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Glucose-6-phosphatase catalyzes the hydrolysis of glucose
6-phosphate (G6P) to glucose and inorganic phosphate. It is a
multicomponent system located in the endoplasmic reticulum
that comprises several integral membrane proteins, namely a
catalytic subunit (G6PC) and transporters for G6P, inorganic
phosphate, and glucose. The G6PC gene family contains three
members, designated G6PC, G6PC2, and G6PC3. The tissue-
specific expression patterns of these genes differ, and mutations
in all three genes have been linked to distinct diseases in
humans. This minireview discusses the disease association and
transcriptional regulation of the G6PC genes as well as the bio-
logical functions of the encoded proteins.

General Features of the G6PC Family

In mammals, the highest levels of glucose-6-phosphatase
activity are found in liver; however, progress in studying the
enzyme responsible for this activity was impeded for many
years because of its location in the ER> membrane and its inher-
ent instability (1, 2). Remarkably, the first cloning of a cDNA
encoding an enzyme with glucose-6-phosphatase activity was
achieved only in 1993 through the seminal work of Janice Chou
and co-workers (3, 4), who took advantage of the observation
that a unique mutant mouse strain had markedly reduced glu-
cose-6-phosphatase activity. Differential screening of a hepatic
c¢DNA library with probes representing wild-type and mutant
mouse hepatic mRNAs led to the isolation of a glucose-6-phos-
phatase cDNA (3, 4).

Various models have been proposed to explain the complex
enzymology of the hepatic glucose-6-phosphatase system (1, 2).
Fig. 1 shows the generally accepted model in which G6P hydro-
lysis occurs within the ER lumen and requires transporters to
import the substrate, G6P, into the ER lumen and export the
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products, glucose and inorganic phosphate, back to the cytosol
(1,2). The analysis of hepatic microsomes isolated from mice in
which the gene encoding the glucose-6-phosphatase cDNA had
been mutated demonstrated that G6P hydrolysis and G6P
transport into the ER were mediated by separate proteins (5).
The ¢cDNA originally isolated by Chou and co-workers repre-
sents the G6PC. A cDNA encoding a mammalian G6P trans-
porter was subsequently isolated by van Schaftingen and Gerin
(6) based on a data base analysis involving a search for mamma-
lian expressed sequence tags homologous to a bacterial hexose
phosphate transporter. Although the ER glucose transporter
remains to be identified, recent data suggest that a single pro-
tein transports both G6P and inorganic phosphate (7).

The G6PC gene is expressed predominantly in liver and kid-
ney but also at lower levels in intestine and pancreatic islets (1,
2, 6, 8). The latter also contain a second, distinct G6PC isoform
that was initially called the islet-specific G6PC-related protein
(IGRP) because of its selective expression in this tissue (9, 10).
An IGRP ¢cDNA was originally isolated through screening of a
plasmid cDNA library prepared following subtraction of mouse
insulinoma BTC-3 cDNA from mouse glucagonoma oTC-2
c¢DNA (9). The IGRP gene has now been renamed G6PC2. The
third member of the G6PC gene family, termed G6PC3, was
identified through data base analyses involving searches for
expressed sequence tags with sequence homology to G6PC and
G6PC2 (11). This isoform was initially called the ubiquitously
expressed G6PC-related protein (UGRP) because, although
predominantly expressed in brain, muscle, and kidney, it was
found to be expressed in every tissue analyzed (11).

G6PC

Enzyme Activity and Function—G6PC catalyzes the terminal
step in the gluconeogenic and glycogenolytic pathways.
Although the liver is the primary site of gluconeogenesis in vivo
(12), the actual contribution of the kidney and intestine, relative
to the liver, to the overall rate of gluconeogenesis is the subject
of continuing debate. However, because mutations in the G6PC
gene lead to severe hypoglycemia (see below), G6PC clearly
plays a critical role in maintaining euglycemia in the fasted
state. Chou and co-workers (13) have performed extensive
structure-function analyses to identify the catalytic site and
other important residues within G6PC. Interestingly, Nordlie
and co-workers (2) have shown that G6PC can also catalyze
G6P synthesis, although the biological significance of this
observation remains to be determined. The biology of G6PC
has been discussed in detail in several earlier reviews (1, 2, 6, 8).

Disease Association—Mutations in the G6PC gene result in
GSD type 1a, whereas mutations in the G6P transporter result
in GSD type 1b. GSD type 1la is characterized primarily by
severe hypoglycemia in the postabsorptive state but also by
hyperlipidemia, hyperuricemia, and lactic acidemia (14). In
addition, patients are prone to growth retardation, hepatic ste-
atosis and cirrhosis, hepatic adenoma, and renal failure (14).
Many features of GSD type 1a, although not all, are apparent in
G6pc null mice (5). Chou and Mansfield (14) have extensively
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FIGURE 1. Model of the glucose-6-phosphatase multicomponent enzyme
system. G6P enters the ER lumen through a G6P transporter. Once hydro-
lyzed to Glc and P; by the G6PC, the products of the reaction return to the
cytosol through specific transporters. Recent data suggest that the same pro-
tein transports both G6P and P;.

documented the mutations in the G6PC gene that give rise to
this disease.

Whereas G6PC mutations cause GSD type la, overexpres-
sion of G6PC also affects glucose metabolism. Type 2 diabetes is
characterized by defects in insulin secretion, peripheral glucose
utilization, and HGP. The ability of insulin to stimulate periph-
eral glucose utilization and repress HGP in patients with type 2
diabetes is reduced as a consequence of insulin resistance. In
addition, in some individuals with type 1 diabetes, HGP is
increased either because of low circulating insulin levels or
because poor glycemic control has led to the development of
insulin resistance. Because G6PC catalyzes the final reaction
in both the gluconeogenic and glycogenolytic pathways and
because glucose leaves the liver through the facilitative GLUT2
glucose transporter, G6PC acts as the gatekeeper for glucose
production by the liver.

In the postabsorptive state, HGP initially increases because
of changes in substrate supply and liver metabolism. However,
it is likely that during an overnight fast the rate of HGP will be
affected by changes in G6PC expression (15). Because insulin
normally inhibits G6PC expression (see below), in individuals
with diabetes, G6PC expression is likely to be elevated as a con-
sequence of insulin resistance or hypoinsulinemia. Indeed, in
animal models of both type 1 and 2 diabetes, hepatic G6PC
activity and G6PC mRNA levels are increased (6, 8). Similarly,
the activity of the hepatic glucokinase/G6PC glucose cycle, the
conversion of glucose to G6P and then back to glucose, is
increased in patients with type 2 diabetes, and this is postulated
to contribute to the elevated HGP (16).

Transcriptional Regulation—The transcriptional regulation
of G6PC gene expression has been studied in all four tissues
where it is expressed, namely liver, kidney, intestine, and pan-
creatic islets (1, 2, 6, 8), but because of space limitations, only
regulation in liver will be discussed here. Not surprisingly, given
the central role of G6PC in HGP, multiple hormones/metabo-
lites regulate G6PC expression, including glucagon, which acts
through cAMP, glucocorticoids, glucose, and fatty acids, which
stimulate expression and insulin, and tumor necrosis factor-«
and interleukin-6, which inhibit expression (15). Insulin is able
to override the stimulatory effects of cAMP, glucocorticoids,
glucose, and fatty acids (15). The induction of G6PC gene tran-
scription by glucose seems counterintuitive because this would
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FIGURE 2. Comparison of transcription factors binding the Gé6pc and
G6pc2 promoters. The proximal G6pc promoter binds multiple transcription
factors, including HNF-1, Foxo1, the glucocorticoid receptor (GR), Foxa2,
HNF-6, HNF-4, and Sp1/3. Some of the glucocorticoid receptor-binding sites
overlap binding sites for Foxo1 and Foxa2. The proximal G6pc2 promoter also
binds multiple transcription factors, including Pax-6, Pdx-1, Foxa2, MafA, and
SEF1. At the G6pc2 promoter, E-Box 1 binds BETA-2, E-Box 2 binds USF-1 and
-2, and the factor binding E-Box 3 is unknown. The diagrams are not drawn to
scale.

serve to further increase HGP. Rossetti and co-workers (17)
have suggested that this action of glucose prevents excessive
hepatic glucose storage and prepares for the transition to the
postabsorptive period, when increased glucose output is
needed.

Promoter elements and associated transcription factors that
are important for the action of glucagon (18), glucocorticoids
(19), glucose (20), fatty acids (21), and insulin (22) have all been
analyzed. Several recent studies have analyzed the effect of var-
ious co-activators, including PGC-1« (23, 24), CRTC2 (25), and
SRC-2 (26), on G6PC expression. Fig. 2 shows a model of the
G6PC promoter based on data from these studies.

G6PC2

Enzyme Activity and Function—G6PC2 is ~50% identical at
the amino acid level to G6PC (9, 11, 27); however, whether
G6PC2 hydrolyzes G6P has been controversial (9, 11, 27-29).
Our initial attempts to address this question, which involved
expressing G6PC2 by transient transfection of COS cells, were
unsuccessful (9, 11, 27), as were similar experiments by the
Chou laboratory (28). However, Petrolonis et al. (29) were able
to demonstrate a low rate of G6P hydrolysis by G6PC2 using
somewhat different experimental conditions, although it is not
clear where the discrepancy lies in methodological terms. Nev-
ertheless, the observations of Petrolonis et al. (29) prompted us
to re-examine this issue. We have recently devised an experi-
mental protocol that involves permeabilization of COS cells to
G6P with minimal perturbation of the intracellular membrane
architecture, and we have achieved significant levels of G6P
hydrolysis upon overexpression of G6PC2, although at a much
lower rate than achieved with G6PC.> This suggests that
G6PC2 is easily denatured upon cell disruption or depends on
critical components in the intracellular milieu or protein-pro-
tein interactions to maintain its activity.

To gain insight into the function of G6PC2 in vivo, we exam-
ined the phenotype of G6pc2 null mice. A small but significant
decrease in blood glucose was observed in both male (—14%)

3 ). C. Hutton, unpublished data.
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and female (—11%) G6pc2 '~ mice following a 6-h fast,
whereas plasma insulin and glucagon concentrations were
unchanged (30). We hypothesize that, consistent with a role for
G6PC2 in G6P hydrolysis, deletion of the G6pc2 gene enhances
glycolytic flux and hence increases the glucose sensitivity of
GSIS. Glucokinase had been considered to be the glucose sen-
sor in pancreatic beta cells (31), but these data suggest that
G6PC2 should also be considered a component of this sensor.
Such an arrangement would provide flexibility because the glu-
cose sensitivity of GSIS could be fine-tuned through changes in
either glucokinase or G6PC2 expression. The concept that
G6PC2 functions primarily as a component of the beta cell glu-
cose sensor is also consistent with the fact that pancreatic islets
do not contribute significantly to whole body gluconeogenesis
(12).

Various studies suggest that G6PC may have a similar func-
tion in rat islets, which contain a non-expressed G6pc2 pseudo-
gene (27). For example, GSIS is impaired and G6PC expression
is elevated, relative to controls, in islets isolated from partially
pancreatectomized rats (32). Interestingly, the G6P hydrolytic
activity in rat islet extracts displays distinct K,,, pH depend-
ence, and inhibitor profiles compared with that in rat liver
extracts (9). The discovery of G6PC2 appeared to provide an
explanation for these kinetic data. However, the subsequent
demonstration that G6pc2 is a pseudogene in rats suggests that
these kinetic data may instead be explained by the presence of
an islet-specific factor that modulates G6PC activity.

Disease Association—The G6PC2 gene has been implicated
in the pathophysiology of type 1 diabetes as well as cardiovas-
cular-associated mortality. Thus, several reports have demon-
strated that G6PC2 is an important target of cell-mediated
autoimmunity in type 1 diabetes in both mice (33) and humans
(34). In the nonobese diabetic mouse model of type 1 diabetes,
G6PC2 is recognized by both CD8- and CD4-positive T cells
infiltrating islets. Whether interventions directed at G6PC2
will be helpful in treating or preventing type 1 diabetes is
unclear. /n vivo administration of select G6PC2 epitope pep-
tides to nonobese diabetic mice appears to abrogate or delay the
disease process (35). However, other studies suggest that auto-
immunity toward G6PC2 is a secondary event, with insulin
being the primary autoantigen in nonobese diabetic mice (36).

A recent genome-wide association study has strongly linked
SNPs in the G6PC2 gene to variations in fasting blood glucose
levels in humans (37). This observation is clearly consistent
with the observation that G6pc2 null mice have reduced fasting
blood glucose levels (30), suggesting that G6PC2 plays a similar
role in both mouse and human islets. Interestingly, fasting
blood glucose levels are linearly correlated with cardiovascular-
associated mortality rather than susceptibility to type 2 diabetes
(38). Because fasting blood glucose levels are reduced only
~15% in G6pc2 null mice, it is surprising that variations in
G6PC2 expression or G6PC2 activity would impact cardiovas-
cular-associated mortality, assuming a similar contribution of
the G6PC2 gene to the control of fasting blood glucose in
humans. However, various studies have shown that even mild
variations in fasting glucose levels can have significant biologi-
cal consequences in humans, specifically on the risk of cardio-
vascular-associated mortality. For example, in Europeans, an
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increase in fasting plasma glucose levels from <90 to between
99 and 108 mg/dl is associated with a 30% increased risk of
cardiovascular-associated mortality (38). A key question that
remains to be addressed by future studies is the identity of the
causative SNP linking G6PC2 gene expression to fasting blood
glucose levels.

Transcriptional Regulation—Immunohistochemical stain-
ing shows that G6PC?2 is expressed almost exclusively in pan-
creatic islet beta cells, with possible expression in a subset of
alpha cells (39). A short region of the proximal mouse Gépc2
promoter region extending from —306 to +3 is sufficient to
confer islet-specific gene expression in transgenic mice initiat-
ing at embryonic day ~12.5 (39), the same time as the endoge-
nous G6pc2 gene (9). In newborn mouse islets, transgene
expression is detected predominantly in beta cells, again like
the endogenous G6pc2 gene (39). However, unlike the endoge-
nous G6pc2 gene, transgene expression decreases after birth,
indicating that this —306/+ 3 promoter region is unable to con-
fer transgene expression in adult mice (39). The search for the
transcriptional elements that mediate sustained G6pc2 expres-
sion in adult animals has led to the identification of multiple
enhancers 5', within, and 3’ of the G6pc2 gene; however, the
transcriptional boundaries of the G6pc2 locus remain to be
defined (40).

Theidentity of the transcription factors binding the proximal
—306/+3 G6pc2 promoter region has been investigated in
detail. Because the sequence of this promoter region is highly
conserved in mice and humans (27), an in situ footprinting
strategy was used initially to define key transcription factor-
binding sites (41). Subsequent studies using chromatin immu-
noprecipitation assays demonstrated that Pdx-1, Pax-6, MafA,
Foxa2, BETA-2, and USF all bind this promoter region in intact
BTC-3 cells (42—44). Mutational analyses demonstrated that
these factors all contribute to promoter activity (42-44),
although the contribution of Pdx-1 varies between different
islet-derived cell lines (44). This same group of factors has been
shown to regulate, directly or indirectly, insulin gene transcrip-
tion. Fig. 2 shows a model of the G6pc2 promoter based on the
observations described above.

G6PC3

Enzyme Activity and Function—G6PC3 is ~36% identical at
the amino acid level to G6PC (11, 45). Our initial attempts to
assess the ability of G6PC3 to hydrolyze G6P involved express-
ing G6PC3 by transient transfection of COS cells (11, 45).
When expressed at levels equivalent to G6PC, G6PC3 did not
confer enhanced hydrolysis of G6P in COS cell lysates (11, 45).
In contrast, other groups were able to demonstrate G6P hydrol-
ysis by G6PC3 when expressed at much higher levels using a
stable transfection strategy (46) or adenoviral infection (47).
The explanation as to why transient transfection fails to gener-
ate active G6PC3 is unclear. The K, values for G6P hydrolysis
by G6PC and G6PC3 are similar (~2 mm), whereas the V,_ is
~6-fold higher for G6PC (47).

We have examined the phenotype of G6pc3 null mice to gain
insight into the function of G6PC3 in vivo. G6P hydrolytic
activity is decreased by ~50% in homogenates of G6pc3 ™/~
mouse brain and testis relative to wild-type tissue, consistent
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with the ability of G6PC3 to hydrolyze G6P (48). In addition,
female, but not male, G6pc3 ™/~ mice exhibit growth retarda-
tion, as do G6pc~ /"~ mice and patients with GSD type 1a (48).
However, in contrast to G6pc~ '~ mice and patients with GSD
type 1a, G6pc3 ™'~ mice exhibit no change in hepatic glycogen
content or blood glucose or triglyceride levels. Although
G6pc3~'~ mice are not hypoglycemic, female G6pc3~'~ mice
have elevated (~60%) plasma glucagon and reduced (~20%)
plasma cholesterol. We hypothesize that the hyperglucagone-
mia prevents hypoglycemia and that the hypocholesterolemia is
secondary to the hyperglucagonemia (48). As such, the pheno-
type of G6pc3~'~ mice is mild, indicating that G6PC is the
major glucose-6-phosphatase of physiological importance for
glucose homeostasis in vivo. Cheung et al. (49) reported a sim-
ilar phenotype in their G6pc3~'~ mice but also noted that the
absence of G6PC3 led to neutropenia and defects in neutrophil
function resulting in increased susceptibility to bacterial infec-
tion. Both of these studies failed to provide insight into the role
of G6PC3 in the multiple other tissues in which it is expressed,
although Chou and co-workers (50) have proposed the inter-
esting hypothesis that the presence of G6PC3 in muscle may
explain the improvement in endogenous glucose production
and the decrease in susceptibility to hypoglycemia in patients
with GSD type 1la after puberty.

Disease Association—A recent genetic analysis has identified
mutations in G6PC3 as the cause of a severe congenital neutro-
penia syndrome associated with cardiac and urogenital malfor-
mations (51), consistent with the G6pc3~’~ mouse data men-
tioned above (49).

Transcriptional Regulation—In contrast to the G6PC and
G6PC2 promoters, the G6PC3 promoter does not contain a
TATA box, and therefore, transcriptional initiation occurs at
multiple locations (11, 45). Very little is known about the regu-
lation of G6PC3 transcription. The human G6PC3 promoter
region located between —474 and + 1, relative to the translation
start site, confers fusion gene expression in multiple cell lines
(11), but no promoter elements have been functionally defined.

Future Directions

Several key questions remain to be addressed for each mem-
ber of the G6PC gene family. With respect to G6PC, studies are
ongoing to determine whether gene therapy will provide a cure
for GSD type 1a (52). Another challenge will be understanding
how the actions of the multiple factors that individually regu-
late G6PC transcription are integrated at the G6PC promoter.
With respect to G6PC2, identification of the causative SNPs
that explain the connection between variations in G6PC2 activ-
ity or G6PC2 expression and fasting blood glucose levels will be
important, and ultimately, we would like to know whether inhi-
bition of G6PC2 activity reduces the incidence of cardiovascu-
lar-associated mortality in humans. Finally, with respect to
G6PC3, it will be of interest to gain further insight into the
function of this protein in different tissues in vivo.
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