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Glycogen storage disease type Ia (GSD-Ia) is caused 
by the deficiency of glucose-6-phosphatase (G6Pase). 
Long-term complications of GSD-Ia include life-threat-
ening hypoglycemia and proteinuria progressing to 
renal failure. A double-stranded (ds) adeno-associated 
virus serotype 2 (AAV2) vector encoding human G6Pase 
was pseudotyped with four serotypes, AAV2, AAV7, 
AAV8, and AAV9, and we evaluated efficacy in 12-day-
old G6pase (−/−) mice. Hypoglycemia during fasting 
(plasma glucose <100 mg/dl) was prevented for >6 
months by the dsAAV2/7, dsAAV2/8, and dsAAV2/9 
vectors. Prolonged fasting for 8 hours revealed nor-
malization of blood glucose following dsAAV2/9 vector 
administration at the higher dose. The glycogen content 
of kidney was reduced by >65% with both the dsAAV2/7 
and dsAAV2/9 vectors, and renal glycogen content was 
stably reduced between 7 and 12 months of age for 
the dsAAV2/9 vector-treated mice. Every vector-treated 
group had significantly reduced glycogen content in the 
liver, in comparison with untreated G6pase (−/−) mice. 
G6Pase was expressed in many renal epithelial cells of 
with the dsAAV2/9 vector for up to 12 months. Albu-
minuria and renal fibrosis were reduced by the dsAAV2/9 
vector. Hepatorenal correction in G6pase (−/−) mice 
demonstrates the potential of AAV vectors for the cor-
rection of inherited diseases of metabolism.
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Introduction
Glycogen storage disease type Ia (GSD-Ia) was first described as 
“hepatonephromegalia glycogenica” by von Gierke in 1929.1 The 
deficiency of glucose-6-phosphatase (G6Pase), primarily in liver 
and kidney, underlies GSD-Ia; (MIM +232200), an autosomal 
recessive disorder of metabolism associated with life-threatening 
hypoglycemia during fasting.2 Dietary therapy is focused upon 
preventing hypoglycemia by frequent ingestion of uncooked 

cornstarch or by frequent meals complemented by continuous 
nocturnal tube feeding. The acute complications of GSD-Ia have 
responded favorably to dietary therapy that prevents hypoglyce-
mia, including renal tubular dysfunction and growth failure, even 
though dietary therapy has significant limitations.2 Long-term 
complications of GSD-Ia frequently fail to respond to dietary 
therapy, including delayed growth relative to genetic potential, 
proteinuria occasionally progressing to renal failure, osteopenia, 
formation of hepatic adenomas and occasionally hepatocellular 
carcinoma, and rarely pancreatitis or pulmonary hypertension.2 
Dietary therapy requires constant vigilance to avoid acute meta-
bolic decompensation accompanied by hypoglycemia and lactic 
acidosis.2 Hypoglycemia occurs daily, even during monitored 
compliance with cornstarch supplementation.3

Renal involvement in GSD-Ia typically presents as a late com-
plication.2 Up to 70% of patients develop proteinuria, and perhaps 
30% develop end-stage renal disease requiring dialysis.4,5 The 
majority of patients with type I glycogen storage disease have pro-
teinuria by the third decade of life. In some patients, renal func-
tion has deteriorated and progressed to failure, requiring dialysis 
and transplantation. It has been suggested that the correction of 
biochemical abnormalities will result in reversal and/or preven-
tion of renal disease, because improved metabolic control through 
dietary control has resolved proteinuria in some cases.2

Liver transplantation has been performed successfully in 
>20 patients; however, any beneficial effects upon renal involve-
ment following liver transplantation remain to be proven.2 
Hypoglycemia resolved immediately following liver transplan-
tation, and accelerated growth was observed in several younger 
patients.6,7 The progression to renal failure has been reported fol-
lowing liver transplantation, potentially related to cyclosporine 
toxicity;6 however, the risk for progression to renal failure follow-
ing liver transplantation has not been delineated. Hence, a com-
bined liver and kidney transplantation for advanced GSD-Ia has 
been advocated by some.8 The critical factor in the decision to 
pursue transplantation has recently been limited to life-threaten-
ing complications, including enlarging hepatic adenomas with a 
high risk for hepatocellular carcinoma.2
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GSD-Ia is caused by deficiency of the catalytic subunit of 
G6Pase-α, an integral membrane protein localized to the endo-
plasmic reticulum. GSD-Ia is inherited in an autosomal reces-
sive manner, and incidence is roughly 1 in 100,000 births with a 
carrier frequency of about 1 in 150.2 A great number of disease 
causing mutations in the G6Pase catalytic subunit (G6PC) gene 
have been described in GSD-Ia.2 Definitive therapy for GSD-Ia 
will presumably require expressing G6Pase above a therapeutic 
threshold in at least the most severely affected organs. The level 
of replacement needed to correct hypoglycemia and related bio-
chemical abnormalities has been estimated at 10% of normal 

G6Pase activity in the liver.9 Therefore, the correction of G6Pase 
deficiency within a fraction of cells might have an efficacious 
effect due to the cell autonomous nature of this disease. No cross-
correction of nontransduced cells will be generated from gene 
replacement therapy in GSD-Ia, due to the membrane localiza-
tion and absence of receptor-mediated uptake of G6Pase-α.

The development of new therapy for GSD-Ia, such as gene 
therapy, might prevent long-term complications that arise due 
to recurrent hypoglycemia and related biochemical abnormali-
ties. Efficacy from liver-targeted gene therapy in GSD-Ia might 
be expected, given the experience with human patients following 
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Figure 1  Prevention of hypoglycemia during fasting in glucose-6-phosphatase (G6pase) (−/−) mice following adeno-associated virus (AAV) 
vector administration. Glucose and cholesterol were determined in plasma following a timed fast. High vector dose (1 × 1013 vp/kg, except AAV2 5 × 
1012 vp/kg) or low vector dose (2 × 1012 vp/kg) was administered at 12 days of age as indicated. Mean ± SD are shown. (a) Plasma glucose following 
a 2-hour fast. (b) Plasma cholesterol following a 2-hour fast. (c) Plasma glucose following an 8-hour fast for G6pase (−/−) and (+/+) mice following 
administration of the high dose of AAV vector particles. Untreated wild-type mice were not retained for 12 months, but blood glucose following fast-
ing was equivalent between wild-type mice and unaffected, vector-treated G6pase (±) mice at 6 months of age (159 ± 29 mg/dl and 155 ± 36 mg/
dl, respectively). Thus, the latter group was chosen as the normal control group at 12 months of age. m.o., months old.
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liver transplantation. Early attempts at gene therapy in GSD-Ia 
did not fully correct G6Pase deficiency in the liver of G6Pase 
knockout mice. Homozygous G6pase (−/−) mice suffer >85% 
mortality by 3 weeks of age, in absence of gene therapy to cor-
rect G6Pase deficiency.10,11 An adeno-associated virus serotype 2 
(AAV2) vector encoding murine G6Pase failed to prolong sur-
vival of neonatal G6pase (−/−) mice; however, coadministration 
with an adenovirus vector encoding murine G6Pase prolonged 

survival in a parallel experiment. Newer AAV serotypes have 
enhanced tropism for the liver and kidney, and enhanced the 
efficacy of gene therapy for GSD-Ia in preclinical experiments. 
A comparison of a double-stranded (ds) AAV vector encoding 
human G6Pase and pseudotyped as AAV1 (AAV2/1) or AAV8 
(AAV2/8) revealed that the AAV2/8 vector achieved higher 
efficacy in 2-week-old infant G6pase (−/−) mice, when a single 
administration of fewer vector particles (1 × 1013 vector parti-
cles (vp)/kg) prevented both mortality and hypoglycemia dur-
ing fasting.12 The AAV2/1 pseudotyped vector failed to reduce 
renal glycogen content in infant G6pase (−/−) mice.12 Ghosh et 
al. compared the efficacy of AAV2/1 and AAV2/8 vectors encod-
ing murine G6Pase in neonatal G6pase (−/−) mice, and found 
that the AAV2/1 vector featured increased efficacy in association 
with partial correction of the kidney manifestations.13 The vector 
evaluated by Ghosh et al. contained a viral enhancer as part of the 
CBA promoter, and subsequently it was associated with cytotoxic 
T-cell responses and rapid clearance in the liver, when admin-
istered to young G6pase (−/−) mice.14 It seems likely that AAV 
vector-mediated gene therapy could achieve long-lasting efficacy 
in GSD-Ia, given the sustained efficacy for 8 years with an AAV2 
vector in hemophilia B dogs.15

AAV vectors with packaging size <2.4 kbp, termed self-com-
plementary (sc)AAV or dsAAV, have markedly increased trans-
duction efficiency in vivo.16–18 This increased transduction results 
from bypassing the need for the conversion of single-stranded to 
ds AAV vector genomes, a rate-limiting step for transduction.19–21 
The scAAV vectors have a deletion within the 5′ terminal repeat 
that vastly increases the packaging of ds vector genomes.

A dsAAV2/8 vector containing a human G6Pase mini-gene 
demonstrated high efficacy in GSD-Ia.12 A minimal human 
G6Pase promoter and the human G6Pase cDNA were contained 
within the packaging size of 2.1 kb for the vector, AAV-G6Pase. 
The minimal human G6Pase promoter, starting at position −298, 
contains a cyclic adenosine monophosphate response element and 
insulin response sequences sufficient to mediate glucose, dexam-
ethasone, and insulin responsiveness.22–24 The resulting transgene 
was small enough to be packaged within a ds AAV vector genome, 
although this vector did not contain the terminal repeat muta-
tion converting it to a self-complementary AAV vector that would 
drive uniform ds vector genome packaging. Only 3% of the AAV 
vector genomes were ds as determined by denaturing gel electro-
phoresis. Importantly, efficient transgene expression was observed 
in the liver.12 Therefore, high-level transgene expression was attrib-
utable to the annealing of single-stranded (+ and −) AAV vector 
genomes contained within the same AAV particle, which bypasses 
the need for second-strand DNA synthesis associated with tradi-
tional, single-stranded AAV vectors.25

The renal involvement in GSD-Ia represents a severe long-
term complication that should be the focus of efforts to develop 
new therapy for this rare, orphan disease, including gene therapy. 
In an effort to better characterize the correction of renal involve-
ment in GSD-Ia, we have pseudotyped dsAAV-G6Pase vector 
with three additional serotypes, AAV2, AAV2/7, and AAV2/9, and 
evaluated efficacy in G6pase (−/−) mice, in comparison with the 
dsAAV2/8 vector previously characterized.12 AAV2 was included 
despite the previous report of low efficacy for that serotype, due to 
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Figure 2  Prolonged survival in glucose-6-phosphatase (G6Pase) 
(−/−) mice following adeno-associated virus (AAV) vector adminis-
tration. Affected mice did not survive until 1 month of age (data not 
shown), unless the AAV vector was administered at 12 days of age. 
Kaplan–Meier survival analysis following (a) high vector dose (1 × 1013 
vp/kg, except AAV2 = 5 × 1012 vp/kg), or (b) low vector dose (2 × 1012 
vp/kg) was administered as indicated. (c) Body weight for G6pase (−/−) 
and G6pase (+/+) mice at the indicated age. Mean ± SD are shown.
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the clinical experience with AAV2 and the improved performance 
of small genome AAV2 vectors that can be packaged as dsAAV.16,25 
The dsAAV2/1 vector was not studied further, because it failed 
to reduce glycogen storage in the kidney.12 The newer serotypes 
demonstrated high efficacy by stabilizing blood glucose for 2–8 
hours fasting at up to 12 months age. Renal function was partially 
restored with the AAV2/9 vector, reflecting the higher tropism of 
newer AAV serotypes and of dsAAV vectors for the kidney.

Results
Reversal of hypoglycemia and associated 
abnormalities following AAV vector administration
The dsAAV2/8 vector encoding human G6Pase prevented hypo-
glycemia during fasting, which represents the primary metabolic 
abnormality in GSD-Ia;12 however, the vector dose exceeded the 
highest dose administered in a clinical trial of AAV vector-medi-
ated gene therapy (1 × 1013 vp/kg).26 Therefore, a reduced dose was 
administered in G6pase (−/−) mice (2 × 1012 vp/kg) at 12 days of 

age for four pseudotypes of the AAV-G6Pase vector, and hypogly-
cemia during fasting (plasma glucose <100 mg/dl) was prevented 
for >6 months by the AAV2/8 and AAV2/9 vectors (Figure 1a). 
The dsAAV2/1 vector was not included in the current study, due 
to its reduced transduction of kidneys, in comparison with the 
dsAAV2/8 vector.12 The AAV2/7 vector prevented hypoglycemia 
only at the higher dose (1 × 1013 vp/kg). The higher dose of the 
AAV2 vector prevented hypoglycemia at 4 and 6 months, consis-
tent with a more gradual onset of transgene expression. Further 
evidence for biochemical correction was demonstrated by the 
normalization of blood cholesterol following the administration 
of the AAV2/8 and AAV2/9 vectors at either dose (Figure 1b).

Prolonged fasting for 8 hours at 6 months of age revealed very 
significant correction of hypoglycemia following AAV2/9 vec-
tor administration at the higher dose (Figure  1c), whereas the 
AAV2/7 vector did not prevent hypoglycemia (glucose <100 mg/
dl). Mice treated with AAV2 and AAV2/8 vectors were not fasted 
for 8 hours, because blood glucose was deemed too low following a 
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Figure 3 C orrection of glucose-6-phosphatase (G6Pase) deficiency in the kidney and liver of G6Pase (−/−) mice following adeno-associated 
virus (AAV) vector administration. Analysis of G6pase (−/−) mice (n = 4, except for AAV2, Low, n = 3) and (+/+) mice (n = 5) following administra-
tion of the indicated number of vector particles at 12 days of age. Tissues collected at the indicated ages. High vector dose (1 × 1013 vp/kg, except 
AAV2 5 × 1012 vp/kg) or low vector dose (2 × 1012 vp/kg) was administered as indicated. Mean ± SD are shown. (a) G6Pase activity quantitated as 
the degradation of glucose-6-phosphate. Mean ± SD are shown. (b) Glycogen content quantified as the release of glucose by amyloglucosidase 
digestion. m.o., months old; w.o., weeks old.
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2-hour fast at 6 months of age (<100 mg/dl; Figure 1a). Prolonged 
fasting at 12 months of age did induce mild hypoglycemia follow-
ing AAV2/9 vector administration, in comparison with unaffected 
littermates treated with the same vector dose (Figure 1c).

All untreated G6pase (−/−) mice died prior to weaning.27,28 
AAV2, AAV2/7, and AAV2/9 vectors sustained uniform survival 
to 6 months at the higher dose, whereas two of five AAV2/8 treated 
mice died (Figure  2a). No AAV2/9 treated G6pase (−/−) mice 
died among a group retained for 12 months (data not shown). The 
lower dose of each vector failed to prevent mortality, although 
AAV2/9 treated G6pase (−/−) mice survived at higher frequency 
(90%) than did those treated with other pseudotypes (Figure 2b). 
Increased weight gain was demonstrated following vector admin-
istration. G6pase (−/−) mice were initially much smaller than 
G6pase (+/+) mice at 2 weeks of age, and later grew to almost an 
equivalent size following vector treatment (Figure 2c).

Correction of biochemical abnormalities  
in kidney and liver
G6Pase activity was analyzed in tissues of G6pase (−/−) mice to eval-
uate expression of G6Pase encoded by the AAV vector genome at 7 
months and 12 months of age (Figure 3). G6Pase activity reached 
43% of normal activity following AAV2/9 vector administration 
at 7 months of age (Figure 3a). G6Pase activity was significantly 
increased in the kidney for vector-treated groups of mice at 7 months 
of age, with the exception of the low dose AAV2-treated group, in 
comparison with untreated G6pase (−/−) mice (Wilcoxon rank–
sum test). G6Pase activity in the liver was significantly increased 
for vector-injected mice at 7 months of age, in comparison with 

the liver of untreated G6pase (−/−) mice, and up to 48% of normal 
activity was demonstrated for the higher dose of the AAV2/9 vector 
(Figure 3a). Liver G6Pase activity was significantly increased by the 
AAV2/9 vector at the higher dose at 7 months of age, in comparison 
with AAV2 and AAV2/7 vector-treated groups (P ≤ 0.03 for each 
comparison). However, G6Pase activity decreased between 7 and 12 
months of age in both the liver and kidney for G6pase (−/−) mice 
treated with the higher dose of AAV2/9 vector.

Glycogen content was analyzed to evaluate the biochemical 
activity of G6Pase expressed with each AAV vector at 7 months 
of age. In the kidney the higher dose of the AAV2/9 vector sig-
nificantly reduced glycogen content of G6pase (−/−) mice in com-
parison with each of the other vector-treated groups (Figure 3b; 
P ≤ 0.03 for each comparison), with the exception of the high 
dose AAV2/7 and AAV2/8 groups. Glycogen did not increase 
between 7 and 12 months of age in the kidney of the AAV2/9 
vector-treated group, and it was reduced by 93% in comparison 
with untreated affected mice. The AAV2 vector-treated groups 
had significantly higher glycogen content in the kidney, in com-
parison with the other three vectors. Every vector-treated group 
had significantly reduced glycogen content in the liver, in com-
parison with the liver of untreated G6pase (−/−) mice (Figure 3b; 
P ≤ 0.03 for each comparison). In the liver the higher dose of the 
AAV2/9 vector significantly reduced glycogen content of G6pase 
(−/−) mice in comparison with each of the other vector-treated 
groups (Figure 3b), with the exception of the high dose AAV2/7 
and AAV2/8 groups (P ≤ 0.03 for each comparison). However, 
glycogen content increased slightly between 7 and 12 months in 
the liver for G6pase (−/−) mice treated with the AAV2/9 vector.
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Realtime PCR quantification of vector genome (vg) copy num-
ber revealed that the AAV2/7 vector copy number was lower in 
the liver, in comparison with AAV2/9 (2.1 ± 1.7 versus 23 ± 6 vg/
nuclear genome) or AAV2/8 (14 ± 7 vg/nuclear genome); however, 
AAV2/7 vector copy number was higher than the AAV2/2 copy 
number (0.5 ± 0.1 vg/nuclear genome) in the liver (Figure 4a). 
Similarly, the AAV2/9 vector transduced kidney more efficiently 
than other pseudotypes (Figure 4b). The AAV2/9 vector-injected 
mice retained a higher vector copy number in kidney at 7 months 
of age than did AAV2/8 vector-injected mice (0.7  ±  0.2 versus 

0.3 ± 0.2 vg/nuclear genome); however, by 12 months of age the 
residual AAV2/9 vector DNA had fallen by >50% (to 0.3 ± 0.1 
vg/nuclear genome). The AAV2/7 vector copy number was lower 
than AAV2/9 or AAV2/8 vector copy number in kidney at 7 
months of age (0.1 ± 0.1 vg/nuclear genome), despite the signifi-
cant degree of biochemical correction achieved with the AAV2/7 
vector (Figure 3). Surprisingly, the AAV2 vector copy number was 
higher in the kidney than the AAV2/7 copy number (Figure 4b).

Microscopic examination of the liver revealed markedly 
vacuolated hepatocytes in untreated 2-week-old G6pase (−/−) 
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staining of G6Pase in liver and kidney at the indicated age administration of the indicated number of AAV2/9 vector particles. Renal tubules indicated 
(arrows and high magnification inserts). (d) Masson’s trichrome staining of kidney. Age, vector, and vector dosage indicated.
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mice (Figure 5a). Vacuolated hepatocytes were largely absent at 
7 and 12 months of age in G6pase (−/−) mice following admin-
istration of the higher dose of the AAV2/9 vector; however, 
residual, moderately vacuolated hepatocytes were present in the 
liver of G6pase (−/−) mice that received the lower vector dose 
(Figure 5a). Microscopic examination of the kidney revealed dif-
fuse glycogen accumulation in markedly vacuolated renal tubular 
cells, and tubular atrophy and tubular basement membrane thick-
ening in untreated 2-week-old G6pase (−/−) mice (Figure  5b). 
Although focal segmental glomerulosclerosis occurs frequently 
in the kidneys of humans with GSD-Ia,2 it was absent from the 
kidneys of G6pase (−/−) mice evaluated at 0.5, 7, and 12 months 
of age (Figure 5b). Seven-month-old G6pase (−/−) mice treated 
with a lower dose of the AAV2/9 vector exhibited vacuolation of 
renal tubules and increased Bowman’s space (surrounding the 
glomerular tufts, arrows) in an multifocal pattern, in contrast 
to diminished vacuolation of the tubular epithelial cells present 
in 7-month-old G6pase (−/−) mice treated with the higher dose 
of the AAV2/9 vector, as well as large clusters of nonvacuolated 
tubules (Figure  5b). Glycogen deposition was clearly decreased 
to a greater extent by the higher dose of the AAV2/9 vector than 
for the lower dose (Figure  5b). However, many nonvacuolated 
tubules persisted at 12 months following administration of the 
higher dose of the AAV2/9 vector.

G6Pase expression was demonstrated in the liver and kidney 
of G6pase (−/−) mice that received the higher vector dose by his-
tochemical staining (Figure 5c). In the liver widespread G6Pase 
expression was detected at 7 months of age, accompanied by focal 
areas of very intense G6Pase expression. At 12 months of age, the 
G6Pase expression was limited to very darkly stained foci of a 
few hepatocytes, suggesting that very long-term expression was 
limited to a few transduced hepatocytes. In the kidney, moder-
ately intense G6Pase expression was detected in tubular foci of 
renal epithelial cells at 7 months of age (Figure 5c). At 12 months 
of age, fewer renal epithelial cells expressed G6Pase (Figure 5c), 
although many foci of nonvacuolated epithelial cells were pres-
ent (Figure 5b). Masson’s trichrome staining revealed increased 
fibrosis in the kidney of mice treated with all vectors except for the 
AAV2/9 vector at 7 months of age (Figure 5d). Dramatic improve-
ment in the vacuolation of renal tubules was observed by 3 weeks 

of age, following AAV2/9 vector administration, and the degree of 
correction in the kidney was greater for the AAV2/9 vector than 
for other vectors at 7 months of age (Figure 5d).

Preservation of renal function by G6Pase  
expression in the kidney
Western blot detection of angiotensinogen revealed increased 
expression in the kidney of 2-week-old G6pase (−/−) mice,7 and 
this analysis was performed for untreated and vector-treated 
G6pase (−/−) mice. The normalized signal for angiotensinogen 
was decreased in the kidney of G6pase (−/−) mice by the high 
dose of the AAV2/9 vector, in comparison with untreated 2-week-
old G6pase (−/−) mice; however, angiotensinogen was further 
decreased in the kidney of age-matched G6pase (+/+) mice, 
reflecting incomplete renal correction following vector admin-
istration (Figure  6a). Renal involvement in GSD-Ia progresses 
from microalbuminuria to proteinuria, and therefore urinary 
albumin:creatinine ratio was quantified for vector-treated G6pase 
(−/−) mice. Albumin:creatinine ratio was statistically less follow-
ing administration of the AAV2/9 vector, in comparison with the 
AAV2/7 vector (P = 0.05; Figure 6b). There was a trend toward 
reduced albumin:creatinine ratio 6 months following admin-
istration of the AAV2/9 vector, in comparison with untreated 
G6pase (−/−) mice, suggesting that preservation of renal func-
tion was possible with the AAV2/9 vector (P = 0.08; Figure 6b). 
However, the albumin:creatinine ratio was significantly elevated 
by 12 months of age for the AAV2/9 vector, in comparison with 6 
months of age (P < 0.001). Thus, a trend toward reversal of activa-
tion of renin–angiotensin and proteinuria was demonstrated for 
>6 months following treatment with the AAV2/9 vector.

Discussion
The availability of an accurate mouse model has facilitated the 
preclinical testing of gene therapy vectors for GSD-Ia, including 
adenovirus, lentiviral, and AAV vectors, and prior work dem-
onstrated partial biochemical correction of the kidney in this 
model.10,12–14,27–29 The correction of G6Pase deficiency, glycogen 
storage, histologic abnormalities, and albuminuria has demon-
strated the potential for AAV vectors to correct inherited diseases 
of the kidney. This study demonstrated that the dsAAV2/9 vector 
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was superior to other serotypes with regard to transduction of 
the kidney, consistent with reports of AAV2/9 vectors in other 
models,30,31 although the advantage for the dsAAV2/9 vector in 
comparison with the dsAAV2/8 vector was slight. The dsAAV2/8 
vector achieved a degree of biochemical correction equivalent to 
that of the AAV2/9 vector in both the kidney and liver, despite 
the presence of lower vg copy number and increased renal fibrosis 
observed following dsAAV2/8 vector administration.

One of the primary abnormalities in GSD-Ia, glycogen storage 
in the kidney, was evaluated by demonstrating reduced glycogen 
content following AAV vector administration in comparison with 
untreated G6pase (−/−) mice. The degree of glycogen clearance in 
the kidney and the duration of correction compared favorably with 
previous studies, and the impact of gene therapy upon renal func-
tion has not been reported.12–14,27,28 Studies in normal mice have 
identified AAV9 as an advantageous serotype for the transduction 
of multiple tissues. While early published reports focused upon 
the efficiency of transduction of the heart and skeletal muscle with 
AAV2/9, recently it has become evident that AAV2/7 and AAV2/9 
vectors transduced liver and kidney with the highest efficiency in 
a comparison of multiple AAV serotypes.30 Currently, the AAV2/9 
vector featured much greater biochemical correction of the kid-
ney than the AAV2 vector following intravenous injection, and 
the AAV2/9 vector prevailed when each vector was administered 
at the higher dose. All vectors evaluated did prolong survival, 
which surpassed previous results for an AAV2 vector in GSD-Ia. 
This new benchmark for an AAV2 vector in GSD-Ia demonstrated 
the advantage of the small genome AAV vector, capable of being 
packaged as double-stranded AAV.12,27,32 AAV2 vectors previously 
transduced renal tubules only following direct injection of the 
kidney, not intravenous injection, indicating that the main obsta-
cle to renal gene therapy with AAV was delivery to the kidney.33–35 
Intriguingly, an AAV2 vector transduced renal tubule cells more 
effectively than AAV2/1, AAV2/3, AAV2/4, or AAV2/5 vectors 
following direction injection of the kidney.36 Clearly, an AAV2/1 
vector can transduce the kidney in mice with GSD-Ia and achieve 
a degree of biochemical correction,13 although the dsAAV2/1 vec-
tor was less effective than the equivalent dsAAV2/8 vector in our 
earlier study.12 However, the potential for AAV2/7 and AAV2/9 
vectors to transduce kidney cells has been demonstrated follow-
ing intravenous injections of vectors containing reporter genes in 
normal adult mice,30,37 and we currently confirmed that dsAAV2, 
dsAAV2/7, dsAAV2/8, and dsAAV2/9 vectors were partially effi-
cacious in the kidney of mice with GSD-Ia (in order of ascending 
efficacy).

Renal involvement in GSD-Ia has been attributed to glom-
erular damage causing hyperfiltration, which gradually pro-
gresses from microalbuminuria to proteinuria.38–40 The majority 
of patients with GSD-Ia developed microalbuminuria during 
childhood in one series of 36 patients with GSD-Ia;39 moreover, 
29% of children had microalbuminuria and 4% had proteinuria, 
while 67% of adults with GSD-Ia had microalbuminuria and 42% 
had proteinuria in a series of 39 patients with GSD-Ia.40 During 
childhood microalbuminuria was associated with poor metabolic 
control.40 Mundy and Lee hypothesized that the pathogenesis of 
renal involvement in GSD-Ia appears similar to that of diabetes 
mellitus, because glomerular hyperfiltration is associated with 

increased renal angiotensinogen expression.41 Indeed, angiotensin 
upregulation and fibrosis was demonstrated in the kidney of 
G6pase (−/−) mice, validating the renal involvement in the mouse 
model for GSD-Ia.7

Prevention of hypoglycemia during fasting represents a critical 
endpoint for gene therapy in GSD-Ia. Intercurrent hypoglycemia 
and related metabolic abnormalities have been linked to progres-
sion of renal involvement in GSD-Ia.42,43 The newly established 
benchmark of maintaining normal blood glucose (>100 mg/dl) 
for 8 hours of fasting would be clinically relevant in humans with 
GSD-Ia, who currently require absolute adherence to continuous 
cornstarch supplementation to prevent life-threatening hypo-
glycemia. The duration of normoglycemia for 8 hours following 
AAV2/9 vector administration surpassed the established limit of 6 
hours normoglycemia achieved with an AAV2/8 vector in G6pase 
(−/−) mice.14

None of the vectors administered corrected liver G6Pase defi-
ciency to the degree observed following high-dose treatment with 
the dsAAV2/8 pseudotyped vector, when levels reached those of 
wild-type mice.12 However, the equivalent number of dsAAV2/9 
vector particles reduced liver glycogen content to a greater 
degree than the dsAAV2/8 vector did in that earlier study (93% 
vs 80%), and the currently studied dsAAV2/8 vector stock per-
formed similarly to the previously published vector by reducing 
glycogen content in the liver by 86%. The latter data suggested a 
widespread expression of G6Pase with the new dsAAV2/9 vec-
tor, at least equivalent to the level achieved with the dsAAV2/8 
vector, and microscopic examination of liver and kidney sections 
revealed a widespread reduction in glycogen vacuolation at 6 and 
12 months.

The enhanced transduction of hepatocytes with scAAV vec-
tors has been demonstrated with several different AAV serotypes. 
The earliest data demonstrated a tenfold increase in transduc-
tion of mouse hepatocytes with an scAAV2 vector, in comparison 
to an ssAAV vector, from <5% to up to 50%.16 Optimization of 
gene therapy for hemophilia B revealed enhanced transduction of 
hepatocytes with scAAV vectors pseudotyped as AAV8.44–46 These 
studies demonstrated efficacious transgene expression from a low 
number of vector particles.

The current study demonstrated efficacy with a dsAAV vec-
tor in both male and female mice with GSD-Ia, and an equivalent 
number of each sex survived to the end of the observation period 
(data not shown). This is noteworthy, because reduced transgene 
expression in adult female mice has been linked to the androgen-
dependence of AAV vector transduction. The androgen-depen-
dence of second-strand DNA synthesis for AAV vectors was 
previously demonstrated as the cause for reduced transduction in 
female mice,47 indicating that a dsAAV vector might at least par-
tially overcome this hurdle. Furthermore, transgene expression 
decreased more rapidly in young female mice following AAV vec-
tor administration than their male counterparts, which has clear 
implications for AAV vector-mediated therapy in G6pase (−/−) 
mice treated prior to weaning.48

An scAAV2/9 vector delivered hepatocyte growth factor 
efficaciously in a mouse model for renal fibrosis in COL4A3-
deficient mice.31 That study also identified AAV2/9 as the most 
efficient pseudotype for transduction of renal tubular epithelium, 
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in agreement with the current data. Similarly to this study, 
Schievenbusch et al. included a renal-active regulatory cassette 
for transgene expression. The endocrine effect of liver-expressed 
hepatocyte growth factor represents an inherent advantage for 
gene therapy in murine renal fibrosis, whereas the need for intra-
renal transgene expression to replace membrane bound G6Pase in 
GSD-Ia seems a greater challenge. Nonetheless, we found a nearly 
equivalent biochemical correction of the kidney and liver with 
dsAAV2/9-G6Pase in G6pase (−/−) mice, in contrast to the trans-
duction of kidney being reduced by approximately 100-fold in 
COL4A3-deficient mice.31 The gradual accumulation of intramem-
branous G6Pase might explain how a high degree of biochemical 
correction was achieved in the kidney of G6pase (−/−) mice with 
dsAAV2/9-G6Pase. Whether an scAAV2/9 has a disadvantage 
with regard to transduction of the kidney, versus a dsAAV2/9 vec-
tor that contained the intact terminal repeat sequence, remains to 
be determined. Overall, either an scAAV2/9 or dsAAV2/9 vector 
seems to have significant advantages with regard to the treatment 
of renal diseases in murine models.

The current study revealed that the dsAAV2/9-G6Pase vector 
can express G6Pase for up to a year in the kidney and liver with 
high efficacy in mice with GSD-Ia, and the dsAAV2, dsAAV2/7, 
and dsAAV2/8 vectors were efficacious to a lesser extent with 
regard to hepatorenal correction. Thus, further preclinical devel-
opment of gene therapy with dsAAV vectors should be pursued in 
GSD-Ia, given a favorable safety profile and the potential for pre-
venting severe, life-threatening complications including recurrent 
hypoglycemia and renal failure.

Materials and Methods
Preparation of AAV vectors encoding human G6Pase. The AAV vector 
plasmid, pAAV-G6PaseHA, contained a transgene comprised of the human 
G6Pase minimal promoter to drive a human G6Pase cDNA followed by a 
human growth hormone polyadenylation signal.12 The AAV vectors were 
pseudotyped with AAV capsid proteins as described (packaging plasmids 
courtesy of Dr Wilson, University of Pennsylvania, Philadelphia, PA), and 
the helper plasmid was pAdHelper (Stratagene, La Jolla, CA).12

AAV vector administration to G6Pase (−/−) mice. Carrier G6Pase (±) 
mice were housed in the Duke Vivarium and bred to produce homozy-
gous, affected G6Pase (−/−) offspring. Affected genotype was confirmed 
by PCR analysis of tail DNA with primers within and flanking the neo 
gene insertion in the G6Pase gene as described.28 G6Pase (−/−) mice were 
injected with vectors via the retroorbital sinus at 12 ± 1 days of age without 
regard to sex, and both males and females were included in all groups. 
Injection was performed following isoflurane anesthesia with a 28 gauge 
insulin syringe (10 µl/g volume), and hemostasis was achieved by brief 
manual pressure. Daily injection of 0.1–0.2 ml 10% dextrose subcutane-
ously was initiated at 3 days of age and continued for 2–3 weeks. Mice 
were fasted periodically for 2 hours beginning at 10:00 am, or for 8 hours 
beginning at 8:00 am. All mouse procedures were done in accordance with 
Duke University Institutional Animal Care and Use Committee-approved 
guidelines.

Evaluation of biochemical correction. Enzyme analysis was performed 
as described.12 Briefly, tissues were flash-frozen and stored at −70 °C. 
Glycogen content was measured by complete digestion of polysaccharide 
using amyloglucosidase (Sigma Chemical, St Louis, MO). The structure of 
the polysaccharide was inferred by using phosphorylase free of the deb-
ranching enzyme to measure the yield of glucose-1-phosphate. Specific 
G6Pase activity was measured by using glucose-6-phosphate as substrate 

after subtraction of nonspecific phosphatase activity as estimated by 
β-glycerophosphate. Glucose and cholesterol were analyzed with a Kodak 
Biolyzer (Eastman Kodak, Rochester, NY) according to the manufacturer’s 
recommendations. Western blot analyses were performed with antibod-
ies against angiotensin (N-10) (Santa Cruz Biotechnology, Santa Cruz, 
CA) and β-actin (Abcam, Cambridge, MA). Detection of epitope-specific 
immunostaining was accomplished by chemiluminescence reaction using 
ECL western blotting substrate (Promega, Madison, WI) and Kodak 
BioMax MR film (VWR Scientific, Radnor, PA). Standard densitometric 
analysis of angiotensinogen and β-actin bands was conducted using the 
UN-SCAN-IT 6.1 gel analysis software program (Silk Scientific, Orem, 
UT). Individual band intensities were quantified and data were expressed 
as relative optical density with associated range of variance.

Quantification of vector DNA. Realtime quantitative reverse transcription-
PCR was performed using SYBR green in a LightCycler 480II (Roche, Basel, 
Switzerland) following the manufacturer’s instructions. Gene-specific primers 
for human G6Pase cDNA (sense 5′-AGTGCCCACACAGTGCGACGT-3′, and  
antisense 5′-CCTCGTAGCGCCTGTTAGCTG-3′), and for mouse β-actin  
(sense 5′-AGAGGGAAATCGTGCGTGAC-3′ and antisense 5′-CAATAG 
TGATGACCTGGCCGT-3′) were used for each reaction. Plasmid DNA 
corresponding to 0.01 copy to 100 copies of human GAA gene (in 500 ng 
genomic DNA) was used in a standard curve. To determine the vg copy num-
ber, the Cp values of samples were compared to the standard curve.

G6Pase histochemical detection. G6Pase was detected qualitatively in 
frozen sections (6 µm) mouse liver by an optimized cerium-diaminoben-
zidine method as described.49 Liver sections were incubated in medium 
consisting of 5 mmol/l cerium chloride (Sigma), 10 mmol/l glucose-6-
phosphate (Sigma), and 50 mmol/l tris-maleate buffer (pH 6.5) for 5 min-
utes at room temperature. The first incubation was stopped in 50 mmol/l 
tris-maleate buffer (pH 8.0). G6Pase was visualized by a subsequent incu-
bation in 10 mmol/l glucose-6-phosphate, 10 mmol/l calcium chloride, 
5 mmol/l sodium azide and 50 mmol/l tris-maleate buffer (pH 6.5) for 5 
minutes at room temperature, rinsed with distilled water, counter-stained 
with nuclear fast red, and mounted with Shur/Mount medium (Triangle 
Biomedical Sciences, Durham, NC).

Quantification of urine albumin excretion. Urine collections were 
obtained on mice at 6 months and 12 months, with free access to water 
and food. After collection, urine was immediately centrifuged for 3 min-
utes (13,000g) to remove contamination, and the supernatant was stored at 
−80 °C before analysis. Albuminuria was determined by ELISA (Albuwell; 
Exocell, Philadelphia, PA), and creatinine was measured using the alkaline 
picrate method (The Creatinine Companion; Exocell).

Statistical analysis of survival and other endpoints. Reported P values 
are two-tailed and were derived from nonparametric methods. Pairwise 
comparisons used the Wilcoxon rank–sum test. Survival analysis included 
production of Kaplan–Meier curves and P values presented were from log 
rank test.
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