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Ex Vivo Hepatocyte Reprograming 
Promotes Homology-Directed DNA 
Repair to Correct Metabolic Disease in 
Mice After Transplantation
Caitlin J. VanLith,1,2 Rebekah M. Guthman,1,2 Clara T. Nicolas,1 Kari L. Allen,1 Yuanhang Liu,3 Jennifer A. Chilton,4  
Zachariah P. Tritz,5,6 Scott L. Nyberg,1,7 Robert A. Kaiser,1,8 Joseph B. Lillegard,1,8,9* and Raymond D. Hickey1,2*

Ex vivo CRISPR/Cas9-mediated gene editing in hepatocytes using homology-directed repair (HDR) is a potential 
alternative curative therapy to organ transplantation for metabolic liver disease. However, a major limitation of this 
approach in quiescent adult primary hepatocytes is that nonhomologous end-joining is the predominant DNA repair 
pathway for double-strand breaks (DSBs). This study explored the hypothesis that ex vivo hepatocyte culture could 
reprogram hepatocytes to favor HDR after CRISPR/Cas9-mediated DNA DSBs. Quantitative PCR (qPCR), RNA 
sequencing, and f low cytometry demonstrated that within 24 hours, primary mouse hepatocytes in ex vivo mon-
olayer culture decreased metabolic functions and increased expression of genes related to mitosis progression and 
HDR. Despite the down-regulation of hepatocyte function genes, hepatocytes cultured for up to 72 hours could 
robustly engraft in vivo. To assess functionality long-term, primary hepatocytes from a mouse model of hereditary 
tyrosinemia type 1 bearing a single-point mutation were transduced ex vivo with two adeno-associated viral vectors 
to deliver the Cas9 nuclease, target guide RNAs, and a 1.2-kb homology template. Adeno-associated viral Cas9 
induced robust cutting at the target locus, and, after delivery of the repair template, precise correction of the point 
mutation occurred by HDR. Edited hepatocytes were transplanted into recipient fumarylacetoacetate hydrolase 
knockout mice, resulting in engraftment, robust proliferation, and prevention of liver failure. Weight gain and bio-
chemical assessment revealed normalization of metabolic function. Conclusion: The results of this study demonstrate 
the potential therapeutic effect of ex vivo hepatocyte-directed gene editing after reprogramming to cure metabolic 
disease in a preclinical model of hereditary tyrosinemia type 1. (Hepatology Communications 2019;3:558-573).

Liver transplantation remains the only curative 
therapy for metabolic liver disease. However, 
the procedure is severely limited by a shortage 

of donor organs, potential for graft loss, and require-
ment for life-long immunosuppression. Allogeneic 
hepatocyte transplantation, in which hepatocytes are 

isolated from cadaveric organs deemed unsuitable 
for transplantation, has shown some efficacy in the 
clinic.(1) However, this procedure has the same lim-
itations as liver transplantation with even more pro-
nounced loss of transplanted hepatocytes over time, 
presumably due to immune rejection.(2) Autologous 
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hepatocyte transplantation, in which the patient’s own 
hepatocytes are isolated after partial hepatectomy and 
corrected using gene therapy, is a potential curative 
therapy and has been used in the clinic for the treat-
ment of familial hypocholesteremia using integrating 
gammaretroviral vectors.(3) More recently, the appli-
cation of lentiviral vectors for curative gene therapy 
in hepatocytes has been demonstrated in a number 
of animal model systems,(5) including a pig model of 
hereditary tyrosinemia type I (HT1).(6)

CRISPR/Cas9-mediated gene editing is one such 
potential gene therapy platform by which mutations 
in genes can be corrected using a homology repair 
template.(7) However, for precise editing to occur, 
the cell of interest must be primarily repairing dou-
ble-strand breaks (DSBs) using homology-directed 
repair (HDR). For most cells, including hepatocytes, 
DNA repair using HDR occurs strictly during an 
active cell cycle.(8) As most adult hepatocytes are in 
the G0 phase of the cell cycle,(9) DSBs are repaired 
by nonhomologous end-joining (NHEJ), making 
adult hepatocytes minimally predisposed to precisely 
correcting breaks. The suggestion that cells in a more 
active phase of the cell cycle with up-regulated DSB 
repair genes are more inclined to HDR has been 
made by a number of studies,(10,11) including recent 
in vivo hepatocyte-directed CRISPR/Cas9-mediated 
gene editing, in which optimal gene repair occurred 

in 2-day-old neonatal mice, whose hepatocytes are 
actively dividing.(7) The ability to optimize HDR in 
hepatocytes will bring gene-editing therapies for adult 
patients with liver disease one step closer to clinical 
application.

Previous studies have noted differential gene reg-
ulation in hepatocytes in culture,(12) but have not 
identified the effects that this has on gene editing. In 
this study, we explored the potential for hepatocytes 
cultured ex vivo to activate necessary DNA repair 
machinery for CRISPR/Cas9-mediated gene correc-
tion to occur by HDR. The results herein demon-
strate that hepatocytes have the inherent ability to 
rapidly change expression of genes related to DNA 
repair by HDR. Ex vivo–cultured hepatocytes are able 
to undergo CRISPR/Cas9-mediated gene repair, and 
corrected hepatocytes can then engraft and proliferate 
in vivo to correct metabolic disease in a mouse model 
of HT1.

Materials and Methods
plasmiD anD VeCtoR 
ConstRuCtion

Two guides targeting the point mutation in exon 
8 of the Fah (fumarylacetoacetate hydrolase) gene 
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were designed using Benchling.com. For the first sin-
gle-guide RNA (sgRNA), oligonucleotides containing 
BsaI-clonable overhangs were ligated downstream of a 
U6 promoter in an adeno-associated viral (AAV) vector 
expressing S. aureus Cas9 (pX601-AAV-CMV:NLS- 
SaCas9-NLS-3xHA-bGHpA;U6::BsaI-sgRNA was 
a gift from Feng Zhang [Addgene plasmid #61591]) 
(AAV-Cas9). A second Fah-targeting sgRNA was 
constructed using a synthesized gBlock (IDT, Inc., 
Coralville, IA) comprising a U6 promoter and sgRNA 
that was cloned into a second AAV vector containing 
a 1,192–base pair (bp) fragment of homology to the 
Fah exon 8 locus (AAV-HT). The repair template con-
tained two modified bases that could be used for PCR 
screening of corrected alleles and modified protospacer 
adjacent motif sites at each guide to prevent recutting 
by Cas9. Both the AAV-Cas9 and the AAV-HT were 
created by standard triple- plasmid transfection of 
HEK-293T cells using Fugene6 (Promega, Madison, 
WI) with serotype DJ. Cells were incubated for 72 
hours, collected, and the AAV particles were puri-
fied and stored at −80°C. Vector titers were deter-
mined by qPCR using the Luna Universal qPCR 
Mix (NEB, Ipswich, MA) with the following  primers: 
5 ′ -T TGCATATACGATACAAGGCTGT T, 
5′-AAAACTGCAAACTACCCAAGAAA.

animals anD animal CaRe
All animals received humane care in compliance 

with the regulations of the institutional animal care 
and use committee at the Mayo Clinic. Mice were 
housed in static, nondisposable cages with corn-
cob bedding, paper nesting material, and a micro- 
isolator filter top. Irradiated Rodent Laboratory 
Chow (Purina®, St. Louis, MO) was fed ad libidum 
through a wire rack. All interventions were per-
formed during the light cycle. Fah5981SB mice (Fah-/-  
mice), an established model of HT1 that bears a sin-
gle-point mutation at the exon 8 locus, were a gift 
from Markus Grompe (Oregon Health & Science 
University, Portland, OR).(13,14) The protective medi-
cation, NTBC (2-(2-nitro-4-trifluoromethylbenzoyl)-
1,3- cyclohexanedione), prevents weight loss and 
liver failure due to HT1 and was administered to 
the Fah-/- mice in their drinking water at 8 mg/L, 
unless withdrawal was indicated.(15) Hepatocytes 
for the comparative qPCR experiment were isolated 
from a 3.5-month-old (mo) female Fah-/- mouse. 

Hepatocytes for ribonucleic acid sequencing (RNA-
Seq) experiments were isolated from a 7-mo female 
Fah-/- mouse. Hepatocytes for the flow cytometry 
experiment were isolated from a 3.5-mo female Fah-/-  
mouse. Hepatocytes for the Ki-67 flow cytome-
try positive control were isolated from a 6-mo male 
Fah-/- mouse. Hepatocytes for bioluminescent imag-
ing experiments were isolated from a 3-mo female 
C57BL/6 mouse and were transplanted into nine 
6-mo male C57BL/6 mice. Hepatocytes for in vitro 
testing of the dual AAV system were isolated from 
a 2-mo female Fah-/- mouse. Hepatocytes transduced  
ex vivo with AAV-Cas9 and AAV-HT and transplanted 
into six Fah-/- mice (3 male and 3 female) were iso-
lated from a 3.5-mo female Fah-/- mouse. The four 
control Fah-/- mice used to monitor weight change 
were same-sex littermates to their respective exper-
imental animals. To encourage positive selection for 
FAH+ hepatocyte proliferation, NTBC was withheld 
from the six Fah-/- transplant recipient mice and their 
respective weight controls until they showed signs of 
severe weight decline, at which point it was adminis-
tered in their drinking water at 8 mg/L for 5-7 days 
before it was withdrawn again. The control animals 
were sacrificed when they—but not the treated exper-
imental animals—could not tolerate NTBC with-
drawal. Control animals for the blood data were either 
9.5-mo male Fah-/-  mice who were withdrawn from 
NTBC for 20 days before sacrifice (−NTBC; n = 5) 
or 4.5-mo male Fah-/- mice who were on NTBC until 
sacrifice (+NTBC; n = 5). For serial transplantations, 
the original donor mouse was a 2.5-mo Fah-/- male. 
Hepatocytes were isolated and transplanted into two 
2-mo Fah-/- male mice, which were cycled on and off 
NTBC until NTBC-independent weight gain was 
achieved. The livers of these two animals were per-
fused and those hepatocytes were transplanted into 
seven 2-mo Fah-/- female mice that were again cycled 
on and off NTBC until NTBC-independent weight 
gain was achieved.

HepatoCyte anD FiBRoBlast 
isolation anD Cell CultuRe

Fibroblast cell lines were derived from neonatal 
Fah-/- mouse tissue and were immortalized using a 
lentiviral vector expressing the small and large SV40 T 
antigens. Fibroblasts were kept in Dulbecco’s modified 
Eagle’s medium (DMEM; Thermo Fisher Scientific, 
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Waltham, MA) containing 10% heat-inactivated fetal 
bovine serum (Corning, Herndon, VA) and 1% pen-
icillin/streptomycin (Corning, Inc., Herndon, VA). 
Primary hepatocytes were harvested from an anesthe-
tized donor mouse by a standard in situ perfusion of 
the liver using Collagenase NB (SERVA, Heidelberg, 
Germany) and Thermolysin (MilliporeSigma, St. 
Louis, MO). Hepatocytes were plated into 6-well 
Primaria plates (BD Biosciences, San Jose, CA) con-
taining the following media: DMEM, 10% fetal bovine 
serum, 10 mM HEPES, 10 µM Dexamethasone 
(MilliporeSigma), 10 ng/mL murine epidermal growth 
factor (PeproTech, Rocky Hill, NJ), and 1% penicil-
lin/streptomycin. Both murine epidermal growth fac-
tor and corticosteroid dexamethasone are known to 
increase viral vector transduction in primary hepato-
cytes.(6,16) The culture medium for Fah-/- hepatocytes 
contained an additional 7 mg/L NTBC. One hun-
dred minutes after plating, the culture medium was 
replaced. At this time, AAV-Cas9 and AAV-HT were 
added, if indicated. Cells were cultured for 72 hours, 
unless otherwise specified. All cells were kept at 37°C 
and 5% CO2.

QpCR, Rna-seq, anD 
BioinFoRmatiCs

RNA from Fah-/- primary mouse hepatocytes cul-
tured for 0 hours, 24 hours, or 48 hours was isolated 
with a Direct-zol RNA isolation kit (Zymo Research, 
Irvine, CA). A comparative computed tomography 
qPCR was run on generated complementary DNA 
with Luna Universal qPCR Master Mix (NEB, 
Ipswich, MA) on standard speed using the follow-
ing parameters: 95°C, 3 minutes; 40 cycles of 95°C, 
15 seconds, 60°C, 30 seconds, read; melt curve. 
Primers can be found in Supporting Table S2. Results 
were normalized to B2m expression. RNA-Seq 
was performed using a high-throughput sequencer 
(BGISEQ-500 service provided by Beijing Genomics 
Institute, Hong Kong, China). After sequencing, 
Fastq files were processed by the Mayo Clinic’s inter-
nal MAP-RSeq pipeline (Version 2.1.1).(17) The 
aligning and mapping of reads were performed using 
the TopHat2 spliced aligner against mm10 reference 
genome.(18) The gene and exon counts were generated 
by FeatureCounts using gene definition files from the 
Ensembl v79 database.(19) Quality control was carried 
out using the RSeqQC quality control package(20) and 

some additional metrics(21) to ensure the results from 
each sample were reliable and could be used for dif-
ferential expression analysis. Differential expression 
analysis was carried out using the Bioconductor pack-
age, edgeR (Version 3.20.1).(22) Differential expressed 
genes (DEGs) were identified with average expres-
sion of more than 2 counts per million, more than 1 
absolute log2 fold change, and adjusted P value of less 
than 0.05. All bioinformatics statistical analysis was 
evaluated using the computing software R (Version 
3.4.2). A total of 480 “DNA repair” genes and 112 
“cellular and amino acid catabolism process” genes as 
defined by the Gene Ontology collection within the 
Molecular Signatures Database (Version 6.1)(23) were 
analyzed in detail (gene list in Supporting Table S1). 
Statistical significance and concordant differences 
were calculated using an associated gene set enrich-
ment analysis.

Ki-67 FloW CytometRy
Hepatocytes were isolated as described previously. 

Cells were plated and cultured for 0 hours, 24 hours, 
or 48 hours, at which point they were harvested, fixed, 
and permeabilized using 5 mL of cold ethanol and 
incubated at −20°C. A Ki-67 positive control was cre-
ated by performing a two-thirds partial hepatectomy 
in a mouse, perfusing the liver at 48 hours, and fixing 
the cells in cold ethanol. Samples were then washed 
twice with 30 mL staining buffer (phosphate-buffered 
saline, 1% fetal bovine serum, 0.09% sodium azide) 
and centrifuged for 10 minutes at 200g. A total of  
1 × 106 hepatocytes were stained with 0.125 µg phyco-
erythrin/Cy7 antimouse Ki-67 antibody (BioLegend, 
San Diego, CA) and incubated for 30 minutes in 
the dark. The cells were washed using staining buf-
fer. Stained hepatocytes were run by the Mayo Clinic 
Flow Cytometry Core and analyzed with FlowJo12.0 
software (FlowJo, LLC, Ashland, OR). Forward and 
side scatter were used to define single cells, and an 
unstained control sample was used to define the 
boundary of the Ki-67 positive population.

luCiFeRase tRansFeCtion 
anD BioluminesCent imaging

Primary hepatocytes were cultured for 24 hours, 
48 hours, or 72 hours, and 3 hours before har-
vest, each well of 300,000 cells was transfected with  
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3 µg messenger RNA (mRNA) for Firefly Luciferase 
(TriLink Biotechnologies, San Diego, CA). At each 
time point, hepatocytes were harvested and trans-
planted into three mice through splenic injection. 
Recipient mice were given an intraperitoneal injection 
of 150 mg/kg D-luciferin (Regis Technologies, Inc., 
Morton Grove, IL) 10 minutes before in vivo imag-
ing in a Xenogen IVIS Imager (PerkinElmer, Inc., 
Waltham, MA). Recipient mice were imaged at 2 
hours and 26 hours following transplantation. At the 
26-hour time point, livers were excised and imaged  
ex vivo.

pCR anD t7 enDonuClease 
analysis

Total cells from in vitro assays were collected and 
DNA was purified using a DNeasy Blood & Tissue Kit 
(QIAGEN, Hilden, Germany). For PCR amplification 
of Cas9-disrupted sequence, the following primers  
were used: 5′-GGGCTCATGTGAGTAGACTTCC, 
5′-TCAGCTCCATCCTTCCACTT. PCR ampli-
fication was conducted using Phusion polymerase 
(NEB, Ipswich, MA) as follows: 98°C, 3 minutes; 35 
cycles of 98°C, 10 seconds, 63°C, 20 seconds, 72°C, 
30 seconds; 72°C, 5 minutes. Products were ~452 bp  
in length. The sequences were processed using a T7 
endonuclease Alt-R Genome Editing Detection Kit 
(IDT, Inc., Coralville, IA). For selective amplifica-
tion of corrected sequence, the following primers 
were used: 5′-TGGAGCGGTAATGCCTCC for 
binding selectively to the corrected sequence and 
5′-AAAATGCAGGATCCACCAAG for binding 
outside of the homology region. Only DNA that had 
successfully incorporated the AAV-HT would amplify 
by this method. PCR conditions were as follows: 98°C, 
3 minutes; 35 cycles of 98°C, 10 seconds, 61°C, 20 
seconds, 72°C, 45 seconds; 72°C, 5 minutes. Products 
were ~859 bp in length. PCR and T7 products were 
electrophoresed on a 2% Tris-acetate-ethylenediamine 
tetraacetic acid buffer agarose gel and visualized with 
ethidium bromide staining.

oFF taRget analysis anD Dna 
seQuenCing

For examination of indels created at the Fah 
locus in fibroblasts by AAV-Cas9 alone, a 452-bp 

PCR amplicon (primers above) surrounding the Fah  
single-nucleotide polymorphism region was generated 
and sent to GENEWIZ (South Plainfield, NJ) to 
undergo their Amplicon-EZ service on an Illumina 
2 × 250 bp platform. To detect disruption and edit-
ing efficiency in cultured hepatocytes treated with 
both AAV-Cas9 and AAV-HT, as well as to find the 
top 10 sequences in edited mouse livers, snap-fro-
zen pieces of liver tissue from six experimental mice 
were digested using a DNeasy Blood and Tissue Kit 
(QIAGEN), and the same 452-bp amplicon was 
generated. Samples were sent to GENEWIZ and 
underwent their Amplicon-EZ. To identify potential 
off-target sites, the online software program Cas-
OFFinder (Center for Genome Engineering, Seoul, 
South Korea) was used.(24) Based on previous stud-
ies,(25,26) parameters for each of the two guide RNAs 
(gRNAs) were set at equal or less than two mis-
matches, equal or less than one DNA bulge size, and 
equal or less than one RNA bulge size. Primers were 
designed to amplify 200 bp to 250 bp regions around 
these sites (Supporting Table S3). DNA was iso-
lated from the livers of six treated animals and three 
untreated controls as previously. PCR products were 
generated for each sample at each of the seven sites, 
and the purified samples were sent to GENEWIZ to 
undergo their Amplicon-EZ service.

HepatoCyte 
tRansplantation

Primary hepatocytes transduced with AAV-Cas9 
and AAV-HT at multiplicity of infection (MOI) 
500,000 genome copies and 200,000 genome cop-
ies, respectively, were cultured for 48 hours and were 
then harvested with 0.05% trypsin/ethylene diamine 
tetraacetic acid, centrifuged, and suspended for trans-
plantation in 200 μL media containing 2 ug/mL 
DNaseI (Sigma-Aldrich, St. Louis, MO). The cells 
were then injected into recipient Fah-/- mice through 
an intrasplenic injection, as described previously.(27) 
For serial transplantations, the first iteration of edited 
Fah-/- hepatocytes underwent this treatment and was 
transplanted into recipient Fah-/- mice through intra-
splenic injection. These hepatocytes were again iso-
lated after proliferation and were transplanted into 
another set of Fah-/- recipients without further ex vivo 
treatment or culture.
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Histology anD BioCHemiCal 
analysis

For histological analysis, tissue samples were fixed 
in 10% neutral buffered formalin (Protocol; Fisher-
Scientific, Pittsburgh, PA) and processed for paraffin 
embedding and sectioning. For hematoxylin and eosin 
staining, slides were prepared with standard protocols. 
FAH immunohistochemistry using a polyclonal rabbit 
anti-FAH primary antibody(28) was performed with a 
Bond III automatic stainer (Leica Biosystems, Buffalo 
Grove, IL) with a 20-minute antigen retrieval step using 
Bond Epitope Retrieval Solution 2 (Leica Biosystems) 
and stained with diaminobenzidine (Leica Biosystems). 
Quantification of FAH+ cells was obtained using a 
cytoplasmic stain algorithm in Aperio ImageScope 
(Leica Biosystems). Fifteen rectangular areas totaling 
954,829.4 µm2 were randomly selected and analyzed. 
Reported results were calculated as the total percentage 
of cytoplasmic FAH positivity among the cells selected. 
For biochemical analysis of alkaline phosphatase (ALP), 
alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), albumin, and total bilirubin (TBIL), 
plasma was analyzed with the VetScan VS2 benchtop 
analyzer (Mammalian Liver Profile; Abaxis, Union City, 
CA). Tyrosine values were determined using tandem 
mass spectrometry and chromatography through Mayo 
Clinic’s internal biochemical phenylketonuria test.

statistiCal analysis
Statistical analyses were performed using GraphPad 

Prism software (Version 7; GraphPad Software, La 
Jolla, CA). Experimental groups were compared using 
an unpaired, two-tailed Student t test. Differences 
between multiple groups were compared using a one-
way analysis of variance followed by Tukey’s multiple 
comparisons test. A P value of less than 0.05 was con-
sidered statistically significant.

Results
EX VIVO CultuRe RapiDly 
RepRogRams pRimaRy 
HepatoCytes

Cellular quiescence has been associated with less 
active DNA repair pathways, which are a key com-
ponent of successful site-specific gene editing.(29) To 

characterize the changes in hepatocyte gene expression 
in ex vivo cultured mouse hepatocytes, we performed a 
comparative qPCR on five genes required for homolo-
gous recombination: Brca1, Brca2, Rad51, Rad52, and 
Pcna.(30-32) When grouped, these genes are up-regu-
lated over time (Fig. 1A), and each gene individually 
showed a similar progressive up-regulation (Fig. 1B). 
To determine whether these changes were influenced 
by entry into the cell cycle, we conducted a flow cytom-
etry assay for Ki-67+ mouse hepatocytes after 0 hours, 
24 hours, or 48 hours of culture. This nuclear protein, 
whose absence reliably differentiates cells in G0 from 
those in an actively proliferating phase,(33) was found 
in a greater percentage of cultured hepatocytes over the 
time course, suggesting that ex vivo culture advanced 
normally quiescent hepatocytes from G0 phase into 
more active phases of cycling (Fig. 1C,D).

To further explore these gene expression trends, 
we performed RNA-Seq analysis on mouse hepato-
cytes cultured for 24 hours or 48 hours. We compared 
this to freshly isolated hepatocytes that were not cul-
tured (0 hours). Overall, there was a high concor-
dance among samples in the same group, and most 
of the differences were observed between the 0-hour 
group and the 24-hour or 48-hour groups (Fig. 1E). 
A principal component analysis confirmed these rela-
tionships (Supporting Fig. S1B). In total, 5,254 dif-
ferentially expressed genes were identified between 0 
hours and 48 hours (Fig. 1F and Supporting Fig. S1C). 
Gene set enrichment analysis between 0 hours and 48 
hours found a striking enrichment of up-regulation in 
function annotations related to cell cycle and DNA 
repair regulations, and down-regulation in function 
annotations related to metabolic processes (Fig. 1G). 
Subsequently, two selected function annotations—
DNA repair and the cellular amino acid catabolic pro-
cess—were further examined (Fig. 1H), showing a clear 
enrichment of genes up-regulated at 48 hours for DNA 
repair function and genes down-regulated at 48 hours 
for the cellular amino acid catabolic process. Detailed 
summary statistics regarding these two selected func-
tion annotations are shown in Supporting Fig. S1D,E.

HepatoCytes Can engRaFt 
IN VIVO aFteR EX VIVO CultuRe 
FoR at least 72 HouRs

As gene expression was significantly altered in 
hepatocytes after ex vivo culture, we assessed whether 
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cultured hepatocytes could engraft in vivo after intra-
splenic injection. Qualitatively, no major differences 
among the three transplant groups were noted using 
noninvasive bioluminescence imaging at 26 hours 
following transplant (Fig. 2A). To quantify luciferase 
expression (given the inconsistencies of in vivo bio-
luminescence imaging), animals were euthanized at 
26 hours following injection, and excised livers were 
subjected to bioluminescence imaging, also showing 
little qualitative difference among the groups (Fig. 
2B). No significant differences in quantified total 
excised liver bioluminescence flux were noted among 
the groups, indicating that hepatocytes cultured for up 
to 72 hours did not lose their engraftability compared 
with 24 hours in culture—a common time point for 
multiple previous hepatocyte transplant experiments 
in mice.(4,6,16)

a Dual-aaV VeCtoR system 
Can eDit a taRget loCus in 
tHe Fah gene

Because bioluminescence data suggested hepato-
cytes cultured ex vivo retained the ability to engraft 
in vivo, we set out to test the long-term effect of cul-
turing and modifying primary hepatocytes. The Fah-/- 
locus and the two AAV vectors used are shown in Fig. 
3A. To initially test this system in vitro, fibroblasts 
from Fah-/- mice were transduced with AAV-Cas9 to 
determine activity of Staphylococcus aureus Cas9 at the 
Fah locus (Supporting Fig. S2A-D). We then applied 
these vectors to cultured primary hepatocytes from 
Fah-/- mice. PCR amplicon next-generation sequenc-
ing (NGS) around the Fah locus indicated a variety 
of possible alleles at both guide sites, ranging from an 
unedited sequence to both HDR and NHEJ, caused 
by targeted disruption of the locus using CRISPR/
Cas9 (Fig. 3B, and top 50 sequences are found in 
Supporting Table S4). In congruence with the in vitro 
data from fibroblasts, correction of the point mutation 
was dependent on expression of Cas9, and no gene 
correction could be detected in cells receiving only 
receiving AAV-HT (Fig. 3C). We also analyzed the 
timing of correction in hepatocytes after transduction 
with both AAV-HT and AAV-Cas9, harvesting the 
cells at 24 hours, 48 hours, and 72 hours for analysis. 
PCR analysis revealed a time-dependent correction of 
the mutation, with correction occurring after 48 hours 
and maximally at 72 hours (Fig. 3D).

tRansplanteD HepatoCytes 
Can CuRe liVeR Disease in  
Fah-/- miCe

Based on the positive data showing gene cor-
rection in primary hepatocytes between 24 hours 
and 48 hours, we proceeded to test the efficacy of 
transplanting these gene-edited hepatocytes in vivo  
(Fig. 4A). Hepatocytes from Fah-/- mice were plated 
in media containing murine epidermal growth factor 
and dexamethasone and cultured for 48 hours after 
being transduced with both AAV-HT and AAV-
Cas9. Hepatocytes were trypsinized and transplanted 
into adult male and female syngeneic Fah-/- mice by 
intrasplenic injection. Mice were cycled on/off the 
protective drug NTBC to provide a selective advan-
tage for corrected FAH+ cells to proliferate. Female 
mice became NTBC-independent after 68 days, 
whereas male mice became NTBC-independent 
after 90 days (Fig. 4B). Control Fah-/- mice that were 
not transplant recipients never became weight sta-
ble off NTBC and were euthanized at the indicated 
times. All transplanted mice were euthanized 165 
days after transplantation, and a thorough biochem-
ical analysis was performed (Fig. 4C). In congruence 
with the weight data, transplanted mice had signifi-
cantly reduced markers of liver injury, including ALP,  
TBIL, AST, and ALT. Considering the HT1 phe-
notype, tyrosine levels were significantly reduced to 
the levels seen in wild-type mice, indicating correc-
tion of metabolic disease. Albumin levels were also 
significantly improved compared with Fah-/- mice off 
NTBC.

gene-CoRReCteD 
HepatoCytes Can pRoliFeRate 
eXtensiVely IN VIVO

To assess the in vivo potential for CRISPR/ 
Cas9-edited hepatocytes to engraft and proliferate,  
we performed histopathological analyses on trans-
planted livers using FAH immunohistochemistry (Fig. 
5A). A liver from an untreated Fah-/- control mouse 
showed no staining for FAH (Fig. 5B). Although 
female mice took one fewer NTBC cycle to rescue, 
they did not have a significantly increased percentage of 
FAH+ cells in the liver, nor did they have an increased 
number of FAH+ nodules. Next, a histopatholog-
ical assessment of hematoxylin and eosin–stained 
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transplanted livers was performed by a pathologist. 
Healthy hepatocyte and parenchymal architecture cor-
related with FAH+ regions, with evidence of hyper-
plasia seen primarily in the FAH−negative regions 
(data not shown). No evidence of hepatocellular carci-
noma was noted. Finally, high-throughput NGS at the 

Fah locus indicated that the corrected point mutation 
without the modified protospacer adjacent motif site 
(TCC present in AAV-HT) was the most common 
edited allele in 9.8% of sequences, whereas the cor-
rected point mutation with the modified protospacer 
adjacent motif site was present in only 2.6% of alleles 

Fig. 2. Hepatocytes cultured ex vivo can engraft in the liver after at least 72 hours in culture. (A) In vivo imaging of hepatocyte 
transplant (Tx) recipients 2 hours and 26 hours following Tx. Hepatocytes were cultured for t = 24 hours, 48 hours, or 72 hours and 
transplanted through splenic injection (n = 3 for each Tx time point). Hepatocyte engraftment in the liver can be seen 26 hours after Tx, 
even in the group that received cells after 72 hours in culture. (B) All livers imaged ex vivo at the 26-hour time point showed luciferase 
activity from engrafted hepatocytes. Flux was standardized and quantified, showing no significant difference among the three groups.

Fig. 1. Ex vivo reprogramming of cultured hepatocytes up-regulates DNA repair pathways. (A) Averaged relative quantification 
values showing expression levels of five genes involved in homologous recombination (Brca1, Brca2, Rad51, Rad52, and Pcna) relative 
to the length of culture as determined by comparative qPCR on RNA isolated from primary hepatocytes. Samples are standardized 
to B2m expression. (B) Deconvolution of these five genes, showing consistent up-regulation over time. (C) Representative histogram 
of Ki-67 intensity in primary hepatocytes after increasing time in culture, with peak heights normalized to mode of sample. (D) 
Quantification of mean f luorescence intensity in biological replicates (n = 2). (E) Hierarchical clustering of six RNA-Seq samples at 
three different time points (0 hours, 24 hours, and 48 hours). The 24-hour and 48-hour time points are more similar to one another 
than either is to 0 hours. (F) Heat map of gene expression in all samples for differentially expressed genes between times 0 hours and 
48 hours (n = 5,254). (G) Enrichment analysis of highly affected gene sets clustered by biologic functions between cells in culture for 48 
hours relative to 0 hours. (H) Detailed enrichment summary illustrating differences in the regulation of two selected Gene Ontology 
function annotations of interest—DNA repair (horizontal black bars on the left) and cellular amino acid catabolic process (horizontal 
green bars on the left)—among the three time points collected (presented by column). The heat map includes the top and bottom 
500 differentially expressed genes ranked by fold change between times 0 hours and 48 hours. Individual DNA repair genes are up-
regulated, whereas individual cellular and amino acid catabolic process genes are down-regulated in the 24-hour and 48-hour groups. 
Abbreviations: FDR, false discovery rate; and ns, not significant at α = 0.05.
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(Fig. 5D and top 50 sequences in Supporting Table S5). 
However, given the natural polyploidy of hepatocytes 
and the need to have only one corrected allele to stain 
FAH+, the total number of FAH+ cells likely would 

be significantly higher than this percentage, as corrob-
orated by immunohistochemistry.(34) A total of seven 
potential off-target loci were identified by algorithm, 
three of which were outside of gene-coding regions 

Fig. 3. AAV-Cas9 and AAV-HT can disrupt and correct the Fah locus in primary Fah-/- hepatocytes transduced ex vivo. (A) Schematic 
illustration of the position of the two Cas9 gRNAs and protospacer adjacent motif sequences (in green) that were used relative to the 
Fah locus and the HT1 mutation (in red). Also shown are the two AAV vectors used in the subsequent experiments. AAV-HT contains 
the corrected mutation, additional silent sequence modifications introduced for selective PCR (in blue), and Cas9 Guide 1. AAV-Cas9 
carries the Staphylococcus aureus Cas9 gene under the cytomegalovirus promotor, as well as Cas9 Guide 2. (B) PCR amplicon deep 
sequencing of the Fah locus from primary Fah-/- hepatocytes transduced with AAV-Cas9 and AAV-HT showed that low gene-editing 
rates in hepatocytes are detectable after 72 hours in culture. Sequence distribution and top 10 hits are shown. Both complete and 
partial homologous recombination were classified as HDR. (C) Selective PCR amplification of the corrected sequence showed that 
correction was occurring in primary hepatocytes transduced with both AAV-Cas9 and AAV-HT, but not in hepatocytes transduced 
with AAV-HT alone. (D) Primary hepatocytes were transduced with AAV-Cas9 and AAV-HT, and were harvested at 24 hours, 48 
hours, and 72 hours, respectively. The cells only control is primary hepatocytes that were not transduced and were collected at 72 hours. 
Abbreviations: CMV, cytomegalovirus; ITR, inverted terminal repeat.
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Fig. 4. Primary hepatocytes transduced with AAV-Cas9 and AAV-HT and cultured ex vivo can phenotypically correct a mouse model 
of hereditary tyrosinemia type I. (A) Workflow of ex vivo transplant experiments. Hepatocytes are isolated from a Fah-/- donor mouse, 
transduced with AAV-Cas9 and AAV-HT, cultured for 48 hours, and transplanted into a Fah-/- recipient mouse through splenic 
injection. (B) Weight charts for female recipients (green; n = 3), male recipients (red; n = 3), and control mice (black; n = 4). Gray bars 
indicate time on the protective drug, NTBC. *Euthanization of control mice. Females phenotypically rescued from liver failure with 
one fewer NTBC cycle than did the males. (C) Blood data for Fah-/- mice sacrificed after 20 days of NTBC withdrawal (black; n = 
5), Fah-/- mice that were never withdrawn from NTBC (dark gray; n = 5), experimental mice treated with AAV-Cas9 and AAV-HT 
(green/red; n = 6), and wild-type control mice (light gray; n = 4). **P < 0.01; ***P < 0.001; and ****P < 0.0001.
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Fig. 5. An ex vivo protocol using AAV-Cas9 and AAV-HT can molecularly correct a mouse model of hereditary tyrosinemia type I. 
(A) Immunohistochemistry for fumarylacetoacetate hydrolase in liver sections of all six experimental mice. Black scale bar is 4 mm. 
(B) Untreated Fah-/- mouse liver stained for FAH. (C) PCR amplicon deep sequencing of seven predicted off-target sites, showing 
percentage of non-wild-type alleles from the livers of both treated and untreated control mice. (D) NGS data of the Fah locus from liver 
samples from all six experimental mice showed that 86% of alleles were unmodified. Green letters indicate HDR-corrected bases; red 
letters indicate other changed bases; and bolded letters indicate bases targeted for change in the homology template. Perfect correction 
at this locus was seen in 2.6% of alleles, although the point mutation change was seen in over 12.6% of alleles.
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(Supporting Table S3). Prevalence of sequence varia-
tion was highly similar between treated and untreated 
DNA, indicating that there were no off- target effects 
from Cas9 activity at these high- probability genomic 
loci (Fig. 5E).

gene CoRReCtion is DuRaBle
Gene-edited hepatocytes were isolated from res-

cued Fah-/- mice and transplanted into another 
generation of recipient Fah-/- mice. These serial 
transplant recipients became NTBC-independent 
after only one or—in the case of one mouse—two 
NTBC cycles (Fig. 6A). After sacrifice, their plasma 
levels of tyrosine, ALP, and ALT had been corrected 
to wild-type levels in comparison to control Fah-/- 
mice off NTBC, whereas their AST levels had cor-
rected to the level of Fah-/- mice on NTBC (Fig. 6B). 
Immunohistochemistry for FAH showed nearly com-
plete repopulation of the liver by FAH+ hepatocytes 
in all treated animals with no signs of hepatocellu-
lar carcinoma in FAH+ regions after 220 total days 
of hepatocyte expansion (Fig. 6C,D and Supporting 
Fig. S4).

Discussion
Liver transplantation remains the only curative 

therapy for multiple inborn errors of metabolism, 
including HT1. Over the past 3 decades, multiple 
iterations of cell therapy approaches have been applied 
to these genetic disorders with varying success. The 
first regenerative medicine approach attempted con-
tinues to be the most clinically used: allogeneic 
hepatocyte transplantation. However, despite many 
attempts to disrupt the immune response against the 
allogeneic cells, graft loss continues to limit the long-
term efficacy of this approach, with most engraft-
ments lost by 6 months.(1,2) Autologous hepatocyte 
transplantation after gene therapy is a promising 
option for treating metabolic diseases, as an immune 
response is less likely to be initiated. The efficacy of 
this approach with integrating retroviral vectors has 
been demonstrated in small and large animal models 
of metabolic disease.(6,35) However, concerns remain 
about the potential for insertional mutagenesis using 
retroviral vectors that randomly integrate throughout 
the genome.(36) Consequently, we and others believe 

targeted gene editing at the specific genomic locus is 
a preferred alternative for future clinical application. 
To this end, CRISPR/Cas9-mediated gene editing 
has emerged as the leading candidate for specific gene 
repair in a number of rodent models, including liver 
diseases in which the underlying genetic mutation 
occurs in hepatocytes.(7,37)

Ex vivo gene therapy in hepatocytes presents sev-
eral potential barriers to effective gene correction 
using CRISPR/Cas9, including cell loss during cul-
ture of primary hepatocytes, delivery of Cas9 and 
repair templates, ability to perform HDR in nondi-
viding hepatocytes, and engraftment of modified cells 
after transplantation. The issue regarding HDR is 
often underappreciated and underreported in studies 
relating to gene therapy. The problem exists because 
adult hepatocytes are normally quiescent and in G0 
phase of the cell cycle(38)—a phase of the cell cycle in 
which NHEJ remains the predominant DNA repair 
pathway.(10) For gene editing to occur using HDR, 
hepatocytes must be targeted in young (commonly 
neonatal) livers that are actively dividing or potentially 
in livers that have undergone a regenerative stimu-
lus, such as a partial hepatectomy.(39,40) Therefore, 
although in vivo approaches to perform gene editing 
in neonatal livers offer great potential using CRISPR/
Cas9, alternative approaches are needed for gene edit-
ing to occur in adult hepatocytes.

Consequently, we hypothesized that ex vivo cultur-
ing of hepatocytes from adult mice could reprogram 
these cells to re-enter the cell cycle, thereby enhanc-
ing CRISPR/Cas9-mediated gene repair using HDR 
followed by transplantation. The data presented here 
demonstrate the potential for large-scale genomic 
changes to occur in cultured hepatocytes, as determined 
by qPCR, RNA-Seq, and flow cytometry. Cultured 
hepatocytes rapidly down-regulated genes related to 
metabolic function, but concurrently increased expres-
sion of genes related to cell cycle entry, DNA DSB 
repair, and mitosis. Importantly, these changes did not 
affect the ability of cultured hepatocytes to engraft in 
vivo, as demonstrated using bioluminescence imaging 
of luciferase-labeled hepatocytes that were cultured 
for up to 72 hours and subsequent cure of HT1 ani-
mals undergoing this technique.

In addition to tracking early stages of engraft-
ment using bioluminescence, we used the HT1 mouse 
model to demonstrate that ex vivo cultured and cor-
rected hepatocytes could still engraft and repopulate 
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the Fah-/- liver. Although the HT1 model may not be 
representative of other metabolic diseases because of 
the strong selective advantage for FAH+ cells, we used 
this model to show that ex vivo modified hepatocytes 
do not lose proliferative potential after culture and 
gene editing. It is well known that hepatocytes rap-
idly undergo apoptosis in primary culture(41); however, 

the strong selective advantage in HT1 mitigates the 
loss of cell viability over the course of culture period. 
Future studies will be needed in other metabolic dis-
ease models, to optimize engraftment conditions and 
to demonstrate that this ex vivo gene editing approach 
will be successful. Additional studies are needed to 
overcome three key limitations of any cell therapy 

Fig. 6. HDR-mediated correction of the Fah single-nucleotide polymorphism is repeatable and durable. (A) Weight curves for two 
hepatocyte transplant donors that were cured following the dual AAV treatment, as well as weight curves for seven serial recipient mice 
transplanted with hepatocytes from the first two mice after cycling and rescue. The dark gray bar indicates time on NTBC for every 
animal, and the light gray bar indicates time on NTBC for only the starred red animal. (B) Serum data for Fah-/- mice sacrificed after 
20 days of NTBC withdrawal (black; n = 5), Fah-/- mice who were never withdrawn from NTBC (gray; n = 5), experimental serial 
transplant recipient mice (red, 1 × 106 hepatocytes, n = 4; blue, 5 × 105 hepatocytes, n = 3), and wild-type control mice (green; n = 4). (C) 
Immunohistochemistry staining for FAH in treated mice and an untreated control. (D) Quantification of the levels of FAH expression 
in the livers of both treated groups and their untreated controls at time of sacrifice. *P < 0.05; **P < 0.01; and ****P < 0.0001.
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approach, including ex vivo gene therapy. First, this 
approach used AAV to deliver Cas9 to hepatocytes. 
Although this method showed robust induction of 
cutting, future studies should focus on selection of 
nonviral vectors—possibly mRNA and ribonucleo-
protein complexes—for delivery of Cas9, to reduce 
the potential for off-target cutting caused by contin-
ued activity of AAV-mediated expression. Second, 
engraftment of transplanted cells in vivo is low (dis-
cussed previously), and normally represents 10%-15% 
of total cells transplanted.(42) Ongoing work related 
to improving engraftment includes partial liver irra-
diation(43) and partial hepatectomy.(44) Third, to over-
come the absence of selective pressure for corrected 
cells in other diseases, a clinically relevant protocol 
will need to be optimized for enhancing proliferation 
of transplanted cells to phenotypically relevant lev-
els. Currently, a number of genetic and drug-induced 
injury methods have demonstrated efficacy in preclin-
ical models.(45,46) However, to date, no clinically rele-
vant methodology has been demonstrated.

In conclusion, the data presented here provide a 
proof-of-concept that ex vivo gene therapy in primary 
hepatocytes is feasible. Although much work needs to 
be done to make this approach clinically relevant, we 
believe that this work should lay the foundation for 
future studies related to gene editing in hepatocytes 
for HT1 and other metabolic liver diseases.
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