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ABSTRACT 

Glycogen Storage Disease type Ia (GSD-Ia) in humans frequently causes delayed bone 

maturation, decrease in final adult height, and decreased growth velocity. This study evaluates 

the pathogenesis of growth failure and the effect of gene therapy on growth in GSD-Ia affected 

dogs and mice. Here we found that homozygous G6pase (-/-) mice with GSD-Ia have normal 

growth hormone (GH) levels in response to hypoglycemia, decreased insulin-like growth factor 

(IGF) 1 levels, and attenuated weight gain following administration of GH. Expression of hepatic 

GH receptor and IGF 1 mRNAs and hepatic STAT5 (phospho Y694) protein levels are reduced 

prior to and after GH administration, indicating GH resistance. However, restoration of G6Pase 

expression in the liver by treatment with adeno-associated virus 8 pseudotyped vector 

expressing G6Pase (AAV2/8-G6Pase) corrected body weight, but failed to normalize plasma 

IGF 1 in G6pase (-/-) mice. Untreated G6pase (-/-) mice also demonstrated severe delay of 

growth plate ossification at 12 days of age; those treated with AAV2/8-G6Pase at 14 days of 

age demonstrated skeletal dysplasia and limb shortening when analyzed radiographically at 6 

months of age, in spite of apparent metabolic correction. Moreover, gene therapy with AAV2/9-

G6Pase only partially corrected growth in GSD-Ia affected dogs as detected by weight and bone 

measurements and serum IGF 1 concentrations were persistently low in treated dogs. We also 

found that heterozygous GSD-Ia carrier dogs had decreased serum IGF 1, adult body weights 

and bone dimensions compared to wild-type littermates. In sum, these findings suggest that 

growth failure in GSD-Ia results, at least in part, from hepatic GH resistance. In addition, gene 

therapy improved growth in addition to promoting long-term survival in dogs and mice with GSD-

Ia. 
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1. Introduction  

Type Ia Glycogen Storage Disease (GSD-Ia, also known as von Gierke disease; MIM +232200) 

is an autosomal recessive disorder caused by a deficiency of glucose-6-phosphatase (G6Pase). 

This deficiency results in a number of metabolic problems such as, hypoglycemia and lactic 

acidosis which can lead to renal and/or hepatic disease, pancreatitis, osteopenia, hepatic 

adenomas or hepatocellular carcinoma and growth failure in older children and adults [1, 2].  

Of humans affected with GSD-Ia, 43%-59% exhibit incongruent bone age, 10-35% short stature 

[3, 4], and 14% decreased growth velocity [3, 5]. There are multiple hypotheses regarding the 

exact cause of growth impairment, including chronic lactic acidemia, recurrent or persistent 

hypoglycemia, dietary restrictions, growth hormone (GH) and/or insulin-like growth factor (IGF) 

resistance, hypoinsulinemia, hypercortisolemia and negative calcium balance [3, 5]. 

Nevertheless, the pathogenesis of growth failure in GSD-Ia is poorly understood.  

Several treatments have been used to improve growth of patients with GSD-Ia with variable 

success, but generally there are positive correlations between biochemical control of the 

disease, growth rate and ultimate height [2, 6]. Dietary treatment with uncooked corn starch or 

nasogastric tube feeding improves metabolic control and increases survival and can partially 

prevent growth retardation, especially if started early in life [7, 8]. Further, height standard 

deviation score (SDS) in children with GSD-Ia correlates with circulating IGF 2 and compliance 

with dietary therapy; but is not associated with a deficiency of growth hormone [3]. GH 

replacement therapy and diazoxide therapy improved height in some cases [9, 10]. Liver 

transplantation has been shown to rescue growth in the majority (8/11) of young GSD-Ia 

patients when recorded post-transplantation [11-13]. Inconsistent success in treatment of 

growth retardation and other long term complications through empirical treatment suggests that 
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there is an unmet clinical need for therapy that consistently improves metabolic control of GSD-

Ia patients to prevent long term complications.  

One such treatment under evaluation is gene therapy. Adeno-associated viral vector expressing 

glucose-6-phosphatase (AAV-G6Pase) to promote expression of G6Pase in the liver and 

kidneys has been evaluated in canine and murine GSD-Ia models [14, 15]. Animals treated with 

AAV-G6Pase have significantly increased survival times, normal plasma lactate and glucose, 

and decreased hepatic glycogen deposition and vacuolization compared to untreated GSD-Ia 

affected dogs or mice [14-17]. A single treatment can maintain metabolic homeostasis life-long 

in AAV-G6Pase-treated mice, but metabolic control wanes over time in AAV-G6Pase vector-

treated dogs [16, 18]. However, GSD-Ia affected dogs receiving 2-4 treatments of AAV-G6Pase 

therapy with different serotypes thrive and survive to greater than 60 months of age [14, 17].  

The goals of this study were to elucidate the pathogenesis of growth failure in GSD-Ia affected 

mice and dogs and to evaluate the effects of treatment with AAV vector-mediated therapy on 

growth in GSD-Ia affected mice and dogs. We used a G6Pase knockout [G6pase (-/-)] mouse 

model to clarify the role of GH signaling in the growth failure associated with GSD-Ia. We then 

analyzed weight gain, bone development and IGF 1 concentrations in G6pase (-/-) mice treated 

with an adeno-associated virus (AAV) vector that expresses mouse G6Pase. We evaluated 

bodyweight, serum IGF 1 concentrations and bone measurements in AAV-G6Pase vector-

treated GSD-Ia affected dogs, GSD-Ia affected dogs only receiving dietary therapy and their 

unaffected wild-type and GSD-Ia heterozygous carrier littermates. Previous studies from this lab 

showed that this vector partially reverses G6Pase deficiency and reduces glycogen stores to 

near-normal levels while preventing hypoglycemia during fasting for a near normal life span of 

mice and dogs [14, 16]. Dog data presented were from dogs in which survival, plasma glucose 

and lactate, hepatic complications and vector efficacy have recently been reported by DeMaster 

et. al. [14].  
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2. Materials and Methods 

2.1. Murine care and treatment 

All parts of this study were performed according to the guidelines and oversight of the Duke 

University and North Carolina State University Institutional Animal Care and Use Committees. 

G6pase (+/-) mice were provided by Dr. Janice Chou (National Institutes of Health) and bred to 

produce homozygous, affected G6pase (-/-) offspring.  Affected genotype was confirmed by 

polymerase chain reaction (PCR) analysis of tail DNA with primers within and flanking the neo 

gene insertion in the G6Pase gene as described [19]. Livers were collected from mice at 13 +/- 

1 days of age and frozen on dry ice for GH-related quantification assays and Western blotting 

(Fig. 1, 2).  

Affected G6pase (-/-) mice were small with prominent hepatomegaly at 7 days of age, whereas 

unaffected carrier (+/-) and wild-type (+/+) mice appeared grossly normal. Groups of G6pase (-/-

) and unaffected [both G6pase (+/+) and (+/-)] mice received daily glucose injections and were 

treated with GH daily for 7 days before the liver was collected for RT-PCR quantification.  

Unaffected mice were identified by day 3 of life by the absence of hepatomegaly, and genotype 

was confirmed for all mice (not shown). G6pase (+/+) and (+/-) mice were grouped together as 

normal controls. Initially, groups of 4 affected and unaffected mice were treated with 10 µg GH 

injected subcutaneously each morning for 7 days; later another 4 affected and unaffected mice 

received 25 µg daily in an equivalent manner. Ovine GH was dissolved in 10ml PBS/10% 

dextrose, and mice were injected subcutaneously with 100 µl/day for 7 days, starting at 7 days 

of age. The responses for the two dosages were equivalent, and therefore results were pooled 

for the two GH treatments.  

The impact of hepatic G6Pase deficiency on growth was investigated further by assessing 

weight gain and plasma IGF 1 concentrations in G6pase (-/-) mice following treatment with an 
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adeno-associated virus (AAV) vector expressing human G6Pase (1x1013 vector particles/kg 

body weight) at 2 weeks of age (Fig. 3).  The vector was pseudotyped as serotype 8 to increase 

tropism for the liver (AAV2/8-G6Pase).   

2.2. Canine care and treatment 

All puppies were monitored every three to four hours for the first week of life to ensure that they 

were gaining weight and nursing appropriately. If they were not gaining weight, bottle or tube 

feeding with standard milk replacement therapy (40-100 mg/g/day) was used in conjunction with 

dextrose therapy to control hypoglycemia. GSD-Ia affected puppies were identified by 

genotyping as previously described by Kishnani et. al. [20] and administered an AAV serotype 2 

vector pseudotyped as AAV9 expressing human G6Pase (AAV2/9-G6Pase) vector at 1-3 days 

of age (4x1013 vector particles/kg body weight). AAV2/9-G6Pase has demonstrated good 

hepatorenal correction in G6pase (-/-) mice and was thus used in the dogs [18]. Puppies were 

weighed at least weekly for the first 7 weeks of life and weaned at 8 weeks of age (Fig. 4A, 4B). 

Adult weights were obtained after 20 months of life (Fig. 4C). For a more detailed report of 

puppy care, refer to DeMaster et. al. [14]. Numbers of animals lost over time were due to death 

of affected puppies, adoption of unaffected littermates or missed data entry (Table S1).  

2.3. Murine GH-related hormone quantification assays  

Total RNA was extracted from mouse tissues using RNeasy Mini Kit (Qiagen, Valencia, CA). 

Three g of total RNA was reverse transcribed with 300 units of M-MLV reverse transcriptase 

(Life Technologies, Inc., Gaithersburg, MD) and 300 ng of random hexamer primers in a 40-l 

reaction. mRNA levels were quantified with an ABI 7300 Real time PCR system, as described 

previously [21, 22]. For measurements of mature mRNA, all primer pairs spanned introns; 

amplicon lengths ranged from 90-150 bp. Thermal cycling conditions were 10 min at 95°C 

followed by 35-40 cycles for 15 sec at 95°C and 1 min 57°C; SYBR green incorporation into a 
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single peak was monitored using a dissociation curve. Expression levels were normalized 

against the levels of acidic riboprotein, a housekeeping gene that shows little change during 

cellular growth or differentiation [23].  The levels of mRNA were quantified using the comparative 

threshold cycle (CT) method [24]. Table 1 shows the oligonucleotide primer pairs, all of which 

encode mouse genes, and CT values obtained in mouse liver.  

2.4. Serum or Plasma GH and IGF 1 concentrations 

The ELISA for murine plasma GH was performed according to the manufacturer’s 

instructions (KRC5311, Life Technologies, Grand Island, NY) or (ALPCO, Salem, NH) from 

mice between 10-13 days of age. The ELISA for murine plasma IGF 1 was performed 

according to the manufacturer’s directions, except the IGF 1 standard was diluted to 10 

ng/ml rather than 2 ng/ml (EA-2204, Signosis, Sunnyvale, CA). Canine serum IGF 1 

concentrations were measured by a reference laboratory (Diagnostic Center for Population 

& Animal Health, Michigan State University, Lansing, MI) from blood taken at 8 weeks of 

age and between 22-23 weeks of age for two different litters (Fig. 4D). Blood was taken at 

33 months of life from littermates, one GSD-Ia affected AAV2/9-G6Pase vector-treated 

female and two GSD-Ia carrier males remaining in the study. Animals were not fasted prior 

to blood collection.   

2.5. Western blotting   

Antibodies against mouse fatty acid synthetase (FASN) (ab3844, Abcam, Cambridge, MA), c-

Fos (ab7963, Abcam), signal transducer and activator of transcription (STAT5) (phospho Y694) 

(ab32364, Abcam), and β-actin (ab20272, Abcam) were used for Western blotting analysis (Fig. 

2A, B). Western blot was performed in the same manner described in Sun et. al. 2005 [25].   

2.6. Canine body weight analysis 
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Body weights were extracted from the medical records retrospectively over the course of 

several years for GSD-Ia affected dogs treated with AAV2/9-G6Pase (n=8) 1-3 days after birth, 

GSD-Ia affected dogs treated only with dietary supplementation from birth (n=7) and unaffected 

littermates (n=22) for the first 7 weeks of life (Fig. 4A, B, Table S1). Adult (20 months – 9 years 

of age) body weights were obtained from medical records of GSD-Ia AAV2/9-G6Pase vector-

treated dogs currently in the study (n=4, 3 male, 1 female), dogs in the GSD-Ia carrier breeding 

colony (n=10, 4 male, 6 female) or as reported by owners from those unaffected dogs that were 

adopted out of the study, containing both carrier (n=5, 1 male, 4 female) and wild-type dogs 

(n=4, 4 males) (Fig. 4C). Body condition score (BCS) was determined based on a 9-point scale 

by Duke University animal care staff or the owners based on the “Body Condition System” chart 

by Nestlé Purina (St. Louis, Missouri) [26].  

2.7. Mouse limb staining 

12-day-old mouse tissues were collected from whole G6pase (-/-) and wild-type mice that were 

frozen and stored in -80°C, mice were then thawed, imaged by high resolution radiography 

(methods below) and then skin was removed from limbs and tail. Limbs were then stained whole 

using Alcian blue for cartilage and Alizarin red for bone according to methods found in 

Yamazaki et. al. 2011 [27] (Fig. 5). 

2.8. Murine radiographic measurements and analysis  

Radiographs of mice were taken of euthanized G6pase (-/-) and wild-type mice at 12 days or at 

6 months of life using a model MX20 Faxitron machine (Faxitron X-ray Corporation, Wheeling, 

IL) and processed with Dalsa specimen radiography system version 1.0 (Dalsa life sciences, 

Tucson, AZ). Mice were imaged in right and left lateral, ventrodorsal and dorsoventral positions 

to obtain high resolution images of the axial and appendicular skeleton (Fig. 6). All radiographs 
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were measured independently by two trained graders measuring bone lengths using Image J 

(Wayne Rasband, National Institutes of Health, USA) (Fig. S1). 

2.9. Canine radiographic measurements and analysis  

Radiographs were taken of dogs with an InnoVet select E7242x x-ray machine (Summit 

Industry, Chicago, IL) and processed using an IDEXX-CR 1417 digital imaging system (IDEXX 

Laboratories, Inc., Westbrooke, ME). Bone dimensions were measured from radiographs taken 

using right and left lateral, ventrodorsal and dorsoventral positioning of animals. 

Radiographs of 3-month-old male dogs under brief physical restraint were taken of the front legs 

due to intermittent forelimb lameness noted in a male GSD-Ia affected dog treated with AAV2/9-

G6Pase on the first day of life, radiographs of a male wild-type littermate were obtained at the 

same time for comparison. These radiographs were measured retrospectively; several 

measurements were not obtainable due to variation in procedure and poor positioning. 

Radiographs of a 3-month-old female GSD-Ia carrier in a different litter were obtained under 

sedation for comparison (Fig. 7A, Tables S2, S3).  

Photographs were taken of a 34-month-old GSD-Ia affected female dog who had been treated 

with AAV2/9-G6Pase at 1 day of age and retreated with AAV2/8-G6Pase at 15 months of age 

and her male GSD-Ia heterozygous littermate, who had also received AAV2/9-G6Pase at 1 day 

of age (Fig. 7B, Table S4). 

Radiographs were performed under sedation on the same GSD-Ia affected female dog above at 

37 months of age and a different male GSD-Ia heterozygous littermate, who had also received 

AAV2/9-G6Pase at 1 day of age (Fig. 7C-E, Tables S2, S4). All radiographs were measured 

independently by two trained graders measuring calibrated bone lengths and widths using 

ClearCanvas Workstation 2.0 (Toronto, ON, Canada). Graders varied from a 0.02 mm to 5.91 
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mm difference in individual bone measurements, with a mean 0.83 ± 1.01 mm difference. 

Measurements were averaged between graders and included in supplemental tables 3 and 4. 

2.10. Statistical Analysis 

A two-tailed homoscedastic Student’s t-test was used to determine significant differences in 

measurements between G6pase (-/-) mice and wild-type mice. A one-tailed heteroscedastic 

Student’s t-test was used to compare between weights at each time point for the GSD-Ia canine 

growth curve (Fig. 4A, 4B). Kruskal-Wallis Test was used to determine significance of mouse 

radiographic bone lengths (Fig. S1). One way between subjects ANOVA with Tukey analysis 

was used to compare IGF 1 values and adult body weights between wild-type, GSD-Ia carriers 

and GSD-Ia affected dogs treated with AAV2/9-G6Pase (Fig. 4C, 4D). P values less than 0.05 

were considered significant.  

3. Results 

3.1. Murine GSD-Ia hepatic GH signaling and IGF production  

As shown in Figure 1A, randomly sampled plasma GH concentrations in G6pase (-/-) mice not 

treated with glucose injections (UT) were comparable to those in wild-type controls. However, 

GH concentrations were decreased in glucose-treated G6pase (-/-) mice (Fig. 1A; GT) indicating 

either suppression from glucose therapy or a general GH deficiency. Plasma GH concentrations 

in young, glucose-treated, unaffected mice varied from <1 to 41 ng/ml (11 ± 16 ng/ml; n=6; not 

shown), indicating that this type of glucose treatment may suppress GH as expected in some 

mice, but not all. These findings suggest that regulation of pituitary GH secretion is largely 

preserved in GSD-Ia. On the other hand, plasma IGF 1 levels were reduced in neonatal G6pase 

(-/-) mice (Fig. 1B), suggesting that GH induction of IGF 1 expression may be attenuated. 

Support for this hypothesis was provided by studies of basal levels of GHR-L receptor, PRLR-L 
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receptor, and IGF 1 mRNAs, which reduced by 55-70% (p<0.01) in untreated neonatal G6pase 

(-/-) mice. In contrast, hepatic expression of IGF 2 mRNA was normal (Fig. 1C).  

Moreover, hepatic levels of phosphorylated STAT5 (phospho Y694) and c-Fos were reduced in 

both glucose-treated and untreated G6pase (-/-) mice compared with G6pase (+/+) mice, 

consistent with decreased hepatic GH signaling [28] (Fig. 2A, B). Accordingly, the administration 

of GH and glucose caused little or no increase in hepatic IGF 1 mRNA in GT G6pase (-/-) mice 

compared with G6pase (+/+) mice (Fig. 2D), and GH-stimulated weight gain was blunted in 

comparison to that observed in wild-type mice: GH treatment for 7 days increased body weight 

by 38% (p<0.02) in unaffected [G6pase (+/+) and (+/-)] controls but had no significant effect in 

G6pase (-/-) mice (Fig. 2C).  

3.2. AAV2/8-G6Pase administration to G6pase (-/-) mice rescues adult growth, but not plasma 

IGF 1 

The GSD-Ia liver features massive accumulation of lipids as well as glycogen [29]. Accordingly, 

hepatic FASN was increased in G6pase (-/-) mice (Fig. 2A-B) [30]. AAV2/8-G6Pase 

administration increased hepatic G6Pase activity, reduced glycogen accumulation to the levels 

observed in wild-type mice,  and prevented fasting hypoglycemia [16], however, the weight gain 

of vector-treated G6pase (-/-) mice was significantly decreased at 1 month in comparison with 

wild-type controls (Fig. 3A).  Body weight normalized by 2-3 months and plasma IGF 1 in the 

G6pase (-/-) mice was not significantly reduced at 2 months of age, indicating an initial 

improvement from AAV2/8-G6Pase therapy (Fig. 3B). However, G6pase (-/-) plasma IGF 1 was 

significantly decreased at 4 and 6 months of age while body weight trended lower in comparison 

with wild-type mice at 6 months of age without reaching statistical significance (Fig. 3A).   

3.3. AAV2/9-G6Pase administration to GSD-Ia affected dogs partially rescues growth compared 

to dietary therapy alone  



Page 13  

GSD-Ia affected dogs receiving only dietary treatment were 70% (214 ± 34 g, n=6) of the weight 

of AAV2/9-G6Pase vector-treated dogs (307 ± 100 g, n=8, p=0.02) at 1 week of age and only 

54% (565 ± 15 g, n=2) of weight of AAV2/9-G6Pase vector-treated dogs (1038 ± 226 g, n=7, 

p<0.001) at 7 weeks of age (Fig. 4A). Neonatal AAV2/9-G6Pase therapy increased growth rate 

of GSD-Ia dogs compared to dietary therapy alone, but growth curves of these animals did not 

parallel those of unaffected littermates at any time in the 7 week study period (Fig. 4B). For 

example, AAV2/9-G6Pase treated dogs were 61% of unaffected littermates’ weight (502 ± 118 

g, n=22, p=0.0002) at 1 week of age and 48% the weight of unaffected littermates (2153 ± 472 

g, n=22, p=2.18X10-8) at 7 weeks of age. Bodyweights of wild-type and GSD-Ia heterozygous 

carriers were not significantly different (p>0.11) during the 7 weeks, and were therefore grouped 

together as an unaffected littermate group (Fig. 4B). There was, however, some minor 

divergence of growth curves beginning at 5 weeks of age between wild-type and GSD-Ia 

carriers (not shown). 

3.4 Adult AAV2/9-G6Pase vector-treated GSD-Ia affected dogs and GSD-Ia carriers are smaller 

than adult wild-type littermates. 

At 34 months of age, a GSD-Ia affected AAV2/9-G6Pase vector-treated female dog was grossly 

smaller in size and stature (Fig. 7B) and weighed 46% (3.8 kg) of the weight of her 

heterozygous GSD-Ia carrier male littermate (8.2 kg). Among adult dogs (20 months – 9 years 

of age), AAV2/9-G6Pase treated dogs (n=4) averaged 3.9 ± 0.8 kg body weight, while their wild-

type littermates (n=4) averaged 13.8 ± 2.2 kg body weight , whereas, GSD-Ia carriers averaged 

8.1 ± 2.8 kg body weight (n=15) (Fig. 4C). BCS was not statistically significant among all dogs 

based on a 9-point scale, ranging from 3.5 to 6 (not shown).    

3.5. AAV2/9-G6Pase treatment does not rescue serum IGF 1 concentrations in GSD-Ia affected 

dogs and GSD-Ia carrier dogs have reduced serum IGF 1 compared to wild-type littermates. 
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Serum IGF 1 was 1.7 ± 0.6 nmol/L in AAV2/9-G6Pase treated GSD-Ia dogs (n=3, 2 male, 1 

female), 15.3 ± 5.2 nmol/L in GSD-Ia carrier dogs (n=4, 2 male, 2 female) in comparison with 

43.5 ± 7.8 nmol/L in their male wild-type littermates (n=2 p<0.001) at 8 weeks of age (Fig. 4D). 

At 22-23 weeks of age, serum IGF 1 was 2.7 ± 2.1 nmol/L in the same GSD-Ia dogs (n=3); 14.8 

± 7.0 nmol/L in the same GSD-Ia carrier dogs (n=4 p=0.018) and 27 nmol/L in a wild-type 

littermate. At 33 months of age, serum IGF 1 levels were 1.0 nmol/L in a female AAV2/9-

G6Pase treated GSD-Ia dog (n=1) and 10.5 ± 2.1 nmol/L in her carrier male littermates (n=2) 

(Table S2).  

Normal canine IGF 1 reference range from the reference laboratory was 4-95 nmol/L (31-725 

ng/ml), but spans a wide variety of ages and breeds. Based on data from Greer et al, normal 

IGF 1 concentrations for dogs of the size and age of the dogs in the current study should be 

between 20-320 ng/ml (3-42 nmol/L) [31]; whereas, data from Jaillardon et al indicates IGF 1 for 

adult dogs <15 kg (n=177) ranges from 21-433 ng/ml (3-57 nmol/L) with a mean of 117 ng/ml 

(15 nmol/L), and no significant difference in IGF 1 with age [32].   

3.6. Delayed ossification of G6pase (-/-) mice and dysplasia and decreased bone dimensions in 

AAV2/8-G6Pase vector-treated G6pase (-/-) mice 

Alcian Blue and Alizarin Red staining of whole limbs in 12-day-old G6pase (-/-) mice compared 

to wild-type mice demonstrated delay in ossification of the femoral head, delay in development 

of secondary centers of ossification in the physes of the distal femur and proximal tibia, and 

dysplasia of the elbow, with delayed physeal closure and abnormal angulation of the distal 

humerus resulting in incongruence of the distal humerus relative to the proximal radius and 

ulna. Abnormal metaphyseal morphology of the proximal radius was also noted (Fig. 5).  

Hip radiographs of four groups of mice (Fig. 6A) confirmed delay in ossification of the femoral 

head in 12-day-old G6pase (-/-) mice, and dysplasia of the hip and exaggerated development of 
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the third trochanter in 6-month old G6pase (-/-) AAV2/8-G6Pase vector-treated mice. Knee 

radiographs (Fig. 6B) demonstrated thickening and irregularity of the metaphyseal growth plate 

of the proximal tibia and distal femur, with delay in development of secondary centers of 

ossification in 12-day-old G6pase (-/-)  mice compared to unaffected controls. In 6-month-old 

mice, there was irregularity and flattening of the femoral condyles, and bowing of the fibulae of 

G6pase (-/-) AAV2/8-G6Pase vector-treated mice compared to unaffected. In caudal vertebrae 

4-6 (Fig. 6C), besides shortening of the vertebrae in both affected groups, there was premature 

mineralization of the caudal intervertebral discs in the tail in 6-month-old G6pase (-/-) AAV2/8-

G6Pase vector-treated mice. This abnormality was observed only in the proximal 1/3 of the tail. 

In the shoulder (Fig. 6D), elbow (Fig. 6E) and carpus/wrist (Fig. 6F), there was severe dysplasia 

in G6pase (-/-) 12-day-old mice, with widening and irregularity of the metaphyseal growth plates 

and impaired development of secondary centers of ossification, with premature severe arthritis 

evident in 6-month-old G6pase (-/-) AAV2/8-G6Pase vector-treated mice compared to 

unaffected mice of similar age. Enthesiopathies were also evident, particularly at the deltoid 

tuberosity of the proximal humerus, where widening and lengthening was noted in 6-month-old 

G6pase (-/-) AAV2/8-G6Pase vector-treated mice compared to unaffected mice of similar age.  

In hips (Fig. 6A), knees (Fig. 6B) and elbows (Fig. 6E) of 6-month-old G6pase (-/-) AAV2/8-

G6Pase vector-treated mice, the trabecular bone pattern of the proximal femur, patella, distal 

femur, proximal tibia, distal humerus and olecranon was enhanced, and there was increased 

cortico-medullary contrast in the proximal femur and patella, suggestive of some degree of 

osteoporosis.   

Long bones of the extremities were uniformly shorter in G6pase (-/-) mice compared with wild-

type at both 12 days and 6 months of life (Fig. S1A). The long bones in weight bearing digits 

(the third metatarsals and phalanges) showed a significant difference between G6pase (-/-) 

mice and unaffected mice at both 12 days and 6 months of age, whereas the bones in non-
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weight bearing digits were not significantly different between GSD-Ia in 6-month-old mice, 

despite the difference between both groups at 12 days of age (Fig. S1B). The heads and third 

cervical vertebrae of mature G6pase (-/-) mice are smaller than unaffected mice, but other 

vertebrae, ilium and ischium are not significantly different in 6-month-old vector treated mice 

(Fig. S1C).  

3.8. Bone dimensions were decreased in AAV2/9-G6Pase treated GSD-Ia affected dog and 

GSD-Ia carrier compared to wild-type. 

At 3 months of age, forelimb long bone dimensions of an AAV2/9-G6Pase treated GSD-Ia 

affected male dog were smaller than those of a male wild-type littermate, while long bone 

dimensions of a female GSD-Ia carrier were also smaller than that of the male wild-type. Long 

bone dimensions of the AAV2/9-G6Pase treated GSD-Ia affected male dog at this age were 

also smaller than the female GSD-Ia carrier of the same age (Fig. 7A, Table S3). The wild-type 

dog weighed 3.9 kg, the GSD-Ia carrier weighed 3.2 kg, and the GSD-Ia AAV2/9-G6Pase dog 

weighed 1.8 kg at time radiographs were taken.  

At 37 months of age, long bone dimensions, pelvic dimensions and vertebral dimensions of an 

AAV2/9-G6Pase treated GSD-Ia affected female dog were smaller than those of a GSD-Ia 

carrier male littermate (Fig. 7C-E, Table S4). Dogs weighed 3.8 kg and 8.6 kg, respectively, at 

time of radiographs. Radiographs of wild-type animals at this age were not available for 

comparisons because they had left the study.  

4. Discussion 

4.1. Proposed pathogenesis of growth failure in GSD-Ia 

The pathogenesis of growth failure in glycogen storage disease is complex; contributing factors 

may include restricted diet, acidosis, hypercortisolemia (from recurrent hypoglycemia [5]), and 
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hepatic and renal insufficiency. Here we explored the role of hepatic GH signaling and IGF 

production in GSD-Ia using a G6Pase deficient mouse model. We showed that hepatic IGF 1 

mRNA levels and plasma IGF 1 concentrations are low despite normal randomly sampled GH 

concentrations, and body weight gain fails to increase in response to exogenous GH. These 

observations suggest that GSD-Ia is associated with hepatic GH resistance. The low levels of 

phosphoSTAT5 and c-Fos in liver and the failure of hepatic IGF 1 mRNA to rise in response to 

GH treatment provides strong support for this hypothesis.     

The GH resistance of mice with G6Pase deficiency results, at least in part, from a reduction in 

liver GH receptor expression. In theory, the decrease in GH receptor expression might be 

caused by hepatic inflammation induced by excess glycogen and/or lipid accumulation or might 

reflect a defect in GH receptor transcription related to dysfunctional intracellular glucose 

metabolism. G6pase (-/-) mice also had reductions in hepatic PRL receptors which activate 

STAT5 in rat liver, albeit with considerably lower potency than GH [33]. Thus the reduction in 

PRL receptor expression may contribute slightly to the fall in phospho STAT5 in livers of 

G6Pase deficient mice. However, PRL, in contrast to GH, does not induce hepatic IGF 1 

production [34, 35].  

4.2. Role of IGF 1 on bone development. 

We noted delayed ossification in G6pase (-/-) mice at 12 days of age likely due to the decrease 

in IGF 1. IGF 1 increases cell proliferation and protein synthesis and can stimulate long bone 

growth [36], probably through its effects on chondrocyte proliferation and hypertrophy [37-39]. 

However, IGF 1 action at the level of the chondrocyte is regulated by a complex series of 

paracrine and autocrine feedback loops [38], such that the impact of low serum IGF 1 on 

chondrocyte proliferation in the current study is unknown. Depletion of IGF 1 and a key serum 

stabilizer of serum IGF 1 leads to growth retardation in several mouse studies, but hepatic-
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specific depletion of IGF 1 alone does not impair growth [40]. However, the marked increase in 

growth velocity in patients after liver transplantation suggests that there may be at least some 

endocrine effect of normalized serum IGF 1 on recovery of growth [11-13]. As far as we know, 

there are no reports of IGF 1 concentrations before and after liver transplantation in GSD-Ia 

patients.  

In contrast to IGF 1, hepatic IGF 2 mRNA levels in the G6pase (-/-) mice were normal; this is not 

surprising, given the variable reductions in serum IGF 2 in patients with GH deficiency and the 

limited (or lack of) effect of GH treatment on circulating IGF 2 levels in children and adults [41-

43].  

4.3. AAV-G6Pase therapy fails to fully correct growth failure in GSD-Ia canine and murine 

models. 

Partial reconstitution of hepatic G6Pase through AAV vector transduction promoted weight gain 

in G6pase (-/-) mice after a delay of 2-6 weeks; interestingly, plasma IGF 1 concentrations 

declined after 2 months of age, suggesting that GH resistance persists despite catch-up weight 

gain. It is of note that the initial delay in weight gain in GSD-Ia mice occurs during the period 

prior to and during expected sexual maturation; this may explain in part the delayed puberty and 

late catch-up growth observed in many children and teenagers with glycogen storage disease. 

We also found that administration of AAV2/9-G6Pase to GSD-Ia dogs within 3 days of birth 

partially rescues growth compared to dietary therapy, as assessed by bodyweight, but fails to 

rescue serum IGF 1 or bone dimensions. Our findings are consistent with clinical studies 

showing that height z score correlates positively with plasma IGF 1 concentrations and inversely 

with GH levels in children with various forms of glycogen storage disease [5, 44].  

4.4. Timing of AAV2/9-G6Pase administration relative to development. 
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The reasons for failure of AAV2/9-G6Pase treatment administered in the neonatal period (day 1-

3 post-partum) to fully correct growth failure in dogs and mice are unknown and are likely 

multifactorial and complex. That normal weight gain can be achieved following administration of 

AAV-G6Pase therapy during infancy in mice, but not in dogs suggests differences in 

comparative development between dog and mouse may play a role. In the mouse, dog and 

human, the appearance of the proximal epiphysis of the humerus occurs at postpartum day 5-

10, week 1-2, and as early as gestational week 36-40, respectively [45], suggesting different 

absolute rates of skeletal development across species. This has been shown to occur in the 

nervous system across species [46], but similar cross-species modeling has not yet been 

applied to specific markers of hepatic or musculoskeletal development, which is likely to be 

more difficult given axial-appendicular and craniad-caudad developmental gradients. For 

example, we found that fewer structures in the caudal component of the axial skeleton 

demonstrated persistent shortening than in the craniad axial skeleton in AAV 2/8-G6Pase 

vector-treated mice (Fig. S1D) suggesting that timing of administration of treatment in GSD-Ia 

affected mice was appropriate to rescue growth in the caudad component of the axial skeleton, 

but was delayed relative to growth correction in the craniad axial skeleton.  

4.5. Heterozygous GSD-Ia carriers demonstrate growth deficiency 

Although canine carriers for GSD-Ia do not appear to exhibit overt clinical signs, they do 

demonstrate metabolic abnormalities and growth deficiencies. Weinstein et al. have 

demonstrated that there is about a 50% decrease in hepatic G6Pase activity, increased 

hepatocellular glycogen and an increase in blood lactate after 12 hours of fasting in GSD-Ia 

carrier animals compared with wild-type dogs [17]. We also demonstrated deceases in IGF 1 

concentrations in carrier dogs in comparison to wild-type dogs (Fig. 4D) as well as decreases in 

adult body weight (Fig. 4C). However, to our knowledge, metabolic and growth abnormalities 

have not been demonstrated in carrier parents of affected GSD-Ia human patients.  
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4.6. Summary 

Our findings indicate that growth failure and IGF 1 deficiency of GSD-Ia appears to result, at 

least in part, from hepatic resistance to GH action. As noted here, gene therapy of GSD-Ia 

affected dogs and mice can prolong survival, prevent fasting hypoglycemia, and reduce hepatic 

steatosis but fails to normalize bone growth and IGF 1 production [14, 16, 17, 47, 48]. It is 

possible that more effective gene therapy at an early time point would fully normalize hepatic 

G6Pase expression, reverse hepatic-based GH resistance, and normalize growth [16, 17, 48]. 

Until more effective gene vectors are developed, the therapy of growth failure in GSD-Ia 

remains focused on dietary measures.  Given the state of GH resistance, GH treatment alone is 

not likely to be effective; the potential benefits of IGF 1 therapy remain to be explored. Our data 

will guide future studies in dog and mouse models to assess the endocrine, paracrine and 

autocrine effects of IGF 1 and growth hormone in GSD-Ia to develop the best method and 

timing of intervention to prevent growth failure in AAV-G6Pase treated GSD-Ia affected 

individuals.  
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 FIGURE LEGENDS 

Fig. 1.  Decreased GH, IGF 1, and hepatic receptors for GH, prolactin and IGF 1 in G6pase 

(-/-) mice.  (A) Randomly sampled plasma growth hormone in G6pase (-/-) mice, either 

untreated (UT; n=3) or glucose treated (GT; n=4) and for G6pase (+/+) littermates (WT; n=3).  

(B) Plasma IGF 1 for WT mice and for GT G6pase (-/-) mice at 2 weeks of age (n=3 in each 

group). (C) Realtime RT-PCR analysis of liver RNA from 13 +/- 1-day-old G6pase (-/-) and 

unaffected G6pase (+/+ and +/-) littermates for the GH receptor (GHR-L) and prolactin receptor 

(PRLR-L) (n=4 in each group), and for IGF 1 and IGF 2 RNA (n=3 for each group) in the liver of 

GT G6pase (-/-) and WT mice, units are normalized to β-actin. Mean +/- standard deviation 

shown. ** = p<0.01, *** = p<0.001 (as determined by two-tailed homoscedastic Student’s t-test).   

Figure 2. GH signaling pathway in G6pase (-/-) liver.  (A) Western blot detection of fatty acid 

synthetase (FASN), c-Fos, and STAT5 in glucose-treated (GT) G6pase (-/-) mouse and G6pase 

(+/+) mouse (WT) liver at 13 +/- 1 days of age. Each lane represents an individual mouse.  (B) 

Quantification of the indicated proteins by densitometry of Western blot images, normalized to 

β-actin.  The normalized signals for GT, UT, and WT mouse liver are shown (mean +/- SD).  (C) 

Body weight at 10 days of age for GH treated and untreated mice.  Groups were unaffected, 

(G6pase (+/-) and G6pase (+/+), (n=4) and affected, G6pase (-/-), (n=5) mice. (D) Realtime RT-

PCR analysis of liver RNA from 13 +/- 1-day-old G6pase (-/-) (n=8) and both G6pase (+/-) and 

G6pase (+/+) mice (n=8) following glucose and GH treatment (GT) for growth hormone receptor 

(GHR-L), prolactin receptor (PRLR-L), IGF 1, IGF 2, and insulin receptor (Ins Rec) RNA (n=4 for 

each group), normalized to β-actin. Half of the mice in each group were injected with 10 µg GH 

for 7 days, and half of the mice were treated similarly with 25 µg daily. The responses for the 

two dosages were equivalent, and therefore results were pooled for the two GH treatments. * = 

p<0.05; ** = p<0.01, *** = p<0.001 (as determined by two-tailed homoscedastic Student’s t-test) 

for the comparisons of G6pase (-/-) mice with normal, WT or with unaffected mice. The latter 
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group of unaffected mice included both G6pase (+/-) and G6pase (+/+) mice (see Methods for 

further information). 

 Figure 3.  Growth and IGF 1 in G6pase (-/-) mice following AAV2/9-G6Pase vector 

administration.  Affected mice did not survive until 1 month of age unless the AAV vector was 

administered. (A) Weight of G6pase (+/+) mice (n=4) and G6pase (-/-) mice (n=7) following 

administration of the AAV2/8-G6Pase vector (1x1013 vector particles/kg body weight) at 2 weeks 

of age. (B) Plasma IGF 1 for G6pase (+/+) and G6pase (-/-) mice (n=4 in each group), either 

untreated or following AAV2/8-G6Pase vector administration, respectively. * = p<0.05 (as 

determined by two-tailed homoscedastic Student’s t-test). 

Fig. 4. Decreased growth and IGF 1 in GSD-Ia affected dogs following AAV vector 

administration and GSD-Ia carriers compared with wild-type littermates.  Body weights 

obtained during the first 7 weeks of life and at >20 months of age.  (A) GSD-Ia affected animals 

were either treated with AAV2/9-G6Pase at 2-3 days of life or received no treatment and were 

managed with frequent meals and glucose administration alone. (B) Unaffected animals were 

littermates of GSD-Ia affected offspring and were either wild-type or heterozygous carriers of 

GSD-Ia. No significant difference in early weight gain in GSD-Ia carriers and wild-type dogs 

(p>0.11 for all time points), therefore they were grouped together here. GSD-Ia affected animals 

were treated with AAV2/9-G6Pase at 2-3 days of life.  (C) Weight (kg) obtained at 20 months of 

age and older from GSD-Ia affected dogs treated with AAV2/9-G6Pase as neonates and their 

unaffected littermates, including wild-type and carriers for GSD-Ia. Mean +/- standard deviation 

shown. * = p<0.05; ** = p<0.01, *** = p<0.001 (as determined by one-tailed heteroscedastic 

Student’s t-test and one way ANOVA with Tukey analysis); n=2-22, see Table S1. (D) Serum 

IGF 1 concentrations at 8 weeks and 22-23 weeks of age in GSD-Ia affected dogs treated with 

AAV2/9-G6Pase as neonates and their unaffected littermates, including wild-type and carriers 

for GSD-Ia. Mean ± standard deviation shown. * = p<0.05; *** = p<0.001 as determined by one 
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way between subjects ANOVA at 8 weeks and Student’s t-test between carriers and GSD-Ia 

AAV2/9-G6Pase treated; one wild-type dog was adopted prior to 20 weeks accounting for n=1 

at 22-23 weeks. 

Fig. 5. Dyschondrogenesis of G6pase (-/-) mice at 12 days of age.  Alcian Blue/Alizarin Red 

whole limb staining of 12-day old glucose treated G6pase (-/-) mice (n=3) and G6pase (+/+) 

mice (n=3). Images representative of all animals analyzed. (A) Hip shows delay in secondary 

ossification in G6pase (-/-) mice. (B) Knee of G6pase (-/-) mice demonstrates severe delay in 

secondary ossification and malformation of distal femur and proximal tibia. (C) Elbow of G6pase 

(-/-) mouse demonstrates delay in ossification and deformity of proximal radius and ulna. 

Cartilage stains blue and bone stains red/pink. Scale bar = 1mm.  Craniad to the left of the 

images and proximal at the top.    

Fig. 6. Delayed ossification of G6pase (-/-) mice and dysplasia in AAV2/8-G6Pase vector-

treated G6pase (-/-) mice. Radiographic images taken of untreated G6pase (-/-) mice (n=3) 

and G6pase (+/+) mice (n=3) at 12 days of age and AAV2/8-G6Pase vector-treated G6pase (-/-) 

mice with G6pase (+/+) mice at 6 months of age. Images representative of all animals analyzed.  

(A) Hip, (B) knee, (C) caudal vertebrae 4-6, (D) shoulder, (E) elbow, and (F) carpus 

demonstrate severe dysplasia and delayed secondary ossification in G6pase (-/-) mice.    

Fig. 7. Decreased bone dimensions in GSD-Ia affected dogs treated with AAV2/9-G6Pase 

compared with unaffected littermates. (A) Mediolateral radiographic view taken of forelimb at 

3 months of age from a GSD-Ia male affected dog (right) treated with AAV2/9-G6Pase, his wild-

type male littermate (left), and a female GSD-Ia carrier from a different litter (middle). Note a 

65% difference in radius length of the GSD-Ia affected dog treated with AAV2/9-G6Pase and 

wild-type littermate, versus a 78% difference between GSD-Ia carrier and wild-type (see Table 

S3). Dogs weighed 3.9 kg (A), 3.2 kg (B) and 1.8 kg (C) at time radiographs were taken. White 
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marker represents 15 mm.  (B) Photograph of 34-month-old female GSD-Ia AAV2/9-G6Pase 

vector-treated dog (right) and male GSD-Ia carrier littermate (left) who weighed 8.2 kg at the 

time the picture was taken. (C-E) Radiographic analysis performed at 37 months of age of same 

female GSD-Ia AAV2/9-G6Pase treated dog (right) and a different male GSD-Ia carrier 

littermate (left). Dogs weighed 3.8 kg and 8.6 kg, respectively, at time of radiographs. White 

marker represents 15 mm.  (C) Plantardorsal radiographic view of the right rear foot, 

metatarsals and proximal phalangeal bones of a female GSD-Ia AAV-G6Pase treated dog were 

approximately 88 and 87%, respectively, the length of her male GSD-Ia carrier littermate. (D) 

Lateral radiographic view of the femur of a female GSD-Ia AAV-G6Pase treated dog were 

approximately 88% the length of those of her male GSD-Ia carrier littermate, but 70% the width. 

(E) Ventrodorsal radiographic view of the pelvis of a female GSD-Ia AAV-G6Pase treated dog 

were approximately 82% and 76% the length and width, respectively, of the pelvis of her male 

GSD-Ia carrier littermate (see Table S4). 

Supplemental Figure 1. Decreased bone length of G6pase (-/-) mice at 12 days and in 

AAV2/8-G6Pase vector-treated G6pase (-/-) mice at 6 months. Bone measurements from 

calibrated radiographic images of 12 day old (12d) untreated G6pase (-/-) mice and 6 month old 

(6m) G6pase (-/-) mice that were treated with AAV2/8-G6Pase at 2 weeks of age. G6pase (+/+) 

mice at the same ages are present for comparison; n=3 mice/group. Mean +/- standard 

deviation shown. * = p<0.05 (as determined by Kruskal-Wallis Test) (A) Length (mm) of 

extremity long bones. All individual bone length data for 12d old mice were significantly less 

than for respective 6m old mice data (Kruskal-Wallis Test, p<0.01). (B) Length (mm) of 

metatarsals (MT), and proximal (P1) and middle (P2) phalanges of the third (III) and fifth (V) toe. 

All individual bone length data for 12d old mice were significantly less than for respective 6m old 

mice data (Kruskal-Wallis Test, p<0.01). (C) Length and width of craniad and caudad 

components of the axial skeleton, cranially the length and width of the head and length of the 

third cervical vertebra (C3), and caudally, the length of the sixth lumbar vertebra (L6), and the 
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length of the ilium and ischium and width of the pelvis from iliac crest-iliac crest (IC-IC). # = 

p<0.05 6-month-old mice measurements significantly greater than 12-day old mice as 

determined by the Kruskal-Wallis test. 



Table 1.  Analysis of gene expression in mouse liver by quantitative real time PCR. The 
table shows the oligonucleotide primer pairs, all of which encode mouse genes. The mean CT 
values shown in the table were obtained from liver samples of wild-type mice.  

 

mGene Accession # Primers 

(top forward, bottom reverse) 

Mean CT 
values 

PRLR-L NM_001034111 5’ CCT GCA TCT TTC CAC CAG TTC 3’ 

5’ GCA CTC AGC AGT TCT TCA GAC TTG 3’ 

24 

GHR-L NM_017094 5’ CCA GTT TCC ATG GTT CTT AAT TAT TAT 
3’ 

5’ ATC TTA ATC CTT TGC TGC TTT GAA AA 3’ 

22 

Insulin 
receptor 

NM_010568 5’ GCA GTG TGG CAG CCT ACG T3’ 

5’ CAG GGC CAA CGA TGT CAT CT 3’ 

23 

IGF 1 NM_010512 5’ CCA CAC TGA CAT GCC CAA GAC 3’ 

5’ TGC AGC TTC GTT TTC TTG TTT G 3’ 

21 

IGF 2 NM_010514 5’ TGT CTA CCT CTC AGG CCG TAC TT 3’ 

5’ CCA GGT GTC ATA TTG GAA GAA CTT G 3’ 

17 

Acidic 
Riboprotein
- PO 

NM_007475 5’ CCC TGA AGT GCT CGA CAT CA 3’ 

5’ GCG GAC ACC CTC CAG AAA GC 3’ 

21 

Table 1
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