCTGCG-30

Ms_CFTR_2 50-AGTTCCGGATTCTGAACAGG-30

Hu_CFTR 50-GGAGAACTGGAGCCTTCAGA-30
Production of NBs

NBs were produced in human HEK293T kidney cell line (ATCC
CRL-3216). Cells (5 � 106) were seeded per 10-cm culture plate
24 h before transfection. To produce NBs, plasmids coding for
MLVGagPol (3 mg), GagCas9 (3 mg), BaEVRless (2 mg), VSVG
(2 mg), and gRNA expression plasmid (6 mg) were co-transfected
with transfection reagent at a 2.6/1 ratio of polyethylenimine (Poly-
sciences, Warrington, PA) (mg)/total DNA (mg). The medium was re-
placed 24 h after transfection by 6 mL of OptiMEM (Life Technolo-
gies) supplemented with penicillin/streptomycin (1%) and HEPES
(1%). The next day, NB-containing medium was clarified by centrifu-
gation (2,000 rpm for 5 min) and filtered through a 0.45-mm pore-
sized filter before centrifugation overnight (3,000 � g for 16 h at
4�C). The supernatant was carefully removed by aspiration to obtain
100–150� concentration of the NB preparation. NBs can be stored
at �80�C.

Cas9 quantification in the NBs by ELISA

Recombinant Cas9 (New England Biolabs) was used to generate a
standard curve (20 mM, 6 serial dilutions of 1/2), while the NB super-
natants were diluted 1/200 and 1/400. The dilutions were performed
in coating buffer (1% Triton) and were then coated onto 96-well
plates by incubation overnight at 4�C. The following day, the wells
were incubated with washing buffer (PBS/0.05% Tween) and blocked
with PBS/0.05%Tween/3%BSA (Sigma). Subsequently, the wells were
washed and the primary anti-Cas9 antibody (Cas9-7A9-3A3, 14697P;
Cell Signaling Technology) was added at 1/1,000 dilution in PBS/
3%BSA, and incubated at room temperature (RT) for 1 h, while
shaking. Before and after 1 h incubation with a secondary anti-mouse
HRP (F6009-X639F South Biotech) diluted 1/10,000 in PBS/3%BSA,
a wash step was performed. Finally, the mixed TMB substrate solution
containing HRP substrate was added for 20 min (Bethyl Laboratories,
Montgomery, TX). Stop reaction was added in each well and protein
was measured at 450 nm in a Multiskan FC (Thermo Scientific).

NB transduction procedure

Murine organoids

Murine prostate and colon organoids from passages 5–10 were used
for the gene-editing experiments; they were resuspended in ice-cold
complete adDMEMF/12, then centrifuged at 200 � g for 5 min at
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4�C. Once the supernatant was aspirated, 1� TrypLE was added to
the tube and incubated for 5 min at 37� C while pipetting up and
down to dissociate the organoids.

For mouse prostate and colon organoids, after washing the cells with
complete adDMEMF/12, 1 � 104 cells were distributed in a 96-well
plate in 100 mL of complete adDMEMF/12 with 10 mM Y-27632, to
which NBs (4 mmol of Cas9 protein) were added. The plate was
then centrifuged at 200 � g for 60 min at RT and incubated for 6 h
at 37�C. Colon organoid cells were only incubated with NBs for 3
h. The cells were then collected in a 15-mL tube containing 5 mL of
complete adDMEMF/12 and centrifuged at 200 � g for 5 min. The
supernatant was removed and the cells were resuspended in 100 mL
of Matrigel and drops of 40 mL were deposited in 24-well plates. After
an incubation of 15 min at 37� C, 500 mL of mouse prostate organoid
mediumwas added to each well as described previously. Alternatively,
the 96-well plate can be coated with RetroNectin (Clontech/Takara;
12 mg/mL PBS according to the manufacturer’s recommendations)
overnight at 37�C before seeding the cells and addition of the NBs.
Polybrene (6 mg/mL) was added in some conditions, as indicated,
to the NBs to enhance the transduction efficiency.

Human organoids

Human intestinal organoids were used at passages 8–10 for the gene-
editing experiments; they were trypsinized to single-cell suspension
and then human rectal organoids were centrifuged for 5 min at
200� g. The cell pellet was resuspended with 10 mL of NB preparation
per 6� 103 cells (CFTR KO experiment) or per 1.4� 104 cells (eGFP
KO experiment) and incubated at RT for only 10 min. The cells
loaded with NBs were then resuspended with Matrigel and seeded
into a 24-well plate. The plate was incubated 15 min at 37�C. Subse-
quently, the complete organoid medium,50 supplemented with rho-
kinase inhibitor Y-27632 (10 mM), was added for 3 days to the solid-
ified Matrigel drops. For electroporation, organoids were dissociated
to singlets by trypsinizing them. Electroporations were performed us-
ing Neon Electroporator 100 mL tips (Thermo Fisher Scientific) with
the following parameters: 1,700 V, 1 pulse, 20ms, and 10,000 cells/mL.
Once electroporated, the cells were then resuspended with Matrigel
and seeded into a 24-well plate. The plate was incubated 15 min at
37�C. Subsequently, the complete organoid medium,50 supplemented
with rho-kinase inhibitor Y-27632 (10 mM), was added for 3 days to
the solidifiedMatrigel drops, which was replaced and then every other
day for 7 days. Organoids were then detached and dissociated for
FACS analysis. Human prostate organoids were used at passages 9–
11 for gene-editing experiments. They were cultured and treated
with NBs in a similar way, but we increased the NB incubation to 5 h.

Establishment of murine and human organoid lines expressing
eGFP: we used a LV (plasmid pHIV-SFFV-IRES-eGFP),51 which
contains an eGFP under the control of an SFFV promoter or a
LV pHIV-CMV-eGFP with eGFP under the control of the CMV
promoter.31 The transduction procedure is the same as the one
used for the NBs. We applied a low MOI of 0.3 to ensure that
we obtained only one integrated copy of the eGFP expression
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cassette into the genome of the mouse organoids. We then sorted
the cells by flow cytometry for eGFP+ cells (BD FACSAria Cell
Sorter). We seeded the sorted murine organoid cells in Matrigel
at a concentration of 200 cells/mL. Then the corresponding me-
dium was added and replenished every 2 days.

Flow cytometry analysis

Murine organoids were harvested with ice-cold complete adDMEMF/
12. After centrifugation at 250 � g for 5 min at 4�C, the supernatant
was aspirated and discarded, then 1� TrypLE (Gibco, Waltham, MA)
was added to each tube and incubated for 5 min at 37�C. After vortex-
ing the tubes, up and down pipetting was performed to dissociate the
organoids into a single-cell suspension. The cells were washed with
complete adDMEMF/12, and then analyzed by flow cytometry to
determine eGFP expression levels. Human rectal organoids were
dissociated with 0.25% Trypsin/EDTA, fixed with 4% paraformalde-
hyde for 15 min, and resuspended in PBS. In HEK293T cells express-
ing 3HA-CFTR, CFTR plasma membrane density was measured in
the presence and absence of anti-hCFTR NBs as described
previously.32

Immunofluorescent staining and imaging

For confocal imaging, murine organoids were observed with an Evos
optical microscope. For immunofluorescence staining, organoids
were harvested and washed once with ice-cold complete adD-
MEMF/12. They were fixed for 1 h in 4% paraformaldehyde, permea-
bilized with 0.5% Triton X-100 for 30 min, and then blocked with 2%
fetal bovine serum in PBS for 1 h at RT. Then the organoids were
incubated for 2 h at RT with primary antibodies against cytokeratin
8 (Abcam, Cambridge, UK, DSHB, TROMA-I, AB_531826), cytoker-
atin 5 (Alexa Fluor 647 coupled antibody, Abcam, RRID
AB_2728796), and AR (Abcam, AB_10865716). Then organoids
were washed with PBS, followed by an incubation with secondary an-
tibodies coupled to an Alexa Fluor 488 (goat anti-rabbit IgG, Thermo
Fisher Scientific, RRID: AB_143165) and Alexa Fluor 594 (goat anti-
rat IgG, Thermo Fisher Scientific, RRID: AB_10561522) for 1.30 h at
RT. DAPI was used to stain nuclear DNA. Organoids were mounted
and imaged with a confocal Nikon microscope. Images were pro-
cessed with ImageJ.

For human intestinal organoids, matrix embedded organoids were
fixed with 4% paraformaldehyde for 1 h at 37�C and subsequently
washed with 1� PBS. Next, organoids were permeabilized with
0.1% Triton X-100 in PBS and incubated for 30 min at 37�C, fol-
lowed by a rinse with 1� PBS. After a blocking step of 2 h with
3% BSA, the organoids were incubated with an anti-calnexin pri-
mary monoclonal antibody (Thermo Fisher Scientific, MA3-027)
overnight at 37�C. The next day, after a wash step, the sample
was incubated with the secondary antibody (goat anti-mouse Alexa
Fluor 488) for 4 h at RT. Subsequently, organoids were stained with
Phalloidin CruzFluor 647 (Santa Cruz Biotechnology) or Hoechst
33342 (2.5 mg/mL in PBS, Sigma-Aldrich) for 2 h at 37 �C. After
rinsing, the organoids are ready for two-photon fluorescence
microscopy.
The human prostate organoids were treated as above but staining
were performed with anti-TOM20 (BD Transduction Labora-
tories), Phalloidin-Alexa Fluor 546 (Thermo Fisher Scientific),
and DAPI. z stacks (350 mm) were acquired with a confocal micro-
scope (Leica TCS SP8 X) equipped with a Mai Tai DeepSee multi-
photon laser (Spectra-Physics) and a 40� long-working distance
objective (HC PL IRAPO �40/1.10 W CORR). Emission light
was detected with hybrid refractive light detectors (HyD RLD,
Leica).

Determination of NB toxicity on organoid development

The number of murine organoids was determined using a counting
cell at 9 days after incubation with NBs and reseeding the cells in
the respective organoid cultures.

The number of human rectal organoids was determined by auto-
mated counting of organoids in one picture 14 days after incubation
with NBs and reseeding the cells in the respective organoid cultures.
Replicates were obtained from different wells in one experiment and
two independent experiments were performed.

Size distribution of organoids

Bright-field images were obtained on an EVOS fl AMF-4306 AMG
microscope. The images were analyzed with the software
CellProfiler. The morphological parameters of organoids were ex-
tracted with the MeasureObjectSizeShape module of CellProfiler.
For in-depth analysis, we used the open source KNIME Analytics
Platform.

Detection of NB-mediated on-target gene-editing efficiency

After incubation with NBs, murine organoids were grown for 9 days.
gDNA was extracted using a gDNA extraction kit (Macherey-Nagel).
Primers were designed to amplify approximately 400–700 bp of the
region targeted by the guide RNAs (Table S5). gDNA (50 ng) was
used for PCR amplification. The size of the PCR fragments was
checked using an agarose gel. PCR fragments were then purified
using a gel extraction kit (New England Biolabs) and subjected to
Sanger sequencing. Sequencing results were analyzed for the percent-
age of INDEL using ICE (https://ice.synthego.com/#/) or DECODR
(https://decodr.org/).

Off-target genome editing detection

The potential off-target sites for the guide RNAs used in this study
were determined using Cas-OFFinder (http://www.rgenome.net/
cas-offinder/). Some of the off-target sites with two or three mis-
matches for each guide RNA were selected for further analysis.
Note, only off-target sites with a PAM sequence (NGG) were tested
here. PCR primers were designed to amplify a fragment of about
400–700 bp flanking the identified potential off-target sites
(Table S5). gDNA was isolated and the PCR and fragment isolation
were performed as mentioned above. The PCR fragments were then
sequenced by Sanger sequencing. Sequencing results were analyzed
for the percentage of INDELs using ICE (https://ice.synthego.com/
#/) and DECODR (https://decodr.org/).
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Statistical analysis

The t test was used for two-group comparison followed by non-para-
metric Mann-Whitney test. One-way ANOVA followed by Tukey’s
multiple comparisons test was used for multi-group comparison if
the data obeyed the normal distribution. In the case that the data
did not obey the normal distribution, Mann-Whitney test was used
for two-group comparison and Kruskal-Wallis test was used for
multi-group comparison. The statistical tests applied are indicated
in the figure legends.
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