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Glycogen storage disease type Ia (GSD Ia) is the inherited
deficiency of glucose-6-phosphatase (G6Pase), associated with
life-threatening hypoglycemia and long-term complications,
including hepatocellular carcinoma formation. Gene replace-
ment therapy fails to stably reverse G6Pase deficiency. We
attempted genome editing using two adeno-associated virus
vectors, one that expressed Staphylococcus aureus Cas9 protein
and a second containing a donor transgene encoding G6Pase,
in a dog model for GSD Ia. We demonstrated donor transgene
integration in the liver of three adult-treated dogs accompanied
by stable G6Pase expression and correction of hypoglycemia
during fasting. Two puppies with GSD Ia were treated by
genome editing that achieved donor transgene integration in
the liver. Integration frequency ranged from 0.5% to 1% for
all dogs. In adult-treated dogs, anti-SaCas9 antibodies were
detected before genome editing, reflecting prior exposure to
S. aureus. Nuclease activity was low, as reflected by a low
percentage of indel formation at the predicted site of SaCas9
cutting that indicated double-stranded breaks followed by
non-homologous end-joining. Thus, genome editing can inte-
grate a therapeutic transgene in the liver of a large animal
model, either early or later in life, and further development is
warranted to provide a more stable treatment for GSD Ia.
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INTRODUCTION
Glycogen storage disease type Ia (GSD Ia) is the inherited deficiency
of glucose-6-phosphatase (G6Pase) caused by pathogenic mutations
in the G6PC gene. GSD Ia is associated with life-threatening hypogly-
cemia, as well as longer term adverse effects including hepatocellular
adenoma (HCA) and hepatocellular carcinoma (HCC).1,2 While
dietary therapy with uncooked cornstarch has succeeded in prolong-
ing the lifespan of people with this condition, it fails to reliably
prevent long-term complications of GSD Ia, including short stature,
progressive renal failure, HCA, and, less frequently, HCC. The liver
and kidney involvement has been attributed to accumulations of
glycogen and lipids in these tissues that persists despite dietary ther-
apy. Treatments for HCA and HCC have included resection or liver
108 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
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transplantation, and transplantation corrected the biochemical ab-
normalities associated with GSD Ia, including hypoglycemia and
hyperlipidemia.1,2 The efficacy of liver transplantation suggested
that liver-targeted gene therapy could be efficacious, both by prevent-
ing tumor formation and clinical symptoms related to hypoglycemia.
We and others have successfully piloted adeno-associated virus
(AAV) vectors that delivered a G6PC transgene to correct G6Pase
deficiency. However, the duration of the effect was limited, as hepatic
AAV vector genome abundance decreased rapidly. followed by a
more gradual loss of biochemical correction.3–5 Approaches to this
problem have included higher vector dosages6,7 and the re-adminis-
tration of the vector before the formation of anti-AAV antibodies.8

These approaches have not comprehensively addressed the loss of ef-
ficacy due to the loss of AAV vector genomes in animal models for
genetic disease. For example, a recent study in neonatal G6pc�/�

mice revealed that, despite the correction of G6Pase deficiency by
AAV vector-mediated gene therapy, autophagy was only partially
restored in the liver.9

Genome editing has been initiated to correct a mutation or integrate a
transgene as a method to stably treat liver metabolic diseases,
including GSD Ia.10,11 An initial genome editing study in GSD Ia
mice used a zinc finger nuclease (ZFN)-mediated genome editing
method.10 More recently, a Cas9-mediated editing strategy corrected
a point mutation underlying GSD Ia in a mouse model by introducing
donor DNA template via homology directed repair (HDR).12

Genome editing with Cas9 uses a single guide RNA (sgRNA) to target
an endonuclease, Cas9, to DNA and to cleave it, creating a double-
stranded break that is repaired by either of two processes: (1) non-ho-
mologous end-joining (NHEJ) that is error prone and often results in
short insertions or deletions (indels) at the cleavage site; or (2) HDR,
023 ª 2023 The Author(s).
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which uses a donor sequence with homology to both sites of the break
to incorporate the donor sequence.13 HDR is preferred as it can repair
the break to the original sequence or incorporate the sequence from
the donor template.14,15

Here, we report the development of a Cas9-mediated genome editing
strategy in a canine model of GSD Ia that uses two AAV vectors to
deliver the needed components. We have evaluated HDR in vitro
and in vivo, demonstrating that transgene integration is feasible in
a large animal model for GSD Ia.

RESULTS
Initially, genome editing was evaluated in cultured GSD Ia dog fibro-
blasts, which were transfected with plasmids containing the vector
transgenes. One vector delivered the S. aureus Cas9 endonuclease
(AAV-SaCas9) and an sgRNA expression cassette that directs SaCas9
to cleave the G6PC gene at exon 1/intron 1 boundary, while a second
vector (AAV-cG6PC) delivered a repair template (donor) to induce
HDR and to integrate a functional G6PC gene (Figure 1A). To avoid
potential problems caused by the limited DNA packaging capacity of
AAV, we chose to express the S. aureus Cas9 protein, rather than the
more commonly used Streptococcus pyogenes Cas9 protein. The
S. aureus Cas9 open reading frame (ORF) is, at 3162 base pairs
(bp) in length, substantially smaller than the 4107-bp S. pyogenes
Cas9 ORF, yet S. aureus Cas9 shows a similar level of genome editing
activity in mammalian cells.16 The two vector plasmids were func-
tional, as demonstrated by the generation of indels detected in the
Surveyor assay (Figure 1B) and transgene integration in canine
GSD Ia fibroblasts (Figure 1C). Integration depended on the presence
of CRISPR-Cas9, because transfection with donor alone resulted in no
detectable integration events. Sequencing of transgene integration
events confirmed its location in the dogG6PC exon 1/intron 1 bound-
ary in the genome (Figure 1D).

Three adult dogs were treated with two AAV-based vectors express-
ing SaCas9 and an sgRNA, or expressing a G6Pase transgene, at
34 months of age at relatively high vector dosages (1 � 1013 vg/kg
for AAV7-cG6PC and 2� 1012 vg/kg for AAV7-SaCas9) (Figure 2A).
All three dogs had a liver biopsy 2 months before treatment with edit-
ing vectors and 4 and 16 months after receiving vector. The dogs had
previously received three prior treatments with gene replacement us-
ing other AAV serotypes between birth and age 3 months (Table S1)
and with a brief course of rapamycin.17 Transgene integration was
detected in all three dogs’ liver biopsies at months 4 and 16 after
administration of the editing vectors (Figure 2B). The editing vector
genomes, AAV-cG6PC and AAV-SaCas9, were detected at months 4
and 16, as was the original gene replacement vector genome, AAV-
G6Pase (Figures 2C–2E). Evaluation of biochemical correction, in
comparison with untreated GSD Ia dog liver, revealed significantly
increased G6Pase in comparison with untreated dogs with GSD Ia
(Figure 2F). At 32 months of age, the dogs had 29 ± 8% of normal
G6Pase activity in liver, which increased to 43 ± 5% at 38 months
of age, 4 months after receiving both donor and CRISPR vectors.
However, the difference in G6Pase at 4 months was not statistically
Molecul
significant, in comparison with baseline (4 months vs before
CRISPR vector administration [BC]) (Figure 2F). Liver G6Pase activ-
ity decreased to 32 ± 3% at 50 months of age, indicating that the
majority of transgene expression was from episomal AAV vector ge-
nomes that were lost over the intervening 12 months. Liver glycogen
content was significantly decreased in comparison with untreated
dogs with GSD Ia (Figure 2G), and remained stably low after genome
editing. However, there was no decrease in glycogen content
following vector administration (4 months vs BC) (Figure 2G).
Microscopic examination of liver biopsy samples revealed similar his-
topathological features in all three treated dogs both pre- and post-
treatment with genome editing (Figure S1). However, these changes
were markedly decreased in comparison with an untreated adult
dog with GSD Ia, and were consistent with stable correction from
G6PC transgene expression. Furthermore, genome editing was
accompanied by correction of hypoglycemia during fasting, as
demonstrated by stably increased blood glucose into the normal range
of unaffected controls (Figure 2H). This group of puppies (later
treated with genome editing) had normal blood glucose at 2 weeks
of age after AAV vector administration (139 ± 13 mg/dL) after a
2-h fast. In contrast, untreated, affected puppies could not fast longer
than 2 h and had low blood glucose (9 ± 9.5 mg/dL; age-matched
normal range, 110 ± 23 mg/dL). This group of puppies had normal
area under the curve (AUC) blood glucose during the 8-h fasting
test at 2 weeks of age after gene therapy (701 ± 113 mg/dL; normal,
360–720 mg/dL). However, the AUC eventually decreased before
genome editing, and normalized after the administration of
genome-editing vectors (Figure 2H).

Antibody responses were evaluated to assess any effect from immune
responses on genome editing. A puppy treated as a neonate with the
editing vectors (described below) was included as a control. Anti-
AAV7 IgG antibodies were positive after vector administration,
demonstrating the expected response to AAV7 vector administration
in all dogs (Figure 3A). In contrast with the situation for the neona-
tally treated dog that maintained low anti-SaCas9, anti-SaCas9 was
positive for adult dogs treated with genome editing at baseline, and
at months 4 and 16 after editing (Figure 3B), suggesting that adult
dogs were exposed to S. aureus before receiving gene-editing vectors.
Elevated transaminases, both alanine aminotransferase and aspartate
aminotransferase, were variably elevated before and after genome
editing (Figure S2), which were attributed to the liver effects of
GSD Ia.18

Thereafter, two puppies with GSD Ia were treated with genome edit-
ing as neonates, dosing at 4–5 � 1013 vg/kg for AAV7-cG6PC and
with 5-fold lower amounts of AAV7-SaCas9 (Table S1). One puppy
received two doses of gene replacement therapy at ages 2 and
3 months using two different AAV serotypes, while the second only
received gene replacement therapy once at 2 months of age. Liver
biopsies were taken at both 4 and 16 months after treatment with
gene-editing vectors. The donor vector was efficacious based on the
reversal of hypoglycemia and survival of GSD Ia puppies, given that
affected puppies have previously demonstrated severe hypoglycemia
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 109
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Figure 1. Transgene integration in vitro

(A) Schematic of CRISPR-Cas9 cutting at the exon 1/intron 1 boundary of the dogG6PC gene, followed by HDR to achieve integration of a canineG6PC cDNA downstream

of the G6PC promoter. (B) Cultured dog skin fibroblasts were transfected with the pAAV-CRISPR-Cas9 plasmid, pAAV-cG6PC (donor) plasmid, or untransfected (control)

and incubated for 72 h before DNA was extracted for the Surveyor assay. The Surveyor assay revealed the expected bands reflecting indels from NHEJ. Western blotting

revealed a single band for Cas9 protein. (C) Dog fibroblasts were transfected with the CRISPR-Cas9 plasmid alone, donor plasmid alone, both CRISPR-Cas9 and donor

plasmids, or untransfected (control). The integration PCR used primers P1 and P4 in an initial PCR, followed by P2 and P3 in a second, “nested” PCR. The integration PCR

revealed the presence of the band expected from the junction between dog G6PC gene and vector transgene by HDR. (D) Sequencing of the integration PCR product

confirmed the donor sequencewas inserted in the dogG6PC gene at the exon 1/intron 1 boundary. Select sequence shows the transition from the polyA sequence to intron 1

containing a silent mutation that removes the PAM sequence. The transition from the end of the vector’s right homology arm into the dog G6PC genomic sequence is also

shown.

Molecular Therapy: Methods & Clinical Development
and very high mortality in the first 2 months of life when treated with
diet therapy alone.19 However, these CRISPR-Cas9-treated puppies
subsequently developed recurrent hypoglycemia and were treated
with gene replacement using a new AAV serotype following our es-
tablished protocols,20 which reversed their symptoms (Figure 4A).
Integration of the donor transgene was detected in both puppies’ liver
biopsies at months 4 and 16 after administration of the editing vectors
(Figure 4B). Both the editing vector genomes (AAV-cG6PC and
110 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
AAV-SaCas9) and the gene replacement vector genome (AAV-
G6Pase) were detected at months 4 and 16 (Figures 4C–4E). Evalua-
tion of biochemical correction, in comparison with untreated GSD Ia
dog liver, revealed increased G6Pase (Figure 4F) and decreased
glycogen content (Figure 4G) that was stable. Furthermore, blood
glucose during fasting decreased in the first months of life and stabi-
lized thereafter near the normal lower limit (Figure 4H). Genome ed-
iting treated puppies had normal blood glucose at 2 weeks of age after
023



Figure 2. Dogs with GSD Ia treated initially with gene replacement followed by genome editing

(A) Puppies with GSD Ia were initially treated with AAV-G6Pase during infancy at the indicated ages, and later with genome editing including the AAV-CRISPR-Cas9 and AAV-

cG6PC (donor) vectors at 34 months of age (see Table S2 for details). (B) Integration PCR revealed the presence of integrated donor at 38 months of age, or 4 months after

administration of genome editing. In contrast, no integration was detected at 32 months of age, BC. (C) Vector genomes in liver were quantified with quantitative PCR,

revealing low copy number (<0.01 vg/nucleus) at 4 months of age after gene replacement therapy (4M), and higher copy numbers for the (D) AAV-cG6PC and (E) AAV-

CRISPR-Cas9 vectors 4 months after genome editing. The latter vectors trended toward greater copy number 4 months following genome editing (p = 0.09). (F) Liver

G6Pase and (G) glycogen content were analyzed 4 and 16 months after genome editing at 34 months of age, and both assays reflected corrections of the biochemical

abnormalities in comparison with untreated affected controls. Normal activity was measured in a group of three unaffected dogs (two carriers and one wild type; both

genotypes are accepted as normal controls in published studies of animals with GSD Ia). (H) An 8-h fasting test revealed increased AUC for blood glucose obtained every 2 h

for up to 8 h of fasting after genome editing, in comparison with baseline. The normal range for AUC is indicated by dotted lines. Mean ± standard deviation is shown in

histograms. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.

www.moleculartherapy.org
AAV vector administration (155 ± 28 mg/dL) after a 2-h fast, which
wasmarkedly higher than for untreated, affected puppies that had low
blood glucose (9 ± 9.5 mg/dL; age-matched normal range, 110 ±

23 mg/dL). The genome-editing-treated puppies had a normal area
AUC for blood glucose during the 8 h fasting test at 2 weeks of age
(676 ± 95 mg/dL; normal, 360–720 mg/dL), which subsequently
decreased to below the normal range, indicating the need for addi-
tional treatment (Figure 4H).
Molecul
Integration of the therapeutic cG6PC transgene was quantified using
a long-range nested polymerase chain reaction (PCR) and compared
with a standard curve using a synthetic DNA template containing the
transgene flanked by canine G6PC genomic DNA (Figures 5A–5C).
All three dogs treated as adults contained the integrated transgene
at months 4 and 16 (0.47% ± 0.19% and 0.51% ± 0.29%) with the
transgene appearing to be stable (Figure 5D). Both dogs treated as in-
fants also contained detectable transgene integrations that remained
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 111
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Figure 3. Monitoring for immune responses

(A) The IgG response determined by ELISA for anti-AAV7 and for (B) anti-SaCas9. A puppy treated with AAV-CRISPR-Cas9 and AAV-cG6PC (donor) vectors as a neonate

was included as a positive control. Time following genome editing is indicated. Anti-AAV7 was similar to the untreated control before treatment, and increased after AAV7

vector administration. In contrast to the situation for the neonatally treated dog that remained negative, anti-SaCas9 was positive for dogs treated with genome editing at

baseline and 4 months (4M) and 16 months (16M) later. Mean ± standard deviation is shown.

Molecular Therapy: Methods & Clinical Development
stable from months 4 to 16 (1.00% ± 0.13% and 0.95% ± 0.13%)
(Figure 5E).

Expression of the integrated transgene was measured by next-gener-
ation sequencing of canine G6PC transcripts. Transcripts expressed
from the integrated vector were detected by unique single nucleotide
polymorphisms in the sequence and compared with the total cG6PC
transcripts expressed, including those from the endogenous locus and
episomal vectors. For the three dogs treated as adults, integrated tran-
scripts were detected at months 4 and 16 (0.63% ± 0.61% and 0.60% ±

0.50%) (Figure 6A). The two dogs treated as infants also had detect-
able transcripts expressed from the integrated transgene at months 4
and 16 (0.44% ± 0.11% and 0.38% ± 0.14%) (Figure 6B). For all dogs,
the transcript expression remains stable 16 months after treatment.
CRISPR-Cas9 activity at the target site at the exon 1/intron 1 bound-
ary in G6PC was evaluated by the Surveyor assay, which detected no
detectable indel formation following vector administration that
would indicate NHEJ at double-stranded breaks created by
CRISPR-Cas9 (Figure S3). Indel formation was subsequently evalu-
ated by next-generation amplicon sequencing to detect small indels
generated at the locus, indicating DNA cleavage repaired by NHEJ
instead of HDR after CRISPR-Cas9 administration. The three adult
dogs had indel rates of 0.81% ± 0.78% and 0.80% ± 0.76% at months
4 and 16 (Figure 6C). One of the adult dogs had extremely low indel
formation (<0.1% at months 4 and 16), indicating low nuclease activ-
ity and accounting for the wide variability. Both dogs treated as
puppies had higher rates of indel formation at months 4 and 16
(3.13% ± 1.10% and 2.59% ± 0.73%) (Figure 6D). To assess specificity
of the CRISPR-Cas9 vector, we analyzed the 10 most similar sites for
potential off-target activity (Table 1). For nine sites, there was no sig-
nificant increase in the rates of indel formation compared with an un-
treated dog control. Indel formation at the CCDC170 locus was
increased 1.8- to 2.9-fold for the treated dogs compared with the un-
treated control dog.
112 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
DISCUSSION
The current study confirmed transgene integration with HDR using a
CRISPR-Cas9-mediated genome editing strategy in the liver of dogs
with GSD Ia that used a donor transgene containing G6PC, and a Sa-
Cas9 transgene and sgRNA in trans, which were delivered by two
AAV vectors. Despite a low efficiency of transgene integration of
only 0.5% to 1%, the donor vector expressed G6PC and demonstrated
partial efficacy based upon the resolution of symptoms in neonatal
puppies and the correction of hypoglycemia in older dogs after treat-
ment. This experiment demonstrated genome editing in the liver of a
large animal model for an inherited metabolic disorder using HDR to
insert a therapeutic transgene, which is an important step toward the
development of genome editing to treat genetic diseases in humans.
HDR-mediated transgene integration was demonstrated after vector
administration to newborn or adult dogs. Similar to human patients,
adult dogs had evidence for a memory immune response to SaCas9
(Figure 3B), even before genome editing.21 However, genome editing
was possible in adult dogs despite the presence of anti-Cas9 immune
responses. Furthermore, the strategy used has the advantage of treat-
ing all patients with GSD Ia, regardless of the underlying mutations,
in contrast with genome editing targeted to a specific mutation.12

Genome editing has been extensively developed in mouse models for
inherited disorders of the liver, similar to GSD Ia. In the first genome
editing study for GSD Ia, we used ZFNs to cleave the Rosa26 locus and
enable integration of a G6PC-expressing transgene in mice.10 More
recently, Arnaoutova and colleagues developed CRISPR-Cas9 medi-
ated cleavage of the G6pc locus followed by HDR of a donor DNA
template to correct a pathogenic missense variant in GSD Ia and re-
ported correction in 0.7% of alleles.12 We currently demonstrated
transgene integration in 0.5–1% of alleles in the canine model for
GSD Ia (Figure 5). In other mouse models, AAV vectors were devel-
oped to allow insertion of a promoterless transgene in the Alb locus
that was highly expressed from the endogenous Alb promotor. This
023



Figure 4. Puppies with GSD Ia treated initially with genome editing followed by gene therapy

(A) Puppies with GSD Ia were initially treated with AAV-CRISPR-Cas9 and AAV-cG6PC (donor) to perform neonatal genome editing at 2 days of age, followed by gene

replacement therapy with one or more alternative serotypes of AAV to control symptoms of GSD Ia at the indicated ages for the individual puppies (puppy 1 shown in green,

puppy 2 in purple, see Table S2 for details). The control group of dogs received 3 doses of gene replacement therapy during infancy (shown as dogs 1–3 in Table S1). (B)

Integration PCR revealed the presence of integrated donor in two of three puppies 4 months (4M) after vector administration. (C–E) Vector genomes were quantified with

quantitative PCR. (F) Liver G6Pase and (G) glycogen content were stable after genome editing at 2 days of age, although both assays reflected corrections of the biochemical

abnormalities in comparison with untreated affected controls. (H) An 8-h fasting test revealed stable AUC for blood glucose obtained every 2 h up to 8 h fasting after a slight

decrease after genome editing and gene replacement, in comparison with normal. The normal range for AUC is indicated by dotted lines. Mean ± standard deviation is shown

in histograms. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.
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strategy has treated both Crigler-Najar disease and methylmalonic
acidemia successfully.22,23 Both groups saw editing rates of less than
1% in mice initially, but the integrated transgene correcting methyl-
malonic acidemia increased to nearly 20% of alleles by 11 months
after editing. Another mouse study used dual AAV genome editing
vectors to deliver CRISPR-Cas9 and a donor transgene, which cor-
rected the pathogenic variant in phenylketonuria resulting in 0.96%
of alleles edited in absence of an NHEJ inhibitor to increase
Molecul
HDR.21,24 Last, a mouse model of tyrosinemia type I was treated
with editing plasmids delivered via hydrodynamic tail vein injection
and detected 9% editing efficiency, albeit in a model with strong pos-
itive selection for corrected hepatocytes.25 In GSD Ia, the need for
rapid transgene expression to prevent mortality19 prompted the in-
clusion of homologous sequence from the G6PC promoter to both
drive expression from the unintegrated vector and to integrate the
transgene such that it will be expressed from the endogenous G6PC
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 113
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Figure 5. cG6PC transgene integration assay

(A) Long-range PCR was used to quantify integration of the cG6PC transgene (donor) at the G6PC locus in dogs. A standard curve was generated using serial dilutions of a

starting template, which consisted of the purified junction fragment from integrated vector in intron 1 of G6PC that was generated by the integration PCR. The amount of

starting template was calculated to represent 0.0165%–100% modification of intron 1. (B) Quantification of transgene integration in dogs treated with vectors as adults and

(C) puppies. The relative intensities of the integration PCR products for liver DNA samples from dogs and puppies were compared with the standard curve to quantify the

frequency of integration for each sample. (D) Dogs and (E) puppies receiving genome editing vectors had the indicated frequency of integrated transgene in the liver. Mean ±

standard deviation is shown.

Molecular Therapy: Methods & Clinical Development
promoter (Figure 1A). This approach is optimized to treat GSD Ia,
initially as a gene replacement therapy with the donor vector produc-
ing G6Pase, and later with the endogenous G6PC promoter driving
regulated expression of G6Pase to avoid the risk for overexpression
that would create prediabetes.26

In the adult dogs, G6Pase activity increased after administration of
the editing vectors up to 43% of normal levels and glycogen content
114 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
remained stable for up to 16 months. However, the majority of that
liver G6Pase is attributable to transgene expression from episomal
donor vector, given that the donor contains the canine G6PC pro-
moter. Of note, the canineG6PC transgene included in the donor vec-
tor previously rescued mice with GSD Ia when delivered as an AAV8
vector, reversing hypoglycemia and expressing 25% of normal G6Pase
activity in the liver.3 Puppies treated with genome editing also had a
stably integrated G6PC transgene for at least 16 months, and both
023



Figure 6. Integrated transgene expression and indel formation at the dog

G6PC locus

(A) Dog and (B) puppy mRNA was extracted and converted to cDNA. Next-gen-

eration sequencing was performed to determine the percentage of canine G6PC

transcripts expressed from the integrated cG6PC transgene. CRISPR-Cas9 activity

was measured by detecting indels generated at the G6PC locus in dogs. The target

region of the G6PC locus was amplified by PCR followed by next-generation

sequencing of the amplicon. (C) The percentage of modified G6PC alleles is

quantified by the amount of indels in dogs and (D) puppies treated with genome

editing vectors. Mean ± standard deviation is shown.
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adult dog and puppy groups had stably decreased liver glycogen after
combined treatment with gene therapy and genome editing. Editing
efficacy was less than 1%, indicating the need to increase the efficiency
of HDR to achieve long-term, stand-alone treatment with genome ed-
iting. This need is emphasized by a multi-year follow-up study of
AAV vector-mediated gene therapy in dogs with GSD Ia that showed
that expression of up to 28% of normal G6Pase activity in liver failed
to prevent HCA and HCC formation in absence of intensive nutri-
tional support.27,28 However, the threshold for efficacious therapy
might be lower in mice with GSD Ia, given that a study of gene ther-
apy in the mouse model confirmed that only 3% of normal G6Pase
activity was sufficient to prevent tumor formation for 70–90 weeks.4

The inclusion of long homology arms in the donor vector compli-
cated efforts to quantify the rate of HDR in this study. However, we
were able to quantify HDR in all five dogs with GSD Ia after vector
administration to either neonates or middle-aged adults (Figure 5).
Molecul
This result differs from an earlier study in which HDR-mediated ed-
iting was effective in neonatal mice with ornithine transcarbamylase
deficiency, but not in adults.10

Limitations of this study included the small number of treated ani-
mals, which led to low power to detect benefits related to genome
editing. Furthermore, the severity of GSD Ia in dogs dictated a vector
design where unintegrated, episomal donor vector expressed G6Pase
and corrected the underlying enzyme deficiency, which prevented the
detection of additional benefits from the integration of the donor
transgene. Last, our data suggest the HDR-driven incorporation of
our donor transgene depends on CRISPR-Cas9-induced nuclease ac-
tivity. However, we cannot rule out nuclease-independent integration
or spontaneous integration of AAV. Previous studies have shown
0.5%–1% HDR both with and without nucleases.22,23,29 AAV can
spontaneously integrate into the genome and double-stranded breaks,
but is reported to occur in less than 0.1% of cells.30,31 The combina-
tion of our in vitro and in vivo experiments shows repair rates higher
than that of AAV integration and suggests a benefit from nuclease
activity.

This study was not designed to demonstrate safety in a formal way.
Monitoring for the effects of GSD Ia confirmed that abnormalities
observed were consistent with GSD Ia and not with additional toxicity
from SaCas9.27 While the treated dogs remained generally healthy
without overt signs of toxicity from SaCas9 activity, a pre-existing im-
mune response in the form of anti-SaCas9 antibodies was detected in
older dogs before administration of the vector containing SaCas9,
which could represent an obstacle to genome editing in humans
due to pre-existing immune responses against SaCas9.21

Screening of potential sites for off-target activity in vitro did not reveal
the presences of indels that reflect NHEJ following cutting with Sa-
Cas9. However, the presence of indels in cultured dog cells at the target
site along with the detection of SaCas9 protein confirmed the activity
of the SaCas9 transgene. In vivo, all five dogs contained indels at the
target site in theG6PC gene.When we screened 10 potential off-target
sites for indels caused byNHEJ, only 1 site had slightly increased indels
compared with an untreated control dog (Table 1). Overall, the lack of
off-target cutting in vitro and the low frequency of indels at the target
site in vivo reflected a relatively low risk for genotoxicity from double-
stranded DNA breaks arising from genome editing.

Overall, genome editing with AAV vectors designed to deliver the
smaller SaCas9 protein as a strategy to integrate a therapeutic trans-
gene demonstrated feasibility for GSD Ia, despite pre-existing anti-Sa-
Cas9 immunity that might have decreased transgene integration.
These data support the further development of genome editing for
GSD Ia and other inherited metabolic disorders involving the liver.

METHODS
Animal use

GSD Ia-affected dogs were treated with AAV vectors as described
above. All dogs were maintained on diets formulated for the growth
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Table 1. Off target CRISPR-Cas9 activity detectiona

Gene gRNA location gRNA target sequence PAM Dog 3 indel % Puppy 1 indel % Control indel % Genomic location

G6PC Intron GATGGTCAGACATTTCCAGA GAGAAT 0.712 3.900 0.057 9:20143274-20143299

U6-ENSCAFG00000007798 Intergenic AATGGTCAGACATTTCCAAA GTGGAG 0.024 0.032 0.025 25:22315002-22315027

ST6GAL1b Intron AATGGTGAGAGATTTCCAGA GAGAGA 20.500 21.200 20.600 34:19506977-19507002

C1orf95 Intron GATGCTCAGACATTTCAAAA CAGAAT 0.064 0.098 0.096 7:38396252-38396277

RSPRY1 Intron AATGTTTAGACATTTCCAGA TAGGAG 0.098 0.145 0.119 2:59172272-59172297

ZNF536 Intron GATGGGCTGGCATTTCCAGA ACGGGG 0.604 0.572 0.546 1:121194596-121194621

FANCC Intron GAGTGTCAGACACTTCCAGA GAGAAA 0.133 0.127 0.109 1:71473173-71473198

CCDC170 Exon GATGGTCATAAATTTCCTGA CAGGGT 1.120 1.790 0.625 1:41875925-41875950

TG Intron TATAGTCAGACTTTTCCAGA AGGAGG 0.129 0.118 0.124 13:29383324-29383349

DIXDC1 Intron GATTTTCAGACATTTCCACA ATGAAT 0.096 0.062 0.088 5:21154057-21154082

Pak7B Exon CATGGTGAGACATTTCCAGT TTGGGG 46.600 46.700 47.700 24:12671044-12671069

aTo measure off target nuclease activity by the CRISPR-Cas9 vector, 10 sites in the genome were analyzed for indel formation. The software CRISPOR was used to determine the 10
most likely off target sites based on the gRNA used in the AAV-CRISPR-Cas9 vector targeting the canine G6PC locus. Columns 1 and 2 contain the gene names and locations within the
gene where the gRNA targets. Columns 3 and 4 contain the target sequence and adjacent PAM for each site analyzed and differences with the G6PC target sequence (row 3). Column 8
contains the genomic location of the next-generation sequencing of amplicons. All 10 off-target sites were analyzed for the adult dog and puppy that had the highest on target indel
formation and transgene integration (dog 3 and puppy 1) and an untreated control dog. The percentage of indels for each site is shown in columns 5–7. The percentage of indels was
equal for the treated dogs compared with the control and typically less than 1%. Next-generation sequencing did reveal some natural genetic variation in the dog genome as the high
rates of indels is ST6GAL1 and PAK7 is likely not due to CRISPR-Cas9.
bNext-generation sequencing did reveal natural genetic variation in the dog genome as the high rates of indels in ST6GAL1 and PAK7 are likely not due to CRISPR-Cas9, because it was
detected in the control.
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and stage of each dog. Occasionally, appetite was suppressed in the
dogs, requiring a variety of dog food options available throughout
each dog’s life. In general, most dogs were able to thrive on 2–3 feed-
ings per day, similar to unaffected dogs. However, in the first months
puppies developed recurrent hypoglycemia that was managed by vec-
tor re-administration as described.20 For re-administration, AAV
vectors were pseudo-typed as a new serotype to avoid the neutralizing
effects of anti-AAV antibodies. This study was approved by the Duke
Institutional Animal Care and Use Committee.

Fibroblast transfection and analysis

Primary canine fibroblasts were transfected with SaCas9 and cG6PC
plasmids using Lipofectamine 3000 (Thermo Fisher Scientific, Wal-
tham, MA; #L3000015) according to manufacturer’s protocol. Donor
vector integration and indels were quantified as described below.

AAV production and administration

AAV serotypes have been described.32 The AAV vector plasmid
pAAV-Cas9 contained the vector gene comprised of a terminal repeat
(TR) at each end flanking two transgenes: (1) the U6 promoter ex-
pressing a gRNA and (2) a minimal cytomegalovirus promoter ex-
pressing Cas9 from S. aureus26 with an FLAG tag and bovine growth
hormone genomic polyadenylation sequence. The second AAV vec-
tor plasmid, pAAV-G6Pase, contained a TR at each end flanking
the transgene consisting of the canine G6Pc cDNA. The cDNA was
flanked upstream by the 50 untranslated region (UTR) genomic
sequence of canine G6PC, including a 1361-bp canine G6PC pro-
moter.3 Downstream of the cDNA is the human growth hormone
genomic polyadenylation sequence followed by the intron 1 genomic
sequence of canine G6PC. The vector AAV-G6Pase encoding human
116 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
G6Pase was used for gene therapy and has been described.5 Vectors
were purified and quantified by Southern blot as described.20

Detection of DNA integration

Fibroblast and liver DNA were extracted using the Wizard Genomic
DNA Purification Kit (Promega, Madison, WI, USA). The canine
G6Pc locus was amplified by Q5 Taq Polymerase (NEB, Ipswich,
MA, USA) with the following reagents: 5 mL Q5 buffer, 5 mL high
GC enhancer solution, 2 mL 2.5 mM dNTP mix, 1.25 mL 10 mM
primer P1 (50-GCCAGACAAGAAGTCTTTGTAAGGC-30), 1.25 mL
10 mM primer P4 (50-GCTGTTGAATAGGGGACATTACAGACG-
30), 9.25 mL water, 1 mL (100 ng) genomic DNA, and 0.25 mL Q5 Taq
Polymerase. Cycling conditions were 35 cycles of denaturation at
95�C for 30 s, annealing at 59�C for 30 s, extension at 72�C for 2 min,
followed by incubation at 4�C.Onemicroliter of first-round PCR prod-
ucts was used in a nested reaction with the same conditions except
primers were P2 (50-GGACATGGACAAGGTCGAGACATTCC-30)
and P3 (50-CCAAAGAATATTAGAGCTAGAAG-30) and cycling
was 30 cycles. Control primers were P5 (50-CGTCTGTAATGTCCCC
TATTCAACAGC-30) and P6 (50-AAGTACCTAGAACAGTGTCTG
GCACAG-30).

Western blotting

Fibroblasts from cell culture and dog liver tissue samples were ho-
mogenized in radioimmunoprecipitation assay lysis buffer (Thermo
Fisher Scientific), and protein concentration was determined via
BCA Assay (Thermo Fisher Scientific). Laemmli sample buffer was
added (250 mM/L Tris [pH 7.4], 2% w/v SDS, 25% v/v glycerol,
10% v/v 2-mercaptoethanol, 0.01% w/v bromophenol blue), and
gel samples were boiled for 10 min and stored at �20�C until
023
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SDS-PAGE was performed. Samples were run on an SDS-polyacryl-
amide gel and transferred to a polyvinylidene difluoride membrane
(Bio-Rad Laboratories, Hercules, CA). Washing, blocking, and anti-
body solutions were prepared in PBS with 0.1% Tween 20. After
washing, membranes were blocked for an hour in 5% skimmilk, incu-
bated overnight at 4�C with the primary antibody (Santa Cruz
HA-Tag Antibody #sc-7392), washed, and re-incubated for an hour
with the secondary antibody (Sigma Chemical Co., St. Louis, MO,
mouse-HRP #12-249). After a final wash, enhanced chemilumines-
cence detection reagents (Thermo Fisher Scientific) were added to
the membrane, and protein signal was read using a ChemiDoc imag-
ing system (Bio-Rad Laboratories). Membranes were also imaged for
b-actin control signal after stripping and re-blocking the membrane.

Quantification of vector DNA

AAV vector genome copy number was measured by quantitative real-
time PCR with liver genomic DNA and normalized to b-actin.
Plasmid DNA corresponding to 0.01 to 100 copies of canine
G6Pase gene (in 500 ng genomic DNA) was used in a standard curve.
Quantitative PCR was performed on a Lightcycler 480 (Roche Diag-
nostics, Basel, Switzerland) using SYBR Green mix (Thermo Fisher
Scientific) and the following primers: cG6Pc Fwd (50-TCTTCGAC
CAGCCAGACAAG-30), cG6Pc Rev (50-GGTCCTTTAGGAGGTCA
TAG-30), hG6PC Fwd (50-GCAGTTCCCTGTAACCTGTGAG-30),
hG6PC Rev (50-GGTCGGCTTTATCTTTCCCTG-30), saCas9 Fwd
(50-GTTGGTATACACGGTGTGCCTG-30), saCas9 Rev (50-CTGAC
GCCAGCGTCAATCAC-30), cB-actin Fwd (50-ATGGAATCCTGC
GGCATCCATG-30), and cB-actin Rev(50-CAGGGTACATGGTGG
TTCCAC-30). Cycling conditions were 95�C for 5 min, followed by
45 cycles of 95�C for 10 s, 60�C for 10 s, and 72�C for 20 s followed
by acquisition.

Biochemical analysis

Enzyme analysis was performed as described.3 Briefly, tissues were
flash frozen and stored at �70�C. Glycogen content was measured
by complete digestion of polysaccharide using amyloglucosidase
(Sigma Chemical Co.). The structure of the polysaccharide was inferred
by using phosphorylase free of the debranching enzyme tomeasure the
yield of glucose-1- phosphate. Specific G6Pase activity was measured
by using glucose-6-phosphate as substrate after subtraction of nonspe-
cific phosphatase activity as estimated by b-glycerophosphate.

Fasting study

Glucose curves for monitoring hypoglycemia were performed by fast-
ing the dogs for up to 8 h and monitoring blood glucose every 2 h. If
blood glucose dropped below 50–60mg/dL or clinical signs of hypogly-
cemia occurred, the curve was stopped, and dogs were given dextrose
therapy as needed and fed. Blood glucose was measured by a point
of care glucometer, either the AlphaTRAK or AlphaTRAK2 (Zoetis,
Parsippany, NJ).

ELISA

MAxisorp 96-well plates (Thermo Fisher Scientific) were coated with
Cap7 or SasCas9 protein in carbonate buffer at 4�C overnight. A stan-
Molecul
dard curve of IgG isotype (Sigma Chemical Co.) was coated to the
wells in seven 2-fold dilution starting from 1 mg/mL. After blocking,
plasma samples diluted at 1:100 were added to plates and incubated
for 1 h at 37�C. Isotype-specific secondary antibodies coupled to
horseradish peroxidase were used for detection (Southern Biotech,
Birmingham, AL). Then 3,30,5,50-tetramethylbenzidine substrate
(BD Biosciences, San Jose, CA) was added to the wells and color
development was measures at 450 and 570 nm (for background sub-
traction) on an Enspire plate reader (PerkinElmer, Waltham, MA) af-
ter blocking the reaction with H2SO4.

Quantification of nuclease activity

Using purified DNA, the canine G6PC locus was amplified using one
round of PCR following the conditions mentioned above except
for the primers dogsurveyorFwd (50-GCCTTCTATGTCCTCTTT
CCC-30) and dogsurveyorRev (50-TTAGAGCCCAGTTCTCTGGG
TTAC-30). The PCR product was analyzed using the Surveyor Muta-
tion Detection Kit (Integrated DNA Technologies, Coralville, IA) ac-
cording to manufacturers instructions. The PCR products were also
sequenced using Sanger sequencing methods (Eton Biosciences,
Durham, NC).

DNA integration quantification

A synthetic DNA fragment was generated by PCR with primers P1
and P4 in the first round of PCR, followed by primers P2 and P3 using
the integration PCR conditions detailed above, which contained the
junction fragment from the 30 end of the canine G6PC cDNA in
the transgene to the intron 1 G6PC sequence in dog genomic DNA.
Serial dilutions of the synthetic DNA templates were made and
used as the starting template for each PCR reaction to generate the
standard curve. Dog genomic DNA was amplified simultaneously
to measure the level of integrated transgene and the G6PC locus.23

Transcript analysis

RNA was isolated from dog liver biopsies and converted to cDNA
using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific). G6PC transcripts were amplified by PCR using a for-
ward primer in the 50 UTR (50-TGATAGCAGAGCAATCGCCAA
GTC-30) and the reverse primer in exon 2 (50-AGGGTAGATGT
GACCATCACGTAG-30). The PCR products were purified with the
Qiagen PCR Purification Kit (Qiagen, Germantown, MD, #28104).
The DNA was sequenced using Illumina Mi-Seq and analyzed (per-
formed by Azenta Lifesciences, South Plainfield, NJ). The donor
AAV vector contains an BamHI restriction site �5 to �10 bp up-
stream of the transcription start site and the wild-type base at position
363 that is mutated in GSD Ia dogs. Transcripts without the BamHI
site but with the correction at position 363 were considered to be ex-
pressed off the integration transgene and quantified with a ChemiDoc
imaging system (Bio-Rad Laboratories).

Off-target indel quantification in vivo

The software CRISPOR was used to determine potential off target
sites. Those sites were amplified using gene specific primers (Table
S2). PCR products were purified with the Qiagen PCR Purification
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 117
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Kit (#28104). The DNA was sequenced using Illumina Mi-Seq and
analyzed (performed by Azenta Lifesciences).

Statistic analyses

Statistical analysis was performed using GraphPad Prism 6. Statisti-
cal significance was determined by one-way ANOVA with Tukey’s
multiple comparisons test. The statistical significance of compari-
sons is indicated as follows: *=p<0.05, **=p<0.01, ***=p<0.001,
****=p<0.0001.
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Table S1: GSD la dog vector and medication treatment. 
Dog Sex Age when vector/medication 

administered AAV vector/medication Vector/Medication Dose 

Dog 1 M 

1 day AAV2/9 G6Pase 2x1013 vp/kg 

2 months AAV2/10 G6Pase 5 x 1012 vp/kg 

2-3 months Resveratrol 5 mg/kg/day 

3 months AAV2/8 G6Pase 2 x 1013 vp/kg 

29-32 months BezafibrateA 4 mg/kg/day 

34 months AAV2/7 G6Pase + AAV2/7 
CRISPR 

1 x 1013 vp/kg + 2 x 1012 

vp/kg  

Dog 2 M 

1 day AAV2/9 G6Pase 2 x 1013 vp/kg 

2 months AAV2/10 G6Pase 5 x 1012 vp/kg 

2-3 months Resveratrol 5 mg/kg/day 

3 months AAV2/8 G6Pase 7 x 1012 vp/kg 

29-32 months BezafibrateA 4 mg/kg/day 

34 months AAV2/7 G6Pase + AAV2/7 
CRISPR 

1 x 1013 vp/kg + 2 x 1012 

vp/kg 

Dog 3 M 

1 day AAV2/9 G6Pase 2 x 1013 vp/kg 

2 months AAV2/10 G6Pase 5 x 1012 vp/kg 

2-3 months Resveratrol 5 mg/kg/day 

3 months AAV2/8 G6Pase 2 x 1012 vp/kg 

30-32 months BezafibrateA 4 mg/kg/day 

34 months AAV2/7 G6Pase + AAV2/7 
CRISPR 

1 x 1013 vp/kg + 2 x 1012 

vp/kg 

Puppy 
1 M 

2 days AAV2/7 G6Pase + AAV2/7 
CRISPR 

4 x 1013 vp/kg + 8 x 1012 

vp/kg 

2 months AAV2/10 G6Pase 3 x 1012 vp/kg 

3 months AAV2/8 G6Pase 1 x 1013 vp/kg 

12-16 months BezafibrateA 4 mg/kg/day 

Puppy 
2 M 

2 days AAV2/7 G6Pase + AAV2/7 
CRISPR 

5 x 1013 vp/kg + 1 x 1013 

vp/kg 

2 months AAV2/9 G6Pase 3 x 1013 vp/kg 

AResveratrol was administered to stimulate autophagy as described.1 
BDescription and results of bezafibrate treatment described.2 
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Gene IGenom ic Location Fwd Primer Rev Primer 

G6PC 9:20143274-201432!!1 TGTCCGTGATTGCAGACCTCAG AGATGATCCAGAGTCAG3AGG3 

U6-ENSCAFG0000000779 l25:22315002-2231511Z7 CTGTTCGAAGAGTCTGCAlGTAAG GAGGGGTTTTAGGAAGTGCTGG 
ST6GAU 134:19506977-19507002 CAGCTTGTTCACAACCAGACTC CAGTTTTCTCCAGGCTCCT AAC 

lorf95 �:38396252-38396277 TGGGACATTTTAGG3AGCCAAG CA TTCTCGTCTTGGAACGTGlG 
RSPRYl 12:59172272-59172297 GCAAGATAAGAGTCGGTCTTCGTG �CACTAGCAGTCATACG3ACTC 
7NF536 1:121194596-121194621 ACTGGGGCTCGTATCTCG3 CAAGGGAGAGGCTlCAGAA TCE 
FANCC 1:71473173-714731!1! TACAGGGAGCCTGCTTCTGCC CACAATCCCTTGTGGGAAG3GC 

CDC170 ll:41875925-418759!il AGCACA TCA TTCATTCCTGGGC CCAGTTCACTTCGAGCGTCTTC 
G 13:29383324-29383349 GCA TCCCTGGGA TCCTT AGG TAGCTGAGCGTGAGAAGG3G 

DIXDCl 5:21154057-21154082 CTGmAGCTGGCA TlGACICC GCTmGTCTGGTGTCATCCCC 
Pak7 124:12671044-12671069 CTCTGGAAGAGCTACATAGTCATC GTACCATGAACTTTTAG3ACGGTC 

Table S2: Off target CRISPR/Cas9 primers: Gene names, genomic 
locations, and primers used to generate PCR products for next generation 
sequencing of amplicons, based on the reference genome.3
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Figure S1: GSD la dog liver before and after genome editing. Photomicrographs of hepatic 
sections of Dogs 1-3 pre-treatment (BC) reveal mosaic pattern of diffuse hepatocyte hypertrophy with 
vacuolar and glycogen changes and inconspicuous hepatic sinusoids relative to that of the GSD-la carrier 
liver. There is minimal (Dog 2) to mild (Dog 1 and 3) glycogen depletion noted in the post-treatment 
hepatic sections (4M). In comparison with an untreated adult dog (GSD la UT), vacuolar changes and 
glycogen accumulations were markedly decreased for Dogs 1-3. The photomicrograph of the liver from 
GSD la UT shows marked diffuse vacuolar change with maintenance of prominent hepatic sinusoids 
congested with erythrocytes. Magnification 400x. 
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Figure S2:Oog blood chemistry. (A) Blood chemistry immediately before 
(T=0) and following CRISPR treatment in adult and (8) neonatal GSD la dogs. 
Dashed lines indicate normal ranges.* p<0.05 with Student's T test or one tail 
T test as indicated at each time point compared to baseline (T=0). 
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and puppy liver samples after4 and 16 months of AAV vector administration. (8) The 
presence of SaCas9 protein with 128 kDa size on 4 months liver samples was 
visualized by western blot analysis.
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