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Abstract

Glycogen storage disease type I (GSD-I) consists of two subtypes: GSD-Ia, a deficiency in

glucose-6- phosphatase-α (G6Pase-α) and GSD-Ib, which is characterized by an absence of a

glucose-6-phosphate (G6P) transporter (G6PT). A third disorder, G6Pase-β deficiency, shares

similarities with this group of diseases. G6Pase-α and G6Pase-β are G6P hydrolases in the

membrane of the endoplasmic reticulum, which depend on G6PT to transport G6P from the

cytoplasm into the lumen. A functional complex of G6PT and G6Pase-α maintains interprandial

glucose homeostasis, whereas G6PT and G6Pase-β act in conjunction to maintain neutrophil

function and homeostasis. Patients with GSD-Ia and those with GSD-Ib exhibit a common

metabolic phenotype of disturbed glucose homeostasis that is not evident in patients with G6Pase-

β deficiency. Patients with a deficiency in G6PT and those lacking G6Pase-β display a common

myeloid phenotype that is not shared by patients with GSD-Ia. Previous studies have shown that

neutrophils express the complex of G6PT and G6Pase-β to produce endogenous glucose.

Inactivation of either G6PT or G6Pase-β increases neutrophil apoptosis, which underlies, at least

in part, neutrophil loss (neutropenia) and dysfunction in GSD-Ib and G6Pase-β deficiency. Dietary

and/or granulocyte colony-stimulating factor therapies are available; however, many aspects of the

diseases are still poorly understood. This Review will address the etiology of GSD-Ia, GSD-Ib and

G6Pase-β deficiency and highlight advances in diagnosis and new treatment approaches, including

gene therapy.

Introduction

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

group of autosomal recessive disorders that occur with an overall incidence of

approximately 1 in 100,000 individuals.1,2 The subtype GSD-Ia is caused by an inactivating
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mutation in the gene G6PC, which encodes glucose-6-phosphatase-α (G6Pase-α),3,4

whereas the subtype GSD-Ib results from an inactivating mutation in SLC37A4,5,6 the gene

that encodes a glucose-6-phosphate transporter (G6PT).5–8 Two additional subtypes, GSD-

Ic and GSD-Id, were originally categorized as GSD-I disorders,1,2 but most, if not all,

reported cases of GSD-Ic and GSD-Id have been genotyped and were shown to harbor the

SLC37A4 mutations also found in patients with GSD-Ib.9–12 G6PT deficiency is, therefore,

implicated in all reported cases of GSD-Ib, GSD-Ic and GSD-Id. This notion is consistent

with the biochemistry of the disease and the finding that G6PT is a eukaryotic antiporter that

transports glucose-6-phosphate (G6P) into the lumen of the endoplasmic reticulum in

exchange for inorganic phosphate.13

Interprandial (between meals) blood glucose homeostasis is maintained primarily by a

complex of G6PT and G6Pase-α that catalyzes the hydrolysis of the intracellular G6P to

glucose in the terminal step of gluconeogenesis and glycogenolysis in the liver, kidney and

intestine (Figures 1 and 2). In this complex, G6Pase-α and G6PT are coupled functionally,

rather than physically.1,2 G6PT transports G6P from the cytoplasm into the lumen of the

endoplasmic reticulum, where it is hydrolyzed to glucose and inorganic phosphate by

G6Pase-α.1,2 A detrimental mutation in either protein disrupts this functional process and

causes the same metabolic phenotype.1,2

An additional, characteristic myeloid dysfunction is unique to patients with GSD-Ib.

G6Pase-α is expressed primarily in gluconeogenic organs—the liver, kidney and

intestine14—whereas G6PT is expressed ubiquitously.15 Myeloid dysfunction in patients

with G6PT deficiency, thus, suggested either other biological activities of G6PT in the

immune system or that a second G6Pase exists in myeloid tissues. The latter is now known

to be true.16,17 A second G6Pase, G6Pase-β, is encoded by the gene G6PC3 and exhibits a

ubiquitous expression pattern similar to that of G6PT. In analogy to the complex formed by

G6Pase-α and G6PT, G6Pase-β also couples functionally with G6PT to hydrolyze G6P to

glucose and inorganic phosphate.16,18 A new framework has now emerged which shows that

the G6PT/G6Pase-α complex maintains interprandial glucose homeostasis,1,2 whereas the

G6PT/G6Pase-β complex maintains neutrophil homeostasis and function (Figure 2).19,20

Despite the structural and functional similarities between G6Pase-α and G6Pase-β, patients

with G6Pase-β deficiency do not manifest the metabolic phenotype of individuals with

GSD-I. Instead, these patients show a severe congenital neutropenia syndrome,19,21 which

highlights the dif ferences between the overall phenotypes of GSD-Ia and GSD-Ib.

Genotype

GSd-Ia

GSD-Ia is the most prevalent subtype and represents approximately 80% of GSD-I cases.1

84 separate G6PC mutations have been identified (Table 1). The human G6PC gene is a

single-copy gene composed of five exons on chromosome 17q21.3,4 It encodes the highly

hydrophobic, 357-amino acid glycoprotein G6Pase-α.3 nine transmembrane helices anchor

the protein in the endoplasmic reticulum, with the amino-terminus in the lumen and the

carboxyl-terminus in the cytoplasm (Figure 1).22 Mutational and active-site labeling studies

have elucidated the reaction mechanism of G6Pase-α (Figure 3): to hydrolyze G6P, His176
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acts as a nucleo- phile on the phosphate bound by glucose to form a phosphohistidine-

enzyme intermediate that is stabilized by hydrogen bonds with Arg83. His119 provides the

proton that liberates the glucose molecule.23

GSD-Ia is not restricted to any one racial or ethnic group; however, mutations that seem

unique to white patients with GSD-Ia, as well as to those of Hispanic, Chinese, Japanese,

Korean and Jewish ethnicity have been described (Table 2).24 50 missense, two nonsense

and two codon deletion mutations have been functionally characterized by site-directed

mutagenesis and transient expression assays.3,4,24–29 of the missense mutations, 32

mutations completely abolish G6Pase-α activity, whereas the other 18 mutations retain

varying degrees of residual enzymatic acti vity.24 Several studies have investigated the

relationship between residual enzyme activity and disease severity, but the overall consensus

is that few, if any, stringent genotype– phenotype relationships for G6PC mutations

exist.27,30–32 nakamura et al.33 studied 19 patients with GSD-Ia who carry the homo zygous

c.648G>T splicing mutation and found that four patients (21%) developed hepatocellular

carcinoma at a mean age of 48.3 years. In the general patient population, only 10% of

patients with hepatocellular adenomas undergo malignant trans- formation to hepatocellular

carcinoma. The high incidence of carcinoma observed by nakamura et al. must be

considered cautiously. Such single site studies can suffer substantial patient selection bias

from factors such as the presenting symptoms, severity of disease and patient age. Akanuma

et al.34 have also suggested a genotype–phenotype correlation on the basis of a study of 40

patients with GSD-Ia who carry the homozygous c.648G>T splicing mutation. Common to

this group of patients was the absence of recurrent episodes of severe hypoglycemia in

infancy as opposed to the majority of patients with GSD-Ia. This group of patients exhibited

marked variability in the age of onset of the disease and the severity of symptoms and

complications, including 11 cases with hepatocellular adenoma with two progressing to

hepatocellular carcinoma. This genotype–phenotype relationship may arise from a leaky

splice mutation.

The overall lack of genotype–phenotype correlation indicates that one or more as yet

unidentified modifiers may exist that can compensate for, or stabilize, low level expression

in vivo. evidence for the presence of such factors is suggested by one report of patients with

GSD-Ia who carry a homozygous Gly188Arg mutation in the G6PC gene, as these

individuals exhibit a myeloid phenotype, similar to that of patients with GSD-Ib, which is

characterized by neutropenia and impaired neutrophil respiratory burst, chemotaxis and

bacterial killing activities.35 However, mutations in the G6PT gene were not detected in

these individuals. Furthermore, patients with compound heterozygous mutations in G6PC,

with one Gly188Arg mutation, do not show this unusual phenotype.

GSd-Ib

The human SLC37A4 gene is a single-copy gene that consists of nine exons5,8 on

chromosome 11q23.7 It encodes G6PT, a 429-amino acid protein with 10 transmembrane

domains in the membrane of the endoplasmic reticulum (Figures 1 and 4).36 G6PT belongs

to the organophosphate–phosphate antiporter family of the major facilitator superfamily and

has been shown to be a phosphate-linked transporter that exchanges cytoplasmic G6P for
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inorganic phosphate stored in the lumen of the endoplasmic reticulum.13 of 80 identified

mutations (Table 1), 31 missense and two codon deletion mutations have been functionally

charac terized by site-directed mutagenesis and by both cell-based G6P transport activity

assays5,37–39 and reconstituted proteoliposome transport assays.13,40 G6P uptake activity is

completely abolished by 21 missense mutations and the two codon deletions, whereas the

other mutations only partially inactivate the transporter. GSD-Ib is not restricted to any one

racial or ethnic group, but the mu tations show some racial and ethnic variability (Table 2).

Comparable to the G6PC mutations, a strict genotype–phenotype relationship has not been

determined. Indeed, a study of 22 patients with GSD-Ib with 16 different SLC37A4

mutations that included nine patients homozygous or compound heterozygous for nonsense

mutations failed to show any correlation between any individual mutation and the presence

of disease characteristics, such as neutropenia, bacterial infections and systemic

complications.41 notably, not all patients with GSD-Ib seem to develop neutropenia, as

shown by case reports of at least seven patients with deleterious SLC37A4 mutations who

did not develop this complica- tion.41–44 Together, these data suggest that, as with G6PC

mutations, yet unidentified factors can compensate or stabilize low level expression of G6PT

in vivo.

G6Pase-β deficiency

The human, single-copy G6PC3 gene consists of six exons on chromosome 17q2145 and

encodes G6Pase-β, a highly hydrophobic, 346-amino acid polypeptide.16 Despite marked

structure similarity between G6Pase-α and G6Pase-β, the two enzymes share only 36%

amino acid homology. Similar to G6Pase-α,22 G6Pase-β18 is a protein in the endoplasmic

reticulum with nine transmembrane domains (Figure 4).18 Both enzymes exhibit a similar

Michaelis–Menten constant KM—the concentration of G6P that leads to half of the

maximum reaction rate (vmax)—but the vmax of G6Pase-α is about sixfold greater than that

of G6Pase-β.16 Sequence alignment with G6Pase-α suggests the active center of G6Pase-β is

comprised of Arg79, His114 and His167, which are inside the lumen of the endoplasmic

reticulum. Site-directed mutagenesis and transient expression assays support this notion, as

mutations in any of these proposed catalytic-site residues abolish enzyme activity.16 Active-

site labeling has also established His167 as the nucleophile that covalently binds the

glucose-bound phosphate to form the phosphohistidine-G6Pase-β intermediate during

catalysis (Figure 3),18 analogous to His176 in G6Pase-α.23

To date, 11 mutations, including five missense, three nonsense and three insertions and/or

deletions, have been identified in 15 G6Pase-β-deficient patients (Table 1).21,46,47 The

Arg253His mutant was shown to have little or no phosphohydrolase activity in a yeast

expression system.21 This finding must be interpreted with caution, as the yeast expression

system is a relatively insensitive assay that contains background activity >40% of wild-type

activity.21 Further functional charac- terization of G6Pase-β mutations is required,

preferably in sensitive, low-background assays such as those based on the adenoviral

expression system that were used to characterize the active-site mutants of G6Pase-β.16

Chou et al. Page 4

Nat Rev Endocrinol. Author manuscript; available in PMC 2014 September 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Phenotype

Metabolic phenotype

Both GSD-Ia and GSD-Ib are lethal in childhood, if untreated. These disorders share a

common metabolic pheno type,1,2 the hallmark of which is hypoglycemia follow ing a short

fast, associated with increased levels of G6P in the cytoplasm. This increase stimulates

alternative metabolic pathways (Figure 1), thus leading to the syn thesis and excessive

accumulation of glycogen in the liver and kidney, a process that promotes progressive

hepatomegaly and nephromegaly. Hepatomegaly is further exacerbated by an accumulation

in liver neutral lipids. other major metabolic consequences of elevated cyto plasmic G6P are

hypercholesterolemia, hyper triglyceridemia, hyperuricemia and lactic acidemia.1,2 long-

term consequences include growth retardation, osteoporosis, gout, pulmonary hypertension,

hepato cellular adenomas with risk of malignan cy and renal disease.

A number of other consequences of metabolic disruption, although not extensively

documented, have been reported. A study of 20 patients with GSD-Ia and six patients with

GSD-Ib showed that 61.5% of study participants had suboptimal levels of 25-

hydroxyvitamin D, and six of seven patients had clinical evidence of osteopenia or

osteoporosis.48 Bandsma et al.49 examined lipoprotein kinetics, lipogenesis and

cholesterogenesis, as well as whole-body lipolysis in seven patients with GSD-Ia and

showed that hyperlipidemia is associated with marked increases in lipogenesis,

cholesterogenesis and a slower relative conversion of vlDl cholesterol to lDl cholesterol

compared with that in healthy individuals. Melis et al.50 evaluated the growth hormone

(GH)–insulin-like growth factor (IGF) system in 10 patients with GSD-Ia and seven

individuals with GSD-Ib and showed that the impairment of the GH–IGF system differed

between these disorders. In GSD-Ia, the prevalence of short stature was low, whereas in

GSD-Ib an increased prevalence of short stature, partially related to GH deficiency caused

by the presence of antipituitary antibodies, was found.

Myeloid phenotype

Except for a small number of patients with the homozygous Gly188Arg mutation,35 myeloid

dysfunction is not observed in patients with GSD-Ia.1,2 By contrast, neutro penia and

neutrophil dysfunction are major clinical presentations in patients with GSD-Ib.1,2

neutrophils from this patient population exhibit impairment of chemotaxis, calcium

mobilization, respiratory burst and phagocytotic activities.51,52 As a result, recurrent

bacterial infections are a characteristic of GSD-Ib. up to 77% of patients that exhibit

neutropenia also develop inflammatory bowel disease, now more often described as

enterocolitis, which is indistinguishable from idiopathic Crohn disease.53,54 A study of

seven patients with GSD-Ib that evaluated the hypothalamus–pituitary–thyroid axis also

showed that 57% of study participants had thyroid autoimmunity and hypothyroidism.55

For decades, the etiology of neutropenia and/or neutro phil dysfunction in GSD-Ib and its

relationship to glucose homeostasis was unknown. In 2003, Kuijpers et al.56 showed that

neutrophils of patients with GSD-Ib exhibit enhanced apoptosis, which suggested a causal

relationship between apoptosis and neutro penia, but the underlying cause of neutropenia
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remained undetermined. with the discovery of G6Pase-β and its expression in neutrophils,19

suggestions arose that endo genous glucose production by G6PT and G6Pase-β in the

endoplasmic reticulum of neutrophils was critical for neutrophil homeostasis and function.

As was found for the functional complex of G6PT and G6Pase-α, an inactivating mutation

in either G6PT or G6Pase-β prevents the other protein functioning efficiently and thus

explains the myeloid phenotype in both patients with GSD-Ib and those with G6Pase-β

deficiency. Three studies support this hypothesis.19–21 one study showed that transgenic

mice deficient in G6Pase-β (G6pc3–/–) are unable to hydrolyze endoluminal G6P to glucose

(Figure 4) and, therefore, show neutropenia and neutrophil dysfunction. Their neutrophils

exhibit impaired respiratory burst, chemotaxis, calcium flux and phagocytosis,19 mimicking

the immune phenotype seen in humans with GSD-Ib.1,2 The study also showed that

neutrophils from G6pc3–/– mice exhibited enhanced stress of the endoplasmic reticulum and

apoptosis that underlie, at least in part, neutropenia in murine G6Pase-β deficiency. This

finding correlated with a report that a severe human con genital neutropenia syndrome,

characterized by enhanced endoplasmic reticulum stress and apoptosis, was the result of

mutations in the human G6PC3 gene.21 A third study showed that neutrophils from G6pt–/–

mice57— a transgenic mouse model of GSD-Ib that lacks the G6PT protein and is thus

unable to translocate G6P from the cytoplasm into the lumen of the endoplasmic reticulum

(Figure 4)—also exhibit enhanced endoplasmic reticulum stress and apoptosis.20 The

neutrophil apoptosis in G6pt–/– mice was shown to result from increased oxidative stress and

to be mediated, at least in part, by the intrinsic mitochondrial stress pathway.20

These studies, although hinting at a mechanism for neutrophil dysfunction do not explain

why endogenous glucose production is vital for normal neutrophil function. neutrophils are

known to require a constant supply of glucose for their function and survival and are unable

to produce glucose via gluconeogenesis.58 The primary source of glucose, therefore, is the

circulating blood. Consistent with this notion, neutrophils from patients with GSD-Ib have a

decreased rate of glucose transport across the cell membrane,59 which results in intracellular

concentrations of G6P that are only 25% of normal levels, even in the presence of

exogenous glucose.60 The falling levels of intracellular G6P are predicted to impair glyco-

lysis, which leads to decreases in neutrophil lactate and ATP levels (Figure 4). In normal

neutrophils, increased cytoplasmic levels of lactate61 and ATP62 stimulate uptake of blood

glucose by inducing the translocation of GluT1 (solute carrier family 2, facilitated glucose

transporter member 1) to the plasma membrane, which provides one explanation for the

lower glucose uptake and G6P levels of neutrophils in patients with GSD-Ib. Pathologic

neutrophils also undergo accelerated apoptosis,19–21,56 which could further decrease glucose

uptake and G6P levels. Clearly a pattern is emerging, but a need remains for further

functional studies focused on neutrophils depleted of apoptotic cells in order to fully

understand the biology.

Complications in GSd-I

Renal disease—Renal disease is a long-term complication of GSD-Ia and GSD-Ib.63,64

whether renal disease is a long-term complication of G6Pase-β deficiency, which was only

identified in 2009, remains to be determined.21 The early sign of renal dysfunction in GSD-I

is glomerular hyperfiltration, followed by microalbuminuria and subsequent proteinuria.64
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Patients with GSD-I can also develop hypocitraturia and hypercalciuria, which increases the

risk of nephrocalcinosis and nephrolithiasis.65 This complication is further exacerbated in

the absence of adequate control of hyperuricemia, hyperlipidemia and lactic acidemia.

Renal biopsies of patients with GSD-Ia show tubular atrophy, focal segmental

glomerulosclerosis and interstitial fibrosis,66–68 but the underlying pathogenic mechanism is

unknown. An increased expression of transforming growth factor-β1 (TGF-β1) was reported

in a renal biopsy of a patient with GSD-Ia and renal dysfunction,69 which suggests one

potential pathway. Two further studies showed that renal fibrosis70 and oxidative stress,71

mediated by upregulation of the angiotensin and TGF-β1 pathway, contribute to nephropathy

in GSD-Ia. Mechanistically, the angiotensin and TGF-β1 pathway increases the expression

of nADPH oxidase, activates the Akt and Forkhead box protein o pathway and suppresses

superoxide dismutase and catalase.71 Yiu et al.70 showed that in kidneys of a mouse model

of GSD-Ia, renal fibrosis was characterized by a marked increase in the synthesis and

deposition of extracellular matrix proteins in the renal cortex, as well as by thickening of the

tubular basement membrane, tubular atrophy and dilation and multifocal interstitial fibrosis.

Hepatocellular adenoma—Hepatocellular adenoma is a severe long-term complication

of GSD-I that develops in 70–80% of patients >25 years old.63,72–74 Hepatocellular

adenomas in patients with GSD-I are small, multiple, nonencapsulated adenomas that

produce excess hepcidin that contributes to anemia.75 Additional complications from hepato

cellular adenoma include local compression, intratumoral hemorrhage and, in 10% of

patients, malignant trans formation to hepatocellular carcinoma.63,74,76 The under lying

etiology of hepatocellular adenoma is un determined, and its management in GSD-I remains

difficult owing to the absence of predictive signs. Good metabolic control does not seem to

prevent the development of hepatocellular adenoma in GSD-Ia,77 and the signaling that

leads to transformation into hepatocellular carcinoma is yet to be elucidated. Patients with

GSD-Ia exhibit subclinical neutrophilia and elevated serum concentrations of interleukin 8,

a cytokine that is more prominent in hepatocellular adenoma-bearing patients compared with

the general population and nonhepatocellular adenomabearing patients with GSD-Ia.78

Moreover, serum concentrations of interleukin 8 in patients with GSD-Ia that do not have

hepatocellular adenomas are higher than the general population. These observations suggest

that chronic hepatic injury may predispose patients with GSD-Ia to develop hepatocellular

adenoma. Consistent with this notion, a new study79 showed that murine GSD-Ia livers

exhibited an enhanced rate of apoptosis.

Hepatocellular adenoma has been classified into four subtypes on the basis of varying

etiology:80,81 mutations in the hepatic nuclear factor 1α (HNF-1α) gene; mutations in the β-

catenin gene; no mutations in HNF-1α or β-catenin, but with inflammatory infiltrates; and

no mutations in HNF-1α or the β-catenin gene and no inflammatory infiltrates. Two patients

with GSD-I and hepatocellular adenomas have been characterized, one with mutations in β-

catenin and one without mutations and without inflammatory infiltrates.80 A genome-wide,

high-density analysis of single nucleotide poly morphisms in 10 patients with GSD-Ia and

hepatocellular adenomas and in seven patients in the general population with hepatocellular

adenoma showed that chromosomal aberrations were detected in approximately 60% of all

hepatocellular adenomas.82 In patients with GSD-Ia, the most common genetic aberration is
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found on chromo- some 6—a simultaneous gain of chromosome 6p and loss of chromosome

6q82—which is frequently identified in hepatocellular carcinomas. whether chromosome 6

aberrations are an early event in liver tumorigenesis in GSD-I remains to be clarified.

Animal models

Both transgenic mouse models and naturally occurring dog models for GSD-Ia are currently

available. G6pc–/– mice show all of the symptoms of human GSD-Ia— hypoglycemia,

growth retardation, hepatomegaly, nephro megaly, hyperlipidemia, hyperuricemia and mild

lactic acidemia.83,78 A naturally occurring dog model of GSD-Ia, which was generated by

cross breeding a wildtype Beagle with a Maltese with a Met121Ile mutation in the G6PC

gene, similarly manifests all the symptoms typical of patients with GSD-Ia, including

marked lactic acidosis.84

For GSD-Ib57 and G6Pase-β deficiency,19 only transgenic mouse models are currently

available. The mouse model for GSD-Ib (G6pt–/–)57 exhibits all the metabolic defects of

human GSD-I, as well as the myeloid dysfunction of GSD-Ib, including neutropenia and

neutrophil dysfunction. The G6pc3–/– mice19 show neutropenia, defects in neutrophil

respiratory burst, chemotaxis and calcium flux and display an increased susceptibility to

bacterial infection, thereby also mimicking myeloid dysfunction of GSD-Ib. These animal

models are useful to further our understanding of the biology and pathophysiology of these

disorders, to develop novel therapies and to monitor the long-term complications of GSD-I

and G6Pase-β deficiency.

Diagnosis

Some patients with GSD-I present with hypoglycemia and lactic acidosis in the neonatal

period. nevertheless, typically, clinical symptoms are not detected until the patient is a few

months old. The first symptom is usually hepatomegaly or symptomatic hypoglycemia that

develops after a short fast.1 Traditionally, GSD-I was diagnosed primarily by clinical and

biochemical evaluation and subsequently confirmed by measurements of G6Pase-α activity

in liver biopsy samples.1 Patients with GSD-Ia characteristically lack G6Pase activity in

both intact and disrupted liver microsomes, whereas individuals with GSD-Ib lack G6Pase

activity in intact liver microsomes but exhibit normal activity in disrupted microsomes.

After the cloning of the G6PC and SLC37A4 genes, DnA-based diagnostic tests for GSD-Ia

and GSD-Ib became available that are now used for disease confirmation, carrier testing of

families at risk and prenatal diagnosis.

The guidelines from the european Study on GSD-I (eSGSD-I)63.85 recommend that

diagnosis of GSD-I should be made initially on the basis of clinical presentation and

biochemical abnormalities, such as hypoglycemia, hepatomegaly, hyperlactacidemia,

stunted growth, doll face, hypotrophic muscles, diarrhea, hyper-lipidemia, hyperuricemia

and impaired platelet function.85 The presence or absence of neutropenia should then be

used to judge if final mutational analysis of the G6PC or the SLC37A4 gene is warranted for

a definitive diagnosis.63,85 However, this triage may not be effective for all patients.

neutropenia is not a clinical presentation of all patients with GSD-Ib,41–44 and individuals
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with GSD-Ia who carry the homozygous Gly188Arg muta- tion display mild neutropenia.35

A definitive diagnosis should, therefore, be confirmed by mutational analysis of both genes.

Initial diagnosis of G6Pase-β deficiency should be made on the basis of clinical presentation

with neutropenia associated with congenital heart defects, urogenital malformations and an

increased visibility of superficial veins,21 although a firm diagnosis requires mutational

analysis of the G6PC3 gene.

Treatment

Diet

Metabolic disruption in patients with GSD-Ia and GSD-Ib can be adequately managed with

diet86,87 and adjuvant drug therapy.1,88 Infants typically receive nocturnal nasogastric

infusion of glucose to avoid hypoglycemia.86 Patients ≥3 years are prescribed uncooked

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

meals.87 The levels of pancreatic amylase that hydrolyzes raw starch are low in children <3

years of age, and the ability to utilize raw cornstarch should be tested before the decision is

made to use glucose infusion or prescribe dietary cornstarch. Dietary therapies achieve near

normal glucose levels, growth and pubertal development, with few deaths, although

complications are still common.63,89 In a retrospective study of the collaborative eSGSD-I

with a cohort of 231 patients with GSD-Ia and 57 patients with GSD-Ib, dietary therapy was

able to maintain normo glycemia during the night, and few patients died from consequences

of acute metabolic derangement.63 However, hypercholesterolemia was identified in 53%

and 14% of patients with GSD-Ia and GSD-Ib, respectively, and hypertriglyceridemia was

still reported in 91% of individuals with GSD-Ia and 79% of patients with GSD-Ib. 57% of

patients with GSD-I continued to have hyperuricemia and 89% exhibited hepatomegaly. The

prevalence of hepatocellular adenomas in the population with GSD-I was 16%, but

increased to 70–80% for patients aged >25 years.63 All patients >25 years exhibited

microalbuminuria, and 50% of patients developed proteinuria.63 A study that evaluated an

experimental, modified cornstarch showed increased effectiveness for the prevention of

hypoglycemia.90 A small pilot study on milk supplemented with medium-chain triglycerides

showed that the supplement reduced serum levels of lactate and triglyceride but increased

HDl cholesterol levels.91 The results suggest that despite the control of hypoglycemia, the

underlying pathological process remains uncorrected and long-term complications, including

renal disease and liver adenomas, two major causes of morbidity and mortality in patients

with GSD-I, remain with current dietary therapies.

Drugs

Adjunct drug therapies,88 such as lipid-lowering drugs for hyperlipidemia, potassium citrate

for hypocitraturia, and angiotensin-converting enzyme (ACe) inhibitors92,93 for renal

dysfunction, have improved patient management. In a 10-year retrospective study of 95

patients with GSD-Ia, the progression from glomerular hyperfiltration to microalbuminuria

was markedly delayed by ACe inhibitors.92 This finding was supported by a second study

that reported a decreased glomerular filtration rate with ACe inhibitor therapy in patients

with GSD-Ia.93 Both studies suggest early intervention with ACe inhibitors should be used
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to prevent renal damage in GSD-I. Melis et al.,92 however, showed that the progression

from microalbuminuria to proteinuria was not improved by ACe inhibitors. Given that an

antioxidant treatment appears to normalize renal function and delay renal damage and

fibrosis in a mouse model of GSD-Ia,71 a combination therapy of antioxidant with ACe

inhibitor therapy may be more beneficial.

GCSF therapy

Therapy with granulocyte colony-stimulating factor (GCSF) is used in patients with GSD-Ib

who have neutropenia and/or neutrophil dysfunctions and are, therefore, predisposed to

frequent infections and enterocolitis.53,54,94 Calderwood et al.95 reported that GCSF

treatment of 13 patients with GSD-Ib increased absolute neutrophil count from 0.46 ± 0.09 ×

109/l to 2.43 ± 0.30 × 109/l, a level close to the range of un affected individuals (2.5–7.5 ×

109/l). GCSF therapy also improved neutrophil function and reduced the incidence and

severity of infection. Similarly, in a retro spective study of the eSGSD-I patient cohort,94 all

18 patients treated with GCSF responded with a decrease in the number and severity of

infections and reduction in the severity of enterocolitis. In GSD-Ib, enterocolitis can be

treated with a combination of GCSF and 5-aminosalicylic acid (5-ASA), provided renal

function is carefully monitored.96 Gastrointestinal inflammation in one patient with GSD-Ib

who was refractory to GCSF and 5-ASA treatment has been successfully treated with

adalimumab, a monoclonal antibody that targets tumor necrosis factor.97 GCSF therapy

shows no substantial short-term toxicity, although all patients on GCSF therapy develop

spleno megaly.95 one major complication of GCSF therapy in patients with severe chronic

neutropen ia is myelodysplasia or acute myeloid leukemia.98

No cases of acute myeloid leukemia have been found in patients with GSD-Ib who receive

short-term GCSF therapy;95 however, three separate studies have reported the development

of acute myeloid leukemia in this patient population in the long term.99–101 Acute myeloid

leukemia observed after 14 years of continuous GCSF therapy is the result of a classical

monosomy of chromosome 7 and a translocation event.101 This finding indicates that

patients with GSD-Ib treated with GCSF over a long time period should receive regular

bone marrow examinations. The current guideline for GSD-Ib96 recom mends limiting the

use of GCSF to patients with persistent neutro phil count below 0.2 × 109/l, a single life-

threatening infection requiring intravenous antibiotics, serious enterocolitis documented by

abnormal colonoscopy and biopsies or severe diarrhea that requires hospitalization. In

patients with G6Pase-β deficiency, neutropenia is also treated with GCSF.21 Given that this

disorder was only identi-fied in 2009, the long-term safety and efficacy of GCSF therapy

and its impact on the management of other clinic al sy mptoms is unknown.

Transplantation

Liver and kidney—In 2002, guidelines from the eSGSD-I recommended liver

transplantation in patients with GSD-I and unresect able hepatocellular adenomas that are

unresponsive to dietary therapy, particularly if these tumors are associated with serious

compression or hemorrhage or show signs of transformation into hepatocellular

carcinomas.63 Although liver transplantation corrects most metabolic derangements in

patients with GSD-I,102–105 its effectiveness on renal disease and neutropenia or neutro phil
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dysfunction remains undetermined. As a result, patients with impending renal failure are

currently recommended to consider combined liver and kidney transplantation.106

A study that evaluated efficacy of tumor resection showed that hepatocellular adenomas

remained in all patients after liver resection, and all patients experienced adenomatous

disease progression.107 on the other hand, in children with GSD-I, living-donor or reduced-

size liver transplantation108,109 has corrected metabolic abnormalities in all nine cases of

GSD-Ia and four cases of GSD-Ib documented and improved neutropenia and decreased

infectious episodes in children with GSD-Ib.109 In a 21-year-old patient with GSD-I and

multiple hepato-cellular adenomas, reduced-size liver transplantation was also successful,110

which suggests that living-donor liver transplantation is a viable option to restore normal

metabolic balance in some patients with GSD-I. Despite the transplant guidelines, the liver

transplant priority for patients with GSD-I, calculated on the basis of a score for end-stage

liver disease, is extremely low. Petitioning review boards to include GSD-I as an additional

model for end-stage liver disease may increase the priority for liver transplantation in this

patient population.105

Bone marrow—Bone marrow transplantation has been investigated for treatment of GSD-

Ib-related myeloid deficiencies. In animal studies, transplantation of bone marrow cells from

G6pt–/– mice into wild-type mice showed that the absence of G6PT expression in the bone

marrow and resident neutrophils led to abnormal myeloid function, which suggested that the

transplanted bone marrow cells affected overall myeloid function.111 Bone marrow trans-

plantation into a patient with severe enterocolitis and recurrent infections owing to GSD-Ib

improved neutrophil function and reduced the severity of the entero-colitis, although mild

neutropenia persisted.112 Although an isolated case, this promising outcome may support

further exploration of this approach in addressing severe myeloid complications in GSD-Ib.

Gene therapy

Gene therapy for GSD-Ia—Somatic gene therapy is a promising therapeutic approach

for a hydrophobic, transmembrane protein such as G6Pase-α. Gene therapy studies with

adeno-viral vectors that express murine G6Pase-α113 or canine G6Pase-α,114 as well as

studies with an adeno-associated virus (AAv) vector carrying murine,115 canine116 or

human117,118 G6Pase-α have been developed in animal models of GSD-Ia (Table 3).

In both mouse and dog models, hepatic G6Pase-α deficiency has been successfully corrected

in the long term with the use of AAv vectors, in the absence of detectable toxicity. In the

mouse model, AAv1-mediated G6Pase-α transfer115 also restored renal G6Pase-α acti vity

to 7% of wild-type levels at age 24–57 weeks. Kidney histology at 49–57 weeks after

infusion showed a lot of variability in the four animals examined, ranging from no

abnormality in one animal to histological abnormalities including glomerular sclerosis in

another.115 By contrast, AAv8-mediated gene transfer showed little or no renal G6Pase-α

expression, and all infused mice showed abnormal renal pathology.116–118 These findings

highlight that different AAv serotypes display distinct tissue tropism, potentially owing to

the distribution of their receptors on target cells.119,120 Investigation of other AAv serotypes
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may lead to a combination of recombinant vectors that are more effective than a single-

vector gene therapy for GSD-Ia. This strategy remains an experimental area to be explored.

Gene therapy for GSD-Ib—Somatic gene therapy is also a promising therapeutic

approach for the hydrophobic, transmembrane protein G6PT. Gene therapy in GSD-Ib has

been evaluated in G6pt–/– mice with both adenoviral121 and AAv122 vectors that express

human G6PT (Table 3). The adenoviral vector transiently corrects metabolic and myeloid

abnor-malities in infused mice,121 although promising, long-term efficacy studies and

extensive safety evaluations are needed.

An AAv8 vector delivered the G6PT transgene to the liver and bone marrow and transiently

corrected myeloid dysfunction in infused neonatal G6pt–/– mice.122 long-term metabolic

correction was achieved; however, five mice that lived >50 weeks accumulated excessive

hepatic glycogen and neutral lipids, and two of these mice developed steatohepatitis and

multiple hepato-cellular adenomas with malignant transformation in one mouse, despite

metabolic normalization.122 This outcome reinforces the concern that normoglycemia alone

cannot prevent the development of hepato-cellular adenomas in GSD-I. This finding also

explains why patients with GSD-I who maintain normo glycemia under intense dietary

therapy continue to be at risk of long-term complications. Further investigation is needed to

determine whether gene therapy can correct long-term myeloid dysfunction in GSD-Ib.

Conclusions

Endogenous glucose is produced by G6PT and G6Pase-α in gluconeogenic organs and by

G6PT and G6Pase-β in neutrophils. Molecular genetic studies have confirmed that

inactivating mutations in G6PC, SLC37A4 and G6PC3 cause GSD-Ia, GSD-Ib and G6Pase-

β deficiency, respectively. Patients with GSD-Ia and GSD-Ib display metabolic

abnormalities with long-term complications of renal disease and hepatocellular adenomas

that are prone to malignant transformation. renal fibrosis and oxidative stress mediated by

activation of the angiotensin and TGF-β1 pathway underlie, at least in part, renal disease in

patients with in GSD-Ia, and chromosome 6 aberrations are the most common genetic

aberrations in hepato cellular adenomas in this patient population. Patients with GSD-Ib or

G6Pase-β deficiency have neutropenia and neutrophil dysfunction as a result of enhanced

neutrophil apoptosis. The metabolic abnor-malities in GSD-I are currently treated by dietary

thera- pies. Despite the sympto matic relief provided by these therapies, the underlying

pathological processes remain uncorrected and long-term complications persist. The

myeloid abnormalities in GSD-Ib and G6Pase-β deficiency can be treated with GCSF

therapy, although acute myeloid leukemia can be a major long-term complication of this

approach. Animal models of the three disorders are available and are now being exploited to

delineate the disease more precisely and develop new therapies. However, although gene

therapies have shown promising results in animal models, further investigations and

refinements are required.
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Key points

■ Glycogen storage disease type I (GSD-I) comprises GSD-Ia, a deficiency in

glucose-6-phosphatase-α (G6Pase-α) and GSD-Ib, a deficiency in a glucose-6-

phosphate transporter (G6PT)

■ G6Pase-α is expressed primarily in gluconeogenic tissues, whereas G6PT is

ubiquitously expressed; G6Pase-α couples functionally to G6PT to form a complex

that maintains interprandial blood glucose homeostasis

■ Patients with GSD-I display a metabolic phenotype characterized by

hypoglycemia, hepatomegaly, nephromegaly, hyperlipidemia, hyperuricemia, lactic

acidemia, growth retardation and long-term renal and liver disease

■ G6Pase-β is ubiquitously expressed and couples functionally to G6PT to form a

complex that maintains neutrophil homeostasis and function

■ Patients with GSD-Ib and those with G6Pase-β-deficiency exhibit a common

myeloid phenotype characterized by neutropenia and neutrophil dysfunction

■ Patients with GSD-Ia or GSD-Ib are treated by dietary therapies to correct

metabolic abnormalities; to correct myeloid dysfunction, individuals with GSD-Ib or

G6Pase-β deficiency require therapy with granulocyte colony- stimulating factor
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Figure 1.
The primary anabolic and catabolic pathways of glucose-6-phosphate in gluconeogenic

organs. G6Pase-α and G6PT are shown embedded within the membrane of the endoplasmic

reticulum. GLUT2, the transporter responsible for the transport of glucose in and out of the

cell in liver, kidney and intestine, is shown embedded in the plasma membrane.

Abbreviations: G6P, glucose-6-phosphate; G6Pase-α, glucose-6-phosphatase-α; G6PT,

glucose-6-phosphate transporter; GLUT2, solute carrier family 2, facilitated glucose

transporter member 2; P, phosphate; Pi, inorganic phosphate; UDP, uridine diphosphate.
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Figure 2.
Glucose homeostasis in gluconeogenic organs and neutrophils. (1) Interprandial glucose

homestasis is maintained by the endoplasmic reticulum-associated G6PT/G6Pase-α

complex.1,2 Disruption of G6PT results in glycogen storage disease (GSD) type Ib, whereas

disruption of G6Pase-α results in GSD-Ia. G6Pase-α is expressed primarily in the liver,

kidney and intestine and hydrolyzes G6P to glucose and phosphate, whereas G6PT is

ubiquitously expressed and transports G6P from the cytoplasm into the lumen of the

endoplasmic reticulum. Glucose generated in the gluconeogenic organs is released into the

blood for use by nongluconeogenic organs between meals. without this pathway, blood

glucose homeostasis is lost. (2) Neutrophil homeostasis is maintained by the endoplasmic

reticulum-associated G6PT/G6Pase-β complex.19,20,37 Unlike G6Pase-α, G6Pase-β is

ubiquitously expressed. The G6PT/G6Pase-β complex acts in a manner similar to the G6PT/

G6Pase-α complex, with G6PT transporting G6P from the cytoplasm into the lumen of the

endoplasmic reticulum and G6Pase-β hydrolyzing G6P to glucose to maintain energy

homeostasis in neutrophils. Deficiencies in G6PT (GSD-Ib) or G6Pase-α (GSD-Ia) result in

a disturbed blood glucose homeostasis. Deficiencies in G6PT (GSD-Ib) or G6Pase-β result

in neutrophil dysfunction. The common role of G6PT explains the neutrophil dysfunction

seen in GSD-Ib but not GSD-Ia. Abbreviations: G6P, glucose-6-phosphate; G6Pase-α,

glucose-6-phosphatase-α; G6Pase-β, glucose-6-phosphatase-β; G6PT, glucose-6-phosphate

transporter.
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Figure 3.
Proposed roles of the active-site residues in G6Pase-α and G6Pase-β during catalysis. To

hydrolyze G6P, His176 of G6Pase-α acts as a nucleophile on the phosphate bound by

glucose to form a phosphohistidine-enzyme intermediate that is stabilized by hydrogen

bonds with Arg83. His119 provides the proton that liberates the glucose molecule.23 The

single thick line represents the general backbone of the protein, which lies within the

membrane of the endoplasmic reticulum. The active-site residues in G6Pase-α are Arg83,

His119 and His17623 and in G6Pase-β are Arg79, His114, and His16718 (in parenthesis).

Abbreviation: G6Pase, glucose-6-phosphatase.
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Figure 4.
Proposed pathways for glucose-6-phosphate metabolism in neutrophils. Glucose transported

into the cytoplasm via GLUT1, the main glucose transporter in neutrophils, is metabolized

by hexokinase to G6P, which can participate in glycolysis, hexose monophosphate shunt or

glycogen synthesis or can be transported into the lumen of the endoplasmic reticulum by

G6PT. In wild-type neutrophils, G6P localized within the lumen of the endoplasmic

reticulum can be hydrolyzed by G6Pase-β, and the resulting glucose is transported back into

the cytoplasm to re-enter any of the previously mentioned cytoplasmic pathways. (1) In

G6PT-deficient neutrophils, cytoplasmic G6P cannot be transported into the lumen of the

endoplasmic reticulum and blocks glucose/G6P recycling. (2) In G6Pase-β-deficient

neutrophils, endoplasmic reticulum-localized G6P cannot be hydrolyzed to glucose, thus

also blocks glucose/G6P recycling. The GLUT1 transporter, responsible for the transport of

glucose in and out of the cell, is shown embedded in the plasma membrane. The G6PT

transporter, responsible for the transport of G6P into the endoplasmic reticulum and G6Pase-

β, responsible for hydrolyzing G6P to glucose and phosphate, are shown embedded in the

endoplasmic reticulum membrane with 10 and nine transmembrane helices, respectively.

Abbreviations: G6P, glucose-6-phosphate; G6Pase-β, glucose-6-phosphatase-β; G6PT,

glucose-6-phosphate transporter, GLUT1, solute carrier family 2, facilitated glucose

transporter member 1; HMS, hexose monophosphate shunt.
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Table 1

Molecular genetics of GSD-I and G6Pase-β deficiency

Characteristics GSD-Ia GSD-Ib G6Pase-β deficiency

Protein G6Pase-α G6PT G6Pase-β

Gene G6PC SLC37A4 G6PC3

Unique mutations identified 84 in 550 patients24 80 in 160 patients37 11 in 15 patients21,46,47

Missense mutations 54 32 5

Nonsense mutations 10 11 3

Insertions and/or deletions mutations 17 20 (including 1 gross deletion) 3

Splicing mutations 3 17 0

Abbreviations: G6Pase, glucose-6-phosphatase; G6PT, glucose-6-phosphate transporter; GSD-I, glycogen storage disease type I.
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Table 2

Prevalence of mutations in GSD-I

Patient ethnicity Mutation Frequency (%)

GSD-Ia (Mutations in G6PC)24

White (676)
* Arg83Cys 33

Gln347X
‡ 18

Chinese (112) c.648G>T 54

Arg83His 26

Japanese (172) c.648G>T 91

Korean (28) c.648G>T 75

Hispanics (24) c.380–381insTA 54

Jewish (94) Arg83Cys 98

Gln347X 2

GSD-Ib (Mutations in SLC37A4)37

White (216) c.1042–1043delCT 31

Gly339Cys 14

Japanese (38) Trp118Arg 37

Abbreviation: GSD-I, glycogen storage disease type I.

*
Number of analzyed alleles is presented in brackets.

‡
X represents a stop codon.
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Table 3

Gene therapies in GSD-I

Study reference vector Gene Promoter and enhancer Results Complications

GSD-Ia

Zingone et al.113 Adenoviral Murine
G6PC

RSV Transient correction of
metabolic
abnormalities

Little or no
transgene
expression in the
kidney

Koeberl et al.114 Adenoviral, helper-dependent Canine
G6PC

Human apolipoprotein AI Improved survival
Hepatic G6Pase-α
activity restored to 20–
40% of wild-type
enzyme activity at age
7 months
Normalized fasting
hypoglycemia
Reduced hepatic
glycogen storage

Increased risk of
dose-limiting
hepatotoxicity
Little or no
transgene
expression in the
kidney

Ghosh et al.115 AAV1 Murine
G6PC

Hybrid CBA/CMV Improved survival
Normalized levels of
blood glucose and
metabolic profiles
Normal liver histology
with mild glycogen
storage
Hepatic and renal
G6Pase-α activity
restored to 11% and
7% of wild-type
enzyme activity,
respectively, at age 24–
57 weeks

Mice were infused
with AAV1
neonatally then at
age 1 week, but
glycogen
accumulation
increased and
histological
abnormalities were
observed in the
kidneys of mice that
aged

Koeberl et al.116 AAV8 Canine
G6PC

Nucleotides –1372 to –11
of the canine G6PC
5′-flanking sequences

Improved survival
Normalized levels of
blood glucose and
metabolic profiles
Hepatic G6Pase-α
activity restored to
21% of wild-type
enzyme activity at age
7 months

Subnormal fed and
fasting levels of
blood glucose
Little or no
transgene
expression in the
kidney

Koeberl et al.117 AAV8 Human
G6PC

Nucleotides –298 to +128
of the human G6PC
5′-flanking sequence

Hepatic G6Pase-α
activity restored to
wild-type levels in
mice and heterozygous
levels in dogs
Treated mice show
improved survival and
normoglycemia
Treated dogs show
improved survival,
normal fasting glucose
and lactate levels

Treated mice show
lower hepatic
G6Pase-α
expression, reduced
levels of fed and
fasted blood glucose
and increased
hepatic glycogen
content
accompanied by
mild hepatomegaly
compared with
wild-type mice
Little or no
transgene
expression in the
kidney

Yiu et al.118 AAV8 Human
G6PC

Nucleotides –2864 to –1
of the human G6PC
5′-flanking sequence

Improved survival
Complete restoration to
wild-type levels of
hepatic G6Pase-α
activity in mice aged 6
months, measured by
phosphohydrolase and
enzyme histochemical
assays

Little or no
transgene
expression in the
kidney
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Study reference vector Gene Promoter and enhancer Results Complications

Blood glucose levels
indistinguishable from
those of control mice
No fasting
hypoglycemia

GSD-Ib

Yiu et al.121 Adenoviral vector Human
SLC37A4

CMV Transient correction of
metabolic and myeloid
abnormalities

Little or no
transgene
expression in the
kidney

Yiu et al.122 AAV8 Human
SLC37A4

Hybrid CBA/CMV Transient correction of
myeloid dysfunction
Long-term metabolic
normalization,
normalized serum
glucose and metabolite
profiles

Hepatic G6PT
activity dropped
from 50% of wild-
type levels at age 2
weeks after infusion
to 3% by age 6–72
weeks
Accumulation of
excessive hepatic
glycogen and
neutral lipids in five
mice aged >50
weeks
Steatohepatitis and
multiple
hepatocellular
adenomas in two
mice, one with
malignant
transformation

Abbreviations: AAV, adeno-associated virus pseudotype 2; CBA, chicken β-actin; CMV, cytomegalovirus; G6Pase-α, glucose-6-phosphatase-α;
G6PT, glucose-6-phosphate transporter; GSD-I, glycogen storage disease type I; RSV, respiratory syncytial virus.
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