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Ornithine transcarbamylase deficiency (OTCD) is a monogenic
disease of ammonia metabolism in hepatocytes. Severe disease
is frequently treated by orthotopic liver transplantation. An
attractive approach is the correction of a patient’s own cells
to regenerate the liver with gene-repaired hepatocytes. This
study investigates the efficacy and safety of ex vivo correction
of primary human hepatocytes. Hepatocytes isolated from an
OTCD patient were genetically corrected ex vivo, through the
deletion of a mutant intronic splicing site achieving editing ef-
ficiencies >60% and the restoration of the urea cycle in vitro.
The corrected hepatocytes were transplanted into the liver of
FRGN mice and repopulated to high levels (>80%). Animals
transplanted and liver repopulated with genetically edited pa-
tient hepatocytes displayed normal ammonia, enhanced clear-
ance of an ammonia challenge and OTC enzyme activity, as
well as lower urinary orotic acid when compared to mice repo-
pulated with unedited patient hepatocytes. Gene expression
was shown to be similar between mice transplanted with uned-
ited or edited patient hepatocytes. Finally, a genome-wide
screening by performing CIRCLE-seq and deep sequencing of
>70 potential off-targets revealed no unspecific editing. Overall
analysis of disease phenotype, gene expression, and possible
off-target editing indicated that the gene editing of a severe
genetic liver disease was safe and effective.
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INTRODUCTION
The urea cycle, consisting of six enzymes and two transporters, is
localized mainly in the liver and is essential for arginine biosynthesis
and the metabolism of ammonia to urea for elimination from the
body. Mutations in any of the urea cycle genes can lead to urea cycle
disorders (UCDs). The most frequent UCD is ornithine transcarba-
mylase deficiency (OTCD), which is X-linked and has an incidence
of 1:56,500.1 If left untreated, severe mutations in OTC can lead to
life-threatening episodes of hyperammonemia and central nervous
system damage in the neonatal period and throughout life. The stan-
dard of care is a protein-restricted diet supplemented with ammonia
Mo
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scavengers, but these measures are not always sufficient to maintain
patient health, metabolic stability, and normal ammonia levels. The
definitive treatment of severe UCD is orthotopic liver transplantation.
This and other studies indicate that allogeneic hepatocyte transplan-
tation can provide only partial and temporary corrections,2–4 and
recent reports suggest that immune-mediated rejection of the donor
cells may limit the survival of donor hepatocytes.5,6 Direct correction
of the mutation in a patient’s own hepatocytes would likely avoid the
need for immunosuppressive drugs and immune rejection of cell
grafts. Preclinical studies of the gene editing of mutations in human
hepatocytes are needed to optimize efficiency and investigate the
safety of the technology. Recent developments in genome engineer-
ing, specifically CRISPR (clustered regularly interspaced short palin-
dromic repeats) technology, have renewed interest in the treatment
of genetic disorders through precise gene editing procedures
both ex vivo and in vivo.7–9 Autologous and allogeneic cell therapies
employing ex vivo CRISPR genome engineering have recently
entered clinical trials for hematopoietic stem cell (HSC) transplants
to treat beta globinopathies (ClinicalTrials.gov: NCT03655678
and NCT03745287) and chimeric antigen receptor (CAR) T-based
anti-cancer therapies of the immune system (ClinicalTrials.gov:
NCT03398967, NCT03398967, and NCT0369011).

Studies have attempted CRISPR-mediated correction of mutations in
genes that cause liver diseases, such as hereditary tyrosinemia,10,11 a
urea cycle defect,12 and phenylketonuria.13 However, these studies
have been performed on mouse cells or in mice. Questions remain
as to whether preclinical therapeutic genome editing studies per-
formed in rodents can be confidently translated to human patients
due to significant differences between the species in genomic se-
quences and DNA repair pathways. Target cell humanized chimeric
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experimental animals are valuable models to evaluate the safety and
efficiency of therapeutic genome engineering. A chimeric model for
liver humanization is the FRGN mouse (Fah�/�, Rag2�/�, and
Il2rg�/� on the NOD-strain background), that is severely immuno-
compromised and conditionally hepatocompromised, so that it en-
ables efficient repopulation of the liver with up to 95% donor human
hepatocytes to form a functional liver.14,15 A recent report indicated
that liver-humanized mice with a different UCD, carbamoyl phos-
phate synthetase 1 (CPS1) deficiency, effectively reproduced the
human disease phenotype.16 Here, we report the creation of a liver-
humanized mouse model of OTCD by the transplantation of human
hepatocytes derived from a patient with severe OTCD. In addition,
when liver-humanized mice were generated by the transplantation
of OTCD hepatocytes after ex vivo genetic correction of the dis-
ease-causing mutation, the mice displayed a significant phenotypic
correction of disease symptoms. Analysis of gene expression, liver
function, and possible off-target editing indicated that the treatment
was safe and effective. In addition, gene-edited hepatocytes could
robustly proliferate and efficiently repopulate the liver. This work
provides evidence of the efficacy of CRISPR editing in human hepa-
tocytes and establishes a model system with which the safety of these
procedures can be evaluated in vivo for long periods of time.

RESULTS
Pseudoexon inclusion caused by an OTC mutation in patient

hepatocytes

Hepatocytes were isolated and cryopreserved from the donated liver
of a male patient undergoing a liver transplant due to severe OTCD.
As OTC is an X-linked locus, the patient cells contain a single copy of
the mutant gene and no wild-type copies. To identify the specific mu-
tation in this patient, the OTC transcript was analyzed from patient-
derived hepatocytes (denoted as OTCD) with comparison to normal
hepatocytes (denoted as OTC proficient, OTCP) by RT-PCR. The
amplified product covering exons 1–5 was identical between the
OTCD case and OTCP hepatocytes, while the amplified transcript
spanning exons 5–10 had 2 different lengths, a minor band of wild-
type length and a major band, were �130–140 nt longer than the
wild-type transcript (Figure 1A). DNA sequencing of the intronic re-
gion revealed a single nucleotide substitution at c.540+265G > A,
which generates a novel splice acceptor site within intron 5 (Fig-
ure 1B). The mutation leads to the insertion of 135 nt of a normally
intronic region into the OTC coding transcript and generates a pre-
mature stop codon shortly after exon 5 in the OTC protein
(p.Q180_E181insCHI*) (Figure 1C). This mutation has been previ-
ously reported in another severely affected OTCD male and would
be predicted to be a severe loss of function phenotype, which abol-
ishes OTC enzyme activity.17

Corrective CRISPR genome editing restores urea cycle activity

in OTCD hepatocytes in vitro

Since no mutations were detected in exonic sequences, it is predicted
that the deletion of the intronic ectopic mutant splice acceptor site
would restore normal OTC mRNA splicing and the production of
normal protein and enzyme activity. Figure 1D summarizes the strat-
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egy for ex vivo OTC gene correction, hepatocyte transplantation to
FRGN mice, and characterization of the resulting phenotype. To
this end, combinations of paired guide RNAs (gRNAs) were tested
for the efficient deletion of the ectopic splice site (Figure S1; Table
S1) on induced pluripotent stem cells generated from the OTCD
donor to conserve primary hepatocytes. One efficient pair, gRNA5
and gRNA8, was selected for experiments on primary hepatocytes.
Primary OTCD hepatocytes were electroporated with ribonucleopro-
teins (RNPs) consisting of the synthetic gRNA pair and Streptococcus
pyogenes Cas9 (SpCas9) nuclease. Equal numbers of electroporated
and un-electroporated cells were plated, and the results are shown
in Figure 2A. Cas9-mediated editing efficiency was estimated to be
on average >60% based on PCR amplicon analysis of the region of in-
terest (Figures 2B and S2). Restoration of the normal splicing of the
OTC gene was verified by RT-PCR and sequencing (Figures 2C and
S3). Two different lengths of transcript were visualized from RT-
PCR corresponding to mutant and residual wild-type mRNA, while
a single band of wild-type size was observed for OTCP and edited
OTCD hepatocytes (Figure 2C). The absence of mutant transcript
in the corrected OTCD cells despite only partial correction of
genomic DNA is likely due to the increased stability of wild type, cor-
rected compared to mutant OTC, mRNA, which may be undergoing
nonsense mediated decay (NMD).

With confirmation of the successful editing of the OTC locus based on
genomic and transcriptomic analysis, restoration of functional urea cy-
cle activity was next investigated. Primary OTCD hepatocytes were
incubated in culture with 15NH4Cl to assess the incorporation of the
stable isotope into newly synthesized urea. As shown in Figure 2D,
the ratio of labeled to total urea produced in unedited (OTCD) cells
was at background levels, while the edited, corrected OTCD hepato-
cytes incorporated significant amounts of 15N from ammonia into
urea, with a peak in activity on day 4 post-transfection, consistent
with the restoration of OTC activity and urea cycle function. In addi-
tion, hepatocytes from 3 freshly isolated OTCP donors were investi-
gated and the ratio of labeled to total urea was analyzed on day 4 of cul-
ture. The results differed between the donors; however, the gene-edited
OTCD hepatocytes produced labeled urea at levels that were in the
range that was observed in the OTCP hepatocytes (Figure 2E).

Genetically corrected human hepatocytes from the OTCD

patient efficiently repopulate the FRGN mouse liver

The safety of CRISPR-based genome editing techniques involving
double-stranded DNA break generation has been questioned in
recent publications highlighting the risk of compromising genome
integrity, and presumably affecting both the proliferation and func-
tion of genome-edited cells. To evaluate these factors, we compared
the time required to reach 4 mg/mL serum human albumin between
the groups of mice that received edited or unedited OTCD hepato-
cytes. This level of albumin corresponds to an estimated 80% repopu-
lation of the mouse liver with human hepatocytes.14,15 There was no
significant difference between the two groups in the time it took to
reach 4 mg/mL serum human albumin with genetically edited or un-
edited cells (Figure 3A). Levels of circulating human albumin over



Figure 1. Disease-causing variant identification and study outline

(A) Amplification of OTC transcript in hepatocytes from OTC-deficient (OTCD) patient and OTC-proficient (OTCP) donor. Red arrow-shaped boxes represent exons of the

OTC transcript, which were amplified with PCR primers indicated, spanning exons 1–5 and 5–10. The length of each amplicon product is indicated with arrows. Peptidylprolyl

isomerase A (PPIA) transcript was used as an endogenous control. (B) Sequencing of patient OTC transcript revealed a 135-nt sequence inclusion, identical to an intronic

region, between exons 5 and 6. Genomic structure of exons 5 and 6 of the OTC gene and the intronic region included in the transcript are shown. Red arrow-shaped boxes

and horizontal lines represent exons and introns, respectively. Dinucleotides of the generated splice acceptor (AG) and the naturally existing donor (GT) flank the 135-nt

insertion (yellow box). (C) Sequencing of OTC intronic region containing the mutation and alignment to reference gene (NCBI Gene: 5009). The genetic mutation

(c.540+265 G > A) results in the generation of a splice acceptor (AG) site inserting an intronic region in theOTC transcript and generating a premature stop codon shortly after

exon 5 (p. Q180_E181insCHI*). (D) Graphical depiction of the mutation identified, the consequences of the mutation, and the corrective strategy, followed by the char-

acterization of the phenotype of the liver-humanized mice generated with unedited and edited cells.
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time are presented in Figure S4, while those at the time of ammonia
challenge are presented in Figure S5. In addition, the weights of ani-
mals transplanted with either unedited or edited OTCD cells were
within the range that was observed when un-electroporated OTCP
human hepatocytes were transplanted (Figure S6).

Different groups of mice were transplanted with “normal” hepato-
cytes isolated from livers known to be OTCP, unedited OTCD hepa-
tocytes, or gene-edited OTCD hepatocytes. Highly repopulated
chimeric mouse livers were generated from three separate ex vivo
editing experiments with edited OTCD human hepatocytes. The effi-
ciency of the successful editing of the OTCD hepatocytes and the re-
populated livers was analyzed based on the quantification of the am-
plicon for the region of interest by densitometry (Figures 3B and S7).
Editing efficiencies of the hepatocytes originally transplanted into the
mice were evaluated along with liver tissues isolated from the highly
repopulated animals from each transplant group. Experiments 1 and
2 show that�80% of the human hepatocytes were successfully edited
Molecular Therapy Vol. 29 No 5 May 2021 1905
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Figure 2. Genetic correction and in vitro phenotype characterization

(A) Phase contrast microscopy imaging of unedited or edited OTCD hepatocytes in vitro 2 days post-electroporation. Scale bar, 50 mm. (B) PCR amplification of targeting

region in edited and uneditedOTCD hepatocytes. Upper and lower bands indicate unedited (wild type) and edited DNA, respectively. Cleavage efficiency was estimated to be

67% based on band intensity and amplicon length. (C) PCR amplification of OTC transcript in unedited or edited OTCD hepatocytes, as well as OTCP cells. Transcripts of 2

lengths were observed in unedited OTCD hepatocytes, with a >100-nt difference, which corresponds to the intronic region included in the transcript. PPIA transcript was

used as an endogenous control. (D) Phenotypic characterization in vitro assessed through 15N incorporation into urea. Unedited and edited OTCD hepatocytes were

incubated with 15NH4Cl. Ratios of labeled to total urea produced by the cells on days 2, 4, and 6 post-electroporation are presented in the graph. Values and errors represent

medians and interquartile ranges (unedited cells n = 6, edited cells n = 6 on each day). Statistical analysis was performed using the Mann-Whitney U test. Day 2, p = 0.0043;

day 4, p = 0.0022; and day 6, p = 0.0022. (E) Phenotypic characterization in vitro assessed through 15N incorporation into urea. Ratios of labeled to total urea produced by

edited and unedited OTCD hepatocytes, as well as primary hepatocytes from 3 OTCP donors assessed on day 4 of culture, are shown. Values and errors represent medians

and interquartile ranges (OTCP cases n = 3; edited and unedited OTCD cells n = 6). ND, not detectable.
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in the cells originally transplanted into the mice. Liver tissue recov-
ered from the highly repopulated animals showed the same level of
successfully edited DNA. Editing of the hepatocytes in experiment
3 was less effective (�60%); however, the DNA from the highly repo-
pulated animals in 2 of the 3 experiments was consistent with the
editing efficiency of the hepatocytes originally transplanted, while
the editing efficiency in experiment 3 was lower. However, all of
the experiments demonstrate that Cas9 nuclease-edited hepatocytes
repopulate the FRGN liver as efficiently as the unedited cells.

Immunohistochemical analysis was conducted on serial sections of
liver with antibodies specific for human cytokeratin (CK) 8 and 18
or humanOTC from all 3 experimental groups. All human hepatocytes
in the mouse liver should react with antibodies to CK. However, the
disease-causing variant in the OTCD cells introduces a premature
1906 Molecular Therapy Vol. 29 No 5 May 2021
stop codon shortly after exon 5, such that the antibody does not recog-
nize residual mutant OTC protein in the hepatocytes. As shown in Fig-
ures 3C and S8, in mice that received unedited OTCD hepatocytes,
numerous CK+ colonies of human hepatocytes are detected; however,
there is virtually no staining for OTC protein. Mice transplanted with
corrected, gene-edited OTCD hepatocytes display high-level repopula-
tion of the liver with hepatocytes, as demonstrated by CK staining on
>80% of the liver. Moreover, the analysis with the anti-OTC antibody
reveals a chimeric liver consisting of large colonies of OTC+ human he-
patocytes, presumably originating from OTC-corrected human hepa-
tocytes interspersed with equally large colonies of cells that still react
with antibodies to human hepatocyte cytokeratins, but that are not de-
tected with antibodies for human OTC, which presumably originate
from the unedited, original OTCD hepatocytes. In summary, >60%
of the human cells in the liver section frommice that were transplanted



Figure 3. Editing efficiency and immunohistochemical analysis of humanized mouse livers

(A) Comparison of repopulation capacity between unedited and edited OTCD hepatocytes in FRGNmice. Days required for the cells to repopulatemouse liver to an estimated

level of R80% (R4 mg/mL circulating blood human albumin). Unedited OTCD mice n = 9. Edited OTCD mice n = 18. Statistical analysis was performed using 2-tailed,

unpaired t test, p = 0.2904. (B) Estimation of editing efficiency in hepatocytes before transplantation (striped bars) and in liver-humanized mice with the respective cells (full-

color bars). Three independent transplantation experiments were carried out. Each bar represents editing efficiency either in vitro or in a humanized mouse liver with the

respective cells. (C) Representative sections of mouse liver immunostained with antibodies against human CK or OTC in mice that received either unedited or edited OTCD or

OTCP human hepatocytes. Areas positive for CK indicate the areas repopulated with human hepatocytes. Positive reaction with antibodies to OTC indicates cells that

express full-length, normal protein. Scale bar, 500 mm.
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with edited cells now react with antibodies to OTC, which is consistent
with the expected editing efficiency of the OTCDhepatocytes originally
transplanted into mice.

Normal basal ammonia metabolism is restored in mice

repopulated with gene-edited OTCD hepatocytes

The standard of care for severely affected OTCD patients is a protein-
restricted diet, usually supplemented with ammonia scavengers to
prevent hyperammonemic episodes.4 Throughout these studies, all
of the mice were maintained on a non-restricted, regular (19%) pro-
tein diet without the administration of ammonia scavengers. Basal
blood ammonia levels in mice transplanted with unedited OTCD he-
patocytes were significantly higher than those transplanted with edi-
ted OTCD cells (median 206.9 and 65.1 mM, respectively, p = 0.0018).
Mice that were repopulated with corrected, gene-edited OTCD hepa-
tocytes displayed ammonia levels not significantly different from con-
trol mice transplanted and highly repopulated with normal OTCP
human hepatocytes (median 65.1 and 59.4 mM, respectively, p >
Molecular Therapy Vol. 29 No 5 May 2021 1907
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Figure 4. In vivo phenotype characterization of mice repopulated with unedited and edited OTCD or OTCP hepatocytes

(A) Basal blood ammonia levels in humanized mice. Unedited OTCD mice n = 9. Edited OTCD mice n = 18. OTCP mice n = 17. Unedited OTCD versus edited OTCD, p =

0.0018; unedited OTCD versus OTCP, p = 0.0004; edited OTCD versus OTCP, p > 0.9999. (B) Blood ammonia levels in humanized mice measured 30 min post-injection of
15NH4Cl (ammonia challenge). Unedited OTCDmice n = 9. Edited OTCDmice n = 18. OTCPmice n = 17. Unedited OTCD versus edited OTCD, p = 0.0003; unedited OTCD

versus OTCP, p < 0.0001; edited OTCD versus OTCP, p = 0.0041. (C) Urinary orotic acid in humanized mice normalized to urinary creatinine. Unedited OTCD mice n = 9.

Edited OTCDmice n = 15. OTCP mice n = 16. Unedited OTCD versus edited OTCD, p = 0.0158; unedited OTCD versus OTCP, p < 0.0001; edited OTCD versus OTCP, p =

0.0268. (D) OTC enzyme activity in humanizedmouse livers. Unedited OTCDmice n = 9. Edited OTCDmice n = 10. OTCPmice n = 10. Unedited OTCD versus edited OTCD,

p = 0.0112; unedited OTCD versus OTCP, p < 0.0001; edited OTCD versus OTCP, p = 0.3452. (E) CPS1 enzyme activity in humanized mouse livers. Unedited OTCD mice

n = 9. Edited OTCDmice n = 10. OTCP n = 10. Unedited OTCD versus edited OTCD, p = 0.2486; unedited OTCD versus OTCP, p = 0.1743; edited OTCD versus OTCP, p =

0.9745. Averages and errors are shown as medians and interquartile ranges. Kruskal-Wallis ANOVA and Dunn’s multiple comparison tests were used to perform statistical

analysis for datasets not normally distributed (basal ammonia, urinary orotic acid, and OTC enzyme assay), while ordinary ANOVA and Tukey multiple comparison tests for

datasets normally distributed (post-injection ammonia and CPS1 enzyme activity).
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0.9999) (Figure 4A). All of the human hepatocyte-repopulated mice
were subjected to an ammonia challenge by injection of NH4Cl
(4 mmol/kg body weight) and blood ammonia was measured
30 min post-administration. The post-injection ammonia levels
were significantly different between mice transplanted with unedited
and edited OTCD hepatocytes (median 1,149 and 782.8 mM, respec-
tively, p = 0.0003). However, the ammonia levels in the gene-edited
OTCD group were still higher than those of mice transplanted with
OTCP human hepatocytes (782.8 and 506.7 mM, respectively, p =
0.0041), consistent with the 60%–80% genetic editing and partial
correction of the phenotype (Figure 4B).

In addition to hyperammonemia, the presence of orotic acid in the
urine is a characteristic surrogate marker of OTCD because accumu-
1908 Molecular Therapy Vol. 29 No 5 May 2021
lated carbamoyl phosphate, a substrate for OTC, enters the pyrimi-
dine nucleotide synthesis pathway, which produces orotic acid.
Urinary orotic acid in mice that received gene-edited OTCD hepato-
cytes displayed vastly improved urinary orotic acid levels compared to
those that received unedited OTCD (Figure 4C), and nearly half of the
mice displayed orotic acid levels in the range of those found in the
OTCP group.

Measurements ofOTC enzyme activity in the livers ofmice repopulated
with edited hepatocytes were significantly higher than the levels inmice
transplanted with unedited cells (median 27.1 and 17.1 mmol/mg/h,
respectively, p = 0.0112), and these were not significantly different
from the levels observed in mice transplanted with OTCP hepatocytes
(median27.1and36.9mmol/mg/h, respectively, p=0.3452) (Figure4D).



Figure 5. Gene expression and blood human markers

(A)OTC gene expression in livers humanized with unedited (red) or edited (blue) OTCD cells presented as percentage of mean OTC expression in humanized livers with OTCP

cells (gray). Averages and errors are shown as medians and interquartile ranges. Unedited OTCD mice n = 9. Edited OTCD mice n = 15. OTCP mice n = 15. (B–F) Gene

expression analysis of humanized livers that received either unedited (red) or edited (blue) OTCD cells. Expression of mature liver genes was assessed, including urea cycle

genes (B), liver-secreted proteins and transcription factors (C), phase I (D), and phase II (E) genes, as well as transporters (F). Unedited OTCD mice n = 9. Edited OTCDmice

n = 15. (G) Ratio of circulating human alpha-1-antitrypsin (A1AT) to albumin were measured in the blood of mice repopulated with unedited (red) or edited (blue) OTCD cells or

OTCP (gray) cells. Unedited OTCD n = 13 measurements from 6 mice. Edited OTCD n = 26 measurements from 14 mice, OTCP n = 18 measurements from 11 mice at

different levels of repopulation. Data are shown as medians and interquartile ranges. Statistical analysis was performed using Kruskal-Wallis ANOVA and Dunn’s multiple

comparison tests. Unedited OTCD versus edited OTCD, p = 0.1405; unedited OTCD versus OTCP, p > 0.9999; edited OTCD versus OTCP, p = 0.4967.
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The activity of another urea cycle enzyme, CPS1, was not significantly
different between any of the transplant groups (Figure 4E).

Hepatocyte editing does not disrupt normal gene expression in

ex vivo corrected hepatocytes and shows no evidence of

off-target editing

Having established an efficient OTC gene correction, the next step was
to evaluate the safety of OTC editing for a potential CRISPR-based
therapy. One concern for CRISPR-mediated gene editing is the unin-
tended and undesirable effects of on- or off-target editing, which could
alter normal gene expression and cell/organ function. To address this,
gene expression profiling was conducted to examine the expression of
genes in the liver of mice humanized with OTCD edited, OTCD uned-
ited, and OTCP cells. OTC and an additional set of 31 genes, including
those from the urea cycle, secreted proteins, transcription factors, phase
I and phase II, hepatic transport proteins, and other metabolic
Molecular Therapy Vol. 29 No 5 May 2021 1909
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Figure 6. Off-target editing

(A and B) Off-target discovery of OTC-targeting gRNAs by CIRCLE-seq. Scatterplots of CIRCLE-seq read counts for off-target cleavage sites identified in vitro with Cas9-

gRNA5 (A) or Cas9-gRNA8 (B) in 2 replicates on genomic DNA from patient-derived primary hepatocytes. Read counts are shown on a logarithmic scale. Each site is color

coded for the number of mismatches relative to the on-target site. Correlation r2 values in between 2 replicates were obtained by Pearson correlation performed using all

values shown in the scatterplot. (C and D) Assessment of off-target indels induced by Cas9-gRNA5 (C) or Cas9-gRNA8 (D) in patient-derived primary hepatocytes. Indel

frequencies as determined by targeted amplicon sequencing are presented as heatmaps for the off-target sites (identified fromCIRCLE-seq experiments). CIRCLE-seq read-

count numbers for each site are listed. Mismatches relative to the on-target site are shown with colored boxes, whereas bulges are indicated with X. Each locus was assayed

in n = 3 transfection replicates (labeled 1, 2, and 3) using genomic DNA isolated from the cells electroporated with RNP complex Cas9-gRNA (gRNA+) or control-only Cas9

protein (gRNA�). Genomic identifications and locations for each locus are presented. NA, not applicable.
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pathways, were analyzed by qPCR (Figures 5A–5F). The assays used
were human specific to avoid cross-reactivity with any remaining
mouse cells in the liver. Mice transplanted with unedited OTCD cells
showed only 0.1% of the expression of the OTC gene in comparison
to OTCP cells, whereas transplantation of edited OTCD cells restored
OTC gene expression to 55% of that observed in normal OTCP cells
(Figure 5A). As shown in Figures 5B–5F, the expression of the other
31 mature liver genes was very similar between the unedited and edited
hepatocytes in the liver of repopulated mice. Human alpha-1 antitryp-
sin (A1AT), a glycoprotein secreted by the hepatocytes, was also
measured in the mouse sera from the three experimental groups.
Because there are small variations in the level of repopulation of the
liver of different mice, circulating A1AT values were normalized to
1910 Molecular Therapy Vol. 29 No 5 May 2021
the levels of another secreted protein, human albumin, and there was
no statistically significant difference in the normalized A1AT levels be-
tween the groups (Figure 5G).

To assess genome-wide off-target mutations induced by Cas9-gRNA5
and Cas9-gRNA8, we conducted a genome-wide off-target screening
by performing circularization for in vitro reporting of cleavage effects
by sequencing (CIRCLE-seq), with Cas9 on genomic DNA isolated
from unedited primary hepatocytes.18 These experiments identified
a number of in vitro off-target cleavage sites: for gRNA5 167 off-tar-
gets common in 2 CIRCLE-seq replicates (Figure 6A; Table S3);
and for gRNA8, 421 off-targets common in both replicates (Figure 6B;
Table S4). The sites that were identified in both replicates showed
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strong concordance in their CIRCLE-seq read counts between the 2
replicates (r2 = 0.980 and 0.922, for gRNA5 and gRNA8, respectively)
(Figures 6A and 6B). Sites that are identified in only one replicate
generally had low CIRCLE-seq read counts (Figures 6A and 6B).
Among the off-targets common in both replicates, none of them
showed fewer than three mismatches compared to on-target sites.

We next performed targeted amplicon sequencing of potential
gRNA5 and gRNA8 off-target sites found by CIRCLE-seq, using
genomic DNA isolated from three replicates of edited OTCD primary
hepatocytes and their respective Cas9 only-treated controls. We as-
sessed all off-targets that were common in both CIRCLE-seq repli-
cates with up to three mismatches relative to the on-target site, or
with read counts >10% of the top ranked target in both replicates;
and a variety of lower-ranked sites (containing up to 6 mismatches
relative to the on-target) (Figures 6C and 6D). The selection was
based on our previous findings showing that the likelihood of the
in vivo off-target mutagenesis is dependent on the number of mis-
matches and read counts of the off-targets identified by CIRCLE-
seq, and all validated in vivo off-targets had up to three mismatches.19

One site for gRNA5 and two sites for gRNA8 could not be successfully
amplified and therefore were not included in amplicon sequencing.
Among the evaluated 43 off-target sites for gRNA5 and 29 off-target
sites for gRNA8, we found no significant indel mutations at any of the
sites (Figures 6C and 6D; Tables S5 and S6) within the next-genera-
tion sequencing (NGS) limit of detection. These results further
confirm the conclusion of our previous work showing that the off-
target effect of CRISPR/Cas9 is limited in differentiated cells with
carefully designed guides.

DISCUSSION
The present study was performed to determine whether (1) liver-hu-
manized mice, created through the high-level repopulation of the
liver with human hepatocytes isolated from a patient with severe
OTCD, would recreate the phenotype and symptoms of the human
genetic disease, and (2) CRISPR-based ex vivo gene editing proced-
ures could correct the mutation and the disease phenotype without
causing any deleterious effects or undesired mutagenesis. The present
work demonstrates a useful chimeric model system to investigate the
safety and efficacy of gene editing technology for OTCD and possibly
other genetic liver diseases. When OTCD patient-derived human he-
patocytes were transplanted, they rapidly and efficiently repopulated
the FRGN mouse liver. Repopulated mice replicated the human
OTCD clinical phenotype, presenting elevated blood ammonia and
increased urinary orotic acid. The intronic OTCDmutation that leads
to truncated protein generation was corrected in patient hepatocytes
by ex vivo Cas9 nuclease-mediated editing, which substantially
restored normal mRNA splicing and OTC activity. When FRGN
mice were transplanted with highly edited (60%–80%) or unedited
hepatocytes, both repopulated the mouse liver with similar effi-
ciencies, indicating that the editing step was well tolerated by the liver
cells and did not seriously adversely affect the proliferative potential
of the edited cells. In mice that received edited hepatocytes, disease
indications were largely corrected as the animals displayed normal
blood ammonia, highly improved urinary orotic acid levels, and
OTC enzymatic activity in the liver that was not significantly different
fromOTCP human hepatocytes. This level of correction of the OTCD
phenotype is notable because all of the mice were maintained on a
regular protein diet throughout the experiment and no animals
received ammonia scavengers. The deletion of the region containing
the disease-causing variant in the OTC gene efficiently reversed the
OTCD phenotype in vitro and in vivo, and editing procedures signif-
icantly improved OTC enzyme activity, with no other obvious
morphological or pathological changes or major alterations in the
expression of the 31 mature liver genes examined. Surprisingly, while
basal ammonia was completely normalized in the edited group, the
same group could clear ammonia faster when subjected to ammonia
challenge, but not at the same magnitude as healthy controls. This
may be attributed to the partial correction, and perhaps higher effi-
ciency of gene editing may be required. Given that complete urea cy-
cle activity and ammonia metabolism are tightly regulated and
restricted to zone 1 hepatocytes (i.e., those nearest the portal veins),
a disruption or failure to completely reproduce the normal zonation
of the liver in liver-humanized mice would be expected to influence
ammonia metabolism. This may help explain how animals repopu-
lated with hepatocytes with an approximate level of correction of
80% resulted in the normalization of the basal ammonia levels, but
still revealed a significant although delayed clearance of ammonia
during the ammonia challenge.

Hepatocytes were one of the first cell types to be shown to be
amenable to CRISPR-based genome editing in vivo in rodents for
both non-homologous end joining (NHEJ) or homologous-directed
repair (HDR). The elegant studies of Yang et al.12 described the use
of in vivo dual-adeno-associated virus (AAV)-delivered CRISPR
gene editing components to repair the OTC gene in the sparse fur
ash (spfash) rodent model of OTC deficiency. An impressive 10% of
hepatocytes were precisely repaired in neonatal animals by the com-
bination of a directed Cas9 double-stranded DNA break and a DNA
repair template for HDR. However, when the same reagents were
delivered into adult mice, lower levels of precise gene correction
were observed along with the generation of unintended genome dam-
age that inactivated residual OTC activity and compromised the
health of the edited animals. These studies in a murine OTCD model
highlight both the promise and unpredictable safety risks of CRISPR
nuclease-mediated therapeutic genome editing. Human hepatocytes
are absolutely necessary in preclinical investigations, as we have
shown here and reported by others.20

Several observations were made during the studies that are relevant to
possible future clinical applications of CRISPR gene editing to treat
liver-based genetic diseases. Gene editing of human hepatocytes can
be accomplished with a high degree of efficiency and specificity,
with 60%–80% successful editing in these studies. We note that we
are using CIRCLE-seq as an explorative tool to address the level of
off-target in differentiated cells, since most of the off-target validation
studies have been performed in immortalized cell lines. CIRCLE-seq
generates a superset of off-targets overestimating the real scenario in
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cells or in vivo, because the in vitro reaction does not depend on the
delivery success of Cas9/gRNA to the cells since the method uses high
amounts of Cas9/gRNA and naked genomic DNA does not have sec-
ondary structures such as chromatin. We have therefore explored
the worst-case scenario and we include in our analysis CIRCLE-
seq-identified off-targets with up to three nucleotide substitutions
and off-targets showing the highest number of read counts regardless
of mismatches (top 10% and an additional variety of lower-ranked
sites). The selection is based on our previous findings that reported
that the likelihood of the in vivo off-target mutagenesis is dependent
on the number of mismatches and read counts of the off-targets iden-
tified by CIRCLE-seq.19 Our results showed no CIRCLE-seq-identi-
fied off-targets with more than three mismatches were found mutated
in vivo. We therefore do not expect to detect off-targets in the remain-
ing unvalidated sites within the current NGS limit of detection (0.1%),
as discussed in our previous work. Here, we used CIRCLE-seq to eval-
uate the safety of gRNAs that are designed to correct a specific OTC
mutation; however, the method can be easily tailored for gRNAs de-
signed to correct any genomic target, including other OTCmutations.
None of the sites were shown to be unintentionally altered, empha-
sizing that the combination of well-selected CRISPR target sites and
transient RNP-based delivery can achieve high on-target editing effi-
cacy, while causing no detectable off-target effects.

Gene-edited human hepatocytes maintain the ability to robustly
proliferate and can contribute proportionately with unedited cells
in the repopulation of the liver of the FRGN mice. The level of ed-
iting measured in the human hepatocytes originally transplanted
into mice was maintained in the highly repopulated and human-
ized chimeric liver, indicating that there was no major selection
either for or against the gene-edited cells during the repopulation
process. Additional evidence that gene editing did not adversely
affect hepatocyte proliferation or survival was provided in that
mice that received edited or unedited hepatocytes reached similar
levels of repopulation with human hepatocytes (4 mg/mL) over the
same time period. It is worth mentioning that mice were subjected
to ammonia assays and harvested for sequencing and other evalu-
ations at different humanization levels. Specifically, the unedited
OTCD group was terminated when it reached at least 4 mg/mL,
which corresponds to >80% humanization, and the edited
OTCD and OTCP groups reach at minimum 5 mg/mL, which cor-
responds to full humanization. The reason for setting a different
threshold was to prevent the most severe symptoms of OTCD,
including hyperammonemia and weight loss, as the �20% of re-
maining mouse hepatocytes in the unedited group would sustain
some basal levels of ammonia metabolism. Despite retaining up
to 20% OTCP mouse hepatocytes in the unedited animals, there
were significant differences in ammonia levels between unedited
and edited groups. Forcing an experiment by trying to follow an-
imals to a higher level of repopulation with OTCD cells would
likely only magnify the differences between the unedited and edi-
ted groups, but at a price to animal health and well-being, which
was biologically and statistically unnecessary but also
ethically untenable. Still, it is recognized that a potential limitation
1912 Molecular Therapy Vol. 29 No 5 May 2021
of the present study is that animals were analyzed at different
levels of repopulation.

While the data presented here indicate that gene editing is safe and
effective in human hepatocytes, certain questions remain. The mouse
model used in this study is severely immunocompromised and the
question of whether CRISPR components could trigger an immune
reaction cannot be addressed in these animals. We believe that other
studies with immunocompetent animals will be more relevant to the
topic of immunogenicity of editors than anything conjured with the
liver-humanized mice.

A potential limitation of the study is the correction of the disease mu-
tation through the NHEJ repair pathway; however, with >400 re-
ported mutations affecting OTC activity, every approach to correct
mutations in these severely affected patients is valuable.

We did not specifically investigate the possible presence of large re-
arrangements caused by the editing process by deep sequencing.
Recent reports suggest that large deletions were infrequent during
repair processes.21,22 Also, if such events occurred, they did not
have significant or long-term biological consequences in these
studies. The restoration of OTC expression and activity correlated
well with our reported editing efficiencies, and the observations
that the edited and unedited cells displayed robust rates of prolifer-
ation and expression of >30 mature liver genes suggest that any dele-
terious editing events were selected against or remained greatly
underexpressed in the population of cells that repopulated and
formed the fully functional liver. In the present study, the clonal
growth of large colonies of human hepatocytes, presumably derived
from single, edited, or unedited hepatocytes, was observed. Genera-
tion of a colony of 250–1,000 cells from a single cell would require a
minimum of 8–10 population doublings. Despite the massive prolif-
eration of the edited hepatocytes in this study, no pathological
changes or other obvious safety issues were noted.

Perhaps the most important development in this report is the estab-
lishment of a liver-humanized model in which the safety and effi-
cacy of the editing procedures can be investigated with actual
mutant human hepatocytes in vivo, where long-term studies can
be conducted. Preclinical proof of concept work in therapeutic
genome editing has traditionally been done with rodent models of
genetic disease. However, the spectrum of on- and off-target effects
of genomic CRISPR medicine will depend on the target, the human
genomic sequences, and human-specific repair pathways. Thus, the
extrapolation of the data from rodent studies to predict a response in
humans is likely of only limited value. For hepatocyte-based dis-
eases, there is a clear advantage for performing preclinical editing
studies with human hepatocytes and with actual disease-affected hu-
man hepatocytes when possible. Chimeric transplantation systems
such as the FRGN mouse enable the assessment of the ability of edi-
ted cells to regenerate a functional organ and can help generate valu-
able safety and efficacy data to support the evaluation of therapeutic
genome editing.
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The present study tests the biological consequences of the editing
procedure and, given the highly selective and proliferative animal
model used, it is not designed to determine whether ex vivo editing
could correct the disease in an OTCD recipient. There are no data to
suggest that edited and OTCP cells would have a growth advantage
in an OTCD recipient; thus, it is unlikely that ex vivo editing and
subsequent hepatocyte transplantation would be a successful strat-
egy. For successful translation to the clinic, ex vivo editing of hepa-
tocytes would be most beneficial in diseases in which the corrected
hepatocytes would be expected to have a growth advantage over
the remaining uncorrected, diseased cells in the liver. Diseases
such as A1AT deficiency, the family of bile acid pathway disorders
called progressive familial intrahepatic cholestasis (PFIC 1, 2, or
3), or Wilson’s disease are examples in which there is continued
toxicity or impaired replication of the disease-affected cells. With
these diseases, one could expect a significant growth advantage for
gene-edited and corrected hepatocytes.23–25

Previous work involving successful in vivo CRISPR editing of human
hepatocytes in chimeric FRGN mice targeting the PCSK9 locus with
adenoviral vectors demonstrated the strengths of using this model
system for efficacy studies of therapeutic genome in an in vivo
context; however, the adenoviral approach would not be likely trans-
lated to human use.26

In summary, this study provides evidence that gene editing of hepa-
tocytes isolated from a patient with a serious genetic disease safely and
efficiently corrects the disease phenotype and restores liver function.
Moreover, the work demonstrates the value of the liver-humanized
models for the evaluation of the efficacy and long-term safety of novel
therapies for clinical translation.

MATERIALS AND METHODS
Primary hepatocytes

Human primary hepatocytes were procured at Karolinska Institutet
under ethical approval Dnr2010/678-31/3. Hepatocytes were ob-
tained from an 8-month-old male donor who received a liver trans-
plant for severe OTCD. Normal OTCP human hepatocytes were ob-
tained from an 8-year-old male, a 35-year-old female organ donor,
and 2 tissue donors who received liver resections for colorectal cancer
metastasis—a 77-year-old male and a 27-year-old male. Hepatocytes
from the OTCD and the 8-year-old male donor were used for trans-
plant studies and were thawed on the day of transplantation. The
viability of OTCD and OTCP hepatocytes used for transplant studies
was 63% ± 0.06% and 83% ± 0.01%, respectively, and the viability of
fresh cell donors was 85%, 74%, and 88%, respectively, according to
Trypan Blue exclusion assays.

Generation of induced pluripotent stem cells (iPSCs)

Gene editing optimization experiments were performed on iPSCs
generated from fibroblasts isolated from the liver from the OTCD pa-
tient. Cell reprogramming was conducted with Sendai virus-mediated
forced expression of Yamanaka factors using the CytoTune-iPS Sen-
dai Reprogramming Kit (Thermo Fisher) and following the manufac-
turer’s instructions. iPSC lines obtained were characterized based on
standard evaluation assays and gene expression.27

Mutation identification

Total RNA was isolated from OTCD hepatocytes with the PureLink
RNA extraction kit (Life Technologies). Complementary DNA
(cDNA) was synthesized with PrimeScript Reverse Transcriptase (Ta-
kara) according to the manufacturer’s instructions. OTC transcripts
were amplified with Pfu Ultra II Fusion HS DNA polymerase (Agilent
Technologies) from exon 1 to exon 5 with forward primer 50-GAA-
GATGCTGTTTAATCTGAGG and reverse primer 50-CTGGAGC
GTGAGGTAATCAGCC, and from exon 5 to exon 10 with forward
primer 50-GCAGATGCAGTATTGGCTCG and reverse primer 50-
CCCATACCACGTGTTAGGGATT, as described previously.28 The
suspected region containing the disease-causing OTC variant was
amplified with forward primer 50-TCTCATCCTCATGTCCAAA
GTGTT and reverse primer 50-TATGTAAAGCCACACCCACAGAC
with Taq DNA Polymerase (NEB), and Sanger sequenced. Geneious
version 8.1.9 was used for primer design, sequence view, alignment,
and illustration throughout the study.

CRISPR design and transfection

The intronic region in the OTC gene containing the mutation was
deleted using a dual synthetic single gRNA RNP approach. gRNAs
were designed with the CRISPR Design Tool (https://crispr.mit.edu).
Several gRNAs upstream and downstream of the disease-causing
variant were chosen to be tested. The sequence and position of each
gRNA in the gene are provided in Table S1. Cells were transfected
with a P3 Primary Cell 4D-Nucleofector kit (Lonza), program
CA137, with a Lonza 4D Nucleofector according to the manufac-
turer’s instructions. Specifically, crRNA:tracrRNA was annealed to
a final duplex concentration of 100 mM at 95�C for 5 min. Next,
1.8 mL of each gRNA of the pair to be transfected, 5 mL 61 mM Strep-
tococcus pyogenes Cas9 (SpCas9), and 3 mL 100 mM electroporation
enhancer were used for each reaction to transfect 106 cells. All
crRNAs, tracrRNA, SpCas9 nuclease, and electroporation enhancer
were purchased from Integrated DNA Technologies (IDT). Cells
were maintained at +4�C until transplanted. Aliquots of transfection
reactions were plated in vitro and analyzed for editing efficiency 24–
48 h post-electroporation.

Genomic DNA extraction and editing quantification

Genomic DNA from iPSCs, hepatocytes, or humanized mouse liver
tissues was extracted using DNeasy Blood and Tissue Kit (QIAGEN).
The region of interest was amplified with forward primer 50-
TCTCATCCTCATGTCCAAAGTGTT and reverse primer 50-
TATGTAAAGCCACACCCACAGAC using Taq polymerase
(NEB). PCR primers were human specific, eliminating cross-reac-
tivity concerns when DNA from humanized mouse liver, which con-
tains both human and mouse cells, was amplified. Cleavage effi-
ciencies were estimated based on the intensities of unedited and
edited bands of the PCR amplicons on 1.5% agarose gel. Intensities
were corrected for the amplicon length of the reaction product and
calculated as follows: Editing efficiency % = [(edited band intensity/
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edited band length)/(unedited band intensity/unedited band length +
edited band intensity/edited band length)]*100. The unedited band
length was z630 nt. The edited band length from gRNAs 4–6 was
z427 nt, gRNAs 4–7 z322 nt, gRNAs 4–8 z240 nt, gRNAs
4–9 z207 nt, gRNAs 5–6 z421 nt, gRNAs 5–7 z316 nt, gRNAs
5–8 z234 nt, and gRNAs 5–9 z201 nt. In addition, Agilent’s
Fragment Analyzer system was used as a quantitative measure of
band intensities normalized to fragment size. For this analysis, the re-
gion of interest was amplified with forward primer 50-ACCAGCTT-
GACAAAGAATTACAGC and reverse primer 50- GGGCCTATC-
CAGTTTATCTTGTCT using Q5 High-Fidelity DNA polymerase
(NEB).

In vitro 15N-labeled urea production

Genetically edited or unedited hepatocytes were plated on collagen-
coated plates and cultured in Hepatocyte Maintenance Medium
(HMM, Lonza) media for analysis. Post-electroporation, cells were
incubated in HMM with 1 mM ornithine (Sigma-Aldrich) and
1 mM 15NH4Cl (Sigma-Aldrich) for 4 h. Unlabeled (mass to charge
[m/z] 231) and labeled urea (m/z 232 and 233) were measured with
mass spectrometry (MS).29

For the measurement, media samples were deproteinized with cold
aceton (VWR), centrifuged, and cleaned on 1 mL AG-50W-X8 resin
(analytical grade 100–200 mesh, hydrogen form, Bio-Rad). After
overnight drying in a rotary evaporator (Speedvac, Thermo Fisher),
the samples were derivatized with ethyl acetate (VWR) and
MTBSTFA (Biotech AB) (1/1) at 60�C for 60 min. The samples
were analyzed form/z on an Agilent GC-MS System (Gas Chromato-
graph 6890, Mass Spectrometer 5975) with a non-polar gas chroma-
tography (GC) column (Agilent HP-5MS).m/z 231, 232, 233 were de-
tected in electron ionization mode.

The amount of labeled urea (15N-urea) was expressed as MPE (molar
percent excess). MPE is calculated from the ratio of labeled:unlabeled
urea (Rs) corrected for natural abundance of standard urea (R0): (Rs-
R0)/(1+(Rs-R0)) � 100.

Hepatocyte transplantation

All of the animal studies were conducted according to Karolinska In-
stitutet guidelines and under ethical protocol ID400 42-17 approved
by ethics board Jordbruksverket, Sweden. FRGN (Fah�/�, Rag2�/�,
and Il2rg�/� on the NOD-strain background) mice, approximately
6 weeks old at the time of transplantation, both females and males,
were used for the present study. Throughout these studies, all of the
mice were maintained on a non-restricted, regular (19%) protein
diet (PicoLab High Energy Mouse Diet from LabDiet) and without
the administration of ammonia scavengers. Mice were injected with
an adenovirus vector expressing urokinase plasminogen activator
�24 h before transplantation (Yecuris, Tualatin, OR, USA).14,15 Cells
were transplanted directly into the spleen of the mice under isoflurane
anesthesia (Baxter, Norfolk, UK). Approximately 1� 106 live hepato-
cytes were transplanted in each mouse in 200 mL plasmalyte. The cells
were injected slowly over an �1-min period. Animals received anal-
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gesic treatment immediately after and 24 h post-surgery. Mice were
cycled on and off the protective drug 2-(2-nitro-4-trifluoromethyl-
benzoyl)-1,3-cyclohexanedione (NTBC) (Sobi, Stockholm, Sweden)
to stimulate the expansion of donor human hepatocytes. Specifically,
before hepatocyte transplantation, NTBC was provided at a concen-
tration of 16 mg/L in the drinking water. From the day of transplan-
tation until day 65 post-transplantation, mice were cycled 7 days off
NTBC and 3 days on 8 mg/L NTBC, and after day 65 they were cycled
21 days off NTBC and 2–3 days on 8 mg/L NTBC.

Three experimental groups were included in the present study, mice
injected with unedited OTCD primary hepatocytes (unedited OTCD
group), mice injected with genetically modified OTCD hepatocytes
(edited OTCD group), and those that received OTCP hepatocytes
(OTCP group). Fourteen mice were transplanted with unedited
OTCD hepatocytes, 9 of which survived the transplantation procedure,
reached the desired repopulation level, and eventually were included in
the study (9/14, 64%). In the edited OTCD group, 27mice received edi-
ted hepatocytes, 18 of which were fully humanized and included in the
study (18/27, 67%). In addition, 30mice were injected with OTCP cells,
and of those, 17 were fully humanized and included in the study (17/30,
57%). Mice that were excluded from the study either failed to reach tar-
geted levels of repopulation or had to be euthanized because of unac-
ceptable loss of weight as required by our approved animal protocols.
Animals were 6 weeks old at the time of transplantation. They reached
the aimed-for circulating human albumin on average 3–4months post-
transplantation, and consequently the intended levels of liver
humanization. At that time point, basal and post-injection (ammonia
challenge) ammonia levels were evaluated. Ultimately, animals were
euthanized, and other assays were carried out (e.g., enzyme activities,
gene expression, immunohistochemistry).

Blood sampling and ELISA

Human albumin concentrations in mouse blood were monitored
approximately twice per month starting from the 4th to the 5th

week post-transplantation. Blood 2 mL was diluted in 198 mL diluent
and analyzed with the Quantitative Human Albumin ELISA Quanti-
tation Kit (Bethyl Laboratory, Montogmery, TX, USA). The level of
humanization was estimated based on previous studies in which
each 1 mg/mL of circulating human albumin corresponds to an
�20% level of repopulation of the murine liver with human hepato-
cytes.14,15 Circulating human A1AT levels were estimated with the
Human alpha 1 Antritrypsin ELISA Kit (SERPINA1) (Abcam), ac-
cording to the manufacturer’s instructions.

Ammonia measurement and ureagenesis

Blood ammonia measurements were made on mice that received
transplants with unedited OTCD hepatocytes when they had an esti-
mated level of repopulation R80% (R4 mg/mL serum human albu-
min). Mice that were transplanted with edited OTCD hepatocytes or
normal OTCP hepatocytes were analyzed when they were estimated
to be fully repopulated (R5 mg/mL serum human albumin). A
different albumin threshold and lower level of repopulation of the
liver were used for mice that received unedited OTCD human
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hepatocytes to prevent the most severe symptoms of OTCD,
including severe hyperammonemia, lethargy, and weight loss.

Animals were off NTBC at least 4 days before the ureagenesis assays
were conducted. Animals in the edited group had been off NTBC for
18.5 days on average before the analysis of ureagenesis. Blood
ammonia levels were measured with Arkray Pocket Chem (Arkray)
by diluting 5 or 10 mL of blood in 20 mL water and following the man-
ufacturer’s instructions. Ammonia was measured before and 30 min
after intraperitoneal infusion of 4 mmol/kg body weight NH4Cl
(Sigma-Aldrich), and are reported here as “basal ammonia” and
“post-injection ammonia,” respectively.

Determination of urinary orotic acid

Orotic acid was determined by diluting 10 mL freshly frozen urine
with 190 mL 11 mMNH4OH solution. These samples were then incu-
bated for 30 min at 37�C and subsequently centrifuged at room tem-
perature for 10 min at 10,000 rpm. The supernatant (150 mL) was
transferred into a liquid chromatography (LC) vial together with
130 mL 0.1% formic acid and 20 mL internal standard (1,3-15N2-orotic
acid, final concentration 6 mM) ready for analysis. Samples were
measured using a Thermo Ultimate 3000 UHPLC (Thermo Scientific,
Olten, Switzerland) interfaced to an AB SCIEX Triple Quad 5500
mass spectrometer with a TurboV electrospray ionization source
(AB Sciex, Zug, Switzerland). Separation was achieved using a
reverse-phase ACQUITY UPLC HSS T3 1.8 mm (2.1 � 50 mm, Wa-
ters, Baden, Switzerland) with a matching T3 VanGuard pre-column,
withmobile phase A and B consisting of 2mM ammonium formate in
0.1% formic acid and MeOH, respectively. The analysis of orotic acid
was performed by injecting 2 mL of the prepared sample using a flow
rate of 300 mL/min and a column temperature of 20�C. Orotic acid
and its internal standard were analyzed using the multiple reaction
monitoring (MRM) pairs 155.1 /111.1 and 157.1 / 113.1, respec-
tively, with the following compound parameters: DE clustering po-
tential �50 V, entrance potential �10 V, collision energy �11 V,
and collision cell exit potential �11 V, with a dwell time of 20 ms.
Ion source parameters were as follows: IonSpray voltage �3.5 kV,
temperature 500�C, curtain gas 25, and collision gas 10. All of the pa-
rameters were optimized by infusion experiments in the negative
ionization mode. The quantification was completed using a standard
calibration curve in the MultiQuant 3.0.2 software (AB Sciex, Zug,
Switzerland). Orotic acid values in samples were normalized to their
respective creatinine levels.

Liver OTC and CPS1 enzyme activities

Liver extracts and OTC and CPS1 analysis was conducted as
described by Allegri et al.30 In brief, an assay mixture with a total
volume of 300 mL (pH 7.7) containing a final concentration of trie-
thanolamine (270 mM), ornithine (2.5 mM), and carbamoyl phos-
phate (5.8 mM) was prepared, and a volume of 25 mL liver lysate,
equivalent to 0.25–10 mg total protein, was added. The reaction
mixture was incubated at 37�C for 30 min, and the reaction was
stopped by adding 0.7 mL of a 2:1 solution of 19.65 mM antipy-
rine, 5.18 mM iron (III) ammonium sulfate, 25% phosphoric
acid and 25% sulfuric acid, and 1.28 M NaCl and 39.56 mM
2,3-butanedione monoxime. The reactional mixture was incubated
at 95�C–100�C for 15 min in the dark. The production of citrulline
was determined and quantified at 464 nm with a citrulline stan-
dard curve.

CPS1 activity was assayed in liver lysates at 37�C for 11 min in a
coupled reaction, in which the carbamoyl phosphate formed was
immediately converted to citrulline from OTC, as previously
described.31

Gene expression analysis

Liver was collected frommice that received unedited or edited OTCD
hepatocytes, as well as hepatocytes from a normal OTCP donor. Por-
tions of the organ were fixed in formalin for histological analysis and
the remaining portion was crushed and mixed to a homogeneous
powder under liquid nitrogen. RNA was extracted using TRIzol solu-
tion (Thermo Fisher) and cDNA was synthesized with a high-capac-
ity RNA-to-cDNA kit (Thermo Fisher). TaqMan assays (Thermo
Fisher) were used to quantify gene expression, and cyclophilin A
(PPIA) served as the endogenous control for the normalization of
the obtained Ct values. All of the assays used were checked for
cross-reactivity between human and mouse transcriptome. Liver tis-
sue from untransplanted FRGNmice was used as the negative control
for the gene expression analysis. Details of the TaqMan assays are
provided in Table S2.

Histology

Liver sections from animals repopulated with edited OTCD, unedited
OTCD, or OTCP hepatocytes were collected for histological analysis.
Briefly, tissues were fixed in 4% buffered formalin, embedded in
paraffin, and sectioned to a 4-mM thickness. The liver tissues were
stained with human-specific antibodies for anti-cytokeratins 8 and
18 (clone 5D3, dilution 1:100; Thermo Fisher) or anti-OTC
(HPA000243, dilution 1:400; Sigma-Aldrich), and counterstained
with hematoxylin. Pictures were taken with an Olympus IX73 in-
verted microscope and analyzed with Cleans Dimension 1.12
software.

CIRCLE-seq

CIRCLE-seq was performed experimentally, as previously described.18

Data were processed using version 1.1 of the CIRCLE-Seq analysis
pipeline (https://github.com/tsailabSJ/circleseq) with parameters
“window_size: 3; mapq_threshold: 50; start_threshold: 1; gap_thres-
hold: 3; mismatch_threshold: 7; merged_analysis: False, variant_analy-
sis: True.” Gene annotations were identified using Ensembl hg38
version 92.

Targeted amplicon deep sequencing for off-target evaluation

Genomic DNA from edited hepatocytes was extracted using the Gen-
tra Puregene Tissue kit (QIAGEN). All of the off-target sites analyzed
were amplified from 80 ng of input genomic DNA with Q5 High-
Fidelity DNA polymerase (New England Biolabs) using amplicon-
specific primers attached with sequencing adapters (50 0
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TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-[amplicon
specific primer]-30 and 50-GTCTCGTGGGCTCGGAGATGTGTA-
TAAGAGACAG-[amplicon specific primer]-30). Amplicon-specific
primers are listed in Tables S5 and S6. PCR products were purified
and size selected using magnetic beads (Agencourt AMPure
XP), quantified using fragment analyzer (Advanced Analytical
Technologies), and amplicons of 6–10 sites were pooled to be equi-
molar. Pooled PCR products were indexed (Illumina Nextera XT
index kit) and purified with magnetic beads. Final libraries
were quantified using Qubit Fluorometer (Thermo Fisher) and
loaded onto an Illumina NextSeq for deep sequencing. Amplicon
sequencing data were analyzed using CRISPResso2 software
(https://github.com/pinellolab/crispresso2),32 with the following
parameters: -q 30–ignore_substitutions–max_paired_end_read-
s_overlap 200 -w 1. For each of the sites we examined, we obtained
R10,000 sequencing reads, except that site 14 for gRNA5 had 3
samples with 8,459, 9,798, and 9,973 reads.
Statistical analysis of targeted amplicon deep sequencing data

p values were obtained by fitting a generalized linear model with a
Poisson distribution (function glm in R version 3.6.0 and with the log-
arithm of the total number of reads as the offset) to the control and
edited samples for each evaluated site. We adjusted for multiple com-
parisons using the Benjamini-Hochberg method (function p.adjust
in R version 3.6.0). We considered the indel percentage in the
gRNA/Cas9-transfected replicates to be significantly greater than
the indel percentage in the Cas9-transfected controls if the adjusted
p value was <0.1, the nuclease-treatment coefficient was >0, and the
median indel frequency of the edited replicates was >0.1%. If there
was no significant difference between control and gRNA treated sam-
ples, then this variation was not attributed to Cas9 nuclease activity.
An r function to execute this analysis can be found at https://github.
com/nvanzuy/crispr_otc_analysis.
Statistical analysis

All of the statistical analysis were performed using GraphPad Prism.
Sample size (n) is indicated in the relevant figure legends. Ordinary
ANOVA and Tukey multiple comparison tests or Kruskal-Wallis
ANOVA and Dunn’s multiple comparison tests were used to
compare means between three experimental groups, normally distrib-
uted or not, respectively. A two-tailed, unpaired t test or a Mann-
Whitney U test was used to compare means between two experi-
mental groups, normally distributed or not, respectively. The statisti-
cal analysis of targeted amplicon deep sequencing data is described in
the respective method section. Group averages and errors are shown
as medians and interquartile ranges. The level of significance was set
at p <0.05 for all of the experiments (summarized as *p > 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001).
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