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Abstract

Glycogen storage disease type Ia (GSD-Ia) is an autosomal recessive metabolic disorder caused by 

a deficiency in glucose-6-phosphatase-α (G6Pase-α or G6PC) that is expressed primarily in the 

liver, kidney, and intestine. G6Pase-α catalyzes the hydrolysis of glucose-6-phosphate (G6P) to 

glucose and phosphate in the terminal step of gluconeogenesis and glycogenolysis, and is a key 

enzyme for endogenous glucose production. The active site of G6Pase-α is inside the endoplasmic 

reticulum (ER) lumen. For catalysis, the substrate G6P must be translocated from the cytoplasm 

into the ER lumen by a G6P transporter (G6PT). The functional coupling of G6Pase-α and G6PT 

maintains interprandial glucose homeostasis. Dietary therapies for GSD-Ia are available, but 

cannot prevent the long-term complication of hepatocellular adenoma that may undergo malignant 

transformation to hepatocellular carcinoma. Animal models of GSD-Ia are now available and are 

being exploited to both delineate the disease more precisely and develop new treatment 

approaches, including gene therapy.
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1. Introduction

Glycogen storage disease type I (GSD-I), also known as von Gierke disease, consists of two 

major subtypes, GSD-Ia (MIM232200), caused by a deficiency in glucose-6-phosphatase-α 
(G6Pase-α or G6PC) and GSD-Ib (MIM232220), caused by a deficiency in the glucose-6-

phosphate (G6P) transporter (G6PT).1–3 The incidence of GSD-I is approximately 1 in 

100,000, with GSD-Ia being the most prevalent form, representing approximately 80% of 

cases. G6Pase-α catalyzes the hydrolysis of G6P to glucose and phosphate in the terminal 
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steps of gluconeogenesis and glycogenolysis, and is primarily expressed in the liver, kidney, 

and intestine.1–3 The active site of G6Pase-α lies on the luminal side of the endoplasmic 

reticulum (ER), inaccessible to the cytoplasm.4 Therefore, for G6P hydrolysis to occur in 
vivo, the G6P substrate must be translocated from the cytoplasm into the ER lumen by the 

G6PT.1–3 Accordingly, G6P transport and hydrolysis are tightly coupled events and the 

primary function of the G6Pase-α/G6PT complex is to maintain interprandial blood glucose 

homeostasis.1–3 Patients affected by GSD-Ia are unable to maintain glucose homeostasis and 

present with fasting hypoglycemia, hepatomegaly, nephromegaly, hyperlipidemia, 

hyperuricemia, lactic acidemia, and growth retardation.1–3 Untreated GSD-Ia can be lethal 

to juvenile patients. Dietary therapies have enabled GSD-Ia patients to attain near normal 

growth and pubertal development.5,6 However, no current therapy is able to address long-

term complications of hepatocellular adenoma (HCA) that develop in 75% of GSD-I patients 

over 25 years-old.1–3,7,8 In 10% of cases, HCA undergoes malignant transformation to 

hepatocellular carcinoma (HCC).1–3, 8,9 This review focuses on recent developments in 

GSD-Ia, including gene therapy for the treatment of this disorder.

2. Molecular genetics of GSD-Ia

2.1. The G6PC gene and encoded G6Pase-α enzyme

Human G6PC is a single copy gene composed of five exons (Fig. 1A) located on 

chromosome 17q21.10 The encoded G6Pase-α enzyme is a 357 amino-acid glycoprotein 

anchored to the ER membrane by nine transmembrane helices (Fig. 1B).10–12 Based on 

mutational and active site labeling studies, the current paradigm for the G6Pase-α reaction 

mechanism is that His-176 initiates a nucleophilic attack on the phosphate of G6P to form a 

phosphohistidine-G6Pase-α intermediate.4 This transition state is stabilized by Arg-83 

hydrogen bonding to phosphate, and is resolved by His-119 providing a proton that liberates 

the glucose moiety. The active site residues of G6Pase-α, Arg-83, His-119, and His-176 are 

all situated inside the ER lumen (Fig. 1B), inaccessible to G6P in the cytoplasm.

To date, 95 separate G6PC mutations (Fig. 2), including 63 missense, 10 nonsense, 17 

insertion/deletion, 4 splicing, and 1 no-stop mutation (c.1074A>C/p.358Yext43) have been 

identified [http://www.hgmd.cf.ac.uk/ac/gene.php?gene=G6PC]. Of the identified G6PC 
mutations, 51 missense (Fig. 3), 2 nonsense (p.R170X and p.Q347X), and 2 codon deletion 

(c.734_735insG743delC and p.F327del) mutations have been confirmed as pathogenic based 

on site-directed mutagenesis and transient expression assays.13–15 Thirty-three of the G6PC 
missense mutations completely abolish G6Pase-α activity, and the other 18 retain varying 

degrees of residual enzymatic activity.13–15 Mutations in two of the proposed G6Pase-α 
active site residues, namely p.R83C, p.R83H, and p.H119L (Fig. 3), have been identified in 

GSD-Ia patients and shown to completely abolish G6Pase-α enzymatic activity, consistent 

with their proposed role.10,14 No mutation has been found in the phosphate acceptor p.H176 

in G6Pase-α. However, site-directed mutagenesis has shown that the p.H176A mutation 

completely abolished G6Pase-α enzymatic activity.16 Four natural occurring G6PC splicing 

mutations, c.230+4A>G, c.231−1G>A, c.563−3C>G, and c.648G>T have been identified 

(Fig. 2). The c.231−1G>A mutation causes exon 2 skipping and the c.648G>T mutation 

results in a 91-nt deletion in exon 5 encoding a severely truncated polypeptide of 201 amino 
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acids.17–19 Both mutations are predicted to inactivate G6Pase-α activity. While GSD-Ia is 

not predominantly restricted to any one racial or ethnic group, mutations in the G6PC gene 

unique to Caucasian, Hispanic, Chinese/Japanese/Korean, and Jewish GSD-Ia patients have 

been described, suggesting separate ethnic founder effects for some mutations.1,2,20,21 GSD-

Ia is more prevalent in the Ashkenazi Jewish population, where the carrier frequency for the 

p.R83C mutation is 1.4%.20 To date, no clear genotype-phenotype correlations have been 

demonstrated for GSD-Ia.2,21

2.2. The metabolic phenotype of GSD-Ia

The hallmark of GSD-Ia is hypoglycemia following a short fast of a few hours. The liver, 

and to a lesser extent, the kidney and intestine, are the primary gluconeogenic organs 

involved in the regulation of blood glucose homeostasis between meals. As blood glucose 

levels fall between meals, G6P produced in the terminal step of gluconeogenesis and 

glycogenolysis in the gluconeogenic organs is transported by G6PT into the ER, where G6P 

is hydrolyzed by G6Pase-α to glucose for release back into the blood (Fig. 4). The defective 

G6Pase-α enzyme in the liver, kidney, and intestine of GSD-Ia patients results in impaired 

blood glucose homeostasis (Fig. 5).1–3 Associated with this is an elevation of G6P in the 

cytoplasm of the cells, leading to an excessive accumulation of glycogen, which promotes 

progressive hepatomegaly and nephromegaly seen in GSD-Ia patients. Hepatomegaly is 

further exacerbated by an accumulation of neutral lipids in the liver. Other major metabolic 

consequences of elevated liver and kidney cytoplasmic G6P are hypercholesterolemia, 

hypertriglyceridemia, hyperuricemia, and lactic acidemia that characterize the clinical 

pathophysiology of GSD-Ia (Fig. 5). Longer-term presentations of GSD-Ia include growth 

retardation, osteoporosis, gout, pulmonary hypertension, HCA with risk of transformation to 

HCC, and renal disease.1–3

3. GSD-Ia animal models

Several GSD-Ia animal models exist, including a global G6pc knock-out mouse model 

(G6pc−/−),22 a naturally occurring dog model23, and two conditional G6pc-null mouse 

models.24,25 The G6pc−/− mouse model manifests all known symptoms of human GSD-Ia, 

making it an excellent model of the human disease.22 However, G6pc−/− mice exhibit 

relatively mild lactic acidemia compared with human GSD-Ia patients. The GSD-Ia dog 

model is based on a naturally occurring p.M121I G6PC mutation identified in the Maltese 

breed that was cross-bred with beagles to overcome size, neonatal survival, and small litter 

size limitations of the carrier Maltese background.23 This Maltese-Beagle hybrid GSD-Ia 

dog manifests all of the typical symptoms of the human disorder, including lactic acidosis 

typical of human GSD-Ia patients. These animal models have been widely used to 

understand the biology, pathophysiology, and long-term complications of GSD-Ia, and have 

been utilized to develop gene and cell therapies for GSD-Ia.26,27 The G6pc−/− mice and 

G6pc−/− dogs rarely survive longer than three weeks, even under intensive dietary therapy 

regimes.22,23 Consequently, HCA development has not been reported in the untreated global 

G6pc knockout animal models. However, liver-specific G6pc-null (L-G6pc−/−) mice survive 

to adulthood and develop multiple HCA,25,28 which can be used to study the etiology of 

HCA/HCC associated with GSD-Ia. In addition, kidney-specific G6pc knockout and 
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intestine-specific knockout mice are available to delineate molecular mechanisms underlying 

other long-term complications of GSD-Ia.29,30

4. GSD-I-associated HCA

4.1. Hepatic tumors identified in human GSD-I

One severe long-term complication of GSD-I is HCA, a benign liver tumor that develops in 

75% of GSD-I patients over 25 years-old.1–3 HCAs in GSD-I patients are small, multiple, 

non-encapsulated, and produce excess hepcidin that contributes to anemia.31 Additional 

complications from GSD-I-associated HCA include intratumoral hemorrhage and, in 10% of 

cases, malignant transformation to HCC can occur. Previously, molecular analysis classified 

HCA into four major subgroups: hepatocyte nuclear factor 1A mutated HCA (HHCA), 

inflammatory HCA (IHCA), β-catenin (CTNNB1 exon 3) mutated HCA (bex3HCA), and 

unclassified HCA (UHCA).32 More recently, a new HCA subgroup, shHCA, caused by 

activation of sonic hedgehog signaling, was identified.33 shHCA represents 4% of all HCAs, 

and is associated with obesity and bleeding. HCAs are now classified into eight subgroups: 

HHCA, IHCA, bex3HCA with an increased risk of malignant transformation to HCC, 

bex7,8HCA without an increased risk of malignant transformation, bex3IHCA, bex7,8 IHCA, 

shHCA, and UHCA.33 The bex3HCA and bex7,8HCA are β-catenin-mutated HCAs in 

CTNNB1 exon 3 and exon 7 or 8, respectively. The bex3IHCA and bex7,8IHCA exhibited 

both inflammatory phenotype and β-catenin activating mutations.33

Calderaro et al.34 characterized 25 HCAs that developed in 14 GSD-Ia and 1 GSD-Ib 

patients using gene expression and DNA sequence of mutated genes in sporadic HCAs. 

They classified GSD HCAs as IHCA (52%), bHCA (28%), or UHCA (20%). The bHCA 

seen in GSD-Ia patients were characterized by high expression of two β-catenin target 

genes, glutamate-ammonia ligase (GLUL), and leucine-rich repeat containing G protein-

coupled receptor 5 (LGR5).34 The IHCA were characterized by a constitutive activation of 

signal transducer and activator of transcription (STAT3), a cancer-promoting transcription 

factor.34,35 Interestingly, while HHCA was the major sporadic HCA identified, no HHCA 

was observed in GSD-I patients.34 Calderaro et al.34 showed that GSD-I livers without 

tumors and the HHCA exhibited similar metabolic defects characterized by gluconeogenesis 

repression, glycolysis activation, and fatty acid synthesis activation, providing one clue why 

HHCA had not been identified in GSD-I patients. Based on the new HCA classification,33 

the seven bHCA cases identified in human GSD-I patients are: bex3HCA (n = 3), bex3IHCA 

(n = 1), bex7,8HCA (n = 2), and bex7,8IHCA (n = 1). Presently, 6 HCA subgroups (IHCA, 

bex3HCA, bex3IHCA, bex7,8HCA, bex7,8IHCA, and UHCA) have been identified in GSD-I 

patients. The underlying etiology of HCA in GSD-Ia is unknown.

4.2. Hepatic tumors identified in murine GSD-Ia

Using magnetic resonance imaging, Mutel et al.25 showed that L-G6pc−/− mice developed 

hepatic nodules nine months after gene deletion and all mice developed multiple HCAs 18 

months after gene deletion, but they did not characterize the tumor subtypes. Of the three 

rAAV-treated G6pc−/− mice that developed hepatic tumors at age 71–72 weeks, one harbored 

a HCA nodule and the other two each harbored a single HCC lesion.36 The non-tumor liver 
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regions of the two HCC-bearing rAAV-treated G6pc−/− mice had 1.5–2.2 units of G6Pase-α 
activity. However, the HCC lesions of the rAAV-treated G6pc−/− mice had non-detectable 

G6Pase-α activity.36 HCC-1 expressed increased levels of mRNA for Glul and Lgr5, 

suggesting that HCC-1 was derived from a bHCA. HCC-2 displayed increased levels of the 

active p-STAT3-Y705 protein, suggesting that HCC-2 was derived from an IHCA.36

5. Treatment

5.1. Conventional treatment

Metabolic disruption present in GSD-Ia patients can be adequately managed with strong 

adherence to dietary therapies.1–3 GSD-Ia infants typically receive nocturnal nasogastric 

infusion of glucose to avoid hypoglycemia.5 GSD-Ia patients 3 years or older are prescribed 

uncooked cornstarch, a slow release carbohydrate, to prolong the length of euglycemia 

between meals.6 These dietary therapies enable GSD-Ia patients to maintain 

normoglycemia, but the underlying pathological processes remain uncorrected. 

Consequently, HCA/HCC and renal disease, two major causes of morbidity and mortality in 

patients with GSD-Ia, are common.1–3

5.2. Gene therapy

G6Pase-α is an extremely hydrophobic transmembrane protein that is difficult to purify and 

protein replacement therapy is not an option,11,12 but somatic gene therapy is a promising 

approach. A variety of gene transfer vectors, including adenovirus vectors,37 helper-

dependent adenovirus vectors,38 lentivirus vectors,39–41 and recombinant adeno-associated 

virus (rAAV) vectors,26,27,36,42–47 have been developed using animal models of GSD-Ia. 

The rAAV-mediated gene therapy in both mouse and canine models of GSD-Ia has led to 

long-term correction of metabolic abnormalities with no detectable toxicity.36,42–47 The 

most promising results come from GSD-Ia studies using rAAV vectors directed by the 

human G6PC promoter/enhancer (GPE).43,44 rAAV8-miGPE and rAAV8-GPE are human 

G6Pase-α-expressing rAAV2/8 vectors driven by 382-bp of the minimal (mi) GPE (rAAV8-

miGPE) and approximately 3 kb GPE (rAAV8-GPE),43,44 respectively. Both vectors 

demonstrated efficacy in treating G6pc−/− mice and the rAAV8-miGPE vector also showed 

efficacy in GSD-Ia dogs.43–45 While a cell-mediated immune response of hepatic CD8+ 

lymphocyte infiltration was observed in G6pc−/− mice infused with a G6Pase-α-expressing 

rAAV8 vector driven by the CBA/CMA promoter/enhancer, no such immune response was 

observed with rAAV8-GPE under the same conditions.44

To select the best vector for clinical translation, a direct comparison of rAAV8-GPE and 

rAAV8-miGPE vectors was conducted using G6pc−/− mice.46 The results show that the 

rAAV8-GPE vector directs significantly higher levels of hepatic G6Pase-α expression, 

achieves greater reduction in hepatic glycogen accumulation, and leads to a better tolerance 

of fasting, than the rAAV8-miGPE vector.46 This suggests that the rAAV8-GPE vector is the 

best vector to take forward into clinical trials for GSD-Ia. In a long-term dose-ranging study, 

Lee et al.45 further showed that rAAV8-GPE-mediated gene transfer showed that restoring ≥ 

3% (5 units) of normal hepatic G6Pase-α activity in G6pc−/− mice was sufficient to maintain 

glucose homeostasis. The treated G6pc−/− mice displayed normal hepatic fat storage, normal 
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blood metabolite and glucose tolerance profiles, reduced fasting blood insulin levels, and 

had no evidence of hepatic abnormalities or HCA. Fasting hypoglycemia is the hallmark of 

GSD-Ia. Promisingly, the rAAV8-GPE-treated G6pc−/− mice were able to sustain a 24-hour 

fast, which is a stress test of the liver’s ability to maintain blood normoglycemia through 

glycogenolysis and gluconeogenesis catalyzed by G6Pase-α in the absence of dietary 

glucose (Fig. 6). Lee et al.45 further showed that the ability of rAAV-GPE-treated G6pc−/− 

mice expressing low levels of hepatic G6Pase-α to produce sufficient glucose to maintain 

interprandial glucose homeostasis correlated with an increase in hepatic G6PT mRNA 

expression and a corresponding increase in microsomal G6P uptake activity (Fig. 6).

More recently, Kim et al.36 conducted a second long-range study to examine the minimum 

dosage of rAAV-GPE vector required to prevent HCA formation in G6pc−/− mice. The 

authors characterized 11 rAAV-GPE-treated G6pc−/− mice harboring 0.9%–2.4% (1.5–4.1 

units) of normal hepatic G6Pase-α activity, and showed that three mice expressing 0.9%–

1.3% of normal hepatic G6Pase-α activity developed HCA/HCC and eight did not. The 

results established a threshold of hepatic G6Pase-α activity required to prevent HCA/HCC, 

and showed that GSD-Ia mice harboring less than 2% of normal hepatic G6Pase-α activity 

are at risk of tumor development.36

Correction of renal disease in GSD-Ia has been less extensively studied. rAAV8-mediated 

gene transfer results in little or no renal G6Pase-α expression, and the abnormal renal 

pathology persists. This has been attributed to poor kidney transduction mediated by the 

AAV2/8 serotype.43,46,48 Different AAV serotypes have different tissue transduction 

efficiencies and more recent data suggest that rAAV2/9 may be the preferred choice for 

future renal gene delivery.49–52 However, rAAV2/9-mediated transgene expression in the 

kidney is still significantly lower than that in the liver. Using a retrograde renal vein 

injection method, Rocca et al.52 showed that rAAV2/9-mediated kidney transduction could 

be markedly improved. Identification of viral serotypes that effectively transduce all affected 

tissue types remains to be further explored. Notably, serotypes can have very different 

targeting efficiencies in different species. Only a small number of serotypes have been used 

in clinical trials to date. Therefore, there is a need to understand more about the primate 

specificity of the many serotypes that appear promising in rodents.

6. Conclusions

Metabolic abnormalities in GSD-Ia are currently being treated by dietary therapies that have 

enabled patients to maintain euglycemia and remove early symptomatic signs of the disease. 

However, dietary therapies leave the patient vulnerable to severe long-term complications of 

renal disease and HCA/HCC. The effective use of gene therapies to correct the disease in 

GSD-Ia animal models is very promising, with efforts to initiate clinical trials on the 

horizon. While early interventions of gene therapy prevent HCA development, it is unclear 

whether gene therapy can abrogate pre-existing hepatic tumors. Delineating the molecular 

mechanisms underlying HCA/HCC in GSD-Ia remains to be explored. The L-G6pc−/− mice 

that survive to adulthood and develop HCA/HCC offer a suitable model to study the etiology 

of hepatic tumors and their treatment of GSD-Ia. It is important to identify potential targets 
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to guide the development of therapies, not only to correct metabolic abnormalities, but to 

eradicate the long-term complications of this disorder.
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Fig. 1. The G6PC gene and the encoded G6Pase-α enzyme
(A) G6PC, located on human chromosome 17q21, is shown as a line diagram with exons 

marked as boxes I to V. Black boxes represent coding regions, white boxes the 5′ and 3′ 
untranslated regions of the G6PC transcript. (B) The encoded G6Pase-α enzyme is anchored 

in the membrane of the ER by nine transmembrane helices. The amino-terminus is located in 

the ER lumen and the carboxyl-terminus in the cellular cytoplasm. Arg-83, His-119, and 

His-176, which contribute to the active center, are denoted by large circles. The phosphate 

acceptor, His-176, is denoted by an arrow.
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Fig. 2. Mutations identified in the G6PC gene of GSD-Ia patients
G6PC is shown as a line diagram with exons marked as boxes I to V. Black boxes represent 

coding regions, white boxes the 5′ and 3′ untranslated regions of the G6PC transcript. The 

positions of all known mutations are listed from left to right as insertion/deletion, nonsense, 

splicing, and missense mutations.
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Fig. 3. A summary of missense protein mutations identified in human GSD-Ia patients that affect 
phosphohydrolase activity
The G6Pase-α protein is represented by a line diagram, with the nine helical transmembrane 

domains marked as boxes H1 to H9. Protein mutations that destroy G6Pase-α activity are 

listed. Mutants retaining some residual activity are listed with the percent of wild-type 

enzymatic activity retained in parentheses. Mutations identified in the active site residues 

that destroy enzymatic activity are bracketed.
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Fig. 4. The primary anabolic and catabolic pathways of G6P in the liver, kidney, and intestine
Intracellular glucose is produced via hydrolysis of G6P by G6Pase-α in the terminal rate-

limiting step of gluconeogenesis and glycogenolysis. The G6Pase-α and G6PT components 

of the G6Pase-α/G6PT complex are shown embedded within the membrane of the ER. The 

GLUT2 transporter, responsible for the transport of glucose in and out of the cell, is shown 

embedded in the plasma membrane. Abbreviations: G6P, glucose-6-phosphate; UDP-

Glucose, uridine 5'-diphosphate glucose.
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Fig. 5. GSD-Ia is caused by deleterious mutations in the G6PC gene and manifests a phenotype of 
impaired glucose homeostasis
The G6Pase-α and G6PT components of the G6Pase-α/G6PT complex are shown embedded 

within the membrane of the ER. Abbreviations: G6PC, Glucose-6-phosphatase-α.
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Fig. 6. Pathways for G6P metabolism in the livers of normal, GSD-Ia, and rAAV8-GPE-treated 
GSD-Ia mice during fasting
During fasting, G6P, the end product of gluconeogenesis and glycogenolysis, is transported 

from the cytoplasm into the lumen of the ER by G6PT. Inside the ER, G6P is hydrolyzed by 

G6Pase-α and the resulting glucose is transported back into the cytoplasm then released into 

circulation. In the GSD-Ia liver, which lacks a functional G6Pase-α, the ER-localized G6P 

cannot be converted to glucose, leading to hypoglycemia following a short fast. The rAAV8-

GPE-treated GSD-Ia (rAAV-GSD-Ia) liver, which expresses reduced levels of G6Pase-α, but 

increased levels of G6PT compared with a normal liver, generates reduced levels of 

endogenous glucose and maintains interprandial glucose homeostasis. The GLUT2 

transporter, responsible for the transport of glucose in and out of the cell, is shown 

embedded in the plasma membrane. G6PT and G6Pase-α are shown embedded in the ER 

membrane.
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