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Abstract
Knockout mice for human disease-causing genes provide valuable models in which new therapeutic approaches
can be tested. Electroporation of genome editing tools into zygotes, in vitro or within oviducts, allows for the
generation of targeted mutations in a shorter time. We have generated mouse models deficient in genes in-
volved in metabolic rare diseases (Primary Hyperoxaluria Type 1 Pyruvate Kinase Deficiency) or in a tumor sup-
pressor gene (Rasa1). Pairs of guide RNAs were designed to generate controlled deletions that led to the absence
of protein. In vitro or in vivo ribonucleoprotein (RNP) electroporation rendered more than 90% and 30% edited
newborn animals, respectively. Mice lines with edited alleles were established and disease hallmarks have been
verified in the three models that showed a high consistency of results and validating RNP electroporation into
zygotes as an efficient technique for disease modeling without the need to outsource to external facilities.

Introduction
Animal models for human diseases constitute a valuable

tool for the study of disease pathology and for the testing

of new treatments in the preclinical stage. This is especially

crucial for those metabolic inherited rare diseases in which

the causal defective gene has been identified, elusive mech-

anisms of pathophysiology could be unraveled, and poten-

tial therapies tested.1 In other cases, the implication of a

particular gene in the developmental processes is challeng-

ing because of the lethality of existing knockout models.

This is of great interest for the evaluation of new alternative

genetically modified animal models that could uncover ad-

ditional functions for the targeted gene. Among all animals,

the mouse is the one most commonly used for disease mod-

eling and research in human diseases.2

Previously established methods for the generation of

genetically modified mouse models, such as genome

modification in embryonic stem cells followed by injec-

tion into morulae or blastocysts, entail a substantial

amount of time, notable technical expertise, and the use

of a large number of animals to obtain organisms with

the desired modifications.3

In recent years, the combination of two innovative

areas, genome modification driven by the CRISPR-

Cas9 system4 and new procedures for delivery of exoge-

nous material into zygotes, has resulted in efficient

methods for generating modified mice in a controlled

manner and in record time.5–7 The use of programmable

nucleases that specifically recognize target sequences

in the genome constitutes a remarkable advance for the
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generation of genome-modified organisms, including the

efficient editing of several loci at the same time or the

generation of mice carrying reporter or conditional al-

leles.8–10 In addition, the delivery of Cas9/guide RNA

(gRNA) into pronuclear-stage embryos as ribonucleopro-

teins (RNPs) aims to narrow the time window in which

editing tools are active to minimize mosaicism.11

Furthermore, in an attempt to control the result of genome

editing, pairs of gRNAs, instead of only one guide, have

been used, which has resulted in a more precise genetic out-

come in terms of controlled deletions.12–14 This could be

extremely useful to simplify progeny characterization

when generating genetically modified mouse models.

Traditional methods for the delivery of modification

tools include mating of superovulated females, isolation

of zygotes, microinjection of genome editing components

into the zygotes, and transfer of microinjected zygotes

into the oviducts of pseudopregnant females.15 In partic-

ular, microinjection of this material into the pronuclei or

the cytoplasm of mouse zygotes is the main impediment

for an accessible and rapid generation of genetically

modified mouse models. Zygote electroporation of nucle-

ases appeared as a relevant improvement in the field6,11,16

because of its high efficacy generating mutations by non-

homologous end joining (NHEJ) and also homology-

directed repair-mediated modifications. Furthermore,

based on the live birth rate, electroporation is a less

invasive method than microinjection.6 Moreover, when

delivering gene editing tools directly by in vivo electro-

poration of oviducts, the number of required animals is

greatly reduced, which circumvents this additional limit-

ing step of classical animal transgenesis.3,17,18

Available models for human diseases do not always re-

produce all the hallmarks of the conditions to be mod-

eled. More importantly, patients usually display a wide

range of phenotype severities that in many cases is not

fully represented by current models. Consequently, an ef-

ficient and robust method for generating different models

of genetic diseases is of great interest. In the present

work, we have tested in vitro or in vivo electroporation

of gene editing tools to target three different loci indepen-

dently, to generate new alternative mouse models of two

different inherited metabolic rare diseases, Primary

Hyperoxaluria Type 1 Pyruvate Kinase Deficiency

(PKD), and of the lack of the cancer-related gene

Rasa1 (Fig. 1 and Supplementary Fig. S1).

The outstanding efficiencies, reproducibility, and ro-

bustness that we have obtained in the generation of

these three models validate the use of RNP electropora-

tion into zygotes for these purposes and underscore the

relative facility of the method, which can be performed

in standard laboratories without the need to outsource

to specialized core facilities.

Materials and Methods
Animals and procedures: ethical statement
Mice were maintained at the animal facility of CIEMAT

(user code ES280790000183) with free access to standard

chow and water. For the generation of edited mice by

in vitro or in vivo electroporation, 10–12-week-old

females from three immunocompetent strains

[C57BL6J x DBA2J F1 (B6D2F1), Crl:CD1(ICR)

(CD1), and B6.SJL-Ptprca/bPep3b/BoyJx-DBA/2 F1

(P3D2F1)] were used. In addition, 8–10-week-old

females from an immunodeficient background [NOD.

Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG)] were used for

in vivo electroporation. All the animal experimentation

procedures were approved by the Animal Protection

Area of the Community of Madrid with reference num-

bers PROEX 165-18, PROEX 166-18, PROEX-192.0/

21, and PROEX 066-19. All experiments complied

with all the ethical regulations.

Gene editing tools and RNP assembly
gRNAs from Integrated DNA Technologies (IDT, Coral-

ville, IA) (Supplementary Table S1) consisted of a duplex

system: Alt-R CRISPR-Cas9 crRNA + Alt-R CRISPR-

Cas9 tracrRNA. crRNA and tracrRNA were resuspended

in nuclease-free duplex buffer from IDT at 200 lM and

mixed in an equimolar concentration, followed by incu-

bation at 95�C for 5 min to form the gRNA. For RNP

complex formation, 6 lM crRNA:tracrRNA duplex and

1.2 lM of Cas9 nuclease were mixed and incubated for

20 min at room temperature. gRNA-Cas9 RNP com-

plexes were mixed in equimolar quantities. For in vitro

electroporation, 5 lL of RNP complexes was used for

‰
FIG. 1. Scheme of gene editing strategy for different genes. Pairs of specific gRNAs were designed targeting
each locus to assist precise and controlled deletion. Wild-type and edited versions are represented. For the
generation of KO mice models of Prymary Hyperoxaluria Type 1 (A) and Pyruvate Kinase Deciency (B), designed
gRNAs targeted exon 1 of Agxt1 and exon 2 of Pklr, respectively, and the expected deletions (46 and 59 bp,
respectively) would generate premature stop codons. In the case of Rasa1 (C), two gRNAs targeting Rasa1 exon 1
were designed to delete a 62 bp fragment including the ATG translational start codon. Black boxes indicate exons.
Two alternative ATG starting sites in Agxt1 and Pklr genes are indicated. gRNA, guide RNA; KO, knockout.
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electroporation of 50 one-cell embryos. For in vivo elec-

troporation (i-GONAD), RNP complexes were made by

combining 3 lL of crRNA:tracrRNA complexes, 1 lL

of Cas9 nuclease (at 61 lM), and 6 lL of Opti-MEM;

1.5 lL of RNP complexes was used per oviduct.

In vitro electroporation of zygotes
Pronuclear-stage embryos were mixed with preassem-

bled Cas9/gRNA RNPs and subjected to electrical pulses

to permeabilize the zona pellucida and the cell membrane

in a transient manner to allow access of RNP to the nu-

cleus (Fig. 2A). The NEPA21 electroporator system

and a CUY501P1-1.5 electrode were used (NepaGene,

Japan) following the provider’s instructions and with a

final impedance range of 0.18–0.22 kO.

Embryo culture, oviduct transfer
In vitro electroporated one-cell embryos were cultured

under light paraffin oil (Nidoil) in EmbryoMax KSOM

Mouse Embryo Media (Sigma-Aldrich) at 37�C in air

containing 5% CO2 and 95% relative humidity. Two-

cell embryos were surgically transferred to the oviduct

of pseudopregnant B6D2F1 females following standard

techniques.19

i-GONAD procedure and microinjection
Microinjection of gene editing tools into oviducts was

performed as described.20 Briefly, matings were set up

in the afternoon at 16:00–17:00 h and plugs were con-

firmed by visual inspection the next morning. Females

with plugs were considered at day 0.7 of gestation at

16:00 h, when they were anesthetized. Two different

RNPs were instilled into the oviducts close to the location

of the 0.7-day-old embryos (i.e., the ampulla) and elec-

troporated using the NEPA21 electroporator system and

a CUY652P2.5X4 electrode (specially designed for

oviduct electroporation) or a CUY650P3 electrode

(Fig. 2B). The impedance range was 0.09–0.20 kO.

FIG. 2. In vitro and in vivo genome editing in embryos. (A) In vitro strategy protocol. Embryos were
collected from superovulated B6D2F1, CD1, or P3D2F2 female mice, and Cas9 protein and gRNA, as RNPs,
were delivered into one-cell embryos by in vitro electroporation using the NEPA21 electroporator system.
Electroporated zygotes that progressed to the two-cell stage were implanted into pseudopregnant B6D2F1
females to generate edited newborn mice. Among newborn mice, those harboring the variants of interest
were bred for phenotypic characterization. (B) In vivo strategy protocol. RNPs were instilled into the
oviducts of pregnant B6D2F1, CD1, or NSG females at the late one-cell embryo stage and electroporated
using the NEPA21 electroporator system. Progeny was analyzed after birth and mice harboring the
variants of interest were bred for phenotypic characterization. RNP, ribonucleoprotein.
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Characterization of edited genome variants
For variant characterization in born animals, tail or finger

biopsies were lysed and purified genomic DNA was ampli-

fied. Primers listed in Supplementary Table S2 were used

to amplify sequences surrounding the recognition sites of

different gRNAs. Sanger sequencing of polymerase chain

reaction (PCR) amplicons was performed to fully charac-

terize the different variants caused by genome editing

after subcloning using the TOPO cloning kit (Invitrogen).

At least 10 subclones were sequenced per mouse.

Primers designed to identify large deletions as a conse-

quence of the editing process in Agxt1 and Rasa1 loci are

listed in Supplementary Table S2.

Genotype analysis
For subsequent genotyping of the progenies from founder

mice and identification of homozygous mice, the primers

described above for the characterization of mice were

used, and DNA amplicons were analyzed by agarose

gel electrophoresis.

Phenotypic characterization of edited mice

AGXT detection and nephrocalcinosis development in
Agxt1-edited mice. Agxt1-edited mice were subjected

to an ethylene glycol challenge, as an overloading of ox-

alate is needed to develop renal damage and nephrocalci-

nosis.21,22 The precursor of glyoxylate metabolism

ethylene glycol (0.5% Ethylene glycol Reagent Plus;

Sigma-Aldrich) was administered in drinking water for

7 days. Hematoxylin and eosin staining was conducted in

kidney sections, and analysis was performed using an

Olympus BX41 microscope and an analyzer (U-ant) and

a polarizer (U-pot) set to detect crystal deposition (Olym-

pus). AGXT protein reduction was verified by Western

blot analysis. Liver homogenates were used,23 and protein

was detected using an anti-AGXT antibody (1/5000 dilu-

tion; ab178699; Abcam). Vinculin (ab129002; Abcam)

was used as a load control. Nonedited littermates were

used as controls for Western blot analysis and crystal depo-

sition characterization.

Reticulocytosis and splenomegaly study in Pklr-KO
mice. To define the anemic phenotype in Pklr modified

mice, the reticulocyte percentage in blood was analyzed

by hematological counter (Sysmex), and spleens were

extracted and measured after sacrificing the animals.

Nonedited littermates were used as healthy controls for

both measures.

Rasa1 phenotype testing. Male and female mice carry-

ing one copy of the mutated allele were mated and em-

bryos were analyzed at e9.5D and e10.5D. At these

ages, Rasa1 knockout embryos presented evident mor-

phological defects that could be visually detected, such

as distention of the pericardium and smaller size. None-

dited littermates were used as controls for morphological

characterization. Genotype and phenotype analysis had

100% coincidence for homozygous animals.

Statistical analysis
Significant differences between groups were determined

by the Mann–Whitney test. Analyses were performed

with GraphPad Prism software. Significant values were

considered when p < 0.05.

Results
In vitro electroporation of RNPs is efficient in three
different loci and induces a high number of genomic
variants
Pronuclear-stage embryos were mixed with preassem-

bled Cas9/gRNA RNPs and subjected to electrical pulses.

Electroporated one-cell embryos were maintained at

37�C O/N and then transferred as two-cell embryos into

pseudopregnant females to allow embryo development.

More than 90% of the mice obtained after in vitro electro-

poration and analyzed at 10 days of age carried modifica-

tions in the target sequence (13/14 in Agxt1, 11/12 in

Pklr, and 6/8 in Rasa1) (Fig. 3A). Some mice carried

more than two variants in all the models (Fig. 3B).

The characterization of CRISPR-Cas9-mediated gene

editing outcome revealed different patterns of modifica-

tions depending on the different gRNAs. The most frequent

changes were deletions for Agxt1-specific gRNAs, the pre-

cise deletion for Pklr-specific gRNAs, and small indels and

deletions for Rasa1-specific gRNAs, respectively. Frame-

shift mutations were the most abundant result (more than

70% of characterized variants) in Agxt1 and Pklr editing,

which led to a premature stop codon or a completely differ-

ent protein and thus to the absence of wild-type (WT) pro-

tein (Fig. 3C, D). In addition, editing in Rasa1 produced the

expected ATG deletion, and also a diverse spectrum of re-

sults consisting mainly of independent deletions of differ-

ent lengths, pointing to two consecutive rounds of cutting

and repairing.

This effect was also detected in the other two loci

(Fig. 4). Precise deletion or its variants (precise deletion

plus small indels in one or both cleavage sites) were more

frequent in the Pklr locus, where they accounted for al-

most half of the edits (Fig. 3D). In the case of Agxt1

locus, specific small indels seemed to occur in homozy-

gosity (data not shown), which was surprising taking

into account the high number of different genetic variants

identified. The finding of the same edit in the two alleles
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FIG. 3. Generation of genetic variants by in vitro zygote electroporation of gene editing tools. (A) The percentage
of gene modification in each of the three studied loci after RNP in vitro electroporation. Analysis of genomic DNA
purified from tail biopsy 10 days after birth. n = 14 mice for Agxt1 locus, n = 12 mice for Pklr locus, and n = 8 mice for
Rasa1 locus. (B) The number of edited variants per analyzed mouse after PCR, subcloning, and sequencing. (C) The
percentage of frameshift mutations or ATG deletion in the pool of characterized alleles. (D) Description of types of
genome editing caused by Cas9 cleavage in the specific sequence recognized by each gRNA in each of the three
loci. PCR, polymerase chain reaction. Ins, insertions; Del, deletions; Indels, small insertions and deletions; Var,
variants.
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FIG. 4. Generation of edited alleles after in vitro zygote electroporation. Diagram showing some of the different
alleles found after editing of each locus. (A) Agxt1, (B) Pklr, and (C) Rasa1. The predicted cutting points for Cas9 are
indicated by blue arrows (G1 and G2), as well as the ATG in the case of Rasa1 (orange arrow). Insertions are
represented by yellow boxes. For each allele, the expected outcome of the editing in the protein is indicated on the
right.
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would seem improbable, for example, we found large de-

letions in one allele in an Agxt1-edited mouse in which a

21 bp deletion in the recognition site of G1 and a small

insertion in the recognition site of G2 seemed to be in ho-

mozygosity.

A larger PCR revealed different large deletions in one

of the two alleles (Supplementary Fig. S2), pointing to

the possibility that this type of deletion could be underes-

timated in conventional PCR analysis of genomic DNA.

In the case of Rasa1 edit, amplification of a 3 kbp frag-

ment did not show evidence of larger deletions (data

not shown).

In vivo electroporation of RNP rendered different
editing outcomes depending on the target locus
In vivo electroporation of RNP in oviducts of females was

performed to target each of these three loci. Editing effi-

ciencies were significantly lower for each locus in com-

parison with those obtained by in vitro electroporation.

Editing of Rasa1 was not detected in any of the analyzed

mice (n = 22) and Agxt1 and Pklr loci were edited in 23%

(n = 35) and 38% (n = 16) of the analyzed mice, respec-

tively (Fig. 5A). Up to five different variants were iden-

tified per mouse after PCR cloning of the target

sequence following Sanger sequencing (Fig. 5B). Differ-

ences were also observed in the frequency of frameshift

mutations obtained in the different target loci, with the

Pklr locus again being more favorably edited, with nearly

60% of the modifications leading to a shift in the reading

frame, and representing less than 35% of the total

detected variants in the Agxt1 locus (Fig. 5C).

Precise deletion, as it occurred after in vitro electropo-

ration of gene editing tools, was not as frequent as

expected, being absent in Agxt1-modified mice (24 ana-

lyzed variants) and representing only 25% of the charac-

terized variants in Pklr. Deletions were the most frequent

modifications generated for both gRNAs in both target

genes (Fig. 5D) and, as occurred after in vitro electropo-

ration of zygotes, most variants seemed to arise from in-

dependent editing events of the two gRNA target sites

(Fig. 6).

Agxt1-edited mice lack AGXT protein
and accumulate oxalate crystals in kidneys
AGXT-deficient patients present an overproduction of

glyoxylate in the liver that is converted into oxalate and

excreted by kidneys. Accumulated oxalate, together

with calcium, form calcium oxalate crystals, which are

deposited in the kidney lumen and cause renal inflamma-

tion and subsequent renal disease.23–25 Metabolism in

mice is known to be more active than in humans. Thus,

mice need to be challenged with a precursor of glyoxylate

metabolism to force oxalate accumulation and kidney

damage.21,22 To test whether knock out of Agxt1 locus

by genome editing in mice led to its loss of function, ho-

mozygous animals carrying the precise 46 bp deletion

(named del46/del46) were obtained and subjected to an

ethylene glycol challenge for a week. After that, animals

were sacrificed and Western blot analysis showed a com-

plete absence of AGXT in homozygous mice (Fig. 7A).

Histological analysis of kidney sections revealed depo-

sition of crystals in the urinary tract of edited mice

(Fig. 7B). No crystals were identified when analyzing

kidney sections from nonedited mice subjected to the eth-

ylene glycol challenge.

Pklr-edited mice recapitulate hematological
hallmarks of PKD patients
The animals with the precise deletion of 59 bp in both al-

leles (del59/del59; Fig. 7C) generated by the gene editing

tools presented an increased percentage of reticulocytes,

a primary feature of PKD profile. As expected, heterozy-

gous individuals (WT/del59) did not show this reticulo-

cyte increase and showed similar values to WT

nonedited mice (WT/WT) (Fig. 7C). Homozygous edited

mice also showed splenomegaly (Fig. 7D), another clas-

sic PKD feature, thus corroborating the modeling of the

disease.26,27

Rasa1-edited mice undergoing frameshift
recapitulate the phenotype of Rasa1 null animals
Half (5/10) of the Rasa1-edited alleles obtained under-

went independent edits for each guide and resulted in

the loss of two small fragments of the gene (Fig. 4C).

In most cases, editing resulted in proteins carrying a

short deletion that conserved the reading frame. How-

ever, two edits resulted in Rasa1 frameshift mutations

that gave rise to a nonfunctional RASA1 protein. Crosses

of these mice completely failed to yield newborn animals

homozygous for the frameshift alleles. Knockout of

Rasa1 is embryonic lethal at day e10.5D,28 due to mas-

sive apoptosis. Therefore, to better characterize this ef-

fect, we crossed heterozygous animals bearing the

frameshift alleles and analyzed embryos at day e9.5D

and e10.5D.

PCR genomic analysis of DNA from amnion and cho-

rion confirmed that at these early embryonic stages, all

three genotypes appeared in proportions close to the

Mendelian inheritance (Fig. 7E). e9.5D homozygous

embryos were smaller than heterozygous and WT em-

bryos, and presented an evident distension of the peri-

cardium (Fig. 7F). Most of the e10.5D homozygous

mice were dead and starting to be reabsorbed by the

mother’s uterus. These results mimic the phenotype
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FIG. 5. Generation of genetic variants by in vivo electroporation of gene editing tools in oviducts. (A) The
percentage of gene modification in each of the three studied loci after electroporation of RNPs into the oviducts.
Analysis of genomic DNA purified from tail biopsies 10 days after birth. n = 35 mice for Agxt1 locus, n = 16 mice for
Pklr locus, and n = 22 mice for Rasa1 locus. (B) The number of edited variants per analyzed mouse after PCR,
subcloning, and sequencing. (C) The percentage of frameshift mutations in the pool of characterized alleles. (D)
Description of types of editing caused by Cas9 cleavage in the specific sequence recognized by each gRNA in Agxt1
or Pklr locus and genomic DNA Sanger sequencing of control and edited mice.
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observed in Rasa1 null animals28–30 and confirm that

CRISPR-Cas9 in vitro editing of embryos can be used

to easily obtain null animals.

Discussion
The combination of CRISPR-Cas9 system to increase

editing by NHEJ in specific genome locations and its

electroporation in zygotes is nowadays facilitating the

generation of a relevant mouse model for biomedical re-

search.31 In this study, pairs of gRNAs complexed with

Cas9 as RNPs were electroporated, in vitro or in vivo,

into zygotes to delete specific genome sequences in a

controlled manner. The expression of three different

genes was abolished, with the aim of testing the effective-

ness of these methods to generate three independent

models of human diseases as a first step, with the ob-

jective of using the generated models in the respec-

tive research areas of the authors in a second phase.

Both methods, in vitro electroporation of one-cell em-

bryos or in vivo electroporation of 0.7-day-old embryos

in oviducts, have led to the efficient modification of the

target loci and therefore to the generation of disease

mouse models.

In vitro electroporation rendered a clearly more

efficient output in the three targeted loci, resulting in

more than 75% of mice edited, with most edits leading

to frameshift mutations or significant modifications

in protein sequence (Fig. 3A, C). On the contrary,

after in vivo electroporation of the RNP into the ovi-

ducts, less than 40% of mice harbored edited alleles

FIG. 6. Generation of edited alleles after in vivo electroporation. Diagram showing some of the
different alleles found after editing of each locus: (A) Agxt1 and (B) Pklr. Predicted cutting points for
Cas9 using the two guides G1 and G2 are indicated by blue arrows. Insertions are represented by
yellow boxes. For each allele, the expected outcome of the editing in the protein is indicated on the
right.
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FIG. 7. Phenotypes of edited mice. (A, B) Hyperoxaluric phenotype in Agxt1-edited mice. (A) Agxt1-edited mice
harboring the precise deletion (del46) were analyzed and the absence of AGXT protein after gene editing was
confirmed by Western blot of liver homogenates. (B) Histological analysis of Agxt1-edited mice subjected to a
glyoxylate pathway challenge. Calcium oxalate crystal deposits were present in the kidneys of edited mice. (C, D)
Anemic phenotype in Pklr-KO mice. (C) Reticulocyte analysis revealed a significant increase in reticulocytes in mice
edited in both alleles (n = 4), in comparison with WT or heterozygous mice (***p < 0.0001). (D) Mice harboring
precise deletion (del59/del59) in both alleles showed marked splenomegaly. WT and WT/del59 mice did not show
any increase in spleen size. (E, F) Rasa1-deficient phenotype. (E) Mendelian distribution of the Rasa1 frameshift
allele in newborns and e9.5 and e10.5 embryos. Newborns and embryos were analyzed by genomic PCR (n = 114
and n = 38, respectively). (F) Morphological characterization of e9.5D and e10.5D edited embryos. Note distended
pericardium (arrowhead) and reduced embryo size (note scale bar) in e9.5D embryos with homozygous deletion,
compared with WT or heterozygous embryos. Most of the homozygous embryos were dead at e10.5d. WT, wild
type.
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in the case of Agxt1 or Pklr targeting and no edited

mouse was identified in the case of Rasa1 targeting

(Fig. 5A).

One main hurdle for using RNA-guided Cas9 nuclease

is the diversity of allelic variants generated that causes

heritage of multiple variants in progeny.10,31 In this

study, two different guides were used simultaneously

with the aim of deleting the intermediate sequence and

restricting the range of genome modifications, as has

been previously indicated.12–14 However, it did not ap-

pear as a solution in zygotes, which is contrary to

what has been described in adult cells.12,32,33 The pref-

erential pathway for DNA repair differs between embry-

onic and adult cells and, in addition, DNA repair is

accelerated in embryonic cells compared with adult

cells.34 These facts would explain the differences ob-

served in controlling the generated variants after gene

editing of target loci.

We observed that two separate editing events occurred

in many cases, which resulted in independent modifica-

tions of the two gRNA-hybridizing sites added at both

sides of the targeted sequence. We observed that the cen-

tral DNA tract between guide recognition sites was con-

served in many variants, with insertions and deletions

around both of these sites (Figs. 4 and 6). This can be

best explained as a result of consecutive cleavage by

the Cas9 protein, first using a guide, and, after accelerated

embryo cell DNA repair, using the other guide. When

using two guides, the distance between the recognition

sites also affects the success of precise deletions.

In this study, despite similar distances between the two

recognition sites for the gRNAs in the three loci, clear dif-

ferences in the editing efficacy have been obtained. Other

factors should be taken into account, such as the different

orientations of the PAM in Agxt1 and Rasa1 editing and

thus positioning of the Cas9 nuclease on the DNA.12 The

expression level of the to-be-edited locus could also play

a role in the efficacy of editing.35 However, in this partic-

ular case, neither Agxt1, Pklr, nor Rasa1 genes are

expressed, to our knowledge, at the embryonic stages in

which editing tools were electroporated and should act.

Another significant pitfall in genome modification

assisted by the CRISPR-Cas9 system is the potential

nonexpected changes at on-target or off-target genome

locations. Large deletions (longer than 1000 bp) were

detected at the on-target site for at least one of the

three targeted loci. This points to a potential underesti-

mation of editing frequency and highlights the impor-

tance of characterizing these events. Regarding off-

target effects, the analysis in our edited mice is pend-

ing, although selection of gRNA was conducted based

on in silico analysis and only those gRNAs with the

best scores (high for on-target site and low or null for

off-targets sites) were chosen. Unexpected editing

events, both at on-target and off-target sites, should

be addressed as they could be modifying the observed

phenotypes.

Nevertheless, taking into account the reproducibility of

the deficient phenotype in all the knockout (KO) animals

generated in the three different models, a very low impact

of the potential off-target events would be expected.

Conclusions
Despite the difference in efficacy, the fact that both meth-

ods worked as expected suggests that the generation of

the three aimed mouse models of human diseases is fea-

sible. The main phenotypic features of each disease have

been confirmed and the models generated are currently

used for disease-specific research. Based on these results,

in vitro and in vivo electroporation of gene editing tools

constitutes suitable methods for the fast generation of ge-

netically modified mice. Furthermore, these techniques

can be performed by research groups with basic transgen-

esis skills without the need for specialized transgenic

mice facilities.
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Jiménez Dı́az’’ and CIBERER (CB06/07/0014) and

CIBERONC (CB16/12/00228), initiatives of the ‘‘Insti-

tuto de Salud Carlos III’’ and ‘‘Fondo Europeo de

DISEASE MODELING BY ZYGOTE RNP ELECTROPORATION 433



Desarrollo Regional (FEDER).’’ R.S.-B. is funded by the

Consejerı́a de Ciencia, Universidades e Innovación

(Comunidad de Madrid), and the European Regional

Development Fund (FEDER). ‘‘Ministerio de Ciencia,

Innovación y Universidades’’ awarded grants to V.N.-R.

(FPU16/02228), A.M.-V. (FPU17/02179), and I.O.-P.

(SAF2017-84248-P).

Supplementary Material
Supplementary Figure S1
Supplementary Figure S2
Supplementary Table S1
Supplementary Table S2

References
1. Rosenthal N, Brown S. The mouse ascending: Perspectives for human-

disease models. Nat Cell Biol 2007;9:993–999. DOI: 10.1038/ncb437.
2. Justice MJ, Dhillon P. Using the mouse to model human disease:

Increasing validity and reproducibility. Dis Model Mech 2016;101–103.
DOI: 10.1242/dmm.024547.

3. Gurumurthy CB, Sato M, Nakamura A, et al. Creation of CRISPR-based
germline-genome-engineered mice without ex vivo handling of zy-
gotes by i-GONAD. Nat Protoc 2019;14:2452–2482. DOI: 10.1038/
s41596-019-0187-x.

4. Hsu PD, Lander ES, Zhang F. Development and applications of CRISPR-
Cas9 for genome engineering. Cell 2014;157:1262–1278. DOI: 10.1016/
j.cell.2014.05.010.

5. Chen S, Lee B, Lee AYF, et al. Highly efficient mouse genome editing by
CRISPR ribonucleoprotein electroporation of zygotes. J Biol Chem
2016;291:14457–14467. DOI: 10.1074/jbc.M116.733154.

6. Qin W, Dion SL, Kutny PM, et al. Efficient CRISPR/cas9-mediated genome
editing in mice by zygote electroporation of nuclease. Genetics
2015;200:423–430. DOI: 10.1534/genetics.115.176594.

7. Hashimoto M, Takemoto T. Electroporation enables the efficient mRNA
delivery into the mouse zygotes and facilitates CRISPR/Cas9-based
genome editing. Sci Rep 2015;5:1–3. DOI: 10.1038/srep11315.

8. Wang H, Yang H, Shivalila CS, et al. One-step generation of mice carrying
mutations in multiple genes by CRISPR/cas-mediated genome engi-
neering. Cell 2013;153:910–918. DOI: 10.1016/j.cell.2013.04.025.

9. Yang H, Wang H, Shivalila CS, et al. One-step generation of mice carrying
reporter and conditional alleles by CRISPR/Cas-mediated genome en-
gineering. Cell 2013;154:1370–1379. DOI: 10.1016/j.cell.2013.08.022.

10. Yen S, Zhang M, Min J, et al. Somatic mosaicism and allele complexity
induced by CRISPR/Cas9 RNA injections in mouse zygotes. Dev Biol
2014;393:3–9. DOI: 10.1016/j.ydbio.2014.06.017.

11. Modzelewski AJ, Chen S, Willis BJ, et al. Efficient mouse genome engi-
neering by CRISPR-EZ technology. Nat Protoc 2018;13:1253–1274. DOI:
10.1038/nprot.2018.012.
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