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Abstract

The SLC37 family consists of four sugar-phosphate exchangers, A1, A2, A3, and A4, which are
anchored in the endoplasmic reticulum (ER) membrane. The best characterized family member is
SLC37A4, better known as the glucose-6-phosphate (G6P) transporter (G6PT). SLC37A1,
SLC37A2, and G6PT function as phosphate (P;)-linked G6P antiporters catalyzing G6P:P; and
P;:P;j exchanges. The activity of SLC37A3 is unknown. G6PT translocates G6P from the
cytoplasm into the lumen of the ER where it couples with either glucose-6-phosphatase-a
(G6Pase-a) or G6Pase-f to hydrolyze intraluminal G6P to glucose and P;. The functional
coupling of G6PT with G6Pase-a maintains interprandial glucose homeostasis and the functional
coupling of G6PT with G6Pase-p maintains neutrophil energy homeostasis and functionality. A
deficiency in G6PT causes glycogen storage disease type Ib, an autosomal recessive disorder
characterized by impaired glucose homeostasis, neutropenia, and neutrophil dysfunction. Neither
SLC37A1 nor SLC37A2 can functionally couple with G6Pase-a. or G6Pase-f, and there are no
known disease associations for them or SLC37A3. Since only G6PT matches the characteristics of
the physiological ER G6P transporter involved in blood glucose homeostasis and neutrophil
energy metabolism, the biological roles for the other SLC37 proteins remain to be determined.
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1. Introduction

The solute carrier (SLC) gene series consists of over 50 gene families that are predicted to
encode membrane-bound transporters (He et al., 2009). The families are organized largely
based on predicted protein sequence homology and predicted substrate specificity. The
SLC37 family consists of 4 characterized sugar-phosphate exchange (SPX) proteins.
SLC37Al is also known as SPX1 (Bartoloni, et al., 2000; Bartoloni and Antonarakis, 2004;
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lacopetta et al., 2010; Pan et al., 2011); SLC37A2 is SPX2 (Bartoloni and Antonarakis,
2004; Kim et al., 2007; Pan et al., 2011; Takahashi et al., 2000); SLC37A3 is SPX3
(Bartoloni and Antonarakis, 2004; Pan et al., 2011); and SLC37A4 is SPX4 (Annabi et al.,
1998; Bartoloni and Antonarakis, 2004; Chen et al., 2008; Gerin et al., 1997; Hiraiwa et al.,
1999; Pan et al., 2011). Each of these proteins is localized in the endoplasmic reticulum
(ER) membrane (Pan et al., 2011). The archetype of the family is SLC37A4, which is better
known as the G6P transporter (G6PT). Topological analysis shows that G6PT (SLC37A4) is
anchored in the ER by 10 transmembrane helices (Fig.1) (Pan et al., 1999; Pan et al., 2009)
and the other members are predicted to similarly contain between 10 and 12 transmembrane
domains. The family members were originally grouped into the SLC37 family based on
sequence homology to the bacterial organo-phosphate:phosphate (P;) exchangers (Pao et al.,
1998). In the Transport Classification Database (TCDB) the SLC37 transporters are
members of family 2.A.1.4 (http://www.tcdb.org/). Within the SLC37 family, the gene
localization, structure, and amino acid compositions vary significantly suggesting the
proteins have evolved independently and do not arise through gene duplication (Table 1).
SLC37Al and SLC37A2 are the most closely related at the protein level, while the G6PT
protein is the most distant member of the family. Experimentally, SLC37A1, SLC37A2, and
SLC37A4/G6PT have been shown to function as P;-linked glucose-6-phosphate (G6P)
antiporters while SLC37A3 lacks the activity (Chen et al., 2008; Pan et al., 2011). The
primary /n vivo function of G6PT is well characterized. In the liver, kidney, and intestine,
G6PT couples functionally with glucose-6-phosphatase-a (G6Pase-a or G6PC) to maintain
interprandial blood glucose homeostasis (Chou et al., 2010a; Chou et al., 2010b), while in
neutrophils (Chou et al., 2010a; Chou et al., 2010b; Jun et al., 2010) it couples functionally
with G6Pase-f (or G6PC3) to maintain neutrophil energy homeostasis and functionality
(Fig. 1). Deficiencies in G6PT cause glycogen storage disease type 1b (GSD-Ib,
OMIM232220) (Chou et al., 2010a; Chou et al., 2010b). No diseases have yet been linked to
the other members of the family and their physiological function remains unknown. The
characteristics of the SLC37 family members are summarized in Table 1.

2. SLC37A1 (SPX1)

The human SLC37A1 gene, which consists of 19 coding exons on chromosome 21g22.3,
was originally isolated by exon trapping in a study seeking to identify genes on chromosome
21 involved in Down syndrome (Bartoloni, et al., 2000). Subsequent studies excluded
SLC37A1 as a contributing factor to Down syndrome.

SLC37ALl is a 533 amino-acid protein with a calculated molecular weight of 58 kDa. The
protein shares 57% homology to SLC37A2 (Table 1) and 30% sequence identity to
glycerol-3-phosphate transporter, suggesting that SLC37A1 could be a glycerol-3-phosphate
transporter. However analyses of the SLC37A1 gene in seven patients with glyceroluria,
lacking mutations in the glycerol kinase gene, revealed only non-pathogenetic sequence
variants, excluding SLC37A1 as the causative gene in these patients (Bartoloni, et al., 2000).
Despite mapping to the critical region of the autosomal recessive deafness locus, DFNB10
on chromosome 21¢22.3, mutational analyses have also excluded it as the DFNB10 gene
(Bartoloni, et al., 2000). There are some data suggesting SLC37A1 expression may correlate
with breast cancer. In estrogen receptor negative SkBr3 breast cancer cells, expression of the
SLC37A1 transcript is up-regulated by epidermal growth factor (EGF) via the EGF receptor/
mitogen-activated protein kinase/Fos transduction pathway (lacopetta et al., 2010).
Interestingly, similar up-regulation is reported in estrogen receptor positive endometrial
cancer cells. One hypothesis is that SLC37ALl is involved in phospholipid biosynthesis
(lacopetta et al., 2010), which has a role in the proliferation of tumor cells. However, to
date, there is no direct evidence for a role in breast cancer, or any other disease.
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Experimentally, SLC37A1 has been shown to be a P; -linked G6P antiporter capable of
G6P:P; and P;:P; exchanges (Fig. 2A) (Pan et al., 2011). However, the transport activity of
SLC37ALl is not sensitive to inhibition by chlorogenic acid (Fig. 2B) and SLC37A1 cannot
couple functionally with G6Pase-a or G6Pase-f3 to mediate microsomal G6P uptake (Fig.
3A). Each of these findings excludes SLC37A1 as the primary physiological G6P
transporter involved in blood and neutrophil glucose homeostasis (Pan et al., 2011).

The SLC37A1 gene is widely expressed, with the highest transcript levels reported in adult
kidney, bone marrow, intestine, spleen, and liver as well as in fetal liver, spleen and brain
(Bartoloni, et al., 2000). When compared to the expression of other members of the SLC37
family, in the liver and kidney, the primary gluconeogenic organs, the SL C37A1 transcripts
constitute less than 2% of the levels seen for SLC37A4 (Fig. 4) (Pan et al., 2011). In the
intestine, pancreas, and macrophage, the SL C37A1 transcripts constitute 60%, 69%, and
43%, respectively, of the levels seen for SLC37A4 (Fig. 4). In neutrophils, the SLC37A1
transcripts are significantly higher being 2.8-fold over that of SLC37A4. These observations
suggest that a search for the biological role of SLC37A1, if related to G6P metabolism,
might best focus on neutrophils.

3. SLC37A2 (SPX2)

Sle37a2 was first identified in a murine study to identify cAMP-inducible genes in RAW264
macrophages (Takahashi et al., 2000). The murine S/c37a2 gene was mapped to
chromosome 9q and shown to be highly expressed in white adipose tissue of obese mice
following significant macrophage infiltration (Kim et al., 2007). Two murine S/c37a2
transcripts of 3.1 kb and 2.8 kb, generated by the alternative usage of polyadenylation sites,
were identified, both encoding a 510 amino-acid polypeptide with a calculated molecular
mass of 55 kDa (Takahashi et al., 2000). The murine protein contains 3 potential N-linked
glycosylation sites and migrates as a heterogeneous species of 55-75 kDa (Kim et al., 2007).
The expression of the S/c37a2transcript in mice is restricted to spleen, thymus, and
macrophages (Kim et al., 2007). The transcript is also expressed in murine liver, kidney,
intestine, and pancreas but the expression levels are less than 5% of those of murine S/c37a4
(Fig. 4) (Pan et al., 2011). Compared to S/c37a4, the Slc37a2transcript is highly expressed
in neutrophils and macrophages (Fig. 4).

The human SLC37A2 gene maps to chromosome 11g24.2 and encodes 4 transcripts
generated by alternative splicing of 18 coding exons. The longest SLC37A2 isoform of 505-
amino acids has been characterized (Pan et al., 2011). Like the murine protein it is an ER-
associated transmembrane protein that is post-translational modified by N-linked
glycosylation. The expression of SLC37A2 increases markedly during differentiation of
THP-1 human monocytes to macrophages (Kim et al., 2007) but no physiological role in the
immune system has yet been identified. Experimentally, SLC37A2 protein functions as a P;-
linked G6P antiporter catalyzing G6P:P;j and P;:P; exchanges (Fig. 2A) (Pan et al., 2011). As
with the SLC37A1 activity, the antiport activity of SLC37A2 is insensitive to chlorogenic
acid inhibition (Fig. 2B), and SLC37A2 does not couple functionally with either G6Pase-a
or G6Pase-p to mediate microsomal G6P uptake (Fig. 3A). Together, the data suggest that
SLC37A2 is also unlikely to be a physiological G6P transporter involved in blood and
neutrophil glucose homeostasis (Pan et al., 2011). The tissue-specific expression of
SLC37A2 in macrophages and neutrophils may point to a biological transport role in these
cells.

4. SLC37A3 (SPX3)

The least is known about SLC37A3. The human SLC37A3 gene maps to chromosome 734
and consists of 17 coding exons that are alternatively spliced to generate three different
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transcripts (Bartoloni and Antonarakis, 2004). The 494 amino acid isoform has been shown
to be a transmembrane protein localized in the ER (Pan et al., 2011). Unlike the other
SLC37 members, SLC37A3 lacks G6P antiporter activity (Fig. 2A) (Pan et al., 2011) and
there are no other reported activities for the protein. The SLC37A3transcripts are expressed
in liver, kidney, intestine, pancreas, neutrophils and macrophages (Fig. 4) (Pan et al., 2011).
Interestingly, the levels of the SLC37A3transcript in the pancreas and neutrophils are
significantly higher than the levels of other SLC37 members (Fig. 4), suggesting a yet
undiscovered role for this protein in the pancreas and neutrophils.

5. SLC37A4 (G6PT, SPX4)

SLC37A4 is more commonly known as the G6PT. It was the first SLC37 member to be
functionally characterized (Chen et al., 2000; Chen et al., 2002; Chen et al., 2008; Hiraiwa et
al., 1999) and is the best characterized protein in this family. Human SLC37A4 s a single
copy gene consisting of 9 coding exons on chromosome 11g23 (Annabi et al., 1998;
Haraiwa et al., 1999). Transcription gives rise to two alternately spliced transcripts,
SLC37A4 and variant SLC37A4, which encode polypeptides of 429 and 451 amino acids
respectively, differing in the absence or presence of exon-7 sequence (Lin et al., 2000).
SLC37A4 is ubiquitously expressed (Lin et al., 1998) while the variant SLC37A4 is
expressed primarily in the brain, heart, and skeletal muscle (Lin et al., 2000). To date, there
is no apparent difference in the activity and function of the two G6PT proteins and so further
discussion will refer to both species as G6PT, although most experiments use G6PT, not the
variant. Human G6PT is a hydrophobic protein anchored in the ER via 10 transmembrane
helices with both N- and C-termini on the cytoplasmic side of the ER membrane (Fig. 1)
(Pan et al., 1999; Pan et al., 2009), where it acts as a Pj-linked G6P antiporter catalyzing
G6P:P; and P;:P; exchanges between the cytoplasm and the ER lumen (Fig. 2A) (Chen et al.,
2008). The /n vivofunction of G6PT depends upon its ability to couple functionally with
either G6Pase-a (Lei et al., 1996; Chou et al., 2010a; Chou et al., 2010b) or G6Pase-p
(Shieh et al., 2003; Chou et al., 2010a; Chou et al., 2010b). The resulting G6PT/G6Pase
complex is essential for catalyzing intracellular glucose production (Fig. 1). G6Pase-a and
G6Pase-p are also ER transmembrane proteins, but their active sites are localized inside the
ER lumen (Ghosh et al., 2002; Ghosh et al., 2004). Therefore they depend on the antiporter
activity of G6PT to transport cytoplasmic G6P into the ER lumen (Fig. 1).

The tissue expression profiles of G6Pase-a or G6Pase-p determine the different phenotypes
for the G6PT/G6Pase complexes. The G6PT/G6Pase- complex, expressed primarily in the
gluconeogenic organs, liver, kidney, and intestines, maintains interprandial glucose
homeostasis while the G6PT/G6Pase-p complex in neutrophils maintains energy
homeostasis and functionality (Fig.1) (Chou et al., 2010a; Chou et al., 2010b; Jun et al.,
2010). Mutations of G6Pase-a underlie the metabolic disease, GSD-la which is
characterized by impaired blood glucose homeostasis (Chou et al., 2010a; Chou et al.,
2010b). Mutations in G6Pase-p underlie severe congenital neutropenia syndrome type 4
which is characterized by neutropenia and neutrophil dysfunction (Chou et al., 2010a; Chou
et al., 2010b). Mutations of G6PT underlie GSD-1b, which shares the abnormal metabolic
phenotype of GSD-la, but with the additional complications of neutropenia and neutrophil
dysfunction that mimic G6Pase-p deficiency (Chou et al., 2010a; Chou et al., 2010b).
Although G6PT is the dominant SLC37 member in the gluconeogenic organs (Fig. 4) (Pan
et al., 2011), surprisingly in neutrophils, despite its vital role, SL C37A4 is the least abundant
of the SLC37 transcripts (Fig. 4).

5.1. The function of the G6PT protein

The primary /n vivo function of G6PT is to translocate G6P from the cytoplasm into the
lumen of the ER. The protein is capable of both heterologous G6P:Pi and homologous Pi:Pi
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exchanges (Chen et al., 2008). Unlike SLC37A1 or SLC37A2, the antiporter activity of
G6PT is sensitive to inhibition by chlorogenic acid (Chen et al., 2008) (Fig. 2B).
Microsomal G6P uptake activity in the liver is sensitive to inhibition by chlorogenic acid
(Hemmerle et al., 1997) and in peripheral blood neutrophils is sensitive to inhibition by
S3483, a chlorogenic acid derivative (Leuzzi et al., 2003). Therefore, chlorogenic acid and
its derivative are specific inhibitors for the GEBPT component of the G6PT/G6Pase-a and the
G6PT/G6Pase-p complexes. The G6PT-mediated microsomal G6P uptake activity requires
an active G6Pase (Fig. 3) (Chen et al., 2008; Lei et al., 1996; Pan et al., 2011; Shieh et al.,
2003). Hepatic microsomes prepared from G6Pase-a-deficient (GSD-la) mice, with an
intact G6PT, exhibit markedly lower G6P uptake activity compared to wild type hepatic
microsomes (Fig. 3B) (Lei et al., 1996). However, this can be reversed if G6Pase-a activity
is restored via gene transfer (Fig. 3B) (Zingone et al., 2000). Based on these characteristics,
functional assays to detect physiologically important G6PT activity have been developed
(Chen et al., 2000; Chen et al., 2002; Chen et al., 2008; Hiraiwa et al., 1999; Pan et al.,
2011) and excluded SLC37A1, and SLC37A2 as a partner for G6Pase in intracellular
glucose production (Pan et al., 2011). In addition to explaining why a deficiency in G6PT
results in impaired glucose homeostasis and myeloid dysfunction, it also suggests that the
G6Pase/G6PT functionality depends on a specific physical association between the G6Pase
isozyme and G6PT transporter, otherwise the presence of the other transporters should
suffice.

5.2. Genetics of SLC37A4 (G6PT) Deficiency - GSD-Ib

GSD-Ib is the heritable disease due to SLC37A4 (G6PT) deficiency. Eighty-two separate
SLC37A4 mutations have been identified in ~ 170 GSD-Ib patients studied to date (Chou et
al., 2010a; http://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC37A4). These include 34
missense, 11 nonsense, 19 insertion/deletion, 17 splicing mutations, and one gross deletion
upstream of exon-7, which are scattered throughout the coding and exon-intron junction
regions. Of the ~170 patients studied to date, 7 patients carrying deleterious SLC37A4
mutations have not been reported to manifest either neutropenia or frequent infections
(Angaroni et al., 2006; Kure et al., 2000; Melis et al., 2005; Martens et al., 2006). A
genotype-phenotype study with a cohort of 22 GSD-Ib patients carrying 16 different
SLC37A4 mutations, including 9 patients homozygous or compound heterozygous for
nonsense mutations failed to show any correlation between individual mutations and the
presence of neutropenia, bacterial infections or systemic complications (Melis et al., 2005).
While these numbers are low, they do suggest there may be genetic modifiers of G6PT
activity that can compensate for or stabilize low level expression in vivo.

For years GSD-I had been considered to contain a third subtype, GSD-Ic, postulated to have
a deficiency in exporting phosphate from the ER following hydrolysis of G6P to glucose and
Pi (Chen, 2001; Chou et al., 2002). However, genetic analysis of these patients revealed
mutations in the SLC37A4 gene seen in GSD-Ib patients (Galli et al., 1999; Janecke et al.,
2000; Veiga-da-Cunha et al., 1998; Veiga-da-Cunha et al., 1999), raising the question
whether GSD-Ic was real or a misdiagnosis of GSD-1b. The recognition of the P;:P; and
G6P:P; exchange activities of G6PT (Chen et al., 2008) has resolved this issue showing
GSD-Ic patients may have defective P; exchange but are indeed GSD-Ib patients harboring
SLC37A4 mutations. While the results show that G6PT has a dual transport role, it raises the
question whether GSD-Ib and Ic are distinct diseases. Using reconstituted proteoliposomes,
the G6P and P; uptake activities of 23 G6PT mutations, including 8 missense G6PT
mutations identified in GSD-Ic/ld patients have been characterized (Pan et al., 2009). While
most G6P mutations abolish G6P and P; uptake activities to similar extents, the G6PT
p.Q133P mutation identified in a GSD-Ic patient (Veiga-da-Cunha et al., 1999) exhibits
differential G6P and P; transport activities (Pan et al., 2009). Therefore GSD-Ib and Ic may
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manifest as different clinically although the evidence is that they are very similar, if not the
same disease.

5.3. Clinical phenotype of GSD-Ib (SLC37A4 deficiency)

Most mutations in the SLC37A4 gene that decrease or completely abolish microsomal G6P
uptake activity result in both an abnormal metabolic phenotype and an abnormal myeloid
phenotype (Chou et al., 2010a; Chou et al., 2010b).

5.3.1. GSD-Ib metabolic phenotype—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 liver, kidney, and intestine is
transported by G6PT into the ER where G6P is hydrolyzed by G6Pase-a to glucose for
release back into the blood (Chen, 2001; Chou et al., 2002) (Fig. 1). In G6PT deficiency, the
defective G6PT/G6Pase-a complex in the liver, kidney and intestine results in impaired
blood glucose homeostasis and the hallmark is hypoglycemia following a short fast.
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 (Chen, 2001; Chou et al., 2002). 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-Ib.
Longer-term presentations include hepatocellular adenomas with risk for malignancy, and
renal disease (Chen, 2001; Chou et al., 2002).

5.3.2. GSD-Ib myeloid phenotype—G6PT deficiency also results in neutropenia and
myeloid dysfunction (Chou et al., 2010a; Chou et al., 2010b). Neutrophils from GSD-Ib
patients exhibit impairment in chemotaxis, calcium mobilization, respiratory burst, and
phagocytic activities (Chou et al., 2010a; Kilpatrick et al., 1990) (Fig. 1). As a result,
recurrent bacterial infections are commonly seen and up to 75% of patients manifesting
neutropenia also develop inflammatory bowel disease or enterocolitis, indistinguishable
from idiopathic Crohn disease (Dieckgraefe et al., 2002; Visser et al., 2000). All patients
with enterocolitis also had neutropenia. Oral manifestations of GSD-Ib include dental caries,
gingivitis, periodontal disease, delayed dental maturation and eruption, oral bleeding
diathesis, and oral ulcers (Mortellaro et al., 2005).

The mechanism underlying neutropenia in G6PT deficiency (GSD-1b) and G6Pase-f
deficiency is due to a defective G6PT/G6Pase-3 complex in neutrophils (Chou et al., 2010a;
Chou et al., 2010b). This complex is dysfunctional if either G6PT or G6Pase-f loses
activity, therefore a study of either GSD-Ib or G6Pase-f deficiency reveals information
about the other. Kuijpers et al. (2003) showed that neutrophils of GSD-1b patients exhibit
enhanced apoptosis, suggesting a causal relationship between apoptosis and neutropenia, but
the underlying cause for neutrophil dysfunction remained unclear. More recently,
neutrophils from G6PT-deficient mice that are unable to translocate G6P from the cytoplasm
into the lumen of the ER, were shown to exhibit enhanced ER stress and apoptosis (Kim et
al., 2008). Likewise, G6Pase- -deficient neutrophils which are unable to hydrolyze
endolumenal G6P to glucose also manifested enhanced ER stress and apoptosis (Boztug et
al., 2009; Cheung et al., 2007; Jun et al., 2010). Neutrophil apoptosis in GSD-1b mice was
shown to result from increased oxidative stress and to be mediated, at least in part, by the
intrinsic mitochondrial stress pathway (Kim et al., 2008).

The molecular mechanism underlying neutrophil dysfunction in GSD-1b and G6Pase-
deficiency is also beginning to be understood. It is well established that neutrophils require a
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constant supply of glucose to both function and survive, yet they are unable to produce
glucose via gluconeogenesis. Therefore, the primary source of glucose is uptake from the
blood. In neutrophils, there are three primary pathways that compete for intracellular
glucose/G6P, namely: glycolysis; the hexose monophosphate shunt (HMS); and ER cycling
of G6P/glucose (Jun et al., 2010). The latter pathway is mediated by the G6PT/G6Pase-p
complex. G6Pase-p-deficient neutrophils exhibit reduced expression and translocation of
glucose transporter-1 along with impaired neutrophil glucose uptake. In parallel, levels of
G6P, lactate, and ATP are markedly lower in G6Pase-p-deficient neutrophils, compared
with the controls (Jun et al., 2010). Moreover, the expression and activation of NADPH
oxidase are down-regulated in G6Pase-p-deficient neutrophils. Consequently, G6Pase-f3
inactivation disrupts neutrophil energy homeostasis, leading to impaired neutrophil
respiratory burst, chemotaxis, calcium flux, and phagocytosis. Taken together, the
underlying cause of neutrophil dysfunction in G6Pase-f deficiency is a disturbance in ER
energy homeostasis caused by a loss of glucose/G6P recycling in neutrophils (Jun et al.,
2010).

The cycling of G6P and glucose between the cytoplasm and ER via the coupled action of
G6PT/G6Pase- , that regulates cytoplasmic pathways of glycolysis and HMS, suggests that
GSD-Ib neutrophils should exhibit similar defects. Indeed, neutrophils from GSD-Ib patients
have a decreased rate of glucose transport (Bashan et al., 1987) and their intracellular G6P
levels are markedly lower, compared to neutrophils in control subjects (Verhoeven et al.,
1999). In conclusion, the G6PT/G6Pase-p complex plays a key role in neutrophil energy
homeostasis and functionality.

5.4. Treatment and prognosis of GSD-lb (SLC37A4 deficiency)

The metabolic abnormalities of G6PT deficiency can be adequately controlled with dietary
therapies augmented by drug therapy. Patients 3 years or older are prescribed uncooked
cornstarch, a slow release carbohydrate, that prolongs the length of euglycemia between
meals (Chen et al., 1984). Younger patients typically receive nocturnal nasogastric infusion
of glucose (Greene et al., 1976) because their pancreatic amylase activity, required to
hydrolyze raw starch, is insufficient (Chen et al., 1984). These dietary therapies maintain
normoglycemia and enable patients to attain near normal growth and pubertal development,
with fewer complications as they age. However, dietary therapies fail to improve myeloid
functions. Moreover, the underlying pathological process remains uncorrected and long-term
complications still persist in GSD-Ib patients. For patients exhibiting persistent, therapy-
refractory hypoglycemic episodes, orthotopic liver transplantation (Adachi et al., 2004;
Bhattacharya et al., 2004; Martin et al., 2006; Martinez-Olmos et al., 2001; Matern et al.,
1999) and hepatocyte transplantation have been performed in a few GSD-Ib patients (Lee et
al., 2007). Both transplantations improved the metabolic abnormalities for the patients and
neutrophil function also appeared to improve.

GSD-Ib patients manifesting neutropenia, and/or neutrophil dysfunction that predispose to
frequent infections and enterocolitis are treated by granulocyte colony-stimulating factor (G-
CSF) therapy which improves neutropenia and decreases the number and severity of
infections (Calderwood et al., 2001; Visser et al., 2002). G-CSF therapy shows no
significant short-term toxicity, although all patients receiving chronic G-CSF therapy do
develop splenomegaly (Calderwood et al., 2001). One major complication of patients with
severe chronic neutropenia receiving G-CSF therapy is myelodysplasia/acute myeloid
leukemia (AML) (Donadieu et al., 2005). Although no cases of AML have been found in
GSD-Ib patients receiving short term G-CSF therapy (Calderwood et al., 2001), three
separate studies have reported the development of AML in GSD-Ib patients (Pinsk et al.,
2002; Schroeder et al., 2008; Simmons et al., 1984). This suggests that GSD-Ib patients
receiving long-term G-CSF therapy should receive regular bone marrow examinations.
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5.4.1. Animal model of GSD-Ib—The G6PT-deficient GSD-Ib mice, generated by gene
targeting (Chen et al., 2003), manifest all the metabolic and myeloid defects of human GSD
Ib, namely hypoglycemia, growth retardation, hepatomegaly, nephromegaly,
hyperlipidemia, hyperuricemia, mild lactic acidemia, neutropenia, neutrophil dysfunction,
and elevated serum G-CSF levels. Studies showed that wild type mice harboring bone
marrow transplants from G6PT-deficient mice manifest neutropenia and neutrophil
dysfunction (Kim et al., 2006). These findings suggest that abnormal G6PT expression in
bone marrow and resident neutrophils leads to abnormal myeloid function and that bone
marrow transplantation may be considered for treating neutrophil complications in GSD-Ib.
Indeed, bone marrow transplantation into a GSD-1b patient manifesting severe enterocolitis
and recurrent infections did improve neutrophil function and reduced enterocolitis severity
although a mild neutropenia persisted (Pierre et al., 2008). While an isolated case, this
promising outcome may support further exploration of this approach in addressing severe
myeloid complications in GSD-1b.

5.4.2. Gene therapy for GSD-Ib—Somatic gene therapy is a promising therapeutic
approach for the hydrophobic, transmembrane protein G6PT. Gene therapy for GSD-Ib has
been evaluated in GSD-Ib mice using both adenovirus (Ad) (Yiu et al., 2007) and adeno-
associated virus (AAV) (Yiu et al., 2009) vectors carrying human G6PT. The Ad vector,
injected systemically via the temporal vein, transduces the liver and transiently corrects
metabolic and myeloid abnormalities in GSD-1b mice. While the longer term efficacy of this
therapy is unknown, there are significant vector safety concerns that require extensive
evaluation. An AAV8 vector expressing G6PT directed by the chicken p-actin promoter/
cytomegalovirus enhancer (AAV8-G6PT) has also been evaluated following systemic
administration in neonatal GSD-Ib mice. The AAV8-G6PT successfully delivered the G6PT
transgene to the liver and bone marrow. In the treated mice, hepatic G6PT activity dropped
rapidly from 50% of wild-type levels at age 2 weeks post-infusion to 3% by age 6 to 72
weeks. However, long term metabolic correction was achieved and the infused mice
maintained normalized serum glucose and metabolite profiles over the entire 72 weeks of
the study. Moreover a transient 6-week myeloid correction was also achieved. Despite these
successes, metabolic normalization is not a sufficient endpoint for therapy. All five treated
GSD-Ib mice that lived over age 50 weeks exhibited excessive accumulation of glycogen in
their hepatocytes, marked hepatic steatosis, neutrophil infiltration, fibrosis, and
hepatocellular injury reminiscent of non-alcoholic steatohepatitis (Yiu et al., 2009). Two
mice developed multiple hepatocellular adenomas with one undergoing malignant
transformation. Clearly, while a promising start, challenges remain. A next step forward
would be to use the native SLC37A4 promoter/enhancer to improve gene expression. There
is also evidence that infusing the virus at a later age in the mice, when liver cell replication
has slowed, might stabilize gene expression at a higher level (Yiu et al., 2010).

Correction of neutropenia and neutrophil dysfunction are also critical aspects for GSD-1b
gene therapy. Neutrophils are terminally differentiated, short-lived, leukocytes that are
replenished from the multi-potent hematopoietic stem cells (HSCs) in the bone marrow.
Modification of neutrophil responses will depend on efficient gene transfer into the bone
marrow HSC. Recent studies have demonstrated that a sustained transgene expression in
HSCs can be obtained using self-complementary AAV vectors in conjunction with an HSC-
specific promoter/enhancer (Han et al., 2008; Srivastava 2008). These modifications are
worthy of further consideration for GSD-Ib gene therapy. The question remains, however,
whether a single vector will be able to balance the needs of hepatic and renal correction
alongside myeloid correction or whether a multi-pronged approach, one for metabolism, one
for myeloid dysfunction, may be necessary.
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6. Future perspectives

The biological role of G6PT is now well established and gene therapy holds promise for
metabolic and myeloid correction in GSD-1b. However, very little is known of the other
SLC37 proteins beyond the P:P and G6P:P exchange activities of SLC37A1 and SLC37A2.
Despite expressing similar or higher levels than G6PT in key tissues, they do not appear to
have roles in regulating neutrophil energy metabolism or blood glucose homeostasis.
Moreover, there are few clues to their biological roles as no diseased phenotype has been
associated with a deficiency in SLC37A1, AZ, or A3. Mouse models of the other SLC37
family members do exist but their phenotypes remain to be characterized. Study of these
models may give valuable insights into the biological and functional roles of the other
SLC37 family members. Differential expression in tissues may also hold clues to their roles.
SLC37Al is expressed at significant high levels in the intestine, pancreas, and neutrophils
and SLC37A2 in macrophages. Given the gene similarity, future study could also examine if
SLC37Al is a glycerol-3-phosphate transporter involved in phospholipid biosynthesis. Of
this family, SLC37A3 remains the least studied despite being the predominant gene in the
SLC37 family expressed in pancreas and neutrophils. There is still much to learn about the
other ER transmembrane proteins of the SLC37 family.
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The G6Pase-o/G6PT Complex The G6Pase-B/G6PT Complex
(In the ER of liver, kidney, intestine) (In the ER of neutrophils)

Cytoplasm
Cytoplasm

COOH 4
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G6Pase-o Glucose G6Pase- T
Disruption of Disruption of
The G6Pase-0/G6PT Complex The G6Pase-B/G6PT Complex
\ \

Impaired glucose homeostasis Neutropenia &
Hypoglycemia Disrupted energy homeostasis
Hepatomegaly Impaired respiratory burst
Nephromegaly Impaired chemotaxis
Hyperlipidemia Impaired calcium flux
Hyperuricemia Impaired phagocytosis

Lactic acidemia

Fig.1.

The topology of G6PT and its functional coupling with G6Pase within the ER. The diagram
shows a cross-section of the ER within two different cell types. The cell cytoplasm lies
outside the ER membrane that encircles the ER lumen. In the gluconeogenic tissues of the
liver, kidney and intestine, G6PT couples with G6Pase-a., while in neutrophils, GGPT
couples with G6Pase-fB. The proteins are shown as spatially separated for clarity, but
evidence suggests that they reside in physical contact with each other as a G6PT/G6Pase
complex. The G6PT/G6Pase-a complex expressed in gluconeogenic tissues maintains
interprandial blood glucose homeostasis and disruption of either protein leads to the
phenotype associated with impaired glucose homeostasis listed. The G6PT/G6Pase-p
complex, which is ubiquitously expressed, is critical for maintaining neutrophil energy
homeostasis and functionality, and disruption of either protein leads to neutropenia and the
neutrophil dysfunctions listed.
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The antiporter activities of the SLC37 members. The antiporter activity was determined in
50 mM P; -loaded proteoliposomes expressing SLC37A1, SLC37A2, SLC37A3, or G6PT.
(A) G6P or P; uptake activity. (B) Effects of chlorogenic acid. Data are presented as the

mean + SEM.
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Fig. 3.

Microsomal G6P transport activity of the SLC37 members. (A) Effects of G6Pase-a and
G6Pase-p. G6P uptake activity was determined in microsomal membranes expressing
SLC37Al, SLC37A2, or G6PT in the absence or presence of G6Pase-a or G6Pase-. (B)
G6P uptake activity in hepatic microsomes isolated from wild type (+/+), GSD-la (-/-) or
Ad-G6Pase-a-treated GSD-la (Ad-G6Pase-a) mice. Data are presented as the mean = SEM.
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Fig. 4.

The mRNA levels of the SLC37 members, relative to S/c37a4, in mouse liver, kidney,
intestine, pancreas, neutrophils, and macrophages. The expression levels of the S/c37a1,
Sle37a2, Slc37a3, and Slc37a4 transcripts were normalized to B-actin RNA and then scaled,
for each tissue, relative to the S/c37a4 transcript which was arbitrarily assigned as 100%.

Results are expressed as mean + SEM.
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Table 1

The SLC37 family of sugar-phosphate/phosphate exchangers

Human gene name

SLC37A1

SLC37A2

SLC37A3

SLC37A4

Protein name(s)

SLC37A1, SPX1

SLC37A2, SPX2

SLC37A3, SPX3

SLC37A4, G6PT, SPX4

Known substrate

Glucose-6-phosphate

Glucose-6-phosphate

Unknown

Glucose-6-phosphate

Transport type and
couplingion

Exchanger
Inorganic phosphate

Exchanger
Inorganic phosphate

Exchanger
Inorganic phosphate

Tissue expression

Ubiquitous. High levels
in prostate, pancreas,
thymus, bone marrow,
spleen

Ubiquitous. High levels in
spleen, thymus, bone
marrow, prostate, lung,
pancreas, liver, kidney,
macrophages

Ubiquitous. High
levels in spleen,
thymus, bone
marrow, lung, brain,
prostate, pancreas

Ubiquitous. High levels
in liver, kidney,
prostate, pancreas,
thymus, bone marrow,
spleen

Link to disease

None reported

None reported

None reported

GSD-1b/GSD-Ic
(OMIM232220/232240)

Human gene locus 21022.3 11924.2 7934 11923.3
Sequence accession |D NM_018964 NM_198277 NM_207113 NM_001467

Mouse model status
(IMSR)&

Targeted mutation and
gene trap — phenotype
not reported

Targeted mutation —
phenotype not reported

Targeted mutation
and gene trap —
phenotype not
reported

Targeted mutation —
GSD-Ib phenotype

Major protein isoform/

533-amino-acid

505-amino-acid

494-amino-acid

429-amino-acid

Number of isoforms®:€ 1 4 3 2
Amino acid identity (%)

(NCBI)P

SLC37A1 100 59 35 22
SLC37A2 59 100 36 23
SLC37A3 35 36 100 22
SLC37A4 22 23 22 100

aThe International Mouse Search Resource (IMSR): http://www.findmice.org/

cNextprot for isoform prediction: http://www.nextprot.org/

bNCBI blast for amino acid identity and isoform prediction: http://blast.nchi.nIm.nih.gov/Blast.cgi
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