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Abstract Patients with glycogen storage diseases type 1
(GSD1) suffer from life-threatening hypoglycaemia, when left
untreated. Despite an intensive dietary treatment, patients
develop severe complications, such as liver tumors and renal
failure, with aging. Until now, the animal models available for
studying the GSD1 did not survive after weaning. To gain
further insights into the molecular mechanisms of the disease
and to evaluate potential treatment strategies, we have recently
developed novel mouse models in which the catalytic subunit
of glucose-6 phosphatase (G6pc) is deleted in each glucose-
producing organ specifically. For that, B6.G6pc™310¥/ex310x
mice were crossed with transgenic mice expressing a
recombinase under the control of the serum albumin, the
kidney androgen protein or the villin promoter, in order to
obtain liver, kidney or intestine G6pc '~ mice, respectively. As
opposed to total G6pc knockout mice, tissue-specific G6pc
deficiency allows mice to maintain their blood glucose by
inducing glucose production in the other gluconeogenic or-
gans. Even though it is considered that glucose is produced
mainly by the liver, liver Gépc '~ mice are perfectly viable and
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exhibit the same hepatic pathological features as GSD1 pa-
tients, including the late development of hepatocellular ade-
nomas and carcinomas. Interestingly, renal Gépc '~ mice de-
veloped renal symptoms similar to the early human GSD1
nephropathy. This includes glycogen overload that leads to
nephromegaly and morphological and functional alterations in
the kidneys. Thus, our data suggest that renal G6Pase defi-
ciency per se is sufficient to induce the renal pathology of
GSD1. Therefore, these new mouse models should allow us to
improve the strategies of treatment on both nutritional and
pharmacological points of view.

Glycogen storage disease type 1 (GSDI1) is a rare metabolic
disorder characterized by the absence of endogenous glucose
production, leading to severe hypoglycemia following a short
fast (Chou et al 2010; Froissart et al 2011). This is caused by a
deficiency of glucose-6 phosphatase (G6Pase), which is an
enzyme complex involving the glucose-6 phosphate
translocase subunit (G6PT, encoded by SLC37A44) and the
G6Pase catalytic subunit, encoded by G6PCI (Soty et al
2012) (Fig. 1). Patients with GSD type la (GSDla) repre-
sent 80 % of all GSD1 cases and have a GO6PC deficiency,
whereas patients with GSD type 1b (GSD1b) have a G6PT
defect. While G6PT is ubiquitously expressed, G6PC is
expressed only in the liver, kidneys and intestine (Rajas
et al 1999, 2007; Mithieux et al 2004b). Both GSD1a and
GSD1b patients show broadly similar symptoms, including
severe hypoglycemia in the post-absorptive state, hyperlip-
idemia, hypercholesterolemia, hyperuricemia and lactic
acidemia. G6Pase deficiency leads to the accumulation of
glycogen and triglycerides in the liver and kidneys. This
results in marked hepatomegaly, nephromegaly and hepatic
steatosis. In addition, patients with GSD1b present severe
infectious complications, due to neutropenia and neutrophil
and monocyte functional defects.
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As of today, there is no cure for GSDI. In the past, many
patients with GSD1 did not survive infancy and childhood.
Since the 1980s, life expectancy of patients with GSD1 has
been considerably improved by stringent dietary treatment
(Rake et al 2002a; Heller et al 2008). Frequent meals com-
bined with uncooked cornstarch (during the day- and/or night-
time) or gastric drip-feeding allow patients with GSD1 to
avoid hypoglycemia and lactic acidemia. Despite the intensive
dietary treatment, hepatic, renal, and intestinal complications
arise with aging (Di Rocco et al 2008; Reddy et al 2009). Thus
a large proportion of patients older than 20 years show hepatic
tumors and/or progressive chronic renal disease, which are the
leading causes of morbidity in GSD1 patients with aging. The
first hepatic tumors generally appear during adolescence and
are mainly classified as hepatocellular adenomas (HCA),
which can transform into hepatocellular carcinomas (HCC)
(Rake et al 2002b; Franco et al 2005; Wang et al 2011;
Calderaro et al 2013). Tumor resection or liver transplantation
are recommended if the tumors are associated with serious
compression or hemorrhage, or show signs of malignant
transformation into HCC (Rake et al 2002a; Reddy et al
2009). The first symptoms of renal disease are hyperperfusion
and hyperfiltration and generally appear from childhood (Mar-
tens et al 2009). Almost all adult patients show albuminuria
and more than 50 % present proteinuria (Martens et al 2009).
Finally, renal disease can slowly progress into renal failure
that requires renal dialysis or transplantation (Rake et al
2002a).

In order to investigate the onset of long-term pathologies
developed by patients with GSD1a and to evaluate potential
treatment strategies, we recently developed new mouse
models of GSD1a that exclusively target G6PC deletion in
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the liver, kidneys or intestine (Mutel et al 2011a; Penhoat et al
2011; Clar et al 2014). It is noteworthy that these tissue-
specific G6PC knockout mice have normal life expectancy,
whereas total GOPC knockout mouse and canine models die
rapidly after weaning in the absence of intensive dietary
therapy. In this review, we propose an overview of these
new murine GSD1la models with tissue-specific G6pc
deletions.

The canine and mouse models of total Gépc deficiency

Until now, the understanding of the biochemical bases of
GSDla and the evaluation of gene therapy approaches to
correct Gopc deficiency were performed in two animal models
of GSD1a. Both of these animal models are physiologically
similar to humans in regard of the glucose-6 phosphate me-
tabolism. After the isolation of the G6pc gene, Dr. Janice
Chou created the G6pc knockout mouse in 1993 (Lei et al
1996). These mice present low birth weight, develop quickly
severe and unremitting hypoglycemia, display quickly and
gradually pronounced increases in serum cholesterol and tri-
glyceride levels (Table 1). However, they do not typically
manifest lactic acidemia. Moreover, only 60 % of mice treated
with glucose injections, glucose-fortified water and food sup-
plementation survive through weaning and have a life expec-
tancy of about 6 months. Although all G6pc knockout mice
developed hepatomegaly and steatosis (Table 1), no hepatic
tumors have been reported, even in mice as old as 6 months
(Salganik et al 2009). These mice exhibited nephromegaly as
well (Table 1). Nevertheless, the renal pathology has been
characterized only in an early stage (in 6-week-old KO mice)



J Inherit Metab Dis (2015) 38:521-527

523

Table 1 The characteristics of mouse models of GSD1a

Total G6pc™~ mice

Liver G6pc ™~ mice

Kidney G6pc™~ mice Intestinal Gépc "~

mice
Glycaemia ~40-50 mg/dL in the fed state Normal in the fed state (<150-200 mg/dL) Normal in the fed state Normal
50-60 mg/dL at 6 h of fasting Normal at 6 h of fasting
(=140 mg/dL)
Plasmatic Hypertriglyceridemia (=1.8-2.0 g/L) Hypertriglyceridemia (=1.2 mg/L) Normal TG Normal
parameters  Hypercholesterolemia (=1.8 g/L) Hypercholesterolemia (=1.2 g/L) Normal cholesterol
Hyperuricemia (=25 mg/L) Hyperuricemia (=25 mg/L) Hyperuricemia (=11 mg/L)
No or slight lactic acidemia Lactic acidemia Normal lactic acid
Liver Hepatomegaly (liver weight Hepatomegaly (liver weight: Normal Normal
10 % BW) 8 % of BW)
Steatosis Steatosis
Late development of HCA®
Kidney Nephromegaly (kidney weight: Normal Nephromegaly (kidney Normal
~3.5 % BW) weight: 1.8 % BW)
Renal lipid accumulation
Microalbumineria
Partial electrolyte imbalance
Intestine Not determined Normal Normal To be analyzed
Life Need intensive glucose therapy or Normal Over 12 months Normal
expectancy gene therapy to survive weaning

The characteristics of 6-week-old total G6pc ™~ mice were described by the Chou’s team (Kim et al 2008; Lei et al 1996). The data of liver G6pc™~ mice
were obtained one month after G6pc deletion. * The first hepatic lesions were observed 9 months after G6pc deletion (Mutel et al 2011a). It is noteworthy
that plasmatic parameters ameliorate with age in both GSD1a mouse models and patients. The data of kidney G6pc ™~ mice were obtained 6 months after
G6pe deletion (Clar et al 2014). Intestinal G6épc '~ mice were analyzed up to 12 months after G6pc deletion (unpublished data). BW: body weight.
Normal range of plasmatic values in 6 week-old C57B1/6J mice: TG: 0.55-0.6 g/L; cholesterol: 0.7-0.8 g/L; Uric acid: 68 mg/L; liver and kidney

weights represent about 4 % and 1 % of BW, respectively

(Yiu et al 2008). A GSDla canine model (Maltese breed)
carrying a natural G6pc mutation was identified and used to
characterize the disease as well (Kishnani et al 1997). The
Maltese breed is small in size and exhibits low survival rate
of newborns. A second canine model was obtained by cross-
breeding a carrier Maltese with beagles (Kishnani et al 2001).
Both canine models manifest all of the typical symptoms of the
human disorder, including hyperlactacidemia, but they did not
prove useful for studying the long-term complications of the
GSDla. Indeed, the dietary therapies used to maintain GSD1a
animals viable have not yet been sufficiently refined to prevent
premature death of these animals from hypoglycemia.

Rationale underlying the generation of organ-specific
Go6pc deficient mice

The maintenance of blood glucose levels within a narrow
range (about 5.5 mmol/L) is a critical physiological function.
Although the liver is the main glucose-producing organ in the
post-absorptive state via glycogenolysis, renal, and intestinal
glucose productions play a major role in maintaining
normoglycemia during long fasting periods (Ekberg et al
1999; Gerich et al 2001; Croset et al 2001; Mithieux et al
2004a). We hypothesized that total inactivation of G6pc in
only one gluconeogenic tissue would not be lethal due to the

compensatory induction of glucose production by the two
non-targeted tissues. To delete the G6Pase activity, we
targeted the excision of G6pc exon 3, by using
B6.G6pCEX310X/6X3IOX mice. We crossed B6.G6pCeX3IOX/eX310X
mice with mice expressing a CRE recombinase under a
tissue-specific promoter to target the G6pc deletion in the
liver, kidney or intestine specifically. As endogenous glucose
production, especially in the liver, is critical during the neo-
natal period because of the low content of glucose in milk
(Girard et al 1992; Chatelain et al 1998), we chose to induce
G6pe deletion in adult mice by using a CRE*®? inducible by
tamoxifen. The CREE®™? is a recombinant CRE, fused to a
mutated ligand-binding protein of the estrogen, resulting in a
tamoxifen-dependent CRE. In order to induce G6pc deletion,
adult mice are treated daily with 1 mg of tamoxifen for 5
consecutive days.

Liver G6pc knockout mice

Hepatic G6pc deletion was targeted by crossing
B6.G6pc™o¥ex31ox mice with B6.SA“REERT™mjce, which
expressed the CREF®'? under the liver-specific serum albu-
min promoter. Rapidly (10 days) after tamoxifen treatment,
hepatic G6Pase activity was undetectable in liver-specific
G6pc knockout (L.G6pc ') mice (Mutel et al 2011a). As
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expected, L.G6pc”~ mice had normal life expectancy and
showed normal blood glucose during fed state (Table 1).
Interestingly, L.G6pc ™~ mice did not exhibit marked hypo-
glycemia during long fasting periods thanks to the induction
of extrahepatic glucose production (Mutel et al 2011b;
Penhoat et al 2014). The livers of L.G6pc ™~ mice were rapidly
enlarged, due to the accumulation of glycogen and triglycer-
ides (Table 1). In parallel, there was a rapid increase in plasma
triglyceride, cholesterol, uric acid, and lactic acid levels
(Table 1). However, these plasmatic parameters (except for
cholesterol) improved after 6 months, as observed in total
G6pc knockout mice, which survive weaning thanks to a diet
therapy (Salganik et al 2009). We suggested that a satisfying
blood glucose control could explain this amelioration. This is
also in line with the observation that metabolic control is
easier in adult patients with GSD1a, than during infancy or
childhood.

Contrary to plasmatic parameters, glycogen storages were
still elevated after 18 months of G6pc deletion. It is notewor-
thy that the accumulation of triglycerides increased with time.
This could be linked to the late development of hepatocellular
adenomas observed in L.G6pc '~ mice fed a standard diet. The
first millimetric nodules were detected by magnetic resonance
imaging after 9 months of G6pc deletion in about 20 % of
L.G6pc” mice. Most of them developed multiple nodules of
about 1 to 10 mm in diameter after 18 months of Gépc
deletion. Most of these tumors were HCA, but some
L.G6pc "~ livers (20 %) presented dysplasia as well (Mutel
etal 2011a). In addition, about 5-10 % of L.G6pc "~ mice fed
a standard diet developed HCC (unpublished data). It is im-
portant to note that the development of tumors appeared rather
late, while liver steatosis tended to worsen. Moreover, our
recent data show that the development of hepatic tumors in
L.G6pc™ mice is enhanced by a high fat enriched diet (to be
published). To propose therapeutic strategies or to update the
dietary advices, it is now important to determine the molecular
mechanisms involved in tumor development and to under-
stand how is tumorigenesis influenced by the hepatic metab-
olism. Thus L.G6pc '~ mice would be a unique model that
could allow us to answer these questions and to study the
effect of diet on the development of HCA and HCC.

Kidney G6pc knockout mice

Renal G6pe deletion was targeted by crossing B6.G6pc™"¥
ex3lox mice with B6.Kap “RFFRTY mice, which expressed the
CRE"®™2 under the kidney androgen-regulated protein (Kap)
promoter (Clar et al 2014). This resulted in a partial lost (50 %
of inhibition) of G6Pase activity after tamoxifen treatment of
adult male mice. Immunohistological observations of K-
G6pc’ kidneys revealed a lower and heterogeneous staining
of GOPC in the cortex with the presence of only a few G6PC-
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positive cells identified in the proximal convoluted tubules.
Female B6.G6pc*>!oex3loxg gnCREERTZW mice have to be
treated with both testosterone and tamoxifen to induce G6pc
deletion. As expected, K-G6pc’~ mice did not suffer from
hypoglycemia and did not require diet treatment. This is
partially due to the residual renal G6Pase activity and to a
compensatory induction of hepatic G6Pase activity (Clar et al
2014). It is noteworthy that K-G6épc '~ mice showed an early
stage nephropathy, i.e., microalbuminuria and a partial elec-
trolyte imbalance, after 6 months of G6pc deletion (Table 1)
(Clar et al 2014). However, they did not develop proteinuria,
kidney fibrosis, and nephrolithiasis. On a molecular level, the
accumulation of glucose-6 phosphate activated the de novo
lipogenesis pathway. The slight accumulation of triglycerides
observed in the K-G6pc '~ kidney by red Soudan staining was
sufficient to activate the renin-angiotensin system, which was
associated with an increased expression of the transforming
growth factor 31 (TGFR1). This led to partial epithelial-
mesenchymal transition (EMT)-like changes, highlighted by
a decrease of epithelial marker expression (e.g., E-cadherin,
tight junction ZO-1) and an overexpression of the mesenchy-
mal marker fibronectin. Podocyte injury characterized by a
decrease in podocin, synaptopodin, and podocalyxin expres-
sion was observed in K-G6pc ™~ kidneys. However, no mod-
ifications in the thickness of basement membrane or
glomerulosclerosis were observed, suggesting that K-G6pc '
~ kidneys showed an early stage of EMT only after 6 months
of G6pc deletion (Clar et al 2014).

The characterization of renal K-G6pc™~ metabolism
allowed us to highlight similarities of molecular pathways
involved in the development of EMT in both GSD1 and
diabetes (Mundy and Lee 2002; Rajas et al 2013). Indeed,
the accumulation of lipids or lipid derivatives leads to the
activation of renin- angiotensin system and subsequently of
the TGF1 pathway. The presence of lipid deposits in the
renal cortex of two GSDI1 patients with proteinuria was
reported in only one study (Obara et al 1993). As opposed
to diabetic nephropathy, renal lipid accumulation in K-
G6pc ™ mice did not seem to be mediated by the transcrip-
tional factors SREBP1 (sterol regulatory element-binding
protein), but rather by ChREBP (carbohydrate-responsive
element binding protein) (Clar et al 2014). Compared to the
liver, little is known about lipid metabolism and lipid de-
posits in the kidney. The K-G6pc™’~ mouse model is there-
fore a unique tool that can be used to decipher the role of
lipids, compared to glycogen accumulation, in the devel-
opment of nephropathy.

Intestinal Gépc knockout mice

Until now, intestinal symptoms were often underestimated in
GSDla patients, when compared to GSD1b in whom they
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appear more serious (Visser et al 2002). However, some
studies reported that GSD1a patients might also suffer from
intermittent diarrhea due to entero-proctitis (Fine et al 1969;
Milla et al 1978; Rake et al 2002b). An abnormal accumula-
tion of glycogen has also been reported in the intestine of
GSD1a patients (Field et al 1965).

Intestinal G6pc deletion was targeted by crossing
B6.G6pc3lov/esslox mice with B6.Villin®RFERT2Y mjce,
which express the CRE*®™ under the Villin promoter
(Penhoat et al 2011). The specific deletion of G6pc in the
intestine of -G6pc™~ mice was persistent for more than one
year. During the first year after G6pc gene deletion, I-G6pc ™'~
mice exhibited a growth rate similar to that of wild-type mice.
Meanwhile, no diarrhea or abnormal consistency of the stools
was observed in any I-G6pc "~ mice, compared to wild-type
mice. Histology analysis of I-G6pc '~ proximal (duodenum)
and more distal (jejunum and ileum) parts of intestine did not
show glycogen or lipid accumulation. No inflammation was
observed along the whole intestine after one year of deletion.
However, the quality of diet can influence intestine metabo-
lism. Hence, we cannot exclude that some adverse effects
could appear with time according to the diet composition.
This hypothesis will be assessed in the I-Gépc '~ mice in the
near future.

For example, the ingestion of too much sugar, includ-
ing uncooked starched, in patients with GSD1 could lead
to bacterial proliferation. A bacterial overgrowth has been
documented in a GSDI1b patient by using a hydrogen
breath test (Santer et al 2003). In the latter study, the
authors suggested that the absence of a functional G6Pase
might induce carbohydrate malabsorption by the intestine
and promote bacterial overgrowth. Indeed, G6Pase has
been suggested to be involved in intestinal transepithelial
glucose transport. The transepithelial glucose transport in
the intestine is thought to mainly involve the sodium-
dependent glucose cotransporter SGLT1 at the apical
membrane and the glucose transporter GLUT2 at the basal
membrane. However, glucose absorption, challenged by an
oral glucose test, is similar in Glut2”~ mice and wild-type
mice, suggesting the existence of another intestinal glucose
transport pathway (Stiimpel et al 2001). The absorption of
glucose measured in isolated perfused intestine and liver
of Glut2™”™ mice is inhibited by S4048, a specific inhibitor
of G6PT. In the absence of GLUT2, a step of phosphor-
ylation (by hexokinase) and hydrolysis (by G6Pase) seems
thus needed for glucose transport through the intestine.
This would be consistent with a high hexokinase activity
in the intestine, tenfold greater than the reported maximal
flux of glucose through glycolysis (Newsholme and Carrié
1994). Finally, the gut microbiota fermentation is tightly
coupled to intestinal metabolism (De Vadder et al 2014).
[-G6pc ™~ mice are thus a unique model that can be used
to study the precise role of intestinal glucose absorption

and metabolism in the etiology of intestinal symptoms of
GSD1 patients.

Lessons from the tissue-specific Gépc knockout mouse
models

The usefulness of these new animal models of GSD1a is based
primarily on the fact that these animals are viable. They
permitted the characterization of the development of hepatic
tumors and nephropathy during several months. These results
suggest that the hepatic or renal G6pc deficiency per se is
sufficient to induce independently the development of hepatic
or renal pathology, respectively. This highlighted the fact that
the development of nephropathy is independent of the liver-
derived metabolic changes. This was an important finding in
the context of the pathophysiological concept of the GSD1
disease as a whole, but also in terms of transplantation or gene
therapy. Kidney transplantation is performed in the case of
severe renal failure, but this does not correct hypoglycemia
(Emmett and Narins 1978). In contrast, liver transplantation
allows a correction of the glycemia and all liver-related bio-
chemical abnormalities, but any beneficial effects on the kid-
ney remain to be proven (Faivre et al 1999; Labrune 2002;
Davis and Weinstein 2008; Reddy et al 2009). This finding
suggests that clinicians should discuss the long-term benefits
and possible convenience of a double kidney/liver transplan-
tation for GSD1a patients, who have developed multiple liver
HCAs or HCC:s or renal failure.

Concerning gene therapy, it was already shown that the
rescue of G6Pase activity in the liver by using an AAVS
recombinant vector allowed total G6pc KO mice to maintain
normal blood glucose levels, but it did not prevent the devel-
opment of the nephropathy (Yiu et al 2010; Luo et al 2011).
As AAV1 or AAV2/9 vectors are able to transduce both the
liver and the kidney, these vectors seem to be a better choice
for GSD1a gene therapy (Ghosh et al 2006; Luo et al 2011).
Thus, the hepatic and renal Gépc "~ mouse models will be
useful to test the efficiency and the safety of gene therapy. In
addition, L.G6épc "~ mice could be used to test drugs targeting
the development of hepatic tumors. Interestingly, the molecu-
lar mechanisms involved in GSDla nephropathy are very
similar to those of diabetic patients (Mundy and Lee 2002;
Rajas et al 2013). Therefore, K.G6pc ™~ mice could be a useful
tool in future studies of the pharmacological treatment of
EMT and/or kidney failure developed by patients with either
GSD1 or diabetes.

Finally, these mice should allow us to improve the strate-
gies of treatment on a nutritional point of view. Indeed, pre-
liminary results showed that diet could greatly influence the
development of hepatic tumors in L.G6pc”’ mice (to be
published). Moreover, until now, dietary guidelines were only
based on biochemical knowledge and vary greatly between
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pediatricians. For example, some clinicians prohibit entirely
the consumption of fruits, juice, dairy products, and sweets.
Others only limit the consumption of these products, in order
to restrain the intake of fructose, lactose, and sucrose. To
provide scientific evidence, L.G6pc '~ and K.G6épc '~ mice
will be useful to analyze the effect of diet on the development
of hepatic tumors and nephropathy, respectively. Meanwhile,
it is important to remind teenagers and adults to strictly follow
their diet, even if they already exhibit a good metabolic
control, in order to delay or avoid the development of the
GSD1 complications.
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