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Introduction
The liver carries out a wide variety of  vital functions, including metabolism of  proteins, lipids, and carbohy-
drates; synthesis of  plasma proteins, such as albumin and clotting factors; formation and secretion of  bile; 
and detoxification of  body metabolites, such as ammonia and bilirubin. Mutations of  genes responsible 
for these functions cause different disorders, many of  which manifest within the first weeks after birth, 
resulting in the risk of  developing permanent damage or death of  the patient (1, 2). No effective and perma-
nent cure exists for most of  these disorders, except for orthotopic liver transplantation (OLT), which is not 
applicable in all cases because of  a shortage of  compatible organs. Despite the constant progress in OLT in 
the last few years, it remains a very invasive procedure with substantial risks and shortcomings (3), such as 
rejection and life-long immunosuppression, with the threat for the development of  de novo malignancies, 
cardiovascular complications, and infections (4–7). These concerns and limitations emphasize the clinical 
need to find alternative therapies to cure liver-related genetic disorders.

Gene therapy approaches have the potential to cure monogenic liver diseases, as recently underscored in 
hemophilia clinical trials in adult patients using AAV-mediated liver gene transfer (8–11). However, a major 
concern emerges when considering the neonatal/pediatric setting because the progressive loss of episomal AAV 
viral genomes over time, in concert with hepatocyte proliferation, results in the reduction of both transgene 
expression and efficacy of the treatment (12–14). Importantly, readministration of the therapeutic vector later in 
time may not be possible because of the presence of anti-AAV–neutralizing antibodies generated after the first 
vector administration (15–18). These obstacles highlight the clinical need to develop novel long-lasting therapies 
for the treatment of neonatal and pediatric liver-related genetic disorders. Therefore, the development of effective 
approaches permanently modifying the genome of diseased hepatocytes is a highly desirable therapeutic option.

Nonintegrative AAV-mediated gene therapy in the liver is effective in adult patients but faces 
limitations in pediatric settings because of episomal DNA loss during hepatocyte proliferation. 
Gene targeting is a promising approach as it results in the permanent modification of the genome. 
We previously rescued neonatal lethality in Crigler-Najjar mice by inserting a promoterless human 
uridine glucuronosyl transferase A1 (UGT1A1) cDNA in exon 14 of the albumin gene, without the use 
of nucleases. To increase the recombination rate and therapeutic efficacy, we used CRISPR/SaCas9. 
Neonatal mice were transduced with 2 AAVs: one expressing the SaCas9 and sgRNA and one 
containing a promoterless cDNA flanked by albumin homology regions. Targeting efficiency 
increased approximately 26-fold with an EGFP reporter cDNA, reaching up to 24% of EGFP-positive 
hepatocytes. Next, we fully corrected the diseased phenotype of Crigler-Najjar mice by targeting the 
hUGT1A1 cDNA. Treated mice had normal plasma bilirubin up to 10 months after administration, 
hUGT1A1 protein levels were approximately 6-fold higher than in WT liver, with a 90-fold increase 
in recombination rate. Liver histology, inflammatory markers, and plasma albumin were normal 
in treated mice, with no off-targets in predicted sites. Thus, the improved efficacy and reassuring 
safety profile support the potential application of the proposed approach to other liver diseases.
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We recently developed the GeneRide approach, a very promising methodology based on the inser-
tion of  a therapeutic cDNA into the albumin locus without the use of  nucleases and without disrupting 
the albumin gene (19). In this approach, a promoterless therapeutic cDNA is spontaneously inserted 
in-frame just upstream of  the albumin stop codon, resulting in a fused mRNA that is translated into 
2 separated proteins: albumin and the therapeutic one. The targeted allele continues to actively pro-
duce albumin and is stably transmitted to daughter cells without loss of  genetic information. We have 
successfully applied the GeneRide strategy to a lethal mouse model of  Crigler-Najjar syndrome type I 
(CNSI), showing the complete rescue of  neonatal lethality and cerebellar and behavioral abnormalities 
(20). However, plasma bilirubin levels, despite being stable, safe, and life-compatible even 12 months 
after AAV delivery, were not fully normalized, prompting us to improve the gene-targeting rate and the 
therapeutic potential of  the approach.

The use of  engineered endonucleases (21) to increase the homology-directed repair (HDR) rate (22) 
made site-specific genome modifications at the reach of  therapeutic potential. Among the programmable 
nucleases, the CRISPR/Cas9 platform, based on RNA-guided DNA cleavage, has demonstrated high 
versatility and efficacy to edit genes both in vitro and in vivo (23–27). We present here what we believe to 
be a novel, versatile, safe, and powerful therapeutic approach based on the combination of  GeneRide (19) 
with CRISPR/SaCas9-mediated genome editing (28) in a lethal mouse model of  a severe liver disease (29, 
30). These data represent the proof  of  principle showing that the strategy could be used to rescue several 
genetic metabolic disorders affecting the liver.

Results
Genome targeting of  the albumin locus with RNA-guided SaCas9 nuclease. To increase the therapeutic efficacy 
of  liver gene-targeting into the albumin locus, we combined the GeneRide methodology (19, 20) with the 
CRISPR/SaCas9 platform (ref. 28 and Figure 1, A and B). The strategy is based on the simultaneous deliv-
ery of  2 rAAV8 vectors: one contains the donor DNA and the promoterless therapeutic cDNA, whereas the 
other one expresses both the SaCas9 and the sgRNA under the transcriptional control of  liver-specific and 
U6 promoters, respectively. The marked liver tropism of  the AAV serotype 8 (31) guarantees the efficient 
DNA delivery to the target organ.

We first searched for SaCas9 PAM sequences (NNGRRT) (28) next to the albumin stop codon, located 
in exon 14. We identified 5 PAM sequences, 4 upstream (3 in intron 13, and 1 overlapping exon 14 and 
intron 13 junction) and 1 downstream of  the stop codon, in intron 14 (Supplemental Figure 1A; supple-
mental material available online with this article; https://doi.org/10.1172/jci.insight.128863DS1). The 
corresponding sgRNAs were cloned into the pX601 vector, a plasmid expressing the SaCas9 and the sgR-
NA under the transcriptional control of  the CMV and U6 promoters, respectively (Supplemental Figure 
1B). To determine their efficacy, we transiently cotransfected HEK293 cells with the different pX601 ver-
sions and a homologous recombination (HR) reporter vector (32) containing the albumin exon 14 and 
flanking introns (Supplemental Figure 1, C and D). The sgRNA7 and sgRNA8 were the most active ones in 
reconstituting luciferase activity (Supplemental Figure 1E) and were selected for further testing.

Both sgRNA7 and sgRNA8 were able to target the endogenous albumin locus in vitro, in murine 
NIH-3T3 cells (Figure 2A). Genomic DNA from transfected cells was PCR amplified and analyzed by the 
T7E1 assay (Figure 2B), resulting in the expected fragments. In parallel, the undigested PCR products were 
cloned and 48 independent clones were sequenced, revealing the presence of  INDELs in 38% and 71% of  
sgRNA7- and sgRNA8-sequenced clones, respectively (Supplemental Figure 2).

We next tested the sgRNA7- and sgRNA8-SaCas9 in vivo in WT newborn mice. We cloned the 
selected sgRNAs in the pX602 vector, which expresses the SaCas9 under the liver-specific thyroid-bind-
ing globulin (TBG) promoter. P4 mice were transduced with single rAAV8 vectors (rAAV-SaCas9-sgR-
NA7 and rAAV-SaCas9-sgRNA8) (Figure 2C). Determination of  targeting efficiency at P19 by the T7E1 
assay showed that the sgRNA8 was the most efficient one (Figure 2D), confirming the in vitro results 
(Supplemental Figure 1E, Supplemental Figure 2, and Figure 2B). Therefore, we selected the sgRNA8 
for the next experiments. Importantly, the sgRNA8 target site is located in the intron downstream of  the 
albumin stop codon, at more than 100 bases from the 5′ end of  intron 14 (Supplemental Figure 1A). We 
hypothesized that this characteristic may limit potential risks of  damaging the 5′ splice site of  albumin 
exon 14 and, thus, albumin pre-mRNA splicing in targeted alleles not corrected by HDR, because of  
the generation of  large deletions by the error-prone NHEJ DNA repair mechanism. Sequencing of  the 
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clones obtained from the PCR products of  NIH-3T3 transfected cells (Supplemental Figure 2C) and 
NGS sequence analysis of  the on-target region of  DNA extracted from the liver of  treated animals (Sup-
plemental Figure 3A) provided experimental support regarding the safety of  the procedure. The NGS 
sequencing mutation analysis showed the precise location of  variants in the expected target site, with a 
median length of  the deletions (longer or equal to 2 bases) between 5 and 7 nucleotides, as shown by the 
gap-length frequency analysis (Supplemental Table 1). The variant frequency analysis showed that the 
median number of  reads with gaps in any nucleotide position surrounding the SaCas9 cut site was in 
the range of  3% to 4.5%, reaching up to 15% at the SaCas9 cleavage position, with no signal above noise 
levels in control samples (Supplemental Figure 3, B and C, and Supplemental Table 2). No significant 
SNP variants were detected after filtering for sequencing noise.

To set up the most effective conditions, we first performed a dose-finding experiment by i.p. injection 
of  different doses of  rAAV-SaCas9-sgRNA8 at P4 in WT mice. The T7E1 assay showed that 7.5E11 viral 
genomes/mouse (vg/mouse) of  rAAV8-SaCas9-sgRNA8 was the lowest dose having the maximum effect 
(Supplemental Figure 4). We next determined the most effective administration route using an episomal 
AAV8 vector expressing the EGFP reporter gene under the transcriptional control of  a liver-specific pro-
moter (13). i.v. delivery increased the number of  EGFP-positive hepatocytes about 8 times (from 0.7 to 5.6 
in i.p. and i.v., respectively) (Supplemental Figure 5) and was, therefore, used for the coming experiments.

Efficient targeting of  the EGFP cDNA by coupling GeneRide with SaCas9. Next, we tested the previous-
ly mentioned selected conditions by coupling GeneRide with SaCas9 to target an EGFP cDNA into 
the albumin locus. We i.v.-transduced WT pups with two rAAV8 vectors: one containing the donor 
DNA with a promoterless EGFP cDNA (rAAV8-donor-EGFP) and one expressing the SaCas9 and the  

Figure 1. General strategy of AAV8-mediated GeneRide in the albumin gene in combination with the CRISPR/SaCas9 
platform to correct different liver metabolic diseases. (A) Schematic representation of the experimental strategy. 
Recombination of the donor vector (Donor DNA; containing the therapeutic cDNA preceded by the 2A-peptide [P2A], 
and flanked by albumin homology regions, with the PAM8 sequence modified) results in the HDR-targeted albumin 
allele, a fused mRNA, and translation into 2 separate proteins. Rectangles represent exons; thin black lines, introns; 
and AAV inverted terminal repeats (ITR), wavy lines. Albumin exons 12 to 15 are indicated; STOP, Albumin stop codon; 
PAM, protospacer adjacent motif. (B) The therapeutic strategy can be applied to cure different liver metabolic disorders. 
Neonatal mice with a liver dysfunction are i.v. injected with 2 rAAV8 vectors: one encoding the SaCas9-sgRNA and one 
the therapeutic donor DNA. The therapeutic cDNA, once integrated, produces the defective or missing protein, such as 
secreted factors or endogenous enzymes, with the permanent restoration of the liver function.

https://doi.org/10.1172/jci.insight.128863
https://insight.jci.org/articles/view/128863#sd
https://insight.jci.org/articles/view/128863#sd
https://insight.jci.org/articles/view/128863#sd
https://insight.jci.org/articles/view/128863#sd
https://insight.jci.org/articles/view/128863#sd
https://insight.jci.org/articles/view/128863#sd
https://insight.jci.org/articles/view/128863#sd
https://insight.jci.org/articles/view/128863#sd


4insight.jci.org      https://doi.org/10.1172/jci.insight.128863

R E S E A R C H  A R T I C L E

Figure 2. The sgRNA8 is the most active sgRNA in targeting the endogenous albumin locus. (A) In vitro exper-
imental scheme. NIH-3T3 mouse fibroblasts were transfected with the pX601-SaCas9 vectors and collected at 
day 8, after the addition of G418 (day 3). Genomic DNA was extracted, the target region PCR amplified, and the 
T7E1 assay and sequencing analysis were performed. (B) The expected bands of T7E1 assay were observed for 
both sgRNA7 and sgRNA8 transfected cells. T7E1 + or –, treated or not with the T7E1 endonuclease. The size of 
the fragments is indicated. Right panel: F and R, forward and reverse primers used in the PCR amplifications. 
The uncut gels are provided in Supplemental Figures 15 and 16. (C) In vivo experimental scheme. WT newborn 
mice were i.p. transduced at P4 with rAAV8-SaCas9-sgRNA7 or rAAV8-SaCas9-sgRNA8 (1.0E12 vg/mouse) and 
the liver was collected at P19. Genomic DNA was extracted, the target region PCR amplified, and the T7E1 assay 
and NGS sequencing were performed. IP, i.p. (D) The T7E1 results for the sgRNA7 and sgRNA8 T7E1 assays are 
shown. The INDEL % is indicated. Three mice/sgRNA were treated and analyzed; ctrl + cells, cells treated with the 
corresponding pX601-SaCas9 vector, ctrl-mouse, untransduced mice. The uncut gels are provided in Supplemental 
Figures 15 and 16.
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sgRNA8 (rAAV8-SaCas9-sgRNA8). We tested 2 different donor-SaCas9 ratios, maintaining the dose of  
the eGFP-donor vector constant and varying the SaCas9-sgRNA8 one (Figure 3A). To determine the 
increase in recombination rate induced by the generation of  DSBs versus spontaneous recombination, 
we also transduced animals with only the EGFP-donor vector. Potential cleavage of  the donor template 
by the SaCas9 (as episome or after HDR) was avoided by mutagenizing the sgRNA8 PAM sequence in 
the donor vector.

Fluorescence microscopy analysis of  liver sections showed about 6% and 13% of  EGFP-positive 
hepatocytes in the low and high SaCas9 dose, respectively, with up to 24% of  EGFP-positive hepato-
cytes and an overall increase of  approximately 26-fold with respect to spontaneous HR (Figure 3B). 

Figure 3. Efficient targeting of the EGFP cDNA by coupling GeneRide with SaCas9 in WT newborn mice. (A) Scheme 
of the experimental design. WT newborn mice were i.v. transduced with the indicated AAV8 vectors. Livers were col-
lected at P19 and analyzed. (B) Histological analysis of liver sections of mice treated with the rAAV8-donor-EGFP alone 
(HR; 8.0E11 vg/mouse of rAAV8-donor-EGFP) or in combination with rAAV8-SaCas9-sgRNA8, with 2 different SaCas9 
doses (low, HDR L; or high, HDR H; 2.0E11 or 6.0E11 vg/mouse, respectively). Nuclei were counterstained with Hoechst. 
n = 5 per group. Scale bar: 500 μm. One-way ANOVA: *P = 0.0141; Bonferroni’s comparison test: HR versus HDR L, t = 
1.447, ns; HR versus HDR H, t = 3.506, P < 0.005; HDR L versus HDR H, t = 2.059, ns; n = 5 per group. (C) WB analysis 
of liver protein extracts. Short and long expositions are shown. One-way ANOVA: ***P = 0.0010; Bonferroni’s multiple 
test: HR versus HDR L, t = 4.914, **P < 0.01; HR versus HDR H, t = 7.256, **P < 0.01; HDR L versus HDR H, t = 2.342, ns; 
n = 3 per treatment. The uncut gels are provided in Supplemental Figure 17. (D) Correlation between EGFP and hybrid 
Alb-EGFP mRNA levels. Correlation, **P = 0.0084, r2 = 0.4257; n = 5 per treatment; 10 images per animal were analyzed.
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Western blot analysis and qRT-PCR confirmed the increase in EGFP protein and mRNA levels, respec-
tively, in the animals transduced with donor DNA and SaCas9-sgRNA8, compared with the group 
without nuclease. In addition, we observed a good correlation between EGFP protein and mRNA levels 
in treated mice (Figure 3, C and D).

To further improve the overall efficacy of the approach, we compared the spontaneous recombination rate 
of the rAAV8-donor-EGFP vector at P2. We observed that i.v. administration at P2 resulted in approximately 
a 3- to 4-fold higher number of EGFP-positive hepatocytes than at P4, reaching approximately 2% of sponta-
neous recombination (Supplemental Figure 6); therefore, this condition was selected for the next experiments.

Long-lasting reduction of  plasma bilirubin to WT levels in Crigler-Najjar mice. To determine the therapeutic 
efficacy of  the approach, we transduced Crigler-Najjar newborn mice, which present early neonatal lethality 
(29, 30). Because the targeting rate at P2 was 3- to 4-fold more efficient than at P4 (Supplemental Figure 
6), we reduced the AAV dose 4-fold, maintaining the donor-SaCas9 ratio constant. Thus, P2 pups were i.v. 
injected with the rAAV8 vector encoding the hUGT1A1-donor alone (rAAV-donor-hUGT1A1) or in combi-
nation with the rAAV8 vector encoding the SaCas9-sgRNA8 (rAAV8-SaCas9-sgRNA8). We tested 2 differ-
ent donor-SaCas9 ratios, maintaining the dose of  the rAAV8-donor-hUGT1A1 vector constant, in combi-
nation with the low or high dose of  the rAAV-SaCas9-sgRNA8 vector. Mice were temporarily maintained 
under phototherapy up to P8 (a treatment that does not rescue neonatal lethality) to allow gene targeting and 
gene expression to occur, avoiding the risk of  early bilirubin-induced neurological damage. Animals were 
sacrificed at 10 months (M10) for analysis (Figure 4A). All rAAV8-treated mice survived, whereas those who 
received only phototherapy up to P8 died before day 19 (Figure 4B). Mice treated with only the rAAV8-do-
nor-hUGT1A1 vector presented life-compatible plasma bilirubin levels that were below toxic levels but still 
too high for a potential clinical application, confirming previous data (20). Importantly, mice treated with 
both rAAV vectors had plasma bilirubin levels similar to those of  WT littermates for all the duration of  the 
experiment (Figure 4C). Western blot analysis showed that those animals had UGT1A1 protein levels that 
were about 4- to 6-fold higher than those present in the same amount of  WT liver protein extracts (Figure 
4D). Importantly, we have not observed any band corresponding to the full-length albumin-P2A-hUGT1A1 
protein, suggesting efficient ribosomal skipping by the P2A (expected size ~120–125 KDa; Supplemental 
Figure 7). Immunofluorescence analysis of  liver sections with a human-specific anti-UGT1A1 antibody 
revealed that about 3.0%–3.6% of  cells were hUGT1A1 positive, with clusters of  hUGT1A1-expressing 
hepatocytes consistent with early recombination events and clonal proliferation of  the “targeted” cells (Fig-
ure 5, A and B). Immunostaining of  cerebellar sections showed normal dendritic arborization and tissue 
architecture (Supplemental Figure 8, A and B), in line with the presence of  normal plasma bilirubin levels.

Normal histological and immunological analyses in all treated mice, with no SaCas9 off-target activity. To 
determine whether the expression of  SaCas9 and the supraphysiological levels of  hUGT1A1 may have 
undesired consequences in animal health, we performed histological analysis of  liver sections. H&E 
and Masson’s trichrome stainings showed normal histology in all treated and untreated mice, with no 
signs of  liver fibrosis or infiltration (Supplemental Figure 9). mRNA analysis of  inflammatory markers 
by RT-qPCR showed no significant differences among all analyzed groups (Supplemental Figure 10), 
confirming the normal condition of  the livers of  all animals. Importantly, to assess whether the treatment 
may affect albumin expression levels, we determined albumin levels in plasma of  WT mice treated at P2 
with EGFP-donor DNA alone (HR), or in combination with SaCas9-encoding vector, at low and high 
SaCas9 doses (HDR L and HDR H, respectively; Supplemental Figure 11, A and B). We also determined 
albumin mRNA levels in WT mice treated only with rAAV8-SaCas9-sgRNA8, and in Ugt1–/– mice treat-
ed with both rAAV8-SaCas9-sgRNA8 and rAAV8-donor-hUGT1A1 vectors (Supplemental Figure 11, C 
and D). We observed that neither plasma albumin nor albumin mRNA levels were affected by the treat-
ments at any of  the time points and conditions analyzed.

One important concern when delivering SaCas9 with AAV is the potential long-term expression of the 
nuclease in the target tissue, which may lead to increased off-target activity and genotoxicity. Therefore, we ana-
lyzed SaCas9 endonuclease levels by Western blot at different time points after AAV delivery. Western blot anal-
ysis showed that liver protein levels of SaCas9 waned to undetectable levels at P30 (Supplemental Figures 12 and 
13), most likely the consequence of vector loss associated to hepatocyte duplication during liver growth (12–14).

To assess the risks of nuclease off-target activity, we first performed an in silico prediction analysis of poten-
tial off-target sites with the bioinformatics software Cas-OFFinder (http://www.rgenome.net/cas-offinder). We 
found no off-target sites having less than 4 nucleotides mismatches, whereas only 4 potential off-target sites were 
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identified with 4 mismatches. Because it was previously shown that SaCas9 INDELs were not present in sites 
containing 5 or more mismatches (28), we further investigated only those with 4 mismatches. Based on genome 
location within actively transcribed regions and their functional importance, we selected Tubgcp2, Kif21a, and 
Gm29874 genes. Although Tubgcp2 and Kif21a are protein-coding genes, Gm29874 is, instead, a long noncoding 
RNA gene. The fourth potential off-target locus (Nmf420) was not further analyzed because it corresponds to an 
intergenic, noncoding region, with unknown function. Then, the identified genomic regions were PCR ampli-
fied from rAAV-SaCas9-sgRNA8-treated livers and deep sequenced. Conservative filtering was applied to reduce 
the number of false negatives as much as possible. We did not observe the presence of INDELs or SNPs in the 
samples from either treated or untreated animals above background levels (Supplemental Figure 14 and Supple-
mental Tables 3 and 4), providing key experimental support to the safety of the procedure.

Figure 4. Long-lasting reduction of plasma bilirubin to WT levels in Crigler-Najjar mice. (A) Scheme of the experimental design. Ugt1–/– newborn mice 
were i.v. transduced at P2 with rAAV8-donor-hUGT1A1 alone (HR; 2.0E11 vg/mouse) or in combination with rAAV8-SaCas9-sgRNA8, using 2 different 
SaCas9 doses (low, HDR L; or high, HDR H; 6.0E10 and 2.0E11 vg/mouse, respectively). Mice were maintained under phototherapy (PT) from birth to P8 
(P0–P8 PT). Blood was collected at the indicated time points and mice were sacrificed at M10. Liver and brain were extracted. (B) Kaplan-Meier survival 
curve. All rAAV8-treated mice survived, whereas all mutant mice treated only with PT up to P8 (n = 3) died before P19. Long-rank (Mantel-Cox) test, **P = 
0.0020. n = 3 per rAAV8-untreated, n = 8 per rAAV8 treated. (C) Total bilirubin (TB) levels were determined in plasma at 1, 4, 5, and 10 months. TB levels of 
mice treated with both rAAV8 vectors (HDR L and HDR H) were similar to WT/HET. The gray area in the graph indicates the range of TB levels resulting in 
brain damage and death. Two-way ANOVA: interaction, ***P = 0.0010; treatment, ***P < 0.0001; time, **P = 0.0015. Bonferroni post-test, HR versus HDR 
L/HDR H, ***. n = 3 per HR and HDR H; n = 2 per HDR L. The uncut gels are provided in Supplemental Figure 7. (D) WB analysis of liver protein extracts using 
an anti-Ugt1 antibody with human and mouse specificity. Short and long expositions are shown. Quantification of the WB. One-way ANOVA, **P = 0.0036. 
Bonferroni’s multiple comparison test: Untr vs. HDR H; **, HR vs. HDR H, **. n = 3 per WT and HDR H, n = 2 per Untr, HDR L. ND, not detected. **P < 0.01.
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Discussion
An attractive possibility to cure liver diseases with neonatal/pediatric onset is the permanent modifica-
tion of  the genome, by which the targeted allele is stably transmitted to daughter cells during prolifer-
ation. Recently, CRISPR/Cas9-mediated gene-editing approaches for disease-causing mutations have 
been successfully applied to mouse models of  hereditary tyrosinemia type I (HTI) (24) and ornithine 
transcarbamylase deficiency (OTCD) (26), demonstrating their feasibility. However, the transfer of  these 
strategies to the clinic is hampered by the presence of  multiple disease-causing mutations, as exemplified 
in 2 of  the most paradigmatic liver metabolic diseases, the CNSI (33, 34) and OTCD (35, 36), implying 
that several mutation-specific gene editing strategies and vectors are required to cure these diseases.

These concerns can be overcome by the integration of  a therapeutic cassette into a preselected “safe-har-
bor” locus (37), ensuring long-lasting, robust, and predictable expression with a single therapeutic strategy. 
We have recently developed a gene-targeting approach (namely “GeneRide”) without nucleases based on 
the in-frame insertion of  a promoterless therapeutic cDNA just upstream of  the albumin stop codon (19). 
This strategy resulted in the amelioration of  the bleeding diathesis in hemophilia B mice (19) and the 
rescue of  a lethal mouse model of  the CNSI (20). Here, we further increased the recombination rate and 
therapeutic efficacy by combining GeneRide with the CRISPR/SaCas9 platform. The proposed approach 
has several advantages over existing methods: (a) higher gene-targeting rate; (b) higher levels of  transgene 

Figure 5. Immunofluorescence analysis of liver sections shows a high number of recombinant hepatocytes in 
rAAV-treated Ugt1–/– mice. (A) Immunofluorescence analysis of liver sections of Ugt1–/– mice treated with rAAV8-do-
nor-hUGT1A1 alone (HR) or in combination with rAAV8-SaCas9-sgRNA8, using 2 different doses (HDR L and HDR H, 
for low and high rAAV8-SaCas9-sgRNA8 vector doses, respectively), as described in Figure 4. Sections were stained 
with a human-specific anti-UGT1A1 antibody. Nuclei were counterstained with Hoechst. n = 3 per HR and HDR H; n = 2 
per HDR L. (B) Quantification of hUGT1A1 positive hepatocytes of liver sections. Student’s t test, HR vs. HDR H, *P = 
0.0372. HDR L, n = 2; HR, HDR H, n = 3.
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expression; (c) permanent modification of  the genome with life-long therapeutic efficacy; (d) albumin gene 
expression is not affected; (e) the same strategy and AAV vectors can be applied to most disease-causing 
mutations; (f) different metabolic disorders can be treated by just replacing the therapeutic cDNA in the 
donor construct; and (g) high specificity of  the approach with no off-target activity in predicted sites and 
no detected tumorigenesis.

The CNSI mice closely mimic the main features of  the human syndrome, with neonatal severe 
unconjugated hyperbilirubinemia and early neonatal lethality (29, 30, 38). Although nonintegrative 
AAV-mediated gene therapy is very effective in rescuing the phenotype in adult CNSI animals (39, 40), 
it requires high doses of  liver-specific rAAV8 episomal vectors expressing the UGT1A1 transgene when 
administered to newborn mutant mice (13, 41, 42). However, therapeutic efficacy decreases over time 
and a second administration is necessary to achieve full correction in the long term (41, 42). Similarly, 
neonatal AAV delivery also results in loss of  therapeutic efficacy in other liver diseases, such as OTCD 
(12), underlining the limits of  nonintegrative AAV-mediated gene therapy for severe liver disorders 
with neonatal and pediatric onset. In the present work, we demonstrated that GeneRide coupled to 
CRISPR/SaCas9 platform resulted in a substantial improvement of  the gene-targeting rate in vivo 
by fully rescuing a lethal mouse model of  the CNSI, with normal cerebellar architecture and plasma 
bilirubin levels similar to WT for the whole duration of  the experiment (10 months). This approach 
permanently modifies the hepatocyte genomes and, in line with previous results (19, 20), recombinant 
cells were found in small clusters providing strong evidence that the inserted transgene is stably trans-
mitted to daughter cells during hepatocyte proliferation, also suggesting that recombination is an early 
event that occurs upon AAV transduction.

An additional strength of  the proposed strategy resides in the capability to correct most existing 
mutations of  a given diseased gene with the same therapeutic rAAV tools. Furthermore, the high versa-
tility and potentiality of  the approach are demonstrated by the possibility to use the same AAV vector 
carrying the SaCas9 and the sgRNA to correct different metabolic liver diseases. It is necessary only to 
replace the therapeutic cDNA in the donor rAAV vector that will be targeted into the albumin locus, 
remaining under the transcriptional control of  the robust albumin promoter and guaranteeing life-long 
high levels of  transgene expression.

The data obtained showed a much higher efficacy than other gene-targeting approaches using nucle-
ases. In fact, we observed 13% and 3%–4% of  recombinant hepatocytes with the EGFP and hUGT1A1 
transgenes, respectively. Sharma et al., instead, targeted the first albumin intron obtaining values in the 
range of  0.5% (43). The differences in the gene-targeting rate between the 2 experimental approaches 
may be related to the targeted region and arms of  homology, nucleases, transgenes, age of  the animals, 
or a combination of  these factors. In fact, we also observed differences in the gene-targeting rate between 
the EGFP and hUGT1A1 donor vectors, which may be related to the different cDNA length. Given the 
apparent higher recombination rate of  the strategy proposed here, if  applied into a clinic setting it may 
require lower rAAV doses, with an important increase in both therapeutic efficacy and safety.

The therapeutic level required to correct the diseased phenotype varies among the different liver dis-
orders, ranging from 2% to 5% of  functional protein to provide therapeutic benefits in hemophilia (44), 
5% to 10% of  enzyme activity for CNSI (13, 38, 45, 46), or even higher levels in the case of  urea cycle 
disorders (47). Our approach resulted in long-term therapeutic levels of  the UGT1A1 enzyme, with pro-
tein levels higher than those of  WT animals. Thus, it is expected that the approach will also be effective 
for hemophilia, urea cycle disorders, and probably other liver diseases. This methodology is particularly 
attractive for diseases with neonatal or pediatric onset, a period characterized by hepatocyte duplica-
tion during liver growth, because proliferating cells present a higher HDR rate (48) and nonintegrative 
gene therapy is not effective (12–14). Although previous experiments showed no significant differences 
in spontaneous gene-targeting rate between neonatal and adult delivery in mice (19), the HDR rate 
may differ in the presence of  DSBs generated by nucleases and further experiments may be required 
to determine the potential application of  the approach to adults. In fact, most adult hepatocytes are 
quiescent and do not duplicate, being DSBs mainly repaired by NHEJ, as observed after CRISPR/Sa-
Cas9-mediated editing of  adult OTCSpf-Ash mice (26). In addition, we have also observed differences in 
the gene-targeting rate between donor DNAs containing the EGFP or the hUGT1A1 cDNAs, both in the 
presence or absence of  nucleases (this paper and ref. 20). Thus, the effective gene-targeting rate should 
be experimentally determined for each disease model.
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The use of  engineered endonucleases raises important concerns related to the long-term presence of  
the nuclease in the targeted cells or tissues, immunogenicity, potential off-target activity, and risk of  tum-
origenesis. The SaCas9 nuclease has a cleavage efficiency similar to that of  the more popular SpCas9 (28), 
and one of  its major advantages is its smaller size, allowing its packaging into AAV vectors along with 
the sgRNA (49). In addition, the SaCas9 PAM sequence is more complex, resulting in a lower number of  
potential off-target sites (28). In silico prediction and molecular analysis of  potential off-target sites showed 
no detectable off-target activity in the selected sites analyzed. In addition, we have not observed any adverse 
effect consequent to the treatment or to the presence of  supraphysiological levels of  the therapeutic protein, 
such as induction of  tumorigenesis, liver inflammation, or changes in plasma albumin levels. However, 
more extensive characterization of  these potential undesired effects and the potential long-term presence of  
the nuclease in the target tissue is required to consider the translation of  this approach to a clinical setting. 
Different methodologies have been proposed to reduce the potential risks of  off-target activity, such as 
using high-fidelity Cas9 nucleases (50–52), reducing the time window in which the nuclease is present in 
the target tissue with self-limiting Cas9 circuits, or delivering the endonuclease as mRNA or protein using 
lipid nanoparticles (25, 53–57). An additional concern of  the approach is the potential inactivation of  the 
albumin gene by NHEJ repair of  the DSBs. Molecular analysis of  the on-target site showed that most gaps 
were shorter than 7 nucleotides, and we have not observed changes in plasma albumin levels, supporting 
the safety of  the approach. We have seen, however, that a very small fraction of  the DSBs in the albumin 
gene, not repaired by HDR, resulted in large deletions generated by NHEJ-mediated repair, as observed for 
other on-target loci in mouse ES cells and bone marrow cells (58).

The proposed platform provides proof-of-concept evidence for long-lasting efficacy and safety in a 
lethal mouse model of  the CNSI. Further studies will be required to demonstrate its therapeutic value 
in other liver metabolic diseases and to further improve its safety profile before its potential translation 
into the clinic.

Methods

Animals
Animals were housed and handled according to institutional guidelines. Ugt1–/– mice used were at least 
99.8% FVB/NJ genetic background (29), obtained after more than 10 backcrosses with FVB/NJ WT mice. 
Males and females were used indistinctly for the experiments. Mice were maintained in the ICGEB animal 
house unit in a temperature-controlled environment with 12-hour light/dark cycles and received a standard 
chow diet and water ad libitum.

Animal treatments
Phototherapy treatment. Ugt1–/– and WT newborn littermates were exposed to blue fluorescent light as pre-
viously described (30) up to P8 and then maintained under normal light conditions. This sole treatment 
results in increased survival of  mice, with the death of  all mutant pups before P19 (20, 29). Ugt1–/– control 
mice were obtained by treating mutant mice with phototherapy for 15 days after birth. This temporary 
treatment results in survival of  all mice after discontinuation of  the phototherapy treatment (29).

AAV treatments. AAV-treated mice at a different postnatal day (P4 or P2) were i.p. or i.v. injected as 
described previously (30, 39, 40), with the indicated vectors, at the indicated dose, as described in Supple-
mental Table 5. Briefly, for EGFP editing experiments, WT mice were i.v. injected at P4 with rAAV8-do-
nor-EGFP (8.0E11 vg/mouse; HR, HDR L, HDR H) and rAAV8-SaCas9-sgRNA8 (2.0E11 or 6.0E11 vg/
mouse, HDR L, HDR H). For hUGT1A1 editing experiments, Ugt1–/– mice were i.v. injected at P2 with 
rAAV8-donor-hUGT1A1 (2.0E11 vg/mouse; HR, HDR L, HDR H) and rAAV8-SaCas9-sgRNA8 (6.0E10 
or 2.0E11 vg/mouse, HDR L, HDR H).

Construction of sgRNAs-SaCas9 and donor DNA AAV vectors
sgRNAs were designed based on the SaCas9 PAM sequences (NNGRRT) identified next to the albumin stop 
codon. sgRNA coding oligonucleotides, specified in Supplemental Table 6, were cloned into pX601 and pX602 
plasmids, obtained from Addgene (http://www.addgene.org). Both plasmids encode for SaCas9 and for an 
incomplete sgRNA sequence. In the pX601 and pX602 plasmids, the SaCas9 is under the transcriptional con-
trol of the cytomegalovirus (CMV) or thyroid-binding protein (TBG) promoters, respectively. All identified 
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sgRNAs were cloned into the pX601 plasmid, whereas only sgRNA7 and sgRNA8 were further cloned into 
pX602 for the production of rAAV vectors for the in vivo experiments.

The EGFP- and hUGT1A1- donor vectors (donor-EGFP and -hUGT1A1) were prepared as previously 
described (20), but the PAM sequence of  the sgRNA8 was mutated to avoid targeting to the donor vector. 
As previously done for hFIX (19), to reduce the risk of  potential off-target expression, our vectors have 
no ATG start translation codon neither in the 2A-peptide, nor in the EGFP and hUGT1A1 cDNAs. The 
NcoI-PflMI fragment of  the original donor vector (20) was replaced with a synthesized fragment contain-
ing the PAM8 modified. For episomal expression, an AAV8-AAT-EGFP vector was used (13).

Cell transfections
HEK293 cells were transfected with the pX601 plasmids encoding for the 5 different sgRNAs and the 
SaCas9, together with a HR reporter vector (32), using Lipofectamine 2000 (Invitrogen) following the man-
ufacturer’s guidelines. The reporter vector was modified by replacing the sequence of  the UGT1 Exon 4 
with a fragment of  the albumin gene containing all sgRNAs target sequences.

NIH-3T3 mouse fibroblasts were transfected with pX601 plasmids encoding sgRNA7 or sgRNA8 and 
pEGFP-C2 plasmid using Lipofectamine LTX (Invitrogen), following manufacturer’s instructions.

Genomic DNA preparation from cells and from liver samples
Genomic DNA was prepared from cells as briefly described below. Cells were lysed in 50 mM Tris-HCl pH 
7.5, 100 mM EDTA, 0.5% SDS, and 200 μg/mL protease K for 1 hour at 37°C and centrifuged for 10 min-
utes at maximum speed. Genomic DNA was precipitated with 2-propanol and resuspended in TE buffer 
after centrifugation and washing.

Whole livers were extracted and reduced to powder with a mortar and liquid nitrogen and stored at 
–80°C. Genomic DNA was prepared incubating as previously described (41).

T7E1 assay
The T7E1 assay was performed following the manufacturer’s instructions (New England Biolabs). PCR reac-
tions were performed using the oligonucleotides specified in Supplemental Table 7, according to the protocol 
of  the Taq polymerase used (Roche). The PCR program was optimized with the following cycles: 1 cycle of  2 
minutes at 94°C; 30 cycles of  30 seconds at 94°C, 45 seconds at 60°C and 1 minute at 68°C; and 1 cycle of  7 
minutes at 68°C. The PCR amplicons were purified with Sephacryl S-400 beads (GE Healthcare Biosciences 
AB), following the manufacturer’s instructions. Purified amplicons were denatured, self-annealed, and treated 
with the T7E1 enzyme. Digested and undigested mixes were visualized on a 2% agarose gel. The estimated 
gene modifications were calculated as described previously (59).

Production, purification, and characterization of the rAAV vectors
The AAV vectors used in this study are based on AAV type 2 backbone, and infectious vectors were prepared 
by the AAV Vector Unit at ICGEB Trieste (https://www.icgeb.org/avu-core-facility.html) in HEK293 cells by 
a cross-packing approach whereby the vector was packaged into AAV capsid 8, as described previously (13).

Bilirubin and albumin determination in plasma
Blood was obtained from anesthetized mice by facial vein bleeding. Bilirubin and albumin were determined 
in plasma as described previously (29, 60).

RNA preparation and mRNA quantification analysis (qRT-PCR)
Total RNA from mouse liver powder was prepared using TRI reagent solution (Invitrogen), according to 
the manufacturer’s instructions. cDNA and PCR were done as previously described (41). One μL of  cDNA 
diluted 1:10 was used to perform qPCR using the specific primers listed in Supplemental Table 8 to amplify 
the hybrid Alb-EGFP RNA, the endogenous mouse albumin cDNA, the inflammatory markers Tnfa, Cd8, 
Cd4, and Infg cDNAs, or the Gapdh housekeeping gene. qPCR was performed using the iQ SYBER Green 
Supermix (Bio-Rad) and a C1000 Thermal Cycler CFX96 Real Time System (Bio-Rad). Data were ana-
lyzed using the ΔΔCt method.

Expression of  the gene of  interest was normalized to albumin to estimate the relative expression of  the 
Alb-EGFP cDNA to Gapdh for quantification of  the inflammatory markers and albumin expression.
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Total protein extract preparation and Western blot analysis
Liver total protein extracts were obtained as described previously (30). Total protein concentration was deter-
mined by Bradford (Bio-Rad). For the EGFP and SaCas9 Western blot analysis, 20 and 40 μg of  total protein 
extracts from the liver of  WT untreated and treated mice were analyzed, respectively. For the hUGT1A1 
Western blot analysis, 40 μg of  total protein extracts from the livers of  WT and mutant untreated and treated 
mice were analyzed. Primary and secondary antibodies were used as specified in Supplemental Table 9.

Histological analysis
Liver biopsies of  treated animals were fixed as described previously (29). Paraffin-embedded liver sections 
(5 μm) were stained with H&E and Masson’s trichrome as previously described (29, 30). For the EGFP, 
hUGT1A1, and calbindin experiments and immunofluorescence, procedures were performed as described 
previously (13, 20, 29, 30). Quantification of  EGFP-positive cells was performed as follows. Two liver 
sections per animal, five images per section, were analyzed at ×20 magnification. The ratio between the 
number of  the total EGFP-positive cells and the nuclei per mice was calculated.

Quantification of  hUGT1A1-positive cells was performed as follows. Four liver sections per animal 
were analyzed at ×10 magnification. The ratio of  the total number of  hUGT1A1-positive cells/total num-
ber of  nuclei counted in all acquired images per animal was calculated. Measurements were averaged for 
each animal and the results were expressed as mean ± SD for each treatment.

Analysis of  the layer thickness was performed on Hoechst-stained sections by measuring the layer depth 
(μm) as previously described (30). PC density analyses were performed as previously described (29, 30).

Images were acquired on a fluorescence microscopy. Digital images were collected using Leica soft-
ware and analyzed using ImageJ (NIH).

Sanger sequencing on target in vitro
Amplicons from sgRNA-treated cells were cloned in pGEM-T vector (Promega); plasmid DNA was puri-
fied from positive clones and sent for Sanger sequencing.

NGS sequencing on- and off-targets
Off-target loci were predicted using the CasOffinder software (http://www.rgenome.net/cas-offinder) (61). 
Genomic DNA from the predicted off-target regions and that of the albumin on-target site were PCR amplified 
and sent to BMR Genomics for Illumina sequencing. The primers used for the PCR amplifications are listed 
in Supplemental Table 10 and contained the complementary regions and a tail on the 5′ and 3′ end, which was 
necessary for the sequencing reaction. The length of the PCR fragment for the on-target albumin amplicon was 
517 bp; for the off-target amplicons the length of the PCR fragment was as follows: Tubgcp2, 522 bp; Kif21A, 
478 bp; and Gm29874, 491 bp.

Sequenced libraries were first split into locus-specific bins based on the best match to a corresponding 
source locus using the BBSplit tool (BBtools, https://jgi.doe.gov/data-and-tools/bbtools/) and reads in 
each bin were counted to verify that they were sufficient to provide deep coverage. Sequencing runs for 
the Gm29874 locus were subsequently repeated because they were not originally represented in quantities 
comparable with the other two off-target loci and an on-target locus. Each read bin was then separately 
mapped to its corresponding locus target with bwa (62). All unmapped reads and reads without both pairs 
mapping to the target sequence were filtered out with samtools (63). Indels were left-aligned using the 
GATK LeftAlignIndels function (64). All reads below the mapping quality of  Q30 ad positions below 
the base-calling quality of  Q20 were removed from subsequent analysis. Base and indel frequencies were 
called at each target position from the aligned and post-processed BAM files by using the custom R script 
based on the Bioconductor’s Rsamtools package (Rsamtools, http://bioconductor.org/packages/release/
bioc/html/Rsamtools.html). Samples and targets without the SaCas9 treatment were used as a control 
and alternative base and indel frequencies (thereinafter jointly termed as alternative variants) were used 
to model the experimental error with the beta-binomial distribution with the R ebbr package. Parameters 
for the beta-binomial function were estimated from all alternative variant count/depth ratios in nontreated 
samples. The 99.9th percentile of  the distribution was taken as the error likelihood threshold and then each 
sample was statistically evaluated at each position to estimate whether the alternative variant/depth at a 
specific site within the sample was above or below the likelihood threshold for error. The estimates were 
done separately for SNPs and indels. Subsequently, each sample’s indel and SNP frequency profiles were 
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separated into “signal” and “noise” parts, based on whether they exceed the error likelihood. From these 
profiles, the overall statistics was compiled on the magnitude and overall event count (event = alternative 
variant in the significant signal range).

Statistics
The Prism package (GraphPad Software) was used to analyze the data. Results are expressed as mean ± 
SD. P < 0.05 was considered statistically significant. Depending on the experimental design, 2-tailed Stu-
dent’s t test, or 1-way or 2-way ANOVA, with Bonferroni’s post hoc comparison tests, was used, as indicat-
ed in the legends to the figures and text.
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